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ABSTRACT 

Obesity has been well-documented for increasing risks of developing cardiovascular diseases 

and metabolic syndrome. Despite this knowledge, the impacts of obesity may persist in other 

health domains. It is possible that motor performance may also be affected by obesity. Although 

a few studies have evaluated the relationship of increased body weight with balance and 

locomotion, most of them are only focused on young adults or children. Further, the outcomes 

of these studies do not investigate potential mechanisms resulting the behaviors observed. 

Currently, there is a gap in the literature in understanding regarding (1) if obesity is associated 

with impaired motor function in older adults and (2) mechanism that explain the effect of 

obesity on motor performance. Thus, the purpose of this study was to examine the effects of 

adiposity on motor functions in older adults, and correlate the deficits in motor function with 

proposed potential mechanisms.  

Thirty older participants were assigned to one of three groups based upon their body mass 

index (BMI) values at the onset of the study: normal weight (BMI: 18.5–24.9 kg/m2), 

overweight (BMI: 25–29.9 kg/m2), or obese (BMI: 30–40 kg/m2). The average age for each 

Group was 70.1 ± 6.87, 71 ± 8.52 and 68.5 ± 5.9 years old, respectively. Each group had 5 

males and 5 females. Participants received anthropometric measurement, cognitive evaluation, 

posture evaluation, gait evaluation and body composition assessment. Increased BMI was 

associated with reduced postural control performance under both cognitive-posture test and 

sensory organization test (SOT) assessment. No significant cognitive deficits were found 

between groups while performing cognitive-posture test, but the baseline MoCA test total score. 

Increased BMI was associated with increased stance/double support phase and reduced 

swing/single support phase during over-ground walking test, but did not affect range of motion, 
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approximate entropy or other kinetic measures of the knees and hips. No significant differences 

in muscle co-contraction in knees or ankles were found.  

In conclusion, deficits in motor function were observed in obese older adults, and BMI was a 

significant predictor in evaluating postural and gait stability compared to total body fat 

percentage in older adults. Waist to hip ratio presented good correlations with reduced postural 

and gait stability measures suggesting physical impairments could be a factor leads to postural 

instability. However, muscle co-contraction and cognitive deficits did not contribute to motor 

deficits in the current study.  
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1 Introduction 

1.1 Background 

Overweight and obese are defined as abnormal or excessive fat accumulation 

(World Health Organization, 2014). According to the most recent survey published in 2017, 

approximately 39.8% of American adults and approximately 41.0% older adults (60 years 

old or above) were classified as obese (Hales, Carroll, Fryar, & Ogden, 2017). Significant 

efforts have been contributed to address the obesity epidemic; it is well documented that 

obesity increases the risk of developing cardiovascular and metabolic system diseases (Cote 

et al., 2015; Head, 2008; McCrindle, 2015; Soltani, Washco, Morse, & Reisin, 2015). A 

variety of weight loss concepts and programs have been recommended for overweight and 

obese individuals. Despite these recommendations, only a limited number of interventions 

have targeted overweight and obese older adults (Felix & West, 2014). According to a 

recent study, more than one-third of older adults aged 65 and over were obese in 2007–

2010, with the prevalence of obesity increasing year by year (Fakhouri, Ogden, Carroll, Kit, 

& Flegal, 2012). Of significant interest, motor and cognitive deficits, which may contribute 

to difficulty in sustaining or participating in physical activity based interventions due to 

higher amounts of adiposity, have not been examined in overweight and obese older adults. 

Unknown motor deficits of excessive body mass in older adults present a challenge for 

health care practitioners in recommending or prescribing effective weight loss regimens. 

Falling can cause both fatal and non-fatal injuries, especially to older adults 

(Centers for Disease Control and Prevention, 2013b). In 2013, the cost for treating direct 

and indirect consequences of falls was over $34 billion (Centers for Disease Control and 
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Prevention, 2013b; Stevens, Corso, Finkelstein, & Miller, 2006). A fall does not happen 

randomly, it is regarded as a complex multifactorial phenomenon caused by various risk 

factors (Ganz, DA, Bao Y, Shekelle PG, 2007). Intrinsic factors, such as vision impairments, 

fall history, balance and gait problems, and neurologic disorders lead to a higher risk of 

falls in older adults (CDC, 2003). Interventions have been developed to reduce the risk of 

falls in older adults, with multifactorial interventions being the most effective in reducing 

the risk of falls (Chang et al., 2004). Despite these findings, the benefits and effectiveness 

of these interventions depend on whether the risk factors, such as impaired balance, have 

been clearly identified in the population of interest.  

Falls generally occur during dynamic movement, such as walking (Robinovitch et 

al., 2013). Instability in balance and gait, characterized by increased motor variability, 

such as approximate entropy, is associated with increased fall risk (Bruijn, Meijer, Beek, 

& van Dieen, 2013). As such, evaluating balance and gait features is crucial for 

evaluating populations with high fall risk, such as overweight and obese older adults. To 

better understand the relationship among obesity, motor function, cognitive function, and 

fall risk, it is important to examine the relationship among adiposity, balance, gait, and 

cognitive function. Previous studies have reported that obese individuals exhibit reduced 

speed, longer stance phase, and altered angular movements of hip, knee and ankle in the 

transverse plane during gait (Lai, Leung, Li, & Zhang, 2008). Higher BMI and visceral 

adipose tissue (VAT) were associated with limited mobility and poor performance (speed 

< 1m/s) in older adults (Murphy et al., 2014). These and other previous studies utilized 

BMI measurement to classify participants into overweight and obese categories. Based on 



   

3 
 

3 

our work, BMI is flawed with respect to conveying true body fat distribution (Meng, 

O’Connor, Lee, Layne, & Gorniak, 2016). In light of these issues, to date, specific 

investigation into the relationship between adiposity and motor and cognitive functions in 

overweight and obese older adults using different adiposity classification methods has not 

been performed.  

1.2 Problem Statement 

Obesity is associated with cardio-metabolic diseases. However, whether obese older 

adults have significant balance, gait, and simultaneous cognitive impairments due to 

increased adiposity is still unknown. Previous studies have indicated that obesity can lead 

to impaired mobility and functional limits in older adults (Marsh et al., 2011), which may 

cause significant difficulty in participating in physical activity based weight loss 

interventions. In addition, obesity has been linked with cognitive deficits in older adults 

(Dahl et al., 2013; Teasdale & Simoneau, 2001). However, it is still unclear if cognitive 

deficits co-occur with motor deficits in overweight and obese older adults. Considering the 

limited understanding in overweight and obese older adults regarding motor and cognitive 

functional declines, it is important to evaluate motor and cognitive functions in overweight 

and obese older adults. Such investigation will provide valuable information in evaluating 

the true effects of higher adiposity on functional behavior in older adults.  

Determining the relationship between higher amounts of adiposity and impaired 

motor function is crucial for assessing the true impact of obesity with aging. According to 

our previous publications, higher fat percentage presents a stronger correlation with 

reduced postural control in young adults, aged 20-30 years (Meng, O’Connor, Lee, Layne, 
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& Gorniak, 2016). However, during a gait task, the same subjects produced data that 

indicated that higher BMI is better correlated with features of impaired gait (Meng, 

O’Connor, Lee, Layne, & Gorniak, 2017). These findings suggest that the selection of 

different adiposity measures may yield different outcomes in assessment of posture and 

gait stability. But, this relationship may not hold true in older adults. Considering this 

significant gap in the literature, it is important to investigate the relationship among 

different adiposity measures in older adults with respect to posture and gait measures via 

regression models. Evaluation using different regression models based on different obesity 

classification methods (e.g. BMI and percent body fat) will provide valuable information 

in assessing motor function for future physical activity based interventions for overweight 

and obese older adults.  

To date, few studies revealed how obesity impacts gait and reduced mobility in 

overweight and obese adults. Obese adults may have restricted movement and reduced 

muscle function in lower limbs (Hilton, Tuttle, Bohnert, Mueller, & Sinacore, 2008; Lerner, 

Board, & Browning, 2014; Wearing, Hennig, Byrne, Steele, & Hills, 2006). However, these 

possibilities have not been empirically evaluated in overweight and obese older adults. 

Muscle co-contraction has been recognized to contribute to joint stability (Baratta et al., 

1988); Its pattern may change with aging. Additionally, it is not clear how these changes 

may be affected by adiposity. As an additional aim of this study, assessing the relationship 

between thigh circumference and gait instability, muscle co-contraction patterns via 

electromyography in overweight and obese individuals may help shed light on the 

mechanisms responsible for impaired motor function with aging and higher amounts of 
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adiposity.  

Therefore, the overall goal of this project is to examine the effects of adiposity on 

motor functions in older adults. This will be achieved by: (a) establishing a regression 

model to assess the relationship between motor function and adiposity measures; (b) 

investigating movement restriction and irregular muscle activation patterns as a potential 

mechanism for motor function changes; and (c) evaluating the possibility of cognitive 

changes with adiposity and advanced age as a confounder of motor performance. The 

results of this study may be used to design more effective future obesity interventions for 

older adults. 

 

1.3 Specific Aims & Hypothesis 

Aim #1: Investigate how higher amounts of adiposity impacts posture and gait features in 

older adults. 

Hypothesis 1: Overweight and obese older adults will present with reduced postural 

stability and impaired gait as compared to healthy weight older adults.  

Rationale: Higher amounts of body mass changes an individual’s body shape and may lead 

to segmental restriction on lower extremity joints during locomotion. According to our 

previous study, the range of motion in the knee joint is mainly affected by higher body mass 

in young healthy adults (aged 20-30 years). Additional analyses of motor function via non-

linear analysis will be performed to evaluate motor variability changes with age and 

adiposity.  
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Aim #2: Establish regression models that illustrate the correlation between adiposity 

measures and motor function changes in older adults 

Hypothesis 2a: Whole body fat percentage will present a consistent correlation with 

postural control in older adults 

Hypothesis 2b: BMI and waist to hip ratio will present a consistent correlation with gait 

features in older adults 

Rationale: Based on our previous publications in younger adults, the use of different 

classification methods acts an important role in examining posture and gait changes with 

higher body mass. While BMI is widely used, it may not be an appropriate parameter in 

assessing motor function changes due to its poor indication of fat distribution. In one of our 

previous studies, whole body fat percent correlated better to features of postural control 

while BMI related better to changes in gait features. It is possible that these relationships 

may change with advanced age.  

 

Aim #3: Examine potential mechanisms and confounds that may contribute to motor 

function changes in overweight and obese older adults.   

Hypothesis 3a: Overweight and obese older adults will present different muscle co-

contraction patterns in knees and ankles as compared to healthy weight controls. 

Hypothesis 3b: Overweight and obese older adults may present deficits in overall 

cognition and working memory function compared to healthy weight controls.  

Rationale: According to previous studies, motor function changes in older adults with 
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higher body mass may result from changes in body geometry, muscle activation, and 

potentially even cognitive function. Investigation under this aim will help clarify if any of 

these changes are associated with hypothesized motor function changes in overweight and 

obese older adults.  
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2 Literature Review  

2.1 Obesity & Facts 

Obesity is a common health problem. Obesity is defined as abnormal or excessive 

fat accumulation to the extent that it may have negative effects on health (WHO, 2012). 

Obesity has once been considered a problem that primarily exists in high-income countries; 

however, obesity has become a worldwide problem. The trend in developing countries is 

as serious as in developed countries (WHO, 2012). World Health Organization reported 

that over 1.9 billion adults were overweight worldwide including 600 million obese in 2014 

(WHO, 2015). The prevalence of obesity in the U.S. is much worse. It is estimated that 

approximately 34.9% U.S. adults were obese (Centers for Disease Control and Prevention, 

2015). With respect to the epidemiological evidence, the prevalence of obesity in US has 

continuously being increased over the past three decades, with no evidence indicating 

slowing or reversal of this trend (Gordon-Larsen, Adair, & Popkin, 2003; Ogden, Carroll, 

Kit, & Flegal, 2014; Zhang & Wang, 2004). 

 

2.2  Causes of Obesity 

Obesity is considered to be caused primarily by lack of energy balance (National 

Heart Lung and Blood Institute, 2012). It is not necessary to keep a daily energy balance to 

maintain a healthy weight, but the balanced energy in and out over longer periods of time 

(i.e., months to years). The definition of energy imbalance that leads to obesity is not hard 

to understand; however, the diverse causes of energy imbalance complicate obesity control 
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and prevention. According to previous literature, the primary causes of obesity can be 

attributed to: inappropriate/poor food environment, reduced physical activity, sleep debt, 

medication, ethnicity, age, and policy change. In addition, genetics, disease and 

psychological factors could also lead to obesity (National Heart Lung and Blood Institute, 

2012). 

Food environment and physically inactive lifestyle are the two primary concerns 

among these causes. Inappropriate food environment, such as highly caloric and fat foods 

combined with package size can lead to overeating. Inactive lifestyle is also associated with 

increased body weight. It is estimated that less than half U.S. adults reached the 

recommended physical activity level (Centers for Disease Control and Prevention, 2007; 

Wright & Aronne, 2012). However, according to a previous study, the amount of food being 

consumed did not decline very significantly with aging until participants were in their 70s, 

and the decline was more prominent in men at the age of 80 and older (Garry, Hunt, Koehler, 

VanderJagt, & Vellas, 1992). Thus, based on the energy balance theory, it is likely that the 

reduction in physical activity (energy expenditure), leads to the increased fat storage, 

particularly in the middle age group (Newman, 2009). In individuals age 65 years and older , 

changes in hormones may act as a major contribution to the increased adiposity storage, as 

decreases in growth hormone secretions, decline in serum testosterone, and resistance to 

leptin were observed with advanced age (Corpas, Harman, & Blackman, 1993; Newman, 

2009).  
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2.3 Obesity Classification 

Before performing any obesity related studies, it is essential to select an 

appropriate assessment to determine an individual’s body composition. The most 

commonly used strategy to estimate an individual’s weight status is by measuring body 

mass index (BMI). BMI is a simple calculation based on anthropometry that is used to 

classify normal weight, overweight, and obese individuals. BMI is calculated as body 

weight (in kg) divided by the square of height (in m2). According to the World Health 

Organization’s definition, normal weight, overweight and obese are classified according 

to BMI values of 18.5-24.9 (kg/m2) , 25-29.9 (kg/m2) and above 30 (kg/m2), respectively 

(WHO, 2012). BMI has been used worldwide due to its convenience and reliability. It can 

be used for large sample classification, and it is the same for different genders and 

different ages of adults (WHO, 2012). However, BMI has its inherent issues as well: BMI 

is not a reliable classification to distinguish muscular body composition from high body 

fat composition, because it only uses body mass and height. 

In addition to BMI, a few other simple classification methods based on 

anthropometry have been developed to assess body fat distribution. Waist to hip ratio 

(WHR) is another simple measure. In contrast to BMI, which reflects the general whole 

body composition, WHR has been used as a measure to primarily evaluate central obesity 

and body shape (Vazquez, Duval, Jacobs, & Silventoinen, 2007). Compared to BMI, 

WHR has better correlation with abdominal fat distribution. According to a research, 

abdominal obesity, measured by WHR, has stronger correlations with metabolic risk 

factors, risk of CVDs, and risk of premature death than BMI (De Koning, Merchant, 



   

11 
 

11 

Pogue, & Anand, 2007). As a result, WHR may better predict the cardio-metabolic risks 

than BMI.  

In addition to the simple and convenient anthropometry-based BMI and WHR 

measures, an accurate body composition assessment is required to reveal the real impacts 

of adiposity and obesity. Among a few options, the Dual X-ray Absorptiometry (DXA) 

scan is an easy to use and precise body composition-screening method. DXA is 

commonly used to scan fat and fat-free mass according to the relative compositions of 

different body components. To make it safer, this technique uses low current X-ray to 

replace the risky radionuclide source, the system can generate two different energies of 

X-rays: a detector and an interface. By looking at the difference between the attenuation 

of the two energies, the image resolution, precision, and scan speed of body composition 

can be significantly improved (Laskey, Phil, & Dunn, 1996). The advantages of using 

DXA are: simple to perform, suitable for multiple populations (including older adults), 

precision measurement, low radiation exposure, and an ability to detect bone mineral and 

soft tissues in different regions of the body. However, DXA is still not the best option for 

body composition measure, the potential limitations are including: cost, licensure, and 

image optimization (Laskey et al., 1996).  

 

2.3.1 Obesity & Diseases 

Obesity is generally considered detrimental to one’s overall health. In 2008, the 

medical cost of obesity and its complications in the U.S. was nearly $147 billion, and in 
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average, treatment for obese individuals cost more than that of normal weight individuals 

(Centers for Disease Control and Prevention, 2015). Obesity is linked with a high risk of 

developing a variety of diseases, including hypertension, coronary heart disease, stroke, 

metabolic syndrome and osteoarthritis. (Kopelman, 2007; National Heart Lung and Blood 

Institute, 2012).  

The mechanisms of how obesity impairs health have been widely studied. One study 

links adiposity with insulin resistance. According to this study, a large number of bioactive 

mediators are released from adipose tissues; as a result, these excessive mediators may 

impair both homeostasis and insulin resistance, leading to endothelial dysfunction (Van 

Gaal, Mertens, De Block, & Christophe, 2006). At the molecular level, obesity is 

considered to accelerate the aging of adipose tissue. According to a previous discovery, 

obesity was found to increase the formation of reactive oxygen species, and eventually 

contributes to the development of chronic inflammation and insulin resistance (Ahima, 

2009). 

However, the impact of obesity is not only limited to the problems mentioned above. 

Regarding to muscular strength, obese individuals are usually able to produce higher 

maximal muscle strength, which is correlated with increased body weight; however, when 

the strength values were defined relative to body mass, obese individuals may exhibit lower 

relatively maximal muscle force, which is also an important indicator of muscle function. 

Hulens et al. examined peripheral muscle strength by looking into isometric handgrip 

(maximal voluntary contraction) and knee flexion/extension. They found that obese women 

had higher absolute knee extension strength, but after controlling for fat-free mass, obese 
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women had lower strength (Hulens et al., 2001). Moreover, by measuring maximum 

voluntary contraction (MVC) torque during ankle plantar flexion and dorsal flexion in 

isokinetic movement, the young obese demonstrated 29% higher MVC torque, but when 

expressed with muscle volume, obese individuals were in fact 26% weaker than normal 

weight group (Tomlinson, Erskine, Winwood, Morse, & Onambélé, 2014).  

Appropriate integration of somatosensory information is also critical in motor 

behavior, however, obese individuals have been exposed to excessive loads on plantar 

surface, the planar cutaneous sensation may be impaired due to prolonged exposure under 

heavy body weight (Maki, Perry, Norrie, & McIlroy, 1999; Wu & Madigan, 2014). In 

addition to potential sensory deficits due to excessive adiposity accumulation in obese 

adults, these individuals may have restricted range of motion and reduced muscle function 

in lower limbs (Hilton et al., 2008; Lerner et al., 2014; Wearing et al., 2006). Lastly, 

increased body weight was also being found to correlate with memory deficits and 

cognitive dysfunction (Dahl et al., 2013; Teasdale & Simoneau, 2001).  

 

2.3.2 Obesity & Cognitive deficits  

The detrimental effects of obesity on cardio-metabolic health have been well 

documented (Cote et al., 2015; Head, 2008; Kostecka, 2014; McCrindle, 2015; Soltani et 

al., 2015). However, the association between obesity and cognitive deficits has only 

recently been disclosed. Deficits in cognitive function have been found to predict fall 

incidence (Hauer et al., 2003). A recent review paper examined 17 research articles that 
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related to the cognitive deficits (attention, verbal and visual memory, decision making) in 

obese adults (age: 18-65 years old). The results of these studies indicated that obesity and 

high fat feeding had negative impacts on cognitive performance (Prickett, Brennan, & 

Stolwyk, 2015). Besides, another review article summarizes that obesity is associated with 

mild cognitive impairment, such as short-term memory and executive function deficits 

(Nguyen, Killcross, & Jenkins, 2014).  

Cognitive function consists of several domains, and of particular importance is 

executive functioning (EF) (Fitzpatrick, Gilbert, & Serpell, 2013). EF is a complex 

cognitive processing requiring the integration and co-ordination of a few sub-processes to 

accomplish a specific goal (Elliott, 2003). The prefrontal cortex area acts a critical role for 

EF performance; however, other parts, such as posterior cortical regions and subcortical 

structures are coordinated to mediate successful EF and processing (Elliott, 2003). EF can 

be thought of as an integral part of various domains in regulating behavior and adapting to 

novelty (Gilbert & Burgess, 2008). For example, inhibitory control, attention and working 

memory are a few common domains (Reinert, Po’e, & Barkin, 2013).  

Given its integral role in multiple systems, a decline in EF results in reduced quality 

of life. A study examined a series of EF parameters using verbal interference, attention 

switching, and maze errors tests. The outcome indicated that increased BMI was negatively 

correlated with cognitive performance on all EF tests (Gunstad et al., 2007). Even after 

removing most confounding factors, increased body weight groups showed poorer 

performance than normal weight adults. Another study examined the cognitive 

performance in extremely obese adolescents and reported they exhibited deficits in 
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attention and EF (Lokken, Boeka, Austin, Gunstad, & Harmon, 2009).  

In contrast to the use of BMI, a study examined the EF scores of overweight and 

obese elder adults (aged 74+) as classified by BMI and DXA scan (Smith et al., 2014). 

When using BMI, the overweight group had higher EF scores; however, when categorized 

according to DXA whole body fat and abdominal fat percentages, no relationships were 

observed between fat distribution and cognitive function in any of the groups (Smith et al., 

2014).This implies that the true effects of obesity on cognitive performance may depend 

on how obesity is defined. It is apparent that different obesity classifications may yield 

different outcomes regarding the association between fat distribution and cognitive 

function. Though some of the differences in results may be attributed to the methodology 

of the various studies, it is nevertheless apparent that obesity has effects on brain functions. 

Thus, further studies are needed to more precisely control categorization based on body 

composition to further examine the true impacts of obesity on cognitive function and its 

potential interference with motor function. 

The research mentioned above focused on disclosing the relationship between 

obesity and cognitive deficits, and it is likely that obesity impairs cognitive function, 

especially in middle-aged and older adults. However, it is still not clear how obesity leads 

to cognitive deficits. If obesity affects cognitive performance, it is likely that certain areas 

in brain are impaired. According to a recent study, the volume of gray matter density has 

been observed decreased in various brain areas in obese individuals (Nguyen et al., 2014). 

But the mechanism remains unclear. Previous studies have proposed some potential 

causes. For example, the blood-brain barrier (BBB) is a permeable barrier that has a vital 



   

16 
 

16 

role in regulating microenvironment in the central nervous system by only allowing entry 

of essential nutrients (Ballabh, Braun, & Nedergaard, 2004). However, the integrity of 

BBB is not completely solid, animal studies indicate that high fat diet may disrupt the 

integrity of the BBB, increase the permeability of BBB and impair hypothalamus function 

(Kanoski & Davidson, 2010; Karimi et al., 2013; Nguyen et al., 2014). As a consequence 

of altered BBB, fatty acids may lead to central inflammation. Central inflammation has 

been thought to be a better explanation on how adipose tissues influence cognitive 

function. Increased level of fatty acids, as well as other pro-inflammatory substances may 

much easier penetrate BBB and reach the hypothalamus. 

The hypothalamus is one of the major central nervous system components that can 

be affected by central inflammation. The hypothalamus is involved into various 

physiological activities directly or indirectly, for example, feeding and metabolism. 

However, the hypothalamus is also responsible for stress regulation, reproduction, 

cardiovascular function, and some functions that are related with attention, learning, and 

memory (Koessler, Engler, Riether, & Kissler, 2009). Obesity is also considered to 

increase the circulation of free fatty acids, pro-inflammatory cytokines, and immune cells; 

these chemical stances can invade hypothalamus and disrupt the internal circuitry (A. a 

Miller & Spencer, 2014). The hypothalamus, particularly the arcuate nucleus (ARC) lacks 

an effective BBB, as a result, it is exposed to inflammatory mediators, such as cytokines 

more frequently (Williams, 2012). All these procedures can alter hypothalamic outputs; 

cause HPA (hypothalamic–pituitary–adrenal axis) axis dysregulation; synaptic 
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remodeling and impaired neurogenesis. Thus, in the long run, obesity induced central 

inflammation can lead to cognitive dysfunction.  

 

2.4 Aging 

Aging can have different definitions depending on the topic. In living organisms, 

aging can be defined as “a series of time-dependent anatomical and physical changes that 

reduce physiological reserve and functional capacity” (Hung, Chen, Hsieh, Chiou, & Kao, 

2010). Aging is a leading cause of death and it is associated with functional deterioration 

and chronic diseases (Centers for Disease Control and Prevention, 2013a). It is estimated 

that by the year of 2050, there will be nearly 89 million people aged 65 or above (older 

adults, OAs) in U.S., which is doubled compared to the number in 2010 (Centers for 

Disease Control and Prevention, 2013a) 

Aging can severely impair one’s quality of life, as aging is associated with 

increased pain, discomfort, and some common chronic diseases (Centers for Disease 

Control and Prevention, 2013a). Among all aging related issues, falls are the second 

leading cause of injuries, or even deaths worldwide (WHO). According to CDC’s report, 

in 2010, approximately 31.7% adults (>65 years old) in the U.S. reported injuries caused 

by falls in the past years (Centers for Disease Control and Prevention, 2013a).. The direct 

medical costs for fall related injuries can be as high as $34 billion annually (Centers for 

Disease Control and Prevention, 2016). In the OA population, fall is not simply a high 

incidence problem, but the injuries of falls become a serious problem because OAs are 
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much frailer than active youths. In contrast to young adults, successful recovery from the 

injury of fall incidence is often observed delayed in OAs, which may lead to increased 

risk of subsequent falls through deconditioning (Rubenstein, 2006). In addition, the post-

fall anxiety syndrome may limit activity level due to overcautious fear of falls; this in turn 

may exacerbate deconditioning and increase risk of falls. 

 

2.4.1 Aging, muscle and neurodegeneration  

Aging is associated with weight loss, particularly after 70 years old; due to 

physiological anorexia and loss of lean mass. Specifically, the symptoms of physiological 

anorexia include a decline in the sensations of taste and smell, a decrease in essential 

fundus in the stomach, an increased satiating hormone, cholecystokinin and a declined 

physical energy expenditure (Wilson & Morley, 2003).     
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 It is well documented that muscle function degenerates with advance of age.  

Previous studies indicate that muscle strength can reach its maximal capacity at the age of 

30 and be maintained well until 50; rapid muscle strength loss does not occur until 60 

years old (Häkkinen, Pastinen, Karsikas, & Linnamo, 1995; Larsson, Grimby, & 

Karlsson, 1979). However, after the age of 60, sarcopenia (primarily affects type II 

muscle fibers) can account for more than 90% of strength diminution (Frontera et al., 

2000). Similar to muscular strength, muscle mass can be well preserved till 50 years old 

with only modest decline, and then decline more rapidly between 50 and 80 years of age 

(Lexell, Taylor, & Sjöström, 1988). 

According to a flowchart created by Nair (2005), aging is associated with muscle 

weakness, muscle wasting, reduced endurance and increased fatigability, and this leads to 

 

Figure 2.4.1. Aging can lead to muscle weakness, muscle wasting, decreased 
endurance capacity; as a result, physical activity level will reduce with advance 
of age, and in turn, increase the risk of developing CVDs (Nair, 2005) 
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reduced physical activity level (Figure 1). As a result of reduced physical activity level, the 

energy expenditure in OAs decreases and the prevalence of obesity increases, especially 

the accumulation of abdominal fat. The changes in body composition can alter insulin 

resistance, and contribute to other diseases.   

The underlying mechanisms of associated functional and structural muscle 

changes with advance of age have been extensively investigated. Increased evidence has 

linked the reduction in muscle mass/fibers, and muscle function with the protein synthesis 

in skeletal muscles (Balagopal, Schimke, Ades, Adey, & Nair, 2001; Rooyackers, Adey, 

Ades, & Nair, 1996; Short, Vittone, Bigelow, Proctor, & Nair, 2004; Volpi, Sheffield-

Moore, Rasmussen, & Wolfe, 2001). However, it is not very clear what causes the 

decrease in the skeletal muscle protein synthesis. The higher physical activity in younger 

adults may affect protein synthesis. One explanation has proposed to link the 

mitochondrial ATP production with reduced spontaneous activity in OAs (Figure 2). It is 

proposed that the spontaneous activity levels are regulated via the hypothalamus, but 

peripheral tissue mitochondrial ATP production can determine the hypothalamic activity. 

When the mitochondrial ATP production reduces, the spontaneous activity also reduces, 

and in turn, impairs the ATP production, and further reduces biogenesis of contractile 

proteins (Nair, 2005). The capacity of skeletal muscle to incorporate amino acids and 

protein synthesis depends on the production of anabolic hormones, which may reduce 

with aging; and the neural denervation in OAs can lead to loss of motor units, and in turn 

contribute to the loss of muscle fibers (Deschenes, 2004).  
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In addition to the degeneration of muscle, aging is also one of the primary factors 

contributes to neurodegenerative diseases. After the age of 25, the increased rate of 

subsidiary products from metabolism and the loss of irreplaceable cells are frequently 

observed in the skeletal muscles and brain (Hung et al., 2010). Neurodegenerative 

diseases have drawn more attention than other age-related diseases due to their 

irreversibility and limit of effective treatment. With advanced age, neurons will shrink 

and disappear, particularly the ones existing in the vulnerable areas of hypothalamus 

(Hung et al., 2010). The alterations in neural synapses and networks, the lost in neurons 

can significantly raise the risk of developing neurological disease. Additionally, aging 

may impair the release of certain neural transmitters, such as dopamine and results in 

neurodegeneration. In the cellular level, unrepaired cellular damage is associated with 

Figure 2.4.2. Progressive mitochondrial damage with aging reduces ATP 
production, and leads to reduced physical activity, which in turn reduce muscle 
protein synthesis and mitochondrial biogenensis (Nair, 2005) 
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aging, and lead to weakening cellular repair and compensatory mechanisms (Hung et al., 

2010). 

 

2.4.2 Fall Risks & Aging 

There are many distinct causes for falls. Both intrinsic factors and extrinsic factors 

can lead to higher risks of falls. Internal factors can include: a history of falls, gender, age, 

living conditions, co-morbidities, impaired mobility, sedentary life style, psychological 

status, impaired cognition and vision (Todd & Skelton, 2004). Extrinsic factors can include: 

environmental hazards, footwear and inappropriate assistive devices (Todd & Skelton, 

2004). Among these, aging is one of the primary risk factors that can lead to a higher risk 

of falls. In OAs, “accidental” or environment related incidences account for 30–50% of 

falls in most fall events. Despite this, most falls still result from the interaction between 

environment and increased individual vulnerability caused by age and disease in OAs 

(Rubenstein, 2006). In contrast to young adults, OAs have degeneration in muscle function 

and neuro-muscular control. Aging can contribute to impairments in vision, proprioception, 

hearing and cognition, which may increase the number of trips/falls (Rubenstein, 2006). 

Over the last few decades, interventions have been developed and improved to 

reduce the risks of falls in OAs. As summarized in the literature, the concept of 

multifactorial interventions, which include exercise, education and home modification are 

high priority interventions (Todd & Skelton, 2004). Specifically, gait training, use of 

assistive devices, medication modifications (particularly regarding psychotropic use), 
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exercise programs with balance training, appropriate treatment of medical conditions 

including and modification of environmental hazards have been included in these 

interventions (Todd & Skelton, 2004).  

 

2.4.3 Posture & Gait Instability  

Balance and gait problems are the second leading cause in the category for falls 

(10–25% of fall events) (Rubenstein, 2006). Posture and gait instability are two factors that 

are commonly observed in OAs and are primary contributors to fall risks. The integration 

and coordination of the information from multiple sensory systems are critical in achieving 

balance (Fay B. Horak, 1997). Postural instability refers to the inability to successfully 

respond to perturbations during upright stance (Prieto, Milwaukee, Myklebust, & 

Myklebust, 1993). As a result, postural instability is associated with increased fall risk 

(Waterston, Hawken, Tanyeri, Jantti, & Kennard, 1993). In assessing postural instability in 

OAs, the intent is to provide meaningful information in evaluating fall risk.  Currently, 

some assessments have been widely adopted in clinic and research to evaluate postural 

instability. These assessments can be grouped into three categories include: functional 

assessment, system assessment, and objective assessment.  

Functional assessments are mostly related to clinical tests and are based on 

subjective evaluation of motor performances of the participant. Some assessments are well 

known and have been shown to be effective in detecting some form of postural instability, 

such as the Berg Balance Scale, the Activities of Balance Confidence, the Timed “Up and 
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Go Test”, and One-leg stance duration test (Mancini & Horak, 2010). Functional 

assessment can be used to determine the existence of balance deficits; however, it cannot 

provide specific details on the origins of the balance deficit.  

In contrast, a systems approach has been suggested as a more helpful assessment 

method when the objective is to locate the causes of balance deficits (Mancini & Horak, 

2010). The Balance Evaluation Systems Test (BESTest) and the Physiological Profile 

Approach (PPA) are two primary system assessments (Mancini & Horak, 2010). The 

BESTest targets 6 different balance control systems, while the PPA includes a series of 

assessments of: vision, cutaneous sensation, leg muscle force, reaction time, and postural 

sway (Mancini & Horak, 2010). Both clinical and system assessments are subjective tests, 

which can be affected by the rater’s experience. With the development of newer technology, 

a more objective and quantitative assessment could be used to better evaluate postural 

instability in high-risk populations.  

Since both functional and system assessments are not able to directly quantify 

postural instability, quantitative assessment of postural sway from posturography has 

become a popular evaluation method (Mancini & Horak, 2010). Posturography analysis 

has been widely used to evaluate body sway by looking at the displacement of center of 

pressure. Two different methods of posturography assessment have been proposed 

according to different objective. Static posturography quantifies the postural sway when 

the participant stands upright as still as possible. In contrast to static posturography, 

dynamic posturography requires more complex conditions, such as using external balance 

perturbations (Mancini & Horak, 2010). In addition, inertial sensors are now being used to 
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quantify postural sway by measuring accelerations from sensors placed on the body during 

posturography assessment. These sensors may overcome the major drawbacks of traditional 

posturography assessment due to its lost cost and convenience. 

In contrast to posture instability, the evaluation of gait instability is different and 

more complex. Gait instability is associated with fall risks and an increase in variability in 

gait can be associated with higher risk of falling (Bruijn et al., 2013). The capability of 

walking normally depends on many components, such as mobility of joints in low extremity, 

muscle function, appropriate intensity of muscle action and normal sensory processing 

(Rubenstein, 2006).   

In addition to the functional and system assessments, temporal measures, such as 

swing and stance phase in a gait cycle are able to distinguish fallers with non-fallers during 

walking (Hamacher, Singh, Van Dieen, Heller, & Taylor, 2011). In addition to the linear 

measures mentioned above, non-linear measures have recently gained more attention in 

gait analyses. Non-linear approaches have been proposed to quantify locomotion trajectory 

to provide additional information on the instability of gait. Among these measures, the 

maximum Lyapunov exponent and Approximate entropy (ApEn) analysis are two well 

documented approaches and have been proved reliable and valid. Dingwell and his group 

was the first to apply the maximum Lyapunov exponent into evaluating human locomotion 

(Dingwell, Cusumano, Sternad, & Cavanagh, 2000). In the maximum Lyapunov exponent 

strategy, the stable gait can be defined as gait that does not lead to falls in spite of 

perturbations. However, in order to achieve this “stable gait”, three conditions regarding to 

appropriately respond to perturbations must be fulfilled in the passive model (Bruijn et al., 
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2013) 

Depending on different interpretations of the stable system, two modes can be built 

to calculate the maximum Lyapunov exponent: (1) Constructing state space and identifying 

the nearest neighbor of each data point (Rosenstein, Collins, & De Luca, 1993), or (2) 

identifying the nearest neighbor along a single reference trajectory (Wolf, Swift, Swinney, 

& Vastano, 1985). According to Bruijin et al. the maximum Lyapunov exponent can be used 

to calculate a variety of kinematic data without considering the reference frame, which 

allows for using inertial sensors (Bruijn et al., 2013).  

In addition, another method to quantify the gait variability is to calculate 

Approximate entropy (ApEn). In contrast to maximum Lyapunov exponent, ApEn was first 

proposed by Pincus to determine the changing complexity of a time series data (Pincus, 

1991). It has been proposed to quantify the regularity and predictability of repetitive 

trajectories as a non-linear measure. A larger value indicates less stable gait pattern, and as 

a result, this individual may have higher risk of falls (Riva, Toebes, Pijnappels, Stagni, & 

van Dieën, 2013). ApEn is computed by integrating m, r , N into a family of statistics (ApEn 

(m, r, N). N is the given number of points, r is the tolerance, and m is the constructed vector 

size (Pincus, 1991). More frequent and more similar epochs lead to lower values of ApEn, 

which reflects a high degree of regularity (Richman & Moorman, 2000). Due to its 

conceptual simplicity and practical applicability, ApEn has its advantageous in relatively 

short and noisy signals locomotion (Cavanaugh, Guskiewicz, & Stergiou, 2005). 
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2.5 Obesity & Fall risks 

OAs have higher risks of falls than young health adults due to physical and 

functional deteriorations. In order to develop effective intervention programs, it is always 

important to look for the contributors to fall risks in a certain population. Obesity is well-

known to be associated with cardiovascular diseases and metabolic syndromes. However, 

whether obesity can lead to increased risk of falls is not well documented. A few studies 

have explored the relationship between obesity and fall risks by examining postural control 

and gait instability in adults. The incidences of falls vary between different populations, 

and the effects of obesity on postural and gait stability vary depending on the task.  Hue’s 

group examined the center of pressure (COP) displacement in postural control of 59 male 

subjects with a wide range of BMI values. The authors concluded that increased body 

weight strongly correlates with decreased ability in balance control, which is exacerbated 

in no-vision conditions (Hue et al., 2007). Another study examined differences in postural 

control in obese and normal weight subjects under eyes open and eyes closed conditions. 

The data indicated that body weight increased anterior-posterior (AP) COP movement with 

no gender differences in the eyes open condition (Menegoni et al., 2009). Interestingly in 

this study, reduced postural sway was observed in obese adults during stance, but an 

increase in maximum voluntary COP movement in subjects with BMI > 40 kg/m2 was 

found (Błaszczyk, Cieślinska-Swider, Plewa, Zahorska-Markiewicz, & Markiewicz, 2009).  

In addition to the findings related to obesity and impaired postural control 

(Błaszczyk et al., 2009; Hue et al., 2007; Menegoni et al., 2009), gait instability is also 

critical in understanding the relationship between obesity and falls as most falls occur 
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during locomotion. Reduced speed, longer stance phase, and altered angular movements 

of hip, knee and ankle in transverse plane were observed in obese adults (Lai et al., 2008; 

Wearing et al., 2006). Another early study evaluated basic gait patterns in obese adults. 

The authors concluded that obese adults remain in a normal gait pattern with a few 

alterations in temporal and angular movement from controls, which they explained as 

being due to excessive adipose tissue inside the thighs of obese individuals (Spyropoulos, 

Pisciotta, Pavlou, Cairns, & Simon, 1991). Similarly, a recent study examined the 

relationship between obesity and fall risks in middle-aged and older women. The 

outcomes indicated that most obese individuals were unable to initiate or complete the 

recovery step, which is a critical strategy to prevent falling. The authors concluded that 

the higher fall risk in obese individuals was likely due to these altered recovery responses 

(Rosenblatt & Grabiner, 2012). 

 

2.5.1 Possible mechanisms  

Previous studies have proposed a few mechanisms to explain why obesity is 

affecting postural control and gait stability. In reference to maintaining upright bipedal 

stance, an inverted pendulum model has been used to model gait, particularly with respect 

to ankle motion. The extra abdominal mass in overweight and obese individuals may lead 

to a more anterior position of the COM, increasing the ankle torque to maintain posture (P 

Corbeil, Simoneau, Rancourt, Tremblay, & Teasdale, 2001; Riley & Clark, 2003). 

Additionally, a recent study indicates that more variability can be found in motor 

commands of obese individuals than those of normal weight individuals, and this can lead 
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to impaired motor control (Simoneau & Teasdale, 2015). Closed loop feedback control is 

critical for humans to adjust posture. In contrast to normal weight group, enlarged ankle 

torques in obese individuals may place additional noise in the feedback control system 

because increased muscle force is associated with greater motor variability. As a result, this 

may reduce the capability of the mechanoreceptors on plantar surface of feet to accurately 

sense position of the COP as well as produce greater motor outputs (Hue et al., 2007).  

In addition, as discussed previously, although OAs are able to generate higher 

maximal muscle strength due to escalated body weight, however, they have relative weaker 

muscular strength, which may increase the difficulty to generate appropriate ankle toque to 

maintain balance, especially under perturbations (Hulens et al., 2001). Another study 

examined the correlations of BMI, height and body mass with the variability in posture 

tasks. In contrast to BMI, height, and body mass, the ratio of lower extremity strength to 

whole body moment of inertia, instead of the absolute lower extremity strength, presented 

the strongest correlation to most measures in postural control of adolescents; but the authors 

also concluded that more complete studies are needed to look into the true influence of 

obesity (King, Challis, Bartok, Costigan, & Newell, 2012). In addition to the muscle 

weakness, to precisely process information from various sensory systems is also critical in 

motor performance. Plantar sensation can contribute the control of upright stance through 

guiding the motor system to generate appropriate torque (Hue et al., 2007; Maki et al., 

1999). However, long-term exposure of heavy loads may contribute to reduced planar 

cutaneous sensation (Maki et al., 1999; Wu & Madigan, 2014).  

These findings are also consistent with a previous report of reduced range of motion 
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in other extremities in obese persons (Park, Ramachandran, Weisman, & Jung, 2010), 

presumably due to mechanical restrictions imposed by an increase of adipose tissue. This 

limited range of motion may lead to reduced amplitude of stretch reflex, resulting in higher 

risk of falling due to an inability to use the stretch reflex to regain balance after perturbation 

(Chiacchiero, Dresely, Silva, DeLosReyes, & Vorik, 2010; Shunway-Cook & Woollacott, 

2011). Appropriate muscle co-contraction is also critical in maintaining keep stability 

(Baratta et al., 1988). According to a previous study, the weakness and susceptibility to 

fatigue in vasti group (VAS) and gluteus medius (GMED) muscles may affect trunk 

stability and forward progress, and result in an abnormal gait pattern (Zajac, Neptune, & 

Kautz, 2003). Another EMG related gait study examines the muscle activities in obese 

adults while walking at different speed, except for the VAS, absolute forces generated were 

greater in OAs, as well as the lean mass normalized force GMED. As they concluded in the 

study, the altered kinematics may be caused by greater relative GMED force in obese adults, 

and this eventually can increase the risk of musculoskeletal injury/pathology (Lerner et al., 

2014).  

In addition to the physical and physiological alterations, cognitive deficits have 

been reported to increase the risk of falls (Hauer et al., 2003). Obesity, not limited to its 

power to influence general health, it has been reported to be associated with cognitive 

dysfunction OAs (Dahl et al., 2013; Teasdale & Simoneau, 2001). Besides, obese 

individuals have been found to require additional attention for maintaining posture 

(Mignardot, Olivier, Promayon, & Nougier, 2010). Therefore, it is likely that obesity 

induced cognitive deficits, may also contribute to increased fall risks, especially in obese 
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adults.  

 

2.6 Limitations of current understanding  

2.6.1 Few studies focus on obese OA population in postural and gait stability 

For our best understanding, very few studies focus on how obesity affects fall risks, 

postural and gait stability in the OA population. A study examined the relationship between 

obesity and gait speed in older adults by using a National Health and Nutrition Examination 

Survey, they found clear relationship between obesity and reduced walking speed (Xu, 

Houston, Gropper, & Zizza, 2009). Another study looked into the self-reported falls 

outcomes, and the results indicated that obesity is associated with fall injuries in middle 

age and older adults (Ren et al., 2014). In addition, a study investigated the falls in middle 

age and old adults in Korea, they found that the obese group was associated with fall 

incidence in both mid-age and old groups (Kim, Kim, Sim, Park, & Choi, 2016).  

In addition to these self-report studies, a few other studies investigated the specific 

posture and gait control in obese OAs. Cruz et al. examined the effects of obesity and 

gender on the postural stability during upright stance, their results indicated that obese 

group produced a larger increase of sway when eyes were closed, the outcome was 

independent of age and gender (Cruz-Gómez, Plascencia, Villanueva-Padrón, & Jáuregui-

Renaud, 2011). In addition, a similar study looked into the balance control in obese older 

women by requiring subjects perform normal quiet stance with and without eyes open. 

They observed that obese individuals had faster COP oscillation speed, greater movement 
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range when eyes closed and less time in stability zone, and they concluded that obesity 

could be a contributing factor for falling in older women (Dutil et al., 2013). In addition to 

the postural control, a recent study directly tested the fall risks in older women via lab-

based trip, and found a relationship between obesity and higher fall risks during 

perturbation in older women (Rosenblatt & Grabiner, 2012). However, these studies either 

did not look into the direct effects of obesity on posture and gait stability or had limitations 

in selecting subjects or measurements.   

 

2.6.2 The mechanism(s) of how obesity leads to postural and gait instability is unclear  

Different studies have different purposes, although a few previous studies either 

proposed the relevant mechanisms on how obesity affects posture, balance and gait stability, 

few of them directly assess the possible mechanisms in the studies. More importantly, the 

aging related deteriorations in various systems complicate the consequences of obesity, and 

may alter the mechanisms of how obesity influences posture and gait instability in obese 

older adults. Potential mechanisms include: reduced muscle strength; a more anterior COP 

position altering the torque on ankle and leading to more sensory processing costs; impaired 

cutaneous sensation and mechanoreceptor from feet; restricted joint movement in lower 

extremity due to adipose tissues; and altered muscle activity pattern, particularly muscle 

co-contraction during locomotion (Chiacchiero et al., 2010; P Corbeil et al., 2001; Dahl et 

al., 2013; Hauer et al., 2003; Hue et al., 2007; Hulens et al., 2001; King et al., 2012; Lerner 

et al., 2014; Maki et al., 1999; Park et al., 2010; Riley & Clark, 2003; Shunway-Cook & 

Woollacott, 2011; Simoneau & Teasdale, 2015; Teasdale & Simoneau, 2001; Wu & 
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Madigan, 2014). However, most of these findings and discussions are pure explanations or 

speculations from study outcomes, none of them have directly examined the mechanisms 

or tried to establish a correlation between the possible mechanisms with reduced motor 

performance. In addition, none of these studies specifically focus on obese OAs. It is known 

that when people grow, their motor control strategies change. Thus, it is essential to notice 

that the adiposity affects motor performance in older adults may also change accordingly.   

 

2.6.3 The use of BMI is flaw in determining fat distribution in postural control and gait 

Most studies discussed above using BMI to classify their subjects, although the 

exclusive use of BMI is flawed to distinguish highly muscular persons from persons with 

high body fat percentages (Meng et al., 2016). Without clear identification of fat 

distribution, it would be difficult to figure the true relationship between obesity and motor 

performance. In addition, according to the outcomes from our recent study, different motor 

performance tests may require different BMI classifications because the degree of 

physiological system involved varies. It seems that fat distribution classification, such as 

whole-body fat percent has better correlation with static tests (e.g. postural control), 

however, increased BMI value may have better correlation with gait instability. 
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3 Methods 

3.1 Participants 

Three groups of older adults were included in this study. The average knee range of 

motion (obesity = 65.82°, normal weight = 72.71°) and standard deviation (OB = 5.84°, 

NW = 5.13°) data from our previous publication were used to compute the sample size 

(Meng et al., 2016; Meng, O’Connor, Lee, Layne, & Gorniak, 2017). When alpha error is 

set at 0.05 with the power level set at 80%, the power analysis indicated that 10 participants 

would be included in each group: the normal weight (BMI: 18.5-24.9 kg/m2), the 

overweight (BMI: 25-29.9 kg/m2) and the obese groups (BMI: 30-40 kg/m2). Each group 

included 5 females and 5 males. A customized questionnaire was used to screen for 

qualified candidates. The inclusion criteria were: 1) age 60 years or older; independently 

ambulatory, 2) no known neurological disorders (Stroke, Parkinson’s Disease, vestibular 

disorders, essential tremor, etc.), 3) no report of using medications impairing postural 

control or gait stability, 4) and having no more than weekly 150 min vigorous physical 

activity level. The study was reviewed and approved by the Committees for the Protection 

of Human Subjects (CPHS) at the University of Houston. All participants agreed and signed 

the informed consent approved by the University of Houston.  

 

3.2 Protocol Overview 

The tests were performed on the same day and at two different locations: one at the 

Center for Neuromotor and Biomechanics Research (CNBR) at the Texas Medical Center, 
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the other in the Department of Health and Human Performance at the University of Houston 

(UH). A total of six evaluations were included across the two sessions: anthropometric 

measurement, cognitive evaluation, posture evaluation, concurrent cognitive-posture 

evaluation, gait instability evaluation and body composition evaluation. The first five 

evaluations occurred in session one at CNBR. The body composition evaluation was 

performed at Department of Health and Human Performance, UH. 

 

3.3 Anthropometric Measurement   

All measurements were performed using the international system of units (SI). 

Each participant’s body mass (kg), height (m), waist circumference (m), hip 

circumference (m) and blood pressure were measured while barefoot and wearing light 

clothes. Body Mass Index (BMI) was calculated as body mass divided by height squared. 

Waist circumference was measured at the smallest aspect of the waist, just superior to the 

navel. Hip circumference was measured at the widest portion of the buttocks. The waist to 

hip ratio (WHR) was calculated as the ratio between waist circumference and hip 

circumference.  

 

3.4 Cognitive Evaluation 

3.4.1  Montreal Cognitive Evaluation 

Each participant underwent the Montreal Cognitive Assessment (MoCA) (Nasreddine 

et al., 2005). The MoCA is designed to assess cognitive function in multiple domains 

including: Visuospatial Executive; Naming; Memory; Attention; Language; Abstraction 
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and Orientation. In addition, the number of years of patient education was accounted for 

within the MoCA scoring structure. Permission to use the MoCA for research purposes has 

been granted to Dr. Gorniak’s lab. The total score and domain-specific scores were recorded.  

 

3.4.2  Working Memory Evaluation (N-back) 

Participants underwent a working memory evaluation (N-back). Each participant 

was assigned with 0-back, 1-back and 2-back testing conditions in a block-randomized 

manner. Each condition had three trials and each trial lasted 30 secs with a 2-sec interval 

between each letter. More descriptions can be found in our previous publication (Meng et 

al., 2016). The higher the N-back number is, the more difficult the task would be. 

Participants were given a series of random letters through a headphone-microphone device 

(Plantronics, Inc., Santa Cruz, CA). The outcome measures were reaction time and the rate 

of response accuracy.  

 

3.5 Posture Evaluation 

3.5.1 Sensory Organization Test (SOT) 

Participants were required to stand upright on the NeuroCom force-plate 

(NeuroCom International, Inc., Clackamas, OR) with feet and body properly positioned 

and fitted with an overhead safety harness. During the SOT, participants experienced the 

six standard testing conditions: (1) eyes open, (2) eyes closed, (3) eyes open with sway-

referenced vision, (4) eyes open with sway-referenced platform, (5) eyes closed with sway-
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referenced platform, and (6) eyes open with both sway-referenced vision and sway-

referenced platform. Data was recorded by the NeuroCom force-plate with a sampling 

frequency 100Hz across all tasks. The minimum time to boundary (MinTtB), integral time 

to boundary (iTtB), CoP path length, CoP mean velocity in anterior-posterior and medial-

lateral directions and CoP migration area and ankle-hip strategy score were calculated.  

 

3.5.2 Quiet Stance Evaluation 

Participants performed quiet stance testing without any cognitive interference first. 

Participants were required to maintain upright stance for 30 sec on NeuroCom force-plate. 

The minimum time to boundary (MinTtB), integral time to boundary (iTtB), CoP path 

length, CoP mean velocity in anterior-posterior and medial-lateral directions, as well as the 

CoP migration area and ankle-hip strategy score were calculated. 

 

3.5.3  Cognitive-posture Evaluation 

Participants were required to perform working memory evaluation (N-back) and to 

maintain upright stance at the same time. Each participant was assigned three N-back 

conditions (0-, 1-, and 2-back conditions) randomly, and at the same time was required to 

maintain upright stance on the platform. A total of three trials for each condition were 

performed and each trial lasted for 30 sec. The rate of accuracy and reaction time for 

cognitive evaluation were measured; The minimum time to boundary (MinTtB), integral 

time to boundary (iTtB), CoP path length, CoP mean velocity in anterior-posterior and 
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medial-lateral directions, as well as the CoP migration area and ankle-hip strategy score 

were calculated. 

  

3.6 Gait Evaluation  

Participants performed over-ground walking through a 200m hallway at their natural 

preferred speed. Two trials were performed. Trigno surface EMG system (Delsys, Inc. 

Natick, MA) was used for recording and calculating joint angular movement and muscle 

activity. The sensors used for joint angle calculation were placed on the low back, lateral 

thighs (proximal to epicondyles); lateral shanks (proximal to malleolus) and dorsal planes 

on feet. The sensors used for recording EMG activity were placed on bilateral rectus 

femoris, medial hamstrings, tibialis anterior and gastrocnemius. The sampling frequency 

was set at 1000Hz. The middle 100 gait cycles from each trial were extracted for analysis. 

In addition, participants were required to walk naturally on a 16-foot-long GaitRite Portable 

Walkway System (CIR systems Inc., Sparta, NJ) for three times to collect standard 

locomotion data. The outcome measures were walking speed; maximum angular 

displacement; range of motion (ROM); and Approximate Entropy (ApEn) of angular 

displacement data of the bilateral hips and knees; Step length (m), stride length (m), single 

support phase (%GC), double support phase (%GC), swing phase (%GC) and stance phase 

(%GC). EMG averaged rectified value (ARV) and root mean square (RMS) from rectus 

femoris, medial hamstrings, tibialis anterior and gastrocnemius; muscle co-contraction 

index from knees and ankles.  
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3.7 Body Composition Assessment  

 Body compositions of each participant was measured via a whole-body dual-energy 

x-ray absorptiometry (DEXA) scanning device (Discovery W, Hologic, Inc., Bedford, 

MA) located in the Department of Health and Human Performance at UH. The outcome 

measure was whole body fat percentage.  

3.8 Statistical Analysis 

 We primarily followed the statistical design in our previous project. SPSS version 

21.0 (SPSS IBM, New York, NY, U.S.A) was used to complete statistical analyses. For both 

cognitive-posture and SOT evaluations, mixed model analyses were used to compare the 

main effects of test conditions and group (normal weight, overweight and obese) on: The 

minimum time to boundary (MinTtB), integral time to boundary (iTtB), CoP path length, 

CoP mean velocity in anterior-posterior and medial-lateral directions, as well as the CoP 

migration area and ankle-hip strategy score. The fixed factor of Condition included 4 levels 

for N-back testing (quiet stance, 0-back, 1-back, and 2-back), 6 levels for SOT. Reaction 

time and the rate of accuracy were analyzed by using a 3 (0-back, 1-back, and 2-back) x 3 

(normal weight, overweight and obese) level mixed model analysis. Mixed model analysis 

was also used to compare the main effects from test conditions (0-back, 1-back, and 2-back) 

and group (normal weight, overweight and obese) on: reaction time and the rate of response 

accuracy in N-back testing. With respect to gait instability evaluation, we still used mixed 

model analyses to compare the differences among the three BMI Groups (normal weight, 

overweight and obese) and Sides (right and left) in terms of each variable in gait evaluation. 



   

40 
 

40 

The linear regression models were used to evaluate the correlations of BMI, whole body 

fat percentage, and waist to hip ratio with each variable in balance evaluation and gait 

evaluation. Significance level was set at p < 0.05 for the entire analysis.  
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4 Results  

4.1 Participants 

A total of thirty-one subjects participated in this study. One participant quit in the 

middle of the study; these data were omitted after consultation with UH IRB staff. The final 

results included fifteen females and fifteen males. According to BMI values, participants 

were assigned to normal weight (18.5-25kg/m2), overweight (25-30kg/m2), and obese 

groups (30-40kg/m2) each had five females and five males. The average age for each Group 

was 70.1 ± 6.8, 71.0 ± 8.5 and 68.5 ± 5.9 years old, respectively. Statistical analysis showed 

no significant differences in ages between three groups (F2,27 = 0.295, p > 0.05). 

 

4.2  Participant Characteristics 

4.2.1 Anthropometry and Body Composition 

Significant differences were observed in participant BMI values, waist to hip ratios 

(WHR) and whole-body fat percentages (fat%) among the three Groups (BMI: F2,27 = 

57.093, p < 0.001; WHR: F2,27 = 8.539, p < 0.001; fat %: F2,27 = 4.362, p < 0.05, respectively, 

see Figure 4.2.1). The average BMI values for each Group were 22.79 ± 2.21, 27.04 ± 1.23 

and 33.91 ± 3.19 kg/m2 (see Table 4.2.1). No significant differences were found in blood 

pressure measures or pulse rate (p > 0.05). No significant differences between groups in 

co-morbidity scale.  
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Table 4.2.1 Demographic description for all participants 
 Normal weight Overweight Obese 
N 10 10 10 
Age (y) 70.1±6.87 71±8.52 68.5±5.90 
Weight (kg) 61.67±8.91 77.31±9.82 91.94±13.12 
Height (m) 1.64±0.06 1.69±0.09 1.64±0.08 
BMI (kg/m2) 22.79±2.21* 27.04±1.23* 33.91±3.19* 
Waist (cm) 79.8±8.88 95.2±10.60 109.3±9.45 
Hip (cm) 93±7.80 100.6±4.97 106.6±9.06 
Thigh (cm) 50.1±6.03 54.4±5.25 61.3±6.95 
WHR 0.86±0.06* 0.95±0.12 1.03±0.10* 
MoCA 26.1±3.25 26.5±2.99 23.1±2.51 
SYS (mmHg) 133.8±10.17 144.1±16.86 141.2±18.72 
DIA (mmHg) 70.10±8.94 76.2±12.24 76.5±10.20 
Pulse (bmp) 66.0±8.97 68.1±8.12 70.6±9.32 
Total Fat (%) 31.77±6.66* 37.16±6.56 41.1±7.45* 

* Significant at p < .05. ** Significant at p < .001. 

 

 

 
 
 

 

 

 

Figure 4.2.1. The average BMI, waist to hip ratio (WHR), and Total body fat 
percentage values for each group (NW = normal weight, OW = overweight, OB = 
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4.2.2  Plantar sensation 

Table 4.2.2 and Figure 4.2.2 show the plantar sensation results from three locations on 

both feet including medial plantar nerve, lateral plantar nerve and medial calcaneal branch 

of the tibial nerve. Results indicated that there were no main effects from neither Group or 

side on all nerves.  

 

Table 4.2.2 Plantar sensation between different body weight groups  
  Normal weight Overweight Obese 
Medial plantar nerve (g) 1.538±0.618 1.578±0.633 5.176±2.036 
Lateral plantar nerve (g) 2.344±1.006 2.844±1.220 4.188±1.796 
Calcaneal Branch of Tibial nerve (g) 4.036±1.721 4.207±1.794 4.775±2.078 

* Significant at p < .05. ** Significant at p < .001. 
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Figure 4.2.2. Mean plantar force threshold in calcaneal, medial and lateral nerves from 
three body weight groups. CBTN standards for calcaneal branch of tibial nerve, MPN 

stands for medial plantar nerve and LPN stands for lateral plantar nerve. 
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4.3 Cognitive Function Data 

4.3.1 Baseline Cognitive Function 

The MoCA test is a measure of baseline cognition and includes evaluation of the 

visuospatial executive, naming, memory, attention, language, abstraction and orientation 

domains; a total of seven domains. MoCA test total score showed significant Group effects 

(F2,27 = 4.014, p < 0.05). Post hoc analysis of total MoCA score indicated that MoCA scores 

in the normal and overweight groups were higher than total MoCA score of the obese group. 

Analysis of each domain revealed Group differences in the language domain (F2,27 = 3.568, 

p < 0.05), while the attention domain was marginally significant as well (F2,27 = 3.216, p = 

0.056). Post hoc analysis of the language domain score indicated that scores in the normal 

and overweight groups were larger than the score of the obese group. The overweight group 

was significantly different from obese group in the language domain (F2,27 = 2.769, p < 

0.05).  While including age, WHR, total fat percentage and blood pressure as covariates, 

there was no effect of Group and age, total fat percentage and blood pressure interactions 

on MoCA test results. However, WHR had significantly negative impacts on MoCA test 

scores (F2,27 = 12.637, p < 0.001), such that higher WHR was associated with lower MoCA 

scores.  

 

4.3.2 N-back Cognitive Function Data 

Reaction time (RT) and response accuracy from three N-back difficulty levels were 

recorded. The average reaction time across all Groups in 0-, 1- and 2-back tests were 0.90

±0.11s, 0.95±0.20s and 0.97±0.20s, respectively. The average accuracy rate across all 
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Groups in 0-, 1- and 2-back tests were 100%±0%, 89.19%±14.25%, 62.0%±19.64%, 

respectively. Statistical analysis indicated that N-back testing Condition had no main 

effects on RT, but significantly reduced participants’ response accuracy (F2,47 = 2.53, p = 

0.09; F2,53 = 79.432, p < 0.001; see Figure 4.3.1). Group had no main effects on RT or 

response accuracy (F2,29 = 0.462, p = 0.793; F2,27 = 1.451, p = 0.252.). In addition, BMI, 

WHR and fat percentage were used to explore the relationships between adiposity measures 

with cognitive performance. The results indicated that both increased BMI and WHR 

values were correlated with increased RT (see Table 4.3.1), however, fat percentage was 

not significantly correlated with RT. No correlations were found between any adiposity 

measures with response accuracy.   

 

 
Figure 4.3.1. Impacts of N-back testing on reaction time (RT) and response accuracy 

across all three tested groups. Average data are reported as no between group effects were 
found. 
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Table 4.3.1. Correlations between adiposity measures and cognitive performance 

  BMI   WHR   Fat%  
 r F p r F p r F p 
Reaction Time 0.323 7.901 0.006* 0.393 12.406 0.001* 0.233 3.916 0.052 
Accuracy 0.114 0.996 0.321 0.135 1.408 0.239 0.038 0.108 0.744 

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
 

4.4 Posture Evaluation Data 

4.4.1 Effects of Cognitive Loading and Body Composition on Postural Performance 

A three (3) (Group: normal weight, overweight and obese) by four (4) (Condition: 

quiet, 0-back, 1-back and 2-back) level mixed-model analysis was used to analyze postural 

performance during N-back tasks. The dependent variables were minimum time to 

boundary in anterior-posterior (AP) and medial-lateral (ML) directions (MinAPTtB & 

MinMLTtB), integral time to boundary in AP and ML directions (APiTtB & MLiTtB), path 

length in AP and ML directions (AP path length & ML path length), mean CoP velocity in 

AP and MLdirections (AP velocity & ML velocity), ankle-hip strategy score, and CoP 

migration area.  

The mixed model analysis indicated that Group and Condition had main effects on 

different postural control variables. Group (higher BMI) had significant main effects on 

increased AP path length (F2,48.4 = 3.568, p < 0.05), increased AP velocity (F2,48.4 = 3.629, 

p < 0.05) and reduced ankle-hip strategy score (F2,48.4 = 4.392, p < 0.05). Compared to the 

quiet stance Condition, increased N-back testing had significant impacts on most postural 

control variables. Condition (aka: N-back testing difficulty) was associated with reduced 

MinAPTtB, MinMLTtB, APiTtB, increased path length and mean velocity in both AP and 
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ML directions; reduced strategy score and increased CoP migration area (for F- and p-

values, see Table 4.4.1). The impacts of N-back testing on postural control performance 

can be found in Figure 4.4.1(A-E).  There was no significant interaction between Group 

and Condition on postural control variables. 

 
Table 4.4.1. BMI group and N-back testing statistical results 
 Group N-back  Group x N-back 

 F2,48.4 p-value F3,48.4 p-value F6,48.4 p-value 
MinAPTtB 1.204 0.314 8.962 <0.001** 1.652 0.142 
MinMLTtB 1.413 0.259 18.063 <0.001** 0.59 0.737 
APiTtB 1.236 0.305 8.184 <0.001** 1.046 0.401 
MLiTtB 1.743 0.192 1.632 0.188 0.558 0.762 
AP path length 3.442 0.045* 11.922 <0.001** 1.088 0.376 
ML path length 1.731 0.194 13.779 <0.001** 0.517 0.794 
AP velocity 3.629 0.033* 12.243 <0.001** 1.118 0.355 
ML velocity 1.775 0.181 13.862 <0.001** 0.522 0.791 
Strategy score 4.392 0.021* 7.209 <0.001** 0.786 0.583 
Migration area 1.971 0.151 4.429 0.006* 0.635 0.702 

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
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Figure 4.4.1. Impacts from N-back testing on postural evaluation variables. (A) 

Minimum time to boundary at AP direction, (B) Minimum time to boundary at ML 
direction, Minimum integral time to boundary at AP direction, (C) Minimum integral time 
to boundary at AP direction, (D) Minimum integral time to boundary at ML direction, (E) 

Path length at AP direction, (F) Path length at ML direction, (G) Mean velocity at AP 
direction, (H) Mean velocity at ML direction, (I) Ankle-hip strategy score, (J) CoP 

migration area. 
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 A linear regression model was used to further analyze the relationships between obesity 

measures and postural performance. Three major predictors were considered: BMI (kg/m2), 

waist to hip ratio (WHR) and total fat percentage (%fat). With respect to the effect of BMI 

on postural control, BMI was negatively associated with minAPTtB, minMLTtB and ankle-

hip strategy-score (see Table 4.4.2). BMI was positively associated with APiTtB, AP & ML 

path length, AP & ML mean velocity (see Table 4.4.2). Very similar relationships were 

found in WHR (waist to hip ratio) as compared to BMI, which was also negatively 

associated with minTtB in both AP and ML directions and ankle-hip strategy-score. WHR 

was positively associated with AP & ML iTtB, path length and mean velocity in both AP 

and ML directions and COP migration area (see Table 4.4.2). However, total fat percentage 

had no impacts on all postural stability measures (see Table 4.4.2). The relative r values are 

included in Table 4.4.2. Among them, AP path length, AP velocity and strategy score had 

higher correlations with obesity measures than other variables.  
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Table 4.4.2 Correlations between adiposity measures and cognitive-postural control 
variables  
    BMI     WHR     Fat %   
  r  F1,119  p  r  F1,119  p  r  F1,119  p 
MinAPTtB 0.171 3.544 0.062 0.181 3.978 0.048* 0.067 0.527 0.469 
MinMLTtB 0.205 5.176 0.025*  0.181 4.008 0.048* 0.026 0.08 0.778 
APiTtB 0.334 14.798 <0.001** 0.343 15.746 <0.001** 0.073 0.627 0.43 
MLiTtB 0.261 8.647 0.004*  0.289 10.73 0.001** 0.037 0.165 0.685 
AP path length 0.448 29.554 <0.001** 0.41 23.869 <0.001** 0.091 0.979 0.325 
ML path length 0.218 5.865 0.017*  0.323 13.79 <0.001** 0.16 3.095 0.081 
AP velocity 0.447 29.532 <0.001** 0.41 23.831 <0.001** 0.091 0.978 0.325 
ML velocity 0.217 5.855 0.017*  0.323 13.756 <0.001** 0.16 3.104 0.081 
Strategy score 0.448 29.675 <0.001** 0.587 62.108 <0.001** 0.121 1.768 0.186 
Migration area 0.346 16.089 <0.001** 0.28 10.074 0.002* 0.032 0.12 0.729 

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001.  
 

The relationships between obesity measures and postural control performance were 

plotted as increased measures with each postural control variable in all quiet and N-back 

testing conditions in Figure 4.4.2(A)-(J). Compared to fat percentage, BMI (Figure 

4.4.2(A)-(J)) and WHR ((Figure 4.4.2(A)-(J)) exhibited more significant and consistent 

correlations than fat percentage ((Figure 4.4.2(A)-(J)) with postural control variables, and 

as BMI and WHR values increased, the postural control performance reduced.  
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Figure 4.4.2. Plots of relationships between three obesity measures with postural control 
variables. (A,B,C) minimum time to boundary in AP direction; (D,E,F) minimum integral 

time to boundary in AP direction; (G,H,I) Path length in AP direction; (J,K,L) mean 
velocity in AP direction. 
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4.4.2 Effects of Cognitive Loading and Body Composition on Postural Performance 

Sensory organization test (SOT) 

Sensory organization test includes six testing conditions. As SOT Conditions became 

more challenging, more body sway was exhibited. Table 4.4.3 exhibits the effects of Group 

on postural control. Significant differences from Group were observed only in MinMLTtB 

and strategy score (Table 4.4.3, F2,30 = 3.34, p < 0.05; F2,30 = 4.001, p < 0.05). Figure 4.4.3 

shows the Group effects on minimum time to boundary at ML direction and strategy score 

under all six conditions. Group and SOT Condition interactions were observed in APiTtB, 

MLiTtB, and strategy score (Table 4.4.3, F5,147 = 2.101, p < 0.05; F2,30 = 2.391, p < 0.05; 

F5,147 = 2.415, p < 0.05). Further regression analysis indicated that higher BMI values were 

associated with reduced minimum time to boundary in the ML direction, increased ML 

integral time to boundary, increased ML path length, ML mean velocity and reduced ankle-

hip strategy score (Table 4.4.4). Similarly, correlations were also observed with respect to 

WHR and postural measures. Increased WHR was associated with reduced minimum time 

to boundary in ML direction, increased ML integral time to boundary, increased ML path 

length, ML mean velocity and reduced ankle-hip strategy score. However, increased fat 

percentage was only associated with AP and ML integration time to boundary, and reduced 

strategy score (see Table 4.4.4).   
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Table 4.4.3. Correlations between adiposity measures and cognitive-posture control 
variables 
 Group SOT  Group x SOT 

 F2,30 p-value F5,147 p-value F5,147 p-value 
MinAPTtB 0.902 0.416 132.59 <0.001** 1.209 0.29 
MinMLTtB 3.343 0.049* 87.291 <0.001** 1.065 0.393 
APiTtB 0.267 0.768 328.812 <0.001** 2.101 0.028* 
MLiTtB 3.067 0.062 19.106 <0.001** 2.391 0.012* 
AP path length 1.293 0.289 140.423 <0.001** 0.749 0.677 
ML path length 2.391 0.109 51.428 <0.001** 1.179 0.31 
AP velocity 1.293 0.289 140.423 <0.001** 0.749 0.677 
ML velocity 2.398 0.106 51.937 <0.001** 1.192 0.298 
Strategy score 4.001 0.029* 208.336 <0.001** 2.415 0.011* 
Migration area 0.967 0.391 33.947 <0.001** 1.879 0.051 

* Significant at p < .05. ** Significant at p < .001. 

 

 

 

 

 

 

 

Figure 4.4.3. Effects of SOT on postural control performance. 
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Table 4.4.4 Correlations between adiposity measures and SOT postural control 
variables 
    BMI     WHR     Fat %   
  r  F  p  r  F  p  r  F  p  
MinAPTtB 0.108 2.008 0.158 0.065 0.724 0.396 0.145 3.687 0.057 
MinMLTtB 0.221 8.997 0.003* 0.162 4.706 0.031* 0.16 4.591 0.034* 
APiTtB 0.057 0.577 0.449 0.018 0.058 0.81 0.111 2.174 0.142 
MLiTtB 0.247 11.405 0.001* 0.169 5.175 0.024* 0.14 3.473 0.064 
AP path length 0.14 3.516 0.062 0.113 2.246 0.136 0.086 1.301 0.256 
ML path length 0.211 8.153 0.005* 0.173 5.417 0.021* 0.077 1.047 0.308 
AP velocity 0.14 3.516 0.062 0.113 2.247 0.136 0.086 1.3 0.256 
ML velocity 0.211 8.153 0.005* 0.173 5.423 0.021* 0.077 1.044 0.308 
Strategy score 0.157 4.395 0.037* 0.149 3.99 0.047* 0.053 0.487 0.486 
Migration area 0.026 0.119 0.73 0.081 1.148 0.285 0.026 0.12 0.729   

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
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4.5  Gait Evaluation Data 

4.5.1 GaitRite Data 

Participants completed three trials of usual speed walking on GaitRite. The data was 

extracted from both feet and averaged across the three trials. Single leg support (SS), double 

leg support (DS), swing phase, stance phase, normalized speed, step length, and stride 

length in bilateral sides were recorded and calculated. A three (3) Group (normal weight, 

overweight and obese) by two (2) Side (left & right) level mixed-model analysis was used 

to analyze the gait parameters. Table 4.5.1 reports the mean and standard deviations of all 

gait variables.  

 

Table 4.5.1 Mean and standard deviation values from gait variables in normal 
weight, overweight and obese participants. 

 Normal weight  Overweight Obese 
 Mean SD Mean SD Mean SD 
Normalized speed  0.72  0.15  0.66  0.10  0.62  0.10  
Normalized left step length 0.39  0.05  0.38  0.04  0.35  0.03  
Normalized right step length 0.40  0.05  0.39  0.03  0.36  0.03  
Normalized Left stride length 0.80  0.10  0.77  0.08  0.71  0.05  
Normalized Right stride length 0.80  0.09  0.78  0.08  0.71  0.06  
Left double support phase (%GC) 26.80  3.99  28.90  3.15  32.78  3.11  
Right double support phase (%GC) 26.52  4.41  28.98  2.77  32.78  2.78  
Left single support phase (%GC) 36.84  2.15  35.11  1.59  33.95  1.27  
Right single support phase (%GC) 36.13  2.18  35.96  1.78  33.16  1.85  
Left stance phase (%GC) 63.56  2.21  64.11  1.65  66.80  1.77  
Right stance phase (%GC) 63.48  2.03  64.84  1.78  66.09  1.28  
Left swing phase (%GC) 36.44  2.20  35.90  1.66  33.20  1.78  
Right swing phase (%GC) 36.53  2.03  35.17  1.80  33.91  1.29  
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Table 4.5.2 reports the main effects from Group, Side and their interactions on step 

length, stride length, double support phase, single support phase, stance phase and swing 

phase. The results indicated that Group had strong effects on all variables, but Side only 

had significant effects on step length (F1,30 = 13.934, p < 0.001, Table 4.5.2). Group and 

Side interactions were observed in the single support phase, stance phase, and swing phase 

(Table 4.5.2).  

 
 
Table 4.5.2 The effects from Group and side on gait control variables 
 Group Side Group * Side 
 F2,30 p-value F1,30 p-value F2,30 p-value 
Step Length 4.115 0.026* 13.934 0.001** 0.55 0.583 
Stride Length 4.177 0.025* 0.026 0.872 2.261 0.122 
Double support phase 9.146 0.001** 0.362 0.552 0.907 0.415 
Single support phase 8.545 0.001** 0.862 0.361 5.211 0.011* 
Stance phase 8.583 0.001** 0.013 0.908 3.745 0.035* 
Swing phase 8.529 0.001** 0.011 0.917 3.795 0.034* 

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
 

Table 4.5.3 reports the correlations between different obesity measures with gait 

performance variables. BMI was associated with most gait variables, except for speed 

(see Table 4.5.3 and Figure 4.5.1). Increased BMI value was correlated with increased 

double support time and swing phase, decreased single support phase and swing phase 

(Figure 4.5.1). Waist to hip ratio (WHR) was also associated with temporal variables. 

Increased WHR was correlated with increased double support time and swing phase, 

decreased single support phase and swing phase (Table 4.5.3, Figure 4.5.1). Increased 

total fat percentage was associated with reduced step and stride length, increased double 

support phase and stance phase on left side. (see Table 4.5.3 and Figure 4.5.1). 
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Table 4.5.3 The correlations between adiposity measures and gait variables 

 BMI WHR %Fat 
 r F1,29 p r F1,29 p r F1,29 p 

Normalized speed  0.265  2.111  0.157  0.263  2.086  0.160  0.224  1.470  0.235  

Normalized left step length 0.428  6.288  0.018* 0.313  3.037  0.092  0.392  5.100  0.032* 

Normalized right step length 0.405  5.477  0.027* 0.274  2.283  0.142  0.378  4.673  0.039* 

Normalized Left stride length 0.447  7.012  0.013* 0.318  3.148  0.087  0.394  5.132  0.031* 

Normalized Right stride length 0.412  5.745  0.023* 0.288  2.530  0.123  0.387  4.928  0.035* 

Left double support (%GC) 0.648  20.237  <0.001** 0.406  5.543  0.026* 0.420  5.960  0.021* 

Right double support (%GC) 0.669  22.597  <0.001** 0.406  5.529  0.026* 0.454  7.271  0.012* 

Left single support (%GC) 0.630  18.440  <0.001** 0.467  7.795  0.009**  0.342  3.723  0.064  

Right single support (%GC) 0.549  12.077  0.002* 0.355  4.031  0.054  0.346  3.811  0.061  

Left stance phase (%GC) 0.595  15.360  0.001* 0.386  4.886  0.035*  0.377  4.626  0.04* 

Right stance phase (%GC) 0.596  15.429  0.001* 0.439  6.690  0.015*  0.326  3.316  0.079  

Left swing phase (%GC) 0.593  15.207  0.001* 0.385  4.849  0.036*  0.377  4.649  0.04* 

Right swing phase (%GC) 0.594  15.275  0.001* 0.442  6.774  0.015*  0.322  3.236  0.083  

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
 
 
 
 
 
 
 



   

58 
 

58 

 

Figure 4.5.1. Correlations of BMI, WHR and %Fat with step length, stride length, swing 
phase, stance phase, single support and double support phase on both sides. 
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4.5.2 Walking stability 

Participants performed three trials of over-ground walking test, and the middle hundred 

steps were extracted for analysis. The statistical results indicated that Group had no 

impacts on maximum hip and knee flexion, hip and knee range of motion (ROM) or hip 

and knee ApEn. However, Side had significant impacts on maximum hip flexion (F1, 30 = 

7.492, p < 0.01), maximum knee flexion (F1, 30 = 32.774, p < 0.001), hip ROM (F1, 30 = 

9.39, p < 0.005), knee ROM (F1, 30 = 100.838, p < 0.001), and knee ApEn ((F1, 30 = 

22.228, p < 0.001, Table 4.5.4). No Group and Side interactions were found. In the linear 

regression analysis, increased BMI and fat percentage were not associated with any 

walking variables. However, higher WHR was associated with higher ApEN in left knee 

(r = 0.145, F1,59 = 4.764, p < 0.05).  

 

 
Table 4.5.4 Mean and standard deviations of walking variables 

 Normal weight Overweight Obese 
 Mean SD Mean SD Mean SD 

MaxLhip(°) 27.43 6.89 22.52 6.48 28.01 5.26 
MaxRhip(°) 34.39 9.27 33.41 11.6 38.83 18.28 
MaxLknee(°) 60.95 5.78 54.68 5.44 55.71 9.2 
MaxRknee(°) 66.07 6.97 68.63 7.84 64.21 17.25 
ROMLhip(°) 40.99 11.29 34.55 6.23 41.27 8.25 
ROMRhip(°) 44.69 11.44 43.8 10.41 45.99 15.42 
ROMLknee(°) 59.66 4.99 53.59 5.63 53.58 8.91 
ROMRknee(°) 62.78 3.63 65.17 5.31 60.83 15.15 
ApEnLhip 0.316 0.058 0.308 0.053 0.302 0.065 
ApEnRhip 0.32 0.058 0.313 0.067 0.316 0.056 
ApEnLknee 0.29 0.054 0.329 0.046 0.302 0.069 
ApEnRknee 0.235 0.045 0.238 0.053 0.276 0.062 
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Table 4.5.5 Statistical results from the impacts of Group and Side on walking stability 
 Group Side Group * Side 

 F2,30 p F1,30 p F2,30 p 
Maxhip 0.28 0.758 7.492 0.01* 1.468 0.246 
Maxknee 0.489 0.618 32.774 <0.001** 2.42 0.106 
ROMhip 0.702 0.503 9.39 0.005** 0.771 0.472 
ROMknee 0.099 0.906 100.838 <0.001** 0.718 0.496 
ApEnhip 0.095 0.901 0.118 0.733 0.176 0.839 
ApEnknee 1.023 0.372 22.228 <0.001** 1.983 0.155 

F- and p-values are provided for the fixed factors. 
* Significant at p < .05. ** Significant at p < .001. 
 
 

 

 
Figure 4.5.2. Group and side effects on maximum angles, range of motion (ROM) and 

ApEn in knees and hips. (A) maximum angles in hips, (B) maximum angles in knees, (C) 
range of motions in hips, (D) range of motions in knees, (E) Approximate entropy in hips, 

(F) Approximate entropy in knees 
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4.5.3 Lower extremity muscle activity while walking 

The EMG signal was band-pass filtered (2nd order, zero-phase-lag, 20 to 400 Hz), 

rectified, and low-pass filter smoothed (4th order, zero-phase-lag, Butterworth with 6 Hz 

cutoff frequency). A total of eight muscles were recorded: vastus medialis, medial 

hamstring, tibialis anterior and lateral gastrocnemius on both sides. The statistical results 

indicated no Group impacts on Average Rectified Value (ARV) or Root Mean Square 

(RMS) in all muscles. No Group impacts on muscle co-contractions in knees and ankles 

were found. No Side impacts were found on muscle co-contractions, however, the ARV 

and RMS at medial hamstring were different from left and right side (F1,30 = 7.766, p < 

0.01; F1,30 = 9.391, p < 0.005). While examining the relationships between obesity 

measures and muscle activity, results showed no significant correlations between obesity 

measures with ARV, RMS or muscle co-contractions. Only the increased total fat 

percentage were marginally correlated with reduced ARP at right hamstring (r = 0.348, 

F1,29 = 3.864, p = 0.059).  
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Figure 4.5.3. The group and side impacts on muscle activity in left and right sides. (A) 
muscle co-contraction in knees, (B) muscle co-contraction in ankles, (C), Averaged 
rectified value in 
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5 Discussion 

5.1 General Summary  

There were three main purposes in the current study. First, investigate how adiposity 

impacts posture and gait features in older adults. Second, demonstrate the correlation 

between adiposity measures and motor function changes in older adults. Third, examine 

potential mechanisms and confounds that may contribute to motor function changes in 

overweight and obese older adults. In order to accomplish the aims, we examined cognitive, 

balance and walking performance in normal weight, overweight and obese older adults, as 

well as the variables that could lead to potential motor deficits, such as plantar sensation 

and muscle activation patterns via EMGs. In addition, the relationships between adiposity 

measures and motor function were also assessed.  

Our hypothesis 1 was that the overweight and obese older adults would present with 

reduced postural stability and impaired gait as compared to healthy weight older adults. 

This hypothesis was supported as excessive amounts of adiposity reduced participants’ 

postural control and altered individuals’ balance strategy while performing N-back and 

sensory organization tests. While performing over-ground walking test, as expected, 

overweight and obese groups had reduced step length, reduced swing phase and increased 

stance phase compared to controls.  

Our second aim was to explore the correlations between adiposity measures and motor 

function changes in older adults. The widely used adiposity measure of BMI may be 

problematic in assessing motor function. In our previous studies, the whole body fat 

percentage had better correlations with postural control variables than BMI, but BMI had 
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better correlations with gait control variables in young adults (Meng et al., 2016, 2017). 

The discrepancy between our previous findings encouraged us to extend our focus into 

older population who may have more consequences from motor deficits than young adults. 

Our hypothesis (2a) of whole body fat percentage presenting a consistent correlation with 

postural control in older adults was not supported because fat percentage did not present 

significant impacts on postural control variables. However, higher BMI and WHR (waist 

to hip ratio) values presented strong correlations with reduced postural control variables. 

Our follow-up hypothesis (2b) of the relationship regarding a relationship of BMI and waist 

to thigh ratio such that a consistent positive correlation will emerge with gait features in 

older adults was partially supported. Although none of obesity measures showed 

correlations with range of motion or Approximate Entropy in joint movement while 

performing over-ground walking test, increased BMI had strong correlations with basic gait 

parameters, such as increased step length, reduced swing phase and increased stance phase 

than fat percentage. In addition, increased WHR value significantly reduced a few reduced 

gait stability related variables as similar as fat percentage. 

Our third goal was to examine potential mechanisms and confounds that may 

contribute to motor function changes in overweight and obese older adults. According to 

the results from our previous studies and other literature, cognition, physical constraints, 

and lower-limb muscle co-contraction were evaluated. Our hypothesis (3a) of overweight 

and obese older adults presenting different muscle co-contraction patterns in knees and 

ankles as compared to younger healthy adults was not supported. No statistical differences 

of muscle co-contraction patterns in knees and ankles were found between different body 
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weight groups. However, the last hypothesis (3b) of overweight and obese older adults may 

present deficits in overall cognition and working memory function compared to normal 

weight controls were partially supported because only the baseline MoCA test score 

showed difference in language domain.  

 

5.2 Adiposity impacts posture and gait features in older adults 

5.2.1 Cognitive-posture test and sensory organization test 

Both static (cognitive-posture) and dynamic balance (SOT) assessments were 

included in this study to evaluate postural control in obese older adults. Both assessments 

are commonly used in evaluating balance in various populations, but with different 

focuses. Static balance assessment normally requires subjects to stand on a platform with 

eyes open or closed conditions. A reduced postural sway is associated with less movement 

in CoP, hence, greater stability control. Thus, small CoP oscillations suggest better 

postural control (Pizzigalli, Micheletti Cremasco, Mulasso, & Rainoldi, 2016). In our 

study, we not only examined the quiet stance condition, in which subjects were required 

to maintain upright stance on a force-platform, but required participants to perform a 

cognitive-postural control task (N-back). Because cognitive task escalates the attention 

cost and interferes with an individual’s ability to maintain postural stability due to 

resource competition (Maylor & Wing, 1996). In our study, participants were required to 

perform N-back testing while maintaining upright stance position on a platform. In 

addition to static balance assessment, dynamic balance assessment measures CoP 
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displacement under dynamic conditions such as a moving support surface. Since we were 

examining how our participants coordinate multiple systems to adjust their posture under 

various challenges, during balance test, an unfixed support surface could allow us to 

evaluate the role of visual, somatosensory and vestibular system (Pizzigalli et al., 2016). 

The use of both balance assessments can provide better evaluations on postural control 

performance in our population.  

In the current study, most dependent variables in both AP and ML directions were 

affected by N-back testing difficulty, as well as reduced strategy score and increased CoP 

migration area. While, in our previous study, N-back testing difficulty was primarily 

affecting postural control variables in AP directions in young adults (Meng et al., 2016). 

The effects of N-back testing on postural control were exacerbated in older adults compared 

to young adults. This discovery was in line with another previous study, in which older 

subjects exhibited larger body sway when performing reaction time tasks on a force-plate, 

but not in young subjects (Redfern, Jennings, Martin, & Furman, 2001). Postural control 

basically involves a 3-step procedure: sensing position and motion from various sensory 

systems, processing  sensory information and determining orientation and movement, and 

selecting appropriate motor responses (R. Schmidt, 1975). The results from our studies and 

another similar study both suggest that aging might have effects on the interaction between 

the sensory integration needed for postural control and attentional processes (Redfern et al., 

2001). Besides, another modelling study suggests that attention influences the time for 

cognitive processing and integration of sensory inputs for balance, the time delay in older 

adults enhances vulnerability of balance control task. (Mahboobin, Loughlin, & Redfern, 
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2007). Thus, while extra attention cost is needed, older adults may suffer from additional 

postural control (motor) deficits.  

Center of pressure (CoP) path length and CoP mean velocity are two common variables 

that are believed to distinguish fallers and non-fallers in old adults, because higher path 

length and mean velocity were found in older adult fallers in both medial lateral and 

anterior-posterior direction (Pizzigalli et al., 2016). However, ankle-hip strategy score was 

the only variable that was affected under both test conditions in the current study. The 

coordination of ankle-hip flexion/extension is critical in maintaining balance. In the case 

of using ankle strategy to balance, both upper and lower body move in the same direction 

or in phase with one another because only a small range of motion is needed to maintain 

posture; however, in use of hip strategy, the upper body moves in a direction opposite to 

lower body because normally the center of gravity must be moved more quickly to 

overcome the increase in sway speed or distance (Ellis, 2008; Gatev, Thomas, Kepple, & 

Hallett, 1999; Saffer, Kiemel, & Jeka, 2008). While encountering balance perturbation, 

individuals may shift in between two strategy patterns to achieve a better postural control 

outcome (Bardy, 2004; Gueugnon et al., 2016). However, Young adults rely more often on 

an ankle strategy to recover from loss of balance, but older adults shift more to hip strategy 

as a compensation due to reduced plantar sensitivity and tibialis anterior strength (Amiridis, 

Hatzitaki, & Arabatzi, 2003; Barbieri & Vitório, 2017; F. Horak, Shupert, & Mirka, 1989; 

Yeh, Cluff, & Balasubramaniam, 2014). Another study revealed that reduced 

somatosensation led to an increased hip strategy for postural correction, however, 

vestibular loss resulted in a normal ankle strategy but lack of a hip strategy (Horak, 
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Nashner, & Diener, 1990). Therefore, the reduced ankle-hip strategy score indicates that 

they individuals have the tendency to reply more on hip strategy to adjust their posture, and 

which suggests that they might have reduced somatosensation or tibialis anterior strength 

than other older adults.  

Our hypothesis one was confirmed because while performing cognitive-posture testing, 

BMI group had significant effects on increased AP path length, AP velocity and reduced 

ankle-hip strategy. The outcomes are consistent with findings in our previous study, which 

examined the postural control in obesity young adults (Meng et al., 2016). Obese older 

adults were still able to maintain good postural control ability under quiet stance position 

compared to controls, however, when the balance conditions were changed, such as 

diverted attention, the deficits in postural control can be clearly observed. In addition to 

cognitive-posture testing, the traditional sensory organization test (SOT) also reveals a 

certain level of postural control deficits in obese older adults. Our results indicated that 

increased BMI group had impact on MinMLTtB and strategy score. The control of the 

posture is known to involve the integration from multiple systems (Kaplanski, 2001). 

However, obese older adults tend to have higher risks of postural instability in mediolateral 

(ML) direction when vestibular, visual, and somatosensory systems are challenged rather 

than in AP direction. It is possible that a concentration of fat mass increases the load on the 

hips, which is a known preference control strategy adopting with ageing, thereby leading 

to greater displacement in the ML direction (Alonso et al., 2012). when the sensory system 

is challenged. since only one variable was significantly impacted in ML direction, more 

studies might be needed to have more focus on the balance control affected by obesity in 
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older adults in ML direction.  

  

5.2.2 Gait stability 

Older adults tend to have higher risks of falling; however, it was not clear from 

previous studies whether excessive body weight could exacerbate falling. Reduced swing 

phase can be interpreted as a predictor of high risk of falls in older normal weight adults 

(Verghese, Holtzer, Lipton, & Wang, 2009). Our hypothesis one was partially supported 

by the results that overweight and obese older adults presented with reduced gait stability 

variables in stance/swing phase and single/double support phase. Gait alterations have 

been found in a few previous studies in overweight and obese adults, such as slow 

walking, reduced cadence, increased step width, decreased step length, increase stance 

phase and reduced swing phase (Browning & Kram, 2007; de Souza et al., 2005; DeVita 

& Hortobágyi, 2003; Page Glave, Dibrezzo, Applegate, & Olson, 2013; Spyropoulos et 

al., 1991). However, few of these previous studies included older adults as test subjects. 

Besides, obesity is one of the factors leads to joint Osteoarthritis and predicts the 

development of mobility disability (Grazio & Balen, 2009; Houston et al., 2009). 

However, more data would be needed to look into the contact forces applied in joints to 

reveal gait impairment outcomes.  

The results of the current study are in line with another similar study, in which gait 

features were analyzed in a 10-m walking test. The study reported older adults had 

reduced speed and increased stance duration (Ko, Stenholm, & Ferrucci, 2010). 
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Regardless of these studies, it is still not possible to conclude that obese older individuals 

had abnormal gait. From our observations, obese older individuals can still adopt normal 

gait characteristics but with alterations to gait resulting from mechanical loads added on 

joints. This is also consistent with our previous findings in young obese adults (Meng et 

al., 2017).  

 In addition, a previous study examined the joint displacement. DeVita and 

Hortobágyi found hip extension and plantar flexion were increased in obese adults during 

walking, while knee flexion was reduced (DeVita & Hortobágyi, 2003). However, this 

study was only specifically looking at angular displacement at a certain phase, but not the 

overall performance. Thus, we focused on the range of motion (ROM) and Approximate 

entropy (ApEN) of bilateral hip and knee kinematics over the entire walking test in the 

current study. Unfortunately, no impacts from obesity were found on neither ROMs or 

kinematic ApENs in sagittal plane movement suggesting a relatively stable gait pattern. 

Even though no group impacts on ROM or ApEN, asymmetry was found on knees in 

ROM and ApEN.  

Gait asymmetry is not uncommon, especially in the presence of pathology. A 

previous study examined gait asymmetry in Parkinson’s disease, elder fallers and elder 

controls, the results showed that gait asymmetry score was significantly higher in fallers 

and PD patients than controls under usual walking conditions, and gait asymmetry 

significantly increased during the dual task condition (Yogev, Plotnik, Peretz, Giladi, & 

Hausdorff, 2007). Thus, the gait asymmetry presented in the current study might suggest 

that the included individuals had higher risks of falling. However, does this higher fall 
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risk caused by prolonged exposure to obesity or other factors may need more future 

studies to examine.  

 

5.3 Correlations  

5.3.1 Correlations between obesity measures and postural control variables 

Our second aim was to establish regression models that illustrate the correlation 

between adiposity measures and motor function changes in older adults. We hypothesized 

that whole-body fat percentage will present a consistent correlation with postural control 

in older adults. While performing cognitive-postural testing, increased BMI values 

presented correlations with reduced postural control variables. However, increased fat 

percentage did not show any correlations with reduced postural control variables. Besides, 

results from SOT assessment showed similar relationships. Increased BMI values still have 

strong correlations with reduced postural control variables in ML directions, ankle-hip 

strategy score and migration area (see table 4.4.2); increased WHR also showed 

correlations with deteriorate postural control variables in ML direction and ankle-hip 

strategy score. Fat percentage, however, only showed a correlation with minimum time to 

boundary in medial-lateral direction. This result was not as consistent as our previous 

findings which indicated better correlations between fat percentage and postural control 

variables.  

WHR has been used as a measure to primarily evaluate central obesity (Vazquez et al., 

2007). A higher WHR value indicates larger abdominal circumference. A concentration of 
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fat mass in the abdomen increases the load on the hips and changes the location of center 

of gravity, thereby may lead to greater displacement in the postural control (Alonso et al., 

2012). Fat percentage reveals the true fat distribution inside a human body. However, the 

whole-body fat percentage did not show advantages over BMI or WHR in establishing 

correlations with postural control performance. It is likely that the anthropometric changes 

caused by obesity is more relevant to postural control ability. The use of whole-body fat 

percentage, in fact, is not as good as that in young adults for postural evaluation (Alonso et 

al., 2012; Meng et al., 2016). However, as complex as the targeted population, further 

studies could use different environment or challenges to compare different obesity 

measures.  

5.3.2 Correlations between obesity measures and gait control variables 

Our hypothesis of BMI and WHR will present a consistent correlation with gait 

features in older adults was partially supported. BMI, WHR, and fat percentage showed 

correlations with basic gait features, such as single support phase, swing phase and stance 

phase. However, BMI had higher correlation values than the other two obesity measures.  

Human locomotion is affected by multifactorial interactions that result from both 

neural and mechanical organization (Sousa, Silva, & Tavares, 2012). While performing 

walking, excessive body mass may be acting as a mechanical load on joints leading to 

movement restriction. The findings in older individuals are similar with those in young 

adults, in which we found better correlations of increased BMI or body weight with reduced 

gait stability features (Meng, et al., 2017). However, increased fat percentage was still 
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correlated with a few reduced gait stability features, which was inconsistent with our 

previous findings (Meng et al., 2017). In our previous study, we concluded that when 

mechanical load reaches a certain level, it may overwhelm the appearance of the deficits in 

the internal neuromuscular system, which is more related to increased whole-body fat 

percentage. This explanation can also be applied to current study because BMI remains the 

best predictor for gait stability measures. However, the interaction from mechanical load 

(obesity caused) and the neuromuscular control in older adults may require more studies in 

the future. 

5.4 Mechanisms and confounds that may contribute to motor function changes  

5.4.1 Cognition 

MoCA test was selected as a baseline cognitive measure including evaluation of the 

visuospatial executive, naming, memory, attention, language, abstraction and orientation 

domains. MoCA test total score showed significant Group effects which suggests that 

obesity could impair cognitive function in older population. The association between 

obesity and cognitive deficits has only recently been disclosed. Cognitive function is an 

important variable because the deficits in cognitive function have been found to correlated 

with impaired balance (find & add reference here) and can predict fall incidence (Hauer et 

al., 2003). Our additional analysis reveals that even though obesity groups had impacts on 

the overall MoCA score, the differences were primarily coming from the language domain. 

According to a previous article that examined 17 research articles, the major deficits were 

located in attention, verbal and visual memory and decision making in obese adults (age: 
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18-65 years old) (Prickett et al., 2015). However, deficits in language domain was a new 

discovery in our study. Language domain requires participants to repeat two sentences and 

name as many words that begin with letter ‘f’ in one minute to test fluency. Our results 

cannot explain why language domain was the one that was affected. A previous language 

measures showed that BMI was associated with poorer performance on the letter and 

category fluency tests (Gunstad, Lhotsky, Wendell, Ferrucci, & Zonderman, 2010). 

Consistent with this finding, WHR was associated with poor performance on language 

domain. The relationships between increased body weight and cognitive performance are 

mixed. One study indicated no evidence for impaired semantic or phonemic verbal fluency 

in obese adults (Prickett et al., 2015). But another one suggested that elevated BMI was 

independently associated with reduced attention/executive function and language test 

performance (Alosco et al., 2012). A study summarized a few explanations on why elevated 

BMI was associated with poor cognitive function, such as vascular pathology, reduced 

cardiovascular fitness, inflammatory processes, and neuroendocrine dysregulation 

(Gunstad et al., 2010). The language fluency test in MoCA requires subjects to recall a 

sequence of words, which may have memory component involved. It is possible that the 

increased BMI value is associated with deficits in the coordination between memory and 

language. However, due to the complexity of brain function, the possible mechanism leads 

to language deficits were not clear. To better understand the role of obesity on language 

deficits, brain structural analysis may be needed for further analysis.  

5.4.2 Working Memory Evaluation 

Working memory evaluation (N-back testing) was used as a dual task to challenge 
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participant’s postural control in our study. Working memory evaluation requires a person 

to hold and process information, and then to respond with correct answers. Response 

latencies and accuracy were commonly recorded and evaluated. However, the results did 

not indicate any deficits in neither reaction time or response accuracy between groups in 

older adults. This outcome was in line with our previous study, in which no significant 

reduction in reaction time or response accuracy was found in young adults. Both our 

previous and current study excluded participants with severe co-morbidities, as a result, the 

recruited overweight or obese participants were relatively healthy. It is likely that the 

deficits in working memory evaluation can only be observed when the impacts from obesity 

reaches to a certain level. 

According to previous studies, with increasing task difficulty, reaction times usually 

increase and accuracy decreases (Harvey et al., 2005; K. M. Miller, Price, Okun, Montijo, 

& Bowers, 2009; H. Schmidt et al., 2009). However, in the current study, N-back testing 

difficulty levels significantly reduced participant’s response accuracy, but not reaction time. 

It seems like that either older normal weight adults or obese adults could react normally to 

a sequence of letter prompts, but not perfectly since the response accuracy was significantly 

reduced. The dissociation between reaction time and response accuracy is not uncommon, 

thus, researchers might be considering the focus on which variable. In the working memory 

task, participants are basically focused on following up the test with fewer errors than 

responding as fast as they can. Thus, more variability could be in accuracy and less 

variability in reaction times (Meule, 2017). In addition, another study suggests that N-back 

may be able to detect subtle differences in cognitive functioning because omission errors 
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are more common than commission errors ( Miller et al., 2009).  

 

5.4.3 Muscle activation  

Our hypothesis 3a of overweight and obese older adults will present different muscle 

co-contraction patterns in knees and ankles was not supported. Muscle co-contraction is 

defined as the simultaneous activation of agonist and antagonist muscle groups around a 

joint (Hogan, 1984). Thus, appropriate co-contraction is critical for the control of voluntary 

movement because co-contraction activity modulates the impedance of a joint by 

stabilizing the joint during a movement (Ervilha, Graven-Nielsen, & Duarte, 2012; Nagai 

et al., 2011). It is obvious that excessive co-contraction can cause inefficient or abnormal 

movement in some neuromuscular pathologies and is even regardless of age (Wang & 

Gutierrez-Farewik, 2014). However, no impacts were found between different body weight 

groups in muscle co-contractions index, which suggests that obese older adults could 

remain normal muscle co-contraction patterns as compared to controls.  

Average rectified value and root mean square of muscle activation in the hamstrings 

were different between left and right legs. This is in line with our findings of asymmetry of 

knee movement. Gait strategy changes in knees may be an indicator of gait instability. 

Results from a previous study suggest that obese individuals may have relative weakness 

of the VAS and hip abductor muscles (Lerner, Board, & Browning, 2014). Moreover, 

obesity could be associated with prolonged activation of quadriceps and gastrocnemii 

(Amiri, Hubley-Kozey, Landry, Stanish, & Astephen Wilson, 2015). However, our study 
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did not find any muscle activation differences between different body weight groups. One 

probable reason is that the focus of our study was over the entire walking trial rather than 

a certain phase in the gait cycle.   

 

5.4.4 Physical constraints 

Physical constraints resulting from higher waist to thigh ratio restriction would impair 

posture and gait features in overweight and obese older adults. A higher waist to hip ratio 

indicates more weight surrounding abdomen and may lead to center of gravity relocation. 

The results show that increased waist to hip ratio is correlated with reduced postural control 

variables in both N-back testing and SOT. Anterior position of center of mass could lead to 

higher risk of falling in the postural control task according to a mathematical modeling, 

which suggests a more pronounced nonlinear increase of torque needed to stabilize the 

posture (Philippe Corbeil, Simoneau, Rancourt, Tremblay, & Teasdale, 2001). A higher 

waist to hip ratio normally is associated with an anterior position of center of mass. Thus, 

it could be a contributing factor to postural instability, especially in a more challenged 

environment. In addition to this, gait stability requires coordination of trunk, upper and 

lower limb movement, and the ability to respond to changes in the external environment 

(Ling, Kelechi, Mueller, Brotherton, & Smith, 2012). In the current study, increased waist 

circumference might not significantly lead to gait instability because BMI indeed showed 

much more stronger correlations with reduced gait stability variables. Moreover, the 

reduced swing phase and increased stance phase may be more related to elevated body 
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weight than the changes in body shape or fat percentage (Meng, O’Connor, Lee, Layne, & 

Gorniak, 2017). Thus, increased waist to hip ratio could be a contributing factor to postural 

instability, but not to gait instability.  

In conclusion, we investigated how higher amounts of adiposity impacts posture and 

gait features in older adults; explored possible correlations between adiposity measures and 

motor function changes in older adults; and examined potential mechanisms and confounds 

that may contribute to motor function changes in overweight and obese older adults. Our 

first hypothesis of the overweight and obese older adults would present with reduced 

postural stability and impaired gait as compared to healthy weight older adults was 

supported, because under both cognitive-posture test or SOT assessment, increased BMI 

value was associated with reduced postural control variables. The hypothesis 2a of whole 

body fat percentage would present a consistent correlation with postural control in older 

adults was not supported, because BMI and WHR showed more and stronger correlations 

with reduced postural control measures. The hypothesis 2b of BMI and waist to hip ratio 

would present a consistent correlation with gait features in older adults was partially 

supported. Even though whole-body fat percentage had correlations with a few reduced 

gait stability measures, BMI remained the strongest predictor with reduced gait stability 

variables. The hypothesis 3a of overweight and obese older adults would present different 

muscle co-contraction patterns in knees and ankles as compared to normal weight adults 

was not supported because no significant differences were discovered between groups. 

Since obese group only had a lower total score in MoCA test, the hypothesis 3b of 

overweight and obese older adults may present deficits in overall cognition and working 
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memory function compared to healthy weight controls was partially supported. However, 

due to the limited sample size and the complexity of adiposity impacts in older adults, more 

studies are needed to reveal the true impacts from adiposity on the motor deficit, cognitive 

deficit and the interactions in older adults.  
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