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ABSTRACT 
 

ASSOCIATION AMONG NEUROPHYSIOLOGY, COGNITION, AND MOBILITY IN 
OLDER ADULTS 

SEPTEMBER 2023 
 

NIKOU NIKOUMANESH, B.S., UNIVERSITY OF SOCIAL WELFARE AND 
REHABILITATION SCIENCES 

 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

 
Directed by: Professor Douglas Martini 

 
 

Age-related structural and molecular changes in older adults have been shown to significantly 
affect their cognitive and motor functions (Trollor and Valenzuela, 2001). Given the growing 
population of older adults, it is imperative to bridge the gaps in scientific understanding of 
cognition and motor capabilities in healthy older adults’ population. This study investigates five 
major neurochemicals and their potential correlations with gait, balance, executive function, and 
attention in healthy older adults. Additionally, we explore the interplay between cognition and 
motor performance in our participants. Furthermore, we hypothesize that the neurochemical 
values of interest may serve as predictive indicators for motor performance and cognition in 
healthy older adults.  
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Chapter 1 

Introduction 

1.1 Background 
 

The population of older adults (≥65 years old) is estimated to be 16% percent of the world’s 

population by 2050 (Wan et al., 2005). Various functional, biochemical, molecular, and structural 

changes occur with aging (Trollor and Valenzuela, 2001). These age-related changes affect 

cognitive performance and motor function in the older adult population (Cleeland et al., 2019). It 

is well-documented that older adults with cognitive and motor impairment face an increased risk 

of dependency, falls, and mortality (Chhetri et al., 2017; Del Din et al., 2019; van Schooten et al., 

2015; Verghese et al., 2014). Therefore, it is critical to understand the changes in motor 

performance and cognition associated with healthy aging. With better knowledge of healthy aging, 

maintaining and improving cognitive and physical health can be achieved through positive steps 

in older adults (Tseng et al., 2011).  

Previous studies suggest the frontal lobe is susceptible to structural and behavioral changes with 

aging (Craik & Grady, 2002; J. Fuster, 2015; Raz, 2000; West, 1996). The prefrontal cortex 

subserves cognition and motor performance. Age-related changes in the prefrontal cortex, such as 

changes in neurochemical concentrations, contribute to altered motor and cognitive performance 

(Arnsten, 1997; Jobson et al., 2021; Peters, 2006). Cerebral neurochemical concentrations are 

considered a marker of overall brain health (Williamson et al. 2021). Major neurochemicals of the 

brain consist of N-acetylaspartate (NAA), Choline (Cho), Creatine (Cr) and Glutamine (Gln) and 

Glutamate (Glu) (Gujar et al., 2005). However, different age groups have different concentrations 

of normal brain neurochemicals (Soares & Law, 2009). For instance, scientific evidence has 

established a correlation between NAA concentration and neuronal dysfunction and health 
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(Barbagallo et al., 2017; Gujar et al., 2005; Lin et al., 2005; Soares & Law, 2009). The levels of 

NAA have been interpreted as indicative of neuronal/axonal loss or impaired neuronal metabolism, 

with a decrease in its concentration observed during the aging process (Ding et al., 2016a; Eylers 

et al., 2016; Madhavarao & Namboodiri, 2006). Furthermore, Cho plays a crucial role in regulating 

cholinergic neurotransmission and maintaining the membranes structures (Barbagallo et al., 2017; 

Chiu et al., 2014; Gujar et al., 2005; Soares & Law, 2009). Changes in Cho concentration levels 

have been shown to impact Cho-related functions, with concentrations increasing as individuals 

age (Bekdash, 2018; Brooks et al., 2001; Chiu et al., 2014). Similarly, Cr, serving as a vital brain 

energy buffer, has been found to have a negative impact on neuropsychological performance, with 

its concentrations observed to increase with age (Barbagallo et al., 2017; Gujar et al., 2005; 

Kantarci, 2013; Kochunov et al., 2010; Marjańska et al., 2017; Rawson & Venezia, 2011). Motor 

performance deficits due to changes in the neurophysiological concentration and results in gait 

impairments, balance deficits, and physical function reduction (Annweiler et al., 2012, 2013; 

Charney et al., 2020; Delli Pizzi et al., 2017; Klietz et al., 2019; Zimmerman et al., 2009). Walking 

is a complex motor skill controlled by the central nervous system, and requires sensorimotor 

information and minimal attention to be done as an efficient and smooth movement 

(VanSwearingen & Studenski, 2014; X. Wang et al., 2013). The ability to walk in older adults 

plays a critical role in the ability to perform activities of daily living and their functional 

independence (Chhetri et al., 2017). Similar to walking, cognition, specially executive function 

and attention domains, is required to perform everyday activities and motor performance (Nguyen 

et al., 2019; Takakusaki, 2017). Both executive function and attention heavily rely on prefrontal 

cortex which various white matter pathways connect prefrontal cortex to other brain regions 

(Nguyen et al., 2019). These white matter pathways weaken with age, a resulting in worse 



6 
 

cognitive performance in older adults (Salthouse, 2009; Yuan & Raz, 2014). Research has shown 

that there is a relationship between cognitive function and balance/motor skills (Holtzer et al., 

2012; K. L. Martin et al., 2013; Hausdorff et al., 2006; Yogev et al., 2008). Specifically, studies 

conducted on healthy older adults have revealed that those with poorer cognitive function tend to 

exhibit lower levels of balance and motor performance (Beauchet et al., 2012; Berryman et al., 

2013; Callisaya et al., 2015; Coppin et al., 2006; Iersel et al., 2008). Such studies could provide a 

more accurate representation of the effects of aging on mobility and cognition.  

Although the motor and cognitive changes that occur with age are well documented (Cohen et al., 

2016; Demnitz et al., 2016), there is a lack of studies in the aging literature that examine motor 

variability, cognitive performance, and neurochemical concentration in the same cohort of older 

adults. Such studies provide a more complete assessment of the effects of aging on mobility and 

cognition (Nesselroade, 1991). A couple of studies demonstrated that intra-individual variability 

in speed-related performance is a strong predictor of brain aging, impaired cognitive performance, 

and increased risk of neurodegenerative disease (MacDonald et al., 2006; Bielak et al., 2010). For 

instance, Beauchet et al. (2016) after reviewing and meta-analyzing 12 studies concluded that gait 

performance, such as gait speed and gait stability, can be used to predict cognitive impairments 

and dementia in older adults. Moreover, Hausdorff et al. (2009) found that fall risk can be predicted 

by step-to-step gait variability in both timing (e.g., stride time) and spacing (e.g., step length) 

factors, and gait changes indicate executive dysfunction and impaired motor control.  
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1.2 Statement of The Problem 
 

Growing interest in the relationship between neurophysiology, cognition, and motor performance 

reveals that these components are interrelated in various ways (Amboni et al., 2013; Braver & 

Barch, 2002; Bugnariu & Fung, 2007; Coppin et al., 2006; Del Din et al., 2019; Demnitz et al., 

2016; Luo & Craik, 2008; Mangano et al., 2020; Rosano et al., 2005; Shea et al., 2006; Sparrow 

et al., 2002; Verhaeghen & Cerella, 2002). However, there is a gap in the literature when it comes 

to investigations examining the relationships among motor performance, cognition, and 

neurochemistry within the same group of older adults. Notably, there have been mixed results 

regarding changes in neurophysiological concentrations in the brain (NAA, Cr, and Cho) 

exacerbating the gap in the older adult neurochemistry literature.  

Studies focusing on each of these neurochemistry variables have reported important findings, such 

as the relationship between gait speed and cognitive function (Berryman et al., 2013; Coppin et 

al., 2006; Iersel et al., 2008; Lowry et al., 2012). Previous research on aging and motor 

performance has consistently shown that gait variability serves as an indicator of clinical changes 

in older adults (Brach et al., 2008; Hausdorff, 2005, 2007). Moreover, cognitive function is 

affected in older adults, further highlighting the significance of gait variability as an indicator of 

age-related clinical changes (Cohen et al., 2016; Montero-Odasso et al., 2012). Recent research 

endeavors have also concentrated on exploring the influence of cognition on mobility (Amboni et 

al., 2013; Borges et al., 2018; Cohen et al., 2016; Demnitz et al., 2016; Holtzer et al., 2012; K. L. 

Martin et al., 2013; Montero-Odasso et al., 2012, 2019; Peel et al., 2019). However, these studies 

lack neurophysiological quantification to better understand the effect of aging on motor 

performance. As the brain undergoes changes due to aging, its neurochemistry and functions also 

change, and as a result it can impact motor performance and cognition as well. Nonetheless, it is 
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currently unclear how these factors may interact with each other in the context of healthy aging or 

age-related conditions, such as cognitive impairment or mobility limitations. A better 

understanding of the interrelationships among motor performance, cognition, and neurophysiology 

in older adults would have important implications for the development of interventions aimed at 

improving health outcomes in this population. My conceptual framework (Figure 1) details the 

possible complex relationship among neurophysiology, cognition, and motor performance. 

However, limited studies have worked on exploring the relationship among age-related 

gait/balance variabilities, neuroimaging of brain structure, and cognitive performance in healthy 

older adults.  

Figure 1. Conceptual Framework 

 

Figure 1. The Conceptual Framework aims to showcase how healthy aging greatly affects the neurophysiology, motor 
performance, and cognition of older individuals. However, there are still gaps in understanding the relationships among motor 
performance and neurophysiology in healthy older adults, as well as the impact of neurophysiology changes on cognitive 
performance. The framework seeks to address these gaps. 



9 
 

 

Aims & Hypotheses 

Our intended purpose is to investigate the neurophysiological concentrations in older adults and 

explore their potential effect on motor performance and cognition in older adults. Our investigation 

will primarily focus on the neurochemicals NAA, Cr, and Cho. By examining these additional 

neurophysiological markers, we aim to provide a more comprehensive understanding of the 

correlation between neurophysiology with cognition and motor function in healthy older adults. 

Moreover, we aim to explore the correlation between cognition and motor performance as part of 

this study. 

Aim 1: To explore how cortical neurochemicals relate to cognitive and motor performance in older 

adults. 

Hypothesis 1.1:  Older adults’ frontal cortex NAA, Cr, and Cho concentrations will be associated 

with worse gait performance and increased postural sway. Specifically, lower NAA and higher Cr 

and Cho concentrations will correlate with worse gait and postural sway in older adults. 

Hypothesis 1.2: Older adults’ frontal cortex NAA, Cr, and Cho concentrations will be associated 

with cognitive impairment. Specifically, lower NAA and higher Cr and Cho concentrations will 

correlate with higher errors and longer completion time in tasks requiring cognitive function.  

Hypothesis 1.3: NAA, Cr, and Cho concentrations will predict cognitive and motor performance 

impairment in older adults.  

Aim 2: To determine the relationship between cognitive function (executive function and 

attention) and both gait and balance in healthy older adults. 
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Hypothesis 2.1: We hypothesize that worse cognitive performance will relate with increased 

postural sway area and jerkiness of sway.  

Hypothesis 2.2: We hypothesize worse cognitive performance will relate to increasing gait 

variability such as gait speed, stride time, stride length, arm swing, and turn velocity.   
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Chapter 2 

Literature Review 

2.1 The Problem 
 

Considering the limited information available in the literature concerning neurochemical 

concentration levels in older adults and their impact on cognitive function and motor performance, 

the current section aims to provide a comprehensive summary of the existing evidence from cross-

sectional, longitudinal, and experimental studies. By examining cognitive, motor performance, and 

neurophysiological changes over time in healthy aging, we seek to address gaps in the current 

literature. Additionally, our study specifically aims to investigate the influence of 

neurophysiological concentration changes in older adults on both motor performance and cognitive 

function, further contributing to filling these gaps and advancing our understanding in this field. 

The objective is to gain a better understanding of the trends and patterns of these changes and to 

assess their correlations. By conducting a thorough review of the existing literature, the aim is to 

identify any gaps or discrepancies that need to be addressed and resolved in future studies. By 

focusing on these gaps, we will design our study and aim to contribute to the advancement of the 

field and provide a basis for future research studies.  

2.2 Mobility 
 

Falls are a prevalent issue for approximately one-third of older adults in the United States, with 

half of those individuals experiencing repeated falls (Zijlstra & Aminian, 2007; Stevens et al., 

2008). As a result, injuries and death caused by falls are prevalent among older adults (Alexander 

et al., 1992; Burns et al., 2016). Poor balance and gait performance are main factors for falls in 

older adults, therefore assessing mobility performance has been used to determine fall risk (Del 
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Din et al., 2019; van Schooten et al., 2015). Mobility performance defines walking under real-life 

conditions and includes  walking quantity (e.g., steps per day) and walking quality (e.g., turn 

velocity and stride length) (Del Din et al., 2016; C. Wang et al., 2021; Weiss et al., 2013). Though 

it remains unclear whether motor performance is correlated with concerns about falling in older 

adults (C. Wang et al., 2021),rehabilitative interventions are most effective when they target 

mobility impairments identified through evaluation of mobility performance (Hamm et al., 2016; 

Shany et al., 2012). As a result, in order to reduce falls consequences and incidences, there is an 

urgent and critical need to expand research on balance and gait performance changes due to aging 

by using effective gait assessment methods (C. Wang et al., 2021; Yu et al., 2021).   

Various fall-related factors have been identified to assist in the prevention of falls (Ambrose et al., 

2013a; Deschamps et al., 2016). There are numerous physiological factors that contribute to 

healthy aging, including a decline in the musculoskeletal, cardiovascular, visual, vestibular, and 

proprioceptive systems, coordination, slowing of postural responses, and cognitive functions, all 

of which are known to increase the risk of falls (Boisgontier et al., 2017; Bugnariu & Fung, 2007; 

Morse et al., 2004; Segev-Jacubovski et al., 2011). The gradual loss of sensory input from the 

lower extremities, termed peripheral neuropathy, increases the weight of other sensory mechanism, 

such as vision and vestibular feedback to control balance and gait in older adults (Black & Wood, 

2005; Choy et al., 2003; Ekvall Hansson & Magnusson, 2013; Lord et al., 1991; Lord & Ward, 

1994; Maki & McIlroy, 1996; Peterka & Black, 1990; Saftari & Kwon, 2018). Similar to peripheral 

neuropathy, degeneration of the neurological pathways responsible for visual and vestibular 

processing also occurs with age, limiting the ability to control balance and gait in older adults. In 

the upcoming sections, we will discuss the literature on the changes in balance and gait 

performance that occur due to aging. 
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2.2.1 Standing Posture 
 

Humans can balance in a static posture based on their center of mass and their position of their 

base of support (Hall, 2012). As long as the line of gravity for an object falls within the base of 

support (BOS) of that object, that object is considered to be balanced (Bell, 1998; Hall, 2012). 

Same in human’s body, as soon as the line of gravity is displaced away from the BOS (feet), body 

will lose their balance and will experience fall as a result (Bell, 1998; Hall, 2012). Balance is 

necessary for postural control during voluntary and involuntary movements as well (Osoba et al., 

2019). As the body moves and interacts with the environment, destabilizing gravity forces will 

increase, and causing instability, which ultimately requires constant control to prevent a fall (Maki 

& McIlroy, 1996).  

Choy et al. (2003) conducted a cross-sectional study to investigate postural stability changes 

associated with aging. Women aged 20-80 years underwent a balance task, called the Test of 

Sensory Interaction on Balance (mCTSIB). In this test participant required to complete eight 

different conditions while single-limb and bilateral standing on a firm surface/high-density foam 

pad, split between eyes closed and eyes open conditions. This study’s results demonstrated that 

age, vision condition and support surface are correlated with postural stability decline. An 

increased sway velocity was associated with advanced age and single-limb standing, while closed-

eye standing showed the earliest postural sway and instability in older adults (Choy et al., 2003). 

Additionally, in standing position with open eyes on a firm surface, older adults showed 

approximately 1.5 time sway velocity more than it in young adults (Choy et al., 2003). Sway 

velocity increased to 4 times in older adults when participants asked to close their eyes on same 

firm floor, compared to young adults (Choy et al., 2003). 
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Another study required 24 healthy participants aged 21-78 years to biomechanically assess age-

related quite standing changes (Panzer et al., 1995). Center of gravity displacement, body segments 

movements, center of pressure (COP) position were measured through a motion capture system. 

Based on the data, Panzer et al. (1995) demonstrated that central gravity displacement increases 

with advancing age, and postural sway increases during quite standing. However, they mentioned 

increased postural sway is not associated with postural instability, since older adults are able to 

maintain their standing balance using various strategies (Panzer et al., 1995). According to their 

findings, quite standing with closed eyes increases anterior-posterior COP while there was no 

significant correlation between COP and age (Panzer et al., 1995). However, other studies 

demonstrated that increased displacement of COP causes increased stability control challenges 

(Rakhra & Singer, 2022). As a result, researchers aimed to assess COP sway displacements during 

standing balance in older adults, while, mixed results have been reported with no changes and 

increased amplitude in this regard (Abrahamová & Hlavačka, 2008; Coelho et al., 2016; Panzer et 

al., 1995; Prieto et al., 1996).  

Another study examined COP movement among two healthy older and young adults group using 

eight conditions of mCTSIB test (Pasma et al., 2014). All participants were able to maintain stable 

in semi-tandem condition with open eyes and in double-stance position for 30 seconds under both 

open and closed eyes condition (Pasma et al., 2014). As compared with young adults, older adults 

showed less ability to maintain balance in other conditions (Pasma et al., 2014). Only 69% and 

93% of older adults were able to successfully complete single-limb stance and tandem stance, 

respectively, under open eyes conditions (Pasma et al., 2014). Moreover, none of the older adults 

was able to remain balanced in single-limb stance with closed eyes. Semi-tandem and tandem 

stance conditions were also completed by 92% and 7% of older adults, respectively (Pasma et al., 
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2014). Overlay, older adults showed a higher COP movement parameters, including mean, 

variability and range, in mediolateral direction under all conditions, compared to younger group 

(Pasma et al., 2014). Aa a result, COP in mediolateral direction can be used to assess quality of 

standing balance in older adults (Pasma et al., 2014).  

In conclusion, the ability to maintain balance is essential for fall prevention. As compared to 

younger adults, older adults tend to exhibit an increased sway velocity and central gravity 

displacement. This can lead to reduced stability within their population. Moreover, when 

confronted with more complicated circumstances that necessitate the integration of visual, 

vestibular, and proprioceptive information, older adults tend to display heightened sway velocity 

and greater center of pressure movement. However, increased postural sway does not necessarily 

indicate instability as older adults can use various strategies to maintain balance.  

2.2.2 Gait 
 

Gait is defined as a technique that utilizes the two legs to provide support and propulsion for human 

locomotion (Whittle, 2014). Gait is a complex physiological process that involves sensory 

information from the proprioceptive, vestibular and visual systems that collaborated with 

neuromuscular system in gait (Segev-Jacubovski et al., 2011). One or more of these sensory 

systems experience degeneration with healthy aging; as a result aging negatively impacts gait 

(Kerber & Baloh, 2006; Teasdale et al., 1991). To analyze gait performance, both spatial and 

temporal gait measurements should be considered (van Uden & Besser, 2004). Studies have 

indicated that even minor gait pattern variation is associated with increased fall risk in older adults 

(Pirker & Katzenschlager, 2017; Voermans et al., 2007).  
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Gait performance is considered a sensitive factor to indicate the overall health status of individuals 

(Enright et al., 2003). The aging process is one factor that impacts gait (Pirker & Katzenschlager, 

2017). Comparing gait patterns between older and young adults demonstrates that older adults 

experience stiffer and less coordinated gait patterns (Ambrose et al., 2013b). Typically, healthy 

older adults have impaired gait performance, such as decreased self-preferred gait speed, shorter 

stride length, increased double support phase time, increased stance width and increased step time 

variability (Elble et al., 1991; Salzman, 2010; Winter et al., 1990). 

Hollman et al. (2011) studied gait in older adults and identified that 83% of the variance in gait 

performance is accounted for five different factors (rhythm, phase, variability, pace, and base of 

support). Almost 26% of the gait variance is considered as temporal parameters such as cadence, 

swing time, stride time, step time, and single limb support time, which were termed the “rhythm” 

factor (Hollman et al., 2011). The “phase” factor accounted for 20% of gait variance, and contained 

stance and swing phase, single and double limb support percentage in a gait cycle, and double 

support time (Hollman et al., 2011). The “variability” factor accounted for 19% of gait variance 

and was comprised of the coefficient of variation of step length, step time, and stride time (Hollman 

et al., 2011). Nearly 12% of the variance in gait performance was loaded on the “pace” factor, 

which contained gait speed, step length, and stride length (Hollman et al., 2011). Finally, 7% of 

the variance was accounted for with step width and step width variability, termed the “base of 

support” factor (Hollman et al., 2011). As they suggested, future research should consider these 

gait factors when quantifying gait performance in order to account for a more complete gait 

analysis in older adults (Hollman et al., 2011). 

Despite the importance of gait assessment in older adults to identify at risk older adults and prevent 

fall-related consequences, there are gaps in literature including inadequate consideration of real-
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life conditions. Gait assessments are typically conducted in controlled environments, such as 

laboratories, which do not reflect real-life conditions or reflect changes in gait performance with 

aging. Real-life settings involve many more variables, such as different terrains, obstacles, and 

environmental conditions, which can all affect gait performance. Clinical tests and techniques were 

developed for assessing gait and closing the gait test to real-life situations in order to overcome 

this problem (Guralnik et al., 1994; Podsiadlo & Richardson, 1991; Sjöholm et al., 2019; Smith, 

1994; Soubra et al., 2019; Yamada & Ichihashi, 2010).  

Besides of assessing balance and gait pattern changes, fall-related factors such as cognitive 

function also need to be examined in order to understand the impact of cognitive function on gait 

and balance and develop effective interventions that can reduce the risk of falls and improve 

mobility.    

2.3 Cognitive Function 
 

Cognitive function refers to advanced brain abilities to process information including the memory, 

attention, reasoning, and learning domains (Barkley et al., 2001). In general, it has been well 

documented that cognitive performance declines with aging (Commodari & Guarnera, 2008). 

However, studies have shown that not all cognitive domains decline equally with age, highlighting 

the need for further research to identify the cognitive domains that are most affected in healthy 

older adults (Allain, Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, & Gall, 2005; 

Commodari & Guarnera, 2008; Crawford et al., 2000; Verhaeghen & Cerella, 2002)(Allain, 

Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, & Gall, 2005; Commodari & Guarnera, 

2008; Crawford et al., 2000; Verhaeghen & Cerella, 2002)(Allain, Nicoleau, Pinon, Etcharry-

Bouyx, Barré, Berrut, Dubas, & Gall, 2005; Commodari & Guarnera, 2008; Crawford et al., 2000; 
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Verhaeghen & Cerella, 2002). For instance, there is a consistent trend among older adults to exhibit 

poorer performance on tasks assessing complex task learning, and episodic memory; while 

emotional regulation and theory of mind ability sustains in older adults (Carstensen et al., 2011; 

Greve et al., 2014; Happé et al., 1998; Rönnlund et al., 2005; Shea et al., 2006). We intend to 

investigate the effects of age on executive function and attention since both are fundamental to 

daily functioning and contribute to higher level cognitive capacities (García-Madruga et al., 2016; 

R. C. Martin & Allen, 2008; Vaughan & Giovanello, 2010). 

2.3.1 Executive Function 
 

Executive function is a group of higher cognitive processes associated with “how” a behavior 

should be expressed by using and modifying sensory information to perform everyday activities 

(Cheung et al., 2004; Diamond, 2013; J. M. Fuster, 1999; Goethals et al., 2004). Executive function 

is typically conceptualized as having four components: 1) goal formation and volition, 2) planning, 

3) purposive action, and 4) effective performance (Cheung et al., 2004; Jurado & Rosselli, 2007). 

Executive function has been defined as  three-core functions including working memory, inhibition 

and cognitive flexibility (Diamond, 2013; Logue & Gould, 2014; Nguyen et al., 2019). Working 

memory refers to holding information and mentally manipulating with it in mind, which is essential 

to recognize connections between unrelated things and separate the elements (Diamond, 2013; 

Nguyen et al., 2019). Cognitive inhibition supports working memory and it is described as the 

ability to suppress unnecessary or automatic responses (Diamond, 2013; Nguyen et al., 2019). 

Cognitive flexibility is the ability of brain to process information faster and switch between 

multiple mental tasks (Cai & Qi, 2023; Logue & Gould, 2014; Nguyen et al., 2019). Executive 

function is a complex construct, as such, assessing executive function performance can be 
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challenging, however there are various executive function assessments to examine the effects of 

aging on executive function (Salthouse, 2009).  

Crawford et al. (2000) aimed to investigate age-related changes in general cognitive ability, 

memory and executive function. They found that several measures of executive function declined 

with increasing age, although the declines were modest (Crawford et al., 2000). However, there 

were not any significant changes in the other cognitive domains, which the authors suggest is due 

to reflecting knowledge-based and verbal abilities which may remain intact with age (Crawford et 

al., 2000). The effects of aging on executive function were also examined in other studies. Allain 

et al. (2005) required two older adults and young adults to assess their executive function 

performance and reveal the changes that may occur with age. The researchers focused on planning 

ability of executive function (Allain, Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, & 

Gall, 2005). Participants were asked to complete the “Zoo Map Test”. This test is often applied to 

examine planning and executive function (Oosterman et al., 2013). Their results indicated that 

older adults experience greater difficulties in planning and formulating strategies they want to 

implement to complete the task, compared to young adults (Allain, Nicoleau, Pinon, Etcharry-

Bouyx, Barré, Berrut, Dubas, & Gall, 2005). Their results suggest that older adults face with more 

difficulties to mentally develop a logical strategy and planning than execute the plans (Allain, 

Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, & Le Gall, 2005).  

In a longitudinal study (Fjell et al., 2017), 119 participants in two different groups, young-middle 

aged and older adults, executive function testing over an average of 3.3 years. The Stroop test 

 in this study had four different conditions. In Stroop 1, participant asked to name of the printed 

colors (color condition) (Fjell et al., 2017). In Stoop 2, participants need to read black-inked words 

indicating the names of colors (word condition) (Fjell et al., 2017). The Stroop 3, word-color 
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condition, only the color of the words needed to be read, not the word (Fjell et al., 2017). And, in 

complex Stroop 4, participants needed to constantly switch between read name and color during 

the test (Fjell et al., 2017). Based on the result, there was a positive correlation between age and 

the time to complete the Stroop test, especially in Stroop conditions 3 and 4 (Fjell et al., 2017). 

Further, compared to their first test, the young and middle-aged groups completed conditions 

significantly faster in the second assessment older adults showed a significant improvement in 

Stroop 1, while in Stroop 4, the time was increased (Fjell et al., 2017).  

 Generally, research has demonstrated that executive function tends to decline with age, and older 

adults experience greater difficulties in planning, formulating strategies, and controlling 

interferences to complete tasks (Allain, Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, 

& Gall, 2005; Crawford et al., 2000; Fjell et al., 2017). Executive function inherently related to 

another cognitive process, attention. Executive function and attention work together to help us 

achieve our goals and navigate the world around us (Diamond, 2013; Miyake & Friedman, 2012). 

The two cognitive domains are supported by overlapping neural networks in the brain and are 

involved in many tasks that require cognitive control and flexibility (Bull & Scerif, 2001; Posner 

et al., 2013; Duncan, 2010). 

2.3.2 Attention 
 

In addition to executive function, older adults also display deficits in other cognitive domains, such 

as attention (Braver & Barch, 2002). Attention is a set of four different functions, including 

selective, sustained, divided, and alternating attention (Yogev et al., 2008; Zanto & Gazzaley, 

2014). Selective attention is responsible to filter stimulus information and ignore other, irrelevant 

information  (Lezak, 1995; Zanto & Gazzaley, 2014). Sustained attention refers to the ability to 
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keep focused on a task for a prolonged period and it is considered as a basic attentional process 

(Lezak, 1995; Zanto & Gazzaley, 2014). Divided attention refers to being able to focus on multiple 

tasks at the same time (Lezak, 1995). Divided attention plays an important role in walking, 

especially in multitasking walking which requires challenging attentional capacities (Yogev et al., 

2008). In contrast, alternating attention means switching attention between multiple tasks (Yogev 

et al., 2008).  

Older adults experience a significant decline in divided attention tasks, especially in complex tasks, 

compared to young adults (Zanto & Gazzaley, 2014). The inability to properly divide attention 

may lead to an impaired ability to complete each task successfully (Zanto & Gazzaley, 2014). 

Divided attention impairment is likely related to the attentional reserve decline associated with 

increased age (Glisky, 2007). Attentional reserve, or the attentional capacity, is overextended in 

older adults when attention is divided among multiple sources (Glisky, 2007).    

Most studies that investigated sustained attention have found that normal aging does not lead to 

performance declines (e.g., Giambra & Quilter, 1988)). In 2001, Berardi et al. (2001) studied 

attention changes in older adults and reported that under conditions requiring different stimulus 

processing, the ability of participants to sustain attention is equivalent for young, middle-aged, and 

healthy older people (Berardi et al., 2001). Further, prior studies indicated that healthy older adults 

have relatively intact focused attention ability, compared with young adults (Wright & Elias, 

1979). Contrary to this finding, other studies after measuring a reaction time task revealed that 

older adults experience poorer focused attention associated with advanced age (Madden, 1982; 

Wright & Elias, 1979).   

Investigations in age-related changes of selective attention, a variety of methods have been used. 

Visual search task is one of the most used tasks to evaluate selective attention (Wolfe, 1994). In 
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visual search task, participants are required to locate certain items among a variety of distracting 

items in order to complete the task (W. A. Rogers, 2000). Previous studies have yielded mixed 

results regarding the performance of visual search tasks and healthy aging (Plude & Doussard-

Roosevelt, 1989). Some studies have reported visual search deficits in older adults (Foster et al., 

1995), however others claimed that there are no age-related changes in visual search tasks results 

when stimuli were familiar; but when middle-aged adults were presented with unfamiliar stimuli, 

their performance was poorer (Clancy & Hoyer, 1994). In this study, the researchers just compared 

young adults and middle-aged adults and their results reveal that age-related changes in visual 

search performance depend on the familiarity of the stimuli used in the task (Clancy & Hoyer, 

1994). Therefore, older adults may perform poorer than younger adults in cognitive tasks requiring 

attention and more studies on selective attention in various age groups are needed (Clancy & 

Hoyer, 1994).  

The majority of studies demonstrated that executive function and attention declines with age 

(Allain, Nicoleau, Pinon, Etcharry-Bouyx, Barré, Berrut, Dubas, & Le Gall, 2005; Buckner, 2004; 

Crawford et al., 2000; Luo & Craik, 2008; Verhaeghen & Cerella, 2002). However, a recent article 

reviewed the behavioral literature and determined that there is not a universal pattern, but a large 

variability age-related decline in attention and executive functions (Veríssimo et al., 2022). The 

authors analyzed 13 studies with mixed results regarding age-related changes in Attention Network 

Test (ATN) performance (Veríssimo et al., 2022). ATN is an attention-executive function 

performance test with combination of Flanker test and cued reaction time, to assess alerting, 

orienting, and executive control (Veríssimo et al., 2022). They reported that based on the linear 

mixed-effects regression, response time is significantly correlated with age, older adults perform 

slower response to complete the test (Veríssimo et al., 2022). The linear effect of age on alerting 
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network revealed that alerting cues in this test were more beneficial to younger participants and 

older adults took less advantage of being cues in trials (Veríssimo et al., 2022). This result 

demonstrates older adults experience decreased efficiency of alerting network with age (Veríssimo 

et al., 2022). However, in trials with a spatial cue, the response speed-up increased with age, 

compared to trials with a central cue, and orienting efficiency increases with aging (Veríssimo et 

al., 2022). Moreover, they concluded that executive network efficiency increases with aging since 

in the Flanker test, older adults showed less decreased interference from incongruent trials 

(Veríssimo et al., 2022). By using nonlinear mixed-effects modeling, the researchers argued that 

executive networks have a nonlinear age-related efficiency, and executive networks efficiency 

increased until the mid-to-late 70s, but then decreased and possibly reversed (Veríssimo et al., 

2022). As a result, more studies need to generalize and reveal changes in all aspects of executive 

function and attention in healthy older adults (Veríssimo et al., 2022).  

2.3.3 Cognitive Function and Gait Performance 
 

The relationship between cognitive function and gait performance has been extensively studied 

and a substantial body of evidence is available to suggest that cognitive deficits negatively affect 

the performance of the motor system (Hausdorff et al., 2005; Wang et al., 2006; Rosano et al., 

2005). For instance, some studies demonstrated that older adults with dementia are more likely to 

experience gait impairments and falls due to their cognitive impairment than older adults without 

dementia (van Iersel et al., 2004). Further, postural and gait performance impairment can 

exacerbated by increasing motor task difficulty with additional tasks, burdening attentional 

resource allocation (Woollacott & Shumway-Cook, 2002).  
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In real life, walking is mostly considered as an automatic complex (e.g. walking while talking) 

task which requires executive function and attention (Cohen et al., 2016; Yogev-Seligmann et al., 

2008). A prospective study assessing gait performance in 262 healthy older adults demonstrated 

that worse executive function was associated with falls among older adults with “healthy” 

cognitive function (Herman et al., 2010). In this study, executive function, problem solving, and 

memory were assessed through a computerized cognitive battery including the Stroop test, Go-

No-Go, and Trail Making Test. Based on the findings (Herman et al., 2010), the authors concluded 

that executive function performance is a reliable predictor of future falls in older adults. For 

instance, Muir et al. (2012) reviewed and analyzed 27 prospective cohort studies involving healthy 

older adults revealed that subtle executive dysfunction was linked to a higher risk of falls. 

Martin et al. (2013) aimed to investigate the effects of various cognitive functions on gait variables 

in older adults. In this study, 422 participants were required to complete a battery of cognitive test 

to assess executive function/attention, memory, visuospatial ability, and processing speed (K. L. 

Martin et al., 2013). A 4.6-meter GAITRite system was used to measure absolute gait variables 

including gait speed, double support phase, step length, and step time (K. L. Martin et al., 2013). 

An independent association was found between executive function/attention and the variability of 

step times and double support phase variability (K. L. Martin et al., 2013). The results of the study 

indicate that participants with slower processing speed and poorer attention/executive function 

performed poorly on all gait measures, and their gait measurements had a greater variability, except 

for step time (K. L. Martin et al., 2013). Furthermore, memory performance was negatively 

correlated with all the absolute gait measurements, after adjusting for confounders, no correlation 

was observed between memory and gait measures (K. L. Martin et al., 2013). In contrast, a 
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decreased visuospatial ability was negatively correlated with gait speed, double stance phase, and 

step length (K. L. Martin et al., 2013). 

Callisaya et al. (2015) longitudinally examined gait speed and cognitive measures in memory, 

executive function, processing speed/attention, and visuospatial ability from 284 older adults over 

2.5 years. Regression analyses were adjusted for by baseline gait speed, body mass index, age, sex, 

and history of stroke. The final model presented that decreased gait speed in older adults only 

associated with decline in executive function performance, assessed by the Controlled Word 

Association Test, not other cognitive domains (Callisaya et al., 2015).   

Beauchet et al. (2012) aimed to examine the correlation between executive function and stride time 

variability in older adults. The results showed that stride time variability was only associated with 

the executive function, which means that asset-shifting abilities decreases, variability in stride time 

in older adults increases (Beauchet et al., 2012). Further, positive correlations were reported 

between gait speed and executive function in older adults, suggesting better executive function 

related to faster gait (Berryman et al., 2013; Coppin et al., 2006; Iersel et al., 2008).  

Despite the growing evidence that cognition plays a pivotal role in gait performance, the 

relationship between cognition and gait remains complex (Amboni et al., 2013; Cohen et al., 2016; 

Demnitz et al., 2016). Among the motor performance studies, gait speed is the most studied gait 

parameter, so more research is required to examine how cognitive function may affect various gait 

and balance aspects. For instance, there is still a lack of understanding regarding the correlation 

between cognitive decline and temporal gait parameters (Amboni et al., 2013). In order to complete 

our understanding of the impact of cognition on gait in older adults, additional evidence is required 

to draw more concrete conclusions. Adding neuroimaging and neuropsychological data to the 

cognition and gait protocols would improve the rigor of the field. 
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2.4 Brain Imaging 
 

2.4.1 Magnetic Resonance Spectroscopy 
 

A magnetic resonance spectroscopy (MRS) has been used to analyze compounds in solution via 

magnetic resonance imaging (MRI) scanner (Gujar et al., 2005; Negendank, 1992; Wilson et al., 

2019; Zimmerman et al., 2009b). MRS enables researchers to study and detect neurochemicals  in 

vivo (Kraguljac et al., 2012; Negendank, 1992; Wilson et al., 2019). The brain is one of the most 

common organs used in clinical MRS studies in order to analyze the concentration of chemicals 

and neurotransmitters in the brain (Gujar et al., 2005; Soares & Law, 2009).  

The H-MRS method can identify major neurochemicals in the brain include NAA, Cr, Cho, Glu, 

Gln, and GABA (Gujar et al., 2005; Kraguljac et al., 2012; Soares & Law, 2009). Each 

neurochemical represents a unique neurophysiological marker of cortical integrity. Cho is a 

membrane marker which plays a critical role in membrane synthesis and turnover in all brain cells 

(Barbagallo et al., 2017; Chiu et al., 2014; Gujar et al., 2005; Soares & Law, 2009). Cr usually is 

found in all brain cells and provides an energy buffer in the brain (Barbagallo et al., 2017; Gujar 

et al., 2005; Kantarci, 2013; Soares & Law, 2009). NAA is localized mostly in neurons and due to 

its close connection with ATP production, NAA concentration reflects neuronal dysfunction or 

loss (Barbagallo et al., 2017; Gujar et al., 2005; Lin et al., 2005; Soares & Law, 2009). NAA/Cr 

ratio is used as a marker of neuronal function and its ratio reduction in the brain indicates damage 

or degeneration of neurons (Barbagallo et al., 2017; Lucetti et al., 2001). Glu is the primary 

excitatory neurotransmitter in the central nervous system (Meldrum, 2000) and contributes to brain 

functions such as memory (Ramadan et al., 2013). Due to the overlapped resonance of Glu and 
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GABA, Glx is the term commonly used to describe the combined contributions of these two 

components when analyzing either neurotransmitter in vivo (Cleeland et al., 2019). 

MRS provides the biochemical information as a line spectrum (Fig 2 & 3) (Gujar et al., 2005; 

Soares & Law, 2009). In a normal spectrum, the amplitude (peaks) of each metabolite is different 

due to the MRS protocol and the localization sequence (Gujar et al., 2005; Soares & Law, 2009).  

NAA resonates at 2.02 parts per million (ppm), the highest peak compared to other 

neurometabolites (Gujar et al., 2005; Soares & Law, 2009). Cho, Cr, Glu, and Gln are displayed 

at 3.2, 3.02, 2.1, and 2.4 ppm, respectively (Gujar et al., 2005; Soares & Law, 2009).  

  

Figure 2. Normal MRS using a long echo time, adapted from (adapted from Soares & Law, 2009) 
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Figure 3. Normal MRS using short echo time, adapted from (adapted from Gujar et al., 2005) 

Considerable research was conducted to understand healthy and pathological aging (Cleeland et 

al., 2019). This field was greatly aided by MRI in understanding age-related changes in the neural 

network (Cleeland et al., 2019; Eavani et al., 2018). Although physiological, functional, and 

structural aging of the brain have been extensively studied, neurochemical aging in healthy older 

adults has received less research attention (Cleeland et al., 2019). Moreover, current knowledge of  

the cortical neurochemical profile is primarily based on studies in postmodern studies and  in non-

human animal models (Cleeland et al., 2019).  

An early review of MRS studies in aging found that NAA, Cr, and Cho concentrations did not 

change with age across multiple cortical regions (Haga et al., 2009). However, by optimizing MRS 

signals and improving the signal-to-noise ratio (“3 Tesla-MRT,” 2004), many studies have 

provided an updated understanding of neurochemical changes with aging (Cleeland et al., 2019). 

Most studies reported a reduction in NAA levels of the brain as its ratio to other neurotransmitters 

or its absolute value due to the aging process (Marjanska et al., 2017; Ding et al., 2016; Erickson 

et al., 2015; Ding et al., 2016). Despite some heterogeneity in the results reported, NAA 

concentrations were commonly analyzed in the hippocampal, frontal, and temporal lobes. 
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However, four studies used a different approach to quantifying neurometabolites. All these four 

studies examined NAA concentrations in whole brain (Ding et al., 2016a; Eylers et al., 2016; 

Pfefferbaum et al., 1999b; Wu et al., 2012). Two investigations concluded that there are no NAA 

concentration changes with age (Pfefferbaum et al., 1999b; Wu et al., 2012), while NAA reduction 

was reported in the other two investigations (Eylers et al., 2016; Ding et al., 2016b).   

Studies quantifying Cr report mixed results, though focused on posterior cingulate cortex. Many 

studies on Cr concentration changes across age demonstrated that Cr concentration level increases 

with age (e.g., Gruber et al., 2008; Marjanska et al., 2017; Kochunov et al. 2010). Approximately 

the same numbers of research reported no changes in Cr concentration with aging (e.g., Charles et 

al., 1994; Eylers et al., 2016; Kochunov et al., 2010). However, fewer studies revealed that older 

adults experience decreased Cr concentration in their brain (Angelie et al., 2001; Brooks et al., 

2001; Schubert et al., 2004). Cr concentration level is assumed to remain stable in the brain and 

neurological disease cannot affect it, as a results Cr level is used as a reference chemical and 

determines metabolic ratios (Cleeland et al., 2019). As a result, examining Cr concentration 

changes with age is essential.   

Mixed results were also reported in research on Cho concentration changes with age. Many of the 

studies were focused on frontal lobe, and demonstrated that brain Cho concentration increased or 

had no changes with aging (Brooks et al., 2001; Chiu et al., 2014; Harada et al., 2001; Marjańska 

et al., 2017; Schubert et al., 2004). Only two studies revealed decreased Cho results with aging 

(Angelie et al., 2001; Charles et al., 1994). 

A limited number of studies quantified Glu and Gln changes with age. These studies demonstrated 

a decrease Glu level with age, focused on posterior cingulate cortex (e.g., Hädel et al., 2013; 

Marjańska et al., 2017; Zahr et al., 2013). In MRS studies measuring Glu alone, researchers found 
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decreased Glu concentrations in the frontal white matter, hippocampus, basal ganglia, anterior 

cingulate cortex, parietal gray matter, and motor cortex with age (Sailasuta et al., 2008; Chang et 

al., 2009; Kaiser et al., 2005; Zahr et al., 2013; Schubert et al., 2004). Less attention has been paid 

to examined Gln compared to Glu, and all the were focused on gray matter area. These studies 

reported mixed findings of Gln concentration (decrease, no change, and increased) with age (Hadel 

et al., 2013; Kaiser et al., 2005; Schubert et al., 2004). Furthermore, we were unable to find any 

studies investigating the effects of healthy aging on Gln concentrations in brain white matter 

(Cleeland et al., 2019). Regarding Glx, some studies investigated Glu and Gln concentration with 

age and reported different results (Ding et al., 2016; Chen et al., 2013; Yang et al., 2015; Raininko 

and Mattsson, 2010) which just one of them found a reduction in Glx concentration in frontal lobe 

(Ding et al., 2016).  

To summarize, the literature on MRS aging has yielded mixed results regarding changes in  cortical 

neurochemical concentrations associated with age. Generally, there have been observed declines 

in NAA, Clx, Cr, and GABA, while Cho concentration tends to increase (Boumezbeur et al., 2010). 

These changes can be functionally correlated with cognitive and motor impairments (Levin et al., 

2019; Patel et al., 2014; Ross et al., 2005; Weerasekera et al., 2020; Zimmerman et al., 2009b). 

For instance, NAA and Glu levels is positively correlated with synaptic density and its function 

changes, as a result changes in the neurochemical concentration can cause cognitive declines 

(Duarte et al., 2014; Woods et al., 2015). Some studies also claimed that NAA concentration can 

be used to predict cognitive impairment diseases such as Alzheimer disease and mild cognitive 

impairment, opening the door to MRS benefitting the cognitive-gait literature (Kantarci et al., 

2007; Woods et al., 2015; Zhang et al., 2014).  



31 
 

2.4.2 Neurochemistry and Cognition 
 

As previously mentioned, cognitive function declines with age (Span et al., 2004), but the 

neurophysiological mechanisms underlying the decline  remain unclear (Charlton et al., 2007; 

MacLullich et al., 2002; Raz, 1997; Ross et al., 2005). Many studies detailed the relationship 

between brain neurochemical concentrations and cognitive decline, but limited research focused 

on the healthy aging population. MRS studies demonstrated that both gray and white matter suffer 

from metabolite changes across age (Kadota et al., 2001; Saunders et al., 1999; Brooks et al., 2001) 

and these biochemical changes negatively impact cognition function (Charlton et al., 2007; 

Cleeland et al., 2019).  

Some studies suggested that increased Cr concentration due to age is correlated with cognitive 

decline (Ferguson et al., 2002; Elderkin-Thompson et al., 2004). However, these studies had 

limited sample sizes and restricted age ranges, which could not completely identify age as an 

independent correlate between cognitive decline and Cr concentration levels (Ferguson et al., 

2002; Elderkin-Thompson et al., 2004). Other studies tried to overcome this gap by focusing on 

the relationship between cognitive function and cortical metabolites. In Charlton et al. study 

(2007), their participants underwent executive function and working memory performance tests to 

examine the correlations between these cognitive outcomes with each of NAA, Cr and Cho cortical 

concentrations. The study reported that Cr had significantly correlated with executive function and 

working memory (Charlton et al., 2007). Moreover, NAA and Cho concentrations significantly 

related to executive function according to regression modeling (Charlton et al., 2007). However, 

after adding age to the regression models, only NAA concentration significantly predicted to 

executive function (Charlton et al., 2007). Thus, a significant correlation between NAA 

concentration and executive function could suggest that the brain's neurons and their functionality 
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are important factors for cognitive processing. More specifically, NAA is found primarily in 

neurons and is an indicator of neuronal viability, integrity, and health. This could have important 

implications for understanding the neural basis of cognitive dysfunction in older adults. 

Beyond executive function, working memory, attention, and short-term memory have also been 

studied in respect to MRS-quantified metabolite concentration changes. Erickson et al. (2012) 

examined NAA and Cr concentration in the right frontal cortex and reported that decreased NAA 

concentration related to worse working memory, even after controlling for the variance from Cr 

(Erickson et al., 2012). However, no relationship was observed between NAA concentration and 

attention performance on forward digit spin (Erickson et al., 2012). The research cohort expanded 

on these results in a more recent study, this time focused on the relationship between working 

memory performance and NAA concentration levels in the prefrontal cortex (Erickson et al., 

2015). They reported similar results to their previous work, such that higher NAA concentrations 

in the prefrontal cortex were associated with better working memory performance (Erickson et al., 

2015). Together, the results of these studies suggest that NAA concentration levels may be a 

biomarker for working memory performance.  

Gomar et al. (2014) examined precuneus/posterior cingulate cortex and concluded that higher 

Cho/Cr concentrations in this region were associated with poorer performance on a global 

cognition composite score. Global cognition was assessed through the Mini-Mental State 

Examination, which encompasses multiple cognitive domains (i.e., memory, attention, executive 

function, processing speed, and semantic fluency). In addition, the authors noticed that the 

NAA/Cr ratio was not affected by age in their sample, and there was no correlation between stable 

NAA concentration and cognition in older adults (Gomar et al., 2014). Though these results 

conflict with the previously reported relationships, the difference could be due to the limited 
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strength of global cognitive assessments. Further confirming this suspicion, Valenzuela et al. 

reported that low NAA/Cr value in the left frontal subcortical white matter is associated with worse 

attentional processing (Valenzuela et al., 2000). In conclusion, NAA was found to be linked with 

improved cognitive performance; but these results observed were across varied domains of 

cognition quantified by rigorous cognitive assessments, not global cognitive tests (Charlton et al., 

2007; Driscoll et al., 2003; Erickson et al., 2012; Gomar et al., 2014; Kochunov et al., 2010; Ross 

et al., 2005). 

Zahr et al. (2008) aimed to investigate Glu concentration differences in various brain areas, 

striatum, cerebellum, and pons, among young and older adults. The results indicate that there was 

a lower Glu concentration in the striatum of the older adults compared to young adults (Zahr et al., 

2008). Further, higher striatal Glu level significantly related to better verbal fluency, set shifting 

and working memory. Moreover, the authors noted older adults showed a higher Cr level in pons 

and cerebellum but lower in striatum, compared to the young group (Zahr et al., 2008). Cr 

concentration level could be interpreted as the tissue water content in different brain regions which 

could have implications for cognitive function and exhibit varying patterns of change across 

different ages (Zahr et al., 2008). Cho concentration level also was higher in pons in older adults 

than young group (Zahr et al., 2008). There was no significant correlation between Cr, Cho and 

NAA concentrations in striatum and cognition performance (Zahr et al., 2008). The lack of a 

difference in NAA between age groups, or a decline in NAA over time, indicates that the number 

of viable neurons per unit of gray matter remains relatively stable with age (Zahr et al., 2008; 

Pfefferbaum et al., 1999b; Adalsteinsson et al., 2000). The increased concentration of Cho in the 

pons suggests that there are changes in cellular metabolism or function, potentially leading to 

alterations in cognitive function (Schubert et al., 2004). Specifically, this elevated concentration 
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of Cho could be indicative of increased membrane breakdown in the pons, which is associated 

with alterations in cellular metabolism and function (Zahr et al., 2008).  

Taking everything into account, most research on brain neurometabolite function has been 

conducted in young adults and individuals with neurological or psychiatric disorders (Charlton et 

al., 2007; Gujar et al., 2005; Soares & Law, 2009). Moreover, there is still much debate about how 

different neurotransmitters influence cognitive function, specifically various studies have found 

more complex and nuanced relationships between certain neurotransmitters and cognitive 

functions. As a result, for a better understanding of the relationship between brain neurophysiology 

changes and cognitive performance, additional studies should be conducted in the healthy older 

adult population. 

2.4.3 Neurochemistry and Motor Performance 
 

To date, limited studies aimed to investigate the relationship between motor performance and 

MRS-quantified brain neurometabolic changes in healthy older adults. However, among studies 

on neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease, significant 

relationships have been found between neurometabolites concentrations and motor performance 

(Annweiler et al., 2012, 2013; Charney et al., 2020; Delli Pizzi et al., 2017; Klietz et al., 2019; 

Mitolo et al., 2019). Though these results provide insight into the impact of neurometabolite 

concentration changes in brain on motor performance, further research needs to elucidate the 

relationship between neurometabolite concentrations and motor performance in the healthy older 

adult population.  

Among studies on healthy aging, Salem at al. (2008) required 80 older adults to complete the 

modified Tinetti scale. This test included some balance and gait examinations, such as sitting and 
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standing from a chair, standing on both and each leg, turning, and step height. A higher score in 

the modified Tinetti test indicates better mobility performance. Basal ganglia and NAA, Cho, and 

Cr also were the regions of interest for neurometabolite quantification. Based on the findings, there 

was a positive correlation between the modified Tinetti scale and NAA/Cr but not Cho/Cr (Ben 

Salem et al., 2008). The authors determined that their findings demonstrated NAA/Cr and Cho/Cr 

ratios were not affected by age (Ben Salem et al., 2008). Besides motor performance, global 

cognition, and executive function were assessed in this investigation through the Mini Mental 

Status Examination and Train Making Test (Ben Salem et al., 2008). Neither the modified Tinetti 

scale nor the Trail Making Test were significantly correlated with age. Furthermore, there was no 

significant association between NAA/Cr ratio and Trail Making Test (Ben Salem et al., 2008). 

These findings indicate that reduced balance and gait scores may be caused by reduced NAA/Cr 

levels in the basal ganglia, and that the relationship between the NAA/Cr ratio and cognitive 

function may be domain-specific (Ben Salem et al., 2008). The NAA/Cr ratio is a measure of 

neuronal viability in the brain, and its lack of association with the Trail Making Test suggests that 

changes in neuronal viability may not necessarily predict performance on this specific cognitive 

test. 

Another study reported a lower hippocampal NAA/Cr ratio, controlling for age, is associated with 

greater stride length variability, though not stride length and swing time in older adults 

(Zimmerman et al., 2009). Averaged left and right hippocampal NAA/Cr was the primary 

neurometabolite outcome measure in this study (Zimmerman et al., 2009). Gait performance was 

also quantified through two walking trials with a normal self-selected speed(Zimmerman et al., 

2009). Gait performance was also quantified through two walking trials with a normal self-selected 
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speed (Zimmerman et al., 2009). Gait performance was also quantified through two walking trials 

with a normal self-selected speed (Zimmerman et al., 2009).  

A recent study mentioned the gap in the literature regarding balance control and neurometabolic 

concentration in healthy older adults (Levin et al., 2023). In this study 42 healthy older adults 

participated to complete balance tests on wide double stance with/without eyes open and open eyes 

Tandem Romberg stance (Levin et al., 2023). Major metabolites including Cho, NAA, Cr, Glx 

were measured in four brain regions including the dorsal posterior cingulate cortex, left 

hippocampus, right dorsolateral prefrontal cortex, and left sensorimotor cortex (Levin et al., 2023). 

They also reported that while participants performed double stance-open eyes with a Mathematical 

Counting task, NAA/Cr in dorsolateral prefrontal cortex and dual task error score for mediolateral 

sway were positively correlated (Levin et al., 2023). In the Mathematical Counting task, 

participants were instructed to calculate and remember the sum of a total of 10 one-digit integer 

numbers which vocally presented, either negative or positive (Levin et al., 2023). These results 

demonstrate that the dorsolateral prefrontal cortex experiences neuronal degeneration with age 

(Levin et al., 2023). Since is the dorsal lateral prefrontal cortex is involved in executive function 

and attention, and impairment of the dorsal lateral prefrontal cortex could negatively impact 

performance on challenging motor tasks, such as balancing and counting numbers (Miller & 

Cohen, 2001). 

In conclusion, the existing evidence underscores a significant knowledge gap regarding the 

relationship between changes in brain neurotransmitters and motor performance in healthy older 

adults. Addressing this gap is crucial in improving our understanding of the neurological 

mechanisms underlying motor decline in the healthy older adult population. To address this gap, 

it is recommended that future research endeavors focus on examining the relationships between 
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various neurometabolite levels in different brain regions, both in gray and white matter, and their 

effects on various aspects of motor performance. Such studies will not only provide a deeper 

understanding of the underlying neurological mechanisms but may also lead to the development 

of effective interventions aimed at maintaining or improving motor function in healthy older 

adults.  

Moreover, brain volume need to assessed as well, since in older adults who does not have any 

significant cognitive dysfunction or neurodegenerative disease, neurochemical concentrations is 

associated with their brain volume (Williamson et al., 2020).  

In summary, our current understanding of neurophysiological changes in healthy older adults is 

limited, particularly in relation to the concentration of neurochemicals. Existing studies have 

primarily focused on NAA, Cr, and Cho, with less attention given to Glu and Gln concentrations. 

Additionally, there is a significant gap in the literature regarding the impact of these 

neurophysiological changes on cognitive function and gait performance in older adults. To address 

these gaps, our study will specifically focus on the frontal lobe, which serves as a shared brain area 

for both motor and cognitive performance. By examining the correlation among cognition, motor 

performance, and brain physiology in this region, we aim to fill these gaps and gain a better 

understanding of the intricate relationship between these factors. 

The insights gained from this research have the potential to contribute to the development of more 

effective rehabilitation strategies for healthy older adults experiencing declines in both motor and 

cognitive performance. Additionally, it may aid in early detection and recognition of healthy aging 

individuals at risk of developing conditions such as Alzheimer's and dementia. Ultimately, our 

study aims to provide valuable knowledge that can improve the quality of life for older adults and 

enhance our understanding of the aging process. 
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Chapter 3 

Methods 

3.1 Introduction 
 

The purpose of this thesis is to more rigorously determine the relationships among neurochemicals, 

motor performance and cognitive performance in older adults. The results of this thesis will begin 

to address the gaps in older adult literature, specific to what are the primary factors in impaired 

gait of older adults. To answer our question, we designed a study that requires healthy older adults 

to undergo the MRI/MRS technique (neurochemicals), motor performance assessment (gait and 

balance), as well as cognitive tests (attention and executive function). The completed designed 

study and statistical analysis will be presented in this chapter.  

3.2 Participants 
 

In this investigation, we utilized data from a separate study that aimed to explore the impact of dog 

ownership on cognitive function and brain health in older adults. In this investigation, we utilized 

data from a separate study that aimed to explore the impact of dog ownership on cognitive function 

and brain health in older adults. We recruited twenty-five older adult volunteers aged 70-84 of all 

genders and ethnicities. Our participants needed to be able to walk unaided for at least 2 minutes. 

They were screened for the absence of any diagnosis of a neurological disease known to affect 

cognition. Exclusion criteria included a current diagnosis of major depression, contraindications 

to magnetic resonance imaging, history of laboratory-confirmed COVID-19, cognitive 

impairment, and psychiatric disorder on history, including schizophrenia (excluding general 

anxiety disorder or depression), current treatment for cancer (except non-melanoma skin), a 

preexisting significant neurological disorder (multiple sclerosis, Parkinson's, dementia, mild 
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cognitive impairment), or brain injuries (traumatic or Stroke), alcohol dependence, not fluent in 

English, and visual or hearing deficits that are corrected with MR-ineligible aids. 

3.3 Experimental Protocol 
 

Following a virtual or in-person meeting, qualified participants were invited to have two visits to 

the University of Massachusetts Amherst. The visits were scheduled to occur on two different 

days, with the second visit being scheduled to take place 7 to 10 days after the initial visit. The 

first visit was completed in the Kinesiology Department, where participants were asked to provide 

demographic information, including age, gender, education history, and race. Height and weight 

(in Kg) were measured during this visit. Once the next visit was scheduled, participants began their 

cognition and mobility sessions in the Movement Neuroscience Laboratory, as described below. 

The second visit took place at the Life Sciences Laboratories building, where participants were 

asked to fill out and sign MRI safety and COVID-19 questionnaires. 

3.3.1 Cognition 
 

The cognitive assessment involved participants completing the NIH Toolbox Cognition Battery. 

The Battery includes Flanker Inhibitory Control and Attention Test, which is designed for ages 

over 12 years. The Flanker test presents five arrows on a touch screen iPad. Two buttons of arrows 

(leftward and rightward pointing) on each side were shown on the bottom of the screen. 

Participants are asked to choose one of the two buttons that corresponds to the direction of the 

middle arrow in the sequence of five arrows presented. All the arrows point in the same direction 

on congruent trials, while on incongruent trials, the flanking arrows point in the opposite direction 

of the middle arrow. Participants were presented with mixed congruent and incongruent trials. All 

participants are required to complete three of four practice trials correctly to be able to start the 
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real test trials including a block of 20 trials. Flanker cognitive test measures attention and executive 

function since central stimuli are surrounded by incongruent stimuli, and participants must inhibit 

attention to those incongruent stimuli and indicate the central arrow direction (Zelazo et al., 2013). 

The time to complete this test and the accuracy score based on the number of errors were calculated 

as the primary outcome variables.  

3.3.2 Mobility 
 

Both quasi-static balance and gait assessed during the mobility section of the first visit. A total of 

six wireless Opal inertial sensors (APDM, Inc. sampling at 128Hz) were mounted on each 

participant's wrists (2), sternum, lower back, and feet (2) for each motor performance test. The 

mobility function tests included the Modified Clinical Test of Sensory Interaction on Balance 

(mCTSIB) and the 2-Minute Walk Test. The mCTSIB task requires participants to stand in four 

conditions, with feet parallel, hip-width apart for 30 seconds per condition. The four conditions 

require participants to maintain quiet standing while on firm/foam surfaces with eyes 

opened/closed. At the mCTSIB primary outcome variables are postural sway area, RMS sway, and 

jerkiness of sway. The 2-Minute Walk Test requires participants to walk back and forth (180-

degree turns) along a seven-meter walkway. The primary outcome variables for this walk test are 

gait speed, stride length, double stance time, turn velocity parameters.  

3.3.3 Brian Imaging 
 

MRI imaging was performed on a 3T Siemens Skyra system using a 32-channel head receive coil. 

Before the MRI/ MRS scan, all subjects were screened for any implanted electric, metallic, or 

magnetic material. After reviewing the Magnetic Resonance Center Safety questionnaire, an MR 

technologist run the MRS sequence in the scanner control room. Structural MRI data was acquired 
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using a T1-weighted 3D MPRAGE sequence with sagittal acquisition, resolution 1.0 × 1.0 × 1.0 

mm3; TR/TE= 2400/3.36 ms; flip angle = 8°, matrix = 256 × 256; field of view = 256 × 256mm2. 

MEGA-PRESS (Mescher et al., 1998) spectra was acquired from a 4x3.5x2cm3 voxel. The voxel 

was placed directly above the Corpus Callosum, it is termed the cingulate gyrus area of the brain. 

MEGA-PRESS data then were acquired with the following parameters: TR/TE = 2000/ 68ms; 128 

averages; 1024 data points; spectral width = 2000 Hz; editing pulse frequencies set to 1.9 ppm and 

7.5 ppm for editing of GABA. Water-unsuppressed MEGA-PRESS data was acquired with one 

average for optimal co-localization of the unsuppressed water signal. MEGA-PRESS data was 

processed using the MATLAB-based toolbox Gannet 3.1 (Edden et al., 2014). The Gannet Co-

register and Gannet Segment modules call SPM 12 to determine the tissue volume fractions of 

grey matter, white matter, and cerebrospinal fluid (Friston, 2003). Gannet analysis provides GABA 

and Glx neurometabolite concentrations in the MRS voxel as well as the fit error against the model 

function used to calculate these concentrations.  

A single-voxel non-edited short echo time PRESS sequence (Bottomley, 1987) with the same 

voxel sizes and from the same anatomical locations as MEGA-PRESS was acquired with following 

parameters: A PRESS sequence with TR/TE =2000/30 ms, voxel size = 4x3.5x2cm3 and 128 

averages were used to acquire spectroscopic data to quantify cerebral metabolites. The 

unsuppressed water reference spectra used to quantify metabolite concentrations. The MRS area 

is directly above the Corpus Callosum, it is termed the cingulate gyrus area of the brain. A sagittal 

T1-weighted 3D MPRAGE sequence with 208 slices, TR = 2400 ms, TE = 3.36 ms and FOV of 

256 × 256 mm acquired and reconstructed to axial and coronal for the voxel placement. The 

TARQUIN (Wilson et al., 2011) time-domain fitting algorithm with the standard metabolite library 

used to quantify MRS data. TARQUIN determines the chemical shift offset, phase, and baseline 
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during the fitting process. Brain neurochemicals including NAA, Cr, Gln, Glu, Cho, and NAA/Cr 

ratio would be in our consideration. 

3.4 Data Analysis and Statistics 
 

Aim 1: To evaluate the associations between neurochemicals in the frontal cortex and both 

cognitive and motor performance, Pearson's correlations were utilized. The data that were not 

normally distributed were naturally transformed by taking logarithms to enhance normality. To 

investigate the relationship between neurochemicals and motor and cognitive performance, we 

conducted a multivariate regression analysis. Specifically, we utilized the neurochemical variables 

in the PFC as independent variables to predict the corresponding cognition and motor performance 

variables. 

Aim 2: Pearson’s correlations were used to assess the relationship between cognitive function and 

motor performance in healthy older adults. Similarly, for the non-normally distributed data, a 

natural logarithm transformation was applied to enhance normality prior to conducting the 

correlation analysis.  

All data presented as mean(standard deviation), unless otherwise noted. We used MATLAB and 

IBM SPSS Statistics software to analyze our data.  
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Chapter 4 

Results 
 

4.1. Participants 
 

Twenty-five older adults, consisting of 15 women and 10 men participated. One participant was 

unable to complete the cognition test, and four participants were unable to undergo MRS data 

collection. Additionally, the gait data of one participant was not recorded due to a device error. As 

a result, these participants (four females and two males) were excluded from our data analysis. All 

our participants were healthy without any cognitive impairments and able to walk unaided for at 

least 2 minutes. The average age for included participants (N = 19) is 74.2(3.1) years old. The 

average years of education for our participants was 22.4(2.5) years and their mother’s education 

were 20.1(4.9) years.  

4.2. Aim 1 
 

Our hypotheses posited that higher NAA levels and lower concentrations of Cr and Cho would be 

associated with poorer gait and balance performance, as well as cognitive function. Additionally, 

we expected that NAA, Cr, and Cho would predict cognitive function and motor performance in 

healthy older adults. Nonetheless, no significant correlations between NAA and cognitive 

variables or motor performance were observed. However, there were weak correlations between 

NAA concentration in the frontal cortex and postural sway variables during the eyes closed, foam 

pad balance condition [Figure 4]. No other correlations were observed between NAA 

concentrations and other gait or cognitive variables.  
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Figure 4. Pearson’s Correlation between NAA concentrations and Postural Sway Variables. CFo: closed eyes postural standing 
condition on foam pad. The gray line represents the line of best fit. 
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Moreover, when examining the Pearson's correlation between Cho levels and our cognitive/motor 

performance variables, we observed moderate correlations (0.5 < Pearson's r < 0.7) in the PFC. 

Specifically, we found that higher Cho levels were associated with increased response time in 

cognitive tasks and greater variability in postural sway during the closed eyes condition on a foam 

pad [Figure 5]. No other correlations were observed between Cho concentrations and other gait 

or cognitive variables.    

Figure 5. Pearson’s Correlation between Cho Cognitive and Postural Sway Variables. CFo: closed eyes postural standing condition 
on foam pad. The gray line represents the line of best fit. 
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We observed correlations ranging from low (Pearson's r < 0.5) to moderate (0.5 < Pearson's r < 0.7) 

between the concentration of Cr in the PFC and postural sway variables in both the open eyes-firm 

surface condition and the closed eyes-foam pad balance test [Figure 6]. However, no other 

correlations were found between Cr concentrations and other gait or cognitive variables. 

Additionally, we did not observe any correlations between NAA/Cr and the variables associated 

with cognitive and motor performance. 

Figure 6. Pearson’s Correlation between Cr and Postural Sway Variables. OFi: open eyes, firm surface balance condition; CFo: 
closed eyes postural standing condition on foam pad. The gray line represents the line of best fit.

 

The regression analyses revealed moderate correlations (<0.5< R2 <0.7) between our cognition 

and motor variables and the concentrations of neurochemicals in the PFC. In our multivariate 
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regression models, we utilized our neurochemical variables, NAA, Cho, and Cr, as independent 

variables to predict various cognitive and motor performance. We discovered that the 

neurochemical concentrations in PFC can moderately predict congruent response time in cognition 

performance. Furthermore, the neurochemicals of interest in our study demonstrated moderate 

predictive capabilities for the RMS sway and postural sway velocity in our gait and balance tasks. 

Further information regarding our multivariant regression analysis is mentioned in Table1.  

Table 1. Summary of Multivariant Regression Analysis 

Model 1: 

Congruent 

Response Time 

(s) 

                                                                             R2= 0.582, Adj R2=0.498 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.513 0.214 0.015 

Cho (mM) 0.673 0.147 0.003 

Cr(mM) -0.176 0.265 0.403 

 
Model 2: 

Mean Postural 

Sway Velocity, 

Sagittal, CFo 

(ms) 

                                                                             R2= 0.519, Adj R2=0.423 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.218 50.663 0.068 

Cho (mM) -0.709 34.963 0.965 

Cr(mM) 0.088 62.853 0.757 

 
Model 3:  

RMS Sway, 

Coronal (ms2) 

                                                                             R2= 0.497, Adj R2=0.397 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.222 1.121 0.293 

Cho (mM) -0.280 0.774 0.192 

Cr(mM) 0.634 1.391 0.013 

 
Model 4: 

Mean Postural 

Sway Velocity, 

CFo (ms) 

                                                                             R2= 0.473, Adj R2=0.368 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.203 0.958 0.347 

Cho (mM) -0.687 0.661 0.005 

Cr(mM) 0.251 1.189 0.292 
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Model 5: 

Mean Postural 

Sway Velocity, 

Coronal, CFo 

(ms) 

                                                                             R2= 0.410, Adj R2=0.291 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.291 1.362 0.208 

Cho (mM) -0.093 0.940 0.681 

Cr(mM) 0.488 1.689 0.063 

 
Model 6: 

Incongruent 

Response Time 

(s) 

                                                                             R2= 0.382, Adj R2=0.259 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.254 0.311 0.280 

Cho (mM) 0.531 0.214 0.034 

Cr(mM) 0.049 0.385 0.845 

 
Model 7: 

Postural Sway 

Area, CFo 

(m2s4) 

                                                                             R2= 0.294, Adj R2=0.153 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.401 1.362 0.208 

Cho (mM) -0.221 0.940 0.681 

Cr(mM) 0.230 1.689 0.063 

 

Model 8: 

Jerkiness of 

Postural Sway, 

CFo (m2s5) 

                                                                             R2= 0.222, Adj R2=0.067 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) 0.500 50.663 0.068 

Cho (mM) -0.011 34.963 0.965 

Cr(mM) -0.088 62.853 0.757 

 

Model 9:  

Gait Speed 

(ms) 

                                                                             R2= 0.049, Adj R2=-0.141 

 Standardized 

Coefficients β 
Std. Error p 

NAA (mM) -0.080 0.410 0.779 

Cho (mM) -0.077 0.283 0.789 

Cr(mM) 0.266 0.509 0.401 
CFo: Closed eyes on foam pad in balance condition 

4.3. Aim 2 
 

Our Aim 2 hypotheses were that worse cognitive performance would be associated with worse gait 

and balance performance. However, our statistical analysis revealed a different result. We 

observed a moderate correlation between congruent response time and the standard deviation of 
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turn velocity in the 2-minute walk task [Figure 7], while no other significant correlations between 

cognitive variables and gait/balance performance were observed. 

Figure 7. Pearson’s Correlation between Motor Performance and Congruent Response Time. STD: Standard Deviation. The gray 
line represents the line of best fit. 
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Chapter 5 

Discussion 

5.1 Aim 1 
 

The primary objective of this study was to examine the relationship between neurophysiology, 

cognition, and motor performance in a sample of healthy older adults. To achieve this, we 

employed several measures and techniques. Our results revealed some significant correlation 

between the neurophysiological outcome variables and both cognitive and motor performance 

variables, although our results did not completely agree with all of our initial hypotheses. 

Specifically, we observed consistent correlations between both NAA and Cr and IMU derived 

postural sway metrics. The results of our study revealed a significant and positive correlation 

between NAA levels and various postural sway variables, including jerkiness of sway and RMS 

sway metrics. These correlations were observed specifically during the closed-eye condition while 

participants were standing on a foam pad. Our study also found significant correlations between 

Cr levels and postural sway velocity in two conditions of closed-eyes on a foam pad and open eyes 

on a firm floor. Additionally, Cr levels exhibited a significant positive correlation with RMS sway 

in the closed-eyes on foam pad condition. Interestingly, Cho showed significant correlations with 

postural sway metrics, with higher Cho concentration being associated with poorer postural sway 

velocity. However, Cho also exhibited positive and significant correlations with measures of 

executive function and attention as well. When each of the neurochemicals was included in a 

multiple regression model that predicted motor or cognitive performance, the three neurochemicals 

more consistently predicted postural sway measures, as indicated by the R2 values. These results 

begin to address the gap regarding the relationships among neurophysiology, motor performance 

and cognition in healthy older adults. 
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NAA is a marker of neuronal ability that reflects the oxygen consumption and ATP production of 

central nervous system neurons (Charlton et al., 2007). Decreased NAA concentration is associated 

with axonal and neuronal function loss, while increased NAA concentration indicates greater 

neuronal integrity and density (Charlton et al., 2007). There are inconsistent findings regarding 

NAA concentration in healthy aging, and further studies, including longitudinal or age-diverse 

investigations, are needed to address this gap. Our study regarding no correlation between Flanker 

performance test and NAA concentration level supports previous studies which also reported no 

association between attention/executive function and NAA concentration (Erickson et al., 2012). 

Our results suggest that NAA concentration in the prefrontal cortex of healthy older adults may 

not be linked to their daily attention and executive function. However, this finding is inconsistent 

with several other studies that have observed a correlation between cognitive function and the 

concentration level of NAA in healthy older adults (e.g., Charlton et al., 2007; Ross et al., 2005; 

Valenzuela et al., 2000). Furthermore, many studies have reported a relationship between NAA 

concentration and cognitive function in populations with cognitive dysfunction. For instance, 

Canavan disease (CD), a degenerative disorder characterized by reduced NAA levels, leads to 

severe cognitive deficits and death (Matalon et al., 1988). MRS technology has also been utilized 

to compare and diagnose specific diseases such as Alzheimer's disease (AD) and early Parkinson's 

disease (PD) in individuals with cognitive impairments (Abe et al., 2000). Studies have 

demonstrated that patients with PD-associated cognitive impairment exhibit significant reductions 

in NAA, Cho, and Cr concentrations in the frontal lobe, and these concentration levels are 

correlated with the patients' cognitive performance (Chaudhary et al., 2021). Moreover, a 

significant decrease in NAA concentration levels has also been observed in patients suffering from 

AD (Huang et al., 2001). It is worth mentioning that longitudinal studies have consistently reported 
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that NAA concentration remains relatively stable in healthy older adults without cognitive 

dysfunction (Kantarci et al., 2007; Schott et al., 2010), suggesting that NAA levels do not 

significantly impact cognitive function in this population. Though, we did observe multiple 

significant relationships between NAA and postural sway under eyes closed conditions, suggesting 

that future studies account for balance assessments along with the cognitive assessments when 

NAA is a primary outcome variable of interest. Impaired balance quantified by IMU’s could be an 

early predictor of cognitive impairment. 

Similarly, we did not find a significant correlation between Cr and the cognitive variables, 

indicating that Cr in the frontal cortex may not play a specific role in attention and executive 

function aspects of cognition. This finding contradicts previous studies that have reported 

significant correlations between cognition and Cr concentration (Charlton et al., 2007). One 

possible explanation for these observed differences could be attributed to the limitations of our 

cognitive test, the Flanker test, which primarily assesses the inhibition and selective attention 

domain. In contrast, other studies included a comprehensive battery of cognitive tests that allowed 

them to generate a composite score specifically for the attention/executive function domain. 

The correlation between Cr and cognitive function can be attributed to its role in providing ATP 

and energy for cognitive performance through the synthesis of ATP via Creatine kinase (McMorris 

et al., 2007). Therefore, a deficiency in Cr can be a significant limitation in providing ATP and 

impacting cognitive functioning (McMorris et al., 2007). Although our findings did not indicate a 

significant correlation between Cr concentration and cognitive function, other studies, such as the 

one conducted by Laakso et al. (2003), have reported a decrease in brain Cr concentration in 

individuals carrying a specific form of Apolipoprotein E known as the ApoE 4 allele. Carrying the 

ApoE 4 allele is associated with an increased susceptibility to Alzheimer's disease (AD), a 
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condition characterized by cognitive impairment and memory loss. Therefore, these results 

demonstrate that a decrease in Cr levels may indeed be correlated with the cognitive decline 

observed in individuals with AD. However, as with NAA, we observed significant relationships 

between Cr and postural sway variables. The fact that NAA and Cr are both involved in ATP 

production and relate exclusively to postural sway variables in healthy older adults suggests there 

might be redundancy between these two neurochemicals (Moffett et al., 2007). Furthermore, our 

findings, which reveal a significant correlation between Cr levels and postural sway, indicate that 

Cr may be involved in regulating postural control across various sensory and increasingly difficult 

balance conditions. Future studies should confirm a possible redundancy to help inform larger trial 

studies for which neurochemical variable might be better as a primary outcome variable. 

In our study, we found a moderate correlation between Cho levels and both congruent and 

incongruent response times, indicating a relationship between Cho concentration and cognitive 

function. These findings are consistent with previous studies, such as the study conducted by 

Pfefferbaum et al. (1999) which reported patients with AD have a higher Cho concentration in 

their brain, compared to healthy older adults, and Cho concentration were related to cognitive 

functions in their face recognition tests. The increase in Cho concentration may be attributed to 

the turnover of cell membranes (Pfefferbaum et al., 1999a). Regarding the positive correlation 

between Cho levels and cognitive performance, several lines of evidence indicate that long-term 

supplementation of Cho, such as with Citicoline, has the potential to improve cognitive 

performance, especially in individuals who experience cognitive impairment resulting from stroke 

(Alvarez-Sabín et al., 2013). These findings provide support for the idea that preserving axonal 

integrity is essential for optimal cognitive function. It is likely that our participants experienced a 

reduction in Cho levels within their brain membrane neurons, and this reduction was associated 
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with attention and executive function of cognitive performance. We also observed significant 

relationships between Cho and sway velocity. Combined with significant relationships with 

cognitive outcomes, it appears that Cho might be a better indicator of cognitive and motor ability 

in otherwise healthy older adults. This is partly supported by the regression analyses as Cho is the 

strongest predictor of the three neurochemicals in nearly 50% of the regression models. Our 

findings are consistent with studies that have identified a positive correlation between Cho/Cr ratio 

and center of pressure velocity in individuals with mild cognitive impairment, specifically when 

assessing postural stability with open eyes (Levin et al., 2023). These studies suggest that the 

Cho/Cr ratio has the potential to serve as a predictor of postural stability (Levin et al., 2023). 

Though, future research needs to confirm the strength and sensitivity of Cho as a predictor of 

cognitive and motor performance in older adults.  

Our findings are consistent with previous research which highlights how stability in older adults 

is more affected in the coronal plane compared to the sagittal plane (Lord et al., 1999; Maki & 

Mcilroy, 1999). Various factors, including vision, lower limb muscle strength, and proprioception, 

play a critical role in maintaining balance and stability (Lord et al., 1999; Mille et al., 2005; M. W. 

Rogers & Mille, 2003). Older adults, in particular, experience muscle weakness and reduced visual 

and proprioceptive abilities, which are significantly associated with poorer stability and an 

increased risk of falls (Guralnik et al., 1995; Lord et al., 1999; Mille et al., 2005). Biomechanically, 

lateral balance relies on the regulation of hip joint abductor-adductor torque and trunk postural 

movements (Hilliard et al., 2008; Lord et al., 1999; M. W. Rogers & Mille, 2003). Numerous 

studies by using regression analyses have emphasized that muscle weakness, diminished 

proprioception, and deficits in mediolateral torque, play significant roles in contributing to the 

poor lateral stability in older adults (Hilliard et al., 2008; Lord et al., 1999; Maki et al., 2000; Mille 
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et al., 2005; M. W. Rogers & Mille, 2003). Consequently, these factors contribute to a higher 

observed lateral sway than in the sagittal plane among older adults. Our study does highlight 

possible neurophysiological underpinnings that may exacerbate the 

musculoskeletal/biomechanical factors in reduced stability for older adults. Future studies should 

further elucidate the relationships among neurophysiology and musculoskeletal/biomechanical 

factors for reduced balance in the older adult population. 

5.2 Aim 2 
 

In the analysis of our second aim, we did not find any specific correlation between Flanker test 

response time and balance/gait performance. These findings contribute to our understanding of the 

relationship between motor performance and cognitive function and support some other studies as 

well. For instance, Goto et al. (2017) conducted a study on older adults with early cognitive 

decline, prior to the onset of dementia, and found no relationship between cognitive function and 

balance. However, other studies reported that cognitive function is associated with impaired gait 

and balance, such as having slower gait speed and longer stance phase time (Deschamps et al., 

2014; Noh et al., 2020). Moreover, older adults with mild cognitive impairments showed a higher 

step length variability and fewer gait adjustment (Pieruccini-Faria et al., 2019; Shin et al., 2011). 

In particular, when patients were asked to walk while counting backward (dual-task condition), 

they exhibited poorer gait performance compared to controls (Pieruccini-Faria et al., 2019). These 

findings suggest that individuals with executive function impairments experience difficulties in 

their gait and balance performance, particularly in dual task conditions where additional attention 

and executive function resources are required to successfully complete the task. One possible 

explanation for not observing a correlation between cognition and motor performance variables 

could be attributed to the nature of our simple walking and balance task. One could argue that 
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simple walking or maintaining balance tasks require fewer cognitive resources compared to 

performing them with a different task. As a result, the cognitive demands of our motor performance 

tests may not have been sufficient to demonstrate a significant relationship between cognition and 

motor performance. 

5.3 Limitations 
 

There are inherent limitations that may affect the interpretation of the results of this study. The 

absence of observed correlations may be influenced by the limitations of our study, such as the 

small sample size and the high cognitive performance level of our participants. These factors could 

have potentially affected the magnitude and generalizability of the absence of any observed 

correlations. 

5.4 Conclusions 
 

Our study revealed a moderate association between neurochemical markers in the brain and 

postural balance performance. Notably, among the neurochemicals we investigated, NAA and Cr 

exhibited moderate correlations with balance tests conducted under closed eyes on a foam pad 

condition. Regarding cognition tasks, only Cho demonstrated a correlation, specifically with 

congruent and incongruent response times. Importantly, all participants successfully completed 

the Flanker test, resulting in a consistent overall score. As a result, no correlations were found 

between cognitive scores, motor performance, and the assessed neurochemical markers. 

Furthermore, our findings demonstrate consistent associations between neurochemical markers 

with postural sway and congruent response time. These results contribute to the existing body of 

knowledge, emphasizing the necessity for expanded research involving larger and more diverse 
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older adult samples. Such investigations may provide deeper insights into the intricate connections 

between cognitive function, motor abilities, and neurophysiology in healthy older adults. 

Moreover, future studies should consider examining the correlation between postural sway and 

dynamic balance ability, as this could be beneficial for rehabilitation strategies and fall prevention 

in older adults.  

5.5 Future Direction 
 

The correlation between cognitive function and motor performance is suggested to be related to 

brain structure and neurophysiology changes (Goto et al., 2018). Further investigations are needed, 

considering neurophysiology in different areas of the brain, as well as considering brain volume 

changes such as alterations in hippocampal volume. The hippocampus, for instance, has been 

associated with balance and postural stability, and studying its volume changes may provide 

valuable insights into the relationship between brain structure and motor performance (Beauchet 

et al., 2016). Several studies have reported that lower gray matter volume is associated with 

postural instability, increased risk of falls, and cognitive decline (Kido et al., 2010; Makizako et 

al., 2013). These findings suggest a potential link between brain structure, motor performance, and 

cognitive function. 

To enhance the assessment of balance, it is important to consider the complexity of the balance 

process, which involves the integration of somatosensory, visual, and vestibular information, along 

with the musculoskeletal system. In order to comprehensively evaluate balance, it is recommended 

to incorporate a variety of dynamic and static balance tests. Two examples of such tests are the 

instrumented Times Up and Go test (iTUG) and the instrumented one-leg standing balance test 

(iOLST). By incorporating inertial measurement units into these tests, we can obtain additional 
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valuable information beyond just time measurements. This includes parameters like turn velocity 

and sway area, which provide valuable insights into an individual's performance during the tasks. 

(Caronni et al., 2018; Jackson et al., 2018). The iTUG test is a simple and reliable assessment that 

evaluates balance through various basic daily life tasks, such as sitting and standing (Jackson et 

al., 2018; Soubra et al., 2019). While the iTUG test provides valuable insights into balance-related 

functional tasks, it does not solely assess pure balance function (Goto et al., 2018). In contrast, the 

iOLST can be a better option for specifically measuring static balance function (Goto et al., 2018). 

Researchers and clinicians can gain a better understanding of an individual's balance abilities by 

integrating supplementary balance tests. This allows them to address specific aspects of balance 

function and achieve a more comprehensive assessment. Researchers and clinicians can gain a 

better understanding of an individual's balance abilities by integrating supplementary balance tests. 

This allows them to address specific aspects of balance function and achieve a more 

comprehensive assessment. 
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Appendices 
 

A)  Pearson Correlations of Neurochemicals with Cognition and Motor Performance Variables  

 

 

Correlations 

NAA Cho Cr NAA/Cr 

Pearson's r P-value Pearson's r P-value Pearson's r P-value Pearson's r P-value 

Cognition Congruent Response Time 0.447 0.055 0.605** 0.006 0.311 0.195 0.167 0.495 

Incongruent Response Time 0.278 0.249 0.553* 0.014 0.372 0.117 -0.049 0.842 

Gait Double Support mean -0.013 0.958 -0.315 0.189 -0.096 0.697 0.07 0.777 

Double Support SD -0.375 0.114 0.266 0.271 -0.069 0.78 -0.304 0.205 

Gait Speed (ms) Mean 0.028 0.911 0.033 0.895 0.202 0.407 -0.147 0.549 

Gait Speed (ms) SD -0.226 0.352 -0.342 0.152 -0.214 0.379 -0.036 0.884 

Stride Length (m) Mean -0.055 0.823 -0.173 0.478 0.075 0.761 -0.117 0.632 

Stride Length (m) SD 0.026 0.915 -0.194 0.426 0.089 0.718 -0.051 0.836 

Turns Duration (s) Mean 0.174 0.476 -0.393 0.096 -0.124 0.613 0.275 0.254 

Turns Duration (s) SD 0.324 0.176 -0.418 0.075 -0.05 0.84 0.357 0.134 

Postural 

Sway 

Sway Area (m2s4) Open Firm 0.154 0.528 0.204 0.401 0.21 0.387 -0.031 0.9 

Jerkiness (m2s5) Open Firm -0.302 0.208 0.253 0.296 0.06 0.806 -0.345 0.148 

Jerkiness Coronal (m2s5) Open Firm -0.111 0.651 0.193 0.429 0.244 0.313 -0.317 0.186 

Jerkiness Sagittal (m2s5) Open Firm -0.35 0.142 0.274 0.257 0.052 0.834 -0.383 0.105 

Mean Velocity (ms) Open Firm 0.229 0.345 -0.01 0.966 -0.06 0.806 0.274 0.256 

Mean Velocity Coronal (ms) Open Firm 0.253 0.296 0.415 0.077 0.494* 0.031 -0.179 0.464 

Mean Velocity Sagittal (ms) Open Firm 0.217 0.371 -0.037 0.88 -0.091 0.71 0.289 0.229 

RMS Sway (ms2) Open Firm 0.222 0.361 0.025 0.918 -0.027 0.911 0.239 0.325 

RMS Sway Coronal (ms2) Open Firm 0.083 0.735 0.363 0.127 0.402 0.088 -0.265 0.274 

RMS Sway Sagittal (ms2) Open Firm 0.219 0.368 0.003 0.991 -0.056 0.82 0.26 0.282 

Sway Area (m2s4) Closed Firm 0.043 0.863 -0.203 0.404 0.046 0.852 0.002 0.994 

Jerkiness (m2s5) Closed Firm -0.092 0.709 0.035 0.887 -0.032 0.895 -0.061 0.804 

Jerkiness Coronal (m2s5) Closed Firm -0.168 0.492 -0.128 0.601 -0.025 0.918 -0.141 0.565 

Jerkiness Sagittal (m2s5) Closed Firm -0.073 0.766 0.061 0.803 -0.024 0.924 -0.051 0.837 

Mean Velocity (ms) Closed Firm -0.019 0.939 -0.211 0.385 0.044 0.858 -0.056 0.82 

Mean Velocity Coronal (ms) Closed Firm 0.03 0.903 -0.361 0.129 0.099 0.687 -0.056 0.821 

Mean Velocity Sagittal (ms) Closed Firm -0.056 0.82 -0.154 0.528 0 0.998 -0.054 0.826 
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RMS Sway (ms2) Closed Firm -0.047 0.849 -0.197 0.418 -0.074 0.764 0.018 0.942 

RMS Sway Coronal (ms2) Closed Firm 0.103 0.675 -0.19 0.435 0.046 0.853 0.061 0.805 

RMS Sway Sagittal (ms2)_Closed Firm -0.057 0.816 -0.189 0.439 -0.094 0.701 0.025 0.918 

Sway Area (m2s4) Open Foam 0.407 0.083 -0.16 0.514 0.231 0.341 0.197 0.419 

Jerkiness (m2s5) Open Foam 0.244 0.313 -0.154 0.528 0.025 0.92 0.216 0.374 

Jerkiness Coronal (m2s5) Open Foam 0.068 0.782 -0.262 0.278 0.163 0.504 -0.074 0.762 

Jerkiness Sagittal (m2s5) Open Foam 0.407 0.084 -0.045 0.854 0.067 0.785 0.337 0.158 

Mean Velocity (ms) Open Foam 0.112 0.649 -0.212 0.383 -0.121 0.622 0.212 0.383 

Mean Velocity Coronal (ms) Open Foam 0.081 0.742 -0.097 0.694 0.153 0.531 -0.053 0.828 

Mean Velocity Sagittal (ms) Open Foam 0.102 0.677 -0.197 0.419 -0.207 0.396 0.277 0.252 

RMS Sway (ms2) Open Foam 0.322 0.18 -0.207 0.396 0.019 0.94 0.296 0.219 

RMS Sway Coronal (ms2) Open Foam 0.355 0.136 -0.071 0.773 0.382 0.107 0.016 0.947 

RMS Sway Sagittal (ms2) Open Foam 0.272 0.26 -0.186 0.446 -0.156 0.523 0.398 0.091 

Sway Area (m2s4) Closed Foam 0.493* 0.032 -0.123 0.617 0.302 0.209 0.219 0.369 

Jerkiness (m2s5) Closed Foam 0.464* 0.045 -0.044 0.859 0.111 0.651 0.355 0.136 

Jerkiness Coronal (m2s5) Closed Foam 0.244 0.314 -0.044 0.858 0.327 0.172 -0.044 0.857 

Jerkiness Sagittal (m2s5) Closed Foam 0.475* 0.04 -0.023 0.925 0.127 0.605 0.352 0.139 

Mean Velocity (ms) Closed Foam 0.3 0.212 -0.582** 0.009 0.05 0.838 0.248 0.307 

Mean Velocity Coronal (ms) Closed Foam 0.489* 0.034 0.111 0.652 0.568* 0.011 -0.013 0.957 

Mean Velocity Sagittal (ms) Closed Foam 0.249 0.305 -0.671** 0.002 -0.116 0.637 0.34 0.154 

RMS Sway (ms2) Closed Foam 0.486* 0.035 -0.333 0.164 0.251 0.3 0.256 0.29 

RMS Sway Coronal (ms2) Closed Foam 0.478* 0.038 -0.017 0.947 0.609** 0.006 -0.059 0.811 

RMS Sway Sagittal (ms2) Closed Foam 0.437 0.061 -0.386 0.102 0.002 0.994 0.423 0.072 

 

** Correlation is significant at the 0.01 level (2-tailed).    

* Correlation is significant at the 0.05 level (2-tailed).    

SD= Standard Deviation  

Open= Open Eyes, Closed= Closed Eyes, Firm= Firm Surface, Foam= Foam Pad 
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B) Pearson Correlations between Motor Performance and Cognition 

 

Correlations 

Congruent Response Time Incongruent Response Time 

Pearson's r P-value Pearson's r P-value 

Gait Double Support mean -0.205 0.4 -0.337 0.158 

Double Support SD -0.191 0.433 -0.156 0.523 

Gait Speed (ms) Mean -0.095 0.697 0.196 0.422 

Gait Speed (ms) SD -0.363 0.127 -0.311 0.195 

Stride Length (m) Mean -0.311 0.195 -0.047 0.85 

Stride Length (m) SD -0.322 0.178 -0.257 0.289 

Turns Duration (s) Mean -0.218 0.37 -0.425 0.069 

Turns Duration (s) SD -0.149 0.542 -0.306 0.202 

Postural 

Sway 

Sway Area (m2s4) Open Firm 0.115 0.641 0.258 0.286 

Jerkiness (m2s5) Open Firm -0.472* 0.041 -0.286 0.236 

Jerkiness Coronal (m2s5) Open Firm 0.247 0.308 0.011 0.966 

Jerkiness Sagittal (m2s5) Open Firm 0.005 0.982 -0.175 0.474 

Mean Velocity (ms) Open Firm 0.105 0.67 0.226 0.353 

Mean Velocity Coronal (ms) Open Firm -0.024 0.921 -0.186 0.446 

Mean Velocity Sagittal (ms) Open Firm 0.092 0.708 -0.397 0.093 

RMS Sway (ms2) Open Firm 0.173 0.478 0.287 0.234 

RMS Sway Coronal (ms2) Open Firm 0.079 0.747 -0.418 0.075 

RMS Sway Sagittal (ms2) Open Firm 0.162 0.507 -0.326 0.173 

Sway Area (m2s4) Closed Firm 0.247 0.307 0.296 0.219 

Jerkiness (m2s5) Closed Firm 0.15 0.539 -0.351 0.141 

Jerkiness Coronal (m2s5) Closed Firm -0.069 0.779 -0.201 0.409 

Jerkiness Sagittal (m2s5) Closed Firm 0.078 0.752 -0.218 0.37 

Mean Velocity (ms) Closed Firm -0.248 0.306 -0.167 0.494 

Mean Velocity Coronal (ms) Closed Firm 0.093 0.705 -0.203 0.405 

Mean Velocity Sagittal (ms) Closed Firm -0.035 0.886 -0.21 0.388 

RMS Sway (ms2) Closed Firm -0.455 0.05 -0.326 0.173 

RMS Sway Coronal (ms2) Closed Firm 0.033 0.892 -0.178 0.466 

RMS Sway Sagittal (ms2)_Closed Firm -0.057 0.817 -0.323 0.177 

Sway Area (m2s4) Open Foam -0.168 0.492 -0.163 0.506 

Jerkiness (m2s5) Open Foam -0.04 0.87 -0.324 0.176 
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Jerkiness Coronal (m2s5) Open Foam 0.089 0.716 -0.152 0.534 

Jerkiness Sagittal (m2s5) Open Foam 0.101 0.681 -0.043 0.862 

Mean Velocity (ms) Open Foam 0.048 0.846 0.081 0.74 

Mean Velocity Coronal (ms) Open Foam 0.227 0.349 0.057 0.818 

Mean Velocity Sagittal (ms) Open Foam 0.054 0.827 -0.206 0.397 

RMS Sway (ms2) Open Foam 0.126 0.607 0.049 0.844 

RMS Sway Coronal (ms2) Open Foam 0.011 0.966 -0.258 0.287 

RMS Sway Sagittal (ms2) Open Foam 0.075 0.761 -0.213 0.381 

Sway Area (m2s4) Closed Foam 0.103 0.674 0.001 0.998 

Jerkiness (m2s5) Closed Foam 0.054 0.826 -0.26 0.283 

Jerkiness Coronal (m2s5) Closed Foam 0.151 0.538 0.058 0.813 

Jerkiness Sagittal (m2s5) Closed Foam 0.245 0.312 0.161 0.511 

Mean Velocity (ms) Closed Foam 0.269 0.265 0.273 0.258 

Mean Velocity Coronal (ms) Closed Foam 0.263 0.277 0.183 0.454 

Mean Velocity Sagittal (ms) Closed Foam -0.228 0.347 -0.378 0.11 

RMS Sway (ms2) Closed Foam 0.253 0.295 0.176 0.47 

RMS Sway Coronal (ms2) Closed Foam -0.282 0.241 -0.449 0.054 

RMS Sway Sagittal (ms2) Closed Foam 0.024 0.921 -0.149 0.543 

 

** Correlation is significant at the 0.01 level (2-tailed).    

* Correlation is significant at the 0.05 level (2-tailed). 

SD= Standard Deviation  

Open= Open Eyes, Closed= Closed Eyes, Firm= Firm Surface, Foam= Foam Pad 
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