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ABSTRACT 

 

This dissertation aims to understand how attention can be used to improve sensory 

integration for postural control. Decades of research have been done using visual 

manipulations to study how healthy and clinical populations resolve multisensory (vision, 

vestibular, and somatosensory) mismatches to maintain postural stability. Postural control 

is a complex motor skill that requires accurate integration of multiple senses to maintain 

body alignment and orientation with respect to the environment. Age-related decline in 

visual, vestibular, and somatosensory acuity increases the risk for falls, and these sensory 

declines can be identified by assessing sensory reweighting. Sensory reweighting is the 

process in which the nervous redistributes the reliance, or "weight," on the sensory inputs 

to achieve postural stability. While the literature on sensory manipulation on postural 

control and fall risk has uncovered a wealth of knowledge on sensory reweighting for 

balance, it has neglected to identify how sensory reweighting can be improved. At the same 

time, motor learning literature has demonstrated the importance of focus attention during 

balance training to improve postural control. However, rudimentary analyses such as 

duration of balance and sway variability in this literature have limited deeper examination 

of the underlying neural mechanisms affected by focus of attention. This dissertation aims 

to bridge the gap between the two works of literature by implementing sensory 

manipulation techniques on posture using the latest technologies in virtual reality (VR) 

head-mount display (HMD) with motion capture and electroencephalography (EEG) 

recordings to study how different focuses of attention help resolve multisensory conflicts.  

In aim one, forty-two healthy adults participated in the study that used VR 

manipulation to induce a multisensory conflict. Participants were tasked to maintain 
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upright stability on a rocker board while given different instructions on where to focus their 

attention. Instructions included focusing on keeping the rocker board leveled (external 

focus), focusing on keeping feet leveled to each other (internal focus), and focusing on 

staying as still as possible (control). This study revealed an immediate improvement in 

postural stability when instructed with external focus compared to control. This 

improvement was also associated with a significant decrease in visual weighting. 

Additionally, this aim revealed an immediate change in cortical activity within the frontal 

and occipital regions of the brain as identified by EEG recordings when participants are 

instructed to use external focus and internal focus.  

In aim two, twenty-eight healthy adults participated in the crossover study that 

demonstrated order effects when multiple instructions of attentional focus were given to 

the same participant for postural stability and visual reweighting. This study showed that 

the effects of external focus on postural stability and visual reweighting are greater when 

external focus is used before internal focus. However, the effects of external focus were 

nullified when used after using internal focus. Furthermore, the order of the instructions 

may have corresponded with a recency bias regarding how the participant perceived the 

effectiveness depending on when they received the attentional focus instruction.  

Guided by the findings from aims one and two, aim three recruited twenty-seven 

older adults to participate in a single-session balance training using repeated exposure to 

VR manipulation that challenged their balance on a rocker board. The older adults were 

randomized into one of the three groups: external focus, internal focus, and control group. 

The external focus group did not demonstrate an immediate reduction in visual weighting 

as found in aim 1. However, the external focus group did demonstrate better immediate 
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postural stability when compared to the internal focus groups. Both external and internal 

focus groups revealed a significant improvement in visual weighting and postural stability 

across training blocks, suggesting a potential role of attentional focus on postural control 

adaption to repeated VR exposure. 

This dissertation was one of the first studies to investigate how the attentional focus 

impacts sensory reweighting and postural control in young and older adults using VR 

HMD. This project also established a VR experimental paradigm that can be used to study 

the focus of attention and the resolution of multisensory mismatch. With the increased use 

of VR for balance training and rehabilitation, this project is at the forefront of utilizing VR 

HMD technology to expose underlying sensory mechanisms for postural control. Results 

from this study can guide future rehabilitation and balance training interventions by 

identifying how attention should be directed during training.  
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1. INTRODUCTION 

Measuring Sensory Integration for Postural Control 

Postural control is a complex motor skill that requires the integration of multiple 

sensory systems (visual, vestibular, and somatosensory) to maintain body alignment and 

orientation with respect to the external environment.1 One way the postural control system 

achieves balance and stability is by modulating the influence of the sensory inputs (i.e., 

sensory reweighting), where unreliable inputs are down-weighted to preserve postural 

stability.1–4 In other words, how much influence a specific sensory system has on the 

postural control system can be modulated for postural stability.2,4–9 For example, when 

navigating a dark room, the nervous system relies less on vision and more so on vestibular 

and somatosensory senses to improve our sense of where our body is. Alternatively, when 

riding on a ship, the nervous system down-weights somatosensory inputs so that we can 

walk freely on the moving ship. 

One method to measure sensory reweighting for postural control is to manipulate 

the sensory inputs traveling to the central nervous system. Techniques such as visual 

manipulations of the visual surround, galvanic stimulation to the vestibular nerve, 

vibrations to the tendons, and changing the surfaces the participant is standing on can all 

induce changes to sensory inputs to the central nervous system.2,10–13 These manipulations 

will change the perception of where the body is relative to the external environment, and 

consequently, change motor behavior. We can systematically measure the sensory 

reweighting by controlling the sensory manipulation and measuring the motor behavior 

response to those manipulations. A classic example of visual manipulation is the “moving 

room” paradigm, where the walls (physical or virtual projections) move sinusoidally at 
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specific frequencies relative to the surface the participant is standing on.14–16 The visual 

motion of the surrounding creates a conflict between vision and other senses, such as 

vestibular and somatosensation. When the oscillating visual motion amplitude is low, 

participants have difficulty distinguishing between self-motion and visual wall motion.13 

By examining how much the body is swaying relative to the frequency of the visual motion, 

we can quantify visual weighting for postural control.10,13 This stimulus-behavior 

measurement has been commonly used to identity sensory integration deficits in older 

adults,7,17 subconcussive,18 vestibular,19,20 Parkinson’s Disease,21,22 and cerebral palsy 

patients.23 

Effects of Aging on Visual Reweighting 

The ability to reweight sensory inputs to preserve postural stability declines with 

age.24–32 Numerous studies using sensory manipulations to perturb balance have shown 

older adults are susceptible to deficits in their sensory reweighting process, such as the 

reduced ability to down-weight vision compared to their younger counterparts, leading to 

an increased risk for falls.7,24–26 These findings are not surprising, considering age-related 

physiology changes have shown to increase the processing time of sensory inputs33 and 

decrease joint position sense causing instability during upright standing.34 Age-related 

changes can also decrease accuracy in detecting vestibular input,32,35 altering the perception 

of vertical upright31 and further hindering the ability to maintain balance.30,36 For instance, 

Rey et al. (2016) measured vestibular perceptual thresholds of healthy individuals in all 

three planes of rotation as a function of age. The authors found that thresholds to detect 

changes in rotation begin to increase after age 40. In other words, older adults require a 

faster rotational speed to realize that they are rotating, and this diminished threshold can 
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happen as early as middle age. In a follow-up analyses study by the same group, the authors 

found that the inability to perform the eye-closed Romberg test (i.e., maintain balance when 

standing on foam with eyes closed) was correlated to an increase in roll-tilt threshold.30 In 

essence, the sensory decline that happens with even normal aging leads to an over-

dependence on vision, and this compensation is associated with increased risk for falls.27 

Postural control studies using visual perturbations have shown that knowledge of 

such disruptions to postural stability and intention to resist visual perturbations can down-

weight visual input and reduce postural sway.6,37,38 Barela et al. (2013) demonstrated that 

when participants were explained that the visual environment was oscillating in the 

participant’s visual field (explicit knowledge) or presented with greater amplitude of the 

visual stimulus (implicit knowledge), older adults can down-weight vision, but not to the 

extent of the younger adults. These findings suggest a potential role of cognition in sensory 

reweighting. However, older adults’  ability to cognitively resolve multisensory conflicts 

is not as effective as younger adults.39 This begs the question, how can cognition be used 

to improve sensory reweighting in older adults?   

Attentional Focus to Improve Postural Control 

The U.S. healthcare system spends up to $50 billion annually on fall-related 

incidents.40 Falls create a cascade of problems that will affect the faller, their families, and 

the healthcare system.41–43 Given the socioeconomic burden of falls and the impact that a 

fall may have on an individual’s quality of life, it is imperative to study how to improve 

sensory integration and postural control. Proper exercise instruction is a crucial factor in 

designing effective balance training to reduce fall-risk,44 and instructions that direct 

attention to specific aspects of a motor task has shown to improve motor performance and 
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learning.45,46 However, when providing instructions during balance training, there is no 

consensus on the best approach to instructing the patients to perform the intended tasks to 

maximize learning. Studies have shown that therapists vary from each other in how they 

provide instructions and cues during balance and gait training.47–49 That said, the 

discrepancy between the patient’s abilities, the environments that the patients are in, and 

the therapists’ previous training and experience will influence how instructions are 

provided. Nevertheless, knowing the detrimental effects of sensory decline from aging and 

the need to improve postural control to reduce fall risk, more research is needed to identify 

methods to improve the sensory reweighting process and balance in older adults. 

How attention influences postural control has been extensively studied, particularly 

in the attentional focus literature.45,50,51 Attentional focus is the act of allocating mental 

resources to specific cues or stimuli during a goal-directed movement.45,51 Decades of 

research have shown that where one’s attention is focused during a balance task can affect 

the outcome of that task. The literature has dichotomized attentional focus into external 

focus and internal focus,45,51 where external focus directs the performer’s attention to the 

consequence/result of one’s movement or an external cue, while internal focus directs 

attention to a specific part of one’s body during motor performance. For example, when 

providing instructions to the learner during a balance task such as standing on a balancing 

platform (e.g., stabilometer or rocker board), external focus instructions on the intended 

effects of the movement (i.e., “keep the platform horizontal”) have been shown to lead to 

better balance performance and learning than internal focus instructions on body 

movements (i.e., “keep both feet horizontal”) 51,52  
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The benefits of external focus instructions on reducing postural deviations have 

been replicated in many populations such as healthy young adults,51,53 healthy older 

adults,54 ankle injuries, 55,56 and Parkinson’s patients.57,58 Results from these studies 

demonstrate that individuals tend to show less postural sway and increased mean sway 

frequency when their attention is directed externally as compared to attention directed 

internally to specific body area.51  Wulf and colleagues theorized that these kinematic 

changes reflect the nervous system using more automatic postural processes for postural 

control. This theory became known as the Constrained Action Hypothesis (CAH) and later 

the OPTIMAL (Optimizing Performance through Intrinsic Motivation and Attention for 

Learning) theory of motor learning by Wulf and colleagues.59,60 These theories propose 

that internal focus interferes with the automatic control processes for motor control, while 

external focus promotes automatic control through enhancing goal-action coupling.51,59 

However, what are the underlying neural mechanisms that optimize performance and 

learning from external focus or goal-action coupling remain up for debate. Most studies on 

attentional focus have only examined performance outcomes such as balance duration on 

a given platform or postural variability from the root mean squared error of postural 

sway.51,53–58,61 These gross kinematic measures of balance performance limit our ability to 

examine changes in neural mechanisms involved in balance, such as sensory reweighting.  

Recent studies that used different types of balancing tasks (i.e., sliding floors, 

physical perturbations, and treadmill walking), different placement of attention (i.e., focus 

on the waist or upper body), and availability of sensory information (i.e., blindfolding 

individuals) have shown conflicting results and challenge the generalizability of the 

benefits of external focus for balance.62–66 For example, Becker and McNamara (2021) 
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found that internal focus is better for maintaining balance when vision is removed (i.e., 

participants were blindfolded). Neurophysiological studies have shown that increased 

attention to specific body parts can improve sensory detection threshold, elicit vestibular 

responses for head and body stabilization, and activate sensory processing regions of the 

brain as identified by electroencephalography  (EEG) recordings.67–76 These studies stress 

the importance of providing limb positional cues to patients during balance 

training,66,70,75,77–79 which challenges the CAH’s assertion that internal focus is detrimental 

to motor performance. Furthermore, the benefits of external focus is not a one size fits all 

model, and that internal focus may be advantageous when sensory information requires 

reprioritization during motor performance.66 Considering that postural control requires 

continuous sensory feedback to maintain postural stability, it is currently unclear whether 

internal or external focus will optimize sensory integration for balance. More systematic 

approaches are needed to understand the role of attentional focus on underlying postural 

control mechanisms. 

In a series of EEG studies by looking at signal coherence between EEG channels 

T3 and Fz, which the researchers proposed to be the verbal-analytical and motor planning 

regions of the cortex, the researcher found significantly higher coherence between those 

two channels when the participants were explicit told to focus on how they are actively 

swaying. The researchers speculated that this increase in signal coherence might be due to 

increased conscious control.69,80 While it is difficult to localize where within the brain is 

affected by different attentional focus using EEG, this study was one of the first to suggest 

that internal-focus instructions induce changes in cortical processing. In a follow-up study, 

the researcher investigated the T3-Fz coherence in young adults vs. older adults during a 
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balance task involving maintaining a tandem stance while holding a 2-meter pole 

horizontally.69 This study found that when young adults are instructed to stand as still as 

possible while also internally focused on their leg movements, they show a significant 

increase in T3-Fz coherence and total body sway compared to their baseline (no attentional 

focus instructions). However, older adults did not differ between baseline and internal 

focus EEG activity. The authors attributed the lack of EGG coherence in older adults as a 

possible by-product of a prior postural strategy (i.e., hyperawareness due to previous falls) 

or a difference in the interpretation of the internal focus instructions from older adults. Still, 

the lack of change in older adults raises the question of how older adults benefit from 

attentional focus for postural stability, if at all. 

Leveraging Virtual reality (VR) to Measure the Impact of Attentional Focus on Visual 

Reweighting 

Virtual reality (VR) devices, such as head-mounted displays (HMD), are gaining 

popularity in the fields of physical rehabilitation and balance training because they are safe, 

portable, and cost-effective tools to challenge a patient’s sensory systems.20,81,82 HMD has 

been shown to be reliable in measuring upright postural control.83–85 Leveraging the 

capabilities of VR, we can systemically study how the central nervous processes sensory 

input by manipulating the virtual world using techniques from the traditional sensory 

weighting literature.7,9,14 Considering the effect of attentional focus on motor performance 

and learning and the potential role of cognition of sensory reweighting, it is critical that we 

combine the knowledge between attentional focus and sensory reweighting literatures to 

gain insight into the role of attentional focus on sensory integration. Improving our 
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understanding of this interplay between attention and sensory integration will help guide 

future balance interventions to improve postural control.  

 

 

Figure 1-1. Virtual reality simulation of the boat on a body of water. 

 

To accomplish the current aims, an illusory motion was delivered using VR HMD 

to create a multisensory conflict. The HMD provided an immersive visual environment 

(VE) that creates the first-person perspective of standing on a boat on a body of water. 

When looking straight ahead, participants see the bow of the boat and the horizon over the 

water (Figure 1-1). The horizon is programmed to oscillate in a sinusoidal pattern from 

side to side using parameters identified from pilot testing. Participants in the current studies 

stood on a rocker board while wearing the HMD (Figure 1-2). The rocker board reduced 

somatosensory reliability and allowed for greater body sway. The rocker board and the VR 

horizon only tilted in the medio-lateral (ML) direction.  
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Figure 1-2. Virtual reality and rocker board set-up during the initial pilot study. Kinematic 

data were recorded from the head-mounted display (HTC VIVE) and motion capture 

(Motion Analysis). 

 

Pilot data revealed that participants automatically lean in the direction of the visual 

horizon tilt due to the false sense of self-motion and the need to maintain stability vertically 

in the perceived environment. The frequency of 0.2Hz horizon oscillation was selected 

based on previous findings using sinusoidal visual motion to influence self-motion 

perception.11,14,39,86 We piloted peak amplitudes of 1, 2, 4, and 6 degrees during preliminary 
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testing. We chose a peak amplitude of 2 degrees based on evidence from naive participants 

who subjectively reported that they did not realize that the horizon was moving despite 

observing constant postural responses to the 0.2Hz across multiple repeated trials without 

trends of adaption to the stimulus upon visual inspection.  

Ultimately, the sense of self-motion creates a conflict between multiple sensory 

systems: (1) Visual input from the VR indicating that the world is tilting, (2) mismatch 

between visual and vestibular inputs on conveying gravitational verticality, and (3) 

mismatch between somatosensory input from the body and the rocker board versus visual 

and vestibular inputs regarding body position and orientation. In other words, the visual 

system may indicate swaying towards a specific direction, while the vestibular and 

somatosensory does not. By manipulating the virtual horizon to tilt at a sub-threshold, low 

frequency – low amplitude sinusoidal pattern, we can quantify the influence of visual input 

on postural control by looking at how much the body is swaying to the frequency of the 

sinusoidal pattern (Figure 1-3).7,9,10 That is, if the participant is less reliant on what they 

see, they would be less influenced by their vision (i.e., visual down-weighting). 
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Figure 1-3. Time series and frequency plots of the horizon movement and body sway. A) 

Time-series plot displaying the tilt (in degrees) of the horizon in VE and center of mass 

(COM) angle of a single participant over two – 45 second trials. Blue line represents the 

degree of horizon tilt in VE. Yellow line represents the degree of COM tilt when first 

instructed to “remain as still as possible (No Focus).” Red line represents the degree of 

COM angle when instructed to “remain as still as possible by focusing on keeping the end 

of the rocker board leveled (External Focus)”. B) Power spectral density (PSD) of the VE 

tilt. Note the high peak at 0.2Hz because the VE is oscillating at 0.2Hz. C) PSD of the 

COM angle. Note that the power of COM angle, when instructed with external focus, led 

to a lower peak at 0.2Hz when compared to the power of COM angle when instructed with  

no focus. 

 

Specific Aims 

Using the VR environment and parameters identified from pilot work and prior 

literature, aim 1 examined whether a specific (internal vs. external) focus of attention can 

help resolve multisensory conflict and improve postural stability in healthy adults. Aim 2 

investigated whether giving multiple attentional focus instructions would impact the effects 

of the different attentional focuses on the learner. Lastly, guided by the findings from Aim 

1 and 2, aim 3 studied the effects of attentional focus on visual weighting in older adults 

exposed to repeated trials of visual perturbation (Aim 3).  
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Aim 1a: To determine the immediate effects of attentional focus on visual reweighting for 

upright stability in healthy adults. 

Visual weighting can be measured by visual gain, which refers to how much visual 

input affects the postural output. This is calculated by using the Fourier transform of the 

time series data (i.e., postural sway and VR horizon) and evaluating the magnitude of 

power spectral density of output (postural sway) and the input (horizon movement) at the 

specific frequency of the horizon movement.7,9,39 We will use VR to manipulate the visual 

horizon to move sinusoidally at 0.2Hz, while the participants must maintain upright 

stability on a rocker board. If individuals are unable to down-weight the visual 

manipulation while standing on the balancing platform, they are more likely to sway at the 

specific frequency of the visual manipulation, resulting in a higher visual gain. Low 

amplitude VE movements have been shown to entrap the individual’s sway in the frequency 

of the visual manipulation, indicating increased visual gain.7,9,39 Participants in the 

proposed study will be randomized into internal focus, external focus, and control groups 

to assess whether attentional focus instructions affect visual gain. The internal focus group 

will be instructed to place attention on their feet, the external focus group will be instructed 

to place attention on the balancing platform, and the control group will be given no 

instructions on where to focus.  

Aim 1b: To determine the immediate effects of attentional focus on EEG oscillations for 

upright stability in healthy adults 

Neural correlates to the visual gain response will also be explored using EEG 

recordings. Most EEG studies on postural control investigate immediate responses to 

stimulus presentation rather than active strategies to improve postural control over 
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time.74,76,87–89. Moreover, limited research has been done on investigating changes in 

cortical activity from attentional focus. It is difficult to generalize the extent of attentional 

focus on cortical processes for postural control or whether the participant is even engaged 

in conscious control of attention when given the instructions. While EEG is limited by its 

inability to look at subcortical sensory integration sites in the hindbrain,90 EEG does offer 

a non-invasive approach to exploring surface cortical activity.71,91 Increased EEG alpha 

power (8-13Hz) in the occipital channels/regions has shown to be associated with 

suppression of visual processing to irrelevant visual information.91–97 If visual weighting 

is decreased, there may be a cortical response similar to the suppression of visual 

processing (i.e., increased occipital alpha power).  

Aim 2: To examine the order effects of different (attentional focus) instructions on visual 

reweighting and EEG oscillations for upright stability in healthy adults. 

Attentional focus studies on postural control vary between within-subject design 

and between-subject design. In a within-subject design, the twenty-eight participants are 

given multiple instructions that direct attention to internal and external focuses. Confounds 

such as the comparative context of prior strategies may influence the learner’s motor 

behavior when receiving multiple instructions target different attentional focuses during 

single session testing.98 Only a few studies have directly assessed the order effects of 

multiple attentional focus instructions on postural control, and it is often examined post-

hoc as secondary analyses.58,99,100 This aim will directly examine the effects of receiving 

external focus followed by internal focus versus receiving internal focus followed by 

external focus. Findings from this aim will gain insight into the potential order effects of 
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using multiple attentional focus instructions during single session testing and help guide 

future research design in preventing potential order effects from multiple instructions. 

Aim 3: To examine the effects of attentional focus on visual reweighting for upright 

stability in older adults after repeated exposure to destabilizing visual stimulation. 

Older adults are more visually dependent and less able to down-weight unreliable 

visual input.7,39 In this aim, older adults will be exposed to different amplitudes of visual 

stimulation to study whether different attentional focus would augment their ability to 

adapt to repeated exposure to visual manipulation. Twenty-six older adults were recruited 

and randomized into three experimental groups: external focus group, internal focus group, 

and control group. In line with the prior attentional focus literature that has shown that 

external focus is more beneficial for balance performance and learning,45,51 this aim will 

test whether external focus will lead to a greater decreased visual weighting and improved 

postural stability after repeated exposure to visual manipulations compared to internal 

focus and no focus (control group).  
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2. THE IMPACT OF EXTERNAL AND INTERNAL FOCUS OF ATTENTION 

ON VISUAL DEPENDENCE AND EEG ALPHA OSCILLATIONS DURING 

POSTURAL CONTROL 

 

Parts of this chapter have been previously published in the Journal of NeuroEngineering 

and Rehabilitation10  

Introduction 

Postural control is a complex sensorimotor skill that requires the nervous system to 

successfully integrate multisensory inputs (visual, vestibular, and somatosensory) in order 

to maintain upright stability and orientation with the external environment.1 When the 

reliability of one or more senses diminish, the brain must rely less on unreliable sensory 

systems and more on the remaining intact sensory systems to achieve stable, upright 

balance.7,12,101 Degradation of vestibular and somatosensory systems due to normal aging 

or diseases increases visual dependence during postural maintenance.26,101,102 The 

increased visual dependence is often associated with a greater risk for falls as individuals 

become unable to reduce their reliance on visual feedback, even when vision is 

unreliable.7,26   

One volitional method that can improve postural control involves directing one’s 

attentional focus to specific stimuli or components of movement.45,51,53,66,103,104 Studies 

have shown that an external focus of attention on the intended effects of one’s movement 

(i.e., focusing on the outcome or the effects of one’s action) is associated with improved 

postural control compared to an internal focus of attention on a specific body part during 

movement.45,51 It has been hypothesized that an internal focus disrupts automatic control 

processes that regulate motor behavior, while an external focus optimizes these control 

processes and reduces attentional demands.51,53 However, recent studies have suggested 

that internal focus may be beneficial when increased reliance on somatosensory 



 

16 
 

information is needed.66,103 Becker and McNamara (2021) showed that individuals using 

internal focus to maintain stability while standing blindfolded on a balancing platform are 

better at reducing the variability of the platform than when using external focus. Without 

vision, internal focus may improve postural control by prioritizing somatosensory input for 

continuous sensory feedback. Nevertheless, it is unclear from kinematics or task 

performance that there are underlying sensory integration changes. Understanding the 

neural mechanisms through which attentional focus changes sensory integration can 

provide further insights into fall prevention. 

Sensory integration for postural control can be measured using sensory 

manipulations to challenge the nervous system. By creating multisensory conflicts during 

a balance task, the nervous system must change its reliance, or "weighting", on different 

sensory inputs (i.e., visual, vestibular, and somatosensory) to perceive orientation and 

maintain stability.7,12 Subtle visual movements of the surrounding environment can 

influence the estimation of self-motion. During low amplitudes and slow oscillations of 

visual stimulation, body sway will follow the frequencies of visual stimulation as the result 

of the false sense of self-motion.6,7,12,38,105 This stimulus-response behavior allows us to 

systematically measure the coupling between visual input and postural control (i.e., visual 

weighting). Studies have shown that explicit knowledge of visual manipulations can 

decrease the influence of visual manipulation.6,38 This suggests a role for attention in 

adjusting the visual weighting for postural control. The present study investigates how 

attentional focus may help resolve multisensory conflict for postural control. More 

specifically, we assessed visual weighting on postural sway when individuals were exposed 

to visual manipulations incongruent with somatosensory and vestibular inputs. If an 
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internal focus of attention is better at prioritizing the reliable sensory inputs for balance,103 

this may reduce visual weighting.    

The present study also explores neural correlates of visual weighting for postural 

control. Increased alpha power (8-13 Hz) over the occipital cortex has been related to the 

suppression of irrelevant visual information.92,96,106 Changes in frontal alpha power have 

been suggested to reflect top-down control of visual processing.71,94 It is uncertain whether 

these alpha power changes can be identified when the nervous system must reduce reliance 

on visual input to maintain postural stability. If attentional focus changes visual weighting 

under the current experimental paradigm, changes in alpha power over the occipital and 

frontal cortices may also be apparent.  

Methods 

Participants 

Forty-two participants (demographic data, see Table 2-1) were randomly assigned 

to three groups (n=14 per group): Control (CON), internal focus (INT), and external focus 

(EXT) groups. Group assignments were determined at the beginning of the study and given 

sequentially after participants met the inclusion and exclusion criteria. All participants had 

normal or corrected-to-normal vision. Exclusionary criteria included any neurological or 

musculoskeletal conditions that limited the ability to stand or walk independently, and/or 

a self-reported history of vestibular or balance issues. The Temple University Institutional 

Review Board approved the procedures, and all participants gave informed consent before 

starting the study. Participants received a $15 gift card upon the completion of the study. 
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Sample size was calculated based on a prior power analysis for one-way ANCOVA of 

three groups (G*power) with a single covariate. To test for the null hypothesis of no 

differences among the three groups, we applied an effect size of 0.5 and an alpha of 0.05 

to achieve a power of .8. The selected effect size was determined from pilot findings and 

the meta-analysis by Kim, Jimenez-Diaz, and Chen (2017) on internal versus external focus 

during balance tasks.45   

Visual Stimulation 

A VR head-mounted display (HMD; Pico Neo 2 Eye, San Francisco, CA) and a 

rocker board (Blue Planet Balance Surfer, Honolulu, HI) were used to alter visual and 

somatosensory input and perturb postural responses. The HMD provides an immersive 

visual first-person perspective of standing on a boat on a body of water. The virtual 

environment was developed in Unity 3D (San Francisco, CA), and the rendering of the 

Table 2-1. Chapter 2 Demographic Data. Age, height, weight, percentage of attention invested to the 

instructed focus are shown in mean with standard deviation in parentheses. Age, height, weight, right-

handedness, and female per group were compared among the three groups using an one-way ANOVA. 

Percentage of attention invested between EXT and INT group was compared using a two-sample t-test.  
 

Group CON EXT INT p-value 

Age (years) 25.6 (4.1) 26.7 (8.5) 25.1 (4.8) 0.773 

Height (cm) 174.8 (8.4) 168.2 (11.2) 176.0 (10.5) 0.105 

Weight (kg) 74.0 (14.1) 68.1 (12.3) 75.3 (13.7) 0.328 

Dominant hand 13R 1L 13R 1L 11R 3L 0.422 

Sex 7F 7M 7F 7M 5F 9M 0.697 

Self-report of percentage of 

attention invested at the 

instructed focus during block 2 

(%). 

N/A 74.3 (10.9) 82.1 (9.7) 0.054 

Number of participants in 

kinematic analysis 
14 14 14  

Number of participants in EEG 

analysis 
13 12 14  
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water was created using the Water4 Prefab from Unity's Standard Assets Environment. 

When looking straight ahead, participants saw the bow of the boat, the horizon over the 

animated water, and an iceberg at the middle of the horizon (Figure 1a). The rocker board 

only tilted in the mediolateral (ML) direction with a maximum tilt angle of 17.55 degrees 

from the floor. The use of the rocker board was to decrease postural stability by allowing 

greater body sway. Our setup created a conflict between multiple sensory systems: (1) 

Visual input from the VR scene indicating that the world is tilting, (2) a mismatch between 

visual and vestibular inputs in conveying gravitational verticality, and (3) a mismatch 

between somatosensory input from the rocker board and visual and vestibular inputs 

regarding body position and orientation.  

 

 

Figure 2-1. Virtual scene and exemplary time series and frequency data. 1a). Visual 

stimulation setup. From initiation to termination, the trial is 55 seconds. Only the 45-second 

window between the start and the end of the trial is used for data analysis. 1b) Time series 

example from a single subject. The dashed blue line is an example of the VE horizon 

motion. The solid black line is an example trial of head ML movement when the participant 

is given the control instructions. The solid orange line is an example trial of head ML 

movement when the participant is given the external focus instructions. 1c) Power spectral 

density of the VR horizon time-series data from 1b. 1d) Power spectral density of the head 

ML movement from control and external focus time-series data in 1b. 
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Participants performed all the trials while standing, feet shoulder-width apart on the 

rocker board, with their arms across their chest, surrounded by a bariatric walker, and 

monitored by a research assistant. Participants were required to grab onto the walker after 

each trial. There was a mandatory minimum 30-second break between trials. 

Experimental Trials  

For every trial in the study, the timeline of presentation of the VR scene and the 

data recording were as follows: An initial 5-second fade-in window, followed by a 45-

second data collection window, and finally, a 5-second fade-out window (Figure 2-1a). 

When the experimenter started the trial, the participant initially saw a black screen. The 

VR scene gradually faded in after a random delay of 2-3 seconds. The transition from the 

black scene to the VR scene lasted 1 second. Data collection started 5 seconds after the 

start of the trial. After the 45-second recording window, the scene gradually faded back to 

the black scene. This fading process was initiated at a random time between 2 to 3 seconds 

within the 5-second fade-out window (Figure 2-1a).  

Instructions 

Participants first performed two practice trials with no tilting motion of the virtual 

visual horizon. However, the rendering of the waves in the scene was always active, and 

participants reported visual motion immediately upon seeing the scene. For the first 

practice trial, participants were encouraged to visually explore the VR scene to get 

accustomed to the experimental setup. For the second practice trial, the experimenter 

explained to the participants that the primary goal for all the trials in this study was to look 
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straight ahead at the iceberg and keep their bodies as still and upright as possible. It was 

also explained that they might be given additional instructions to help them maintain their 

stability in the later trials. Participants were asked to explain the instructions back to the 

experimenter to demonstrate understanding of the task before continuing the experiment. 

 

 

 

Within each of the subsequent blocks (i.e., blocks 1 and 2), participants performed 

three trials with the same VR scene as in the practice trials but with the horizon tilting at 

randomly generated peak amplitudes of 1.8 to 2.2 degrees at the frequency of 0.2 Hz 

(Figure 2-1b). Participants were not told that the horizon would be moving. Based on our 

preliminary testing, the selected parameters minimized potential habituation to the VR tilt 

motion and were found to be a subthreshold level of visual perception. Before block 1, all 

participants were given the control instructions (Table 2-2). Before block 2, INT group 

participants received the internal focus instructions, the EXT group participants received 

Table 2-2. Instructions for each attentional focus group. Control group (CON), 

external group (EXT), and internal group (INT).  
 

Group Instructions 

CON “The VR scene may or may not move. Regardless of whether it 

moves or not, please look straight ahead at the iceberg on the 

horizon and try to keep yourself as still and upright as possible.” 

EXT “In order to help you keep still and upright, please look straight 

ahead at the iceberg on the horizon and pay attention to how the 

board is moving. Focus on keeping the rocker board leveled. We 

will be looking at how well the board is leveled” 

INT “In order to help you keep still and upright, please look straight 

ahead at the iceberg on the horizon and pay attention to how your 

feet are moving. Focus on keeping both feet leveled to each other. 

We will be looking at how well your feet are leveled.” 
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external focus instructions, and CON group participants received the control instruction 

again (Table 2-2). The instructions were modeled after previous studies on attentional focus 

for balance tasks. 54,65,107 

After each trial in block 2, the INT and EXT groups were asked to rate the 

percentage of attention that they directed towards the instructed focus area 107. If a 

participant reported investing less than 50% of their attention on the instructed focus, the 

trial would be repeated without the participant’s knowledge 107. In the current study, no 

participant reported investing less than 50% on the instructed focus. Participants in the 

CON group were not asked to rate their level of attention so as not to induce an attentional 

strategy or bias attentional focus. The average levels of attention between EXT and INT 

groups are shown in Table 2-2. 

Kinematic Measures for Postural Control  

The HMD used in this study is embedded with an inertial measurement unit and 

two cameras that use “inside-out” tracking of the HMD position.84 We used the ML 

position data from the HMD to measure lateral stability of the participant during the 

balancing task.19,83 The displacement data was sampled at 50Hz and filtered with an 8th 

order Butterworth low-pass filter at 20Hz cut-off. Dependent variables for balance 

performance were the root mean square of ML displacement (RMS), root mean square of 

ML velocity (RMSv), and total path length of ML displacement. These variables are 

common measures for assessing postural stability (i.e., RMS and total path length) and 

effort to maintain stability (i.e., RMSv).19,108  

We calculated the visual gain response as our primary dependent variable to 

quantify the visual influence on postural control.7,38 To calculate visual gain, we first 
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calculated the frequency response function that measures the strength of the relationship 

between an input signal x(t) and an output signal y(t) in the frequency domain (Figure 2-1c 

and 2-1d). For each trial, Fourier transforms of x(t) and y(t) were calculated using the 

MATLab function fft(). Then the frequency response function H(f) was calculated as 

follows:  

𝐻(𝑓) = 𝑌(𝑓)  / 𝑋(𝑓)        (1) 

Where Y(f) over X(f) is the ratio of the fast Fourier transforms of output (i.e., y(t) or 

ML head displacement) over input (i.e., x(t) or VR horizon tilt). Then, we evaluated H(f) 

at 0.2 Hz, which is the frequency of VR horizon oscillation. The magnitude (absolute value) 

of |H(0.2 Hz)| is the visual gain response.2,7,38 A higher visual gain indicates a stronger 

relationship between the visual stimulus and the postural response, i.e., stronger visual 

influence. A lower visual gain response indicates the opposite, i.e., weaker vision 

influence.  

EEG Alpha Power  

Continuous EEG was recorded using a 32-channel stretch cap (ANT Neuro, Berlin). 

Data were sampled at 512 Hz. Scalp electrode impedances were kept below 15 kΩ and 

referenced to the Cz channel during collection. EEG signals were amplified using optically 

isolated, high input impedance (>1 GΩ) custom bioamplifiers (SA Instrumentation, San 

Diego) and digitized using a 16-bit A/D converter. Bioamplifier gain was 4,000 and the 

hardware filter (12 dB/octave roll-off) settings were 0.1 Hz (high-pass) and 100 Hz (low-

pass). 

The EEGLAB toolbox for MATLAB was used for offline EEG processing. A zero-

phase finite impulse response notch filter was applied with cut-offs at 59 and 61Hz to 
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remove electrical line noise. The data was then bandpassed between 1.5 and 100Hz using 

the zero-phase FIR filter.109 Noisy channels were identified using the pop_clean_rawdata() 

plugin function for EEGLAB. Channels that were 1) flat for more than 5 seconds, 2) 

showed high-frequency noise values over four standard deviations, or 3) correlated with 

nearby channels by less than 0.6 were removed.110 On average 1.8 channels were removed 

per participant during this step. Data were then re-referenced to the common average 

reference, and the removed channels were then interpolated using the spherical spline 

method. Each participant's EEG data were epoched at 45 seconds per trial, 5 seconds after 

the starting trigger, and 5 seconds before the end of the trial (Figure 2-1a). An extended 

Independent Components Analysis  was then performed on each participant's epoched data 

using the default parameters in EEGLAB.111 

The ICLabel function in EEGLAB was used to identify artifactual Independent 

Components (ICs) automatically.112 These include ICs with eye blinks, muscle activity, 

line noise, and channel noise. To maintain reproducibility and prevent subjective bias, ICs 

identified by ICLabel to be over 80% probability for those artifactual IC were automatically 

removed. On average, 5.6 ICs were removed. The power spectral density for each channel 

was then calculated using the Welch method with Hamming windows of 1 second and 50% 

overlap. The power density between frequencies of 8 to 13Hz was first mean averaged per 

channel to measure alpha power. Alpha power from channels POz, O1, Oz, and O2 was 

mean averaged to assess occipital alpha power. Alpha power from channels F3, Fz, and F4 

was averaged to assess frontal alpha power.  The selection of these channels for analysis 

was based on the observed topographical changes in alpha power topography among the 

three groups (Figure 2-2a-c). Three (2 EXT and 1 CON) participants’ data were excluded 
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from data analysis due to technical issues during data collection or excessive channels 

removed by pop_clean_rawdata() function (i.e., > 4 channels).  

Statistical Analysis 

The primary aim of the study was to examine the differences in visual weighting 

among the three attentional focus groups (CON, INT, and EXT). One-way analysis of 

covariance (ANCOVA) was conducted to test for differences among the three groups in 

visual gain for block 2, with visual gain from block 1 set as the covariate. In addition, 

performance outcomes at block 2 as measured by RMS, RMSv, total path length were also 

analyzed using ANCOVA, with their respective scores at block 1 set as the covariate. If 

ANCOVA revealed significance, Bonferroni corrected pairwise comparisons were used at 

post-hoc. Pearson correlations were performed to assess the relationship between the score 

change (block 2 – block 1) in visual gain and the change in each of the three balance 

performance variables across all participants regardless of the groups. 

The secondary aim of the study was to determine whether different attentional 

focuses would lead to observable alpha power changes and whether alpha power changes 

correlate to visual gain and performance changes. We normalized the EEG data by taking 

the percent change from block 1 to block 2 due to high variability in alpha power across 

individuals113 and accounting for baseline cortical differences from the current balance 

task. We applied Welch's analysis of variance (ANOVA) to measure the percentage change 

scores across the three groups for the alpha power percent change at the occipital and 

frontal channels due to unequal variance detected by Levene's Test. If Welch’s ANOVA 

revealed significance, the Games-Howell test was performed for post-hoc comparison. 

Pearson correlations were performed to assess the relations between percent change in 
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alpha power and percent change in visual gain and performance outcomes across all 

participants. Statistical analyses were performed using IBM SPSS (version 27) with a 

significance level set at 0.05.  

 

 

Figure 2-2. Electroencephalography (EEG) topographical of the scalp and changes in 

occipital alpha power. a, b, c) Topographical plot of the scalp EEG channels for mean 

percent change in alpha power (8–13 Hz) from block 1 to block 2 for each of the three 

groups. d) Mean percent change (95% confidence interval) of occipital alpha power among 

the three experimental groups. Control group (CON) in dark grey, external group (EXT) in 

orange, and internal group (INT) in teal. *Post-hoc tests reveal a significant difference 

(p < 0.05) between EXT vs. CON and INT vs. CON. Error bars are in 95% confidence 

interval. e, f, g) Absolute power frequency for each of the groups at block 1 and 2. Dashed 

lines represent mean power at block 1. Solid lines represent mean power at block 2. The 

shaded area represents 95% confidence interval, with light grey representing block 1’s 95% 

confidence interval for each group.  

Results 

Visual Gain and Performance Measures 

The Levene’s tests revealed that the variances were equal for visual gain response (F(2,39) 

= 0.07, p = 0.901), RMS (F(2,39) = 3.024, p =0.060), RMSv (F(2,39) = 1.419, p = 0.254), 
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and total path length (F(2,39), p = 0.300) at block 2. We visually inspected the regression 

lines for each of the dependent variables and its covariate across group for linearity. 

Additionally, homogeneity of regression slopes was assessed by conducting a covariate by 

group interaction analysis for each of the dependent variables using an ANCOVA model. 

This analysis revealed non-significant covariate by treatment interactions for the visual 

gain response (F(2,36), p = 0.288), RMS (F(2,36) = 0.718, p = 0.495), RMSv (F(2,36) = 

1.377, p = 0.265), and path length (F(2,36) = 1.460, p = 0.246).  

There was a significant difference in visual gain among the three groups at block 2 

(F(2,38) = 4.302, p = 0.021, ηp
2 = 0.185) after accounting for visual gain scores at block 1. 

Post-hoc Bonferroni adjusted comparisons revealed that EXT group was significantly 

lower than the CON group for visual gain response (p = 0.029). INT versus EXT and INT 

versus CON did not reach significance. 

There was a significant difference in RMSv (F(2,38) = 4.17, p = 0.023, ηp
2 = 0.18) 

and total path length (F(2,38) = 4.476, p = 0.018, ηp
2 = 0.191) among the three groups at 

block 2 after accounting for block 1 scores. Post-hoc Bonferroni adjusted comparisons 

revealed the EXT group to be significantly lower than the INT group for RMSv (p = 0.023) 

and total path length (p = 0.018). EXT versus CON and INT versus CON did not differ 

significantly. There was no significant difference in RMS among the groups at block 2 

(F(2,38) = 1.062, p = 0.089, ηp
2 = 0.12), after controlling for block 1 RMS scores.  

Pearson correlations on score changes (block 2 – block 1) from all participants 

revealed significant relationships between change in visual gain vs. change in RMS (r = 

0.782, p < .0001), versus change in RMSv (r = 0.910, p < 0.001), and versus change in total 

path (r = 0.927, p < .0001).  
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Figure 2-3. Changes in visual gain response and its association to sway variability in 

displacement and velocity. a) Mean visual gain scores at block 1 and 2 for all three groups. 

Control group (CON) in dark grey squares, external group (EXT) in orange circles, and 

internal group (INT) in teal diamonds. Error bars are in 95% confidence interval. 

Significant difference between EXT and CON group after Bonferroni correction and 

covariate adjustment. b, c, d) Scatterplot showing the relationship between visual gain 

scores to root mean square (RMS) of mediolateral (ML) headset displacement, RMS of 

ML headset velocity, and total path length of ML headset displacement, respectively. 

 

Occipital Alpha Power  

Levene’s Test for occipital alpha power revealed unequal variance across the three 

groups (F(2,36) = 8.486, p = 0.001). Therefore Welch' ANOVA for unequal variance was 

performed. Welch's ANOVA showed a significant difference among groups for percent 

change in occipital alpha power (F(2, 18.97) = 10.375, p = 0.001). Post-hoc Games-Howell 

tests revealed that percent change in the EXT was significantly higher than CON (p = 

0.014) and INT was significantly higher than CON (p = 0.007). EXT versus INT did not 

differ significantly.  
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Pearson correlations on the percent change of scores from all participants did not 

reach significance for occipital alpha power versus visual gain (r = -0.315, p = 0.05), versus 

RMS (r = -0.312, p = 0.054), versus RMSv (r = -0.182, p = 0.269), or versus total path 

length ( = -0.235, p = 0.149).  

 

Figure 2-4. Changes in frontal alpha power and its association with changes in visual gain and sway 

variability. a) Mean percent change of frontal alpha power among the three experimental groups. Control 

group (CON) in dark grey squares, external group (EXT) in orange circles, and internal group (INT) in teal 

diamonds. *Post-hoc Games-Howell tests reveal a significant difference (p < 0.05) between INT vs. CON. 

Error bars are in 95% confidence interval. 4b and c) Scatterplot showing the relationship between frontal 

alpha power percent change to visual gain and root mean square (RMS) of mediolateral (ML) headset 

displacement. 

 

Frontal Alpha Power  

Levene’s Test for frontal alpha power percent change revealed unequal variance 

within the three groups (F(2,36) = 8.486, p = 0.001). Therefore Welch' ANOVA for 
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unequal variance was performed. Welch's ANOVA showed a significant difference among 

the groups for percent change in frontal alpha power (F(2, 20.16) = 4.162, p = 0.031). Post-

hoc Games-Howell tests revealed that the percent change in the INT group was 

significantly higher than CON (p = 0.041) (Figure 4a). EXT versus INT and EXT versus 

CON did not differ significantly.  

Pearson correlations on the percent change of scores from all participants revealed 

a significant relationship between frontal alpha power percent change versus visual gain (r 

= -0.347, p = 0.03) and versus RMS (r = -0.382, p = 0.016) (Figure 4b-c). However, RMSv 

(r = -0.256, p = 0.115) and total path length (r = -0.307, p = 0.057) did not reach 

significance.  

Discussion 

The primary goal of the current study was to investigate whether external and 

internal attentional focus could improve sensory integration when the postural control 

system needs to resolve a multisensory conflict. When vision is removed or becomes 

unreliable, precise interpretation of somatosensory and vestibular inputs is critical for the 

nervous system to estimate how the body moves. Becker and McNamara (2021) showed 

that internal focus on the feet improved postural control when their participants were 

blindfolded while standing on a rocker board. It is possible that in their study, internal focus 

may have optimized somatosensory processing for body orientation and postural 

stabilization, but this was in the absence of any visual input. In the current study, rather 

than removing vision completely, the participants were exposed to visual manipulations 

that created a false sense of self-motion. To stabilize balance, the participants needed to 

down-weight the non-veridical visual input because it was incongruent with somatosensory 
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and vestibular inputs. We hypothesized that if internal focus prioritized somatosensory 

input for balance, then there may be a concomitant decrease in visual influence on postural 

sway. However, current results reveal that the internal focus group did not have a lower 

visual weighting when compared to external focus or control. Conversely, the external 

focus group demonstrated a significantly lower visual gain when compared to the control 

group (Figure 2-3a), suggesting that external focus may better optimize the reweighting of 

non-veridical visual inputs. One potential explanation for the lower visual gain response 

observed in the external focus group is that attention to the board may have altered spatial 

awareness of the body and the board. Studies investigating the use of external devices to 

perform a task (i.e. "tool-usage") have shown that attention to the external tool can alter 

the somatosensory representation of the body and spatial perception of the external 

world.114–116 While there is limited evidence on how individuals incorporate rocker boards 

as a tool, we speculate that directed focus on the board may have led to a change in spatial 

awareness that lowered visual weighting when compared to the other conditions. Because 

we did not directly measure changes in somatosensory or vestibular weighting, even if 

attentional focus led to a down-weighting of visual inputs, it is not apparent in our data that 

a compensatory up-weighting of somatosensory or vestibular inputs occurred. 

There are several differences in the current study protocol compared to previous 

studies, which may have contributed to variations in outcomes.45 The first relates to how 

the interpretation of the instructions may have affected postural control. The intent of the 

external focus instructions differs from previous balance studies on attentional focus. 

Specifically, other studies used additional feedback, such as controlling a laser pointer or 

holding onto a balance pole/baton to guide their external focus,117–119 which also changed 
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the goal of the task. Another difference relates to visual feedback. To ensure that the visual 

input did not provide any feedback or cue regarding body position or board movement, we 

used a VR HMD to create an immersive visual experience. By only allowing intrinsic 

feedback, all the groups were afforded the same somatosensory inputs to orient where they 

and the board were. Thus, the observed differences between groups resulted from a change 

in attention rather than a change in the task goal or visual feedback of body and board 

position.  

It is possible that due to the instructed attentional focus participants may have 

adopted new or adapted current motor strategies, such as changes in anticipatory postural 

adjustments or muscle activations.66,120,121 A previous study by Richer et al (2017) 

investigating attentional focus during a standing balance task revealed no statistically 

significant differences in ankle muscle activation when participants adapt to internal versus 

external focus.107  Moreover, it has been theorized under an optimal control model that 

there may be no functional advantage of increasing muscle activations when the RMS of 

the center of mass is at low magnitudes.122,123 In our study, where RMS of head 

displacement was generally between 2 and 6 cm, we did not expect changes in muscle 

activations that would result in a shift in motor strategy. Pearson correlations between 

visual gain and postural sway variables, such as RMSv and total path length, revealed 

strong associations (r>0.9) regardless of the groups, with the relationship being that 

individuals with lower visual gain are generally producing less movement. Considering 

that the goal of the experimental task was to be "as still and upright" as possible, less total 

movement may be a good indicator of the current task performance.  The current 



 

33 
 

performance measure findings are consistent with previous reports45,51 in that external 

focus led to better balance performance (i.e., maintaining stability on the rocker board). 

Increased occipital EEG alpha power has been associated with the suppression of 

irrelevant visual information.92,94,96,106 In the current study, both external and internal focus 

groups demonstrated increased occipital alpha power (Figure 2-2d). However, there was 

no difference between these two groups, nor was there a significant correlation between 

the percent change in occipital alpha power to either visual weighting or balance 

performance. Given that external and internal focus may affect different regions or 

pathways in the visual cortex, the channel-level analyses and the low-density EEG array 

we used may have limited our ability to detect differences between the groups. However, 

the fact that the control group showed less occipital alpha power compared to internal and 

external focus groups suggests that both of the instructional groups directed attention away 

from visual environment. While during control conditions, the goal of keeping “yourself 

as still and upright as possible” may not direct attention towards intrinsic feedback enough 

to elicit a decrease in cortical visual processing. Current observations further emphasize 

the importance of appropriate instructions or cueing to alter cortical processing for postural 

control.  

Frontal alpha power has been suggested to indicate top-down control of visual 

processing.71,94 Changes in occipital alpha power have been theorized to be the product of 

inhibition-disinhibition mechanisms from the frontal cortex.94 Current results reveal that 

frontal alpha power is significantly higher in the internal group than in the control group 

(Figure 2-4a), and that increased alpha power may be associated with decreased visual gain 

and postural sway variability (Figures 2-3b and 2-3c). Whether the modulation of visual 
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information is effective may be task-dependent103 and requires more investigation. In the 

current study, the external focus group demonstrated improved balance performance and 

lower visual weighting, suggesting that external focus was more effective in suppressing 

visual incongruence than internal focus. However, this was not substantiated by changes 

in frontal alpha power changes in the external group as they did not differ from the internal 

or control groups. Nonetheless, the internal focus group exhibited higher frontal alpha 

power than the control group. Similar to previous studies that theorize that internal focus 

may disrupt central processes for motor control,51,53,124 we speculate that internal focus may 

have nullified the optimization of sensory inputs for postural control under the current 

experimental task.  However, only a few participants may be driving the correlation 

between percent change in visual weighting and RMS to frontal alpha power, making the 

interpretation of the correlation difficult (Figures 2-4b and 2-4c). The quality of EEG data 

is also heavily dependent on the filtering parameters and the IC identification and removal 

at post-processing.109 The limited number of EEG channels in the current study may have 

limited the spatial resolution and noise removal from IC identification. Future studies using 

source level analyses110,125 from high-density EEG during upright balance may reveal 

clearer cortical changes from attentional focus. 

In terms of other limitations to the current experimental setup, only head 

displacement was measured. This limited our ability to assess kinematics patterns at other 

body segments, e.g., hips and ankles. We approached our analysis of postural control using 

the single-link inverted pendulum model, which is commonly used for postural assessment 

and has been shown to be functionally capable of assessing postural oscillations.126 

Moreover, upright balance tasks using HMD (e.g., tandem stance, standing on a foam pad) 
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have shown a high correlation between HMDs and center of mass and center of pressure 

data.83,85 Postural sway observed in the current experiment occurs at low amplitudes and 

slow oscillations and is fixed to the rocker board, providing a window to examine the 

coupling between vision and postural sway. Another limitation is that the VR scene may 

have introduced an external cue that confounded the participant's focus of attention. The 

iceberg was included as a visual target to help control for the potential influence of gaze 

on postural control and minimize excess head movements that might occur when visually 

exploring in the scene. Regardless of the assigned group, all participants were told to direct 

their gaze toward the iceberg at the center of the VR scene to maintain consistency across 

the groups. Additionally, the control group was told to "keep yourself" as still as possible 

across all trials, which may have biased attention inwardly. While the general instructions 

were carefully worded to avoid drawing attention to the body, maintaining balance 

inherently requires some level of body awareness. The control group may have 

incorporated internal focus strategies by default from just performing the task. We 

attempted to control these confounds by giving everyone the same control instructions at 

baseline (block 1) and using an ANCOVA model to assess differences among the groups 

after receiving additional instructions (or no additional instruction – control group) to 

account for differences at baseline. This approach allowed us to focus our comparison 

between the external focus of the board and the internal focus of the feet. The current study 

cannot also rule out that internal focus, in general, is ineffective in resolving sensory 

conflicts. It is possible that internal focus on other specific body parts, such as a focus on 

head or trunk movements, may have led to different results. Further studies are needed to 

elucidate the effects of attentional focus on sensory integration. 
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Age-related declines in visual, vestibular, and somatosensory acuity impact posture 

and increase the risk for falls in the aging population. By studying how attention can help 

resolve sensorimotor incongruence in postural control, we gain insight into the interaction 

between volitional and automatic processes controlling balance. Here we show immediate 

changes in occipital cortex activity as individuals use different attentional placements when 

exposed to VR manipulation, which provides a false sense of body position and orientation. 

However, only attention directed externally from the body helped reduce inappropriate 

visual influence on postural control. Findings from this study may help guide clinicians 

and researchers on how best to provide instructions for balance tasks and help an individual 

develop compensatory strategies to improve balance and prevent falls. 
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3. THE ORDER EFFECTS OF ATTENTIONAL FOCUS INSTRUCTIONS ON 

VISUAL DEPENDENCE, POSTURAL CONTROL AND EEG 

OSCILLATIONS 

 

Introduction 

  Attentional focus can be used to allocate mental resources to specific body parts, 

stimuli, or states during a goal-orientated movement.45,51 Researchers have studied the use 

of attentional focus for balance tasks by contrasting the effects of directing attention to one’s 

body (internal focus) versus attention to the consequence of one’s movement on an external 

object (external focus). Early studies have shown that when balancing on a moving surface 

(e.g., rocker board or foam pad), directing one’s attention externally towards the goal of 

minimizing movement of the surface (e.g., “keep the rocker board horizontal”) often leads 

to better balance performance and faster learning than internal focus on minimizing feet 

movement.45,51,54,58 However, recent studies have revealed that the benefits of different 

attentional focuses are task-specific,64,103 and depend on the type of sensory feedback 

available during the task.103 

  While the type of task that can potentially moderate the effect of attentional focus 

during postural control, studies have varied between within-subject and between-subject 

designs which may further impact findings. The within-subject design exposes participants 

to multiple attentional focus instructions,58,64,103,117,118,127 which can better control for the 

sources of variability and reduce the total number of subjects needed. However, the within-

subject design can introduce potential carryover or order effects from one 

instruction/condition to another.98 Between-subject designs can prevent carryover effect by 

exposing participants to just one type of instruction per group, 53–55,57,128 but requires 
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multiple groups for comparisons and a larger sample size. While most within-subject 

designs counterbalance the instructions to avoid potential carryover effects, the interaction 

between multiple attentional focus instructions is under-investigated.  

  Few studies have directly assessed the carryover effects of attentional focus 

instructions on postural control.58,100 In a study by Wulf et al. (2009), fourteen idiopathic 

Parkinson’s Disease patients were randomized into three different orders of attentional 

focus instructions (i.e., control-internal-external, internal-external-control, external-control-

internal) to test the effects of different attentional focus instructions on upright balance. The 

authors used a repeated measure ANOVA to assess whether the order of instructions would 

interact with the attentional focus conditions and found no significance.58 However, their 

order of instructions did not include all the possible orders that could have been performed, 

and the low number of participants may have increased the risk for type II errors in their 

findings. Interestingly, in an earlier study, by the same research group, that looked at 

postural control of younger adults on an inflated rubber disk found significant difference 

among internal, external, and control focuses when the order of the instruction was control-

internal-external.100 However, they did not detect significant differences when the order of 

the instructions were internal-external-control and external-control-internal.100 Durham et 

al. (2014) found that similar effects of external focus are enhanced on reach and grasp 

performance in stroke patients when external focus is provided after internal focus for stroke 

patients.99 Performing any motor task over multiple repetitions affords the nervous system 

feedback from the sensory inputs and the motor consequences, which is ultimately 

integrated to optimize future performance.129 Therefore, it is not surprising that the order in 

which instructions are given may affect motor learning. Additional research into the 
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potential carryover effects of providing multiple instructions in attentional focus may help 

guide future researchers and clinicians in optimizing instruction delivery.  

  The current study examines the potential carryover effects of receiving multiple 

attentional focus instructions on kinematic and encephalography (EEG) recordings during 

a single session of balance training. The participants were tasked with maintaining stability 

while standing on a rocker board and wearing a virtual reality (VR) head-mounted display 

(HMD). A virtual visual motion was displayed to create a multi-sensory conflict. The degree 

to which the VR affected postural control was assessed by measuring the coupling between 

the frequency of stimulated VR movement to the amount of participant’s postural sway at 

that VR movement frequency.14,16 In addition, power spectral density at the frequencies of 

4 – 8 Hz (i.e., theta power) and 8 to 13 Hz (i.e., alpha power) were evaluated to identify 

cortical changes. Alpha power has been demonstrated to be a robust biomarker for cortical 

inhibitory processes, particularly in visual processing, where increased alpha oscillations in 

the occipital region are often associated with attention-driven suppression of irrelevant 

visual information.92,96,106 Theta power has also been shown to increase when balance tasks 

become more challenging during single-session testing.73,89,130 Suppose participants were to 

improve their postural stability under the current experimental set-up. In that case, we might 

see an increase in alpha power, suggesting suppression of visual information from the VR, 

and a decreased theta power as the task has become easier. 
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Methods 

Participants 

Twenty-eight participants were randomized into two evenly disturbed groups (14 

per group): Internal focus first (INT-first) group, and external focus first (EXT-first) group. 

Participants were part of another study investigating the immediate effects of attentional 

focus instructions on visual weighting for postural control.10 The current study is a follow-

up examination of the participants who participated in the previous study wherein they 

received attentional focus instructions, but were then given additional attentional focus 

instructions within the same testing session. Inclusion and exclusion criteria were over 18 

years old, normal or corrected-to-normal vision, and no neurological or musculoskeletal 

conditions that limited their ability to stand or walk independently. The Temple University 

Institutional Review Board approved the procedures, and all participants signed informed 

consent before starting the study. Participants received a $15 gift card upon the completion 

of the study.  

 

Table 3-1. Chapter 3 demographic data. P-values are from Independent Samples t-Tests.  

Group INT-first Group EXT-first Group p-value 

Age (years) 25.1 (4.8) 26.7 (8.5) 0.56 

Height (cm) 175.9 (10.5) 168.2 (11.2) 0.07 

Weight (kg) 75.3 (13.7) 68.1 (12.3) 0.16 

MSRS ( /30) 28 (9.2) 30.5 (10.3) 0.50 

MSSQ ( /54) 12.5 (12.1) 7 (7.7) 0.16 

Hand 11R 3L 13R 1L 
 

Sex 5F 9M 7F 7M 
 

# of participants in kinematic analysis 14/14 14/14  

# of participants in EEG analysis 11/14 11/14  

Note: Values are represented in mean ± SD. MRSR (Movement Specific Reinvestment Scale), MSSQ 

(Motion Sickness Susceptibility Questionnaire Short-form).  
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Procedure 

The experiment set-up has been described in the previous chapter and has been 

published.10 Participants wore an HMD (Pico Neo 2 Eye, San Francisco, CA) and stood a 

rocker board (Blue Planet Balance Surfer, Honolulu, HI). The HMD provided an 

immersive visual environment (VE) of a first-person perspective of standing on a boat on 

a body of water. When looking straight ahead in the VE, participants will see an iceberg at 

the center of the scene, the water horizon, and the boat’s bow. During the trials, participants 

stood feet shoulder-width apart with arms across their bodies on the rocker board. 

Participants performed all the trials while surrounded by a bariatric walker and supervised 

by a researcher.  

For every trial in the study, the presentation of the VR scene is set as follows: An 

initial 5-second fade-in window, followed by a 45-second data collection window, and 

finally, a 5-second fade-out window. This fade-in and fade-out set-up minimizes any 

anticipation and initial motion of the VE movement. Before starting the experiment, 

participants underwent two 55-second trials with no horizon tilt movement to 

accommodate the experimental set-up.  

At blocks 1, 2, and 3, participants underwent three 55-second trials with the VR 

horizon tilting randomly 1.8 to 2.2 degrees to the right and to the left from the vertical axis 

at a sinusoidal frequency of 0.2Hz. That is, the horizon movement had peak to peak 

amplitudes between -1.8 to -2.2 degrees to between 1.8 to 2.2 degrees at 0.2 Hz (Figure 2-

1b). At block 4, participants underwent a single trial of varying sinusoidal horizon 

movement with peak amplitudes between 2 to 6 degrees at 0.2Hz. The order of the peak 

amplitudes was pre-set and the same for every participant.  
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Figure 3-1. Order of the experimental blocks and attentional focus instructions. A) The 

order of instructions for both groups across the blocks. B) The three types of instructions 

provided to the participants.  

 

Instructions 

In block 1, all participants received the ‘no focus’ control instructions to ensure that 

participants understood the task (Figure 3-1B). Due to the inherent level of body awareness 

required during a balance task, we normalized the kinematic and EEG data to block 1 to 

control for possible baseline differences in attention and task performance.  

In blocks 2 and 3, participants in the INT-first group received internal focus 

instructions first, followed by external focus instructions in the following block. In contrast, 

participants in the EXT-first group received external focus instructions first, followed by 

internal focus instructions. After each trial within blocks 2 and 3, participants were asked 

to rate the amount of attention (from 0% – 100%) they think they placed at the instructed 

focus. If a participant reported investing less than 50% of their attention on the instructed 

attentional focus, the trial would be repeated unbeknownst to the participant.107 However, 

no participant in the current study reported less than 50%.  
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Before block 4, participants were asked which attentional focus best helped them 

to keep still and upright during the task. Participants could choose among three preferences: 

external focus, internal focus, or no preference. After providing the preferred attentional 

focus, participants were told that the final trial would be more turbulent than all the 

previous trials and were asked to use their preferred to help them maintain upright stability 

for the last trial (Table 3-2).  

 

Table 3-2. Preferred focus tally at Block 4 by experimental groups. 

Preferred Focus at Block 4 

Group INT-first Group EXT-first Group 

External focus 9 3 

Internal focus 4 7 

No Preference 2 3 

 

Kinematic Measures 

The HMD recorded the head displacement data at 50Hz, and the data was offline 

filtered with an 8th order Butterworth low-pass filter at 20Hz cut-off. Medial lateral (ML) 

displacement data were used to calculate the root mean square (RMS) of ML displacement 

(RMSd) and RMS of ML velocity (RMSv) to examine overall postural stability during the 

task. To measure visual influence on postural sway, discrete Fourier transforms of ML head 

displacement (output) and VR horizon angle (input) were first calculated.10,14,16 Then, the 

output-to-input magnitude (visual gain) was calculated by dividing the frequency power of 

the output at 0.2Hz over the frequency power of the input at 0.2Hz.10,14,16 Kinematic data 

were averaged across the three trials within each block for analysis. 
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EEG Measures 

Continuous EEG was recorded using a 32-channel stretch wet cap (ANT Neuro, 

Berlin). The channels are listed in tables 1 - 6 of the appendix. Data were sampled at 512 

Hz. Scalp electrode impedances were kept below 15 kΩ. EEG channels were referenced 

online to Cz. The EEGLAB toolbox for MATLAB was used for offline processing 131. A 

zero-phase finite impulse response notch filter was applied with cut-offs at 59 and 61Hz to 

remove electrical line noise. The data was bandpassed between 1.5 and 100 Hz using the 

zero-phase FIR filter.109 Noisy channels were identified using the pop_clean_rawdata() 

plugin function for EEGLAB. Channels that were 1) flat for more than 5 seconds, 2) 

showed high-frequency noise values over four standard deviations, or 3) correlated with 

nearby channels by less than 0.6 were removed 110. On average, 1.8 channels were removed 

per participant during this step. Data were then re-referenced to the common average 

reference, and the removed channels were then interpolated using the spherical spline 

method. Each participant’s EEG data were epoched at 45s per trial, 5s after the starting 

trigger, and 5s before the end of the trial. An extended Independent Components Analysis 

(ICA) was then performed on each participant’s epoched data using the default parameters 

in EEGLAB.111 

The ICLabel function in EEGLAB was used to identify artifactual Independent 

Components (ICs) automatically.112 Artifactual IC labels include eye blinks, muscle 

activity, line noise, and channel noise. To maintain reproducibility and minimize subjective 

bias, ICs identified as over 80% likely to be artifactual were automatically removed.10 On 

average, 5.9 ICs were removed. The power spectral density for each channel was then 

calculated using the Welch method with Hamming windows of 1 second and 50% overlap. 
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We averaged the power density between 4Hz to 8Hz and 8Hz to 13Hz to represent theta 

and alpha power, respectively. Due to the high inter-subject variability of the spectral 

power, theta and alpha power at blocks 2, 3 and 4 were normalized by calculating the 

relative percent change from block 1. Six participants were removed from the current EEG 

analysis due to excessive noise in the EEG recordings (N = 2) and left-handedness (N = 4). 

EEG data were averaged across the three trials within each block for analysis. 

Statistical Analysis 

  To examine the carryover effects of receiving two attentional focus instructions 

within the same testing session, we directly assessed the treatment effect (i.e., external focus 

vs. internal focus instructions), the time/block effect (i.e., block 2 vs. 3), and the 

sequence/order effect (i.e., EXT-first vs. INT-first groups).132  

  Statistical analysis was performed on the relative kinematic (i.e., visual gain, RMSd, 

and RMSv) changes by subtracting block 1 scores from block 2 and 3 scores. This approach 

allowed us to directly compare the influence of additional attentional focus instructions 

while controlling for baseline instructions (i.e., control instructions). Variables for 

comparison were first tested for normality using the Shapiro-Wilk test. A non-parametric 

test was used if the variable was not normally distributed (p < 0.05). The treatment effect 

was tested by comparing change scores between external focus vs. internal focus trials. The 

time effect was tested by comparing change scores between block 2 vs. block 3. Order effect 

was tested by comparing the summed change scores for block 2 and 3 between EXT-first 

group and INT-first group. 

  The EEG data were not normally distributed. Therefore, the Wilcoxon Signed-Rank 

test was performed on the relative alpha and theta power for each channel between blocks 
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2 and 3 to test for time effect and between external and internal focus instructions to test for 

treatment effect. Mann-Whitney U test was performed on the relative EEG alpha and theta 

power to compare EXT-first and INT-first groups for order effect. 

  Exploratory analyses were performed for the last trial - high amplitude visual 

stimulation (i.e., Block 4). At the last trial, we stratified the participants into three preference 

groups based on their preferred focus (no preference, external focus preference, or internal 

focus preference). The goal was to assess whether preference for a specific attentional focus 

would change postural control or EEG when exposed to higher amplitudes of visual 

perturbation. Due to uneven sample size and distribution among the three groups, 

Independent-Samples Kruskal-Wallis tests were performed for the raw visual gain, raw 

RMSd, raw RMSv, and the relative alpha and theta power on all EEG channels at the last 

trial with respect to block 1. One participant in the INT-first group did not complete Block 

4 due to a sudden onset of motion sickness. Previous EEG studies have clustered adjacent 

central channels within general cortical areas (e.g., frontal, parietal, and occipital areas) as 

regions of interest (ROI) to assess EEG responses to postural control tasks. As an 

exploratory approach, we identified an ROI if the channels lead to a significant difference 

in the Independent-Samples Kruskal-Wallis tests and if those channels are adjacent to each 

other. If three or more adjacent channels demonstrated significance, then the spectral power 

from those channels was averaged and compared. 

  Statistical analyses were performed in SPSS and MATLAB with a significance level 

set at 0.05.   
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Results 

Treatment Effect 

Shapiro-Wilk test revealed that RMSd and RMSv were not normally distributed for 

internal focus instructions. Therefore, a Wilcoxon Signed Ranks test was used to compare 

RMS and RMS velocity between external and internal focus instructions, while paired 

samples t-test were used to compare visual gain. Treatment effect analyses revealed no 

significant difference between internal and external focus instructions for visual gain (t(27) 

= 0.20, p = 0.84, Cohen’s d = 0.04), RMS displacement (Z = -0.55, p = 0.59, Effect size r 

= 0.10), RMS velocity (Z = -0.85, p = 0.40, Effect size r = 0.16), relative alpha power (For 

detailed statistics across all channels, see Appendix Table 1), or relative theta power 

(Appendix Table 2)  

Time Effect 

Shapiro-Wilk test revealed that RMSd and RMSv were not normally distributed at 

block 3. Therefore, Wilcoxon Signed Ranks test was used to compare RMSd and RMSv 

between blocks 2 and 3, while paired samples t-test was used to compare visual gain. Time 

effect analysis reveal no significant difference between block 2 and 3 for visual gain (t(27) 

= 0.90, p = 0.38, Cohen’s d = 0.171), RMSd (Z = -1.69, p = 0.09, Effect size r = 0.32), 

RMSv (Z = -0.75, p = 0.45, Effect size r = 0.14), and relative alpha power (Appendix Table 

3). Wilcoxon Signed Ranks test revealed a significant (p < .05) block effect in the relative 

theta power for channels F8, FC5, T7, C3, CP5, O1, Oz, and O2, with block 2 exhibiting 

higher theta power than block 3 across those channels (Appendix Table 4). 
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Order Effect 

Shapiro-Wilk tests revealed that visual gain, RMSd, and RMSv for both groups 

were normally distributed, therefore, independent samples t-test were performed all 

kinematic variables. Order effect analyses revealed that in visual gain, EXT-first group 

(Mean = -0.74, SD = 0.79) exhibited a significantly greater decrease in visual gain response 

when compared to INT-first group (Mean = -0.18, SD = 0.58) (t(26) = 2.141, p = 0.04, 

Cohen’s d = 0.809). In RMSv, EXT-first group (Mean = -1.69, SD = 1.66) exhibited a 

significantly greater decrease in overall RMSv scores when compared to INT-first group 

(Mean = -0.20, SD = 0.67), after adjusting for unequal variances (t(17.076) = 3.112, p < 

0.01, Cohen’s d = 1.18). There was also a statistically significant sequence effect for 

channel P7 in the normalized theta power (Appendix Table 5). In channel P7, EXT-first 

group exhibits an increase in theta power (Median = 19.58%) from block 1 while INT-first 

group exhibits a decrease in theta power (Median = -13.46%) (U = 26, p = 0.03, Effect size 

r = 0.57).  

RMSd did not differ between EXT-first group and INT-first group (t(17.99) = 

2.013, p = 0.06, Cohen’s d = 0.76). There was also no significant sequence effect in the 

relative alpha power for any of the EEG channels (Appendix Table 3). 
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Figure 3-2. Kinematic measures across blocks for EXT-first and INT-first groups. A. Raw 

mean visual gain scores for EXT-first group (orange square) and INT-first group (teal 

diamond) across blocks. B. Mean medial-lateral (ML) root-mean-square (RMS) of the 

medial-lateral displacement across the blocks. C. Mean ML RMS velocity across the 

blocks. Error bars are in 95% confidence interval.  

 

 

Figure 3-3. Kinematic score at block 4 from stratified preferred groups. Mean visual gain 

scores (A.), mean medial-lateral (ML) root-mean-square (RMS) displacement (B), and 

mean ML RMS velocity (C) at block 4 for three stratified groups. The participants are 

stratified into three groups by their preferred focus in block 4. Error bars are in 95% 

confidence interval. One participant (internal focus preferred) did not perform the last trial.  

 

Preferred Focus Effects at Block 4 

Independent-Samples Kruskal-Wallis tests did not reveal significant differences 

among EXT-preferred, INT-preferred, and no-preference groups for visual gain (H(2) = 

1.95, p = 0.38, eta^2 < 0.01), RMS displacement (H(2) = 3.2, p = 0.2, eta^2 = 0.05), RMS 
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velocity (H(2) = 1.57, p = 0.46, eta^2 = 0.02), and the relative alpha power across the 

channels (see Appendix table 7).   

 

 

Figure 3-4. Changes in left frontal theta power for the three preference groups at block 4 

with respect to block 1. A) Bar plot representing left frontal theta power change across the 

three preference groups. B) Topographical plot of median EEG changes from block 1 in 

no preference group. C) Topographical plot of median EEG changes from block 1 in 

internal focus preferred group. D) Topographical plot of median EEG changes from block 

1 in external focus preferred group. Red circles mark the three frontal channels (F3, Fz, 

and FC1) clustered for analysis based on channel level analysis. EEG analysis was only 

performed on right-handed participants. *Significant difference between internal and 

external focus preferred groups (p < 0.01) was identified in post-hoc contrasts. Error bars 

are in 95% confidence interval.  

 

There was a significant effect in relative theta power among the three preference 

groups at channels Fp2, F3, Fz, FC1, and T8 (see Appendix table 8). Due to the statistical 

difference between the groups for F3, Fz, and FC1 and since they were adjacent channels, 
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we averaged these three channels to assess the overall left-frontal theta power change at 

block 4 (Figure 3-4). Independent-Samples Kruskal-Wallis Test reveals significant 

interaction in left frontal theta among the three preference groups (H(2) = 10.54, p < 0.01, 

eta^2 = 0.47). Bonferroni corrected pairwise comparisons revealed a significant difference 

between the internal and external focus preferred groups (p < 0.01). 

Discussion 

The primary objective of this study was to determine if there are carryover effects 

due to receiving multiple attentional focus instructions during a repeated practice of a VR 

balance task. To maintain upright stability in the current task, participants must resolve the 

sensory mismatch between visual input from the VR headset and the vestibular and 

somatosensory inputs from the real world. Current results reveal no time effect on visual 

gain and postural stability (i.e., RMSd and RMSv) from block 2 to block 3 relative to 

baseline performances. This suggests that participants did not improve in the task or reduce 

their visual dependence after block 2. There was also no treatment effect between the two 

attentional focus instructions on visual gain and postural stability. However, there was a 

significant sequence effect where the EXT-first group demonstrated a lower visual gain 

and better postural stability than the INT-first group. Taken together, the current results 

suggest that performance is unlikely to change once the participant has established an 

attentional focus during the current testing session, and the order of the instructions may 

influence how attentional focus instructions affect sensorimotor control for balance.  

We speculate that a lack of sufficient washout period may have allowed complex 

carryover effects due to the order in which attentional focus instructions were given. On 

average, the time measured between the end of block 2 and the beginning of block 3 was 
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2.5 minutes. This duration may not have allowed the participants to disassociate or abandon 

the sensorimotor strategies they developed from practicing with the initial attentional focus 

in block 2. Moreover, when instructed with a new attentional focus in block 3, participants 

were not explicitly told to neglect the attentional focus from block 2. When the participants 

were asked after the study how they directed their attention during block 3, participants in 

both the EXT-first and INT-first groups used phrases such as “focusing on how [their] feet 

were moving the board” or “how the board was moving under [their] feet.” Participants 

may have integrated both attentional focuses into their control strategy rather than adapting 

entirely to a new strategy. Future studies using with-subject approaches to investigate 

changes in attention may need to carefully consider the potential interactions when 

participants are given more than one instruction. 

EEG channel analyses on the relative alpha power change did not reveal any 

significant treatment, time, or sequence effect. However, relative theta power showed 

decreased power across various EEG channels (Appendix Table 5), with a statistically 

significant reduction from blocks 2 to 3 in channels FC5, T7, CP5, and Oz. Increased theta 

power in the centro-frontal and parietal regions has been observed when balance tasks 

become more challenging.73,89,130,133 Here, the task difficulty remained the same across 

blocks 2 and 3. Therefore, we speculate that the decrease in theta power may indicate 

increased familiarity with the task and possibly decreased cortical demand for task 

execution. Interestingly, when asked before the start of block 4, “which attentional focus 

helped [you] the most in maintaining stability,” most of the participants from each group 

reported that the attentional focus instructed in block 3 was the most effective (Table 3-1). 

A recency effect may influence this response rate. Participants may have become 
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increasingly familiar with the experimental task after repeated practice. Nonetheless, if 

there was habituation to the task, this was not seen in our kinematic outcomes from blocks 

2 to 3.  

When exposed to high amplitude visual stimulation at the last trial, visual gain and 

postural stability did not significantly differ after stratifying the participants based on their 

preferred focus (Figure 3-4). Interestingly, exploratory EEG comparisons reveal a distinct 

difference between the internal and external preferred groups at block 4, where the internal 

preferred group demonstrated decreased theta power, while the external preferred group 

demonstrated increased theta power. This directional contrast between the two preferences 

may indicate a difference in top-down control resulting from the preferred attentional focus 

at the last block.134 However, the identification of this region is suspectable to type 1 error 

as multiple channels were compared to identify this ROI. Interpreting this difference in 

frontal theta power is also difficult as kinematic measures did not result in any statistically 

significant difference (Figure 3-3).  

A key limitation of the current study is that the study is unable to ensure that the 

participant’s focus is directed at the instructed focus. While all the participants reported 

investing more than 50 percent of attention to the instructed focus after each trial, these 

subjective reports may be biased by the participant’s interpretation and understanding of 

the task and their attention. When asked at the end of the study whether the participants 

believed they changed strategies to maintain balance from blocks 2 and 3, two of out the 

28 participants (1 INT-first and 1 EXT-first) specifically stated they were unsure, even 

though both participants reported giving more than 50% of attention to the instructed focus 

after their trials in blocks 2 and 3. When asked which focus of attention helped them the 
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best to maintain upright stability, five of the 28 participants (2 INT-first and 3 EXT-First) 

reported that either focus helped. These reports suggest differences in the conceptualization 

and perceived effectiveness of the attentional focuses among the participants, which may 

confound current findings. 

EEG data is heavily dependent on post-processing procedures and can ultimately 

affect the outcome of the studies. Signal artifacts from muscle, sweat, and fatigue due to 

the physical demands of the experimental task may contaminate the data collected by the 

current EEG system. Advances in EEG post-processing have improved the identification 

of potential artifacts in the EEG data using tools such as ICLabel. We opted to use ICLabel 

to automatically remove ICs that are more or equal to 80% probability of eye blinks, muscle 

activity, line noise, and channel noise ICs. This approach removes the subjective bias from 

the researchers already familiar with the study aims and the data. However, it may allow 

potential artifact ICs to be retained. To protect from possible muscle activity interference 

in the current analysis, we only focused our analysis on the theta and alpha frequency 

ranges as most muscle artifacts contaminate as low as 20Hz.135 Another limitation is that 

the region of interest identified for left theta power is inferred from comparisons across all 

the EEG channels and suspectable to possible type 1 error. As EEG recordings are already 

poor in spatial resolution, the localization of this region is incapable of delineating any 

cortical mechanisms involved other than acting as a potential neural marker for superficial 

EEG change. Future research using high-density EEG recordings may provide more 

precise localization of cortical regions that may be affected by attentional focus. 

In conclusion, current results show that when healthy adults are exposed to 

conflicting sensory inputs that destabilize postural control, the order in which external and 
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internal attentional focus instructions are given may affect their effectiveness. 

Additionally, the participant’s perceived effectiveness on each attentional focus instruction 

may also be influenced by the order of the instructions. It is well known that verbal 

instructions can influence postural control during balance activities.45,51,136 However, the 

discrepancy between the environment, the task, and the participant’s overall perception 

makes designing verbal instruction challenging.45,49 Nevertheless, a deeper understanding 

of how verbal instructions can influence the brain to optimize sensorimotor control for 

postural control can help clinicians and trainers design the best instructions for balance 

performance and learning.45,51 Moreover, given the ease and accessibility of using VR 

devices for balance training, the method by which instructions are given should be carefully 

considered to produce the intended effects.  
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4. THE IMPACT OF EXTERNAL AND INTERNAL FOCUS ON VISUAL 

REWEIGHTING AND POSTURAL CONTROL IN OLDER ADULTS 

Introduction 

Sensory reweighting is the process in which the brain changes its reliance, or 

"weight," on the three main sensory inputs (i.e., visual, vestibular, and somatosensory) to 

achieve postural stability.7,16,137 However, the nervous system’s ability to properly reweight 

and integrate different senses declines with age.25,26,29,31,36 Aging is accompanied by 

physiological changes in the peripheral and central nervous systems that can be linked to 

diminished sensory acuity and processing speed.30–33,36,101 These age-related changes can 

lead to increased visual dependence, poor sensory integration, and increased risk for 

falls.7,26,27,31,101In experiments where participants are given the knowledge that they will be 

exposed to visual manipulations that disrupt their balance (such as standing in a visually 

moving room), young adults are readily able to down-weight their vision to maintain 

stability while older adults are not.7,9,39 This suggests that awareness alone of one’s 

surroundings is not enough to overcome age-related inefficiencies in sensory reweighting. 

However, given enough time and exposure, older adults have been shown to be capable of  

adapting to the visual stimulations that perturb their balance, but still not as well as their 

younger counterparts.7,16 One potential explanation for the sensory reweighting 

inefficiencies in older adults is their decreased ability to allocate attention effectively for 

postural control.8,9,33,77,138 Studies have shown that directing attention to specific 

movements or body parts can be beneficial for improving postural stability during balance 

tasks, 66,70,75,77–79 but it is unclear whether sensory reweighting is a mechanism that can be 

improved by allocating attention. Understanding the interaction of attention on sensory 
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reweighting may help improve sensory integration in older adults and ultimately improve 

their balance and prevent future falls.139 

Attentional focus is the act of allocating one concentration on specific aspects of a 

goal-orientated movement.51,52 When providing instructions to the learner during balance 

training, such as standing on a balance board, external focus instruction on the intended 

effects of one’s action (e.g., "keep the board horizontal") has been shown to lead to better 

balance performance and learning than internal focus instructions on specific body 

movements (e.g. "keep both feet horizontal").51,52 The benefits of external focus have been 

demonstrated in populations such as older adults,54 ankle injuries,55,56 and Parkinson's 

patients.57,58 Conversely, internal focus diminishes balance performance.45,51 This 

phenomenon has led to the constrained action hypothesis (CAH), which suggests that 

internal focus interferes with the automatic control processes for motor control, while 

external focus enhances the automatic control processes.51 However, it is unclear what 

these automatic control processes are or if sensory reweighting can be improved by it. 

Neurophysiological studies have shown that increased attention to specific body parts can 

improve sensory detection, elicit vestibular responses for head and body stabilization, and 

activate specific sensory integration regions of the brain.67,68,70,74–76 These studies stress the 

importance of providing limb positional cues to patients during balance training.66,70,75,77–

79 Moreover, internal focus has been shown to be effective in improving balance when 

vision is removed (i.e., blindfolded).103 This suggests that the type of attentional focus 

should align with the type of sensory feedback available,103 and challenges the 

generalizability of external focus, as described by CAH. A deeper understanding of the role 
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of attentional focus on sensory weighting will help guide how attention should be directed 

during balance training for older adults.  

 To systematically measure changes in sensory reweighting, a virtual reality (VR) 

head-mounted display (HMD) is used to induce a false sense of self-motion while 

participants are tasked to maintain upright stability on a rocker board.10 VR HMDs are 

gaining popularity in physical rehabilitation and balance training because they are safe, 

portable, and cost-effective tools to challenge the patient’s sensory systems.20,81,82 

However, there is no consensus on how a patient should interact when using VR to 

maximize balance training. The current study will build upon previous studies showing 

that older adults are less effective in decreasing their visual dependence when compared to 

their younger counterparts.7,9,39 When visual stimulation transitions from low amplitude 

movements to high amplitude movements, younger adults can readily adapt to the high 

amplitude visual stimulation by decreasing visual weighting to maintain postural stability, 

while the older adults are not.7,39 Furthermore, after exposure to the high amplitude visual 

stimulations that perturb balance, younger adults appear to be better at retaining the visual 

down-weighting than older adults.39 We anticipate that additional instructions on 

attentional focus may help resolve the multisensory conflict created by VR and the rocker 

board. If external focus helps optimize postural control processes, as theorized by the CAH, 

then external focus may result in greater postural stability and lower visual weighting in 

older adults when they need to resolve multisensory conflicts. . 
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Methods 

Participants 

Twenty-seven older adults were recruited, and 25 participants completed this study 

(Table 4-1). The average age of the participants was 64 years old (SD = 7, Range 57 to 83). 

The inclusion and exclusion criteria were over 55 years old, able to independently stand 

and walk, free of neurological or musculoskeletal diagnoses that affect their balance, have 

normal or corrected-to-normal vision, and scored over 23 points in the Mini-Mental State 

Exam. The Temple University Institutional Review Board approved the procedures, and 

all participants gave informed consent before starting the study. Participants received a $25 

gift card upon the completion of the study. Recruitment methods were word-of-mouth, 

physical flyers, and internet advertisement (i.e., Craigslist).  

 

Table 4-1. Chapter 4 participant demographic and clinical data. P-values are from one-way ANOVA.  

 CON (n= 9) INT (n = 8) EXT (n=8) p-value 

Gender  4F 5M 0F 8M 6F 2M  

Age (years) 64.8 (8.8) 65.3 (6.5) 60.8 (4.2) .33 

Height (cm) 170.7 (11.3) 176.5 (11.2) 168.0 (7.5) .26 

Weight (kg) 78.3 (14.2) 91.1 (11) 73.2 (14.2) .04* 

MMSE ( /30) 29 (1.7) 29.6 (.5) 29.1 (1.5) .60 

ABC ( /100) 91.1 (5.5) 94.7 (5.4) 92.88 (1.3) .36 

MRSR ( /60) 34.8 (14.1) 29.8 (9.7) 28 (10.4) .50 

MSSQ (/54) 6.5 (6.5) 6.4 (4.8) 12.2 (9.5) .19 

Mini-BEST (/28) 23.4 (4.2) 24.3 (2.1) 24.1 (1.7) .83 

Abs RFT (deg) 6.8 (5) 5.2 (2.6) 6.8 (11.0) .87 

Bias RFT (deg) 2.3 (6.1) 2.9 (3.5) -1.8 (5.6) .16 

Note: Values are represented in mean ± SD. MMSE (Mini-Mental State Examination), ABC 

(Activity-specific Balance Confidence), MRSR (Movement Specific Reinvestment Scale), MSSQ 

(Motion Sickness Susceptibility Questionnaire Short-form), mini-BEST (mini-Balance Evaluation 

Systems Test), Abs RFT (mean absolute error on Rod and Frame test), and Bias RFT (mean 

constant error on Rod and Frame test). 
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Power Analysis 

A repeated measure, within-between interaction, power analysis was performed to 

determine the sample size needed for the study. Effect size Cohen's f of 0.35 was used 

based on our prior study investigating the impact of attentional focus on balance in younger 

adults with the expectation that older adults will yield a smaller effect than younger 

adults.10 Using this effect size, alpha of 0.05, and beta power of 0.8, for a three-group 

comparison (external focus group, internal focus control, and control group) across two 

time periods, a total sample size of 24 was determined using G*power. We targeted a 

sample size of 27 due to attrition.  

Randomization 

Group assignments were determined at the beginning of the study and given 

sequentially to each participant after they met the inclusion and exclusion criteria during 

the initial screening. A total of 27 participants performed the study. However, two 

participants were excluded from the current analysis; one participant (assigned to the 

internal focus group) closed their eyes for most trials, and the other (assigned to the external 

focus group) repeatedly said they were focused on their feet when they were instructed to 

focus on the board (i.e., external focus).  

Balance Task Set-up 

A VR HMD (Pico Neo 2 Eye, San Francisco, CA) and a rocker board (Butterfly 

Balance Board, StrongTek) were used to challenge the postural control system. The HMD 

provided an immersive visual first-person perspective of standing on a boat on a body of 

water. The virtual environment was developed in Unity 3D (San Francisco, CA), and the 
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rendering of the water was created using the Water4 Prefab from Unity's Standard Assets 

Environment. When looking straight ahead, participants saw the bow of the boat, the 

horizon over the animated water, and an iceberg in the middle of the horizon. The rocker 

board was 20 x 14 x 2.2 inches in dimension and had a curved bottom surface. This 

curvature allowed only ML tilting with a maximum tilt angle of 8.5 degrees from the 

ground. 

For every trial in the study, the timeline of presentation of the VR scene and the 

data recording were as follows: An initial 5-second fade-in window, followed by a 45-

second data collection window, and finally, a 5-second fade-out window. When the 

experimenter started the trial, the participant initially saw a black screen. The VR scene 

gradually faded after a random delay of 2-3 seconds. The transition from the black scene 

to the VR scene lasted 1 second. Data collection started 5 seconds after the start of the trial. 

After the 45-second recording window, the scene gradually faded to the black scene. This 

fading process was initiated randomly between 2 to 3 seconds within the 5-second fade-

out window (Figure 4-1), which removed the initial horizon movement in the VR scene as 

the trial began.  

Participants performed the experimental trials while standing, feet shoulder-width 

apart on the rocker board with their arms across their chest. Foot placement was demarcated 

by tape after practice trials. The participant was surrounded by a large walker (bariatric-

sized) and monitored by a research assistant. Participants were required to grab onto the 

walker after each trial for a minimum 30-second break between trials. If the participant 

touched the walker during the trial, the trial was removed for analysis due to the tactile 
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support that would influence their postural control.140 However, no participant in the 

current study used the walker for support.  

 

 

Figure 4-1. Exemplar trials of a single subject before (A), during (B), and after (C) high 

amplitude visual stimulation trial. The blue line represents the movement of the virtual 

horizon. The black dotted line represents the medial-lateral center of mass (COM) angle. 

The blacked-out bar at the trials' beginning and end represent the scene's faded-in and fade-

out phases.  
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Intervention 

Figure 4-2. Order of the training blocks. 

 

Practice Block. Before the start of the data collection, participants were given two 

55-second trials to get accustomed to the experimental set-up (not pictured in figure 2). 

They were encouraged to look around in the VR. In the second practice trial, all the 

participants were given the control instructions to practice.  

Block 1 (baseline). Participants underwent three trials of low amplitude/low-

frequency stimulation.  The virtual horizon tilted from side to side in a sinusoidal pattern. 

The peak amplitudes were 1.8 to 2.2 degrees to the right and the left at a frequency of 0.2 

Hz (Figure 4-1A and 4-1C). To standardize attention and baseline performance, all the 

participants received the control instruction at block 1(Table 4-2). Data here was used as a 

covariate for the ANCOVA analyses. 

Block 2. Participants received their group-assigned instructions at the beginning of 

this block (Table 4-2). Participants performed three low amplitude/low frequency 

stimulation balance trials. After each trial, participants were asked to self-rate the amount 

of attention they directed to the instructed focus (i.e., rocker board or feet). If a participant 

reported  <50%, the trial would be repeated.10,107 The control group was not asked to rate 

their attention.  
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High Amplitude Visual Stimulation Trial. After completing block 2, participants 

were exposed to a single trial of pre-programmed high amplitude horizon tilts (ranging 

from peak amplitudes of 2 to 6 degrees to the right and the left) at 0.2Hz (Figure 4-1B). 

The order of the amplitudes was the same for all participants. This stimulation challenged 

the postural control system by introducing a high degree of visual stimulation at varying 

amplitudes and velocities to perturb balance. Participants were told that this trial would be 

more challenging than previous trials but were not told how it would be more challenging. 

They were also reminded of the instructions given in block 2.  

Block 3. Participants performed the same three trials as block 2 and were reminded 

of the exact instructions in block 2. Participants in the external and internal groups were 

again asked to self-rate the percentage of attention directed to the instructed focus.  

 

 

  

Table 4-2. Instructions for each experimental group: Control group (CON), External group (EXT), and 

Internal group (INT). 

Group Instructions 

CON “The VR scene may or may not move. Regardless of whether it moves or 

not, please look straight ahead at the iceberg on the horizon and try to keep 

yourself as still and upright as possible.” 

EXT “In order to help you keep still and upright, please look straight ahead at 

the iceberg on the horizon and pay attention to how the board is moving. 

Focus on keeping the rocker board leveled. We will be looking at how well 

the board is leveled” 

INT “In order to help you keep still and upright, please look straight ahead at 

the iceberg on the horizon and pay attention to how your feet are moving. 

Focus on keeping both feet leveled to each other. We will be looking at 

how well your feet are leveled.” 
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Kinematic Measures  

Body kinematics were collected using motion capture cameras by Motion Analysis 

Systems (Rohnert Park, California). Reflective markers were placed on the HMD, rocker 

board, and participant's bony landmarks around the shoulders, back, hips, knees, ankles, 

and feet. Motion capture data was filtered using a 3rd order lowpass Butterworth filter at 6 

Hz. Kinematic analysis focused on the center of mass (COM) movement in the medial-

lateral (ML) direction. The COM displacement was approximated using the sacral marker 

(placed at S1-S2).18,141,142 Root mean square error of ML COM angular displacement 

(RMSd) and RMS of ML COM angular velocity (RMSv) with respect to the vertical line 

at the center of the rocker board were used to quantify postural stability during the task. 

Data within each block were averaged for statistical analysis.  

Visual weighting was measured by examining visual gain. Fast Fourier transforms 

of the output (ML COM angle) and the input (VR horizon tilt) was first calculated.7,10 The 

magnitude (absolute value) of the ratio of the output Fourier transform at 0.2Hz over the 

input Fourier transform at 0.2Hz was then evaluated to identify the visual gain. A higher 

visual gain value indicates a stronger relationship between the VR horizon movement and 

ML COM angular movement, i.e., greater visual influence on postural sway.  

Clinical Measures  

Before starting the experiment, each participant underwent a series of 

questionnaires and assessments regarding past medical history, balance ability, dizziness, 

multisensory impairments, and motion sickness. Questionnaires included: Mini-Mental 

State Exam, Activity Balance Confidence Scale (ABC),143 and Motion Sickness 
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Susceptibility Questionnaire Short (MSSQ-Short).144 Balance ability and fall risk was 

assessed using mini-BEST 145,146 by a licensed physical therapist. 

All the participants performed a custom VR version of the Rod and Frame test 

(RFT), built with Unity3D. The scene was head locked and projected on an empty black 

and white room with symmetrical walls in each direction that were tiled 20 degrees 

clockwise or counterclockwise. Participants performed six trials, three trials for each 

rotational direction. Absolute and constant errors were measured (Table 4-1). 

Statistical Analysis 

To determine whether attentional focus leads to an immediate difference among the 

groups for vision weighting and postural variability, one-way ANCOVA was performed 

on mean kinematic outcomes at block 2, with block 1 as the covariate to account for 

baseline differences.  

To determine whether attentional focus would augment visual down-weighting and 

improve postural stability when exposed to high amplitude visual stimulation, a one-way 

ANCOVA was performed on the kinematic measure using a high amplitude visual 

stimulation trial (trial 7), with block 1 set as the covariate. 

To determine whether attentional focus would augment down-weighting of visual 

input and improve postural stability after exposure to high amplitude visual perturbation, a 

repeated measure ANCOVA was performed to compare the effect of blocks before (block 

2) and after (block 3) exposure to the high amplitude trial and attentional focus groups, 

with block 1 set as the covariate. All ANCOVA models were tested to ensure there were 

no interaction effects between the groups and the covariates and that the assumption of 

homogeneity of regression slopes was not violated.  
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Shapiro-Wilk tests reveal that age and clinical measure scores were not normally 

distributed, therefore Spearman's rank correlation coefficient was performed to assess the 

correlation between demographic data, clinical measurements (ABC, MSRS, MSSQ), and 

kinematic measures (visual gain, RMSd, and RMSv) at block 1.  

All statistical analyses were performed using SPSS (Version 28, IBM). 

Significance level was set at 0.05.  

Results 

 

 

Figure 4-3. Kinematic scores across the three blocks and the high amplitude visual 

stimulation trial. A) Mean visual gain scores for each group. B) Mean root means square 

error (RMS) of the center of mass (COM) angle across each group. C) Mean RMS of the 

COM angular velocity across each group. Control group in grey. Internal focus group in 

teal. External focus group in orange. Vertical line represents 95% confidence interval.  
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The Immediate Effect of Attentional Focus 

One-way ANCOVA revealed significant group differences at block 2 for RMSd 

(F(2,21) = 4.60, p = 0.02, ηp2= 0.31). Bonferroni adjusted pair-wise comparisons 

revealed that the RMSd for the internal focus group was significantly higher that the 

external focus group (Mean difference = 0.23, SE = 0.08, p = 0.03). There were no 

significant group effect for visual gain (F(2,21) = 1.21, p = 0.32, ηp2= 0.10) and RMSv 

(F(2,21) = 1.68, p = 0.21, ηp2= 0.14).  

Attentional Focus Effect During High Amplitude Visual Stimulation 

One-way ANCOVA revealed no significant group differences during the high 

amplitude visual stimulation trial for visual gain (F(2,21) = 1.00, p = 0.38, ηp2= 0.09) , 

RMSd (F(2,21) = 1.03, p = 0.37, ηp2= 0.09) and RMSv (F(2,21) = 1.55, p = 0.24, ηp2= 

0.13).  

Attentional Focus Effect on High Visual Stimulation Exposure Adaption 

Repeated measures ANCOVA for visual gain did not reveal a significant group by 

block interaction (F(2,21) = 3.37, p = 0.054, ηp2= 0.24) nor main group effect (F(2,21) = 

1.46, p = 0.26, ηp2= 0.12). However, there was significant main block effect (F(1,21) = 

7.92, p = 0.01, ηp2= 0.27). Pairwise comparison between block 2 and 3 revealed a 

significant decreased in visual gain from block 2 to 3 (Mean difference = -0.07, SE = 0.01, 

p < 0.001). Bonferroni adjusted pairwise comparisons revealed significant decreased in 

visual gain from block 2 and 3 within the external focus group (Mean difference = -0.09, 

SE = 0.02, p < 0.001) and the internal focus group (Mean difference = -0.08, SE = 0.02, p 

< 0.001).  
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Repeated measures ANCOVA for RMSd revealed significant block by group 

interaction (F(2,21) = 3.56, p = 0.047, ηp
2= 0.25) and main group effect (F(2,21) = 3.54, p 

= 0.047, ηp
2= 0.25). There were no significant main block effect (F(1,21) = 3.16, p = 

0.09, ηp
2= 0.13). Pairwise comparison between block 2 and 3 revealed a significant 

decreased in RMSd from block 2 to 3 (Mean difference = -0.12, SE = 0.02, p < 0.001). 

Bonferroni adjusted pairwise comparisons revealed that RMSd in internal focus group was 

significantly higher than external focus group at block 2 (Mean difference = 0.23, SE, = 

0.08, p = 0.03). There was also significant decrease in RMSd from block 2 and 3 within 

the external focus group (Mean difference = -0.10, SE = 0.04, p = 0.04) and the internal 

focus group (Mean difference = -0.21, SE = 0.04, p < 0.001) with Bonferroni adjustments.  

Repeated measures ANCOVA on RMSv revealed significant block by group 

interaction (F(2,21) = 3.81, p = 0.04, ηp
2= 0.27) and main block effect (F(1,21) = 5.03, p = 

0.04, ηp
2= 0.19). There were no significant main group effect (F(2,21) = 1.44, p = 0.26, ηp

2= 

0.12). Pairwise comparison between block 2 and 3 revealed a significant decreased in 

RMSv from block 2 to 3 (Mean difference = -0.16, SE = 0.03, p < 0.001). Bonferroni 

adjusted pairwise comparisons revealed significant decrease in RMSv from block 2 and 3 

within the external focus group (Mean difference = -0.20, SE = 0.05, p < 0.001) and the 

internal focus group (Mean difference = -0.22, SE = 0.04, p < 0.001).  
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Figure 4-4. Illustration of the mean kinematic scores before and after the high visual 

stimulation trial. A) Mean visual gain scores at blocks 2 and 3. B) Mean RMS of angular 

displacement at blocks 2 and 3. C) Mean RMS of angular velocity at blocks 2 and 3. 

Control group in grey. Internal focus group in teal. External focus group in orange. The 

vertical line represents a 95 percent confidence interval. * represents significant time x 

group interaction. + represents significant group effect. Δ represents significant block 

effect. ** represents significant pairwise comparison at post-hoc with Bonferroni 

correction. Significant level set at p < 0.05. 

 

Spearman rank correlations revealed a significant correlation between the participant's 

height vs. visual gain at block 1 (r(23)  = 0.42, p  = 0.03). Visual gain at block 1 was 

significantly correlated with RMSd at block 1 (r(23)  = 0.94, p  < 0.01) and RMSv at block 

1 (r(23)  = 0.96, p  < 0.01). RMSd and RMSv are significantly correlated (r(23)  = 0.91, p  

< 0.01). For a complete comparison of all variables, see Appendix B.  

Discussion 

Prior studies have shown that older adults are less adaptive to destabilizing visual 

stimulation that perturbs their balance when compared to younger adults.7,9,16,39 The current 

study expands on previous studies by investigating whether external and internal focuses 

can augment adaption to repeated exposure to visual stimulations aimed to destabilize 

postural control. The participants underwent a series of trials where they were initially 

exposed to low visual stimulation that created a subtle multisensory mismatch between 
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how they visually saw themselves move in the VR environment and how they were 

physically moving on a rocker board (i.e., blocks 1 and 2).  Then, participants were exposed 

to an unambiguous high visual stimulation designed to create postural instability and 

implicit knowledge of the moving VR environment. Afterward, participants returned to the 

same subtle low visual stimulation (i.e., block 3) as earlier blocks. The variables of interest 

were variability in ML COM angular displacement and velocity as an indicator for overall 

postural stability and visual gain as an indicator for visual dependence. Current analysis 

reveals that older adults using external focus have an immediate reduction in postural 

variability, measured by RMSd, than older adults using internal focus during the initial 

subtle sensory mismatch trials. This improvement in stability is consistent with previous 

reports on external versus internal focus for balance.45,51 However, there were no 

significant immediate differences in visual dependence when comparing the different 

attentional focus groups. When the visual stimulation transitions from low amplitude to 

high amplitude stimulation, external and internal focuses did not lead to better performance 

in postural variability or visual dependence than the control group. After exposure to the 

high visual stimulation and the participants are once again exposed to the same low 

amplitude of visual motion, both attentional external and internal focus groups 

demonstrated a reduction in postural variability and visual dependence compared to their 

earlier trials, while the control did not.  

Current results differ from our earlier study, where external focus led to lower 

visual dependence than control instructions in younger adults.10 Besides the age difference, 

the previous study used a more challenging rocker board that allowed a maximum tilt angle 

of 18.5 degrees. During preliminary trials, older adults had difficulty maintaining balance 
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on the rocker board without stepping off or grabbing onto the walker. Due to the influence 

of light touch on sensory reweighting and postural stability,140,147 we chose a rocker board 

that only tilted up to 8.5 degrees, so that the older adults could consistently perform the 

task without touching the walker. It is possible that the rocker board in the current study 

may not have been challenging enough for the current older adult cohort to change their 

balance strategies. This in turn may have dampened the effects of attentional focus. Wulf, 

Töllner & Shea (2007) found that the effect of external focus in younger adults is greater 

when the balance task is more challenging.100 Other evidence has shown that during gait 

tasks, the effect of external focus is more prominent when older adults walk on non-

compliant surfaces.46 The effects of attentional focus on visual dependence for postural 

control may differ on a different standing surface and are task-dependent.64,65,103 

Visual gain is typically lower in healthy individuals when exposed to high 

amplitude visual stimulation than to low amplitude visual stimulation during upright 

stance.7,39 One interpretation of this postural response is that high amplitude visual 

stimulation is perceived as a greater postural threat to the nervous system, and thus the 

influence of visual motion is reduced to preserve stability.7 Additionally, with higher 

amplitude, and consequently higher velocity, visual motion may reduce the ambiguity 

between one’s perceived self-motion and the environment’s motion.148 In other words, high 

amplitude visual stimulation may be perceived as unreal and an inaccurate representation 

of one’s body motion, causing the nervous system to quickly reduce the visual influence. 

In the current study, neither internal nor external focus group was better than control group 

at reducing postural sway or visual gain when faced with high visual stimulation (Figure 

4-3). This suggests that external and internal focuses may not be more effective than 
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implicit knowledge of ambiguity between high amplitude visual motion of the external 

environment and one’s self-motion for postural control in healthy older adults. 

Interestingly, both external and internal focus groups demonstrated decreased 

visual gain and improved postural stability from block 2 to block 3 (Figure 4-3), that is, 

before relative to after exposure to high amplitude visual stimulation. In contrast, the 

control group demonstrated behavior similar to the previous experimental design,39 where 

the high visual amplitude oscillation trial led to a lower visual gain during its trial, but 

visual gain returned to near baseline levels in the trials immediately after.39 It is possible 

that the additional instructions of external and internal focuses may have promoted 

retention of visual reweighting and improved postural stability when combined with high 

amplitude visual stimulation. Conversely, the control group who received the same 

instructions across the blocks may have habituated to the VR environment and task. Even 

with the high amplitude visual stimulation trial, the control group continued to engage in 

their prior sensorimotor or attentional strategies. In a 2019 study by Johnson et al., younger 

and older adults were asked to rate the amount of attention given to task-irrelevant 

information after multiple exposures to a repeated postural perturbation from a sliding 

surface.149 After exposure, participants reported increased attention to task-irrelevant 

stimuli, with lower self-reported anxiety levels and less emotional response as measured 

by electrodermal activity.149  Relating this to the current study, our control group may have 

acclimated to the VR stimuli and, consequently, allocated attention elsewhere that was 

irrelevant to the task. The lack of change may have been further moderated by the low 

threat of imbalance, as the participants did not feel the need to adapt to a new sensorimotor 

strategy to prevent a fall. In contrast, the additional attentional focus instructions from 
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external and internal focus groups may have increased awareness between self-motion and 

external environment motion and potentially acted as a reminder to resolve this 

multisensory conflict. This awareness and continued effort to improve task performance 

may have contributed to the decreased visual gain and improved postural stability from 

blocks 2 to 3 in the external and internal focus groups. Current observations provide 

preliminary evidence of how attentional focus may play a role in augmenting sensorimotor 

adaption for postural control.  

Studies have shown that vestibular and proprioceptive sensitivity loss can start as 

early as in the 4th decade of life and slowly worsen with age 36,150, which leads to increased 

visual dependence.36 While we did not directly measure vestibular or proprioceptive 

thresholds, we showed that age is not correlated with higher baseline visual dependence 

(i.e., visual gain) or better postural stability in our healthy older adult cohort. In addition, 

participants' balance confidence (ABC), history of motion sickness (MSSQ), tendency to 

self-monitor their movements (MSRS), rod and frame test (RFT) scores, and physical 

therapist-assessed balance ability (mini-BEST) do not correlate with their baseline visual 

dependence or postural stability. However, height significantly correlated with baseline 

visual gain, along with significant correlations with weight, ABC, and biased RFT scores. 

Weight also differed among groups at baseline. A likely confound to the current data is 

that, even after randomly sampling, the internal focus group sampled all males while the 

external focus group sampled most females. It is important to note that the current sample 

size was not powered for correlation analyses. Due to the relatively low sample size, few 

participants may be driving the significance observed in the correlations. Nonetheless, the 

combination of height, weight, and sex may have played a role in the current observations, 
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making the results difficult to generalize across all older adults. Studies examining the 

influence of body and sex on postural control have resulted in mixed outcomes and are 

highly context-dependent.151–153 However, it is possible that the effect of attentional focus 

may have been moderated by sex and body factors.154,155  

This study has other limitations worth noting. As with all attentional focus studies, 

controlling the participant's interpretation of the instructions is difficult. To control 

attention and interpretation of the task, we standardized the control instructions to all the 

participants in block 1. Therefore, the external and internal focus groups would have to 

deviate from the attentional strategies they adopted in block 1. While we cannot confirm 

that any observed changes are from a specific focus of attention, but after accounting for 

block 1 performance and comparing external and internal focus groups to a control group, 

we can conclude that any changes after block 1 are related to a new set of instructions. 

One’s confidence or difficulty in interpreting and implementing the instructed attentional 

focus instructions may also differ between internal and external focuses. However, there 

was no significant difference across groups and blocks when assessing trends of self-

reports of attention invested between external and internal focus groups after each trial. 

(Appendix C Figure 1). Another limitation is the relatively small and homogeneous cohort 

of healthy older adults. Part of the inclusion criteria was that participants were free of 

musculoskeletal or neurological conditions that would have affected their balance. The lack 

of balance deficits and the low balance demand from the rocker board may have diminished 

attentional focus's effects. Future studies with individuals with sensory processing deficits 

may elucidate the potential benefits of external and internal focuses on sensory 

reweighting.  
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In summary, the current study demonstrates that external and internal focus does 

not immediately impact visual reweighting in healthy older adults during postural 

challenges caused by the multisensory mismatch. The lack of change might be due to the 

rocker board not being challenging enough to induce sensorimotor adaption. However, the 

type of attentional focuses may influence how older adults ultimately adapt and resolve 

multisensory conflict from repeated exposure. More work is needed to identify how 

attention can be used to optimize sensory integration for older adults to improve balance.  
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5. CONCLUSION 

Summary and Review of Specific Aims 

The overarching goal of this work was to investigate the effects of attentional focus 

on sensory reweighting for postural control. To systematically measure changes in sensory 

reweighting, virtual reality (VR) was used to create sensory incongruence between what 

the participant saw and how they felt as they were tasked with maintaining balance on a 

rocker board while immersed in a VR environment. In this experimental setup, the 

participant’s success in maintaining balance required them to resolve the multisensory 

mismatch coming from the non-veridical visual information. One way to increase the 

likelihood of success was by reducing visual weighting (i.e., the amount of influence visual 

input has on the participant’s postural behavior). By programming the VR scene to oscillate 

at the specific frequency of 0.2Hz, visual weighting could be quantified using frequency 

response function analysis to examine the relationship between postural sway and the VR 

motion at 0.2Hz.7,14,15 Using instructions from past attentional focus studies to direct 

participants’ attention either internally or externally during upright balance tasks, the 

current series of experiments investigated the effects of attentional focus on visual 

weighting.54,103,128 Specifically, attention to one’s body movement (i.e., internal focus) was 

compared to attention to the consequence of one’s action on an external object (i.e., 

external focus) to determine if visual weighting and postural stability can be affected by 

focus of attention.  This investigation is organized with the following three aims: 
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Specific Aim 1: To determine the immediate effects of attentional focus on visual 

reweighting and EEG oscillations for upright stability in healthy adults. 

 

Specific Aim 2: To examine the order effects of different (attentional focus) 

instructions on visual reweighting and EEG oscillations for upright stability in 

healthy adults. 

 

Specific Aim 3: To examine the effects of attentional focus on visual reweighting 

for upright stability in older adults after repeated exposure to destabilizing visual 

stimulation. 

 

           The first aim revealed that external focus led to an immediate down-weighting of 

visual input and improved postural stability compared to control instructions (no specific 

instructions on where to focus) in healthy young adults, mostly between 20 to 40 years of 

age. Prior studies have shown that external focus improves postural stability when standing 

on a balancing platform, such as a rocker board or stabilometer.45 The current study 

provides new insight by demonstrating that the improved postural stability from external 

focus may be partly due to the optimization of sensory inputs on the postural control 

system. That is, when visual information becomes unreliable, external focus helps reduce 

the influence of visual inputs on the postural control system to maintain upright stability.  

 Interestingly, Becker and McNamara (2021) showed that when participants are 

blindfolded while balancing on a rocker board, balance performance is better with internal 

focus. In their set-up, visual feedback is completely removed. In comparison to our set-up, 
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the VR environment provided a fully visually immersed world of being on a boat, but visual 

feedback of the participant's body and the board was removed. Based on Becker and 

McNamara's findings, one would expect that without visual feedback of the feet and rest 

of the body, increased attention towards one's feet may help with the estimation of body 

position in the real world. However, we speculate that with the false sense of self-motion 

from the VR, body position estimation from somatosensory inputs may have been 

distorted. Studies in the past have used visual manipulations to change the perception of 

one’s body.156,157 In the classic rubber hand illusion, when a participant's real hand 

(occluded from vision) and a rubber hand (in their visual field) are simultaneously brushed 

over an extended period, a phenomenon called 'proprioceptive drift' occurs where the 

participant's perception of their hand location is judged to be where the rubber hand is. This 

mislocalization of somatosensory input has been replicated using avatars in VR, where 

one’s entire body position in space can be misperceived.157 In line with the evidence of 

how vision can influence the perception of one’s body position and movement, repeated 

exposure to the current VR task may have degraded the localization of one's feet and body 

motion. Therefore, internal focus on one’s feet may not have been as beneficial if one’s 

perception of their feet and body location is already distorted. If this were the case, why 

external focus on the board did not suffer from potential changes in body perception is still 

unclear. Another area of possible relevance is from the tool-use literature, which has shown 

that tool-use can modify somatosensory perception and internal body representation.114,116 

Relating this to the current study, the board may have been perceived as an external tool 

affecting spatial orientation, or it may have been internalized into the body schema 

depending on where attention was focused. Attention towards the board may have 
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prompted a greater sense of disconnect between the competing somatosensory feedback of 

the board and visual input from VR. In other words, attention to the board may have 

increased awareness of the lack of compatibility between the board movement and the 

perception of one’s body movement. This may have been a driving factor in the lower 

visual gain observed in aim 1. 

The first aim also revealed that both internal and external focus increased occipital 

alpha power in EEG recordings. Increased alpha power in occipital channels is traditionally 

associated with increased inhibitory activity in the visual cortex.106,158 That is, alpha power 

increases when participants are presented with incongruent visual information. For 

example, increased alpha power is observed during a flanker task, when the participant is 

tasked with ignoring the visually incongruent flanker by withholding a response such as a 

button press.158  Therefore, it is possible that by instructing the participants to focus on 

either their feet or the board, the nervous system may have attempted to ignore the visual 

inputs from the VR. Nevertheless, this still raises the question of why internal focus did 

not lead to a lower visual gain despite increased occipital alpha power. Current results 

suggest that increased occipital alpha power alone may not indicate multisensory mismatch 

resolution.  

Internal focus did lead to a significant increase in frontal alpha power compared to 

control, while external focus did not. Past studies suggest that increased frontal alpha power 

may be a potential neuro marker representing increased conscious control and altered 

modulation of sensory processing within the cortex.71,94 Considering that internal focus has 

been proposed to lead to higher conscious effort and less efficient control,51,159 internal 

focus may have hindered the optimization of sensory inputs, as reflected by the observed 



 

81 
 

increase in frontal alpha power and the lack of change in visual gain. However, it is 

important to note that the EEG measure is a supplemental tool to assess whether additional 

instructions (i.e., external and internal focuses) would change cortical activation that could 

be associated with behavioral observations. The current EEG responses indicate that 

attentional focus instructions alter cortical activity, which may suggest a change in top-

down control. However, the EEG results cannot delineate the underlying mechanisms that 

led to the observed changes in RMS and visual gain. 

The second aim revealed order effects in visual weighting, postural control, and 

EEG recordings when participants were given multiple attentional focus instructions within 

a single testing session. When participants were instructed with external focus followed by 

internal focus, they were more likely to have lower visual weighting and better postural 

stability than those instructed with internal focus first followed by external focus. One 

interpretation of this finding is that participants are less likely to change their postural 

behavior once they have established an attentional focus. This may be especially true when 

there was little time between the blocks (mean rest time of 2.5 minutes between blocks 2 

and 3). The lack of a washout period may have prevented the participants from adapting to 

a new attentional focus strategy. The Bayesian approach for optimal sensory integration 

theorizes that prior knowledge of our action and its consequence is continuously updated 

with sensory feedback to produce the best motor outcome.148,160 Based on this model, when 

feedback is unreliable, the sensorimotor system increases its reliance on prior knowledge 

for estimation of the state of the body for the task at hand.160 However, it may be possible 

that if prior knowledge is flawed, one’s action may be erroneously influenced, especially 

when coupled with unreliable sensory information. Instead of adapting a new sensorimotor 
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strategy after receiving a new attentional focus at block 3, the current participants may have 

continued to build upon the prior sensorimotor strategy developed at block 2, even if it was 

based on imprecise knowledge. It is important to note that participants did not receive 

explicit knowledge of their performance during the study. Any performance feedback on 

the task was solely based on the participants' intuition.   

When participants were asked to use their preferred focus on the last trial in aim 2 

that exposed them to high amplitude visual stimulation (see Chapter 3, Block 4 analysis), 

participants who preferred external focus exhibited an increase in left frontal EEG theta 

power from baseline trials. In contrast, participants who preferred internal focus exhibited 

a reduction in left frontal EEG theta power from baseline trials. Increased frontal theta 

power has been associated with increased error detection for postural responses.73 A 

potential interpretation is that the participants using external focus at the last trial may have 

been more consciously aware of the disassociation between the visual inputs and how they 

were moving on the rocker board. However, it is difficult to interpret this difference 

between external and internal preferred participants as they did not differ in visual 

weighting or balance performance.  Nevertheless, this contrasting difference between the 

two preference groups may indicate a potential distinction in how internal and external 

focus can be represented in EEG signals, opening up a potential region of interest for future 

research.  

Guided by the findings from the first two aims, the third aim investigated if 

attentional focus instructions would augment sensory integration and postural control in 

older adults undergoing a single balance training session using VR. Older adults are more 

visually dependent for balance.7,9,16 Their postural control system is more driven by the 
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visual stimulation of low oscillating motion, leading to higher visual weighting. When 

older adults are exposed to high amplitude visual oscillating visual stimulations, they are 

less effective in adapting a visual down-weighting strategy to stabilize their posture when 

compared to younger adults.7,16 This demonstrates that even with implicit knowledge of 

how visual information disrupts their postural control system, older adults have difficulty 

reducing the influence of their vision on their postural control. However, current findings 

reveal that older adults can adapt to a lower visual weighting and improved postural control 

when using attentional focus. More specifically, external and internal focuses may help 

older adults adapt and retain visual down weighting after exposure to high amplitude visual 

stimulations, while older adults without receiving any specific attentional focus 

instructions (i.e., control group) do not.  

Compared to younger adults in aim 1, older adults in aim 3 did not demonstrate an 

immediate decrease in visual weighting using external focus. This may be attributed to the 

different rocker boards that the participants stood on. The rocker board used to investigate 

older adults in aim 3 did not tilt as much as the rocker board used to investigate younger 

adults in aim 1. The more stable rocker board was chosen for older adults after observing 

many occurrences where older adults needed contact aid (i.e., grabbing the walker) during 

the preliminary trials. Studies have shown that even under 1 N of force, light contact 

stabilizes posture and alters sensory reweighting.140,147 To minimize unintended sensory 

inputs that would affect visual weighting, a more stable rocker board was chosen for the 

older adults so that they did not need physical contact to balance themselves while still 

allowing them to respond to the VR stimulus. Previous studies have shown that external 

focus effects are stronger as balance tasks become more challenging.46,100 Thus, the older 
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adults here may not have needed to adapt to new sensorimotor strategies because of a lower 

threat to their balance. Additionally, age-related changes in muscle spindles may have 

impaired the detection of subtle body motion caused by the visual scene in older adults 

during the low visual stimulation trials. Older adults’ COM, on average, swayed at an RMS 

of 0.8 degrees at block 1. The impaired sensitivity to one’s self-motion and the low 

amplitude of movement may have reduced the awareness of one sway and the need to 

correct one’s posture to remain still on the rocker board.161 In order words, if the postural 

sway were greater, the older adults may have been more aware of the sensory mismatch 

between the VR and their body movements. Future studies using more challenging surfaces 

with VR may reveal greater effects among different attentional focus strategies. 

Individuals can quickly adapt to high amplitude visual motion when visual 

stimulations are at high amplitudes and velocities by lowering their visual weighting. This 

may be because higher visual motion is perceived as an unlikely representation of self-

motion.148 Even after the high visual motion exposure, younger adults are likely to continue 

to down-weight vision, but this effect is weaker in older adults.7,39 The current results 

suggest that external and internal focuses coupled with exposure to high amplitude visual 

stimulation can lead to significant adaption in visual weighting and improvement in 

postural stability, while control instructions do not. A potential factor in this current 

observation is how participants maintain their attention to the task during the experiment. 

When exposed to stimuli threatening balance, young and older adults demonstrate 

increased attention towards the threat stimuli and their movement to maintain balance.149 

However, after repeated exposure to the same threat stimuli, participants reported increased 

attention to task-irrelevant stimuli.149 The control group in the current study may have 
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allocated attention away from the task of remaining still on the rocker board as they became 

more acclimated to the VR stimuli. Consequently, the additional attentional focus 

instructions in the external and internal focus groups may have reinforced the participants’ 

attention to performing the task, leading to lower visual weighting and improved stability 

observed at the last block. 

Limitations and Future Research 

Limitations have been addressed in the three preceding chapters and will be 

expanded here. Ensuring participants engaged in the attentional focus task as instructed is 

difficult to verify. The current studies cannot objectively confirm that participants are 

indeed using the instructed focuses. To control attention, participants within their 

experimental group acted as their own controls at baseline. We also included an additional 

control group receiving only control instructions throughout the experiment. Furthermore, 

we used an ANCOVA model to account for variability from baseline attention and 

performance differences.  Since the control instructions are present in all three groups at 

baseline, any differences in post-baseline measures would be a function of the difference 

in instructions for the internal (focus on the feet) and external (focus on the board) groups.  

EEG has an excellent temporal resolution but a low spatial resolution. Current EEG 

analyses are limited by the relatively low number of channels used (i.e., 32 channels), 

which further limits the spatial resolution of current findings. With this electrode 

configuration, specific areas within the cortex responding to changes in attention or 

sensorimotor control could not be isolated. EEG data are suspectable to noise from muscle 

activity and motion and, consequently, heavily dependent on the post-processing 

techniques to clean up the data. However, advancements in data decomposition have led to 
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more sophisticated EEG analysis techniques such as the MoBI (Mobile Brain/Body 

Imaging) approach that provides greater localization and less noisy brain signals during 

moving tasks.97,125 However, data decomposition techniques from MoBI, such as 

independent component analysis and k-mean clustering require at least 64 channels to 

identify brain signals reliably using.109,162 Despite this, a k-mean clustering on the ICA 

identified in Aim 1 was attempted (Appendix D). As anticipated, several participants' data 

were lost due to the decomposition, and the variability of the independent components 

identified in the cluster of interest was much larger than in previous reports due to the 

limitation of having too few EEG channels.109,162  Future studies will benefit from a greater 

number of EEG channels that can take full advantage of these new EEG post-processing 

techniques. 

Another limitation of the study was that the current experimental setup could not 

quantify changes to vestibular or somatosensory weighting. It is currently unclear whether 

changes in visual weighting would lead to a direct change in vestibular or somatosensory 

weighting. Future studies can use galvanic vestibular stimulation (GVS) to systematically 

alter vestibular input to the nervous system to measure postural response to this 

stimulation.18 Additionally, servo-controlled force platforms can provide systematic 

manipulations to the support surface.2 These equipment and approaches combined with the 

VR head-mounted display will allow for a more sophisticated investigation into how 

attentional focus affects the weighting of each sensory input.  

Finally, all the participants in the current studies were relatively healthy individuals 

without neurological diagnoses. However, the patients with sensory processing deficits 

would likely benefit the most from the potential effects of attentional focus. For example, 
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patients with persistent postural-perceptual dizziness (PPPD) complain of chronic and 

spontaneous bouts of dizziness when exposed to moving visual stimuli and active/passive 

head motion.163 PPPD is a functional disorder, and it is independent of structural 

disease.163,164 That is, the patient can experience vestibular deficit-like symptoms even with 

a healthy, intact vestibular system.163,164 For these individuals, every head movement can 

cause a debilitating sense of dizziness due to changes in the sensitivity of visual, vestibular, 

and somatosensory inputs. PPPD patients have been found to have cortical changes such 

as increased gyri folds in visual processing areas and decreased gyri folds in vestibular 

processing areas of the cortex.165 These findings suggest sensory processing dysfunction at 

higher cortical centers. Considering the EEG changes that were observed from internal and 

external focus in the current work, attentional focus strategies may particularly benefit 

patients with PPPD. Future studies should center around these patient populations to 

identify how attentional focus can resolve multisensory conflicts for postural control and 

improve their quality of life. 

Conclusion 

The present work revealed that external focus of attention leads to significantly 

lower visual weighting, which may contribute to the observed improved postural stability 

compared to no specific instructions on where to focus attention in younger adults. Cortical 

processes in the visual cortex are also altered when young adults use an internal and 

external focus of attention to maintain postural control. The order in which internal and 

external focus is used within a single practice session may influence the effect of internal 

and external attentional focus on balance. Repeated exposure to visual perturbation is 

enough for older adults to elicit adaption of lower visual weighting and improve postural 
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control. However, using attentional focus, either internal or external focus, may augment 

the magnitude of this adaption. More studies are needed to delineate and understand the 

effects of internal and external focus on older adults and clinical populations’ postural 

control systems. 
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APPENDIX A: EEG ALPHA AND THETA COMPARISON FOR ALL 

CHANNELS 
 

Appendix A Table 1. Wilcoxon signed rank test on alpha power (8-13Hz) for all EEG channels between 

when given internal focus instructions vs. when given external focus for all participants (n = 22). Six 

participants were removed from the analysis due to excessive noise in the EEG recordings (n = 2) and left-

handedness (n = 4). *Significance level set at 0.05. 
 

Channel Internal Focus 

Median % change (95% CI) 

External Focus 

Median % change (95% CI) 

z-value p-value Effect 

size (r) 

Fp1 16.6 (-1.01 - 43.31) 14.57 (4.27 - 26.88) 0.73 0.47 0.16 

Fpz 18.68 (-1.44 - 50.43) 14.45 (3.88 - 25.05) 0.37 0.71 0.08 

Fp2 16.8 (-5.24 - 50.13) 22.59 (5.44 - 36.47) 0.08 0.94 0.02 

F7 14.56 (0.93 - 29.87) 12.04 (-1.19 - 21.41) 0.11 0.91 0.02 

F3 12.53 (2.03 - 32.92) 14.51 (-1.05 - 28.32) -0.18 0.86 0.04 

Fz 16.62 (7.83 - 46) 12.74 (5.71 - 29.64) 0.47 0.64 0.10 

F4 6.46 (-7.03 - 51.22) 23.79 (0.76 - 34.04) 0.37 0.71 0.08 

F8 17.86 (1.82 - 43.41) 22.12 (7.08 - 42.35) 0.34 0.73 0.07 

FC5 7.68 (-2.31 - 23.64) 9.56 (-0.44 - 24.31) 0.15 0.88 0.03 

FC1 13.07 (0.69 - 26.35) 14.13 (-2.94 - 25.28) -0.05 0.96 0.01 

FC2 14.17 (5.13 - 23.78) 13.05 (7.33 - 22.48) 0.02 0.99 0.00 

FC6 15.43 (-0.58 - 41.9) 19.98 (6.4 - 37.15) 0.21 0.83 0.04 

T7 5.94 (-6.66 - 24.14) 8.44 (3.6 - 26.67) -0.15 0.88 0.03 

C3 6.11 (-5.25 - 15.15) 8.41 (1.41 - 23.02) -0.76 0.45 0.16 

C4 10.98 (4.89 - 30.73) 7.86 (-2.24 - 28.67) 0.47 0.64 0.10 

T8 13.12 (1.62 - 23.59) 15.15 (1.65 - 20.24) -0.34 0.73 0.07 

CP5 2.43 (-3.21 - 10.04) 12.44 (-0.29 - 28.72) -0.41 0.68 0.09 

CP1 14.7 (4.56 - 26.9) 6.33 (2.12 - 27.56) 0.05 0.96 0.01 

CP2 17.08 (9.63 - 32.02) 15.29 (4.84 - 22.8) 0.37 0.71 0.08 

CP6 6.62 (-0.92 - 24.42) 6.87 (-1.14 - 24.72) 0.24 0.81 0.05 

P7 2.43 (-1.88 - 30.92) 14.77 (-3.5 - 43.87) -0.41 0.68 0.09 

P3 16.48 (1.45 - 50.28) 16.96 (4.02 - 40.54) 0.67 0.51 0.14 

Pz 16.99 (4.93 - 52.05) 23.32 (-2.06 - 34.9) 0.63 0.53 0.13 

P4 18.83 (4.62 - 47.42) 18.62 (-0.55 - 44.17) 0.57 0.57 0.12 

P8 20.32 (4.72 - 43.73) 23.09 (7.42 - 46.92) 0.05 0.96 0.01 

POZ 12.56 (-3.41 - 68.19) 23.73 (-1.99 - 42.13) 0.11 0.91 0.02 

O1 16.14 (1.44 - 51.32) 32.19 (2.35 - 54.98) -0.24 0.81 0.05 

Oz 16.4 (2.07 - 61.19) 28 (7.15 - 40.37) 0.08 0.94 0.02 

O2 10.39 (5.08 - 49.33) 35.27 (17.16 - 40.2) -0.15 0.88 0.03 

Cz 8.96 (1.75 - 13.34) 6.1 (-1.26 - 21.34) -0.37 0.71 0.08 
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Appendix A Table 2. Wilcoxon signed rank test on theta power (4-8Hz) for all EEG channels between when 

given internal focus instructions vs. when given external focus for all participants (n = 22). Six participants 

were removed from the analysis due to excessive noise in the EEG recordings (n = 2) and left-handedness (n 

= 4). *Significance level set at 0.05. 
 

Channel Internal Focus 

Median % change (95% CI) 

External Focus 

Median % change (95% CI) 

z-value p-value Effect 

size (r) 

Fp1 4.16 (-4.73 - 10.84) 3.75 (-6.21 - 8.97) -0.05 0.96 0.01 

Fpz 3.97 (-1.25 - 14.26) 1.75 (-4.35 - 14.39) -0.11 0.91 0.02 

Fp2 1.53 (-10.87 - 8.26) -4.61 (-13.73 - 1.72) 0.80 0.43 0.17 

F7 -1.65 (-10.48 - 3.48) -3.49 (-9.93 - -0.55) 0.02 0.99 0.00 

F3 -4.26 (-11.04 - 7.27) -3.85 (-6.35 - 4.2) -0.15 0.88 0.03 

Fz 0.66 (-3.9 - 10.99) -0.37 (-7.52 - 11.44) 0.15 0.88 0.03 

F4 -0.29 (-10.07 - 8.11) -0.64 (-6.57 - 6.85) 0.24 0.81 0.05 

F8 1.54 (-9.38 - 13.35) -3.8 (-12.96 - 4.28) 1.38 0.17 0.29 

FC5 -1.65 (-10.36 - 7.06) -2.87 (-9.43 - 5.42) -0.02 0.99 0.00 

FC1 1.35 (-2.88 - 4.83) 2.21 (-4.54 - 7.29) 0.02 0.99 0.00 

FC2 1.89 (-3.8 - 12.59) 2.31 (-1.28 - 6.45) 0.31 0.76 0.07 

FC6 2.07 (-4.68 - 11.37) -4.5 (-13.47 - 0.89) 1.64 0.10 0.35 

T7 -6.96 (-11.61 - 5.45) -6.99 (-13.2 - -0.94) 0.37 0.71 0.08 

C3 1.49 (-5.86 - 8.46) 3.37 (-2.77 - 7.7) -0.50 0.61 0.11 

C4 1.21 (-1.17 - 12.33) -1.41 (-5.34 - 5.22) 1.70 0.09 0.36 

T8 2.47 (-4.67 - 5.45) -1.32 (-6.09 - 4.38) 0.83 0.41 0.18 

CP5 -2.71 (-8.34 - 6) -3.74 (-13.37 - 5.15) 0.44 0.66 0.09 

CP1 7.09 (-0.54 - 14.64) 1.66 (-1.81 - 6.68) 0.50 0.61 0.11 

CP2 -2.06 (-6.25 - 8.41) -4.58 (-8.24 - 9.78) 0.18 0.86 0.04 

CP6 -3.52 (-13.44 - 5.87) -1.31 (-6.26 - 8.31) -0.31 0.76 0.07 

P7 -4.4 (-11.55 - 8.25) -1.92 (-13.73 - 8.92) -0.05 0.96 0.01 

P3 0.46 (-5.77 - 4.27) -3.32 (-7.6 - 6.47) 0.50 0.61 0.11 

Pz 3.4 (-6.7 - 17.19) -0.09 (-5.73 - 11.51) 0.31 0.76 0.07 

P4 3.15 (-4.05 - 10.09) -0.48 (-5.99 - 7.51) 0.05 0.96 0.01 

P8 6.43 (-5.78 - 18.26) 4.28 (-4.97 - 9.89) 0.41 0.68 0.09 

POZ -0.34 (-8.02 - 20.32) 0.92 (-7.42 - 7.35) 0.89 0.37 0.19 

O1 -1.14 (-4.9 - 8.02) 4.15 (-6.78 - 7.66) 0.28 0.78 0.06 

Oz 2.3 (-8.32 - 11.61) 1.73 (-7.12 - 8.46) 0.60 0.55 0.13 

O2 -0.37 (-3.97 - 11.1) 2.95 (-4.32 - 10.18) 0.24 0.81 0.05 

Cz 8.66 (-2.74 - 12.83) 2.72 (-1.89 - 11.35) 0.21 0.83 0.04 
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Appendix A Table 3. Wilcoxon signed rank test on alpha power (8-13Hz) for all EEG channels between 

blocks 1 and 2 for all participants (n = 22). Six participants were removed from the analysis due to excessive 

noise in the EEG recordings (n = 2) and left-handedness (n = 4). *Significance level set at 0.05. 

 
Channel Block 1 

Median change (95CI) 

Block 2 

Median change (95CI) 

z-value p-value Effect size 

(r) 

Fp1 16.6 (2.73 - 29.25) 18.39 (-1.01 - 36.06) 0.37 0.71 0.08 

Fpz 15.45 (3.88 - 35.36) 17.78 (-1.63 - 32.78) 0.34 0.73 0.07 

Fp2 22.59 (4.71 - 43.47) 17.63 (-6.28 - 43.38) 0.96 0.34 0.20 

F7 14.5 (3.06 - 19.72) 10.39 (-2.47 - 36.41) 0.08 0.94 0.02 

F3 14.31 (1.29 - 31.81) 12.73 (0.75 - 27.78) 0.37 0.71 0.08 

Fz 16.07 (5.32 - 42.53) 10.62 (7.3 - 29.64) 0.28 0.78 0.06 

F4 13.14 (-1.95 - 51.22) 16.9 (-4.24 - 36.02) 0.86 0.39 0.18 

F8 13.37 (2.62 - 45.41) 18.78 (10.13 - 42.23) 0.50 0.61 0.11 

FC5 8.87 (1.89 - 25.5) 10.8 (-2.31 - 23.21) 0.37 0.71 0.08 

FC1 16.7 (2.44 - 26.35) 8.19 (-2.94 - 24.29) 0.18 0.86 0.04 

FC2 14.19 (8.18 - 24.73) 12.55 (3.53 - 24.96) 0.08 0.94 0.02 

FC6 20.58 (4.32 - 43.83) 12.66 (0.65 - 31.97) 1.15 0.25 0.25 

T7 5.62 (-3.57 - 24.23) 9.1 (-0.64 - 24.14) 0.24 0.81 0.05 

C3 6.4 (-2.04 - 19.12) 7.29 (-0.9 - 16.22) 0.31 0.76 0.07 

C4 8.32 (4.33 - 29.38) 10.52 (1.2 - 29.68) 0.15 0.88 0.03 

T8 13.95 (1.33 - 19.48) 14.14 (2.2 - 22.47) -0.50 0.61 0.11 

CP5 7.54 (-1.6 - 23.64) 4.23 (-2.96 - 16.12) 0.73 0.47 0.16 

CP1 5.75 (1.39 - 27.56) 17.43 (5.02 - 26.9) -0.54 0.59 0.11 

CP2 15.99 (7.36 - 21.81) 17.02 (5.8 - 36.26) -0.47 0.64 0.10 

CP6 7.17 (-0.98 - 22.59) 5.58 (-0.62 - 27.38) -0.93 0.35 0.20 

P7 14.62 (-1.88 - 36.65) 7.02 (-5.72 - 37.59) 0.96 0.34 0.20 

P3 16.96 (3.44 - 41.49) 15.13 (2.59 - 51.79) 0.21 0.83 0.04 

Pz 22.86 (3.49 - 34.07) 17.75 (-1.06 - 53.07) 0.24 0.81 0.05 

P4 18.62 (-1.78 - 41.36) 25.37 (5.03 - 51.15) -0.73 0.47 0.16 

P8 23.09 (7.42 - 42.66) 20.32 (4.72 - 51.53) -1.02 0.31 0.22 

POZ 24.46 (1.39 - 42.67) 12.56 (-5.44 - 69.74) 1.35 0.18 0.29 

O1 36.48 (0.92 - 57.17) 16.29 (-1.14 - 48.65) 1.64 0.10 0.35 

Oz 29.87 (7.97 - 49.78) 14.8 (1.79 - 55.85) 1.18 0.24 0.25 

O2 32.32 (10.19 - 49.33) 18.01 (5.08 - 41.98) 0.80 0.43 0.17 

Cz 9.64 (4.87 - 14.36) 3.18 (0.36 - 17.68) 0.67 0.51 0.14 
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Appendix A Table 4. Wilcoxon signed rank test on theta power (4-8Hz) for all EEG channels between blocks 

1 and 2 for all participants (n = 22). Six participants were removed from the analysis due to excessive noise 

in the EEG recordings (n = 2) and left-handedness (n = 4). *Significance level set at 0.05. 

 

Channel Block 1 

Median % Change (95% CI) 

Block 2 

Median % Change (95% CI) 

z-value p-value Effect 

size 

(r) 

Fp1 3.46 (-5.92 - 10.84) 4.05 (-4.73 - 8.37) 0.18 0.86 0.04 

Fpz 2.02 (-3.69 - 14.39) 6.02 (-4.03 - 16.19) -0.24 0.81 0.05 

Fp2 1.86 (-11.18 - 7.8) -1.51 (-12.35 - 1.38) 1.48 0.14 0.31 

F7 -0.97 (-9.93 - 9.96) -4.17 (-10.48 - -0.55) 1.93 0.05 0.41 

F3 0.44 (-7.02 - 7.27) -5.74 (-7.69 - 3.91) 1.80 0.07 0.38 

Fz 0.93 (-4.06 - 9.72) -0.25 (-6.32 - 12.56) 0.28 0.78 0.06 

F4 2.07 (-1.28 - 5.91) -6.16 (-13.61 - 9.24) 1.83 0.07 0.39 

F8 3.44 (-9.89 - 14.15) -3.8 (-12.96 - 4.86) 2.09 0.04* 0.45 

FC5 -2.44 (-7.47 - 6) -4.57 (-10.67 - 5.51) 2.65 <0.01* 0.56 

FC1 3.9 (-3.92 - 9.89) 0.66 (-3.96 - 4.08) 1.31 0.19 0.28 

FC2 4.91 (-0.49 - 12.53) 1.63 (-6.47 - 5.7) 1.57 0.12 0.34 

FC6 0.77 (-4.68 - 6.43) -3.27 (-12.11 - 4.69) 1.02 0.31 0.22 

T7 -5.67 (-10.03 - 6.69) -8.65 (-15.8 - -2.28) 2.87 <0.01* 0.61 

C3 5.79 (0.16 - 10.84) -2.2 (-6.19 - 5.54) 2.19 0.03* 0.47 

C4 1.23 (-2.26 - 10.34) -0.4 (-5.34 - 8.43) 1.18 0.24 0.25 

T8 -1.14 (-6.32 - 8.36) 2.36 (-3.79 - 4.62) 1.12 0.26 0.24 

CP5 1.04 (-3.75 - 8.37) -8.01 (-14.91 - 0.49) 2.61 <0.01* 0.56 

CP1 4.66 (-0.03 - 14.95) 2.28 (-3.58 - 10.87) 0.93 0.35 0.20 

CP2 -2.5 (-6.95 - 11.4) -0.97 (-13.49 - 8.66) 1.18 0.24 0.25 

CP6 -2.57 (-6.26 - 7.48) -2.55 (-12.92 - 7.84) 0.93 0.35 0.20 

P7 3.35 (-10.53 - 10.66) -6.65 (-14.47 - 3.11) 1.87 0.06 0.40 

P3 0.48 (-4.35 - 6.47) -3.86 (-11.44 - 4.18) 1.87 0.06 0.40 

Pz 2.24 (-6.72 - 16.1) 1.08 (-6.03 - 11.51) 0.47 0.64 0.10 

P4 3.05 (-4.05 - 8.56) 0.27 (-6.12 - 6.43) 1.67 0.09 0.36 

P8 6.5 (-4.88 - 10.28) 2.7 (-6.88 - 11.94) 0.99 0.32 0.21 

POZ 3.28 (-5.31 - 10.43) -2.97 (-9.21 - 9.4) 1.15 0.25 0.25 

O1 4.15 (-0.82 - 8.85) -2.45 (-7.75 - 7.17) 2.35 0.02* 0.50 

Oz 4.82 (-4.54 - 10.78) -0.48 (-9.53 - 8.05) 2.71 0.01* 0.58 

O2 5.93 (-0.81 - 13.98) -1.49 (-6.66 - 5.67) 2.58 0.01* 0.55 

Cz 7.81 (-1.59 - 12.94) 0.4 (-2.74 - 11.35) 1.80 0.07 0.38 
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Appendix A Table 5. Mann Whitney U Test on alpha power (8-13Hz) for all EEG channels between INT-

first group (N=11) and EXT-first group (N = 11). Six participants were removed from the analysis due to 

excessive noise in the EEG recordings (n = 2) and left-handedness (n = 4). *Significance level set at 0.05. 

 
Channe

l 

INT-first Group 

Median % Change (95% 

CI) 

EXT-first Group 

Median % Change (95% 

CI) 

U-

statistic 

z-

value 

p-

value 

Effect 

size 

(r) 

Fp1 55.84 (-6.84 - 92.72) 11.31 (-4.33 - 87.41) 65 0.26 0.79 0.06 

Fpz 59.92 (-5.63 - 92.79) 11.5 (-0.6 - 115.83) 66 0.33 0.74 0.07 

Fp2 54.97 (3.76 - 120.33) 27.41 (-15.12 - 116.41) 76 0.99 0.33 0.21 

F7 9.08 (-5.3 - 105.9) 16.43 (6.57 - 45.13) 64 0.20 0.84 0.04 

F3 51.14 (7.15 - 79.9) 11.77 (-7.17 - 78.02) 72 0.72 0.47 0.15 

Fz 37.13 (14.19 - 104.86) 16.19 (4.21 - 90.27) 74 0.85 0.39 0.18 

F4 57.28 (-6.06 - 116.73) -1.1 (-25.48 - 104.99) 73 0.79 0.43 0.17 

F8 72.05 (-13.93 - 115.06) 27.1 (7.52 - 67.94) 71 0.66 0.51 0.14 

FC5 28.49 (-10.02 - 57.96) -0.42 (-9.01 - 54.49) 67 0.39 0.69 0.08 

FC1 31.33 (9.81 - 91.45) 20.4 (-15.98 - 73.77) 71 0.66 0.51 0.14 

FC2 31.68 (2.62 - 62.59) 21.25 (5.72 - 77.37) 67 0.39 0.69 0.08 

FC6 37.1 (-5.69 - 83.57) 51.59 (-0.46 - 66.86) 59 -0.07 0.95 0.01 

T7 24.29 (-12.78 - 63.09) 33.03 (-8.53 - 50.81) 64 0.20 0.84 0.04 

C3 6.97 (1.33 - 83.93) 17.31 (-9.3 - 32.79) 54 -0.39 0.69 0.08 

C4 6.75 (-5.08 - 66.21) 30.41 (2.3 - 78.73) 52 -0.53 0.60 0.11 

T8 39.19 (-7.98 - 48.59) 21.96 (7.36 - 41.21) 66 0.33 0.74 0.07 

CP5 3.64 (-7.21 - 61.51) 16.54 (-0.5 - 39.25) 64 0.20 0.84 0.04 

CP1 41.08 (1.56 - 94.22) 31.96 (11.47 - 44.85) 64 0.20 0.84 0.04 

CP2 56.82 (1.01 - 101.93) 32.63 (20.54 - 40.31) 81 1.31 0.19 0.28 

CP6 26.08 (0.03 - 72.75) 20.35 (-12.2 - 49.36) 68 0.46 0.65 0.10 

P7 47.43 (-14.18 - 121.75) 16.04 (-22.1 - 118.3) 64 0.20 0.84 0.04 

P3 54.13 (-6.12 - 128.81) 23.45 (-2.49 - 132.51) 64 0.20 0.84 0.04 

Pz 26.25 (-2.23 - 196.96) 47.27 (-5.55 - 96.99) 72 0.72 0.47 0.15 

P4 79.24 (-0.87 - 113.06) 11.58 (-8.54 - 73.97) 79 1.18 0.24 0.25 

P8 41.28 (-1.53 - 120.03) 41.53 (-3.49 - 107.01) 66 0.33 0.74 0.07 

POZ 22.52 (-17.67 - 197.42) 51.37 (-11.81 - 107.19) 70 0.59 0.56 0.13 

O1 79.11 (-11.15 - 141.22) 44.35 (-15.32 - 157.43) 66 0.33 0.74 0.07 

Oz 84.72 (-16.47 - 146.15) 49.89 (2.94 - 118.51) 65 0.26 0.79 0.06 

O2 83.42 (21.26 - 158.99) 46.17 (7.85 - 111.26) 73 0.79 0.43 0.17 

Cz 5.85 (-5.17 - 38.16) 16.45 (5.04 - 70.61) 46 -0.92 0.36 0.20 
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Appendix A Table 6. Mann Whitney U test on theta power (4-8Hz) for all EEG channels between INT-first 

group (N=11) and EXT-first group (N = 11). Six participants were removed from the analysis due to 

excessive noise in the EEG recordings (n = 2) and left-handedness (n = 4). *Significance level set at 0.05. 

 
Channe

l 

INT-first Group 

Median % Change (95% 

CI) 

EXT-first Group 

Median % Change (95% 

CI) 

U-

statistic 

z-

value 

p-

value 

Effec

t size 

(r) 

Fp1 6.44 (-15.07 - 16.21) 13.91 (-21.55 - 37.56) 50 -0.66 0.51 0.14 

Fpz 3.58 (-18.51 - 30.05) 5.73 (-24.48 - 41.35) 55 -0.33 0.74 0.07 

Fp2 2.76 (-22.77 - 20.05) -18.25 (-33.41 - 14.37) 65 0.26 0.79 0.06 

F7 -5.41 (-34.04 - 23.95) -6.72 (-18.05 - 30.12) 53 -0.46 0.65 0.10 

F3 0.92 (-15.09 - 33.35) -5.92 (-32.97 - 6.89) 74 0.85 0.39 0.18 

Fz 24.59 (-4.14 - 33.89) -2.97 (-15.1 - 16.34) 90 1.90 0.06 0.41 

F4 -4.98 (-23.28 - 19.91) -6.98 (-16.38 - 18.46) 59 -0.07 0.95 0.01 

F8 -5.43 (-23.21 - 12.16) 10.52 (-38.06 - 37.37) 45 -0.98 0.32 0.21 

FC5 11.91 (-13.87 - 28.7) -22.58 (-32.21 - -3.3) 90 1.90 0.06 0.41 

FC1 6.63 (-8.47 - 24.94) 4.17 (-7.9 - 7.93) 72 0.72 0.47 0.15 

FC2 14.55 (0.88 - 25.44) 2.81 (-16.62 - 21.47) 83 1.44 0.15 0.31 

FC6 -4.17 (-17.73 - 10.16) 10.33 (-35.33 - 18.81) 56 -0.26 0.79 0.06 

T7 -28.73 (-36.74 - 11.86) -10.85 (-28.34 - 1.29) 48 -0.79 0.43 0.17 

C3 4.62 (-16.91 - 9.16) 6.56 (0.81 - 24.68) 42 -1.18 0.24 0.25 

C4 -3.99 (-14.79 - 27.15) 11.13 (-2.6 - 33.11) 37 -1.51 0.13 0.32 

T8 3.47 (-12.31 - 15.28) 2 (-22.27 - 22.61) 66 0.33 0.74 0.07 

CP5 -20.61 (-31.54 - -1.62) -6.23 (-10.83 - 18.9) 42 -1.18 0.24 0.25 

CP1 9.23 (-12.13 - 15.49) 21.17 (-3.1 - 27.2) 40 -1.31 0.19 0.28 

CP2 -0.03 (-28.31 - 4.72) 15.41 (-32.29 - 34.17) 49 -0.72 0.47 0.15 

CP6 -15.89 (-33.99 - 16.63) 1.19 (-15.71 - 43.67) 45 -0.98 0.32 0.21 

P7 -13.63 (-30.83 - -9.84) 19.58 (-6.56 - 60.85) 26 -2.23 0.03* 0.48 

P3 -6.89 (-26.7 - 8.6) 5.92 (-17.31 - 32) 38 -1.44 0.15 0.31 

Pz 0.01 (-24.66 - 28.88) 11.72 (-17.07 - 33.48) 56 -0.26 0.79 0.06 

P4 -1.11 (-16.9 - 15.34) 12.29 (-11.87 - 18.08) 53 -0.46 0.65 0.10 

P8 -8.5 (-24.76 - 20.13) 32.14 (-9.99 - 60.37) 36 -1.58 0.12 0.34 

POZ -0.11 (-21.81 - 33.93) 1.44 (-18.36 - 39.73) 55 -0.33 0.74 0.07 

O1 7.35 (-10.32 - 30.28) 6.43 (-21.68 - 24.25) 59 -0.07 0.95 0.01 

Oz 15.75 (-18.3 - 26.86) -0.7 (-22.22 - 18.83) 66 0.33 0.74 0.07 

O2 6.71 (-17.8 - 26.38) 5.34 (-22.31 - 28.69) 59 -0.07 0.95 0.01 

Cz 19.58 (-34.82 - 29.85) 4.87 (-6.16 - 28.47) 63 0.13 0.90 0.03 
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Appendix A Table 7. Independent Samples Kruskal-Wallis test on alpha power (8-13Hz) for all EEG 

channels among the preferred groups at the last trial. Group breakdown is as follows: External focus 

preference (N = 7), internal focus preference (N = 10), and no preference (N = 4). Seven participants were 

removed from the analysis due to excessive noise in the EEG recordings (N = 2), left-handedness (N = 4), or 

did not complete the last trial (N = 1). *Significance level set at 0.05. 
 

Channel Median CON-

Preferred 

Median INT-

Preferred 

Median EXT-

Preferred 

df Chi-

square 

p-value Effect size 

(Eta-squared) 

Fp1 
3.14 (-4.74 - 

25.78) 

1.71 (-9.65 - 

14.92) 

20.15 (-3.62 - 

27.04) 2 2.51 0.28 0.03 

Fpz 
-3.09 (-14.98 - 

40.03) 

6.53 (-5.52 - 

22.51) 

18.28 (-9.48 - 

28.87) 2 0.45 0.80 0.09 

Fp2 
-5.64 (-15.32 - 

50.79) 

12.14 (-11.45 - 

32.67) 

-2.95 (-21.86 - 

38.86) 2 0.15 0.93 0.10 

F7 
1.1 (-29.17 - 

20.87) 

-7.23 (-16.38 - 

12.38) 

16.6 (-13.03 - 

35.11) 2 2.01 0.37 0.00 

F3 
-9.76 (-32.92 - 

39.31) 

-9.33 (-17.97 - 

20.57) 

-0.16 (-14.21 - 

63.77) 2 1.44 0.49 0.03 

Fz 
-3.34 (-10.41 - 

39.1) 

-1.39 (-10.8 - 

23.37) 

3.17 (-2.7 - 

38.89) 2 1.07 0.59 0.05 

F4 
7.05 (-7.29 - 

22.31) 

3.68 (-14.26 - 

23.35) 

-2.65 (-11.81 - 

27.38) 2 0.01 0.99 0.11 

F8 
10.38 (-18.99 - 

34.84) 

3.47 (-4.39 - 

12.86) 

24.49 (-11.55 - 

42.59) 2 1.24 0.54 0.04 

FC5 
-10.36 (-30.38 - 

18.87) 

-10.64 (-21.58 - 

18.56) 

1.46 (-16.73 - 

39.11) 2 1.28 0.53 0.04 

FC1 
-1.71 (-30.41 - 

16.98) 

-5.66 (-13.05 - 

15.22) 

0.72 (-7.11 - 

39.77) 2 0.96 0.62 0.06 

FC2 
5.25 (-8.14 - 

17.53) 

7.71 (-8.95 - 

19.86) 

10.97 (0.19 - 

31.27) 2 0.56 0.75 0.08 

FC6 
-4.87 (-15.58 - 

3.83) 

1.44 (-19.49 - 

27.01) 

-3.53 (-20.57 - 

22) 2 0.40 0.82 0.09 

T7 
2.1 (-15.3 - 

6.25) 

-7.34 (-21.73 - 

12.52) 

-15.06 (-29.78 - 

26.81) 2 0.16 0.92 0.10 

C3 
-19.03 (-38.97 - 

-6.81) 

3.88 (-11.23 - 

17.9) 

23.14 (-19.7 - 

68.21) 2 3.98 0.14 0.11 

C4 
-3.14 (-55.37 - 

10.27) 

9.54 (-4.51 - 

33.29) 

-2.37 (-11.96 - 

16.63) 2 2.30 0.32 0.02 

T8 
-1.22 (-15.29 - 

12.16) 

-13.95 (-20.25 - 

13.69) 

-10.26 (-23.69 - 

43.79) 2 0.54 0.76 0.08 

CP5 
-8.73 (-22.5 - -

4.86) 

4.74 (-22.12 - 

29.23) 

-5.86 (-14.12 - 

51.39) 2 1.02 0.60 0.05 

CP1 
4.12 (-17.03 - 

35.79) 

20.35 (-9.68 - 

25.03) 

5.09 (-12.35 - 

40.85) 2 0.07 0.96 0.11 

CP2 
10.41 (-21.34 - 

11.43) 

7.49 (2.7 - 

14.72) 

0.49 (-15.53 - 

24.97) 2 0.56 0.75 0.08 

CP6 
-19.55 (-27.99 - 

11.3) 

6.86 (-15.72 - 

21.05) 

-1.63 (-28.06 - 

14.93) 2 1.80 0.41 0.01 

P7 
-8.87 (-17.2 - 

58.51) 

15.85 (-7.19 - 

41.01) 

5.29 (-14.4 - 

27.42) 2 0.76 0.68 0.07 

P3 
17.52 (-15.3 - 

35.76) 

6.44 (-19.05 - 

31.73) 

10.78 (-11.16 - 

32.37) 2 0.61 0.74 0.08 

Pz 
-4.98 (-16.67 - 

61.83) 

-1.15 (-7.63 - 

22.3) 

13.01 (-10.01 - 

50.28) 2 0.38 0.83 0.09 

P4 
-12.4 (-24.58 - 

27.25) 

1.49 (-20.97 - 

41.04) 

-4.72 (-7.31 - 

16.12) 2 0.40 0.82 0.09 

P8 
5.22 (-17.02 - 

55.51) 

-6.03 (-15.96 - 

34) 

-3.76 (-15.47 - 

17.54) 2 0.29 0.86 0.09 
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POZ 
4.57 (-14.43 - 

49.61) 

3.98 (-16.33 - 

12.87) 

0.02 (-5.82 - 

82.94) 2 0.33 0.85 0.09 

O1 
7.31 (-16.4 - 

42.54) 

3.2 (-18.62 - 

43.76) 

20.96 (-3.48 - 

97.2) 2 0.56 0.75 0.08 

Oz 
7.95 (-9.01 - 

50.76) 

11.16 (-8.35 - 

27.63) 

7.62 (-4.05 - 

84.18) 2 0.22 0.90 0.10 

O2 
21.39 (-15.97 - 

53.35) 

6.19 (-12.84 - 

24.25) 

-5.19 (-7.4 - 

89.83) 2 0.26 0.88 0.10 

Cz 
4.81 (-4.83 - 

25.49) 

-0.33 (-11.99 - 

7.24) 

1.88 (-22.41 - 

19.52) 2 1.22 0.54 0.04 
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Appendix A Table 8. Independent Samples Kruskal-Wallis test on theta power (4-8Hz) for all EEG channels 

among the preferred groups at the last trial. Group breakdown is as follows: External focus preference (N = 

7), internal focus preference (N = 10), and no preference (N = 4). Seven participants were removed from this 

analysis due to excessive noise in the EEG recordings (N = 2), left-handedness (N = 4), or did not complete 

the last trial (N = 1). *Significance level set at 0.05. 

 
Channel Median CON-

Preferred 

Median INT-

Preferred 

Median EXT-

Preferred 

df Chi-

square 

p-value Effect size 

(Eta-squared) 

Fp1 
3.73 (-2.65 - 56) 

-3.74 (-25.22 - 

6.11) 

6.09 (-11.89 - 

16.8) 2 2.03 0.36 0.00 

Fpz 
-3.89 (-6.92 - 

56.86) 

-2.72 (-27.68 - 

12.29) 

5.22 (-12.09 - 

14.32) 2 0.61 0.74 0.08 

Fp2 
3.61 (-39.65 - 

9.23) 

-15.12 (-29.58 

- -6.48) 

7.87 (-7.23 - 

16.76) 2 6.45 0.04* 0.25 

F7 
-6.25 (-58.36 - 

26.46) 

-10.71 (-19.1 - 

-1.28) 

-5.05 (-13.43 - 

22.81) 2 1.14 0.56 0.05 

F3 
-13.86 (-20.18 - 

-6.44) 

-10.23 (-26.76 

- 0.12) 

19.99 (1.8 - 

30.95) 2 8.60 0.01* 0.37 

Fz 
9.25 (-8.7 - 

10.24) 

-8.58 (-20.03 - 

4.11) 

10.82 (7.27 - 

19.91) 2 8.40 0.01* 0.36 

F4 
-0.63 (-10.06 - 

6.77) 

-10.31 (-22.42 

- 3.13) 

4.53 (1.87 - 

10.27) 2 4.28 0.12 0.13 

F8 
-13.19 (-34.4 - 

32.66) 

-10.6 (-26.12 - 

-1) 

8.23 (-15 - 

14.62) 2 3.00 0.22 0.06 

FC5 
-1.88 (-40.19 - 

10.34) 

-12.85 (-26.66 

- 1.3) 

1.79 (-7.61 - 

25.33) 2 5.67 0.06 0.20 

FC1 
13.6 (-9.15 - 

25.68) 

-6.5 (-23.52 - -

0.1) 

12.92 (2.84 - 

14.14) 2 7.94 0.02* 0.33 

FC2 
11.63 (-17.78 - 

27.24) 

0.95 (-10.42 - 

6.79) 

9.18 (5.1 - 

24.17) 2 3.66 0.16 0.09 

FC6 
-25.4 (-30.49 - -

3.22) 

-16.14 (-35.41 

- -0.79) 

3.73 (-14.65 - 

9.61) 2 4.84 0.09 0.16 

T7 
-11.69 (-18.59 - 

13.05) 

-12.92 (-19.07 

- -6.69) 

1.47 (-20.2 - 

21.29) 2 2.27 0.32 0.01 

C3 
-4.43 (-21.06 - 

14.55) 

-3.51 (-9.98 - 

3.1) 

-1.84 (-9.13 - 

26.63) 2 1.10 0.58 0.05 

C4 
-1.84 (-11.04 - 

23.85) 

-5.04 (-11.77 - 

3.48) 

13.32 (-18.6 - 

27.6) 2 1.95 0.38 0.00 

T8 
-8.09 (-23.26 - 

21.04) 

-8.69 (-26.19 - 

0.56) 

12.17 (8.09 - 

20.51) 2 8.01 0.02* 0.33 

CP5 
-14.23 (-30.68 - 

-12.4) 

-0.46 (-21.53 - 

8.21) 

-6.56 (-12.1 - 

7.25) 2 5.02 0.08 0.17 

CP1 
16.19 (-5.94 - 

59.67) 

-8.78 (-16.94 - 

14.44) 

10.87 (-0.47 - 

36.5) 2 3.92 0.14 0.11 

CP2 
1.32 (-12.12 - 

39.75) 

-6.22 (-14.98 - 

10.88) 

-16.81 (-20.37 

- 10.85) 2 1.63 0.44 0.02 

CP6 
-12.72 (-21.21 - 

-4.01) 

-13.69 (-18.63 

- 1.31) 

-1.97 (-11.85 - 

28.05) 2 2.76 0.25 0.04 

P7 
-14.82 (-18.74 - 

7.43) 

-5.71 (-10.66 - 

-0.11) 

-0.48 (-20.57 - 

1.23) 2 1.05 0.59 0.05 

P3 
-4.7 (-13.55 - 

1.04) 

-10.17 (-19.1 - 

-1.14) 

-0.3 (-14.78 - 

4.2) 2 1.83 0.40 0.01 

Pz 
6.35 (-10.33 - 

17.21) 

-10.79 (-28.83 

- 21.12) 

2.63 (-9.12 - 

26.33) 2 2.04 0.36 0.00 

P4 
-2.36 (-22.3 - 

10.54) 

-8.86 (-24.04 - 

6.01) 

-2.32 (-10.81 - 

5.71) 2 0.50 0.78 0.08 

P8 
4.8 (-26.81 - 

52.39) 

-9.44 (-15.86 - 

13.69) 

6.61 (2.03 - 

16.84) 2 3.18 0.20 0.07 
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POZ 
11.05 (-11.87 - 

18.21) 

-11.88 (-24.8 - 

5.53) 

3.72 (-11.92 - 

16.94) 2 2.77 0.25 0.04 

O1 
-12.83 (-15.52 - 

-7.35) 

-6.51 (-14.6 - 

2.18) 

6.33 (-7.28 - 

21.04) 2 4.76 0.09 0.15 

Oz 
-4.61 (-13.65 - 

0.13) 

-5.8 (-14.67 - 

2.41) 

-5.1 (-15.46 - 

21.75) 2 0.28 0.87 0.10 

O2 
-3.97 (-21.59 - 

5.55) 

-3.07 (-21.58 - 

13.19) 

-3.09 (-6.74 - 

23.5) 2 1.32 0.52 0.04 

Cz 
19.32 (-0.09 - 

72.29) 

1.56 (-17.29 - 

9.58) 

29.82 (-7.74 - 

35.02) 2 3.89 0.14 0.11 
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APPENDIX B: CORRELATION ANALYSIS FOR CHAPTER 4 
 

Appendix B Table 1. Spearman's rank correlations among the demographic, clinical, and baseline 

kinematic scores. ABC (Activity-specific Balance Confidence), MRSR (Movement Specific Reinvestment 

Scale), MSSQ-Short (Motion Sickness Susceptibility Questionnaire Short-form), miniBEST (mini-Balance 

Evaluation Systems Test), Abs RFT (mean absolute error on Rod and Frame test), and Bias RFT (mean 

constant error on Rod and Frame test), RMSd (root mean square of medial-lateral center of mass angular 

displacement), RMSv (root mean square of medial-lateral center of mass angular velocity). 
 

 Age 

Height 

(cm) 

Weight 

(kg) ABC MRSR 

MSSQ-

Short 

Age Correlation Coefficient 1.00 -0.02 0.09 -0.08 -0.21 -0.12 

Sig. (2-tailed)  0.94 0.66 0.71 0.30 0.58 

Height Correlation Coefficient -0.02 1.00 .67*** .57** -0.24 -0.24 

Sig. (2-tailed) 0.94  <0.001 <0.01 0.25 0.25 

Weight Correlation Coefficient 0.09 .67*** 1.00 0.23 -0.18 -0.12 

Sig. (2-tailed) 0.66 <0.001  0.27 0.40 0.58 

ABC Correlation Coefficient -0.08 .57** 0.23 1.00 -0.31 -0.05 

Sig. (2-tailed) 0.71 <0.01 0.27  0.14 0.81 

MRSR Correlation Coefficient -0.21 -0.24 -0.18 -0.31 1.00 0.07 

Sig. (2-tailed) 0.30 0.25 0.40 0.14  0.72 

MSSQ-Short Correlation Coefficient -0.12 -0.24 -0.12 -0.05 0.07 1.00 

Sig. (2-tailed) 0.58 0.25 0.58 0.81 0.72  

miniBEST Correlation Coefficient -0.24 0.14 -0.03 0.10 0.05 0.04 

Sig. (2-tailed) 0.25 0.51 0.88 0.63 0.82 0.85 

Absolute RFT Correlation Coefficient -0.15 0.13 0.11 0.05 0.16 -0.12 

Sig. (2-tailed) 0.48 0.54 0.60 0.81 0.44 0.56 

Bias RFT Correlation Coefficient 0.19 0.52** 0.29 0.30 0.08 -0.07 

Sig. (2-tailed) 0.37 <0.01 0.16 0.14 0.72 0.75 

Visual Gain at 

block 1 

Correlation Coefficient 0.14 .42* 0.23 0.34 -0.20 0.14 

Sig. (2-tailed) 0.50 0.03 0.27 0.10 0.33 0.50 

RMSd at block b1 Correlation Coefficient 0.16 0.35 0.20 0.36 -0.20 0.04 

Sig. (2-tailed) 0.45 0.09 0.34 0.08 0.34 0.83 

 RMSv at block b1 Correlation Coefficient 0.02 0.38 0.16 0.36 -0.14 0.22 

Sig. (2-tailed) 0.93 0.06 0.46 0.08 0.50 0.28 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

***. Correlation is significant at the 0.001 level (2-tailed). 
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 miniBEST 

Abs 

RFT 

Bias 

RFT 

Gain at 

block 1 

RMSd at 

block 1 

RMSv at 

block 1 

Age Correlation Coefficient -0.24 -0.15 0.19 0.14 0.16 0.02 

Sig. (2-tailed) 0.25 0.48 0.37 0.50 0.45 0.93 

Height Correlation Coefficient 0.14 0.13 0.52 0.42* 0.35 0.38 

Sig. (2-tailed) 0.51 0.54 0.01 0.03 0.09 0.06 

Weight Correlation Coefficient -0.03 0.11 0.29 0.23 0.20 0.16 

Sig. (2-tailed) 0.88 0.60 0.16 0.27 0.34 0.46 

ABC Correlation Coefficient 0.10 0.05 0.30 0.34 0.36 0.36 

Sig. (2-tailed) 0.63 0.81 0.14 0.10 0.08 0.08 

MRSR Correlation Coefficient 0.05 0.16 0.08 -0.20 -0.20 -0.14 

Sig. (2-tailed) 0.82 0.44 0.72 0.33 0.34 0.50 

MSSQ-Short Correlation Coefficient 0.04 -0.12 -0.07 0.14 0.04 0.22 

Sig. (2-tailed) 0.85 0.56 0.75 0.50 0.83 0.28 

miniBEST Correlation Coefficient 1.00 0.16 -0.06 0.03 -0.06 -0.01 

Sig. (2-tailed)  0.44 0.76 0.89 0.76 0.96 

Absolute RFT Correlation Coefficient 0.16 1.00 0.13 -0.01 0.00 0.01 

Sig. (2-tailed) 0.44  0.52 0.95 0.99 0.97 

Bias RFT Correlation Coefficient -0.06 0.13 1.00 0.06 -0.04 0.09 

Sig. (2-tailed) 0.76 0.52  0.77 0.85 0.66 

Visual Gain at 

block 1 

Correlation Coefficient 0.03 -0.01 0.06 1.00 .94** .96** 

Sig. (2-tailed) 0.89 0.95 0.77  <0.001 <0.001 

 RMSd at block b1 Correlation Coefficient -0.06 0.00 -0.04 .94** 1.00 .91** 

Sig. (2-tailed) 0.76 0.99 0.85 <0.001  0.00 

 RMSv at block b1 Correlation Coefficient -0.01 0.01 0.09 .96** .91** 1.00 

Sig. (2-tailed) 0.96 0.97 0.66 <0.001 <0.001  

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

***. Correlation is significant at the 0.001 level (2-tailed). 
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APPENDIX C: SELF-REPORTS OF ATTENTION INVESTED ANALYSIS 

FROM CHAPTER 4 

 

 
Appendix C Figure 1. Mean and 95 percent confidence interval of self-reports of 

attention invested during blocks 2, the high amplitude stimulation trial (hi-amp), and 

block 3. Repeated measures ANOVA did not reveal a significant interaction of time (i.e., 

blocks and hi-amp) and group (F(2,28) = 2.36, p = 0.11, np
2 = 0.14), main time effect 

(2,28) = 3.05, p = 0.06, np
2=0.18), or main group effect (F(1,14) = 3.32, p = 0.58, np

2 = 

0.02).   
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APPENDIX D: K-MEAN CLUSTERING OF INDEPENDENT COMPONENTS 

FROM CHAPTER 2 

 

 
Appendix D Figure 1. K-mean clustering. As an exploratory approach to localize potential 

sources of alpha changes within the occipital cortex for aim one, the independent 

components (IC) from all participants were clustered using the k-means clustering 

approach in EEGLAB described by Malcolm et al. (2020). ICs were co-registered using a 

standard BESA template head model and fitted using the DIPFIT toolbox from EEGLAB 

to identify ICs within the brain. ICs within the brain with a residual variance of less than 

15% were retained for clustering. The clustering parameters were equivalent dipole 

location (weight = 10), scalp topography projection (weight = 1) and power spectral density 

(3–25 Hz; weight = 1). The clustering was performed 10,000 times using the repetitive 

cluster approach described by Klug et al. (2021), where I specified the region of interest 

using the Talairach coordinates of [x = 0, y = -85, z = 10] to represent the occipital cortex. 

This cluster closest to the ROI contains 44 ICs from 30 participants. A) Scalp map of the 

cluster. B) 3D representation of the ICs. C) Top-down view of the cluster. D) Sagittal view 

of the cluster. Frontal view of the cluster. 

 


