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ABSTRACT 

To devise an optimized intervention for patients with balance problems due to 

sensory integration deficits, it is necessary to understand the adaptation in postural 

control strategy that is associated with the best use of sensory information; in other 

words, the efficient sensory reweighting for maintaining balance. Yet, the optimal 

postural control strategies adapted during efficient adaptation in sensory reweighting 

have not been investigated in both young and older adults. The purpose of this study was 

to identify and differentiate the optimal postural control strategies associated with 

efficient sensory reweighting adapted by healthy young adults during the specific sensory 

integration tasks (study 1), and to compare these adaptations to those of healthy older 

adults to determine the effect of age-related changes (study 2). Study 1 incorporated a 

multivariate design, and study 2 incorporated a mixed-factorial design.  

Thirty-six young healthy subjects (19 males and 17 females, age: 23.5 ± 2.3 years, 

height: 171.8 ± 10 cm, mass: 74.3 ± 14.8 kg) and fourteen older healthy subjects (6 males 

and 8 females, age: 66.96 ± 4.96 years, height: 166.6 ± 10 cm, mass: 74.4 ± 16.5 kg) 

participated in the study. Participants performed standing balance tasks in three 

conditions with progressively increasing amplitudes of visual (VIS), somatosensory 

(PLAT) and both (VISPLAT) systems perturbation. Adaptation in the postural control 

strategy was measured as changes in motor variables; muscle activities and joint angles. 

Contribution of the perturbed sensory input in maintaining postural stability was 

calculated to determine efficient sensory reweighting. In study 1, linear discriminant 

analysis was performed to discriminate the optimal postural control strategies adapted 

during the sensory integration tasks. In study 2, a 2 age-group × 3 condition mixed-factor 



 Texas Tech University Health Sciences Center, Birendra Madi Dewan, August 2020 

viii 

ANOVA was performed for each motor variable. Hochberg alpha adjustment for multiple 

ANOVAs was performed separately for the family of EMG and joint angle variables. 

In study 1, there was a significant progressive decrease in postural sway per unit 

amplitude of sensory perturbation in each condition (p<.001), indicating an efficient 

sensory reweighting. Out of the two canonical discriminant functions produced, only the 

first function (LD1) was statistically significant in discriminating the conditions (p<.05) 

with a moderate canonical correlation coefficient of .44. LD1 separated VIS condition 

from PLAT and VIPLAT conditions the most. The optimal motor adaptation in the 

postural control revealed by LD1 during the VIS condition was increased muscle and 

joint adaptation activity around the neck, increased stability around the pelvis and 

decreased adaptation activity around the ankle. Similarly, during the PLAT and 

VISPLAT conditions, the optimal motor adaptation in postural control was decreased 

adaptation activity around the neck, increased mobility around the pelvis and increased 

adaptation activity around the ankle. The discriminant model produced an overall good 

prediction, 50% correct classification with prior probabilities of 33.33%, for the postural 

control tasks. 

In study 2, there was an efficient adaptation in sensory reweighting in the older 

adults comparable to the young adults. There was no significant group by condition 

interaction effect for any of the motor adaptation dependent variables (p > αadjusted). There 

was no significant main effect of the group and condition for any of the dependent 

variables (p > αadjusted). This indicates that there were similar postural control strategies 

for young and older adults in the three conditions. The motor strategies adapted during 

VIS was more pronounced in older adults compared to young adults due to relatively 
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increased adaptation activity of the neck muscles and trunk muscles, and relatively 

decreased adaptation activity of the hip joint angle.  

The dissertation identified and discriminated the optimal postural control 

strategies associated with efficient sensory reweighting adapted by healthy young adults 

during the specific sensory integration tasks. The dissertation found that the adaptations 

of motor responses in older adults that are associated with efficient sensory reweighting 

are similar to those of the young adults. The age-related changes did not affect the 

relative pattern of optimal motor strategies in older adults compared to young adults but 

made them more pronounced, especially when the visual system was perturbed. 

Understanding the optimal postural control strategies associated with efficient sensory 

reweighting in healthy young and older adults can provide a clinician with a frame of 

reference from which to guide intervention and target the optimized goal of rehabilitation 

to minimize fall risk in older adults and patients with specific sensory integration 

impairments. Future research should develop and evaluate the efficacy of the intervention 

approach based on optimal postural control strategies in these populations.  
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CHAPTER I 

INTRODUCTION 

1.1 Statement of the Problem 

Falls result in more than 2.8 million injuries treated in U.S. emergency 

departments annually, including over 800,000 hospitalizations and more than 27,000 

deaths (Falls Prevention Facts, 2015). According to the National Council on Aging 

(NCOA), one in four Americans over the age of 65 will experience a fall each year; of 

these, half do so repeatedly (Anson & Jeka, 2010). Falls in the elderly are a serious health 

issue that can be debilitating and costly. Among older adults, falls are the leading cause 

of fatal injury and the most common cause of non-fatal trauma-related hospital 

admissions. Five percent of falls lead to a fracture, with hip fractures being the most 

common (greater than 200,000 annually). One in 10 of the individuals with fractures will 

die of complications, and 25% of survivors will never regain their previous mobility 

(Anson & Jeka, 2010). The direct care cost of hip fractures alone is now estimated to be 

in excess of $10 billion a year. NCOA reports that in 2015 the total cost of fall injuries 

was $50 billion, which is expected to reach $67.7 billion by 2020.  

Falls have an impact on the quality of life, with or without injury. Falls limit the 

activities and social engagements in older adults due to fear of falling, which can result in 

a further physical decline, depression, social isolation and feelings of helplessness 

(Anson & Jeka, 2010). These factors are strongly associated with imbalance, which is a 

major cause of falls. Therefore, fall prevention is an important issue. Currently, the issue 

of how to reduce the risk of falls in older adults is of great interest to clinicians and 

researchers alike. Since the physiological mechanisms that underlie impaired postural 
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control in the elderly that lead to their increased risk of falling are not fully understood, 

the design of therapeutic interventions to prevent falls is hampered (Anson & Jeka, 

2010). Presently, there exists a gap between research into postural control mechanisms 

and interventions for preventing falls in the elderly. There is a need for an interventional 

approach that is based on a theoretical framework that explains the underlying 

mechanism of postural control. This dissertation focuses on one of the major underlying 

mechanisms of postural control, namely sensory reweighting, to foster a better theoretical 

understanding of the postural control strategies and its relationship to the dynamic 

processing of sensory information during sensory integration tasks, as well as inform the 

design of the clinical intervention. 

1.2 Background and Theory 

Postural control is a multifaceted process. It is a complex mechanism that results 

from the interaction of individuals with their environment and is dependent upon several 

factors such as sensory integration, multi-joint coordination, task constraints, motor 

control and cognitive inputs such as attention. Several previous studies have investigated 

various activity-based intervention strategies that were designed to reduce the number 

and risk of falls in older adults (Donath et al., 2016; Granacher et al., 2011; Lee et al., 

2013; Lord et al., 2001; Sherrington et al., 2011; Whipple, 1997). But most of these 

intervention approaches lack a theoretical understanding of the mechanisms by which 

activities such as exercise affect postural control process. And there is clearly no 

standardized best practices approach to an exercise intervention for fall risks in the 

elderly. To develop an optimal intervention strategy, the mechanisms through which 

intervention affects postural control process needs to be understood.  
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Postural stability is dependent primarily on the following underlying mechanisms: 

(1) it depends on the integrity of the sensory information derived from the visual, 

vestibular, and somatosensory systems, (2) it depends on the ability to appropriately 

integrate and dynamically reweight the sensory information based on the environment, 

physiological state of the individual and the type of movement being performed, and (3) 

it depends on the selection and execution of an appropriate response or movement 

strategy based on sensory integration (Nashner, Black, & Wall, 1982; Shumway-Cook & 

Horak, 1986; Horak, 1987). A clinician has less control and cannot directly intervene in 

the first two mechanisms. However, motor strategies can be directly assessed and 

intervened by clinicians in rehabilitation, in contrast to controlling the central processing 

of senses for balance. By understanding the motor strategies associated with specific 

sensory integration tasks, those motor strategies can be incorporated in the rehabilitation 

of the patients with a balance problem due to similar sensory integration issues. An 

intervention approach based on the sensory integration provides a theoretical framework 

about postural control and its relationship to sensory information and how the 

intervention affects the postural control process. 

Numerous studies have demonstrated that the integration of sensory information 

is dynamically regulated through a process referred to as “sensory reweighting.” Through 

this process, the relative contribution of each sensory system to postural control changes 

to adapt to changing environmental conditions and the available sensory information 

(Nashner & Berthoz, 1978; van der Kooij et al., 2001; Peterka, 2002; Kiemel et al., 2002; 

Peterka & Loughlin, 2004; Mahboobin et al., 2005; Carver et al., 2006). Sensory 

reweighting is a dynamic process in which the nervous system changes the “emphasis” 
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assigned to a particular sensory input (Hwang et al., 2014) by identifying and selecting 

the sensory inputs that provide the most useful and accurate information for attaining the 

goals of spatial orientation and postural equilibrium.  

In order to devise an optimized intervention strategy for a patient with a balance 

problem due to a specific sensory reweighting issue, it is necessary to identify the optimal 

motor strategies associated with the best use of sensory information for maintaining 

balance during that specific sensory integration task. In order to determine the best use of 

sensory information during a sensory integration task, the degree of sensory reweighting 

or the contribution of each sensory system to postural control that is providing relatively 

accurate or inaccurate orientation information needs to be quantified. 

Quantification of sensory reweighting can be done by calculating the gain (the 

sensitivity of output characteristics to the change in input parameters) of the center of 

mass (COM) motion amplitude (output signal) to the sensory stimulus amplitude (input 

signal) (Peterka, 2002). This sensory reweighting gain provides a measure of the coupling 

or “weighting” of the sensory stimulus. The higher or lower sensory reweighting gain 

ratio is interpreted as higher or lower sensory weighting respectively, which reflects how 

much the nervous system is using the information from that particular input in estimating 

the position and velocity of the body for the purpose of maintaining a stable COM 

(Anson & Jeka, 2010). Investigation of multisensory integration, by manipulating the 

amplitude of one sensory perturbation while the amplitude of second sensory perturbation 

remains constant, has revealed a reciprocal trade-off in sensory reweighting. As one 

sensory input is down-weighted, an alternative sensory input is dynamically up-weighted 
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to compensate, indicating an inter-modal relationship (Allison et al., 2006; Cenciarini & 

Peterka, 2006; Logan et al., 2014; Polastri et al., 2012).  

In older populations and clinical populations with sensory deficits or over-

dependence on any sensory system, increased risks of falls can occur due to the inability 

to accurately reweight their sensory system according to changes in environmental 

conditions. The degrade in central sensory reweighting mechanism with aging has been 

thought to increase the risk of falls in older adults (Alexander, 1994; Shumway-Cook & 

Woollacott, 2000; Teasdale, Stelmach, & Breunig, 1991; Teasdale, Stelmach, Breunig, et 

al., 1991). In a study comparing the sensory reweighting in elderly and young adults, 

altering both visual and support surface resulted in substantially more postural sway in 

elderly subjects compared to younger subjects (Teasdale, Stelmach, & Breunig, 1991). 

The authors suggested that the result was a possible indicator of a deficiency in sensory 

reweighting to altered sensory stimuli in the older group. Other studies have also found 

that older adults are less stable compared to young adults in conditions where two 

sensory inputs are altered simultaneously (Baloh et al., 1998; Shepard et al., 1993; 

Whipple et al., 1993). However, the results of some studies do not support the assumption 

that the adaptation in multisensory reweighting is deficient in both healthy and fall-prone 

older adults, given sufficiently intact peripheral sensation. Repeated exposure to visual 

and somatosensory input alteration has been shown to improve balance performance in 

healthy older adults with rapid adaptation to the altered environmental demands (Horak et 

al., 1989; Wolfson et al., 1992). When a sufficiently long adaptation time, such as several 

minutes, was available and the environmental stimuli were gradually degraded, the 

sensory reweighting process of both healthy and fall-prone older adults seem to be 
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sufficient to maintain postural stability (Allison et al., 2006; Doumas & Krampe, 2010; 

Jeka et al., 2006, 2010). Allison et al. found that both older adult groups had similar 

overall levels of vision and touch reweighting compared to those found with healthy 

young adults. There was an intact intra-modality and inter-modality sensory reweighting 

in both healthy and fall prone older adults (Allison et al., 2006; Oie et al., 2002). The 

discrepancies between the results from these studies with those of the previous studies 

that found sensory reweighting deficits in older adults probably resulted from using a 

longer exposure to perturbation due to repeated trials or longer duration trials that 

permitted efficient adaptation in sensory reweighting. However, real-world situations are 

generally characterized by dynamic and more challenging stimuli, such as a busy street or 

a suddenly appearing uneven surface, in which the older adults are more likely to lose 

balance (Eikema et al., 2012). This emphasizes the need for an intervention approach for 

sensory integration training in older adults based on efficient sensory reweighting that 

can help create a quick, automatic, optimized and effective postural response to altered 

environmental stimuli through practice and motor learning. 

The few studies that have investigated sensory reweighting as an intervention 

approach (Anson & Jeka, 2010; Hu & Woollacott, 1994; Smania et al., 2008) found a 

positive effect on balance and sensory reweighting from sensory training. The 

intervention included balance training in computerized balance instrument (SMART 

Balance Master) to improve the adaptation to changing sensory environments. However, 

the change in motor adaptation due to an efficient sensory reweighting, i.e., higher down-

weighting of inaccurate sensory inputs and higher up-weighting of accurate sensory 

inputs, to produce an optimal motor strategy has not yet been investigated. Sensory 
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reweighting training that uses optimal motor strategies shown to be associated with 

efficient reweighting of sensory inputs may enhance the outcome of sensorimotor 

rehabilitation.  

1.3 Need for the Study 

Previous studies investigating sensory reweighting as a theory-based intervention 

have not identified an ‘optimal’ motor strategy, i.e., the motor strategy reflecting the best 

use of more accurate senses for maintaining balance (efficient sensory reweighting) for 

intervention in the specific sensory reweighting problem. By identifying the change in a 

motor adaptation from when there is more reliance on inaccurate senses (relatively 

inefficient sensory reweighting) to when there is less reliance on inaccurate senses 

(relatively efficient sensory reweighting), a frame of reference can be established to 

target the optimized goal of intervention for specific sensory reweighting tasks. The 

discrimination of optimal postural control strategies adapted during the reweighting of 

specific senses will allow clinicians to identify and correct any inappropriate exaggerated 

postural responses in order to optimize the outcome of that specific sensorimotor training. 

Incorporating an optimal motor strategy in sensorimotor and perceptual training can also 

benefit a clinical population that has impaired sensory reweighting due to a sensory 

deficit or overdependence on any senses by creating a quick, automatic, optimized and 

effective postural response through practice and motor learning. 

1.4 Purposes 

The purposes of this dissertation were to (Study 1) identify and differentiate the 

optimal motor strategies associated with efficient sensory reweighting adapted during the 

tasks requiring reweighting of specific senses in healthy young adults, and to (Study 2) 
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determine if there are differences in the motor adaptation associated with efficient 

sensory reweighting between healthy young and older adults in tasks requiring 

reweighting of specific senses. 

1.5 Hypotheses 

It was hypothesized that (Study 1) the adaptation in optimal postural control 

strategy associated with efficient sensory reweighting would be different during the tasks 

requiring reweighting of specific senses in healthy young adults due to the differences in 

the underlying sensory integration mechanisms of postural control. Relatively increased 

upper body control was anticipated to facilitate reweighting from the visual system and 

relatively increased lower body control was anticipated to facilitate reweighting from the 

somatosensory system. It was hypothesized that (Study 2) there would be differences in 

the adaptation of postural control strategies between healthy young and older adults in 

tasks requiring reweighting of specific senses due to the effect of aging. However, if the 

efficient adaptation in sensory reweighting can be achieved in older adults, the optimal 

postural control strategies may be similar between healthy young and older adults. 
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CHAPTER II 

REVIEW OF LITERATURE 

Falls in the elderly are a serious health issue that can be debilitating and costly. 

Falls impact quality of life with or without injury. The postural imbalance is a major 

cause of falls. Postural stability is dependent on the quality of sensorimotor integration. 

Poor sensorimotor integration has been suggested by experimental studies to be a 

potential cause for falls in older adults. An intervention approach based on sensorimotor 

reweighting provides a theoretical framework about postural control and its relationship 

to sensory information. Incorporating a specific motor strategy that reflects efficient 

reweighting from specific senses into a sensory reweighting training may enhance the 

outcome of sensorimotor rehabilitation in older adults and patients with sensory 

reweighting impairment. However, the change in motor adaptation to an efficient sensory 

reweighting has not yet been investigated. Therefore, the purposes of this dissertation 

were to (Study 1) identify and differentiate the optimal motor strategies associated with 

efficient sensory reweighting adapted during the tasks requiring reweighting of specific 

senses in young adults, and to (Study 2) determine if there are differences in motor 

adaptation associated with the efficient sensory reweighting between healthy young and 

older adults in tasks requiring reweighting of specific senses. 

This chapter contains the focused review of existing literature and current 

knowledge as it relates to sensory reweighting and its investigation in young and older 

adults. The following areas are addressed: three sensory systems for balance, integration 

of the three sensory systems for balance, sensory reweighting and its quantification, 
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balance problems in older adults, sensory reweighting in older adults, and sensorimotor 

reweighting as a rehabilitation mechanism.  

2.1 Three Sensory Systems for Balance  

The somatosensory, visual and vestibular systems provide afferent information for 

maintaining balance (Nashner et al., 1982). These multimodal afferent inputs are 

integrated at various levels of the Central Nervous System (CNS), resulting in efferent 

processing for the coordinated firing of multiple alpha motor neurons and their 

corresponding muscle fibers to bring coordinate maintenance of balance (Shaffer & 

Harrison, 2007). 

Somatosensory system  

 The somatosensory system provides information about body orientation relative 

to a support surface such as the floor or a force platform from the sense of touch and 

proprioception. The proprioceptive system contributes to joint position sense, joint 

motion sense, and kinesthesia (Kars et al., 2009), which includes the sensation of muscle 

length and tension, joint angles, and changes in these angles. Proprioceptive information 

from muscles is obtained from two primary components: the muscle spindle and the golgi 

tendon organ (GTO) (Shaffer & Harrison, 2007). Information about muscle length and 

contraction velocity are provided by the muscle spindles, which are located throughout 

the body of the muscle. As a muscle lengthens, it stretches the muscle spindle, which 

sends sensory information to the CNS via group Ia and II afferent fibers about changes in 

joint position and movement. Information about tensile forces within the muscle is 

provided by the GTO, which is located in the muscle tendon, in series with the muscle 

and bone insertion. The GTO mechanoreceptor activates when the collagen fibrils in the 
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muscle tendons are pulled tight due to muscle contraction, and different degrees of 

muscle contraction produces different degrees of pull on the tendon and corresponding 

activation of the associated group Ib afferent fibers. The proprioceptive receptors in the 

legs and feet are sensitive to ankle rotation and can provide orientation information for 

balance since most postural sway occurs at the ankles (Fitzpatrick & McCloskey, 1994; 

Kars et al., 2009). Proprioceptive feedback from the lower leg is considered to be critical 

for automatic balance correcting responses (Kavounoudias et al., 1998; Rao & Aruin, 

2006; van Deursen & Simoneau, 1999). 

The tactile system is associated with sensation of touch and pressure and more 

complex sensation like vibration. The cutaneous mechanoreceptors involved in providing 

these tactile sensations to the CNS are Merkel’s cells, Pacinian corpuscles, Meissner’s 

corpuscles and Ruffini endings (Kars et al., 2009). Cutaneous mechanoreceptors found in 

the feet are considered to play an important role in upright balance, as they act as a 

boundary between the body and the ground (Kavounoudias et al., 1998). Different studies 

have investigated the role of cutaneous feedback on postural stability by manipulating 

tactile afferent information (Hafström, 2018; Kars et al., 2009; Kavounoudias et al., 

1998; McKeon & Hertel, 2007; Strzalkowski et al., 2018; Wu & Chiang, 1997). In these 

experiments, control of balance has been shown to be compromised by the cooling of the 

plantar cutaneous mechanoreceptors (Eils et al., 2004; McKeon & Hertel, 2007), local 

anesthesia to the receptors (Meyer et al., 2004) and vibration to the skin covering the foot 

(Kavounoudias et al., 1998, 2001). The effect of aging on tactile system has also been 

investigated by several studies. The touch and vibration senses from the plantar surface 

have been shown to decrease as a function of higher age (Perry, 2006; Wells et al., 2003). 
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The physiological changes such as a reduction in receptor density, changes in receptor 

morphology, decreased elasticity of the skin and decreased nerve conduction in older 

adults are hypothesized to increase the sensory thresholds in older adults (Kenshalo, 

1986).  

Severely diminished somatosensation from the lower limb contributes to balance 

deficits and increased fall risk (Kars et al., 2009). When both proprioception and tactile 

information are not conducted to the CNS, such as due to neuropathy or after anesthesia, 

a decline in balance may occur resulting in increased risk of fall (Menz et al., 2006; 

Richardson et al., 1996). 

Visual system 

 The visual system has been suggested by different studies to be an integral 

sensory source used in balance (Grace Gaerlan et al., 2012; Uchiyama & Demura, 2009). 

Visual stabilization of posture has been indicated to underlie two different mechanisms: 

afferent and efferent motion perception (Guerraz et al., 2000; Guerraz & Bronstein, 2008; 

Jahn et al., 2002). Afferent motion perception is due to the movement of objects in the 

environment, whereas efferent motion perception is due to movement of the eyes, body 

or head (Kapoula & Lê, 2006). Afferent motion perception is composed of three 

components: central, ambient, and retinal slip (Grace Gaerlan et al., 2012). The central 

component helps in recognizing objects and perceiving object motion. Ambient or 

peripheral vision operates in a viewer-centered frame of reference and helps in perceiving 

self-motion and in postural control. Peripheral rather than central vision contributes to 

maintaining a stable quiet stance by visual stabilization of spontaneous or visually 

induced body sway (Berencsi et al., 2005). Spontaneous body sway causes the image of 
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the visual environment to move on the retina. This retinal slip is related to the subject’s 

displacement and is used by the CNS as feedback to compensate for sway (Guerraz & 

Bronstein, 2008). The question of how individuals maintain stability despite eye 

movements has been explained by two non-mutually exclusive theories: inflow and 

outflow theory. The inflow theory holds that proprioceptive receptors (e.g., muscle 

spindles) of extraocular muscles provide the necessary information about the position and 

displacement of the eyeballs in the orbits. The outflow theory proposes that neural 

outflow (e.g. corollary discharge) or efference copy (e.g., copy of the motor command) 

informs the CNS to maintain visual consistency (Guerraz & Bronstein, 2008). 

Visual impairment is associated with decline in postural control (Sforza et al., 

2000; Tomomitsu et al., 2013). Removal or degradation of visual surround information 

has been shown to increase postural sway variability in both elderly and young adults 

(Eikema et al., 2012). When standing in a darkened environment, spontaneous body sway 

increases. The spontaneous lateral body sway has been shown to decrease when subjects 

fixate vision on a small light emitting diode (Guerraz & Bronstein, 2008). Visual 

dependency has been observed in fall-prone older adults who fail to use more accurate 

somatosensory cues in the environments where visual inputs are unstable (Simoneau et 

al., 1999; Sundermier et al., 1996). These studies used dynamically changing visual 

environment in fall-prone older adults, which resulted an increased in their postural sway. 

The sensory loss in somatosensory and vestibular systems are hypothesized to contribute 

to the over-reliance in vision in the fall-prone older adults (Allison et al., 2006). 
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Vestibular system 

The vestibular system of the inner ear consists of three semicircular canals and 

two otolith organs (utricle and saccule). The three semicircular canals are oriented at right 

angles relative to each other and have co-planar pairings with the other ear (e.g., 

horizontal canals with each other; anterior canal in one ear with posterior canal in the 

other ear). Semicircular canals provide information to the CNS about the rotation 

(angular acceleration/deceleration) of the head in all planes. The utricle and saccule 

provide information about the linear acceleration/deceleration in all planes. Collectively 

the semicircular canals and otolith organs act as an inertial sensor that contributes 

critically to both navigation and spatial orientation (Angelaki & Cullen, 2008). The 

vestibular labyrinths also provide the detection of head orientation relative to earth-

vertical (gravity) with an accuracy better than 0.5 degrees, which is about 4-5 times better 

than vision (Kingma, 2016). This accurate detection of head orientation prevents 

imbalance and falls by allowing postural adaptation relative to gravity. A unique feature 

of the vestibular system is that the brain stem contains premotor neurons which are also 

second-order sensory neurons that receive afferent input and send direct projections to the 

motor neurons, making a streamlined circuitry of short latencies for sensorimotor 

responses (Angelaki & Cullen, 2008). For example, vestibulo-ocular reflex latency is as 

short as 5-6 ms. The vestibulo-spinal reflexes allow fast correction of balance in case of 

an unexpected balance perturbation (Kingma, 2016). 

The vestibular system also interacts with the proprioceptive and visual systems 

and plays an essential role in higher-level functions such as self-motion perception and 

spatial orientation. For example, the interaction of the vestibular system with the 
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proprioceptive system coupled with corollary discharge of the motor plan allows the 

brain to distinguish active vs. passive movement of the head (Angelaki & Cullen, 2008). 

The interaction between both the visual and the proprioceptive systems with the 

vestibular system throughout the central vestibular pathways are essential for gaze and 

postural control (Grace Gaerlan et al., 2012). The visual and vestibular channels have 

compensatory actions and are usually considered to occur automatically at a low-level 

response when needed to produce a balance response (Guerraz & Bronstein, 2008). Many 

studies have shown that stimulation of the vestibular system by galvanic stimulation of 

vestibular nerve evokes postural sway (Hwang et al., 2014; Day et al., 1997; Johansson et 

al., 1995; Hlavacka & Njiokiktjien, 1985). Subjects with known bilateral vestibular loss 

have been shown to exhibit increased postural sway with the sensory perturbation than 

those with the intact vestibular function (Peterka, 2002). 

2.2  Integration of Three Sensory Systems for Balance 

 Postural stability, as defined by Riemann et al. (Riemann et al., 1999), is the 

process of coordinating corrective movement strategies and movements at selected joints 

to remain in postural equilibrium. Dynamic postural stability is the ability to maintain the 

center of mass (COM) over the base of support (BOS) when the base of support is 

moving or when an external perturbation is applied to the body (Brown & Mynark, 

2007). Postural stability is dependent on the quality of the sensory information derived 

from the visual, vestibular, and somatosensory systems, the ability to appropriately 

integrate the sensory information, and the selection and execution of an appropriate 

motor response or movement strategy (Nashner et al., 1982; Shumway-Cook & Horak, 
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1986; Horak, 1987). The integration of the information from each sensory input system in 

order to maintain postural stability is termed sensory organization. 

Sensory reweighting 

 Sensory integration is not a linear process with a simple summation of inputs 

from different sensory systems. A number of studies have shown that the integration of 

sensory information is dynamically regulated, i.e., the relative contribution of each 

sensory system changes to adapt to changing environmental conditions and the available 

sensory information, a process referred to as “sensory reweighting” (Nashner & Berthoz, 

1978; van der Kooij et al., 2001; Peterka, 2002; Kiemel et al., 2002; Peterka & Loughlin, 

2004; Mahboobin et al., 2005; Carver et al., 2006). Sensory reweighting is a dynamical 

process in which the nervous system changes the “emphasis” of a particular sensory input 

(Hwang et al., 2014) by identifying and selecting the sensory inputs that provide the most 

useful and physiologically accurate information for attaining the goals of orientation and 

equilibrium. For example, changes in environmental conditions such as moving from a 

bright to a dark environment, or from a fixed to a moving surface, or a rough surface to 

slippery surface, requires updating sensory weights to current conditions so that muscular 

commands are based on the most precise and physiologically accurate sensory 

information available (Teasdale, Stelmach, & Breunig, 1991; Woollacott et al., 1986; 

Horak, 2006; Logan et al., 2014).  

Investigation and quantification of sensory reweighting 

 Studies of sensory reweighting have traditionally been done by perturbation of 

one or more sensory inputs to provide conflicting sensory information with the implicit 

goal of determining how the nervous system adapts to a neurological deficit such as 
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vestibular loss (Nashner et al., 1982; Peterka, 2002) or a sensory perturbation in healthy 

individuals (Oie et al., 2002; Peterka, 2002). The sensory perturbation is usually induced 

by removal, attenuation or manipulation of sensory input. The removal and attenuation of 

sensory input can be done by closing the eyes and techniques such as sway-referencing 

the support platform or visual surround (Nashner et al., 1982; Peterka, 2002), 

respectively. The manipulation of sensory input can be done by rotation of the support or 

visual surface at a particular frequency of motion (Oie et al., 2002; Peterka, 2002), a 

vibratory stimulus to the Achilles tendons, and galvanic vestibular stimulus (Hwang et 

al., 2014). The “gain” is then calculated for each sensory input as the ratio of the 

amplitude of COM sway (output signal) relative to the amplitude of sensory stimulus 

perturbation (input signal) at the frequency of the stimulus (Anson & Jeka, 2010). The 

sensory reweighting gain provides a measure of the coupling or “weighting” of the 

sensory stimulus. The higher or lower sensory reweighting gain ratio is interpreted as 

higher or lower sensory weighting, respectively, which reflects how much the nervous 

system is using the information from that particular input in estimating the position and 

velocity of the body for the purpose of maintaining a stable COM (Anson & Jeka, 2010).  

In a linear system, if the amplitude of the perturbation is doubled then the 

amplitude of the postural response at the frequency of the input would also double so that 

the gain (sway amplitude/ perturbation amplitude) remains constant. However, what in 

fact happens is that as the amplitude of the sensory perturbation increases, postural sway 

amplitude does not increase at the same rate, i.e., it increases less than that of the stimulus 

amplitude. This nonlinear behavior is due to “sensory channel reweighting” as indicated 

by a decrease in gain to the absent, attenuated or experimentally perturbed sensory 
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system (Peterka, 2002). The interpretation of the gain change is that as a perturbation of 

sensory input increases in amplitude, the sensory input becomes a less accurate indicator 

of self-motion and postural instability, and the postural control system responds by 

“down-weighting” its influence (i.e. reduced gain) or relies less on that sensory system to 

remain upright (Logan et al., 2014; Oie et al., 2002; Peterka, 2002; Polastri et al., 2012; 

Rinaldi et al., 2009). Without down-weighing, a perturbation of increasing amplitude 

would eventually lead to loss of upright balance (Logan et al., 2014). Similarly, the 

nervous system up-weights a sensory input when the perturbation of that input decreases 

in amplitude and the sensory input becomes a more physiologically accurate indicator of 

self-motion (i.e. increased gain). 

Another approach for investigating sensory reweighting includes the use of 

functional near-infrared spectroscopy (fNIRS), which is a non-invasive brain imaging 

method that uses light to record regional changes in cerebral blood flow and blood 

oxygenation changes in the cerebral cortex even during ambulatory movements; transient 

increases in blood flow to a brain region represents an indirect measure of transient 

increases in synaptic activity (Karim et al., 2013). The fNIRS measures the hemodynamic 

response in the brain and provides similar information to functional magnetic resonance 

imaging (fMRI). When both vision and proprioceptive information was degraded using 

the conditions from the sensory organization test (SOT), there was a bilateral increase in 

blood flow with an increase in oxy-hemoglobin in the temporal-parietal areas (superior 

temporal gyrus, and supramarginal gyrus) (Karim et al., 2013). These regions have been 

previously reported to play a role in vestibular control (Karim et al., 2013). The results 

suggested an increased reliance on vestibular information in the control of balance when 
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vision and proprioceptive information were inaccurate, indicating sensory reweighting. 

Similar results were obtained from investigating the sensory reweighting process in 

middle-aged and older adults using fNIRS (Lin et al., 2017). There was an increase in 

blood flow in the temporal-parietal region of interest when somatosensory was attenuated 

and visual information was absent in both groups. In addition, older adults had greater 

increases in blood flow in the occipital and frontal-lateral regions, suggesting a cortical 

component to sensory re-weighting that is more distributed and requiring greater 

attention in older adults. 

A statistical method called Bayesian inference has also been used in 

quantification of sensory reweighting (Alberts et al., 2018). The authors combined 

experimental psychophysics with a reverse engineering approach based on Bayesian 

inference principles to quantify the weights associated with different sensory modalities 

in individual vestibular patients. The result suggested a reweighting of sensory signals, 

with an increase in visual weight of 20-40% in the patients with bilateral vestibular 

function loss compared to the healthy control subjects. 

Intra and intermodal sensory reweighting 

 During standing posture, all three sensory systems provide information about self-

motion, which raises a question of how the nervous system reweights multiple sensory 

inputs simultaneously and continuously. Investigation of multisensory integration has 

traditionally been done by presenting simultaneous perturbation of inputs to two sensory 

systems. Stimuli are typically applied as an oscillating pattern of sensory information at 

different frequencies for the two perturbations so that body’s response to each can be 

measured separately at each frequency. By manipulating the amplitude of one sensory 
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perturbation while the amplitude of a second sensory perturbation remains constant, a 

reciprocal trade-off is often revealed. As one sensory input is down-weighted, an 

alternative sensory input is up-weighted to compensate, indicating an inter-modal 

relationship (Allison et al., 2006; Cenciarini & Peterka, 2006; Logan et al., 2014; Polastri 

et al., 2012).  

Inter-modality sensory reweighting refers to changes in the gain of a sensory 

modality (e.g., vision) when the amplitude of perturbation of a different sensory input 

(e.g., proprioception) is changed. Intra-modality sensory reweighting refers to a change in 

the gain of a sensory modality (e.g., vision) when the amplitude of perturbation of the 

same sensory input (e.g., vision) is changed. For example, when platform perturbation 

amplitude is increased (e.g., low to high) and visual stimulus remains constant, COM 

amplitude decreases (i.e., gain reduces) relative to the platform amplitude at the 

frequency of platform motion indicating an intra-modality sensory reweighting. 

Similarly, the COM amplitude increases (i.e. gain increases) relative to the visual 

stimulus amplitude at the frequency of visual stimulus motion indicating an inter-

modality sensory reweighting respectively (Logan et al., 2014; Polastri et al., 2012). 

2.3 Balance Problem in Older Adults 

Fall risks in older adults 

 As previously discussed, falls in the elderly population are a serious health issue 

that can be debilitating and costly. Currently, the issue of developing an optimal 

intervention to reduce the risk of falls in older adults is of great interest to clinicians and 

researchers alike. Since the mechanisms of postural control and their decline in older 
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adults who fall are not fully understood, the design of therapeutic interventions is 

severely hampered (Anson & Jeka, 2010).  

Sensory reweighting in older adults 

 The degrade in the central sensory reweighting mechanism with aging has been 

thought to increase the risk of fall in older adults (Alexander, 1994; Shumway-Cook & 

Woollacott, 2000; Teasdale, Stelmach, & Breunig, 1991; Teasdale, Stelmach, Breunig, et 

al., 1991). Older adults have been shown to exhibit an overall increased postural sway 

compared to young adults during the postural control tasks that employ a higher-level 

voluntary mechanism, such as with a small-slow ankle perturbation, as opposed to the 

tasks that employ a long-loop reflexive mechanism, such as with a large-fast ankle 

perturbation (Stelmach et al., 1989). The reflexive mechanisms were found to be 

relatively intact both in young and older adults. It has been hypothesized that there is a 

disadvantage in older adults compared to young adults when postural control requires 

sensory integration which is slower, higher-center level mechanisms than the reflexive 

mechanisms (Stelmach et al., 1989; Teasdale, Stelmach, & Breunig, 1991). Sudden 

withdrawal and re-insertion of both the visual information, by closing and opening the 

eyes, and the somatosensory information, by removing and adding a foam surface, 

resulted in substantially more postural sway in the older adults compared to the young 

adults (Teasdale, Stelmach, & Breunig, 1991). The authors suggested that the result was a 

possible indicator of a deficiency in sensory reweighting to altered sensory stimuli in the 

older group. Other studies have also found that older adults are less stable compared to 

young adults in conditions where two sensory inputs are altered simultaneously (Baloh et 

al., 1998; Shepard et al., 1993; Whipple et al., 1993).  
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However, the idea that central sensory reweighting deficits are responsible for the 

postural control problems observed in healthy and fall-prone older adults are brought into 

question. It is argued that previous researchers’ interpretation of their results as evidence 

of central reweighting deficits in older adults could be confounded with the presence of 

peripheral sensory deficits (Allison et al., 2006). Peripheral sensory loss due to aging is 

well-documented and is thought to be the primary reason for the loss of orientation sense 

in older adults (Woollacott et al. 1986; Masdeu et al. 1989; Woollacott 1993). Allison et 

al. argued that the possible presence of peripheral sensory deficits could have confounded 

the results of several earlier studies of multisensory integration in older adults, as those 

studies either included subjects with detectable peripheral sensory deficits or not 

described measures used to prevent their inclusion (Teasdale et al. 1991a; Sundermier et 

al. 1996). In older adults with peripheral sensory deficits, the postural instability can 

result even with an intact central sensory integration process if the quality of sensory 

inputs is not adequate to provide an accurate estimation of the body’s orientation (Allison 

et al., 2006). The change in postural control cannot be definitively attributed to the 

central sensory reweighting mechanism when the study subjects contain older adults with 

peripheral sensory loss (Allison et al., 2006).  

Peripheral sensory loss in one sensory system, however, can lead to over reliance 

on other sensory systems, thereby creating a sensory reweighting deficit such that there is 

a failure to down-weight from the over dependent sensory system and up-weight to the 

other sensory system. Increased postural sway in response to dynamic visual 

environments has been demonstrated in healthy and fall-prone older adults by several 

studies (Simoneau et al., 1999; Sundermier et al., 1996; Wade et al., 1995). These studies 
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concluded that those older adults were “visually dependent” or “visually sensitive”. 

Visual dependency will result in over-reliance on the visual information even if it is 

inaccurate. It is considered a sensory reweighting deficit as there is a failure to down-

weight inaccurate visual inputs and up-weight somatosensory and vestibular inputs. The 

favored explanation for visual dependence in older adults is the age or disease related 

sensory loss in the somatosensory and vestibular system (Peterka, 2002). The postural 

control system must over-rely on vision as it cannot rely on somatosensory or vestibular 

system. Peterka (2002) found that subjects with known bilateral vestibular loss had 

higher increased weighting on vision and somatosensory inputs than those with intact 

vestibular function. 

The results of some studies do not support the assumption that the adaptation in 

multisensory reweighting is deficient in both healthy and fall-prone older adults, given 

sufficiently intact peripheral sensation. Repeated exposure to visual and somatosensory 

input alteration has been shown to improve balance performance in healthy older adults 

with rapid adaptation to the altered environmental demands (Horak et al., 1989; Wolfson 

et al., 1992). When sufficiently long adaptation time, such as several minutes, was 

available and the environmental stimuli were gradually degraded, the sensory 

reweighting process of both healthy and fall-prone older adults seem to be sufficient to 

maintain postural stability (Allison et al., 2006; Doumas & Krampe, 2010; Jeka et al., 

2006, 2010). Allison et al. found that both older adult groups had similar overall levels of 

vision and touch reweighting compared to those found with healthy young adults. There 

was an intact intra-modality and inter-modality sensory reweighting in both healthy and 

fall prone older adults (Allison et al., 2006; Oie et al., 2002).  
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The discrepancies between the results of the previous studies that found sufficient 

sensory reweighting versus sensory reweighting deficits in older adults probably resulted 

from using a longer exposure to perturbation due to repeated trials or longer duration 

trials, that permitted efficient adaptation in sensory reweighting. However, real-world 

situations are generally characterized by dynamic and more challenging stimuli, such as a 

busy street or a suddenly appearing uneven surface, in which the older adults are more 

likely to lose balance (Eikema et al., 2012). This emphasizes the need for an intervention 

approach for sensory integration training in older adults based on efficient sensory 

reweighting that can help create a quick, automatic, optimized and effective postural 

response to altered environmental stimuli through practice and motor learning. 

The previous studies focus only on a partial component of the underlying 

mechanisms involved in postural control. The mechanisms underlying postural control 

depend not only on the quality of the sensory information derived from the visual, 

vestibular, and somatosensory systems and the appropriate central integration of these 

sensory information, but also on the selection and execution of the appropriate motor 

response or movement strategy (Nashner, Black, & Wall, 1982; Shumway-Cook & 

Horak, 1986; Horak, 1987). In order to improve the understanding of the underlying 

mechanism of postural control and their decline in older adults, it is important to explore 

the motor responses and their relationship to the dynamic processing of sensory 

information. Yet, the adaptation in motor strategy to efficient adaptation in sensory 

reweighting is not well understood, both in young and older adults. 
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2.4 Sensorimotor Reweighting as a Rehabilitation Mechanism 

Traditional interventions and the theoretical framework for balance training  

Postural control is a multifaceted process. It is a complex mechanism that results 

from the interaction of individuals with their environment and is dependent upon several 

factors such as sensory integration, multi-joint coordination, task constraints and 

cognitive inputs such as attention. Several studies have investigated various activity-

based intervention strategies to reduce the number and risk of falls in older adults 

(Donath et al., 2016; Granacher et al., 2011; Lee et al., 2013; Lord et al., 2001; 

Sherrington et al., 2011; Whipple, 1997), but most of these intervention approaches lack 

a theoretical understanding of the mechanisms by which activities such as exercise affect 

postural control processes. And there is clearly no best practices standardized approach to 

an exercise intervention for fall risks in the elderly. To develop an optimal intervention 

strategy, the mechanism through which intervention affects postural control process 

needs to be understood. Presently, there exists a large gap between research into postural 

control mechanisms and interventions for preventing falls in the elderly. An intervention 

approach based on the sensory integration provides a theoretical framework about 

postural control and its relationship to sensory information and how the intervention 

affects the postural control process.  

The motor strategies can be directly assessed and intervened by the clinicians in 

rehabilitation, in contrast to controlling the central processing of senses for balance. 

Through the understanding of the motor strategies associated with specific sensory 

reweighting tasks, those motor strategies can be incorporated in the rehabilitation of the 

patients with a balance problem due to similar sensory reweighting issue. The few studies 
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that have investigated sensory manipulation as an intervention approach found a positive 

effect on balance and sensory reweighting from sensory training (Anson & Jeka, 2010; 

Hu & Woollacott, 1994; Smania et al., 2008). The intervention included balance training 

in computerized balance instrument (SMART Balance Master) to improve the adaptation 

to changing sensory environments. However, the change in motor adaptation due to an 

efficient sensory reweighting, a greater degree of down-weighting of inaccurate sensory 

inputs and increased up-weighting of accurate sensory inputs, to produce an optimal 

motor strategy has not yet been investigated. In order to devise an optimized intervention 

strategy for a patient with a balance problem due to specific sensory reweighting issue, 

the optimal motor strategies associated with the best use of sensory information for 

maintaining balance during that specific sensory reweighting task needs to be identified. 

Sensory reweighting training that employs optimal motor strategies shown to be 

associated with efficient reweighting of sensory inputs may enhance the outcome of 

sensorimotor rehabilitation.  

Identifying the optimal motor strategy based on efficient sensory reweighting 

 Studies have shown that the CNS modifies postural responses based upon the 

continuing selection of sensory inputs that provide the most physiologically accurate 

information (Assländer & Peterka, 2014; Barela et al., 2014; Jeka, Oie, & Kiemel, 2008). 

As the amplitude of a sensory stimulus perturbation increases, the gain of COM to that 

sensory input gradually decreases for healthy subjects and the reliance on the perturbed 

sensory system decreases whereas reliance on the unperturbed or less perturbed sensory 

system increases. It follows that at the lowest gain to the perturbed sensory input, the 

motor strategy is most efficient for maintaining balance with greater utilization of more 
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accurate sensory input. Similarly, the motor strategy exhibited at the highest gain to the 

perturbed sensory input reflects the least efficient strategy in terms of relying on other 

accurate sensory systems. The ‘optimal’ efficient strategy can be identified by 

determining the trend in the change of motor strategy from the highest gain to the lowest 

gain to the perturbed sensory system. This optimal trend of motor adaptation provides a 

frame of reference to target the optimized goal of intervention for specific sensory 

reweighting tasks. Incorporating the optimal strategy in intervention may enhance the 

outcome of balance training in the clinical population with the problem of sensory 

reweighting. For example, in a patient with a specific problem of reweighting from 

somatosensory to the visual or vestibular system, incorporating the optimal motor 

strategy that represents a greater reliance on the visual or vestibular system than the 

somatosensory system for maintaining balance in an intervention can be more effective in 

improving sensorimotor integration in that patient. For details on clinical application, see 

the ‘Specific clinical application’ section below.  

Integrating the optimal motor strategies in sensorimotor training 

The repetitive practice of the optimal motor strategy in conjunction with 

sensorimotor training in rehabilitation could be effective in reducing the risk of falls in 

patients with a sensorimotor reweighting impairment. Motor adaptation due to task 

practice implies a gradual shift from a more conscious control of behavior to automatic 

processing, which is cognitively less resource- and effort-demanding, and produces a 

gradual modification of the behavior that makes it more fit under the conditions of its 

environment (Shadmehr et al., 2010; Sozzi et al., 2016). Adaptation occurs in both the 

voluntary movements, in which repetition and task practice improve performance (Lotze 
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et al., 2003), and the movements in which automatism prevails (Saling & Phillips, 2007) 

such as in locomotor (Prokop et al., 1995) and postural tasks (Nashner, 1976; Sozzi et al., 

2016). When a particular source of sensory information used to control posture becomes 

unreliable, older adults have been shown to demonstrate slow adaptation in sensory 

reweighting compared to young adults (Allison et al., 2006; Doumas & Krampe, 2010; 

Jeka et al., 2006). The slow adaptation in fall-prone adults implies that the reweighting 

process is not fully achieved during the rapid change in gain. There is also an increased 

attentional demand for the elderly in postural control tasks that requires sensory 

reweighting (Teasdale & Simoneau, 2001). The optimal motor strategy incorporated into 

sensory-motor training can create a quick, automatic, optimized and effective postural 

response through practice and motor learning, which can help prevent falls in older 

people and people who have a sensorimotor reweighting impairment. Perhaps a well-

planned, focused and repetitive practice of the optimal postural control strategies might 

improve the central sensory integration problem based on the principle of neuroplasticity. 

For e.g., with repeated practice of postural control strategies associated with efficient 

down-weighting of visual input and up-weighting of somatosensory and vestibular inputs, 

it might improve these central sensory reweighting mechanisms in patient who are over-

dependent on vision. 

Specific clinical applications 

In a clinical population with a lasting sensory deficit, e.g., diabetic peripheral 

neuropathy, macular degeneration, vestibulopathy, etc., the optimal motor strategies can 

help correct the exaggerated inappropriate postural responses adapted to compensate for 

inefficient sensory reweighting due to the sensory loss or impairments. Moreover, 
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clinicians can directly assess and intervene at managing motor strategies in balance 

training in contrast to controlling the neural processing of senses for balance.  

The current study will investigate and identify optimal motor strategies in tasks 

that require reweighting of specific senses for balance: reweighting from less accurate 

somatosensory to more accurate visual and vestibular input, reweighting from less 

accurate visual to more accurate somatosensory and vestibular input, and reweighting 

from less accurate somatosensory and visual to more accurate vestibular input. The motor 

strategies will be quantified as the contribution of muscle activation (kinetic) and joint 

movement (kinematic) of each major joint in the postural control process for the specific 

task in healthy young and older adults. By identifying the optimal motor strategy for the 

specific sensory reweighting task, the rehabilitation intervention of a patient with the 

same sensory reweighting impairment can be tailored to incorporate the optimal motor 

strategy. For example, an optimal motor strategy shown to be efficient in reweighting 

accurate sensory input when the visual input is perturbed can be incorporated in a sensory 

reweighting training (maintaining balance while sensory system is being perturbed) of a 

patient with a balance problem due to poor vision or over-dependence on vision. 

Similarly, patients with balance problems due to somatosensory deficits, vestibular 

deficits or over-dependence on these systems can benefit by incorporating respective 

optimal motor strategies representing efficient down-weighting of these sensory systems. 

2.5 Summary 

The issue of finding an appropriate and optimized intervention for reducing the 

risk of falls in older people and patients with a sensorimotor deficit is of great 

importance. Most of the current intervention approaches lack a theoretical foundation of 
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how the postural control mechanism is affected with the intervention and fails to provide 

appropriate motor strategies based on a theoretical framework that can be directly 

assessed and managed by clinicians. Continued investigation of changes in motor 

adaptation to specific sensory input alteration is necessary to develop an optimized 

intervention strategy for postural control based on the efficient use of accurate sensory 

inputs for maintaining balance, as well as to achieve a theoretical understanding of how 

postural control mechanisms are affected with the intervention. 
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CHAPTER III 

METHODS 

Falls in the elderly are a serious health issue that can be debilitating and costly. 

Falls impact quality of life with or without injury. Postural imbalance is a major cause of 

falls. Postural stability is dependent on the quality of sensorimotor integration. Poor 

sensorimotor integration has been suggested by experimental studies to be a potential 

cause for falls in older adults. An intervention approach based on sensorimotor 

reweighting provides a theoretical framework about postural control and its relationship 

to sensory information. Incorporating a specific motor strategy that reflects efficient 

reweighting from specific senses into a sensory reweighting training may enhance the 

outcome of sensorimotor rehabilitation in older adults and patients with sensory 

reweighting impairment. However, the change in motor adaptation to an efficient sensory 

reweighting has not yet been investigated.  

Therefore, the purposes of this dissertation were to (Study 1) identify and 

differentiate the optimal motor strategies associated with efficient sensory reweighting 

adapted during the tasks requiring reweighting of specific senses in young adults, and to 

(Study 2) determine if there are differences in motor adaptation associated with the 

efficient sensory reweighting between young and older adults in tasks requiring 

reweighting of specific senses. 

This chapter describes the methodology used for the two studies within this 

dissertation. Methods common to both studies are described together, while unique 

aspects of each study are described separately.  
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3.1 Operational Definitions 

1. Efficient sensory reweighting – Relatively higher down-weighting of inaccurate 

sensory inputs higher up-weighting of accurate sensory inputs. 

2. Inefficient sensory reweighting – Relatively lower down-weighting of inaccurate 

sensory inputs and lower up-weighting of accurate sensory inputs. 

3. Sway referencing gain settings – NeuroCom’s sway referencing gain settings, i.e., 

the platform or visual surround rotation’s multiplication factor with respect to 

subject’s sway for increasing the amplitude of stimulus perturbation, which range 

from 1.0 to 2.0 in increments of 0.2. 

3.2 Assumptions 

1. Subjects showed a sincere natural response to balance perturbation to maintain 

balance and minimize postural sway. 

2. The reflective marker and electromyography (EMG) electrode placements were 

consistent and valid between subjects, ensured by having the primary investigator 

apply all markers and electrodes to the subjects using standardized methods.  

3. The motion capture and EMG systems were appropriately calibrated and provided 

an accurate representation of the true motion and muscle activation, respectively, 

of the subjects. 

4. The NeuroCom SMART EquiTest ("NeuroCom"), motion capture and EMG 

systems provided reliable and valid data. 
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3.3 Experimental Design 

Study 1 

 The first study incorporated a multivariate design to model a linear combination 

of the postural control variables that discriminates the adaptation in optimal motor 

strategies during specific sensory integration tasks in healthy young adults of 20-39 years 

of age. The grouping/response variable was the sensory reweighting condition with three 

categories: visual perturbation, somatosensory perturbation, and both visual and 

somatosensory perturbation that were performed by all young subjects in a randomized 

order. Each observation consisted of a vector of nine measurements representing the 

motor strategy (five joint angle variables, four EMG variables) that were used to identify 

group membership.  

Study 2 

 The second study incorporated a mixed factorial design (3 conditions × 2 groups) 

in healthy young adults of 20-39 years of age and healthy older adults of 60-79 years of 

age. Sensory reweighting condition with three levels (outlined in Study 1 above) was the 

within-subjects factor and the age group with two levels (young and older adults) was the 

between-subjects factor. Each subject performed the three sensory reweighting conditions 

in a randomized order. The motor adaptation was measured across nine variables (five 

joint angle variables, and four EMG variables). 

Sample size 

A sample size of 40 subjects was used for Study 1. Study 1 modeled a linear 

combination of nine motor variables reflecting optimal motor strategies for the three 

sensory reweighting conditions. The sample size was based on the requirements of 
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discriminant function analysis. The sample size of the smallest group necessary to 

conduct discriminant function analysis needs to exceed the number of predictor variables. 

As a general guideline, the smallest sample size should be at least 20 for a few (4 or 5) 

predictors (Poulsen & French, 2004), i.e., 4-5 times the number of predictors. The 

maximum number of independent variables is n-2, where n is the sample size. According 

to Williams and Titus (1988), the minimum sample size must exceed multivariate 

dimensionality by at least a factor of 3 to achieve reasonable levels of stability in 

discriminant function loadings, i.e., the total number of samples per group should be at 

least 3 times the number of variable to be measured. The maximum number of 

independent variables in the current study for discriminant function analysis was nine 

(five joint angle variables, four EMG variables), therefore, a minimum of 36 subjects was 

determined to be adequate to permit robust discriminant function analysis. However, to 

account for exclusion and attrition, a sample size of 40 subjects was used. 

A sample size of 20 older subjects was used for Study 2, which examined the 

difference in motor adaption across sensory reweighting conditions between young and 

older adults. No published scientific literature was found that measured the current 

study's variables and experimental protocol in older adults. The sample size needed in 

study 2 to achieve 80% statistical power was estimated from data of a previous study that 

examined the effect of somatosensory manipulation on EMG of lower limb muscles of 

older men (Ardakani et al., 2015), which incorporated a mixed analysis of variance 

(ANOVA) design. The relevant independent variable from the Ardakani et al. study that 

applies to the current study was somatosensory manipulation with three levels: normal 

standing, standing on foam, and standing on an inflatable pillow, with the dependent 
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variables being root mean square (RMS) average EMG of selected lower limb muscles. 

The study reported a large Eta squared (η2) effect size value ranging from 0.76 to 0.84 for 

the main effect of somatosensory manipulation. This effect size was converted to 

Cohen’s f (1.78 – 2.29) using the following formula (Cohen, 1988; Kim, 2016):  

𝑓 = √𝜂2/(1 − 𝜂2) 

  Based on a desired statistical power of 0.8, an alpha level of .05, and effect size 

(Cohen’s f ) of 1.78 the required sample size was estimated to be six older subjects 

(G*Power, 3.1.9.2, Franz Faul, Universitat Kiel, Germany). However, a sample size of 20 

older subjects was used to allow for attrition, exclusion and to reduce the risk of Type 2 

error.  

Sampling 

 Forty young subjects and seventeen older subjects were recruited from the Texas 

Tech University System, local community and the general population. A signed informed 

consent form approved by the Institutional Review Board for the Protection of Human 

Subjects at Texas Tech University Health Sciences Center (TTUHSC) was collected from 

the subjects before participating in the study. 

Inclusion and exclusion criteria 

 The NeuroCom Sensory Organization Test (SOT) was used as a screening tool to 

test for the inclusion of all subjects. For an SOT to be considered abnormal, the values of 

the composite score and at least one of the six equilibrium scores had to be less than 

those achieved by 95% of the age-matched population of subjects with no symptoms or 

history of disequilibrium (i.e., the 5th percentile or less) (EquiTest® System Version 8.0 

Data Interpretation Manual, 2001, Appendix A). Subjects with abnormal SOT results 
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were excluded from the study. Young adults 20-39 years of age and older adults 60-80 

years of age were included. The older subjects’ age range was selected to facilitate 

understanding relative to previously published literature that investigated sensory 

integration in older adults of the same age (de Dieuleveult et al., 2017). The exclusion 

criteria for both groups were: (1) inability to stand for 5 minutes at a time without upper 

extremity support; (2) any health condition that would affect standing balance; self-

reported; (3) taking any medication that might affect balance; self-reported; (4) 

insufficient vision/corrected vision to read, watch television, or drive that can impair the 

ability to see NeuroCom’s visual surround; at least 20/40 on the Snellen eye chart (see 

Appendix A); (5) below normal muscle strength of lower limb; inability to squat for 3 

seconds; (6) loss of normal sensation at the ankle and foot; tested with 10-gram 

monofilament (see Appendix A); and (7) inability to endure two consecutive hours of 

testing, i.e., the subject dropped out before the conclusion of testing due to fatigue. 

Of the 40 recruited young subjects, data were available from 36 subjects. Two 

subjects were excluded due to abnormal SOT results and technical errors associated with 

anthropometric and marker measurements resulted in the exclusion of two other subjects. 

Of the 17 recruited older subjects, the data were available for 14 subjects. One subject 

was excluded due to an abnormal SOT result, and technical errors resulted in the 

exclusion of two other subjects. 

3.4 Instruments 

NeuroCom  

 A NeuroCom Smart Equitest system (SMART EquiTest®, NeuroCom® 

International Inc.) was used to provide sway referencing as a sensory perturbation to the 
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somatosensory or visual system during the trial. Sway referencing means that the motion 

of the support surface or visual surround follows the subject’s anteroposterior (AP) sway 

in phase but with 250 ms delay, thereby providing inaccurate visual or proprioception 

information. The NeuroCom accomplishes sway-referencing via servomotors responding 

to the AP sway angle derived from the center of pressure (COP). The amplitude of the 

perturbation in the protocol was increased by increasing the sway referencing gain 

settings. A sway referencing gain setting of 1 (G1) is defined by the NeuroCom as the 

support surface or visual surround moving in the same direction and with the same 

magnitude as the subject's postural sway as calculated by the NeuroCom system. 

Similarly, a sway referencing gain setting of 2 (G2) causes the support surface or visual 

surround to sway twice as much as the subject's postural sway. It should be noted that the 

sway angle computed by NeuroCom is derived from COP data collected by the device's 

movable force plate using an inverted pendulum mathematical model. The support 

surface or visual surround sway does not precisely match the subject’s whole-body COM 

motion, which provides a more accurate representation of postural control.  

Motion capture system 

 Kinematic data were acquired using a three-dimensional (3D) motion capture 

system with eight infrared cameras (T-40s; VICON Motion Systems Ltd., Centennial, 

CO; sampling rate of 100 Hz). Vicon’s Plug-in Gait (PiG) full-body model with 39 

retroreflective markers (14 mm diameter) was used for the computation of COM 

trajectories and joint angles. Markers were placed bilaterally on the following anatomical 

landmarks: anterior and posterior head, spinous process of the 7th cervical vertebra, 

spinous process of the 10th thoracic vertebra, jugular notch, sternum, right scapula, 
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acromioclavicular joints, lateral upper arms, lateral humeral epicondyles, lateral 

forearms, radial styloids, ulnar styloids, middle knuckle on hands, anterior and posterior 

superior iliac spines, lateral thighs, femoral epicondyles, lateral legs, lateral malleoli, 

heels, and the second metatarsal heads (Figure 3.1). Extra markers were placed on the 

posterior head, thorax, pelvis and foot for computing the positions of front markers 

during the trial as they were obscured by NeuroCom’s visual surround. The following 

joints angle time series were calculated in the sagittal plane: ankle, knee, hip, spine, and 

neck. Three non-collinear markers were placed on the NeuroCom’s force plate and visual 

surround to calculate their rotation angles.  

Electromyography 

 Surface electromyograms were recorded using a wireless EMG system (Ultium 

ESP, Noraxon) with a sampling rate of 2000 Hz. Muscle activities were recorded 

unilaterally from the dominant side, which was determined by asking the subject: “If you 

were to kick a ball on a target, which leg would you use to kick the ball?” Surface EMGs 

were recorded from the following muscles: sternocleidomastoid (SCM), neck extensors 

(NEX), lower rectus abdominis (RA), lumbar erector spinae (ES), rectus femoris (RF), 

biceps femoris (BF), tibialis anterior (TA), and medial gastrocnemius (MG) muscles 

(Figure 3.1). These muscles were selected to provide information about the motor 

strategies in postural control in all the major joint systems of the body. The EMG system 

was reported by the manufacturer to have baseline noise <1 µV root mean square (RMS), 

input impedance >100 MOhm, common-mode rejection ratio >100 dB. The signal was 

bandpass filtered between 20 Hz and 500 Hz. 
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Synchronization 

 The start and end of each NeuroCom trial was synchronized with the motion 

capture and EMG systems using a sync pulse output from NeuroCom. The normal state 

of the sync pulse was TTL low. At the beginning of each trial, the sync pulse bit changed 

to TTL high and then returned to TTL low at the end of each trial.  

 

Figure 3.1 Reflective markers and wireless EMG electrodes placement shown for a 

representative (A) young and (B) older subjects 
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3.5 Procedures 

Subject preparation 

 Subjects were instructed beforehand to bring athletic shorts and a t-shirt or sports 

top to the test session. The attire was provided to the subjects if they did not bring it. 

Upon arrival, informed consent was obtained. All the young males agreed to perform 

without a t-shirt, while most older males performed with the t-shirt on. The subjects 

changed into test attire prior to testing to control for the confounding effects of clothing 

that might restrict movement and to facilitate EMG electrode and kinematic marker 

placements. The subjects performed the SOT protocol on the NeuroCom as a screening 

test for inclusion in the study. If a subject had normal results on the SOT, met other 

inclusion criteria and did not meet any exclusion criteria, they were included for data 

collection. The SOT protocol test also served as a familiarization trial. 

Anthropometric measurements (height, weight, shoulder offset, elbow width, 

wrist width, hand thickness, leg length, knee width, ankle width) were taken as a 

requirement for the mathematical Plug-In Gait (PiG) Full Body model (Vicon Plug-in 

Gait Product Guide-Foundation Notes, 2010). Subjects then donned a safety harness; this 

harness permitted loss of balance but prevents the subject from falling when standing on 

the NeuroCom. The skin over the relevant muscle bellies was cleaned using abrasive gel 

and isopropyl alcohol, and shaved if necessary. Surface electrodes were placed over the 

muscle bellies using a placement described in a previous study (Hermens et al., 1999) 

except for the neck muscles. For the neck muscles, Noraxon guidelines (Konrad, 2006) 

were used for electrode placement. Wireless sensors were attached to the skin adjacent to 

the electrodes. The reflective marker spheres for the motion capture system were affixed 
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to the head, thorax, arms and legs of the subjects as described previously (see 4.5 

Instruments: Motion Capture System). A static trial was captured initially for PiG model 

calibration and for acquiring locations of front markers to be reconstructed during the 

protocol trials. Subjects then stood on the NeuroCom’s platform that was positioned 

within the calibrated capture volume of the motion capture system. The subject's 

protective harness was secured to the NeuroCom’s frame and foot placement was 

followed according to the instructions displayed in NeuroCom’s software. 

Protocols 

 Subjects performed standing balance during the following randomized Sensory 

reweighting conditions at six progressive sway referencing gain settings: G1, G1.2, G1.4, 

G1.6, G1.8 and G2.  

1. Visual perturbation (VIS): Sway referencing visual surround, fixed 

platform. 

2. Somatosensory perturbation (PLAT): Fixed visual surround, sway 

referencing platform.  

3. Visual and somatosensory perturbation (VISPLAT): Sway referencing 

visual surround, sway referencing platform.  

All conditions were performed with eyes open and bare feet. Each 20 second trial 

was performed for each sway referencing gain setting. Two to three minutes of sitting 

rest was provided to subjects when needed. The randomization scheme was generated by 

using the website Randomization.com (http://www.randomization.com). 
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3.6 Data Reduction and Analyses 

Kinematic data 

A custom MATLAB (The MathWorks, Inc., Natick, MA) program was used to 

reconstruct the position of front markers that were obscured by NeuroCom’s visual 

surround based on positions of the same markers during the static calibration trial when 

those markers were visible. Kinematic model reconstruction from markers, joint center 

calculations, segment definitions and processing of kinematic output (COM trajectories, 

joint angles) were achieved using the Plug-in Gait Full Body pipeline in the Vicon Nexus 

(v. 2.8.1) software (Figure 3.2). The PiG calculates the whole-body center of mass as the 

weighted sum of the centers of mass of all segments (15 segments in Plug-in Gait Full 

Body) (Vicon Plug-In Gait Model Details, 2010). The marker trajectory data were filtered 

with a 4th order, two pass, zero lag Butterworth low pass digital filter at 6 Hz in Nexus. 

Kinematic and EMG data recorded using Nexus were exported to MATLAB for temporal 

synchronization and further data processing. Five root mean square error (RMSE) joint 

angles for each 20 second trial were calculated in the sagittal plane: ankle angle (angle 

between the leg and foot segments), knee angle (angle between the thigh and leg 

segments), hip angle (angle between the pelvis and thigh segments), spine angle (angle 

between the thorax and pelvis segments), neck angle (angle between the head and thorax 

segments). RMSE joint angle is the average deviation from the mean joint angular 

position and represents the average angular movement activity at that joint. As the 

sensory perturbation was induced with sway referencing, the total amplitude and duration 

of perturbation was not standardized during the same type of 20 seconds trial. To account 

for differences in perturbation amplitude and duration the RMSE joint angles were 
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normalized by dividing them by the RMSE COM sway. RMSE COM sway is the average 

deviation from the mean COM sway angle (see below). All subsequent references to the 

RMSE joint angles in this document refer to the normalized RMSE joint angles unless 

specifically stated otherwise. The changes in each RMSE joint angle across the six 

progressive sway referencing gain settings for each condition represented the kinematic 

descriptors of motor adaptation and were calculated as the average percentages of change 

from the sway referencing gain setting of G1.  

 

Figure 3.2 Experimental setup 

Marker trajectories were recorded through the motion capture system (MOCAP) to 

generate a kinematic stick figure and generate a mathematically modeled whole-body 

Center of Mass (COM) position as well as to record joint angles. 
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EMG data 

The RMS EMG amplitude for each 20 seconds trial was calculated for the 8 

muscles. As the sensory perturbation was induced with sway referencing, the total 

amplitude and duration of perturbation was not standardized for all subjects during the 

same type of 20 seconds trial. To account for the differences in perturbation amplitude 

and duration, each RMS EMG variable was normalized by dividing it by the amount of 

RMSE COM sway. As the variable of interest in the study was percentage change, the 

RMS EMG was not needed to be normalized to a reference contraction. All subsequent 

references to the RMS EMG variables in this document refer to perturbation amplitude 

normalized values unless specifically stated otherwise. The RMS EMG values for agonist 

and antagonist muscle pairs acting at the same joint were averaged to determine the 

overall muscular activity at each joint, i.e., the average of SCM+NEX, RA+ES, RF+BF 

and TA+MG were calculated. The neuromuscular component of motor adaptation across 

the six progressive sway referencing gain settings for each condition was characterized 

by the average percentage change in the RMS EMG values for each muscle pair relative 

to the sway referencing gain setting of G1 as shown below. 

RMS EMG adaptation = 

G1.2-G1
G1

+
G1.4-G1

G1
+

G1.6-G1
G1

+
G1.8-G1

G1
+

G2-G1
G1

5
 * 100% 

Angular motion of the platform, visual surround and COM 

 Marker triads placed on the force plate platform and visual surround were used to 

record their motions. Platform (θPLAT) and visual surround (θVIS) sway were calculated as 

the RMSE of their angular rotation in the sagittal plane for each 20 seconds trial. For the 

combined visual and platform perturbation (θVISPLAT) condition, the angular rotation of 
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both the platform and visual surround were averaged. COM sway (θCOM) was calculated 

for each 20 second trial as the RMSE of the sagittal COM sway angle (α). α was defined 

as the angle formed by a line connecting the midpoint of left and right ankle joint centers 

to the COM point and a vertical line. α was computed as described in the following 

trigonometric equation. 

 

Figure 3.3 Calculation of sagittal COM sway angle 

In Figure 3.3, R (x1, y1, z1) represents the position of the COM at time t. The 

sagittal COM sway angle relative to the vertical at time t is the angle α (∠ PQR). Q (x, y, 

z) is the midpoint of the left and right ankle joint centers.  

In the right triangle QPR,  

𝛼 =  𝑡𝑎𝑛−1 (
𝑃𝑅

𝑃𝑄
) 

Where, 

PR = |y1 - y| 

PQ = |z1 - z| 
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positive y is forward 

positive z is upward 

Sensory reweighting 

 The degree of down-weighting of inaccurate sensory inputs by the nervous system 

for postural control across trials with progressively increasing amplitude of sensory 

perturbation was estimated by determining the contribution of the perturbed sensory 

system (input) to the postural stability (output). This was calculated as the gain of COM 

sway to the sensory input being perturbed, which is the ratio of COM sway to the 

platform or visual surround sway (θCOM/θPERTURBATION) (Anson & Jeka, 2010). The 

progressively decreasing ratio of θCOM/θPERTURBATION with progressively increasing 

amplitude of sensory perturbation represents the efficient sensory reweighting for that 

specific sensory integration task. In other words, there would be progressively decreasing 

emphasis by the nervous system on the inaccurate sensory input through progressively 

increasing down-weighting of the perturbed sensory system as it becomes a progressively 

less accurate indicator of self-motion and postural stability (Oie et al., 2002; Peterka, 

2002; Rinaldi et al., 2009). Reciprocally, there would be a progressively higher up-

weighting of accurate sensory inputs for maintaining balance (Allison et al., 2006; 

Cenciarini & Peterka, 2006; Logan et al., 2014; Polastri et al., 2012). Thus, the motor 

adaptation in the postural control strategy by young healthy adults that are associated 

with efficient sensory reweighting were interpreted to represent the optimal strategy for 

that specific sensory integration task.  
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Data transformation 

The postural control variables of interest in the study were the percentage change 

in RMSE joint angle and RMS EMG variables, which represented motor adaptation. The 

percent change in each variable was calculated for each sway referencing gain setting 

with respect to the first/lowest sway referencing gain setting of G1. For the variables that 

represented a proportion/fold/factor change of a physiological measure, theoretically, 

there would be a limit at the lower end of the values that can be obtained but not at the 

upper end. Consequently, such observations would be concentrated at the lower end, and 

then taper off quickly at the upper end resulting in an inherently right-skewed or reverse 

‘J’ shaped distribution (Norman & Streiner, 2008). For example, the lowest possible 

change in RMSE joint angles and RMS EMG is -100%, as it is meaningless and not 

possible to have joint angles and EMG that are less than 0 degrees or 0 volts respectively. 

However, theoretically, no upper limit exists. This would result in data sets to have a 

right-ward skewness with several outliers. When data like these are analyzed with 

parametric tests, the p-values may be invalid due to lack of normality, so such data are a 

valid candidate for transformation (Norman & Streiner, 2008). For the statistical analysis 

of nonnegative positively skewed data, logarithmic or other monotonic functions are 

recommended to transform the raw data to a scale that is suitable for statistical analysis 

which is based on normal distribution theory (Norman & Streiner, 2008; Olivier et al., 

2008). The data in the current study (RMSE joint angle variables and RMS EMG 

variables) would be assessed for right-skewness and outliers, confirmation of which 

would necessitate the data transformation. The data transformation would be done by 

taking the natural logarithm of the raw data as follows:  
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Y= loge (X+100) 

where 

X = Raw data 

Y = Transformed data 

The +100 in X was necessary to convert all data in the current study to a positive 

number (greater than zero) for the logarithmic transformation. Thus, a value of 100 in the 

untransformed data is equivalent to no change (0 %). 

3.7 Variables and Statistical Analyses 

Variables for study 1 

Study 1 incorporated a multivariate design that included multidimensional data 

arranged for classification analysis. The dependent/grouping variable ‘Condition’ 

consisted of 3 categories: VIS, PLAT and VISPLAT. The independent/predictor variables 

were the nine motor adaptation variables representing percentage change in five RMSE 

joint angle and four RMS EMG amplitude.  

Variables for study 2 

 Study 2 incorporated a 2 groups × 3 conditions mixed factorial design. The 

between-subjects factor ‘Group’ consisted of two levels: young and older adults. The 

within-subjects factor ‘Condition’ consisted of three levels: VIS, PLAT and VISPLAT. 

The dependent variables were the nine motor adaptation variables representing 

percentage change in five RMSE joint angle and four RMS EMG amplitude 

Statistical analyses 

For Study 1, linear discriminant analysis (LDA) was performed to model a linear 

combination of the nine motor adaptation variables reflecting optimal postural control 
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strategies that discriminated the three sensory reweighting conditions. The analysis was 

performed on log-transformed data, both in IBM SPSS Statistics for Windows, version 26 

(IBM Corp., Armonk, N.Y., USA) and in R (R Core Team, 2020) using the MASS 

package (Venables & Ripley, 2002). Assumptions for LDA (normality, homogeneity of 

variance-covariance matrices, outliers, linearity and non-multicollinearity) were tested 

within SPSS.  

 For Study 2, a 2×3 mixed-factors analysis of variance (ANOVA) was performed 

for each dependent variable to investigate main effects of groups and conditions, and the 

interaction effect of groups × conditions. Hochberg alpha adjustment for multiple 

ANOVAs was performed separately for the family of EMG and joint angle variables. The 

analysis was performed on the loge transformed data in SPSS. 
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CHAPTER IV 

STUDY 1: POSTURAL CONTROL STRATEGIES FOR SENSORIMOTOR 

TRAINING BASED ON EFFICIENT SENSORY REWEIGHTING  

4.1 Abstract 

To devise an optimized intervention for patients with balance problems due to 

sensory integration deficits, it is necessary to understand the motor adaptation in postural 

control that is associated with the best use of sensory information; in other words, the 

efficient sensory reweighting for maintaining balance. The purpose of this study was to 

identify and differentiate the optimal motor strategies associated with efficient sensory 

reweighting adapted during the specific sensory integration tasks by healthy young 

adults. 

A multivariate design was used to model a linear combination of the motor 

adaptation variables that discriminates specific sensory integration tasks. Thirty-six 

healthy young adult subjects (19 males and 17 females, mean ± std age: 23.5 ± 2.3 years, 

age range: 21-33 years) participated in the study. Participants performed standing balance 

tasks across progressively increasing amplitudes of visual (VIS), somatosensory (PLAT) 

and both (VISPLAT) system perturbation conditions. Adaptation in the motor strategy 

was measured as percentage changes in root mean square electromyographic activities 

and root mean square error joint angles. Contribution of the perturbed sensory input in 

maintaining postural stability was calculated to determine efficient sensory reweighting. 

Linear discriminant analysis was performed to discriminate the optimal adaptation in 

motor strategies during the sensory integration tasks. 
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There was a significant progressive decrease in postural sway per unit amplitude 

of sensory perturbation in each condition (p<.001), indicating an efficient sensory 

reweighting. Out of the two canonical discriminant functions representing a linear 

combination of the motor adaptation variables, only the first function (LD1) was 

statistically significant in discriminating the conditions (p<.05) with a moderate canonical 

correlation coefficient of .44. LD1 separated optimal motor strategy adapted during VIS 

condition from PLAT and VIPLAT conditions the most. The optimal adaptation in motor 

strategy revealed by LD1 during the VIS condition was increased activity around the 

neck, increased stability around the pelvis and decreased activity around the ankle. 

Similarly, during the PLAT and VISPLAT conditions, the optimal adaptation in motor 

strategy was the decreased activity around the neck, increased mobility around the pelvis 

and increased activity around the ankle. The discriminant model produced an overall 

good prediction, 50% correct classification with prior probabilities of 33.33%, for the 

postural control tasks. 

The optimal adaptation in motor strategies associated with efficient sensory 

reweighting are different for the specific sensory integration tasks. These optimal motor 

strategies in postural control can provide a clinician with a frame of reference from which 

to guide intervention and target the optimized goal of rehabilitation to minimize fall risk 

in patients with specific sensory integration impairments. 

4.2 Introduction 

Postural control is possible through the integration of the information from the 

three sensory systems; somatosensory, visual and vestibular (Nashner et al., 1982). The 

integration of sensory information is dynamically regulated through a process referred to 
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as sensory reweighting (Nashner & Berthoz, 1978; van der Kooij et al., 2001; Peterka, 

2002; Kiemel et al., 2002; Peterka & Loughlin, 2004; Mahboobin et al., 2005; Carver et 

al., 2006). Through this process, the relative contribution of each sensory system to 

postural control changes to adapt to the changing environmental conditions and the 

available sensory information. Sensory reweighting is a dynamical process in which the 

nervous system changes the “emphasis” of a particular sensory input by identifying and 

selecting the sensory inputs that provide the most useful and accurate information for 

attaining the goals of orientation and equilibrium (Hwang et al., 2014). For example, 

changes in environmental conditions such as moving from a bright to a dark environment, 

or from a fixed to a moving surface, or from a rough surface to slippery surface, requires 

updating sensory weights to current conditions so that muscular commands are based on 

the most precise and accurate sensory information available (Teasdale, Stelmach, & 

Breunig, 1991; Woollacott et al., 1986; Horak, 2006; Logan et al., 2014). Since all three 

sensory systems provide information about self-motion during standing postural control, 

there is a reciprocal trade-off in sensory reweighting. The sensory input providing 

inaccurate sensory feedback about the body’s orientation, such as with the perturbation of 

the sensory system, is down-weighted. Alternatively, sensory input providing accurate 

sensory feedback about the body’s orientation, the sensory system that is not being 

perturbed, is up-weighted (Allison et al., 2006; Cenciarini & Peterka, 2006; Logan et al., 

2014; Polastri et al., 2012).  

Understanding of postural control mechanism is imperative to develop an optimal 

fall prevention intervention. Postural control is primarily dependent on the quality of the 

sensory information derived from the visual, vestibular, and somatosensory systems, the 
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ability to appropriately integrate and reweight these sensory information, and the 

selection and execution of an appropriate response or movement strategy based on the 

sensory integration (Nashner, Black, & Wall, 1982; Shumway-Cook & Horak, 1986; 

Horak, 1987). A clinician has less control and cannot directly intervene in the first two 

mechanisms. However, the motor strategies can be directly assessed and manipulated by 

rehabilitation clinicians, in contrast to controlling the central processing of senses. By 

understanding the motor strategies associated with the specific sensory integration tasks, 

those motor strategies can be incorporated in the rehabilitation of the patients with 

balance impairments due to similar sensory integration issues. An intervention approach 

based on sensory reweighting provides a theoretical framework about postural control, its 

relationship to sensory information, and how the intervention affects the postural control 

process. 

In order to devise an optimized intervention strategy for a patient with a balance 

problem due to a specific sensory integration issue, it is necessary to identify an optimal 

postural control strategy adapted by young healthy adults that are associated with 

efficient sensory reweighting, i.e., the strategy associated with the best use of sensory 

information for maintaining balance, during that specific sensory integration task. In 

other words, the motor strategies associated with the greater down-weighting of 

inaccurate sensory inputs, and reciprocally greater up-weighting of accurate sensory 

inputs for maintaining balance.  

The identification of optimal postural control strategies provides a frame of 

reference to target the optimized goal of intervention for specific sensory integration 

tasks. This will help the clinicians to enhance the outcome of sensorimotor rehabilitation 
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in a patient with impaired sensory integration, such as due to a sensory deficit or 

overdependence on any senses, by identifying and correcting any inappropriate 

exaggerated postural responses and by helping the patient create a quick, automatic, 

optimized and effective postural responses through practice and motor learning. 

The purpose of this study was to identify and differentiate the optimal motor 

strategies associated with efficient sensory reweighting adapted by healthy young adults 

during the specific sensory integration tasks. It was hypothesized that the adaptation in 

optimal motor strategy associated with efficient sensory reweighting would be different 

during the tasks requiring reweighting of specific senses in healthy young adults due to 

the differences in the underlying sensory integration mechanisms of postural control. 

Relatively increased upper body control was anticipated to facilitate reweighting from the 

visual system and relatively increased lower body control was anticipated to facilitate 

reweighting from the somatosensory system.  

4.3 Methods 

Subjects 

Thirty-six healthy young adult subjects (19 males and 17 females, mean ± std age: 

23.5 ± 2.3 years, age range: 21-33 years, height: 171.8 ± 10 cm, mass: 74.3 ± 14.8 kg) 

participated in the study. All subjects provided a signed informed consent form approved 

by the Institutional Review Board at the affiliated university. Volunteers were excluded 

from participation if they met the following criteria: (1) inability to stand for 5 minutes at 

a time without upper extremity support, (2) any health condition that would affect 

standing balance; self-reported, (3) taking any medication that might affect balance; self-

reported, (4) insufficient vision/corrected vision to read, watch television, or drive; at 
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least 20/40 on the Snellen eye chart (5) below normal muscle strength of lower limb; 

inability to squat for 3 seconds, (6) loss of normal sensation at the ankle and foot; tested 

with 10-gram monofilament, (7) abnormal Sensory Organization Test results, and (8) 

inability to endure two consecutive hours of testing. 

Instrumentation  

A NeuroCom Smart Equitest system (SMART EquiTest®, NeuroCom® 

International Inc.) was used to provide sway referencing as a sensory perturbation to the 

somatosensory or the visual system during a trial. The amplitude of the sensory 

perturbation in the protocol was increased by increasing the sway referencing gain 

settings.  

Kinematics were recorded using a three-dimensional motion capture system with 

eight infrared cameras (VICON Motion Systems Ltd., Centennial, CO; Vicon Nexus 

v.2.8.1; T-40s; sampling rate: 100 Hz). Thirty-nine reflective markers (14 mm diameter) 

were placed on the body at the location specified by Vicon’s Full Body Plug-in Gait 

(PiG) marker set (Figure 4.1) (Vicon Plug-In Gait Model Details, 2010). Extra markers 

were placed on the posterior head, thorax, pelvis and foot for computing the positions of 

front markers at these segments as they were covered by the NeuroCom’s visual surround 

during the trial. Marker triads were placed on the NeuroCom’s force plate and visual 

surround to record their motions. 

Surface electromyograms were recorded using a wireless EMG system (Ultium 

ESP, Noraxon; sampling rate: 2000 Hz; bandwidth filter: 20 Hz and 500 Hz; baseline 

noise <1 µV root mean square (RMS), input impedance >100 MOhm, common-mode 

rejection ratio >100 dB) from the sternocleidomastoid (SCM), neck extensors (NEX), 
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lower rectus abdominis (RA), lumbar erector spinae (ES), rectus femoris (RF), biceps 

femoris (BF), tibialis anterior (TA), and medial gastrocnemius (MG) muscles unilaterally 

from the dominant side (Figure 4.1). The dominant side was determined by asking the 

subject: “If you were to kick a ball on a target, which leg would you use to kick the ball?” 

The sync pulse (TTL) generated from the NeuroCom was used to synchronize the data 

from the three systems. 

Standing balance protocol 

Subjects performed standing balance on the NeuroCom during the following three 

sensory reweighting conditions in a randomized order. 

1. Visual system perturbation (VIS): Sway referencing visual surround, fixed 

platform 

2. Somatosensory system perturbation (PLAT): Fixed visual surround, sway 

referencing platform  

3. Visual and somatosensory system perturbation (VISPLAT): Sway 

referencing visual surround, sway referencing platform 

For each condition there were six trials with progressively increasing sway 

referencing gain settings: G1, G1.2, G1.4, G1.6, G1.8 and G2. A sway referencing gain 

setting of 1 (G1) is defined by the NeuroCom as the support surface or visual surround 

moving in the same direction and with the same magnitude as the subject's postural sway 

as calculated by the NeuroCom system. Similarly, a sway referencing gain setting of 2 

(G2) causes the support surface or visual surround to sway twice as much as the subject's 

postural sway as calculated by the NeuroCom system. Each 20 second trial was 

performed with the eyes open and bare feet. Subjects were provided multiple attempts in 
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case they could not complete the trial due to loss of balance. Two to three minutes of 

sitting rest between the trials was provided to subjects if needed. 

 

Figure 4.1 Reflective markers and wireless EMG electrodes placement on the subject 

Data reduction 

The marker trajectory data were filtered with a 4th order, two pass, zero lag 

Butterworth low pass filter at 6 Hz in Nexus. A custom MATLAB (The MathWorks, Inc., 

Natick, MA) program was used to reconstruct the positions of the front markers based on 

the positions of the same markers during the static calibration trial when those markers 

were visible. The Plug-in Gait Full Body pipeline in Vicon Nexus (Vicon Plug-In Gait 

Model Details, 2010) was used for kinematic modeling, which included calculation of 

joint center locations, segment definitions and kinematic variable outputs. The kinematic 

variables were the center of mass (COM) trajectories and angles of the ankle (angle 

between the leg and foot segments), knee (angle between the thigh and leg segments), hip 
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(angle between the pelvis and thigh segments), spine (angle between the thorax and 

pelvis segments), and neck (angle between the head and thorax segments). The kinematic 

and EMG data from Nexus were exported to MATLAB for temporal synchronization and 

further processing.  

Platform (θPLAT) and visual surround (θVIS) sway were calculated as the root mean 

square error (RMSE) of their angular rotations in the sagittal plane, which represents the 

average deviation from their mean angular position. For the visual and platform 

perturbation (θVISPLAT) condition, their angular rotations were averaged. COM sway 

(θCOM) was calculated as the RMSE of sagittal COM angle, which was the angle formed 

by the COM relative to vertical about the midpoint of the left and right ankle joint 

centers. 

The electromyograms and sagittal joint angles were processed as RMS amplitude 

and RMSE respectively calculated during a 20 second trial. As the sensory perturbation 

was induced with sway referencing, the total duration and amplitude of perturbation were 

not standardized for all subjects during the same type of 20 seconds trial. To account for 

this, the EMG and the joint angle data were normalized by dividing by the θCOM. 

Therefore, the EMG and joint angle variables were expressed per unit COM sway. Then, 

EMG values for agonist and antagonist muscle pairs acting at the same joint were 

averaged to determine the overall muscular activity at each joint, i.e., the average of 

SCM+NEX, RA+ES, RF+BF and TA+MG were calculated. Finally, the postural control 

motor adaptation variables (EMGs and joint angles) across the six sway referencing gain 

settings (G1 to G2) for each condition were calculated as the average percentage change 

from the G1 setting as shown below. As the variable of interest in the study was 
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percentage change, the RMS EMG was not needed to be normalized to a reference 

contraction. 

EMG/Joint angle adaptation = 

G1.2-G1
G1

+
G1.4-G1

G1
+

G1.6-G1
G1

+
G1.8-G1

G1
+

G2-G1
G1

5
 * 100% 

For the variables that represents a proportion change of a physiological measure, 

theoretically, there would be a limit at the lower end of the values that can be obtained 

but not at the upper end. Consequently, the majority of the observations are concentrated 

at the lower end, and then they taper off quickly at the upper end resulting in a right-

skewed or reverse ‘J’ shaped distribution (Norman & Streiner, 2008). Such distributions 

are log-normal (Olivier et al., 2008). Thus, the data in the current study (EMG and joint 

angles) were assessed for right-skewness and outliers, confirmation of which necessitated 

the data transformation. The data were transformed by taking the natural logarithm of the 

raw data as follows:  

Y= loge (X+100) 

where,  

X = Raw data 

Y = Transformed data 

The +100 in X is necessary to convert data in the current study to a positive 

number (greater than zero) for the log transformation.  

The degree of down-weighting of inaccurate sensory inputs by the nervous system 

for postural control across trials with progressively increasing amplitude of sensory 

perturbation can be estimated by determining the contribution of the perturbed sensory 

system (input signal) to postural stability (output signal). This can be calculated as the 
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ratio of COM sway (output signal) to the visual or platform sway (input signal), i.e., 

θCOM/θPERTURBATION (Anson & Jeka, 2010). The progressively decreasing ratio of 

θCOM/θPERTURBATION with progressively increasing amplitude of sensory perturbation 

represents the efficient sensory reweighting for that specific sensory integration task. In 

other words, there is progressively decreasing emphasis by the nervous system on the 

inaccurate sensory input through progressively increasing down-weighting of the 

perturbed sensory system as it becomes a progressively less accurate indicator of self-

motion and postural stability (Oie et al., 2002; Peterka, 2002; Rinaldi et al., 2009). 

Reciprocally, there is progressively higher up-weighting of accurate sensory inputs for 

maintaining balance (Allison et al., 2006; Cenciarini & Peterka, 2006; Logan et al., 2014; 

Polastri et al., 2012). Thus, the adaptation in the postural control strategy by young 

healthy adults that are associated with efficient sensory reweighting represents the 

optimal strategy for that specific sensory integration task. 

Statistical analysis  

The study incorporated a multivariate design that included multidimensional data 

arranged for classification analysis. The grouping variable ‘condition’ consisted of 3 

categories: VIS, PLAT and VISPLAT. Each observation in a category consisted of a 

vector of 9 predictor variables that represented the motor adaptation in postural control 

strategy: four percent change RMS EMG variables each representing the average activity 

of agonist/antagonist pairs at a joint and five percent change joint angle variables each 

representing movement RMSE during each postural perturbation condition. Linear 

discriminate analysis (LDA) was performed to model a linear combination of the 

predictor variables reflecting optimal motor strategies that discriminated the three sensory 
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reweighting conditions. The analysis was performed on loge transformed data, both on 

IBM SPSS Statistics for Windows, version 26 (IBM Corp., Armonk, N.Y., USA) and 

using the MASS package (Venables & Ripley, 2002) on R (R Core Team, 2020).  

4.4 Results 

Normality of transformed data 

Most of the untransformed data were highly right-skewed, leptokurtic, had several 

extreme outliers (>3IQR) and not normally distributed. After the transformation 

skewness and kurtosis in the data were adjusted to an acceptable range, there were no 

extreme outliers in the data set and most data sets were normally distributed (Table 4.1).  
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Table 4.1 Descriptive statistics (mean average percentage change, standard deviation) and 

normality tests 

  VIS PLAT VISPLAT 

  Mean Std.  
Shapiro 
-Wilk 

p-value 

Mean Std. 
Shapiro 
-Wilk 

p-value 

Mean Std. 
Shapiro 
-Wilk 

p-value 

SCM 

+ 
NEX 

UnTr 8.5 46.8 <.001* -16.4 35.0 0.22 1.1 41.0 0.02* 

LogTr 4.6 0.4 .22 4.3 0.5 0.19 4.5 0.4 0.63 

RA 

+ 
ES 

UnTr 4.9 41.8 <.01* -19.5 29.3 0.48 -3.5 36.0 0.06 

LogTr 4.6 0.4 .42 4.3 0.4 <.01* 4.5 0.4 0.10 

RF 

+ 
BF 

UnTr 33.5 122.0 <.001* -6.2 65.1 <.001* 12.6 55.3 <.01* 

LogTr 4.6 0.7 0.06 4.3 0.7 0.21 4.6 0.5 0.71 

TA 

+ 

MG 

UnTr 1.7 51.6 <.01* 9.6 108.9 <.001* 23.6 53.8 <.01* 

LogTr 4.5 0.5 0.08 4.5 0.6 0.03* 4.7 0.4 0.15 

Neck 
UnTr 41.1 100.1 <.001* 22.2 102.5 <.001* 13.4 94.0 <.001* 

LogTr 4.7 0.7 0.78 4.6 0.7 0.09 4.5 0.6 0.04* 

Spine 
UnTr 40.1 122.8 <.001* 2.9 60.6 <.001* 11.0 48.4 0.14 

LogTr 4.7 0.7 0.18 4.5 0.5 0.60 4.6 0.5 0.30 

Hip 
UnTr 28.5 74.3 <.001* 32.7 68.0 0.01* 38.1 63.8 0.02* 

LogTr 4.7 0.5 0.18 4.8 0.5 0.44 4.8 0.5 0.72 

Knee 
UnTr 30.5 72.6 0.02* 38.2 61.9 0.16 53.0 134.8 <.001* 

LogTr 4.7 0.6 0.44 4.8 0.5 0.08 4.8 0.6 0.09 

Ankle 
UnTr 7.6 52.8 <.001* 17.5 65.6 <.001* 21.8 45.9 0.06 

LogTr 4.6 0.4 0.21 4.7 0.5 0.61 4.7 0.4 0.04* 

Abbreviations: Untr, Untransformed data; LogTr, Loge transformed data; SCM+NEX, 

average of sternocleidomastoid and neck extensors; RA+ES, average of lower rectus 

abdominis and lumbar erector spinae; RF+BF, average of rectus femoris and biceps 

femoris; TA+MG, average of tibialis anterior and medial gastrocnemius; VIS, Visual 

system perturbation; PLAT, Somatosensory system perturbation; VISPLAT, Visual and 

somatosensory system perturbation. Units of mean and standard deviation for 

untransformed data are percentage (%). * Statistically significant Shapiro-Wilk normality 

test, indicating a non-normal distribution. 

Adaptation in sensory reweighting and postural control strategy 

The θCOM/θPERTURBATION progressively decreased with the progressively increasing 

amplitude of sensory perturbation in all three conditions (Figure 4.2). All pair-wise 
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comparisons of θCOM/θPERTURBATION between each sway referencing gain settings were 

statistically significant (Bonferroni adjusted p < .001) in all three conditions. This 

indicates that there was an efficient sensory reweighting across the progressively 

increasing amplitude of sensory perturbation in all three conditions. The motor adaptation 

in postural control variables (percent change in RMS EMG and RMSE joint angles) 

during PLAT and VISPLAT conditions showed a similar pattern of relatively increased 

lower body activity and relatively decreased upper body activity, whereas during the VIS 

condition there was an opposite pattern of relatively increased activity in the upper body 

and relatively decreased activity in the lower body (Figure 4.3). 

 

Figure 4.2 Center of Mass (COM) sway (θCOM) and perturbation sway (θPERTURBATION) 

(A) Mean sway of the COM plotted against the mean sway of perturbation across 

progressively increasing sway referencing gain settings for each of the three conditions. 

(B) Mean and 95% confidence interval (CI) error bar for the ratio of the sway of COM to 

sway of perturbation across progressively increasing sway referencing gain settings for 

each of the three conditions. Abbreviations: RMSE, root mean square error; G1-G2, sway 

referencing gain settings; θCOM, COM Sway; θVIS, visual surround sway; θPLAT, platform 

Sway; θVISPLAT, both visual and platform sway; VIS, Visual system perturbation; PLAT, 

Somatosensory system perturbation; VISPLAT, Visual and somatosensory system 

perturbation. 
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Figure 4.3 Bar graphs of mean motor adaptation in healthy young adults 

(A, B) Raw data. (C, D) Loge transformed data. (A, C) Percentage change in EMGs. (B, 

D) Percentage change in joint angles. For both graphs, x-axis is arranged from left to 

right for muscles and joints in the upper body to lower body for each of the three 

conditions. Note: The arithmetic mean value of 4.61 on loge transformed data equals 

geometric mean value of 100% on the original scale, which is equivalent to 0% change. 

Abbreviations: SCM+NEX, average of sternocleidomastoid and neck extensors; RA+ES, 

average of lower rectus abdominis and lumbar erector spinae; RF+BF, average of rectus 

femoris and biceps femoris; TA+MG, average of tibialis anterior and medial 

gastrocnemius; VIS, Visual system perturbation; PLAT, Somatosensory system 

perturbation; VISPLAT, Visual and somatosensory system perturbation; CI, Confidence 

interval. 
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Linear discriminant analysis 

 The linear relationships between all pairs of predictors within each group were 

visually assessed with scatter plots to confirm the assumption of linearity. All pairwise 

Pearson correlations (r) were <0.7 (non-multicollinearity), except for the correlation 

between SCM+NEX and RA+ES (r = 0.9). However, removing either variable in LDA 

had a negligible effect on the magnitudes and no effect on the signs or rank order of the 

canonical coefficients of other variables. There was no change in the interpretation of 

canonical functions, and only minimal change in the classification accuracy (<0.1%). 

Therefore, both variables were retained in the LDA analysis to understand the 

relationship among all postural control variables. The Box’s M test of homogeneity of 

within-groups covariance matrices was non-significant (p=.116). 

 Since there were three categories in the grouping variable ‘condition’ (VIS, 

PLAT, VISPLAT), two canonical discriminant functions LD1 and LD2 representing a 

linear combination of motor adaptation variables were produced. LD1 significantly 

discriminated the groups with a moderate linear relationship with the grouping variable (p 

< .05), canonical correlation coefficient = .44), whereas LD2 did not significantly 

discriminate the groups with a low linear relationship with the grouping variable (p = .38, 

canonical correlation coefficient = .29; Table 4.2). The percentage of between-groups 

variance explained by LD1 was 72.8%, with the remainder 27.2% explained by LD2 

(Table 4.2). In LD1, strong to moderate positive loadings in order were from TA+MG, 

Ankle, and Hip, whereas strong to moderate negative loadings in order were from 

SCM+NEX, RA+ES and Neck. Their coefficients were larger than the other variables, 

indicating that these motor adaptation variables had greater discriminating power in LD1. 
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Increased activity in the lower body compared to the upper body tends to increase the 

score of LD1 and similarly, increased activity in the upper body compared to the lower 

body tends to decrease the score of LD1. Thus, LD1 represents adaptation in motor 

strategy that emphasizes the difference in activity (EMGs and joint angle) between upper 

and lower body. The combined group plot of the discriminant functions scores shows that 

motor strategy represented by LD1 separates VIS condition, which tend to be at the 

negative end, from the PLAT and VISPLAT conditions, which tends to be at the positive 

end (Figure 4.4). In contrast, motor strategy represented by LD2 separates PLAT from 

VISPLAT condition, which tend to be at the negative and positive end respectively. 

𝐿𝐷1 =  −0.25 + 1.92 (𝑇𝐴 + 𝑀𝐺) − 1.80(𝑆𝐶𝑀 + 𝑁𝐸𝑋) − 1.34(𝑅𝐴 + 𝐸𝑆) + 1.14(𝐴𝑛𝑘𝑙𝑒) + 0.79(𝐻𝑖𝑝)

− 0.44(𝑁𝑒𝑐𝑘) − 0.36(𝑅𝐹 + 𝐵𝐹) + 0.11(𝑆𝑝𝑖𝑛𝑒) − 0.08(𝐾𝑛𝑒𝑒) 

𝐿𝐷2 =  −6.44 +  1.41(𝑇𝐴 + 𝑀𝐺) − 1.24(𝑁𝑒𝑐𝑘) + 0.65(𝑆𝐶𝑀 + 𝑁𝐸𝑋) + 0.60(𝑅𝐴 + 𝐸𝑆) − 0.48(𝐾𝑛𝑒𝑒)

+ 0.23(𝑅𝐹 + 𝐵𝐹) + 0.17(𝐻𝑖𝑝) + 0.13(𝑆𝑝𝑖𝑛𝑒) − 0.01(𝐴𝑛𝑘𝑙𝑒) 

Table 4.2 Statistical significance tests, relative percent variance and canonical correlation 

for the two canonical discriminant functions LD1 and LD2 

Function 
Wilks' 

Lambda 

Chi-

square 
df 

Sig. 

p-value 
Eigenvalue 

% of 

Variance 

Cumulative 

% 

Canonical 

Correlation 

LD1 0.742 30.085 18 0.037* .237a 72.8 72.8 0.438 

LD2 0.918 8.591 8 0.378 .089a 27.2 100 0.286 
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Figure 4.4 Scores of each observation on the two canonical discriminant functions in the 

three conditions  

Abbreviations: LD1 and LD2, canonical discriminant functions; VIS, Visual system 

perturbation; PLAT, Somatosensory system perturbation; VISPLAT, Visual and 

somatosensory system perturbation; Group centroid, mean discriminant score for each 

group. 

 The prior probabilities in classification model statistics for the three categories 

based on equal sample sizes were 33.3% for each group. The model was able to classify 

overall 50% of the observations correctly: VIS (66.7%), PLAT (38.9%) and VISPLAT 

(44.4%) (Table 4.3). The model was better at discriminating VIS from the PLAT and 

VISPLAT conditions than at discriminating PLAT from the VISPLAT condition. 
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Table 4.3 Total number and percentage of original and predicted group memberships 

  Classification Results 

 
 Predicted Group Membership 

Total 
 Condition VIS PLAT VISPLAT 

O
ri

g
in

al
 G

ro
u
p
 

VIS 24 5 7 36 

Count PLAT 7 14 15 36 

VISPLAT 9 11 16 36 

VIS 66.7 13.9 19.4 100 

% PLAT 19.4 38.9 41.7 100 

VISPLAT 25.0 30.6 44.4 100 

Abbreviations: VIS, Visual system perturbation; PLAT, Somatosensory system 

perturbation; VISPLAT, Visual and somatosensory system perturbation.  

4.5 Discussion 

The purpose of this study was to identify and differentiate the optimal postural 

control strategies adapted by healthy young adults during specific sensory integration 

tasks. As the amplitude of a sensory system perturbation was increased, that 

corresponding sensory system became an increasingly less accurate indicator of self-

motion and postural stability (Figure 4.2). In order to keep maintaining upright balance, 

the subjects relied less on that perturbed sensory system and more on the unperturbed 

sensory systems that were providing more accurate feedback about the body’s 

orientation. This trade-off is referred to as inter-modal sensory reweighting (Allison et 

al., 2006; Cenciarini & Peterka, 2006; Logan et al., 2014; Polastri et al., 2012). The 

significant progressive decrease in the postural sway per unit amplitude of sensory 

perturbation (θCOM/θPERTURBATION) in the current study indicates the efficient adaptation in 

down-weighting the contribution of the perturbed sensory system in maintaining a stable 

COM. Thus, the motor adaptation associated with such efficient sensory reweighting in 
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young healthy adults represents the optimal postural control strategy for that specific 

sensory integration task.  

The plot of discriminant function scores (Figure 4.4) revealed that the lower 

discriminant scores on LD1 tended to be from the VIS condition and the higher 

discriminant scores on LD1 tended to be from the PLAT and VISPLAT conditions. 

Examination of the relative magnitudes and signs of the coefficient of the canonical 

discriminant function LD1, three major motor strategies are revealed around different 

body regions relative to each other: (1) Increased or decreased activity indicated by a 

relative increase or decrease, respectively, in both muscle contraction and joint 

movement; (2) Increased stability indicated by the relative increase in muscle contraction 

and decrease in joint movement; and (3) Increased mobility indicated by a relative 

decrease in muscle contraction and increase in joint movement. Discriminant scores of 

LD1 decreases with the increased activity around the neck region (relative increase in 

SCM+NEX and Neck), increased stability around the pelvis region (relative increase in 

RA+ES and RF+BF, and decrease in Hip and Spine), and decreased activity around the 

ankle region (relative decrease in TA+MG and Ankle). This optimal motor strategy was 

mostly associated with the VIS condition (Figure 4.5). Conversely, the discriminant 

scores of LD1 increases with decreased activity around the neck region (relative decrease 

in SCM+NEX and Neck), increased mobility around pelvis region (relative decrease in 

RA+ES and RF+BF, and increase in Hip and Spine), and increased activity around ankle 

region (relative increase in TA+MG and Ankle). This optimal motor strategy was mostly 

associated with PLAT and VISPLAT conditions (Figure 4.5). 
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Figure 4.5 Optimal motor strategies represented by higher and lower scores on the 

canonical discriminant function LD1  

Lower scores on LD1 are associated mostly with VIS and higher scores on LD1 are 

associated mostly with PLAT and VISPLAT conditions. Abbreviation: ↑, increase; ↓, 

decrease; -ve, lower score on LD1; +ve, higher score on LD1; VIS, Visual system 

perturbation; PLAT, Somatosensory system perturbation; VISPLAT, Visual and 

somatosensory system perturbation.  

The LD2 separated mostly the PLAT from VISPLAT conditions as higher 

discriminant scores on LD2 tended to be from VISPLAT and lower discriminant scores 

tended to be from PLAT. However, since LD2 did not add a statistically significant 

contribution to the discriminant model, its interpretation should be evaluated with 

caution. Based on the relative magnitudes and signs of the canonical coefficients of LD2, 

the motor strategy for the VISPLAT condition seemed to differ from the PLAT condition 

primarily in relation to stability or mobility in the neck. The adaptation in motor strategy 

during VISPLAT exhibited more stability around the neck region (relative increase in 

SCM+NEX and decrease in Neck), whereas the motor strategy during PLAT exhibited 

more mobility around the neck region (relative decrease in SCM+NEX and increase in 

Neck). 
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The sensory reweighting condition VIS required the down-weighting of the visual 

system and up-weighting of the somatosensory and vestibular systems for maintaining 

balance. Under normal conditions, the somatosensory system is the dominant contributor 

of sensory information used to estimate self-motion (Peterka, 2002). Logan et al., found 

that the inter-modal effect of visual system perturbation on the somatosensory system is 

less than the inter-modal effect of somatosensory system perturbation on the visual 

system (Logan et al., 2014). The authors indicated that the higher influence of the 

somatosensory system during standing postural control led to a ceiling effect which 

resulted in less increase in the already high contribution of the somatosensory system in 

postural control during visual system perturbation. The motor strategies adapted during 

the VIS condition in the current study were probably influenced from the reliance mostly 

on the somatosensory system. This probably resulted in a relatively unique strategy, 

associated with somatosensory influence, during the VIS condition which could be 

discriminated well by the discriminant function LD1 from the motor strategy adapted 

during the PLAT and VISPLAT conditions, which are associated with the increased 

influence of the visual or vestibular systems. However, during the PLAT condition, it is 

possible that the subjects were able to maintain balance with the increased influence of 

either the visual or vestibular system or both. Previous studies have shown that increasing 

the amplitude of somatosensory perturbation also increases the use of the vestibular 

system in the form of increased response to the same galvanic vestibular stimulus 

(Cenciarini & Peterka, 2006; Hwang et al., 2014). The possibility of using either the 

visual or vestibular system or both probably led to not so unique adaptations in motor 

strategy during the PLAT condition in contrast to the motor strategy adapted during the 
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VISPLAT condition that required up-weighting of the vestibular system for maintaining 

balance. It could be the reason why LD2, that mostly discriminated PLAT from 

VISPLAT, was not statistically significant. This further emphasizes the need for more 

experimental studies on the simultaneous interaction of the change in the contributions of 

multiple sensory systems due to perturbation for postural control. 

The discriminant model produced in this study provided an overall good 

prediction (50% correct classification) for postural control tasks. The linear canonical 

correlation for LD1 was moderate (.438). Performing quadratic discriminant analysis on 

the data in the current study using a non-linear quadratic decision boundary produced a 

better classification result with an overall 62% correct classification: VIS (58.3%), PLAT 

(66.7%), and VISPLAT (61.1%). This suggests that modeling the sensory reweighting 

conditions with non-linear combinations of postural control variables may provide 

additional insight into the relationship.  

4.6 Conclusion 

The adaptation in motor strategies associated with efficient sensory reweighting 

are different for the specific sensory integration tasks in healthy young adults. This 

optimal motor strategies can be used as a normative data set to provide a clinician with a 

frame of reference from which to guide intervention and target the optimized goal of 

rehabilitation to minimize fall risk in patients with specific sensory integration 

impairments. Future research should evaluate the effect of aging in the adaptation of 

optimal postural control strategies for application in an older population and compare the 

motor adaptation in the clinical population with specific sensory integration impairment 

for developing an optimal intervention program.  
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CHAPTER V 

STUDY 2: EFFECT OF AGING ON THE ADAPTATION OF POSTURAL 

CONTROL STRATEGIES DURING EFFICIENT SENSORY REWEIGHTING 

5.1 Abstract 

Understanding the motor adaptations that occur during efficient sensory 

reweighting has value in the development of fall-prevention interventions in older adults. 

However, the effect of age-related changes on these motor adaptations has not been 

investigated. The purpose of this study was to compare the adaptation in motor responses 

associated with the efficient sensory reweighting between healthy young and older adults 

during sensory integration tasks. 

The study incorporated a mixed-factorial design. Thirty-six healthy young adult 

subjects (19 males and 17 females, age: 23.5 ± 2.3 years, height: 171.8 ± 10 cm, mass: 

74.3 ± 14.8 kg) and fourteen healthy older subjects (6 males and 8 females, age: 66.96 ± 

4.96 years, height: 166.6 ± 10 cm, mass: 74.4 ± 16.5 kg) participated in the study. 

Participants performed standing balance tasks in three conditions with progressively 

increasing amplitudes of visual (VIS), somatosensory (PLAT) and both (VISPLAT) 

systems perturbations. Adaptation in the motor strategy for postural control was 

measured as percent changes in root mean square electromyographic activities and root 

mean square error joint angle motions. Contribution of the perturbed sensory input in 

maintaining postural stability (θCOM/θPERTURBATION) was calculated to quantify sensory 

reweighting (SR). Bonferroni adjusted pair-wise comparisons of θCOM/θPERTURBATION 

between each sway referencing gain settings (SRGS) was performed for older adults to 

investigate efficient adaptation in SR. A 2 age-group × 6 SRGS mixed-factors ANOVA 
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was performed for comparison of θCOM/θPERTURBATION between young and older adults 

across 6 SRGS. A 2 age-group × 3 condition mixed-factor ANOVA was performed for 

each motor adaptation dependent variable. Hochberg alpha adjustment for multiple 

ANOVAs was performed separately for the family of EMG and joint angle variables. 

All pair-wise comparisons of θCOM/θPERTURBATION between each sway referencing 

gain settings were statistically significant (Bonferroni adjusted p < .05) in all three 

conditions for older adults, except for the difference between G1.6 and G1.8 in VIS and 

PLAT, and between G1.8 and G2 in VISPLAT. The group by SRGS interaction effect 

was non-significant (Greenhouse-Geisser corrected p > .05) in each condition. There was 

a non-significant main effect of groups (young vs. older adults) (p >.05) and significant 

main effect of SRGS (Greenhouse-Geisser corrected p < .001) in each condition. These 

results indicate that there was an overall efficient adaptation in sensory reweighting in 

older adults across the progressively increasing amplitude of sensory perturbation in all 

three condition and the overall degree of adaptation in sensory reweighting was similar 

between young and older adults. There was no significant group by condition interaction 

effect and no significant main effect of the group and condition for any of the EMG or 

joint angle dependent variables (p > αadjusted). This indicates a similar relative pattern of 

adaptation in motor strategy for young and older adults.  

The age-related changes did not affect the relative pattern of optimal motor 

strategies in older adults compared to young adults. Understanding the optimal postural 

control strategies can benefit the fall prevention program in older adults. 
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5.2 Introduction 

Falls in the elderly population are a serious health issue that can be debilitating 

and costly. The underlying physiological mechanisms of postural control and their 

decline in older adults that lead to increased risk of falls are not fully understood. This 

has hindered the development of optimal fall prevention interventions in older adults. 

Sensory reweighting is one of the underlying mechanisms in postural control. It is a 

dynamical process through which the relative contribution of each sensory system to 

postural control changes to adapt to the changing environmental conditions and the 

available sensory information (Nashner & Berthoz, 1978; van der Kooij et al., 2001; 

Peterka, 2002; Kiemel et al., 2002; Peterka & Loughlin, 2004; Mahboobin et al., 2005; 

Carver et al., 2006). Through sensory reweighting, the sensory input providing inaccurate 

sensory feedback about the body’s orientation, such as with the perturbation of the 

sensory system, is down-weighted. Alternatively, sensory input providing accurate 

sensory feedback about the body’s orientation, the sensory system that is not being 

perturbed, is up-weighted. These processes are referred to as intra-modality and inter-

modality sensory reweighting respectively (Allison et al., 2006; Cenciarini & Peterka, 

2006; Logan et al., 2014; Polastri et al., 2012).  

The degradation in central sensory reweighting mechanisms with aging has been 

thought to increase the risk of falls in older adults (Alexander, 1994; Shumway-Cook & 

Woollacott, 2000; Teasdale, Stelmach, & Breunig, 1991; Teasdale, Stelmach, Breunig, et 

al., 1991). Older adults have been shown to exhibit overall increased postural sway 

compared to young adults during postural control tasks that employ higher-level 

voluntary mechanisms, such as with a small-slow ankle perturbation, as opposed to the 
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tasks that employ a long-loop reflexive mechanism, such as with a large-fast ankle 

perturbation (Stelmach et al., 1989). It has been hypothesized that there is a disadvantage 

in older adults compared to young adults when postural control requires sensory 

integration from slower, higher-center level mechanisms than from reflexive mechanisms 

(Stelmach et al., 1989; Teasdale, Stelmach, & Breunig, 1991). Sudden withdrawal and re-

insertion of both visual information, by closing and opening the eyes, and somatosensory 

information, by removing and adding a foam surface, resulted in substantially more 

postural sway in older adults when compared with young adults (Teasdale, Stelmach, & 

Breunig, 1991). The author suggested that the result was a possible indicator of a 

deficiency in sensory reweighting to altered sensory stimuli in the older group. Other 

studies have also found that older adults are less stable compared to young adults in 

conditions where two sensory inputs are altered simultaneously (Baloh et al., 1998; 

Shepard et al., 1993; Whipple et al., 1993).  

However, the idea that central sensory reweighting deficits are responsible for the 

postural control problems observed in healthy and fall-prone older adults are brought into 

question. It has been argued that the possible presence of peripheral sensory deficits 

could have confounded the results of several earlier studies of multisensory integration in 

healthy and fall-prone older adults, as those studies either included subjects with 

detectable peripheral sensory deficits or did not describe screening measures to prevent 

their inclusion (Sundermier et al., 1996; Teasdale, Stelmach, & Breunig, 1991). In older 

adults with peripheral sensory deficits, postural instability can result even with an intact 

central sensory integration process if the quality of sensory input is not adequate to 

provide an accurate estimation of the body’s orientation (Allison et al., 2006). The 
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change in postural control cannot be definitively attributed to the central sensory 

reweighting mechanism when the study subjects contain older adults with peripheral 

sensory loss (Allison et al., 2006). However, peripheral sensory loss in one sensory 

system can lead to over reliance on other sensory systems, thereby creating a sensory 

reweighting deficit such that there is a failure to down-weight from the over dependent 

sensory system and up-weight to the other sensory system. Visual dependencies in older 

adults have been demonstrated by several studies, the favored explanation for which is 

the age or disease related sensory loss in the somatosensory and vestibular systems 

(Peterka, 2002; Simoneau et al., 1999; Sundermier et al., 1996; Wade et al., 1995).  

The results of some studies do not support the assumption that the motor 

adaptation in multisensory reweighting is deficient in both healthy and fall-prone older 

adults, given sufficiently intact peripheral sensation. Repeated exposure to visual and 

somatosensory input alteration has been shown to improve balance performance in 

healthy older adults with rapid adaptation to the altered environmental demands (Horak et 

al., 1989; Wolfson et al., 1992). When sufficiently long adaptation time, such as several 

minutes, was available and the environmental stimuli were gradually degraded, the 

sensory reweighting process of both healthy and fall-prone older adults seem to be 

sufficient to maintain postural stability (Allison et al., 2006; Doumas & Krampe, 2010; 

Jeka et al., 2006, 2010). Allison et al. found that both older adult groups had similar 

overall levels of vision and touch reweighting compared to those found with healthy 

young adults. There were intact intra-modality and inter-modality sensory reweighting in 

both healthy and fall prone older adults (Allison et al., 2006; Oie et al., 2002). The 

discrepancies between the results from these studies with those of previous studies that 
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found sensory reweighting deficits in older adults probably resulted from using a longer 

exposure to perturbation due to repeated trials or longer duration trials that permitted 

efficient adaptation in sensory reweighting. However, real-world situations are generally 

characterized by dynamic and more challenging stimuli, such as a busy street or a 

suddenly appearing uneven surface, in which the older adults are more likely to lose 

balance (Eikema et al., 2012). This emphasizes the need for an intervention approach for 

sensory integration training in older adults based on efficient sensory reweighting that 

can help create a quick, automatic, optimized and effective postural response to altered 

environmental stimuli through practice and motor learning (Dewan et al., 2020). 

Most of the previous studies focused only on partial components of the underlying 

mechanisms involved in postural control. The mechanisms underlying postural control 

depend not only on the quality of the sensory information derived from the visual, 

vestibular, and somatosensory systems and the appropriate central integration of this 

sensory information, but also on the selection and execution of the appropriate motor 

response or movement strategy (Nashner, Black, & Wall, 1982; Shumway-Cook & 

Horak, 1986; Horak, 1987). It is important to explore the motor responses and their 

relationships to the dynamic processing of sensory information to improve the 

understanding of the underlying mechanisms of postural control. Dewan et al. has shown 

that there is a tendency for adaptation of specific optimal motor strategies by healthy 

young adults that are associated with the efficient adaptation in sensory reweighting 

during specific sensory integration tasks (Dewan et al., 2020). Since motor strategies can 

be directly assessed and intervened by a clinician in the rehabilitation in contrast to 

controlling the central processing of senses, these identified optimal postural control 
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strategies can be incorporated in sensory integration training to serve as a frame of 

reference to target the optimized goal of intervention. However, given there is no sensory 

or motor weakness and there is an efficient adaptation in sensory reweighting in older 

adults, it is not sure if the age-related changes deem these optimal adaptations in motor 

strategies exhibited by younger adults to remain the same for older adults to be applicable 

in the intervention in healthy and fall-prone older adults. 

The purpose of this study was to compare the adaptation in motor responses 

associated with efficient sensory reweighting between healthy young and older adults 

during sensory integration tasks. It was hypothesized that there would be differences in 

the adaptation of postural control strategies between healthy young and older adults in 

tasks requiring reweighting of specific senses due to the effect of aging. However, if the 

efficient adaptation in sensory reweighting can be achieved in older adults, the optimal 

postural control strategies may be similar between healthy young and older adults.  

5.3 Methods 

Subjects 

Thirty-six healthy young adult subjects (19 males and 17 females, mean ± std age: 

23.5 ± 2.3 years, age range: 21-33 years, height: 171.8 ± 10.0 cm, mass: 74.3 ± 14.8 kg) 

and fourteen healthy older subjects (6 males and 8 females, mean ± std age: 67.0 ± 5.0 

years, age range: 60-79 years, height: 166.6 ± 10.0 cm, mass: 74.4 ± 16.5 kg) participated 

in the study. All subjects provided a signed informed consent form approved by the 

Institutional Review Board at the affiliated university. Data from the healthy young 

subjects were collected and reported previously (Dewan et al., 2020) and are used herein 

for comparison. The comparison of both the height and mass between young and older 
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subjects were statistically non-significant (p > .05), with the non-significant Levene’s test 

for equality of variances. 

Volunteers were excluded from participation if they met the following criteria: (1) 

inability to stand for 5 minutes at a time without upper extremity support, (2) any health 

condition that would affect standing balance; self-reported, (3) taking any medication that 

might affect balance; self-reported, (4) insufficient vision/corrected vision to read, watch 

television, or drive; at least 20/40 on the Snellen eye chart (5) below normal muscle 

strength of lower limb; inability to squat for 3 seconds, (6) loss of normal sensation at the 

ankle and foot; tested with 10-gram monofilament, (7) abnormal Sensory Organization 

Test results, and (8) inability to endure two consecutive hours of testing. 

Instrumentation  

 A NeuroCom Smart Equitest system (SMART EquiTest®, NeuroCom® 

International Inc.) was used to provide sway referencing as a sensory perturbation to the 

somatosensory or the visual system during a trial. The amplitude of the sensory 

perturbation in the protocol was increased by increasing the sway referencing gain 

settings. A sway referencing gain setting of 1 (G1) is defined by NeuroCom as the 

platform or visual surround moving in the same direction and with the same magnitude as 

the subject's postural sway as computed by the NeuroCom. 

Kinematics were recorded using a three-dimensional motion capture system with 

eight infrared cameras (VICON Motion Systems Ltd., Centennial, CO; Vicon Nexus 

v.2.8.1; T-40s; sampling rate: 100 Hz). Thirty-nine reflective markers (14 mm diameter) 

were placed on the body at the locations specified by Vicon’s Full Body Plug-in Gait 

(PiG) marker set (Vicon Plug-In Gait Model Details, 2010). Extra markers were placed 
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on the posterior head, thorax, pelvis and foot for computing the positions of front markers 

at these segments as they were covered by the NeuroCom’s visual surround during the 

trial. Marker triads were placed on the NeuroCom’s force plate and visual surround to 

record their motions. 

Surface electromyograms were recorded using a wireless EMG system (Ultium 

ESP, Noraxon; sampling rate: 2000 Hz; bandwidth filter: 20 Hz and 500 Hz; baseline 

noise <1 µV root mean square (RMS), input impedance >100 MOhm, common-mode 

rejection ratio >100 dB) from sternocleidomastoid (SCM), neck extensors (NEX), lower 

rectus abdominis (RA), lumbar erector spinae (ES), rectus femoris (RF), biceps femoris 

(BF), tibialis anterior (TA), and medial gastrocnemius (MG) muscles unilaterally from 

the dominant side. The dominant side was determined by asking the subject: “If you were 

to kick a ball on a target, which leg would you use to kick the ball?” The sync pulse 

(TTL) generated from the NeuroCom was used to synchronize the data from the three 

systems. 

Standing balance protocol 

Subjects performed standing balance in the NeuroCom during the following three 

sensory reweighting conditions in a randomized order. 

1. Visual system perturbation (VIS): Sway referencing visual surround, fixed 

platform 

2. Somatosensory system perturbation (PLAT): Fixed visual surround, sway 

referencing platform  

3. Visual and somatosensory system perturbation (VISPLAT): Sway 

referencing visual surround, sway referencing platform 
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Data reduction 

The marker trajectory data were filtered with a 4th order, two pass, zero lag 

Butterworth low pass filter at 6 Hz in Nexus. A custom MATLAB (The MathWorks, Inc., 

Natick, MA) program was used to reconstruct the positions of the front markers based on 

the positions of the same markers during the static calibration trial when those markers 

were visible. The Plug-in Gait Full Body pipeline in Vicon Nexus (Vicon Plug-In Gait 

Model Details, 2010) was used for kinematic modeling, which included calculation of 

joint center locations, segment definitions and kinematic variable outputs. The kinematic 

variables were the center of mass (COM) trajectories and joint angles of the ankle (angle 

between the leg segment and the foot segment), knee (angle between the thigh segment 

and the leg segment), hip (angle between the pelvis segment and the thigh segment), 

spine (angle between the thorax segment and the pelvis segment), and neck (angle 

between the head segment and the thorax segment) (Figure 5.1). The kinematic and EMG 

data from Nexus were exported to MATLAB for temporal synchronization and further 

processing.  

Platform (θPLAT) and visual surround (θVIS) sway were calculated as the root mean 

square error (RMSE) of their angular rotations in the sagittal plane, which represents the 

average deviation from their mean angular position. For the visual and platform 

perturbation (θVISPLAT) condition, their angular rotations were averaged. COM sway 

(θCOM) was calculated as the RMSE of sagittal COM angle, which was the angle formed 

by the COM relative to vertical about the midpoint of the left and right ankle joint 

centers. 
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The electromyograms and sagittal joint angles were processed as RMS amplitude 

and RMSE respectively calculated during a 20 second trial. As the sensory perturbation 

was induced with sway referencing, the total duration and amplitude of perturbation were 

not standardized for all subjects during the same type of 20 seconds trial. To account for 

this, the EMG and the joint angle data were normalized by dividing by the θCOM. 

Therefore, the EMG and joint angle variables were expressed per unit COM sway. Then, 

EMG values for agonist and antagonist muscle pairs acting at the same joint were 

averaged to determine the overall muscular activity at each joint, i.e., the average of 

SCM+NEX, RA+ES, RF+BF and TA+MG were calculated. Finally, the postural control 

motor adaptation variables (EMGs and joint angles) across the six sway referencing gain 

settings (G1 to G2) for each condition were calculated as the average percentage change 

from the G1 setting as shown below. As the variable of interest in the study was 

percentage change, the RMS EMG was not needed to be normalized to a reference 

contraction. 

EMG/Joint angle adaptation = 

G1.2-G1
G1

+
G1.4-G1

G1
+

G1.6-G1
G1

+
G1.8-G1

G1
+

G2-G1
G1

5
 * 100% 

The +100 in X is necessary to convert data in the current study to a positive 

number (greater than zero) for the log transformation.  

The degree of down-weighting of inaccurate sensory inputs by the nervous system 

for postural control across trials with progressively increasing amplitude of sensory 

perturbation can be estimated by determining the contribution of the perturbed sensory 

system (input signal) to postural stability (output signal). This can be calculated as the 

ratio of COM sway (output signal) to the visual or platform sway (input signal), i.e., 
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θCOM/θPERTURBATION (Anson & Jeka, 2010). The progressively decreasing ratio of 

θCOM/θPERTURBATION with progressively increasing amplitude of sensory perturbation 

represents the efficient sensory reweighting for that specific sensory integration task. In 

other words, there is progressively decreasing emphasis by the nervous system on the 

inaccurate sensory input through progressively increasing down-weighting of the 

perturbed sensory system as it becomes a progressively less accurate indicator of self-

motion and postural stability (Oie et al., 2002; Peterka, 2002; Rinaldi et al., 2009). 

Reciprocally, there is progressively higher up-weighting of accurate sensory inputs for 

maintaining balance (Allison et al., 2006; Cenciarini & Peterka, 2006; Logan et al., 2014; 

Polastri et al., 2012). Thus, the motor adaptation in the postural control strategy that are 

associated with efficient sensory reweighting represents the optimal strategy for that 

specific sensory integration task. 
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Figure 5.1 Experimental setup 

Marker trajectories were recorded through the motion capture system (MOCAP) to 

generate a kinematic stick figure and generate a mathematically modeled whole-body 

Center of Mass (COM) position as well as to record joint angles. 

Statistical analysis  

Bonferroni adjusted pair-wise comparisons of θCOM/θPERTURBATION between each 

sway referencing gain settings was performed for older adults to investigate efficient 

adaptation in sensory reweighting. A 2 age-group × 6 sway referencing gain settings 

mixed-factors ANOVA was performed for comparison of θCOM/θPERTURBATION between 

young and older adults across six sway referencing gain settings. To compare the 

adaptation in motor strategy in young and older adults the study incorporated a 2 groups 

× 3 conditions mixed factorial design. The between-subjects factor ‘group’ consisted of 
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two levels: young and older healthy adults. The within-subjects factor ‘condition’ 

consisted of three levels: VIS, PLAT and VISPLAT. The dependent variables 

representing motor adaptation were the percent changes in nine motor variables: five 

RMSE joint angle and four RMS EMG amplitude variables. A 2×3 mixed-factors 

analysis of variance (ANOVA) was performed for each dependent variable to investigate 

group and condition main effects and their interaction. The interaction effect was of 

particular importance to the hypothesis as it could reveal if the pattern of differences in 

motor adaptation across conditions were different between healthy young and older 

adults. The analysis was performed on the loge transformed data in IBM SPSS Statistics 

for Windows, version 26 (IBM Corp., Armonk, N.Y., USA). Hochberg alpha adjustment 

for multiple ANOVAs was performed separately for the family of EMG and joint angle 

variables. 

5.4 Results 

Normality of transformed data 

Most of the untransformed data were highly right-skewed, leptokurtic, had several 

extreme outliers (>3IQR) and were not normally distributed. After the transformation 

skewness and kurtosis in the data were adjusted to an acceptable range, there were no 

extreme outliers in the data set and most data sets were normally distributed (Table 5.1). 
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Table 5.1 Descriptive statistics (mean average percentage change, standard deviation) and 

normality tests 

   VIS PLAT VISPLAT 

   Mean Std. 

Shapiro 

-Wilk 

p-value 

Mean Std. 

Shapiro 

-Wilk 

p-value 

Mean Std. 

Shapiro 

-Wilk 

p-value 

SCM 
+ 

NEX 

UnTr 
Young 8.5 46.8 <.001* -16.4 35.0 .22 1.1 41.0 .02* 

Older 33.7 61.6 .19 1.1 42.8 .27 9.2 44.1 <.01* 

LogTr 
Young 4.6 0.4 .22 4.3 0.5 .19 4.5 0.4 .63 

Older 4.8 0.5 .46 4.5 0.4 .88 4.6 0.3 .11 

RA 
+ 

ES 

UnTr 
Young 4.9 41.8 <.01* -19.5 29.3 .48 -3.5 36.0 .06 

Older 17.6 40.7 .52 -4.8 33.1 .96 7.2 32.3 .01* 

LogTr 
Young 4.6 0.4 .42 4.3 0.4 <.01* 4.5 0.4 .10 

Older 4.7 0.4 .52 4.5 0.4 .98 4.6 0.3 .36 

RF 
+ 

BF 

UnTr 
Young 33.5 122.0 <.001* -6.2 65.1 <.001* 12.6 55.3 <.01* 

Older 9.2 51.6 .39 13.1 74.7 <.01* 47.4 101.3 <.01* 

LogTr 
Young 4.6 0.7 .06 4.3 0.7 .21 4.6 0.5 .71 

Older 4.6 0.5 .40 4.6 0.6 .56 4.8 0.6 .28 

TA 
+ 

MG 

UnTr 
Young 1.7 51.6 <.01* 9.6 108.9 <.001* 23.6 53.8 <.01* 

Older 1.3 40.9 .14 -0.5 46.5 .17 39.6 50.9 .47 

LogTr 
Young 4.5 0.5 .08 4.5 0.6 .03* 4.7 0.4 .15 

Older 4.5 0.4 .48 4.5 0.5 .81 4.9 0.4 .550 

Neck 

UnTr 
Young 41.1 100.1 <.001* 22.2 102.5 <.001* 13.4 94.0 <.001* 

Older 28.8 63.6 .03* 15.2 60.5 .18 3.6 50.9 .47 

LogTr 
Young 4.7 0.7 .78 4.6 0.7 .09 4.5 0.6 .04* 

Older 4.7 0.6 .02* 4.6 0.5 .96 4.5 0.5 .88 

Spine 

UnTr 
Young 40.1 122.8 <.001* 2.9 60.6 <.001* 11.0 48.4 .14 

Older 28.2 83.8 <.001* 10.4 56.8 .06 9.6 40.7 .46 

LogTr 
Young 4.7 0.7 .18 4.5 0.5 .60 4.6 0.5 .30 

Older 4.7 0.5 .07 4.6 0.5 .61 4.6 0.4 .50 

Hip 

UnTr 
Young 28.5 74.3 <.001* 32.7 68.0 .01* 38.1 63.8 .02* 

Older 21.2 92.0 <.01* 23.4 65.4 .10 53.2 63.8 .151 

LogTr 
Young 4.7 0.5 .18 4.8 0.5 .44 4.8 0.5 .72 

Older 4.6 0.7 .89 4.7 0.5 .90 5.0 0.4 .50 

Knee 

UnTr 
Young 30.5 72.6 .02* 38.2 61.9 .16 53.0 134.8 <.001* 

Older 14.1 60.0 .39 3.7 49.1 .26 47.6 98.7 <.01* 

LogTr 
Young 4.7 0.6 .44 4.8 0.5 .08 4.8 0.6 .09 

Older 4.6 0.6 .78 4.5 0.5 .32 4.8 0.6 .45 

Ankle 

UnTr 
Young 7.6 52.8 <.001* 17.5 65.6 <.001* 21.8 45.9 .06 

Older 11.7 29.5 .02* 22.7 56.0 .10 39.2 78.0 <.01* 

LogTr 
Young 4.6 0.4 .21 4.7 0.5 .61 4.7 0.4 .04* 

Older 4.7 0.2 .08 4.7 0.4 .69 4.8 0.5 .62 

Abbreviations: Untr, Untransformed data; LogTr, Loge transformed data; SCM+NEX, 

average of sternocleidomastoid and neck extensors; RA+ES, average of lower rectus 

abdominis and lumbar erector spinae; RF+BF, average of rectus femoris and biceps 

femoris; TA+MG, average of tibialis anterior and medial gastrocnemius; VIS, Visual 

system perturbation; PLAT, Somatosensory system perturbation; VISPLAT, Visual and 

somatosensory system perturbation. Units of mean and standard deviation for 
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untransformed data are percentage (%). * Statistically significant Shapiro-Wilk normality 

test, indicating a non-normal distribution. 

Adaptation in sensory reweighting 

The θCOM/θPERTURBATION progressively decreased with the progressively increasing 

amplitude of sensory perturbation in all three conditions in older adults similar to those 

exhibited young adults in the previous study (Figure 5.2) (Dewan et al., 2020). All pair-

wise comparisons of θCOM/θPERTURBATION between each sway referencing gain settings 

were statistically significant (Bonferroni adjusted p < .05) in all three conditions for older 

adults, except for the difference between G1.6 and G1.8 in VIS and PLAT, and between 

G1.8 and G2 in VISPLAT. This indicates that there was an overall efficient adaptation in 

sensory reweighting in older adults across the progressively increasing amplitude of 

sensory perturbation in all three conditions similar to those exhibited by the young adults 

in the previous study (Dewan et al., 2020). On comparison of θCOM/θPERTURBATION 

between young and older adults across six sway referencing gain settings with 2 × 6 

mixed-factors ANOVA, there were no significant interaction effects (Greenhouse-Geisser 

corrected p > .05) or main effects of group (young vs. older adults) (p >.05) in each 

condition (Table 5.2). The main effect of sway referencing gain settings was significant 

(Greenhouse-Geisser corrected p < .001) in each condition as expected. This indicates 

that the overall degree of adaptation in sensory reweighting was similar between young 

and older adults across the progressively increasing amplitude of sensory perturbation for 

each condition. 
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Figure 5.2 Center of Mass (COM) sway (θCOM) and perturbation sway (θPERTURBATION) 

(A, C) Mean sway of the COM plotted against the mean sway of perturbation across 

progressively increasing sway referencing gain settings for each of the three conditions 

for young adults (A) and older adults (C). (B, D) Mean and 95% confidence interval (CI) 

error bar for the ratio of the sway of COM to sway of perturbation across progressively 

increasing sway referencing gain settings for each of the three conditions for young 

adults (B) and older adults (D). Abbreviations: RMSE, root mean square error; G1-G2, 

sway referencing gain settings; θCOM, COM Sway; θVIS, visual surround sway; θPLAT, 

platform Sway; θVISPLAT, both visual and platform sway; VIS, Visual system perturbation; 

PLAT, Somatosensory system perturbation; VISPLAT, Visual and somatosensory system 

perturbation. 
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Table 5.2 θCOM/θPERTURBATION characteristics during six sway referencing gain settings in 

young and older adults 

  Sway referencing gain settings (SRGS)a ANOVA Results 

 
 G1 G1.2 G1.4 G1.6 G1.8 G2 

Group 

Effectb 

SRGS 

Effectc 

Group×SRGS 

Interactionc 

VIS 

Young 

adults 

(n=36) 

1.00 

± 

0.17 

0.85 

± 

0.11 

0.74 

± 

0.09 

0.65 

± 

0.07 

0.58 

± 

0.06 

0.50 

± 

0.06 

F=0.001 

p=.981 

ηp
2=0.00 

1-β=0.05 

F=207.19 

p<.001* 

ηp
2=0.81 

1-β=1.00 

F=0.39 

p=.76 

ηp
2=0.01 

1-β=0.13 
Older 

adults 

(n=14) 

1.00 

± 

0.19 

0.83 

± 

0.10 

0.74 

± 

0.09 

0.64 

± 

0.07 

0.60 

± 

0.09 

0.51 

± 

0.04 

PLAT 

Young 

adults 

(n=36) 

0.99 

 ±  

0.29 

0.73 

 ± 

0.10 

0.61 

 ±  

0.07 

0.54 

 ±  

0.06 

0.49 

 ±  

0.06 

0.42 

 ±  

0.06 

F=2.11 

p=.15 

ηp
2=0.04 

1-β=0.30 

F=109.64 

p<.001* 

ηp
2=0.70 

1-β=1.00 

F=2.78 

p=.08 

ηp
2=0.05 

1-β=0.47 

Older 

adults 

(n=14) 

0.84 

 ±  

0.07 

0.72 

±  

0.08 

0.61 

 ± 

0.05  

0.53 

 ±  

0.06 

0.49 

 ±  

0.06 

0.42 

 ± 

0.03  

VISPLAT 

Young 

adults 
(n=36) 

0.93 

 ±  

0.07 

0.78 

 ± 

0.07 

0.66 

 ±  

0.03 

0.58 

 ± 

0.05  

0.52 

 ±  

0.05 

0.46 

±  

0.04 

F=3.47 

p=.07 

ηp
2=0.07 

1-β=0.45 

F=567.56 

p<.001* 

ηp
2=0.92 

1-β=1.00 

F=0.30 

p=.87 

ηp
2=0.01 

1-β=0.11 

Older 

adults 

(n=14) 

0.96 

 ± 

0.07  

0.79 

± 

0.05  

0.69 

 ± 

0.07  

0.60 

 ±  

0.04 

0.53 

 ±  

0.07 

0.49 

 ±  

0.07 

aMean ± standard deviation. bLevene’s Test of Equality of Error Variances was not 

significant, p > .05. cGreenhouse-Geisser corrected test statistics; Mauchly’s Test of 

Sphericity was significant, p < .05. ηp
2 = Partial eta squared (effect size). 1- β = Observed 

power (at α = .05). Abbreviations: VIS, Visual system perturbation; PLAT, 

Somatosensory system perturbation; VISPLAT, Visual and somatosensory system 

perturbation. 

Adaptation in motor variables 

The adaptation in motor strategies in older adults showed a pattern of relatively 

increased activity in the upper body compared to the lower body during the VIS 

condition, and a pattern of relatively increased activity in the lower body compared to the 

upper body in the PLAT and VISPLAT conditions (Figure 5.3). These motor adaptations 

were similar to those exhibited by young adults as reported in the previous study (Dewan 

et al., 2020). The motor strategy exhibited in VIS condition was observed descriptively to 
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be more pronounced in older adults than young adults, which was primarily due to 

relatively increased adaptation activity of SCM+NEX and RA+ES, and relatively 

decreased adaptation activity of Hip joint angle (Table 5.2). 

 

Figure 5.3 Bar graphs of mean motor adaptation in healthy older adults 

(A, B) Raw data. (C, D) Loge transformed data. (A, C) Percentage change in EMGs. (B, 

D) Percentage change in joint angles. For both graphs, x-axis is arranged from left to 

right for muscles and joints in the upper body to lower body for each of the three 

conditions. Note: The arithmetic mean value of 4.61 on loge transformed data equals 

geometric mean value of 100% on the original scale, which is equivalent to 0% change. 

Abbreviations: SCM+NEX, average of sternocleidomastoid and neck extensors; RA+ES, 

average of lower rectus abdominis and lumbar erector spinae; RF+BF, average of rectus 

femoris and biceps femoris; TA+MG, average of tibialis anterior and medial 

gastrocnemius; VIS, Visual system perturbation; PLAT, Somatosensory system 
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perturbation; VISPLAT, Visual and somatosensory system perturbation; CI, Confidence 

interval. 

 The 2 groups × 3 conditions mixed factors ANOVA results showed that was no 

significant interaction effect of group by condition for any of the nine motor adaptation 

variables (p > αadjusted) (Table 5.3). This indicates that the differences in motor adaptation 

across the conditions were independent of the groups (young vs. older adults). There was 

no significant main effect of the group and condition for any of the motor adaptation 

dependent variables (p > αadjusted).  

Table 5.3 Mixed-factors ANOVA results (main effects and interaction effects) for the 

nine motor variables with Hochberg alpha adjustments 

ANOVA Results 

EMG 
Group 

Effecta 

Condition  

Effectb 

Group × 

Condition 

Interactionb 

Joint 

angle 

Group 

Effecta 

Condition  

Effect 

Group × 

Condition 

Interaction 

SCM+NEX 

F=4.65 

p=0.04 

ηp
2=0.09 

1-β=0.56 

F=4.29 

p=0.02 

ηp
2=0.08 

1-β=0.69 

F=0.19 

p=0.802 

ηp
2=0.00 

1-β=0.08 

Neck 

F=0.00 

p=0.960 

ηp
2=0.00 

1-β=0.05 

F=1.20 

p=0.301 

ηp
2=0.02 

1-β=0.24 

F=0.06 

p=0.925 

ηp
2=0.00 

1-β=0.06 

RA+ES 

F=4.86 

p=0.03 

ηp
2=0.10 

1-β=0.58 

F=4.04 

p=0.03 

ηp
2=0.08 

1-β=0.65 

F=0.07 

p=0.91 

ηp
2=0.00 

1-β=0.06 

Spine 

F=0.20 

p=.0.66 

ηp
2=0.00 

1-β=0.07 

F=0.99 

p=0.37 

ηp
2=0.02 

1-β=0.22 

F=0.03 

p=0.97 

ηp
2=0.00 

1-β=0.05 

RF+BF 

F=1.57 

p=0.22 

ηp
2=0.03 

1-β=0.23 

F=1.93 

p=0.16 

ηp
2=0.04 

1-β=0.35 

F=0.68 

p=0.48 

ηp
2=0.01 

1-β=0.15 

Hip 

F=0.12 

p=0.73 

ηp
2=0.00 

1-β=0.06 

F=2.42 

p=0.10 

ηp
2=0.05 

1-β=0.47 

F=0.87 

p=0.418 

ηp
2=0.02 

1-β=0.19 

TA+MG 

F= 0.66 

p=0.42 

ηp
2=0.01 

1-β=0.13 

F=4.79 

p=0.02 

ηp
2=0.09 

1-β=0.71 

F=0.16 

p=0.806 

ηp
2=0.00 

1-β=0.07 

Knee 

F=1.22 

p=.26 

ηp
2=0.03 

1-β=0.19 

F=1.35 

p=0.26 

ηp
2=0.03 

1-β=0.29 

F=0.88 

p=0.42 

ηp
2=0.02 

1-β=0.20 

    Ankle 

F=1.02 

p=0.317 

ηp
2=0.02 

1-β=0.17 

F=1.43 

p=0.25 

ηp
2=0.03 

1-β=0.29 

F=0.03 

p=0.97 

ηp
2=0.00 

1-β=0.05 

aLevene’s Test of Equality of Error Variances was not significant, p > .05. bGreenhouse-

Geisser corrected test statistics; Mauchly’s Test of Sphericity was significant (p < .05) for 
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all EMGs but not for joint angles. ηp
2 = Partial eta squared (effect size). 1- β = Observed 

power (at α = .05). Abbreviations: VIS, Visual system perturbation; PLAT, 

Somatosensory system perturbation; VISPLAT, Visual and somatosensory system 

perturbation. 

5.5 Discussion 

The optimal motor adaptation postural control strategies associated with efficient 

sensory reweighting in young healthy adults have been previously identified (Dewan et 

al., 2020). These motor adaptation strategies can be incorporated in sensory integration 

training to develop effective postural responses to altered environmental stimuli through 

practice and motor learning. For consideration of its application in fall prevention in 

healthy and fall-prone older adults, the current study compared the motor adaptation 

responses associated with efficient sensory reweighting exhibited by healthy older adults 

to that of healthy young adults.  

The current study found that older adults were able to progressively down-weight 

the inaccurate sensory input and up-weight the accurate sensory inputs with increasing 

amplitudes of sensory perturbation comparable to that of young adults. The overall 

degree of adaptation in sensory reweighting was similar between young and older adults. 

This result supports the findings from the previous studies that found overall similar 

levels of change in the contribution of sensory modalities between young and older adults 

when sufficiently long adaptation time, up to several minutes, was provided (Allison et 

al., 2006; Doumas & Krampe, 2010; Jeka et al., 2010). The progressively increasing 

amplitude of the same sensory perturbation of relatively short duration trials (20s) in this 

study produced a similar effect in the adaptation of sensory reweighting in older adults as 

those from the several minutes long trial either with the fixed amplitude of perturbation 

or with the progressive switch of perturbed sensory modality in the previous studies 



 Texas Tech University Health Sciences Center, Birendra Madi Dewan, August 2020 

97 

(Allison et al., 2006; Doumas & Krampe, 2010; Jeka et al., 2010). However, the 

progressively increasing down-weighting and up-weighting of the same sensory inputs 

are important in the investigation of the adaptation in motor strategies associated with the 

progressively increased use of specific sensory inputs and for clinical application in 

patients with balance deficits due to a specific sensory reweighting impairment. Since the 

older adults were screened for peripheral sensory loss, motor weakness and abnormal 

SOT on the NeuroCom, the changes in motor adaptation during the progressively 

increasing amplitude of sensory perturbation can be attributed to the dynamic processing 

of sensory inputs with more evidence. 

The motor adaptations associated with the efficient adaptation in sensory 

reweighting in the older adults showed a similar pattern as those of the young adults. 

Dewan et al. showed that the difference in the adaptation of motor strategy during 

different sensory reweighting conditions in young adults was primarily due to the 

difference in the relative motor activity regulation in the upper body compared to the 

lower body (Dewan et al., 2020). During the progressive down-weighting of a specific 

sensory input, the older adults showed an overall similar pattern of the change in upper-

lower body motor activity as those of the young adults associated with the same task. The 

changes in each motor adaptation variable between the three sensory reweighting tasks 

were similar in young and older adults, as indicated by the statistically non-significant 

interaction effect of condition by group. This indicates that the pattern of optimal postural 

control strategies identified for specific sensory reweighting tasks in young adults are 

applicable for the purpose of intervention in older adults.  
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Although the pattern of relative motor adaptations from the upper body to the 

lower body was similar in the older and young adults, magnitudes of change were 

observed to be more pronounced in older adults during the VIS condition due to more 

adaptation activity of SCM+NEX and RA+ES. The Hip joint angle activity also 

decreased in the older adults compared to the young adults during the VIS condition. 

These patterns of motor adaptations supports the mathematical model presented by 

Dewan et al., which showed that the postural control strategy associated with the VIS 

condition had strong increased loadings from the activity of SCM+NEX and RA+ES 

muscles, and decreased loading from Hip (Dewan et al., 2020). The reason why the VIS 

condition had more pronounced motor responses changes in the older adults can be 

explained from previous findings that the inter-modal effect of visual system perturbation 

in young adults is less as there is a ceiling effect due to the normally dominant 

contribution of the somatosensory system in the estimation of self-motion in young adults 

(Logan et al., 2014). In the current study, the postural control strategy probably did not 

need to be as distinctively pronounced in young adults compared to the older adults 

during the VIS condition.  

There was a greater motor adaptation activity of SCM+NEX and RA+ES in VIS 

compared to PLAT, and a greater motor adaptation activity of TA+MG in VISPLAT 

compared to VIS in older adults. There was also increased activity in Hip and Ankle 

during VISPLAT condition in older adults. These observations further supports the linear 

discriminant function 1 (LD1) for young adults from Dewan et al. (2020), as shown 

below, such that the lower scores of the function were associated with the VIS condition 

and the higher scores were associated with VISPLAT and PLAT conditions (Dewan et 
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al., 2020). In the current study, there was also greater motor adaptation activity of 

TA+MG in VISPLAT condition compared to PLAT condition in older adults, which 

aligns with the discriminant function 2 from Dewan et al. 

𝐿𝐷1 =  −.25 + 1.92 (𝑇𝐴 + 𝑀𝐺) − 1.80(𝑆𝐶𝑀 + 𝑁𝐸𝑋) − 1.34(𝑅𝐴 + 𝐸𝑆) + 1.14(𝐴𝑛𝑘𝑙𝑒) + .79(𝐻𝑖𝑝)

− .44(𝑁𝑒𝑐𝑘) − .36(𝑅𝐹 + 𝐵𝐹) + .11(𝑆𝑝𝑖𝑛𝑒) − .08(𝐾𝑛𝑒𝑒) 

The intervention approach based on efficient sensory reweighting adaptation has 

merit, as it is founded on the theoretical framework of the underlying mechanisms of 

postural control. Poor sensorimotor integration during dynamically changing 

environmental stimuli is a potential cause for falls in older adults, especially fall-prone 

older adults, and patients with sensory deficits or who have over-dependence on a 

specific sensory system. These populations can benefit from the incorporation of optimal 

postural control strategies in the intervention for fall prevention. For example, in visually 

dependent older adults, fall risk can increase when the visual information is inaccurate or 

insufficient, such as in a dimly lit environment, due to the inability to down-weight the 

inaccurate or insufficient visual inputs and up-weight the more accurate somatosensory 

and vestibular inputs. Thus, repeated practice of optimal postural control strategies 

associated with the efficient adaptation in down-weighting of the visual input and up-

weighting of somatosensory and vestibular inputs during the sensory reweighting training 

can improve their sensorimotor integration performance in such environments. The 

optimal motor strategies reported by Dewan et al. (2020) during the visual perturbation 

condition, that requires down-weighting of visual input and up-weighting of 

somatosensory and vestibular inputs for maintaining balance, was the increased activity 

(increase in both muscle contraction and joint movement) around the neck region, 
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increased stability (increase in muscle contraction and decrease in joint movement) 

around the pelvis region, and decreased activity (decrease in both muscle contraction and 

joint movement) around the ankle region. This motor strategy can be trained in visually 

dependent older adults during the visual perturbation tasks to help make the postural 

responses more quick, automatic, effective and optimized for postural control in 

situations that require the down-weighting of visual input through motor learning, and 

perhaps also to help improve the central visual dependency issue through neuroplasticity. 

This motor strategy can also be broken down at different regions (neck, pelvis, ankle) and 

trained separately depending upon the patient’s need and progress. Clinicians can 

evaluate how the intervention is affecting the postural control process and directly assess 

and intervene at managing motor strategies to help correct any exaggerated inappropriate 

postural responses. Similarly, older adults or patients with balance problems due to 

impaired reweighting from somatosensory, or to vestibular system can be benefitted by 

incorporating respective optimal motor strategies associated with efficient down-

weighting or up-weighting respectively, of these sensory systems as reported by Dewan 

et al. (2020). The rehabilitation goal of developing a quick and effective postural 

response to the alteration in environmental stimuli would be invaluable to older adults 

and those with sensory integration impairments, especially as these populations have a 

greater fall risk in real-world situations that commonly involve dynamic and challenging 

stimuli, such as crossing a busy street or navigating a suddenly appearing uneven surface. 

5.6 Conclusion 

The study identified and discriminated the optimal postural control strategies 

associated with efficient sensory reweighting adapted by healthy young adults during 
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specific sensory integration tasks. The study found that the motor adaptations in older 

adults that are associated with efficient sensory reweighting are similar to those of the 

young adults. The age-related changes did not affect the relative pattern of optimal motor 

strategies in older adults compared to young adults but made them more pronounced, 

especially when the visual system was perturbed. Understanding the optimal postural 

control strategies in young and healthy older adults can provide a clinician with a frame 

of reference from which to guide intervention and target the optimized goal of 

rehabilitation to minimize fall risk in older adults and patients with specific sensory 

integration impairments.  
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CHAPTER VI 

DISCUSSION AND CONCLUSION 

Falls in the elderly are a serious health issue that can be debilitating and costly. 

Falls impact quality of life with or without injury. Postural imbalance is a major cause of 

falls. Postural stability is dependent on the quality of sensorimotor integration. Poor 

sensorimotor integration has been suggested by experimental studies to be a potential 

cause for falls in older adults. An intervention approach based on sensorimotor 

reweighting provides a theoretical framework about postural control and its relationship 

to sensory information. Incorporating a specific motor strategy that reflects efficient 

reweighting from specific senses into a sensory reweighting training may enhance the 

outcome of sensorimotor rehabilitation in older adults and patients with sensory 

reweighting impairment. However, the change in motor adaptation to an efficient sensory 

reweighting has not yet been investigated.  

Therefore, the purposes of this dissertation were to (Study 1) identify and 

differentiate the optimal motor strategies associated with efficient sensory reweighting 

adapted during the tasks requiring reweighting of specific senses in young adults, and to 

(Study 2) determine if there are differences in motor adaptation associated with the 

efficient sensory reweighting between young and older adults in tasks requiring 

reweighting of specific senses. 

6.1 Discussion 

Several previous studies have investigated various activity-based intervention 

strategies that were designed to reduce the number and risk of falls in older adults 

(Donath et al., 2016; Granacher et al., 2011; Lee et al., 2013; Lord et al., 2001; 
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Sherrington et al., 2011; Whipple, 1997). But most of these intervention approaches lack 

a theoretical understanding of the mechanisms by which activities such as exercise affect 

postural control processes. And there is no standardized best practice approach to an 

exercise intervention for fall risk in the elderly. There is a need for an optimized 

interventional approach that is based on a theoretical framework that explains the 

underlying mechanism of postural control. Presently, there exists a gap between research 

into postural control mechanisms and interventions for preventing falls in the elderly. 

This dissertation focused on one of the major underlying mechanisms of postural control, 

namely sensory reweighting, to foster a better theoretical understanding of the postural 

control strategies and its relationship to the dynamic processing of sensory information 

during sensory integration tasks, as well as inform the design of the clinical intervention. 

This dissertation was the first experimental study to mathematically model adaptation of 

optimal motor strategies associated with the efficient sensory reweighting that occurs 

during specific sensory integration tasks, as well as to evaluate the effect of aging in such 

adaptations. 

The study found that older adults were able to progressively down-weight the 

inaccurate sensory input and up-weight the accurate sensory inputs with increasing 

amplitudes of sensory perturbation comparable to that of young adults. The overall 

degree of adaptation in sensory reweighting was similar between young and older adults. 

This result supports the findings from previous studies that young and older adults have 

overall similar levels of change in the contribution of sensory modalities when provided a 

sufficiently long adaptation time, up to several minutes (Allison et al., 2006; Doumas & 

Krampe, 2010; Jeka et al., 2010). These previous studies used longer duration trials with 
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either the fixed amplitude of perturbation or with the progressive switch of perturbed 

sensory modalities. However, the progressively increasing down-weighting and up-

weighting of the same sensory inputs allows the investigation of the motor adaptation in 

postural control strategies associated with the progressively increased use of specific 

sensory inputs, which could be a valuable clinical application in a patient with a balance 

issue due to a specific sensory reweighting impairment. Since the older adults in the 

current study were screened for peripheral sensory loss, motor weakness and abnormal 

SOT on the NeuroCom, the changes in postural control strategy during the progressively 

increasing amplitudes of sensory perturbation can be attributed to the dynamic processing 

of sensory inputs. 

The discriminant model produced in the study was particularly successful at 

discriminating optimal postural control strategies in young adults when visual 

information was degraded compared with when somatosensory or both systems were 

degraded. However, the model was not as successful in discriminating adaptation 

strategies between somatosensory degradation and both somatosensory and visual 

degradation. The model can be improved with future experimental studies on the 

simultaneous interaction of the contribution change in multiple sensory systems for 

postural control. The optimal postural control strategies in the older adults showed a 

similar pattern of adaptation as those of the young adults, albeit more pronounced when 

the visual information was degraded. This observed effect was due to the relatively less 

distinct upper-lower body motor adaptation pattern in young adults compared to the older 

adults. Logan et al. found that the inter-modal effect of visual system perturbation in 

young adults was less as there was a ceiling effect due to the normally dominant 
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contribution of the somatosensory system in the estimation of self-motion (Logan et al., 

2014). These findings support the application of the optimal motor strategies exhibited by 

young adults in the sensory integration training in older adults for the same sensory 

reweighting tasks.  

The intervention approach based on efficient sensory reweighting adaptation has 

merit, as it is founded on the theoretical framework of the underlying mechanisms of 

postural control. Poor sensorimotor integration during dynamically changing 

environmental stimuli is a potential cause for falls in older adults, especially fall-prone 

older adults, and patients with sensory deficits or who have over-dependence on a 

specific sensory system. These populations can benefit from the incorporation of optimal 

postural control strategies in the intervention for fall prevention. For example, in visually 

dependent older adults, fall risk can increase when the visual information is inaccurate or 

insufficient, such as in a dimly lit environment, due to the inability to down-weight the 

inaccurate or insufficient visual inputs and up-weight the more accurate somatosensory 

and vestibular inputs. Thus, repeated practice of optimal postural control strategies 

associated with the efficient adaptation in down-weighting of the visual input and up-

weighting of somatosensory and vestibular inputs during the sensory reweighting training 

can improve their sensorimotor integration performance in such environments. The 

optimal motor strategies reported by Dewan et al. (2020) during the visual perturbation 

condition, that requires down-weighting of visual input and up-weighting of 

somatosensory and vestibular inputs for maintaining balance, was the increased activity 

(increase in both muscle contraction and joint movement) around the neck region, 

increased stability (increase in muscle contraction and decrease in joint movement) 
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around the pelvis region, and decreased activity (decrease in both muscle contraction and 

joint movement) around the ankle region. This motor strategy can be trained in visually 

dependent older adults during the visual perturbation tasks to help make the postural 

responses more quick, automatic, effective and optimized for postural control in 

situations that require the down-weighting of visual input through motor learning, and 

perhaps also to help improve the central visual dependency issue through neuroplasticity. 

This motor strategy can also be broken down at different regions (neck, pelvis, ankle) and 

trained separately depending upon the patient’s need and progress. Clinicians can 

evaluate how the intervention is affecting the postural control process and directly assess 

and intervene at managing motor strategies to help correct any exaggerated inappropriate 

postural responses. Similarly, older adults or patients with balance problems due to 

impaired reweighting from somatosensory, or to vestibular system can be benefitted by 

incorporating respective optimal motor strategies associated with efficient down-

weighting or up-weighting respectively, of these sensory systems as reported by Dewan 

et al. (2020). The rehabilitation goal of developing a quick and effective postural 

response to the alteration in environmental stimuli would be invaluable to older adults 

and those with sensory integration impairments, especially as these populations have a 

greater fall risk in real-world situations that commonly involve dynamic and challenging 

stimuli, such as crossing a busy street or navigating a suddenly appearing uneven surface. 

6.2 Conclusion 

The study identified and discriminated the optimal postural control strategies 

associated with efficient sensory reweighting adapted by healthy young adults during 

specific sensory integration tasks. The study found that the motor adaptations in older 
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adults that are associated with efficient sensory reweighting are similar to those of the 

young adults. The age-related changes did not affect the relative pattern of optimal motor 

strategies in older adults compared to young adults but made them more pronounced, 

especially when the visual system was perturbed. Understanding the optimal postural 

control strategies in young and healthy older adults can provide a clinician with a frame 

of reference from which to guide intervention and target the optimized goal of 

rehabilitation to minimize fall risk in older adults and patients with specific sensory 

integration impairments. 

6.3 Limitations 

This dissertation had several limitations. First, each subject may have had varying 

degrees of intrinsic motivation and experience participating in physical activities, that 

could have influenced their balance performance. Second are the limitations associated 

with a motion capture system and biomechanical modeling in the processing of the 

kinematic output, system tracking error, motion artifact due to skin movement, and 

anthropometric model and body segment parameter assumptions. Third are the 

limitations associated with surface EMG recordings such as electrode and amplifier 

characteristics, and the introduction of noise caused by cross-talk from surrounding 

muscles, movement of the muscle belly beneath the skin, movement artifact, or other 

external sources of noise such as electrical hum. 

6.4 Delimitations 

The sensory perturbations in this dissertation were provided using sway 

referencing with the increment settings that were available in the NeuroCom. It is 

unknown if the same results would be found with the other medium of perturbations, 
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such as externally controlled rotation of support platform and visual surround, and with 

the different amplitude of perturbation than those used in this dissertation. 

6.5 Recommendation for Future Research 

Future research should develop and evaluate the efficacy of the intervention 

approach based on optimal postural control strategies in healthy and fall-prone older 

adults, and in a clinical population with sensory deficits and sensory reweighting 

impairments. The discriminant model produced in Study 1 was not able to discriminate 

adaptation strategies during somatosensory perturbation from strategies during both 

somatosensory and visual system perturbation. This was probably due to the possibility 

of up-weighting either the visual or vestibular sensory system, or both, during the 

somatosensory perturbation condition. This probably resulted in the adaptation of a not so 

unique postural control strategy as might have occurred with the dominant up-weighting 

of the vestibular system when both systems were perturbed. The model can be improved 

with future experimental studies investigating adaptation in postural control strategies by 

accounting for the simultaneous interaction of the up-weighting and down-weighting of 

multiple sensory systems for postural control. 
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APPENDIX 

SUPPLEMENTAL MATERIALS 

Sample normal SOT result 
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Sample abnormal SOT result 

 

For a SOT result to be considered abnormal, the values of the composite score 

and at least one equilibrium score must be less than those achieved by 95% of the age-

matched population of subjects with no symptoms or history of disequilibrium (i.e. the 5th 

percentile or less). The grey area in the background of the bar graphs of the Equilibrium 

score above represents the scores that are within the 5th percentile (abnormal). 

 

 



 Texas Tech University Health Sciences Center, Birendra Madi Dewan, August 2020 

125 

Snellen eye chart 

 

Subjects were asked to stand 20 feet from the eye chart, with glasses or contact 

lenses if corrected vision. Subjects were asked to cover one eye with the palm of the hand 

and read out loud the smallest line of letters they can see on the chart. The test was done 

on each eye, one at a time. The line of letters 2nd from the bottom corresponds to 20/20 

vision and the line of letters 5th from the bottom corresponds to 20/40 vision. 
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Sensory test of foot 

                              

 

A 10-gram monofilament was pressed against the sole of the foot at the above 

sites. The pressure was applied just enough to bend the monofilament. When the 

monofilament bends, its tip is exerting a pressure of 10 grams, hence this monofilament is 

referred to as 10-gram monofilament. Ability to feel the touch indicates intact 

touch/pressure sensation. The following procedure was used for the test:  

1. Show the monofilament to the patient. Place the end of the monofilament on his/her 

hand or arm to show that the testing procedure will not hurt. 

2. Ask the patient to turn his/her head and close his/her eyes or look at the ceiling. 
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3. Ask the patient to say 'yes' when he/she feels you touching his/her foot with the 

monofilament. Do not ask the patient 'did you feel that?' 

4. Hold the monofilament perpendicular to the skin and use a smooth motion when 

testing. Try a 3-second sequence that includes: 

• Place the end of the monofilament on the sole of the foot 

• Push the monofilament until it bends, then 

• Lift the monofilament from the skin. 

5. Repeat the sequence at another testing site on the foot. Do not use a rapid or tapping 

movement. If the monofilament accidentally slides along the skin, retest that area 

later in the testing sequence. 

6. Use the monofilament in a random sequence, not moving from right to left. 

7. If the patient does not say 'yes' when you touch a given testing site, continue on to 

another site. When you have completed the sequence retest the area(s) where the 

patient did not feel the monofilament.  

8. Apply the filament along the perimeter of, and not on, an ulcer site, necrotic tissue, 

callus or scar. An absent sensation at one or more sites indicates a loss of protective 

sensation. 

 

 

 

 

 

 



 Texas Tech University Health Sciences Center, Birendra Madi Dewan, August 2020 

128 

Subjects demographics 

Table 6.1 Young subjects demographics and data availability 

Young Subjects 

Subject ID Age Gender Height (mm) Body Mass (kg) Dominant side 

Subject1 21 Female 1574.8 89.1 Right 
Subject2 26 Male 1727.2 72.9 Right 

Subject3 24 Male 1854.2 78.75 Right 

Subject4 23 Female 1651 68.4 Right 
Subject5 24 Female 1651 71.55 Right 

Subject6 23 Female 1676.4 65.7 Right 

Subject7 25 Female 1574.8 49.95 Right 

Subject8 21 Female 1600.2 61.2 Right 
Subject9 22 Female 1651 77.4 Right 

Subject10 28 Male 1803.4 86.85 Right 

Subject12 22 Female 1524 45 Right 
Subject15 23 Male 1727.2 80.55 Right 

Subject16 33 Female 1676.4 62.1 Right 

Subject17 21 Female 1727.2 63.45 Right 
Subject18 23 Female 1752.6 72.45 Right 

Subject19 22 Female 1600.2 79.2 Right 

Subject20 23 Male 1854.2 91.8 Right 

Subject21 25 Male 1752.6 76.5 Right 
Subject22 26 Male 1778 86.4 Right 

Subject23 21 Female 1676.4 73.8 Right 

Subject24 24 Male 1828.8 77.4 Right 
Subject25 26 Male 1803.4 45 Right 

Subject26 24 Male 1955.8 99 Right 

Subject27 23 Male 1752.6 81.45 Right 
Subject28 22 Male 1701.8 74.25 Right 

Subject29 23 Male 1778 78.75 Right 

Subject30 25 Male 1778 76.5 Right 

Subject31 22 Male 1879.6 81.45 Right 
Subject32 22 Female 1600.2 74.7 Right 

Subject33 22 Male 1803.4 81.45 Right 

Subject35 24 Male 1803.4 121.5 Right 
Subject36 23 Male 1803.4 84.6 Right 

Subject37 24 Female 1600.2 65.7 Right 

Subject38 23 Female 1651 63 Right 

Subject39 21 Female 1625.6 58.05 Left 
Subject40 23 Male 1651 58.5 Right 

Mean 23.53 19 Male 1718.0 74.3 35 Right 

Std 2.31 17 Female 100.5 14.8 1 Left 

Data was unavailable for Subject11, No Anthropometrics; Subject13, No Markers on 

NeuroCom; Subject14, Excluded (abnormal SOT); Subject34, Excluded (abnormal SOT). 
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Table 6.2 Old subjects demographics and data availability 

Older Subjects 

Subject ID Age Gender Height (mm) Body Mass (kg) Dominant side 

Subject1 66 Male 1727.2 70.65 Right 

Subject2 65 Female 1701.8 66.6 Right 

Subject3 71 Male 1701.8 68.175 Right 

Subject4 60 Female 1638.3 69.3 Right 

Subject5 66 Male 1778 84.6 Right 

Subject6 68 Male 1803.4 107.1 Right 

Subject7 67.5 Male 1739.9 97.11 Right 

Subject8 66 Female 1574.8 71.55 Right 

Subject9 61 Female 1498.6 59.85 Right 

Subject10 79 Female 1485.9 50.85 Right 

Subject13 69 Female 1638.3 89.1 Right 

Subject14 61 Female 1663.7 59.85 Right 

Subject15 66 Female 1600.2 57.6 Right 

Subject16 72 Male 1778 89.55 Right 
      

Mean 66.96 6 Male 1666.42 74.42 14 Right 

Std 4.96 8 Female 100.15 16.51 0 Left 

Data was unavailable for Subject11, Excluded (abnormal SOT); Subject12, No Markers 

on NeuroCom; Subject17, No Anthropometrics. 
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Consort Flow Diagram

 

 


