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ABSTRACT 

 

AGE-RELATED DIFFERENCES IN MOTOR PERFORMANCE 

 

Jessica Anne Prebor 

Old Dominion University, 2023 

Director: Dr. Steven Morrison 

 

 

 

The purpose of this work was to study the age effects on average performance and 

variability of movement responses in children, young adults, and older adults across multiple 

motor tasks.  Optimal motor performance is observed in healthy young adults with declines 

observed at either end of the lifespan.  This pattern has been represented as a U-shaped/inverted 

U-shaped curve.  Little is known about if this pattern persists in chewing dynamics.  While 

chewing has been found to improve aspects of attention, a cognitive function, research is limited 

on the relationship between chewing and other motor tasks.  

The first aim of this research was to conduct a scoping systematic review to identify what 

measures of variability are reported for preferred performance of chewing and walking in 

children, young adults, and older adults and the age-related differences across these age groups.  

The available research was insufficient across these groups and does not support the perspective 

that children and older adults are more variable than young adults.   

The second aim was to examine age-related differences in averages and variability of 

chewing, reaction time, balance, and walking responses across children, young adults, and older 

adults.  A U-shaped curve was revealed for reaction time and postural sway with the young 

adults producing faster reaction times and decreased postural sway than the children and older 

adults.  Chewing rates followed a similar curve but with children chewing at faster rates than 

young and older adults.  No age-related differences were observed for normalized gait speed. 



    
 

The final aim was to examine dual task relationships between chewing and secondary 

motor tasks in children.  Sixteen healthy children completed finger tapping, reaction time, and 

walking while chewing at different speeds.  Chewing rates varied when produced with a 

secondary motor task and the secondary motor tasks were differentially influenced by chewing.  

Reaction times slowed during chewing while walking rates increased/decreased with changes in 

chewing rates.  This relationship was not as strong as previous reports in adults.   

Overall, the anticipated patterns across the age groups were only partially revealed within 

this work.  Understanding normal movement patterns is the foundation to identifying variations 

in atypical populations.    
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This dissertation is dedicated to the believers. 
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CHAPTER 1 

INTRODUCATION AND RESEARCH AIMS 

1.1.  INTRODUCTION 

General motor function tends to follow a predictable pattern from childhood through old 

age in healthy individuals.  Typically, optimal movement performance is observed in young 

adulthood, reflecting the full development of the neuromuscular system and the attainment of 

fundamental skills through practice and learning (Kiliaridis et al., 1991; Newell et al., 2001; 

Seidler et al., 2010).  In contrast, children and older adults tend to exhibit slower movements 

(Aoki & Fukuoka, 2010a; Herssens et al., 2018a; Samulski et al., 2020; Voss et al., 2020) with 

increased variability in the movement responses across movement cycles over time (Bielak et al., 

2010; Fagot et al., 2018; Herssens et al., 2020; Kang & Dingwell, 2008; Williams et al., 2005).  

While both children and older adults often exhibit a similar pattern of slowness and 

inconsistency in movement performance, the underlying processes driving these differences are 

not the same.  For children, the typical process of maturational growth primarily accounts for the 

observed responses as these individuals are continuously practicing and acquiring motor skills, 

becoming more proficient as their nervous system and muscles develop (Hadders-Algra, 2018).  

For older adults, aging leads to a decline of systems fundamental to movement performance, 

such as the musculoskeletal (Granacher et al., 2008; Muehlbauer et al., 2015) and nervous 

systems (Ren et al., 2013; Seidler et al., 2010), which often underlies the patterned slowing of 

movement performance (Lipsitz & Goldberger, 1992; Vaillancourt & Newell, 2002; Wu & 

Hallett, 2005).  

Decreased consistency of movement performance has also been viewed as a marker of 

changes in the neuromotor system.  This inconsistency can be assessed across different time 
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scales, from trial-to-trial through to day-to-day and/or month-to-month (Christou, 2011; Hultsch 

et al., 2002).  Within-person (intra-individual) variability (IIV) measures have been used to 

assess the variations in motor performance over multiple trial-to-trial responses.  Examples of 

motor tasks where IIV have been compared across multiple age groups include: simple reaction 

times (Anstey et al., 2005; Bielak et al., 2014; Bunce et al., 2004; Der & Deary, 2006; Dykiert et 

al., 2012a; Fagot et al., 2018; Hultsch et al., 2002), balance (Kiefer et al., 2021), finger tapping 

(Sommervoll et al., 2011), walking (Behrens et al., 2018; Francis et al., 2015; Kang & Dingwell, 

2008; Morrison & Newell, 2019; Samulski et al., 2019), and chewing (Österlund et al., 2020; 

Samulski et al., 2019).  Identifying or confirming the patterns of movement variability across 

various motor tasks using IIV measures can allow us to further explore motor learning (McAuley 

et al., 2006), motor decline (Stergiou & Decker, 2011), and motor dysfunction (Morrison & 

Newell, 2019), as IIV measures may reveal differences that average movement performance 

measures do not.  This can allow for the identification of normative values across age groups and 

to predict differences between typical and atypical populations (Fagot et al., 2018).  IIV 

measures have been utilized extensively to assess age-related differences from childhood to older 

adulthood in relation to reaction times (RTs), demonstrating that children and older adults 

produce slower reaction times and are more variable in their performance than young adults 

(Bellis, 1933; Dykiert et al., 2012a; Fagot et al., 2018; Vieluf et al., 2017; Williams et al., 2005).  

Further, when individual RT values are plotted as a function of increasing age starting from 

childhood, a U-shaped curve is often revealed, with higher (slower/more variable) values in 

childhood, lower (faster/less variable) values in young adulthood, and higher (slower/more 

variable) values in older adulthood (Williams et al., 2005).  A U-shaped relation has also been 

observed in motor performance across children, young to middle aged adults, and older adults in 
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time constrained fine motor (i.e.,  placing and assembling blocks) and gross motor (i.e., throwing 

at a target, heel to toe walking) tasks with performance increasing from childhood to young 

adulthood and decreasing into old age (Leversen et al., 2012).  While a U-shaped performance 

curve has been observed across children through young adults to older adults during  RT tasks 

(Fagot et al., 2018; Williams et al., 2005), balance (Granacher et al., 2011), finger tapping 

(Gervan et al., 2011), and cognitive tasks (S.-C. Li et al., 2004; Mella et al., 2013), and an 

inverted U-shaped curve has been observed in gait (Granacher et al., 2011),  the association of 

such a pattern for other commonly produced motor tasks such as chewing still needs to be 

defined.  

Walking and chewing are both complex rhythmic motor skills acquired early in life and 

further developed throughout childhood to adulthood (Bisi & Stagni, 2016).  These movements 

are produced daily and are essential to maintaining quality of life by meeting nutritional needs 

(i.e., chewing) and going from place to place (i.e., walking).  It is believed that the general 

cyclical process of walking is initiated through neural circuits within the spinal cord known as 

central pattern generators (CPG’s) (MacKay-Lyons, 2002; Minassian et al., 2017).  The CPG 

thought to drive the cyclical oscillatory action of chewing is located within the brainstem 

(Gillings et al., 1973; Lund & Kolta, 2006b; Westberg & Kolta, 2011).  While the existence of 

CPGs has been confirmed in animal studies, the evidence to support their presence in humans is 

still unresolved (Klarner & Zehr, 2018; Takakusaki, 2013).  The basic premise of the CPG’s is 

that they are capable of producing the basic rhythmic movements underlying walking and 

chewing without direct cortical or sensory input, however, they are not isolated from these inputs 

which allows for movement adaptations (MacKay-Lyons, 2002).  For example, the rhythmic 
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actions of chewing and walking are constantly modified from central and peripheral 

somatosensory feedback (Dellow & Lund, 1971; Lund & Kolta, 2006b).   

Chewing is often performed with the primary goal of breaking down food for safe 

ingestion (Le Reverend et al., 2014).  The development of chewing has been widely examined 

with the general view that infants begin to chew around 6 months of age and achieve functional 

chewing skills by the age of 3 (Cichero, 2017).  This skill is enhanced with orofacial growth and 

continued exposure to various food consistencies throughout childhood into adulthood 

(Almotairy et al., 2018; Kubota et al., 2010).  While there is a general appreciation of the basic 

mechanics and development of chewing per se, less is known about how chewing dynamics 

change as a function of increasing chronological age and the relation between chewing and other 

motor tasks.  For example, recent research has revealed that older adults tend to chew at the same 

rate as young adults  (Samulski et al., 2019), although it is unclear whether the same pattern 

persists towards the younger end of the age spectrum (i.e., in children). 

Chewing is commonly performed during a meal in conjunction with another task, such as 

cutting, spearing, and/or scooping food, or when chewing gum, one may be walking, talking, or 

typing on a computer.  This raises the issue whether chewing has an impact on the performance 

of a secondary movement task.  While there are numerous studies which have assessed the 

impact of performing a cognitive task concurrently with a motor task (Bayot et al., 2018a; 

Boonyong et al., 2012; Chauvel et al., 2017a; Cherng et al., 2007; Hagmann-von Arx et al., 

2016; Hung et al., 2014; Manicolo et al., 2017), there have been less  direct examinations of what 

happens when performing two rhythmic or discrete motor tasks at the same time, especially in 

relation to differing age groups.  
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The predominant movement assessed when examining simultaneous performance of 

motor tasks has been walking, for example, walking while holding another object (i.e., glass of 

water or tray with a ball on it) (Brustio et al., 2018; Oh-Park et al., 2013; Selge et al., 2018), 

clapping (Muzii et al., 1984), texting (Belur et al., 2020; Lim et al., 2015), and/or while finger 

tapping (Qi et al., 2019).  For adults, it has been suggested that a coupling between chewing and 

walking in adults is driven by parallel oscillators within the central nervous system with the 

chewing oscillator being located at a higher level of the CNS and so being able to drive stepping 

rates during gait (Samulski et al., 2019).  It is unclear whether the same pattern of coupling 

between chewing and other voluntary motor tasks would emerge in children whose nervous 

systems are still developing.  For young to middle aged adults, previous studies have reported 

that walking is affected when simultaneously clapping (Muzii et al., 1984) or finger tapping 

(Ebersbach et al., 1995; Qi et al., 2019).  Getchell and Whitall (2003) assessed the impact of 

clapping while walking and galloping and reported that children (by the age of 10) produced 

adult-like coupling when walking and clapping together but no similar coupling emerged when 

galloping and clapping.  More recently, it has been shown that chewing gum at different rates 

affects an individual’s walking patterns, with velocity and cadence increasing to match the 

person’s chewing frequency (Samulski et al., 2019).  While these effects for chewing on walking 

were reported for healthy young and older individuals, it is still to be demonstrated whether a 

similar pattern of changes would be observed for children when chewing and performing another 

cyclic or discrete motor task simultaneously.   

1.2.  PROBLEM STATEMENT 

The process of aging from childhood through to old age is often reflected by differences 

in general motor performance, in particular, movements are slower and more variable for 
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children and older adults when compared to young adults (Leversen et al., 2012; Signori et al., 

2017) .  This pattern has been visually represented as a U-shaped curve or an inverted U-shaped 

curve in reaction times (Dykiert et al., 2012a; Fagot et al., 2018; Ghisletta et al., 2018; Koga & 

Marant, 1923; Wilkinson & Allison, 1989; Williams et al., 2005, 2007), finger tapping speed 

(Gervan et al., 2011), and balance and gait velocity (Granacher et al., 2011) with children and 

older adults similarly at the high ends and young adults in the middle, lowest part of the curve.  

In this area, the general trend has been to compare the responses of young adults to older adults  

(Aoki & Fukuoka, 2010a; Bielak et al., 2010; Bodwell et al., 2003; Samulski et al., 2019; Signori 

et al., 2017; Sommervoll et al., 2011) or children to young adults (De Guio et al., 2012; Kiefer et 

al., 2021; Payne & Isaacs, 2008; Sakaguchi et al., 1994) but  direct assessments of how motor 

performance varies across a variety of motor tasks comparing children, young adults, and older 

adults is limited.  The differences mentioned above have been studied in isolation between young 

adults and older adults for reaction times (Dykiert et al., 2012a), finger tapping (Signori et al., 

2017), gait (Herssens et al., 2018), and chewing (Karlsson et al., 1991), and between children 

and young adults for balance (Kiefer et al., 2021; Sakaguchi et al., 1994).  Less is known about if 

a U-shaped/inverted U-shaped pattern persists across average movement performance and IIV of 

movement performance within all of the mentioned motor tasks across children, young adults, 

and older adults, especially within the literature on chewing dynamics.     

1.3.  PURPOSE 

The overall purpose of this project was to identify the effect of increasing age (from 

childhood to old age) on the average rate (mean) and consistency (IIV) of movement responses 

during simple reaction time, balance, finger tapping, walking, and chewing.  One goal of this 

study is to determine if the pattern of performance for these tasks follows a U-shaped/inverted U-
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shaped pattern in preferred (i.e., non-constrained or cued) performance of these motor tasks.  It is 

also of interest to examine whether chewing performance, in children specifically, follows the 

general pattern of slowness and high variability when compared to young and older adults.  A U-

shaped/inverted-U pattern of performance across the lifespan has been observed in reaction 

times, balance, finger tapping, and gait dynamics, however, previous research has reported that 

chewing rates do not change from young adulthood to older adulthood indicating that chewing 

rates may be resistant to the effect of increasing age from adulthood (Karlsson & Carlsson, 1990; 

Samulski et al., 2019).  It remains unclear how chewing rates change from childhood to older age 

and how chewing affects the performance of a secondary motor task.  

1.4.  SPECIFIC AIMS AND HYPOTHESES 

Experiment 1  

The aim of this study is to systematically identify the differences in intra-individual variability of 

gait and chewing performance across children, young adults, and/or older adults that have been 

reported in the literature.  

It is hypothesized that: 

1.1 Gait and chewing intra-individual variability will be commonly reported in the 

literature comparing children, young adults, and/or older adults using standard 

deviation measures.   

1.2 The differences in intra-individual variability in gait and chewing performance 

when comparing children, young adults, and/or older adults will show young 

adults to be less variable than children and older adults. 
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Experiment 2 

The aim of this study is to investigate the effect of age (i.e., children, young adults, and older 

adults) on the performance of reaction time, balance, walking, and chewing tasks.  Differences in 

task performance will be assessed using both average (i.e., mean) and variability (IIV) measures 

for the selected responses.  The specific tasks performed will include simple reaction time, 

postural sway, gait, and chewing.   

It is hypothesized that: 

2.1 A U-shaped/inverted U-shaped curve will predict the relationship between age 

and simple reaction times, postural sway, gait measures, and chewing rates as 

well as the intra-individual variability of those measures.  

2.2 Preferred performance of simple reaction times, gait measures, and chewing rates 

of both the children and older adults will be slower and more variable than the 

same actions performed in the young adults.  

2.3 The postural responses in static standing of the children and older adults will be 

typified by increased sway (both mean and IIV) in the anterior-posterior and 

mediolateral directions when compared to the young adults. 

Experiment 3 

The aim of this study is to investigate the effect the motor task of chewing has on walking, finger 

tapping, standing balance and reaction time for children. 

It is hypothesized that: 

3.1 When performed simultaneously, chewing at a slower or faster than preferred rate 

will lead to a concurrent slowing of simple reaction time.   
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3.2 When performed simultaneously, chewing at a faster or slower than preferred rate 

will lead to a concurrent increase or decrease in gait velocity and cadence while 

walking, respectively. 

3.3 When performed simultaneously, chewing at faster or slower than preferred rates 

will lead to an increase or decrease in tapping rate, respectively.  

3.4 When performed simultaneously, chewing rates will remain unchanged while 

performing a secondary motor task (i.e., no changes in chewing rates while 

performing simple reaction time, balance, walking). 

3.5 When performed simultaneously, chewing at preferred rates will not affect 

reaction times, gait velocity or cadence, and finger tapping rates. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1.  MOVEMENT TYPES 

Movements can be broadly classified into two types, rhythmical (i.e., cyclical) and 

discrete (Hogan & Sternad, 2007).  Discrete movements are those with a distinct beginning and 

ending, such as a single throw, tap, clap, jump, or swallow.  Rhythmical movements are 

continuously produced over and over, such as chewing, walking, or tapping.  Discrete 

movements occur in shorter time periods as they involve one specific movement while 

rhythmical movements occur over a longer period of time as they are continuously produced in a 

recurrent nature.  In fields related to motor behavior, movements are commonly measured by the 

accuracy or efficiency of the outcome, by quantifying movements for describing patterns, and/or 

by analyzing the brain activity during movements to identify cortical control (Schmidt & Lee, 

2011).  Each type of movement measurement can be used in isolation or in conjunction to 

identify and describe differences in movement patterns within and between individuals.  

Measuring movement outcomes involves quantifying the attainment of an anticipated 

goal in relation to an object or other person in the environment.  This can be accomplished in a 

number of ways.  For example, accuracy of performance, movement errors, movement time and 

speed, magnitude of the movement, and performance of a secondary movement can all be 

assessed to provide an index of task success (Schmidt & Lee, 2011). One means by which to 

describe movement patterns involves measuring body kinematics.  This is accomplished through 

quantifying the position, displacement, velocity, and/or acceleration of selected body segments 

(i.e., legs, arms, jaw) in space.  Analyzing brain activity during motor tasks involves various 

methods of recording areas of the brain through neural imaging (i.e., electroencephalography, 
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EEG; positron emission tomography, PET; functional magnetic resonance imaging, fMRI) to 

determine neural activity during motor task performance (Schmidt & Lee, 2011).  There is some 

evidence suggesting at least partially different control mechanisms are involved in the 

performance of rhythmic and discrete movements with discrete movements showing cortical 

activation in areas related to higher-level planning (Howard et al., 2011; Schaal et al., 2004; Yu 

et al., 2007).  

2.1.1.  Rhythmical Movements  

Some movements that are produced in a cyclic or repetitive nature include sequential 

swallowing, chewing, postural sway, walking, and finger tapping.  While each of these motor 

activities are produced with unique rhythmical sequencing, they may also have aspects of other 

movement patterns when the sequence is broken down.  For example, one bite in a chewing 

sequence could be analyzed as a discrete movement. 

2.1.1.1.  Swallowing 

Swallowing is a multiplex process involving the coordination of the muscles of the face, 

mouth, throat, esophagus, and respiration.  It can be divided into 3 stages: oral (preparatory and 

transit), pharyngeal, and esophageal.  The oral phase is voluntary requiring the integration of 

multiple cerebral cognitive functions while the pharyngeal and esophageal phases are 

involuntary (reflexive).  Oral preparation requires activation of the muscles of the cheeks, lips, 

tongue, and jaw for mastication.  Mastication (chewing) is the breaking down of a bolus using 

the teeth, cheeks, and palate to prepare the bolus for swallowing and represents a cyclical 

movement in the swallowing process.  The pharyngeal phase of swallowing incorporates a 

complex series of coordinated movements to protect the airway and swiftly move a liquid or 

solid bolus toward the esophageal opening in a discrete movement.  Sequential swallows, such as 
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when taking successive sips of a drink, results in rhythmic movements of the pharyngeal phase 

structures.  The esophageal phase is also rhythmic with involuntary contractions, called 

peristalsis, that move a food bolus from the esophagus to the stomach (Omari et al., 2022). 

2.1.1.2.  Chewing  

Chewing is a rhythmical motor task that typically involves the breaking down of a food 

bolus into smaller pieces for safe swallowing and digestion.  It is the first phase in the 

swallowing process and is a voluntary (deliberately controlled) phase.  Although most often 

completed during eating, chewing is also done for enjoyment, such as when chewing gum.  It is 

accomplished with a group of structures including skeletal, muscular, dental, and neural (Buvinic 

et al., 2020).  Skeletal structures involved in chewing include the craniofacial bones, maxillae 

and mandible, and the temporomandibular joint.  In order to move the temporomandibular joint a 

group of muscles are required to elevate and depress the mandible.  The elevator muscles include 

the temporalis, medial pterygoid, and master and the depressors include, digastric, lateral 

pterygoid, geniohyoid, and mylohyoid (Isola et al., 2018).  Other muscles required for oral motor 

control of a bolus during chewing include muscles of the lips (oribularis oris), intrinsic tongue 

(superior longitudinal, inferior longitudinal, transverse, vertical), extrinsic tongue (genioglossus, 

hyoglossus, styloglossus, palatoglossus), and soft palate (velum) (Gamboa et al., 2022; 

Tomiyama et al., 2004).  The pattern of mandibular movement during chewing is determined by 

other processes as well, such as dentition status, and sensory inputs from the peripheral nervous 

system.  Bolus characteristics can affect masticatory force, muscle activity, and jaw movements 

(Anderson et al., 2002; Kohyama et al., 2004; Van Der Bilt et al., 2006).   

A variety of procedures have been reported for assessing chewing behaviors such as 

measuring jaw kinematics (Anderson et al., 2002; Karlsson et al., 1991; Karlsson & Carlsson, 
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1990; Österlund et al., 2020; Wintergerst et al., 2008), measuring chewing rates (Buschang et al., 

1997; Samulski et al., 2019, 2020), and measuring bolus breakdown (Buschang et al., 1997).  

Systems used to collect data on chewing dynamics include 3-dimensional motion capture 

(Anderson et al., 2002; Ferrario et al., 2006; Karlsson et al., 1991; Karlsson & Carlsson, 1990; 

Österlund et al., 2020), and measuring muscle activity of the masseter with surface 

electromyography (Samulski et al., 2019, 2020). 

2.1.1.3.  Posture  

Postural control (balance) involves oscillatory motions that require the intricate 

organization of multiple orientation inputs to maintain upright posture in a variety of 

environmental situations (Hsu et al., 2009).  The ability to balance requires intact skeletal, 

muscular systems, and nervous systems (Granacher et al., 2011; Muehlbauer et al., 2015).  It 

includes both static balance (stationary base of support) and dynamic balance (shifting base of 

support) (Granacher et al., 2011).  Postural control is required for seemingly simple tasks like 

sitting (static balance) and more complex activities like walking (dynamic balance).  It is 

accomplished by maintaining the body’s center of mass through corrective movements given 

sensory information into the nervous system from multiple peripheral feedback systems 

including visual, vestibular, and somatosensory systems (Konrad et al., 1999; Peterka, 2002).  

Static balance is often assessed using a  force plate which measures vertical force, frontal torque, 

and sagittal torque to compute displacements from the center of mass (Cuisinier et al., 2011; 

Kiefer et al., 2021; Wolff et al., 1998).  Dynamic balance is assessed in terms of gait speed.  A 

basic level of postural control has been observed in early infancy and further develops onward 

with adult-like adaptability emerging after adolescence (de Graaf-Peters et al., 2007; Wolff et al., 

1998).   
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2.1.1.4.  Walking  

Locomotion is achieved through the integration of skeletal, muscular, and sensory 

systems, both central and peripheral (Takakusaki, 2013).  Locomotion allows humans to explore 

and interact with their environment to complete tasks of daily living.  It is a motor skill that 

individuals achieve at an early age (although it is worth noting that functional chewing develops 

earlier).  Gait (walking) dynamics are extensively researched in the area of motor control and 

behavior to understand healthy and disordered gait patterns and to provide evidence based 

rehabilitation strategies for gait impairments (Lord et al., 2003).  It is especially important in the 

area of falls in older adults to assess dysfunction and decrease falls risk (Ambrose et al., 2015; 

Morrison et al., 2021; Morrison & Newell, 2019).  It is common to evaluate gait by looking at 

various spatiotemporal variables such as gait speed, step length, stride width, cadence, and stride 

time.  Gait analysis equipment used to assess patterns in typical and atypical populations include 

pressure sensitive walkways, 3-dimentional motion capture (Francis et al., 2015; Gimmon et al., 

2018; Ihlen et al., 2012; Kang & Dingwell, 2008; Saucedo & Yang, 2017), footswitches or 

sensors placed in the shoes (Downey et al., 2022; Hausdorff, 2007), instrumented treadmills 

(Kiss, 2010; Laurentius et al., 2022; Owings & Grabiner, 2004a, 2004b), accelerometers 

(Samulski et al., 2019, 2020; Zijlstra, 2004), and inertial measurement units (Swanson & Fling, 

2018; Voss et al., 2020).   

2.1.1.5.  Tapping 

Finger tapping is a rhythmic movement task that has been widely studied to better 

understand the dynamics of rhythmical motion of the upper limbs.  It is often utilized to assess 

coordination, speed, and accuracy of movements and how these features change with aging 

and/or disease (Aoki & Fukuoka, 2010b; Bartzokis et al., 2010; Dodrill, 1978; Mitrushina et al., 



    15 
 

 

 

1999).  Although a seemingly simple task, finger tapping may be used to assess general motor 

function and speed in individuals when produced at maximum speeds.  Finger tapping ability 

provides insight into the integrity of the neuromuscular system regarding movement function.  

Differences in tapping responses have been helpful in diagnosing Parkinson’s disease 

(Stamatakis et al., 2013) and have also been observed in people who have experienced a stroke 

or multiple sclerosis (Gopal et al., 2022) with slower performance and a decreased ability to 

complete rapid alternating movements (Opara et al., 2017).  These movement patterns lead to 

slower tapping speeds and/or an increase in the variability between tapping responses. 

Studies have measured finger tapping with the use of a keyboard (Tinker & Goodenough, 

1930), force-sensitive resistors (Sommervoll et al., 2011), hand dynamometer (Dodrill, 1978), a 

tapping device with photodiodes sensitive to infrared light (Roalf et al., 2018), a response button 

on a joystick (De Pretto et al., 2018), a glove with metal ring electrodes (Gervan et al., 2011), 

and accelerometers (Samulski et al., 2020).  Some studies focus on unilateral finger tapping 

(Roalf et al., 2018; Samulski et al., 2020) while others on bimanual tapping (Tinker & 

Goodenough, 1930), and even tapping to a metronome (De Pretto et al., 2018; Sommervoll et al., 

2011), or tapping with different fingers (Aoki & Fukuoka, 2010b; Roalf et al., 2018).   

2.1.2. Discrete Movements 

2.1.2.1. Reaction Time 

Reaction time is a discrete motor task used to assess human information processing speed 

and ability to sustain attention to one stimulus, in simple reaction time (RT), or multiple stimuli, 

in choice reaction time (CRT) (Gentier et al., 2013).  CRT requires divided attention and 

emphasizes the process of decision making resulting in prolonged RTs (Gentier et al., 2013).  

Reaction time tasks incorporate responding as fast as possible which differs from many other 



    16 
 

 

 

motor activities (i.e., chewing, walking, balancing).  Mean performance is often examined over a 

number of successive trials (Williams et al., 2005) in response (depressing a key or button) to a 

visual (i.e., light, symbol) (Hultsch et al., 2002; Vieluf et al., 2017) or auditory stimulus (i.e., 

tone) (Wilkinson & Allison, 1989).  There is an extensive body of research with a focus on 

variability in reaction time performance, especially in aging (Anstey et al., 2005; Bielak et al., 

2010; Bunce et al., 2004; Dykiert et al., 2012a; Fagot et al., 2018; Ghisletta et al., 2018; 

Graveson et al., 2016; Haynes et al., 2015).  Processing speeds have been proposed as indicators 

of cognitive capacities and considered an important component in studies of cognitive aging 

(Jakobsen et al., 2011; Salthouse, 1979).  Reaction time variability has been suggested as an 

indicator of central nervous system functioning (Booth et al., 2019; Hultsch et al., 2002).   

2.2.  ASSESSING MOVEMENT PERFORMANCE 

Comparisons of motor responses between individuals can be done using average (mean) 

performance or response variability (IIV).  Comparing average differences across individuals or 

groups  of individuals assumes that performance is stable over time (Hultsch et al., 2002).  This 

is used to determine a standard of performance and everything away from that standard may be 

considered erroneous.  The Dynamical Systems Theory proposes that all biological systems 

respond to biomechanical, structural, and environmental constraints to self-organize in order to 

produce the most stable movement (Hamill et al., 1999; Scott Kelso & Tuller, 1984; Thelen & 

Ulrich, 1991) indicating a level of performance variability is innate.  This view suggests that 

decreased variability indicates efficient movement (optimal) execution while increased 

variability indicates inefficient movement (not optimal).  A lack of movement variability can 

imply limited adaptability which is not necessarily the case.  For example, elite athletes are able 

to adapt their performance in a variety of ways due to a high level of skill.  Therefore, increased 
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variability does not always indicate inefficient performance.  It may indicate skill mastery.  

Linear measures of variability include measures based on the fluctuations around the mean, such 

as the standard deviation (Stergiou & Decker, 2011).  Nonlinear measures show how motor 

behavior varies in time, such as entropy, sample entropy, correlation dimension, largest 

Lyapunov exponent, and detrended fluctuation analysis (Bruijn et al., 2009; Gimmon et al., 

2018; Magnani et al., 2020; Schmitt et al., 2021; Sosnoff et al., 2006; Stergiou & Decker, 2011).  

Although mean performance provides insight into movement patterns across individuals, 

variability in movement performance provides additional information of motor behavior.  Human 

movement variability is present within all biological systems with an optimal level of variability 

in movement of healthy individuals (Stergiou & Decker, 2011).  Intraindividual variability (IIV) 

(variability within an individual person) is the variation in an individual’s performance over 

multiple repetitions of a task moment-to-moment or over a period of time (Haynes et al., 2015; 

Stergiou & Decker, 2011).   

2.3.  EFFECT OF AGE ON MOVEMENT PATTERNS 

Motor function from infancy through older adulthood has a general pattern of slowness in 

development and in degradation.  Throughout childhood and adolescence motor skill 

development is typically viewed as in the learning and acquisition phase.  During this time, 

movement patterns are often highly variable until the person reaches early adulthood.  Children 

and adolescents are continually learning and acquiring new skills through trial and error.  In early 

adulthood, practiced movement patterns are quicker and produced with less variability due to the 

maturation process, patterns that are maintained through adulthood.  With advanced age, slowing 

once again occurs.  It has been hypothesized that slowing in aging is due to the loss of 

complexity.  The aging process appears to progressively decline in the control mechanisms 
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required to adapt to environmental changes and stress resulting in a loss of dynamic range 

(Lipsitz & Goldberger, 1992).  Vaillancourt and Newell (2002) proposed that this loss in 

complexity is either due to a decrease in structural components and/or a change in the coupling 

of those components.   

Neuroimaging studies have identified differences in cortical activation with children and 

adults (De Guio et al., 2012).  Children have more extensive activation when performing simple 

tasks than adults reflecting an underdeveloped motor system and less experience.  Older adults 

have different cortical activation as well due to decreases in gray matter volume.  In older adults, 

subcortical structures important for sensorimotor function have reduced volume in comparison to 

young adults.  Several studies have identified cerebellar function decline linked to changes in 

motor performance and skill acquisition as well (Seidler et al., 2010).  The prefrontal cortex and 

basal ganglia networks show more decline in gray matter volume than temporal or occipital 

cortices in older adults.  While the prefrontal cortex is especially susceptible to gray matter 

atrophy, older adults tend to show widespread activation of these areas during motor tasks 

(Seidler et al., 2010).  This pattern of activation in the higher-level prefrontal and sensorimotor 

cortical areas in older adults is often related to improvement in motor performance.  This may 

reflect more reliance on cognitive control and sensory information processing for compensatory 

purposes as this pattern has not been observed in young adults (Seidler et al., 2010).   

When motor movements are acquired there is an ability to complete a task automatically, 

without attentional demand (Wu & Hallett, 2005).  While older adults can learn tasks to 

automaticity, they are not able to do so as quickly or to the same level as younger adults (Wu & 

Hallett, 2005).  They show similar but more activation of the prefrontal cortex, parietal cortex, 
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and cerebellum than their younger counterparts and additional activation of the pre-

supplementary motor area and the bilateral posterior parietal lobe (Seidler et al., 2010).    

Rhythmic finger tapping shows a similar pattern of slowness in children in comparison to 

adults.  During finger tapping, children and adults elicit cortical activation of the primary 

sensorimotor cortex, supplementary motor area, occipital cortex, and anterior cerebellum while 

children show more activation in the primary sensorimotor cortex (Turesky et al., 2018).  Adults 

have more activation in the basal ganglia and right pre-supplementary motor area/supplementary 

motor area (Turesky et al., 2018).  These neural activation patterns in finger tapping demonstrate 

decreased efficiency and automaticity in children as they require more sensory information to 

perform the task (De Guio et al., 2012).   

Simple reaction time is a means to evaluate a person’s processing speed and ability to 

sustain attention to one stimulus (Gentier et al., 2013).  Processing speed changes as a function 

of age, therefore, RT is prolonged in children and decreases as children get older with the 

quickest reactions not reached until young adulthood (Hale, 1990).  Older adults typically exhibit 

slower processing speeds than young adults as evidenced by RT performance gradually 

increasing into older age (Sherwood & Selder, 1979).  This may be due to the general slowing of 

the nervous system (Kail, 1991).  Reports of mean RT for children are inconsistent due to the 

variety of age ranges within the literature.  Studies have identified simple RT speeds at around 

400 milliseconds (ms) in 6–12 year olds (Gentier et al., 2013), 342ms in 9–12 year olds (Moradi 

& Esmaeilzadeh, 2017), and 355ms for males and 359ms for females in 3–18 year olds (Dykiert 

et al., 2012a).  A vast range of ages in adults have also been reported.  In adults ranging from 18-

59 years old, average SRT’s speeds for males have been reported at 268 ms and 281ms for 

females (Dykiert et al., 2012b).  Other studies have found speeds of 220 ms for males and 260 
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ms for females in ages 21–30 and 260 ms for males and 340 ms for females in ages 31-40 

(Bellis, 1933).  For adults in ages 51–60 years old, means of 380 ms for males and 440 ms for 

females have been identified (Bellis, 1933).  RT speeds in adults above 60 years old have been 

identified as 300 ms for males and 304 ms for females (Dykiert et al., 2012b).  Data from the 

Physiological Profile Assessment indicates adults over the age of 65 have average RT for a 

visual stimulus of 180–200 ms (Lord et al., 1994, 2003).  Although there is much variation in the 

age groups reported, there is an obvious pattern of slower RTs in children and older adults in 

comparison to young adults.   

Postural control shows a similar pattern of motor control across the lifespan.  The ability 

to balance on two feet requires integration of central (i.e., cerebellum, basal ganglia, ) and 

peripheral systems (i.e., muscular and skeletal) (Konrad et al., 1999).  The ability to balance is 

initially effortful, such as in infants, but becomes automatic as postural sway gradually refines 

into adulthood.  Postural stability gradually improves in childhood with the range and speed of 

center of pressure displacements improving with age (Cuisinier et al., 2011; Rival et al., 2005).  

There have been reports that balance begins to decline after age 30, while other reports state that 

static control of posture generally improves up to the age of 60 in those who are healthy (Matson 

& Schinkel-Ivy, 2020; Woollacott, 1989).  Deficits are noted when somatosensory, vestibular, 

and visual information is altered (Remaud et al., 2015).  In general, balance related systems 

eventually decline with age due to decreases in vision, sensory inputs, joint position, muscular 

strength, and the vestibular system (Peterka, 2002).  Cerebellar deficits with aging may also 

contribute to these declines (Payne & Isaacs, 2008; Peterka, 2002).  By the age of 80, postural 

control has been reported to be similar to that of a 6-year-old child (Payne & Isaacs, 2008).   



    21 
 

 

 

The ability to balance our body while walking (i.e., dynamic balance) is vital to everyday 

life.  It allows us to navigate the environment for the completion of various functional behaviors 

(Reimann et al., 2018).  When infants have the ability to stand upright independently, they may 

then start taking steps (Adolph et al., 2003).  Walking in infants is characterized by short, quick, 

and rigid stepping patterns with a wide base of support and outward pointing toes.  Infants 

produce a flat foot strike to the ground rather than heel-toe pattern and keep their arms rigid to 

aid in stability (Payne & Isaacs, 2008).  As the child develops, their base of support narrows, 

their arms lower and swing opposite of legs, their toes point more forward than outward, and 

they start to produce a heel-toe stepping pattern (Kiefer et al., 2021).  Walking speed increases 

secondary to step length and cadence increases into adulthood (Payne & Isaacs, 2008).  Young 

adults take longer strides than children as they have longer legs.  With age, declines in balance 

lead to decreased gait speed, shorter steps, and an increase in the variability in timing of steps 

(Granacher et al., 2011; Payne & Isaacs, 2008; Singer et al., 2015).  Changes in static and 

dynamic balance increase falls risk in older adults (Granacher et al., 2011; Hausdorff, 2007; Lord 

et al., 2003).   

Age-related changes in balance, gait, and reaction times have been widely studied, 

however, less is known about age-related changes in general chewing patterns.  As humans 

develop and grow older, there are changes that occur in orofacial structures and dentition which 

can result in changes in chewing motor patterns (Almotairy et al., 2018).  Dentition development 

is a significant factor in what children eat and how they learn to chew.  Infants start learning to 

chew as their teeth emerge which begins around 6 months of age.  Children have their primary 

dentition between the ages of 3–6 years old.  They transition from primary to permanent 

dentition between the ages of 6–10 with late-stage dental transition between 10–12 years old.  
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Between the ages of 12–18 years, children have their permanent dentition (Almotairy et al., 

2018).  As children’s chewing patterns mature, variability in the chewing cycles become more 

synchronized between the muscles involved in opening and closing the jaw (Almotairy et al., 

2018).  Rotary chewing develops with continued exposure to solid foods around age 10–12 

months of age and continues up to age 3  and into adolescence (Cichero, 2017).  The adult 

chewing pattern varies depending on the consistency of bolus being chewed.  Aging can affect 

these patterns through loss of dentition and sensory changes in smell and taste.  Older adults 

reportedly exhibit slower chewing when consuming solid foods such as uncooked carrots (Zhu & 

Hollis, 2015), however, when chewing gum, no differences in chewing rate have been found 

between young and older adults (Samulski et al., 2018).  This may be due to the soft and 

standardized consistency of gum versus food.  

Overall, motor performance across the lifespan can be described as slow and variable 

during childhood until the early 20’s and again into older adulthood (Dykiert et al., 2012b).  

Children are slow and highly variable during the development of motor skills while older adults 

are also as they decline.  Slower motor behaviors are associated with learning in children and 

deterioration in older adults which can be linked to cortical resources.  There is much research to 

support this pattern for posture and gait but less so in chewing.   

2.3.1. Developmental Changes 

2.3.1.1.  Muscular and Skeletal 

Human motor development in childhood is well documented (Misirliyan et al., 2023; 

WHO Multicentre Growth Reference Study Group, 2006), with specific milestones known to be 

achieved at specific time points during the maturation process.  Muscular and skeletal growth is 

ongoing and ever changing in children and adolescence and these systems are closely 



    23 
 

 

 

interconnected.  The relationship between muscles and bones is difficult to disconnect as they are 

reliant on one another.  Rapid bone growth (in size and composition) occurs in childhood and 

adolescence with optimal skeletal gains achieved by the age of 20 (Kindler et al., 2015).  

Increased lean muscle mass is associated with increased bone size (Kindler et al., 2015).  The 

stability of bone structures are adapted to muscle strength and function (Schoenau & Fricke, 

2008).  The muscle and bone relationship in the maturation process is a complex interconnected 

relationship. 

Muscle fibers in children are different than those in young adults in that children have 

more type I muscle fibers (i.e., slow twitch) in comparison to type II (i.e., fast twitch) with no 

differences between sexes (Esbjörnsson et al., 2021).  In young adults, males have larger fast 

twitch muscle fibers than slow twitch but not females.  An increase in muscle size from child to 

adulthood is due to hypertrophy (increase in size of fibers in young adulthood) rather than 

hyperplasia (increase in number of fibers).  This increase in muscle mass does not necessarily 

indicate greater strength.  Strength is slower to improve than the growth of muscle mass in 

children.  Muscle function is more dependent on strength than mass in children and adolescents 

(Gillen et al., 2020).   

2.3.1.2.  Neurological 

Brain structures and cognitive function change in the aging process with the most 

significant growth occurring in development (Walhovd et al., 2016).  White matter volume 

increases linearly between the ages of 4 to 20, while gray matter changes occur in region-specific 

patterns (Bartzokis et al., 2001; Giedd et al., 1999).  When performing simple tasks, children 

have more extensive cortical activation than adults which reflects an underdeveloped motor 

system and less experience (De Guio et al., 2012).  When motor movements are acquired tasks 
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can be completed automatically without attentional demand (Wu & Hallett, 2005).  For example, 

during finger tapping, children and adults elicit cortical activation of the primary sensorimotor 

cortex, supplementary motor area, occipital cortex, and anterior cerebellum while children show 

more activation in the primary sensorimotor cortex (Turesky et al., 2018).   

2.3.2. Changes in Older Age 

2.3.2.1.  Muscular and Skeletal 

Bones adapt to the mechanical loads generated by the muscles around them which 

supports the direct connection between muscle and bone function (Curtis et al., 2015; Edwards et 

al., 2013).  Both peak muscular strength and bone mass reach optimal growth and function in 

adulthood and begin to deteriorate with age at about 50 years of age.  Muscle mass, muscle 

strength, and bone loss occurs around this time at rate of approximately 1–3% each year, 

especially in perimenopause in women.  It is key to note that aging does not only occur in the 

context of muscle mass loss but that this contributes to the loss of muscular function and is 

interconnected with bone loss as well.  Muscle and bone aging is a complex interrelationship that 

results in increased rates of injury and poorer quality of life (Curtis et al., 2015). 

Aging has been linked to various changes in the skeletal muscle composition and 

function resulting in differences in overall movement performance (Erim et al., 1999; Grabiner 

& Enoka, 1995; Lexell, 1993; Thompson, 2009).  Muscle responses of older adults have been 

characterized by prolonged contraction times, increased muscle activity for a given level of force 

production, decreased stability of force production, and decline in motor force capacity (Brooks 

& Faulkner, 1994; Christou & Carlton, 2001; Enoka et al., 1999, 2003; Hughes et al., 2002; 

Thompson, 2009).  Structural alterations within the muscle properties in older age include a 

reduction in the number of fast twitch motor units and/or a transition to slow twitch units, 
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changes in the size of motor units, and/or a decline in the number of alpha motor neurons within 

the spinal cord (Akima et al., 2001; Enoka et al., 2003; Erim et al., 1999; Faulkner et al., 1990; 

Grabiner & Enoka, 1995; Ikezoe, 2020; Laidlaw et al., 2000; Lexell, 1993).  This leads to 

decreased muscle mass and strength (Brown et al., 1995; Clark & Fielding, 2012; Hughes et al., 

2002; Thompson, 2009).   

Mechanisms regulating the loss of neuromuscular strength in older adults include both 

sarcopenia and dynapenia.  Sarcopenia is age-related loss of skeletal muscle mass (Cruz-Jentoft 

et al., 2010; Malafarina et al., 2012; Morley et al., 2001) while dynapenia is age-related loss of 

strength (Clark & Manini, 2008, 2010; Clark & Fielding, 2012).  Low muscle mass and strength 

leads to declines in muscle function (strength or performance).  The loss of strength occurs for a 

variety of reasons including changes in a number of mechanisms intrinsic to the muscle 

composition and neural inputs (Clark & Manini, 2008; Clark & Fielding, 2012; Lexell, 1997; 

Thompson, 2009).  The nervous system can regulate strength through different mechanisms 

including motor unit recruitment (Galganski et al., 1993; Keen et al., 1994), motor unit firing rate  

(Enoka et al., 2003; Semmler et al., 2003), synchronization between motor unit recruitment and 

motor unit firing rate (Erim et al., 1999), increased variability in motor unit firing rate (Laidlaw 

et al., 2000), and a reduction in sensory inputs (i.e., decreased sensation in the skin) (Kinoshita & 

Francis, 1996).   

2.3.2.2.  Neurological 

General neurological decline is noted in aging (Walhovd et al., 2016) as the result of 

changes in white and gray matter volume (De Guio et al., 2012b) that influence motor functions.  

It has been observed that older adults experience a loss of gray matter volume in the prefrontal 

cortex and basal ganglia network with less loss in the temporal and occipital cortices.  This 
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results in differences in movement patterns due to changes in cortical activation patterns.  

Decreases in gray matter volume in the prefrontal cortex and basal ganglia networks are more 

extensive than temporal or occipital cortices (Seidler et al., 2010).  Interestingly, there is more 

widespread activation of these areas during motor performance as well as additional activation of 

the pre-supplementary motor areas and bilateral posterior parietal lobes.  This pattern of 

increased activation in areas of atrophy show a requirement of increased cognitive control and 

sensory input to complete motor tasks effectively (Seidler et al., 2010). 

2.3.3. Similarities and Differences 

General motor performance tends to follow a predictable pattern from childhood through 

young adulthood and into older adulthood, more variable movements in development and older 

age (Leversen et al., 2012; Signori et al., 2017).  This pattern across lifespan has been described 

as less than optimal performance in children and older adults versus optimal movement 

performance achieved in young adults (Granacher et al., 2011).  Although children and older 

adults are similar in slowness and motor variability, the difference is that children’s performance 

reflects the developmental processes of musculoskeletal and nervous system maturation while 

older adults performance is due to physiological declines in the musculoskeletal and nervous 

systems in the process of aging (Lin, 2018).  

Children and older adults exhibit some similarities in that both have increased slow 

twitch over fast twitch muscle fibers (Akima et al., 2001; Enoka et al., 2003; Esbjörnsson et al., 

2021).  They also elicit similar cortical activation during motor tasks, such as finger tapping.  

Both have activation in the areas of the primary sensorimotor cortex, supplementary motor area, 

occipital cortex, and anterior cerebellum (Turesky et al., 2018).  However, children have more 

activation in the primary sensorimotor cortex and adults have more activation in the basal 
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ganglia and right pre-supplementary motor area/supplementary motor areas (Turesky et al., 

2018).  These neural activation patterns in finger tapping demonstrate decreased efficiency and 

automaticity in children as they require more sensory information to perform the task (De Guio 

et al., 2012b).   

2.3.3.1.  Mean Performance and Variability of Performance 

Average movement performance over time and/or trials is typically used to show the 

pattern of slowness in children and older adults compared to young adults.  Young adults have 

faster average gait velocity and produce less postural sway than children and older adults 

(Granacher et al., 2011).  Maximum tapping speed (Gervan et al., 2011) and simple reaction 

times (Wilkinson & Allison, 1989) are slower in children and older adults.  Average bolus 

breakdown following chewing is poorer in children compared to young adults (Julien et al., 

1996), however, how average chewing rates change across the lifespan remains unknown. 

Intra-individual variability (IIV) shows the within person variability in movement 

performance across time (i.e., day to day) or trials (multiple responses) (Christou, 2011; Hultsch 

et al., 2002).  IIV is viewed as the result of differences or changes taking place in the neuromotor 

system and has been suggested as a more precise measure to predict differences in typical 

(Williams et al., 2005) and atypical aging processes (Hultsch et al., 2000; Morrison & Newell, 

2019).  IIV may capture aspects of neurological function that mean performance does not.  IIV is 

commonly reported when analyzing motor performance from trial to trial within a given 

experimental paradigm.  IIV can be compared across age groups to identify differences in motor 

activities such as simple reaction times (Anstey et al., 2005; Bielak et al., 2014; Bunce et al., 

2004; Der & Deary, 2006; Dykiert et al., 2012b; Fagot et al., 2018; Hultsch et al., 2002), postural 

control (Kiefer et al., 2021), finger tapping (Sommervoll et al., 2011), walking (Behrens et al., 
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2018; Francis et al., 2015; Kang & Dingwell, 2008; Morrison & Newell, 2017; Samulski et al., 

2019), and chewing (Österlund et al., 2020; Samulski et al., 2019).  Comparing IIV across age 

groups may also confirm typical patterns of motor performance across the lifespan.  Differences 

may appear in motor development (McAuley et al., 2006), motor decline (Stergiou & Decker, 

2011), and/or motor dysfunction (Morrison & Newell, 2019).  IIV measures have been 

extensively studied in the reaction time literature (Bellis, 1933; Dykiert et al., 2012b; Fagot et al., 

2018; Vieluf et al., 2017; Williams et al., 2005) but distinct patterns vary in other motor 

behaviors, such as in chewing and walking studies, which are the focus of this research. 

2.3.3.2.  U-shaped Curve 

Typical motor performance from children to young adults and to older adults follows a 

pattern of slowness in average responses and increased variability in childhood and older age 

represented by a U-shaped/inverted U-shaped curve (see figure 1).  This has been schematized 

with values plotted as a function of increasing age with higher (slower/more variable) values in 

childhood, lower (faster/less variable) values in young adulthood, and higher (slower/more 

variable) values in older adulthood (Williams et al., 2005).  This pattern has been visually 

depicted in a limited number of studies.  Overall scores on motor performance across children, 

young to middle aged adults, and older adults on a standardized testing battery which included a 

variety of fine motor (i.e.,  placing and assembling blocks) and gross motor (i.e., throwing at a 

target, heel to toe walking) tasks (Leversen et al., 2012) were schematized with an inverted U-

shaped curve across the age groups.   

A U-shaped pattern has been directly represented across children through young adults to 

older adults for IIV in RT (Williams et al., 2005).  Examining IIV measures, Granacher and 

colleagues (2011) compiled data from previous studies to show a U-shaped curve for postural 
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sway and an inverted U-shaped curve for gait velocity.  Gervan and colleagues (2011) compiled 

data from two previous studies with theirs to illustrate a U-shaped curve for maximum speed of 

finger tapping.  There have also been representations of a U-shaped curve within cognitive tasks, 

such as verbal fluency, reasoning, and memory (Li et al., 2004).  Fagot and colleagues (2018) 

reported a U-shaped curve in performance on a variety of tasks including working memory tasks 

and RT tasks, but do not provide a visual representation.  Although a variety of studies indicate 

this pattern exists across children, young adults, and older adults for different motor tasks, the 

direct evidence is limited with few visual representations to support the reports. 
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Figure 1.  Examples of U-shaped/inverted U-shaped curves including reactions times, postural 

sway and gait velocity, and finger tapping. 
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2.4.  DUAL TASK  

Dual task is defined as the simultaneous performance of two tasks requiring the ability to 

coordinate both activities for successful completion (Pena et al., 2019).  This is commonly 

completed in all daily routines, for example, walking and holding a cup, typing while listening to 

someone talk, or chewing gum while walking.  The assessment of dual task paradigms include 

motor-motor (Hung et al., 2014), cognitive-cognitive (Logie et al., 2007), or cognitive-motor 

(Pena et al., 2019; Saxena et al., 2017).  The ability to divide attention between two tasks at once 

is influenced by the difficulty level of the activities.  As attentional  needs increase with more 

complex activities, task performance may result in a decline in accuracy in one or both of the 

activities which is considered dual task cost or interference (Anderson et al., 2011).  With less 

attentional demanding tasks, performance may be more automatic with two tasks coordinating 

together or coupling (Pena et al., 2019).   

2.4.1.  Coupling 

There are many principles underlying the coordination of rhythmic movements which 

describe a streamlining of movement and responding to internal and external stimuli.  

Bernstein’s perspective on motor learning involves initially reducing the degrees of freedom to 

simplify movement patterns and systematically increasing them as movement success occurs.  

Once learned, alterations to movement patterns using the passive inertial properties of the system 

are possible to move more efficiently, with less energy and increased speed (Schmidt & Lee, 

2011).  This idea of freezing the degrees of freedom during acquisition and unfreezing once 

learned does not provide an accurate description for all motor learning.  There is evidence that 

some tasks progress with opposite findings (i.e., wind surfing, bowling) (Schmidt & Lee, 2011).  

Bernstein also proposes that individual degrees of freedom move in functional synergies to 
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coordinate as a single unit.  This is referred to as coupling or entrainment.  Initially producing 

two separate movements may be difficult as they tend to couple but with practice an uncoupling 

is possible (i.e., pat your head and rub your stomach).  When different limbs move individually, 

they oscillate at different frequencies which is termed the maintenance tendency, but once 

produced together, they move together at the same frequency which is called the magnet effect 

(Holst, 1973).  

The dynamical systems theory in motor control posits that the coordination of movement 

patterns is the result of the dynamic interaction between perception, cognition, and motor 

systems (Getchell et al., 2005a).  Movement self-organizes through these interactions.  The brain 

produces rhythmic oscillations that shape these processes and entrain to external rhythms.  

Entrainment of oscillators allows for optimization of motor sequences and can be directed by 

selective attention (Calderone et al., 2014).  In a study comparing entrainment in 

clapping/walking and clapping/galloping in typically developing children (TD) and children with 

learning disabilities (LD), Getchell and collegues (2005), found that the LD group did not entrain 

to the same extent as the TD group.  They suggested that the TD children began paying less 

attention to the task which allowed for entrainment to occur at a sub-conscious level.  The task 

was more challenging for the LD group so they had to attend to the task and were less likely to 

slip into entrainment (Getchell et al., 2005a).   

The Action-Perception model on entrainment involves synchronizing movement to an 

external stimulus (Kelso et al., 1990).  A biological example would be a pacemaker as entrains 

the natural heart rhythm, with an external periodic stimulus, to a more stable pattern.  It requires 

identifying the dynamic variables included in the movement patterns and organizing them onto 

attractors of these variables.  We do this by determining the stability or lack thereof by finding 
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the point of differentiation in a pattern.  The Haken-Kelso-Bunz (HKB) model of movement 

coordination expands on the idea of regulation of continuous motor tasks (Haken et al., 1985).  It 

describes that intrinsic systems attract moving degrees of freedom to self-organize into a stable 

state. 

The Haken-Kelso-Bunz (HKB) coupled oscillator model was developed to predict 

various coordination patterns between two oscillators (Haken et al., 1985).  It allows for 

quantitative assessment of coordination patterns and the stability in those patterns using the 

relative phase between two oscillators.  Oscillators tend to move in phase (same side together) or 

antiphase (opposite) and coupling strength is directly related to coordination stability.  When 

producing motor behaviors outside of a preferred frequency range, like walking faster or slower 

than a preferred rate, coupling strength decreases and coordination becomes less stable 

(Armitano et al., 2018; Russell & Haworth, 2014).  Dynamic stability represents an alteration in 

movement patterns within a time series (Russell & Haworth, 2014).  Coupling strength decreases 

when moving outside of one’s preferred pattern (Russell & Haworth, 2014).  Over the years the 

HKB model has been vastly applied to studies on coordination of different limbs, the legs during 

walking and finger movement.  It has also been applied to rhythmic movements between people, 

rhythmic movements with the perceptual environment, learning, handedness, and mirror 

movements (Beek et al., 2002).  It has yet to be applied to chewing.   

HKB can be used to describe coordination of oscillators in a dual task paradigm such as 

chewing and walking.  There are four distinct modes of coupling among limbs in a dual motor 

task.  Absolute coordination or frequency locked-absolute which involves a one to one ratio of 

coupling between cycles (i.e., one chew/one step) (Holst, 1973).  Harmonic coordination or 

frequency locked-harmonic is a ratio of frequencies (i.e., chew and heel strike) that consistently 
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coincide at harmonic multiple ratio of one to two (i.e., 1 chew to 2 steps) (Getchell et al., 2005a). 

Relative coordination or frequency unlocked-stable requires each movement cycling at its own 

frequency (Holst, 1973).  Frequency unlocked-variable describes no regularity and high 

variability between the two oscillators (i.e., foot strike and chew) or no frequency locking.  This 

state is considered developmentally immature (Getchell et al., 2005a).  This idea of coupled 

oscillators applies to previous research on chewing and walking in adults (Samulski et al., 2019).  

Researchers found that chewing gum while walking changed walking speed in a systematic 

fashion in adults.  Both young adults and older adults produced step rates in sync with various 

chewing rates (i.e., preferred, fast, and slow) in absolute coordination.   

2.4.2.  Interference  

Dual task interference occurs due to the brain’s capacity limit resulting from the 

interference of neural processes of attention (Alavash et al., 2015; Cohen, 1988).  The concept of 

attention has many theories, most notably, a capacity-limitation theory in which the performance 

of multiple tasks can occur in parallel, but the central processing capacity is limited.  The 

attentional capacity will be allocated to one task over the other when completed (Tombu & 

Jolicoeur, 2003) resulting in decreased accuracy or inefficiency due to limited attentional 

resources (van Zomeren & Brouwer, 1994).  There is also the bottleneck theory which proposes 

that attention has a restrictive factor to only one task at a time causing breakdown in performance 

accuracy for a concurrent task.  Attention is allocated but reaches a point of restriction with 

increasing demands (Murray, 1999).  Both theories originated from observations in dual task 

paradigms.  Dual task cost or interference is the measured decrement in accuracy of a task that is 

performed concurrently with another relative to when each are performed alone (Plummer & 

Eskes, 2015).  Rossi and colleagues (2021) found a cognitive-motor interference that was 
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different between young middle-age and late middle-aged adults.  Subjects walked on a treadmill 

while completing a two-back working memory task (attend to a string of letters and respond to 

stimulus presented two positions prior).  The younger group had interference with the motor task 

(asymmetrical walking) while the older group had decreased accuracy in cognitive tasks (two-

back task).   

2.5.  NEURAL CONTROL OF CHEWING AND WALKING 

2.5.1.  Central Pattern Generators 

Walking and chewing are both rhythmic motor behaviors believed to be generated by 

complex neural networks located within the central nervous system (CNS) called central pattern 

generators (CPG’s).  CPG’s generate rhythmical patterns of muscle activity in the legs for 

walking and in the jaw, tongue, lips for chewing.  CPG’s vary in neuronal organization and 

output unique to individual actions and are modulated by sensory feedback from the peripheral 

nervous system and descending inputs from the central nervous system (Enoka, 2008).  While 

both motor behaviors are generally considered voluntary rhythmic actions, they are vastly 

different in neural and muscular activation.  The basic CPG for walking is reportedly located 

within the spinal cord while the CPG for chewing is within the brainstem (MacKay-Lyons, 

2002). 

2.5.2.  Chewing 

The CPG for rhythmic jaw movements in chewing are reportedly within the medial 

bulboreticular formation within the brainstem (Miller, 2017).  The chewing CPG sends 

commands to the cranial motoneurons of the face, jaw, and tongue without sensory input.  

However, chewing is considered a voluntary action with variations in motor patterns by 
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conscious control and sensory feedback.  Somatosensory information from the face ascend via 

the trigeminothalamic tract to the cortex (Purves et al., 2012). 

The cortical masticatory area (CMA) in the cerebral cortex produces coordinated 

rhythmic movement of the tongue and jaw accompanied by the secretion of saliva via the 

corticobulbar tract (Onozuka et al., 2002).  The CMA is located at the inferolateral end of the 

primary motor cortex and primary somatosensory cortex (Lund & Kolta, 2006b).  Neuroimaging 

studies of chewing have shown bilateral activation of the primary motor cortex, supplementary 

motor area, and thalamus; unilateral activation of the right primary somatosensory cortex and 

secondary somatosensory cortex; and posterior activation of the cerebellum (Lin, 2018).  

Descending input from the corticobulbar tract innervates the cranial nerves located within the 

brainstem bilaterally except for the lower face which is innervated unilaterally (below the eyes) 

by the contralateral cortex (Purves et al., 2012).  

The cranial nerves involved in chewing include the trigeminal (V), facial (VII), and 

hypoglossal (XII) (Lund & Kolta, 2006b).  The glossopharyngeal nerve (IX) has no motor 

importance to mastication; however, it is important for taste sensation for the posterior tongue 

and saliva production.  The trigeminal nerve (V) is the largest cranial nerve and has three 

branches which run to the face, oral cavity, and dura mater.  It exits the ventrolateral pons 

through the medial cerebellar peduncle (Purves et al., 2012).  It sends sensory information from 

the face to the somatosensory cortex and innervates the muscles involved in opening (i.e., 

pterygoid, suprahyoid, infrahyoid) and closing (i.e., masseter, temporalis, medial pterygoid) the 

jaw (Yamada et al., 2005).  It also receives inputs from the spinal interneurons.  The facial nerve 

(VII) is a mixed nerve responsible for taste from the anterior tongue and motor control of the 

muscles of the face (i.e., buccinator and orbicularis oris).  It emerges mediolaterally at the 
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junctions of the pons and medulla (Purves et al., 2012).  The hypoglossal nerve (XII) is strictly a 

motor nerve responsible for controlling the intrinsic (i.e., superior longitudinal, inferior 

longitudinal, transverse, and vertical) and extrinsic (i.e., genioglossus, styloglossus, and 

hyoglossus) muscles of the tongue (Yamada et al., 2005).  It exits the ventromedial medulla 

between the medullary pyramids and inferior olive (Purves et al., 2012). 

The motor cortex initiates orofacial movements and adjusts chewing patterns (Lin, 2018).  

During dental occlusion, sensory input from the mechanoreceptors are sent to the sensory cortex 

to modulate jaw movements.  The posterior cerebellum has also been found to be activated in 

chewing (Lin, 2018) and is thought to aid in the maintenance of the coordinated rhythmic 

movement produced by the CPG.  There is some evidence that the cerebellum may facilitate 

executive function and regulation of attention during chewing (Lin, 2018).  The exact roles of the 

basal ganglia and cerebellum in chewing remain unclear (Quintero et al., 2013). 

2.5.3.  Walking 

The concept of the CPGs responsible for locomotion stem from evidence in animal 

studies while human evidence of CPGs is inferred (MacKay-Lyons, 2002).  The CPG within the 

spinal cord is believed to be responsible for the rhythmical pattern for stepping in animals and 

possibly humans.  The activation of muscle flexion and extension required for the coordination 

of rhythmical stepping requires the integration of cortical and subcortical feedback (Kandel et 

al., 2013; Peterson et al., 1979).  Sensory input from the skin, joints, and muscles is transmitted 

to suprapspinal structures via the spinothalamic, spinoreticular, and spinocerebellar tracts to 

regulate the timing, amplitude, and overall coordination of walking pattern (MacKinnon, 2018; 

Takakusaki, 2013).  The dorsal column medial lemniscal pathway sends proprioceptive, fine 
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touch, and vibration information from the lower limbs by way of the fasciculus gracilis and 

upper limbs by way of the nucleus cuneatus (Al-Chalabi et al., 2023; MacKinnon, 2018).   

The volitional process of eliciting a motor command for walking arises from the 

cerebrum at the primary motor cortex and is transmitted via corticospinal projections to the limbs 

(Takakusaki, 2013).  The corticospinal tract starts at the motor cortex, crosses in the medulla 

spinal cord junction at the pyramidal decussation and innervates muscles on the contralateral side 

(Kandel et al., 2013).  The premotor area (PMA) and supplementary motor area (SMA) of the 

cerebral cortex generate signals to direct the movement for gait initiation and postural control 

with projections to the brainstem and spinal cord (Yip & Lui, 2023).  PMA on the right has 

motor programming for visuomotor processing as well as the posterior parietal cortex (Kandel et 

al., 2013).  Information from the limbs is sent to the PMA/SMA to generate motor programs 

based on somatosensory, visual, and vestibular sensations.  Cognitive processing within the 

temporoparietal cortex is also important in the process of gait production and control 

(Takakusaki, 2013; Tinaz et al., 2016).   

Three regions in the brainstem receive descending input from the premotor cortices: 

mesencephalic locomotor region (MLR), subthalamic locomotor region (SLR), and cerebellar 

locomotor region (CLR).  The MLR is located in the cuneiform nucleus in the vicinity of the 

pedunculopontine tegmental nucleus (PPN) which is an area to which deep brain stimulation has 

been applied in those with Parkinson’s disease for gait restoration (Insola et al., 2021; 

MacKinnon, 2018).  The MLR, SLR, and CLR are thought to be important for postural and 

locomotor control in humans due to neuroimaging studies showing activity in these areas (Jahn 

et al., 2008).  They enable initiation and modulation of the spinal CPG though direct or indirect 
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activation of the rhythm-generating system within the ventromedial medullary reticular 

formation (MRF) (Takakusaki, 2013).  

The basal ganglia modulate postural muscle tone and facilitate the rhythm-generating 

system in walking through inputs to the MLR/PPN (Takakusaki, 2013).  It receives direct input 

from sensory, motor, and premotor cortical areas, as well as those involved in cognition, 

motivation, and emotion (MacKinnon, 2018).  The basal ganglia send output to the thalamus 

which projects to the cortex (Kandel et al., 2013).  When GABAergic projections are amplified 

from the substantia nigra pars reticulata to the MLR/PPN, it reduces the output which leads to 

increased postural tone and degradation of walking abilities (Martinez-Gonzalez et al., 2011; 

Takakusaki, 2013).   

During walking, the cerebellum receives somatosensory input directly from the 

spinocerebellar pathways as well as from the corticospinal descending axons.  It influences 

posture and movement through connections with the brainstem motor nuclei.  It also has 

connections with the thalamus with direct connection to the motor and premotor cortices (Kandel 

et al., 2013).  Signals are relayed in and out via the three cerebellar peduncles (large bundles of 

white matter):  superior (out), middle (in), and inferior (in).  Signals from ipsilateral frontal and 

parietal lobe are sent to the medial cerebellar peduncle (Takakusaki, 2013).  The cerebellum is 

considered an “error-correcting” mechanism taking in proprioceptive signals and comparing 

them with intended movements to repair inconsistencies (MacKinnon, 2018).  Motor patterns are 

refined in response to feedback from the limbs on timing and intensity (Kandel et al., 2013). 

2.5.4.  Coupling of chewing and walking 

Previous research supports a coupling of walking to chewing when produced together as 

walking cadence met chewing frequency, not the other way around (Samulski et al., 2019).  The 
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researchers also found increased variability in chewing rates when performing outside of a 

preferred range, indicating less stable movement patterns.  Chewing and walking in adults 

represents a frequency locked-harmonic, however, when tested on a group of children and 

adolescents, findings indicated a frequency unlocked-variable where no coupling occurred 

(Prebor et al., 2021; Samulski et al., 2019).  This may be due to neural and motor immaturity.   

Though we can look at chewing and walking as coupled oscillators, we have yet to 

determine the strength of this coordination for their individual frequencies alone and together.  

HKB can be applied to further investigate this coupling strength in adults.  It can also be used to 

identify coordination stability in the limbs during walking as many studies have done previously.  

There is currently no direct application to chewing.  This may be feasible by measuring chewing 

movement at the jaw but will be more difficult to do with tongue patterns.  It is difficult to assess 

natural tongue movement during mastication as it cannot be measured with surface electrodes 

like the muscle activity of the face, jaw, and neck.  Tongue pressure has been vastly studied 

using the IOPI and the handy probe (Hayashi et al., 2002) but these devices cannot measure 

movements during mastication or swallowing.  Electric pressure sensors have been used to 

evaluate the tongue to hard palate contact in the oral preparatory stage of the swallow (Hori et 

al., 2006; Ono et al., 2004; Shaker et al., 1988).  Although we have some data to support coupled 

oscillators in chewing and walking, more research is needed to identify the coordination 

properties of these motor tasks together and separately. 

2.6.  WHAT WE DON’T KNOW 

Motor performance from development into old age results in a U-shaped/inverted U-

shaped pattern of responses indicating slower and more variable responses in childhood and 

older adulthood than in young adulthood (Leversen et al., 2012; Signori et al., 2017).  This 
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pattern has been observed in isolated motor tasks such as reaction times (Dykiert et al., 2012a; 

Fagot et al., 2018; Ghisletta et al., 2018; Koga & Marant, 1923; Wilkinson & Allison, 1989; 

Williams et al., 2005, 2007), finger tapping (Gervan et al., 2011), balance, and gait velocity 

(Granacher et al., 2011).  A comparison between young adults and older adults is most 

commonly represented in the literature with less direct assessments of how motor performance 

varies within different motor tasks across children, young adults, and older adults.  Less is 

known about if a U-shaped/inverted U-shaped pattern persists across average movement 

performance and IIV of movement performance within the previously stated motor tasks and 

especially within the literature on chewing dynamics.  The development of chewing has been 

widely examined indicating changes in chewing performance in relation to orofacial growth and 

continued exposure to various food consistencies throughout childhood into adulthood 

(Almotairy et al., 2018; Kubota et al., 2010).  While the general development of chewing is well 

known, the pattern of change in chewing dynamics across the aging process is limited.  Chewing 

is often performed concurrently with other motor tasks like walking, typing, and scooping, 

however, it is most commonly studied for its effects on cognition (Bayot et al., 2018a; Boonyong 

et al., 2012; Chauvel et al., 2017a; Cherng et al., 2007; Hagmann-von Arx et al., 2016; Hung et 

al., 2014; Manicolo et al., 2017) rather than the impact on other motor tasks.  It has been 

observed in adults that chewing and walking couple when completed at the same time (Samulski 

et al., 2019) but it is unclear if this pattern occurs in children whose systems are still developing.   
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CHAPTER 3 

 

A SCOPING SYSTEMATIC REVIEW OF INTRA-INDIVIDUAL VARIABILITY IN 

GAIT AND CHEWING PERFORMANCE ACROSS CHILDREN, YOUNG ADULTS, 

AND/OR OLDER ADULTS 

3.1.  INTRODUCTION  

Distinct changes in general motor performance occur with the typical process of aging 

from childhood to young adulthood through older adulthood.  The prevailing view is that 

movement patterns are slower and more variable in the early stages of development and again 

after adulthood into old age (Leversen et al., 2012; Signori et al., 2017).  This pattern across ages 

reflects less than optimal performance in children and older adults versus optimal movement 

performance reached in young adults (Granacher et al., 2011).  Slower average performance and 

higher movement variability in children is due to developmental processes of musculoskeletal 

growth, nervous system maturation, skill learning and attainment.  In older adults, increased 

variability is due to multiple physiological declines that take place in the process of aging, such 

as changes in muscular, skeletal, and nervous systems (Lin, 2018; McGibbon, 2003).  Average 

movement performance over time and trials between individuals is typically used to show the 

pattern of slowness in children and older adults compared to young adults.  Intra-individual 

variability (IIV), in contrast, describes variations in movement performance across multiple 

repetitions of a task within an individual person (Christou, 2011; Hultsch et al., 2002; Stergiou & 

Decker, 2011).  IIV is commonly viewed as the result of differences or changes taking place in 

the neuromotor system and has been suggested as a more precise measure to identify differences 

in development, aging, and disease processes (Morrison & Newell, 2019).  
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IIV is commonly reported when analyzing motor performance from trial-to-trial within a 

given experimental paradigm.  This measure can be compared across age groups to identify 

differences in motor activities or tasks such as simple reaction time (Anstey et al., 2005; Bielak 

et al., 2014; Bunce et al., 2004; Der & Deary, 2006; Dykiert et al., 2012a; Fagot et al., 2018; 

Hultsch et al., 2002), standing balance (Kiefer et al., 2021), finger tapping (Sommervoll et al., 

2011), walking (Behrens et al., 2018; Francis et al., 2015; Kang & Dingwell, 2008; Morrison & 

Newell, 2019; Samulski et al., 2019), and chewing (Österlund et al., 2020; Samulski et al., 2019). 

Comparing IIV across age groups may also provide additional insight into the typical patterns of 

motor performance across the lifespan.  Differences may appear in motor development 

(McAuley et al., 2006), motor decline (Stergiou & Decker, 2011), and/or motor dysfunction 

(Morrison & Newell, 2019).  IIV measures have been extensively studied in the reaction time 

literature (Bellis, 1933; Dykiert et al., 2012a; Fagot et al., 2018; Vieluf et al., 2017; Williams et 

al., 2005) but distinct patterns vary in motor behaviors, such as in chewing and walking studies, 

which are the focus of this research.  

Chewing and walking are both rhythmic motor skills acquired in early childhood and 

mastered throughout childhood into young adulthood (Bisi & Stagni, 2016).  They are essential 

motor skills required to meet and maintain daily needs, like breaking down food for digestion for 

nutrition (i.e., chewing) and moving about the environment to complete activities of daily living 

(i.e., walking).  The control of both chewing and walking are believed to be mediated through 

specific neural circuits within the central nervous system referred to as central pattern generators 

(CPG’s) (MacKay-Lyons, 2002; Minassian et al., 2017).  A CPG refers to a group of neurons 

that interconnect to intrinsically activate rhythmic movement patterns.  While they can operate 

without direct input from the brain or sensory feedback from the muscles and joints (Lund & 
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Kolta, 2006a; MacKay-Lyons, 2002; Minassian et al., 2017; Morquette et al., 2012), these 

central and peripheral inputs are involved in fine tuning rhythmic patterns produced by the CPG.  

The CPG associated with the action of chewing is located within the brainstem (Gillings et al., 

1973; Lund & Kolta, 2006b; Westberg & Kolta, 2011) while the CPG for walking in humans is 

believed to reside within the lower regions of the spinal cord (MacKay-Lyons, 2002; Minassian 

et al., 2017).  Recent research on chewing and walking in young adults and older adults found 

that when produced at the same time, chewing rates and stepping rates coupled together with 

walking appearing to be synchronized with chewing rates (Samulski et al., 2019).  While average 

chewing rates between the groups were similar, the variability in chewing rates differed between 

young adults and older adults.  It is unknown how motor variability in chewing and walking 

differs across children, young adults, and older adults.  Therefore, we sought to identify the 

reported patterns of chewing and walking variability across these three groups.  While many 

studies examine factors that might influence performance of chewing and walking activities, we 

first sought to understand preferred or baseline patterns of chewing and walking, without 

external perturbations on the process. 

The purpose of this project was to conduct a combination of a scoping review and a 

systematic review.  The scoping review was intended to identify the measures used to evaluate 

and report IIV during the performance of chewing and walking at the preferred rates for children, 

young adults, and older adults.  A second purpose of this project was to complete a systematic 

review to identify the age-related differences in IIV measures of chewing and walking at 

preferred rates across these same three age groups.  Therefore, the research questions were:   

1) What measures of chewing and walking IIV are commonly reported when comparing 

children, young adults, and/or older adults?  
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2) What are the age-related differences in IIV of chewing and walking performance 

comparing children, young adults, and/or older adults?  

3.2.  METHODS 

In order to gain an overall picture of how IIV of preferred chewing and gait (i.e., 

walking) performance has been measured comparing children, young adults, and/or older adults, 

as well as the differences in IIV between these groups, we implemented a combination of 

methodology from a scoping review and a systematic review.  While both review types require 

rigorous and structured procedures, scoping reviews are utilized to identify the range of 

procedures in existing literature while systematic reviews are used to synthesize available 

evidence on a particular topic (Arksey & O’Malley, 2005; Munn et al., 2018).  

3.2.1.  Search strategy 

A systematic literature search was conducted of studies published from inception to 

December 31, 2022, in the following electronic databases:  PubMed, PsychInfo, and Web of 

Science.  A hand search of the reference lists of relevant articles was also completed.  

Combinations of the following key terms were used in the search for each database: “chewing, 

mastication, walking, gait,” and “aging, children, adults, young adults, older adults,” and 

“variability, and/or intra-individual variability.”  

3.2.2.  Selection criteria 

Studies were selected for inclusion in this review if they met the following criteria:  

originally published research in a peer reviewed journal; reported in English; compared at least 

two of age groups of interest (i.e., children, young adults, older adults); reported on healthy 

subjects; had a combination of males and females; and assessed IIV of spatiotemporal variables 

of preferred (i.e., not cued, unperturbed, self-selected) chewing and/or walking performance 
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using linear measures, that is, standard deviation (SD) and/or coefficient of variation (CV).  The 

age groups of interest were children aged 5–17 years; young adults aged 18–39 years; and/or 

older adults aged 60+years.  To obtain a full scope of the literature, studies that contained 

middle-aged adults (aged 40–59 years) were included as long as they reported comparisons 

between two of the groups of interest.  Reporting on middle-aged adults is not included in this 

review.  

Studies were excluded from this review if they solely assessed disordered populations, 

only one of the sexes, elite populations (i.e., ballet dancers, athletes, soldiers), and/or children 

under 5.  Books or book chapters and unpublished research (i.e., dissertations) were excluded.  

Studies that exclusively utilized subjective assessments (i.e., surveys) of chewing or gait (i.e., 

walking), only reported non-linear measures of variability (i.e., sample entropy), and did not 

report on spatiotemporal variables of chewing and/or walking were also excluded.  

The primary investigator reviewed the titles that were identified in the original search and 

removed duplicates and articles that obviously did not meet inclusion criteria.  Abstracts of 

remaining articles were reviewed, and additional articles were excluded (i.e., exclusively 

assessed men or women, did not compare two of the groups of interest).  For reliability purposes, 

a second investigator reviewed 20% of abstracts to determine eligibility for inclusion in the 

review, achieving agreement >80% in the selection for full text review.  Full texts were reviewed 

by the first author to determine final inclusion.  Additional articles were identified in the 

reference lists of readings.  

3.2.3.  Data extraction 

The primary investigator extracted the data from included studies into an Excel 

spreadsheet.  For each study, information extracted included: participant’s age ranges, IIV 
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measures analyzed, spatiotemporal chewing and/or gait variables collected, if normalization 

procedures were completed prior to analysis, and the equipment used for data collection.  Bolus 

material for chewing and walking surface for gait were also extracted. 

3.2.4.  Methodological quality 

The Appraisal Tool for Cross-Sectional Studies (AXIS) (Downes et al., 2016) was used 

to assess the methodological quality of included studies, an essential step in the systematic 

review process (Downes et al., 2016).  Although the AXIS does not have a numerical scale, we 

used a quantitative system to allow for ease of comparison among included studies.  The AXIS is 

made up of 20 questions that identify criteria important to the research quality of cross-sectional 

studies, such as the introduction, methods, results, discussion, and other important areas (i.e., 

funding and ethics).  In our quality assessment, each question was answered with a “1” if the 

criterion was met and a “0” if it was not met or unknown if it was met.  For two AXIS questions, 

the optimum answer was “no.” (i.e., #13 Does the response rate raise concerns about non-

response bias? and #19 Were there any funding sources or conflicts of interest that may affect the 

authors’ interpretation of the results?), therefore, we modified the wording of those two 

questions so that the criterion was met with an answer of “yes” instead of “no.”  A total of 20 

points was possible representing optimum methodology using this method.  A percentage of 

possible points was awarded to each study for comparison.  We used previously adopted cut-off 

ranges to determine the level of quality of studies assessed:  a high-quality study, ≥80%; a 

moderate quality study, ≥47% and < 80%; and a poor-quality study, < 40% (Fukuchi et al., 2019; 

Kim et al., 2018). 

After training on the use of the AXIS with a cross-sectional study outside of this 

systematic review, the primary investigator and a second reviewer independently rated 20% of 
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the included studies to determine interrater reliability of quality assessments using the AXIS.  

Discrepancies in ratings were resolved through consensus.  Interrater reliability between the two 

reviewers was achieved at 92%.  Due to the high interrater reliability, the primary investigator 

completed the remaining quality assessments autonomously. 

3.3.  RESULTS 

3.3.1.   Literature search for chewing IIV 

The chewing IIV search yielded 2191 potentially relevant studies.  After removing 1058 

duplicates, the titles of all articles were assessed by the primary investigator resulting in another 

963 excluded.  Abstracts were then reviewed by the primary investigator and a second 

investigator with another 91 studies excluded.  The full texts of 4 articles were then assessed for 

inclusion.  A hand-search of the reference lists of relevant studies yielded 1 additional study that 

met inclusion criteria.  This brought the total to 5 articles included for the final review for 

chewing IIV.  Figure 2 shows the details of the selection process for chewing IIV.  

3.3.2.  Literature search for gait IIV 

The gait IIV search yielded 12810 potentially relevant studies.  After removing 7216 

duplicates, the titles of all articles were assessed by the primary investigator with another 5471 

excluded.  Abstracts were then reviewed by the primary investigator and a second investigator 

with another 58 studies excluded.  The full texts of 65 articles were then assessed for inclusion 

resulting in another 40 excluded.  A total of 25 articles met inclusion criteria with an additional 6 

studies identified through the hand-search of the references lists of the included studies.  A total 

of 31 articles were included for the final review for gait IIV.  Figure 3 shows the details of the 

selection process for gait IIV. 
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Figure 2.  Flowchart of the selection process for chewing variability.  
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Figure 3.  Flowchart of the selection process for gait variability. 
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The final total search results produced 5 articles for chewing IIV and 31 articles for gait 

IIV, including 2 articles reporting on both chewing and gait.  Therefore, a total of 34 studies is 

included in this review.  Four studies included children, two for chewing and two for gait, and 

only one of those included all three age groups for chewing and gait.  The 30 remaining studies 

included young adults and older adult gait comparisons.  Study characteristics are summarized in 

table 1. 
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Study Task Children Young Adults Older Adults IIV Measure Equipment AXIS 

Score 

  N Mean age 

(range) 

N Mean age 

(range) 

N Mean age 

(range) 

   

Karlsson & 

Carlsson, 1990 

Chew NA NA 30 26  

(24-33) 

14 80  

(78-84) 

CV & SD of total cycle duration, 

mandibular opening duration, mandibular 

closing duration, mandibular occlusal 

level duration, mean mandibular velocity 

opening, mean mandibular velocity 

closing, maximum mandibular velocity 

opening, maximum mandibular velocity 

closing, mandibular displacement in 

opening, mandibular displacement in 

closing 

 

3D optoelectical system 

(SELSPOT), chewing 

crispbread 

55% 

Karlsson et al., 

1991 

Chew NA NA 30 26  

(24-33) 

14 80  

(78-84) 

CV of total cycle duration, mandibular 

opening duration, mandibular closing 

duration, mandibular occlusal level 

duration, mean mandibular velocity 

opening, mean mandibular velocity 

closing, maximum mandibular velocity 

opening, maximum mandibular velocity 

closing, mandibular displacement in 

opening, mandibular displacement in 

closing, jaw amplitude 

 

3D optoelectical system 

(SELSPOT), chewing 

crispbread 

50% 

Osterlund et 

al., 2020 

Chew 25 6 24 26.4 NA NA CV of jaw amplitude 3D optoelectial system 

(MacReflex Qualisys 

AB), chewing gum 

 

75% 

Prebor et al., 

2022 

Chew 15 13.1±2.3 15 23.2±4.2 15 66.5±3.2 CV & SD of chewing frequency electromyography sensors 

(Delsys Trigno),  

chewing gum 

 

70% 

     

Samulski et al., 

2019 

Chew NA NA 15 23.2±4.2 15 66.5±3.2 SD of chewing frequency electromyography sensors 

(Delsys Trigno),  

chewing gum 

65% 
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Study Task Children Young Adults Older Adults IIV Measure Equipment AXIS 

Score 

  N Mean age 

(range) 

N Mean age 

(range) 

N Mean age 

(range) 

   

Abbruzzese et 

al., 2014 

Gait 10 8.1 ± 1.2  

(7-10) 

 

10 26.8 ± 4.9 

 (21-37) 

NA NA CV of step length, step time 

 

pressure sensitive 

walkway (GAITRite) 

 

65% 

Almarwani et 

al., 2016 

Gait NA NA 40 26.6 ± 6.0 

 

 

111 77.25 ± 6.0 

 

SD of step length, step width, step time, 

stance time, swing time, double support 

time 

 

pressure sensitive 

walkway (GaitMat II) 

 

55% 

Beauchet et 

al., 2009 

Gait NA NA 30 28.1 ± 6.0 33 74.4 ± 7.1 CV of stride width, stance time, stride 

time, stride length, swing time 

pressure sensitive 

walkway (GAITRite) 

 

55% 

Behrens et al., 

2018 

Gait NA NA 16 24.9 ± 1.4 16 72.2 ± 4.4 CV of stance time, step length, step time, 

stride length, swing time, single support 

time, double support time, gait speed 

 

photoelectric walkway 

(OptoGait) 

65% 

Decker et al., 

2016 

Gait NA NA 20 24.45 ± 0.87 

(20-35) 

19 69.26±1.11 

(65+) 

SD of step time, step length, step width 3D motion capture on a 

treadmill (Motion 

Analysis Eagle Digital) 

 

70% 

Downey et 

al., 2022 

Gait NA NA 17 23 ± 4  

(20-40) 

54 76.6±6 

(65+) 

CV of step duration shoe insole sensors on a 

treadmill 

 

75% 

Francis et al., 

2015 

 

Gait NA NA 12 23.6 ± 3.9 11 71.2 ± 4.2 SD of step width, step length 3D motion capture on a 

treadmill (Motion 

Analysis) 

 

65% 

Gimmon et 

al., 2018 

Gait NA NA 13 26.23±1.2 

(20-30) 

9 

 

26 

 

9 

71.90±1.9 

(70-74) 

79.85±2.3 

(75-84) 

87.22±1.9 

(>85) 

CV of stride time 3D motion capture on a 

treadmill (Ariel 

Dynamics) 

70% 

Grabiner, 

2001 

Experiment 1 

 

Gait NA NA 18 25.06 ±4.02 15 72.13±3.96 SD of stride width, stride length, stride 

time, gait velocity 

 

pressure sensitive 

walkway (GAITRite) 

55% 

Experiment 2 NA NA 10 28.10±3.48 14 75.57±6.15 
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Study Task Children Young Adults Older Adults IIV Measure Equipment AXIS  

Score 

  N Mean age 

(range) 

N Mean age 

(range) 

N Mean age 

(range) 

   

Granacher et 

al.,2010 

Gait NA NA 16 24.3±1.4 16 71.9±5.5 CV of stride length 

 

pressure sensitive 

walkway (GAITRite) 

 

75% 

Granacher et 

al., 2011 

Gait NA NA 18 22.3±3.0 18 73.5±5.5 CV of stride time, stride length, stride 

velocity 

pressure sensitive 

walkway (GAITRite) 

 

70% 

Hausdorff et 

al., 1997 

Gait NA NA 22 24.6±1.9 17 76.5±4.0 

(70+) 

CV & SD of stance time, stride time, 

swing time, percent stance time 

footswitches placed in 

shoes over level ground 

 

60% 

 

 

Herssens et 

al., 2020 

Gait NA NA 15 25.27±2.17 17 

15 

13 

12 

55.06±3.00 

64.55±2.98 

74.05±2.49 

83.07±1.96 

SD of step time, step length, step width, 

stride time, cadence, gait speed, double 

support time, single support time 

 

3D motion capture over a 

walkway (Vicon) 

70% 

Hollman et 

al., 2007 

Gait NA NA 20 25±3 

(20-35) 

20 81±5  

(>70) 

CV of stride velocity pressure sensitive 

walkway (GAITRite) 

 

80% 

Ihlen et al., 

2012 

Gait NA NA 10 25.7±4.7 10 75.4±4.6 SD of step length, step width 

 

3D motion capture on a 

treadmill (Vicon) 

  

55% 

Kang & 

Dingwell, 

2008 

Gait NA NA 17 23.3±2.6 

(18-28) 

18 72.1±6.0 

(65-85) 

SD of stride time, step length 3D motion capture on a 

treadmill (Vicon) 

75% 

Kiss, 2010 Gait NA NA 45 24.2±9.1 20 68.8±9.2 "Normalized deviation" (CV) of step 

length, length of double support phase, 

cadence, length of stance phase 

 

instrumented treadmill 

(Kistler) 

60% 

Kobsar et al., 

2014 

Gait NA NA 41 24±3 

(19-30) 

41 76±5 

(66-85) 

CV of step time, stride time tri-axial accelerometer (3rd 

lumbar vertebra) over a 

walkway 

75% 

Laurentius et 

al., 2022 

Gait NA NA 14 24.8±3.4 

(18-35) 

8 72±1.9 

(65+) 

CV of step length left, step length right, 

step time left, step time right, step width, 

stride length, stride time, cadence 

 

instrumented treadmill 

(Zebris) 

65% 

Lovden et al., 

2008 

Gait NA NA 32 25.0±2.9 32 73.6±2.9 SD of stride length, stride time, velocity, 

step width 

 

3D motion capture on a 

treadmill (Vicon) 

65% 

Menant et al., 

2011 

Gait NA NA 6 22.5±2.5 22 78.4±4.4 CV of step time tri-axial accelerometer 

(sacrum) over a walkway 

 

60% 

Osoba et al., 

2020 

Gait NA NA 12 24.8±3.9 26 79.6±6.4 SD of stride length, stride width, stride 

time, stride velocity 

pressure sensitive 

walkway (ProtoKinetics) 

65% 
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Study Task Children Young Adults Older Adults IIV Measure Equipment AXIS 

Score 

  N Mean age 

(range) 

N Mean age 

(range) 

N Mean age 

(range) 

   

Owings & 

Grabiner, 

2004b 

Gait NA NA 18 27.7±3.3 12 73.4±2.3 SD of step width step length, step time instrumented treadmill 

(Tredex) 

45% 

Owings & 

Grabiner, 

2004a 

Gait NA NA 18 27.7±3.3 12 73.4±2.3 SD of step length, step width, step time instrumented treadmill 

(Tredex) 

35% 

Prebor et al., 

2022 

Gait 15 13.1±2.3 15 23.2±4.2 15 66.5±3.2 CV & SD stride length, stride time, gait 

velocity 

pressure sensitive 

walkway (ProtoKinetics) 

 

70% 

Samulski et 

al., 2019 

Gait NA NA 15 23.2±4.2 15 66.5±3.2 SD of step rate, step length, step time, 

gait velocity 

pressure sensitive 

walkway (ProtoKinetics) 

 

65% 

Saucedo & 

Yang, 2017 

Gait NA NA 10 23.20±2.44 6 67.83±2.48 SD of stance phase, step length, step 

width 

3D motion capture on a 

treadmill (Vicon) 

 

70% 

Swanson & 

Fling, 2018 

Gait NA NA 14 24.4±3.6 15 72.3±5.7 CV of gait speed, stance, swing, cadence 

left, cadence right & left legs 

IMU (Opal) over a 

walkway 

 

65% 

Voss et 

al.,2020 

Gait 22 

 

28 

 

21 

 

30 

 

25 

5.47±0.51 

(5-6) 

7.41±0.50 

(7-8) 

9.50±0.51 

(9-10) 

12.09±0.83 

(11-13) 

32±2.14 

(14-21) 

36 24.41±1.57 

(22-30) 

NA NA CV of stride length IMU (Opal) over a 

walkway 

 

80% 

Woledge et 

al., 2005 

Gait NA NA 17 27.3±1.5 21 72.7±1.2 SD of step length, step width, step time 3D motion capture 

(CODA MPX30) over a 

walkway 

30% 

Zijstra, 2004 Gait NA NA 26 23.0  

(19–27) 

15 73.5 

(62-87) 

CV of step duration tri-axial accelerometer 

(Kristler) (2nd sacral 

vertebra) over ground 

55% 

Note.  Bold AXIS scores reflect high-quality, italicized AXIS scores reflect moderate-quality, un-bolded AXIS scores reflect poor-

quality; IIV intra-individual variability; YA young adults; OA older adults; SD standard deviation; CV coefficient of variation; 3D 

three dimensional; X no; √ yes; NA not applicable; < less than; > greater than; G&P Gait and Posture; JofB Journal of Biomechanics 

 

Table 1.  Study characteristics. 
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3.3.3.  Quality of the studies 

The AXIS quality appraisal summary scores and quality level specifications can be found 

in table 1.  Figure 4 shows the appraisal scores across the studies in chronological order from 

oldest to most recent.  Scores since 2007 remained relatively consistent.  The 34 studies included 

in this review met an average of 63% of the criteria, with a range of 30% to 80%.  Two were 

deemed high quality studies, 29 were deemed moderate quality, and three were deemed poor 

quality, all three published prior to 2007.  For the purpose of this descriptive review, the three 

poor quality studies, which examined gait performance, were retained in our results section.  Of 

the 20 AXIS questions, the most often met criteria (30 or more studies received credit) included:  

clear aims/objectives, study design appropriate for stated aim(s), risk factor and outcome 

variables measured appropriate to the aims, risk factor and outcome variable measured correctly 

using instruments/measurements previously trialed/published, basic data adequately described, 

results internally consistent, results for analysis described in methods were presented, and 

authors’ discussion and conclusion were justified.  The least often met criteria (less than 10 

studies received credit) included:  justification of the sample size, sample frame taken from an 

appropriate population base that closely represented the target population, selection process 

likely to select subjects representative of the target population, measures taken to address and 

categorize non-responders, response rate avoids concerns about non-response bias, and 

information about non-responders described.  Table 2 shows the AXIS questions with the 

number of studies meeting each criterion.  
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Note.  G&P Gait and Posture; JofB Journal of Biomechanics 

 

Figure 4.  Quality scores using the AXIS across all included studies in chronological order. 
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Question 

# of studies 

meeting 

criteria 

(out of 34) 

Introduction 

1 Were the aims/objectives of the study clear? 31 

Methods 

2 Was the study design appropriate for the stated aim(s)? 34 

3 Was the sample size justified? 6 

4 Was the target/reference population clearly defined? (Is it clear who the research was about?) 11 

5 Was the sample frame taken from an appropriate population base so that it closely 

represented the target/reference population under investigation? 

4 

6 Was the selection process likely to select subjects/participants that were representative of the 

target/reference population under investigation? 

7 

7 Were measures undertaken to address and categorize non-responders? 1 

8 Were the risk factor and outcome variables measured appropriate to the aims of the study? 34 

9 Were the risk factor and outcome variables measured correctly using 

instruments/measurements that had been trialed, piloted or published previously? 

32 

10 Is it clear what was used to determine statistical significance and/or precision estimates? (e.g., 

p-values, CI’s)? 

27 

11 Were the methods (including statistical methods) sufficiently described to enable them to be 

repeated? 

26 

Results 

12 Were the basic data adequately described? 32 

13 Does the response rate avoid concerns about non-response bias? 6 

14 If appropriate, was information about non-responders described? 1 

15 Were the results internally consistent? 33 

16 Were the results for the analyses described in the methods, presented? 32 

Discussion 

17 Were the authors’ discussions and conclusions justified by the results? 33 

18 Were the limitations of the study discussed? 25 

Other 

19 Were there any funding sources or conflicts of interest reported that may affect the authors’ 

interpretation of the results? 

24 

20 Was ethical approval or consent of participants attained? 30 

 

Table 2.  AXIS criteria checklist with the number of studies meeting each criterion. 
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3.3.4.  Measures of chewing IIV 

IIV was reported across the five chewing studies using either coefficient of variation 

(CV) or standard deviation (SD) of the spatiotemporal chewing variables evaluated.  Two studies 

solely reported CV while one solely reported SD.  The two remaining studies reported both CV 

and SD.  Chewing IIV measures incorporated in each study can be found in table 3 and measures 

are sorted by variable in table 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

6
0
 

Study 

 

Normalized Significant Age-

Related Differences 

IIV Measure Equipment 

Karlsson & 

Carlsson, 1990 

No YA < OA (CV) 

YA = OA (SD) 

CV of total cycle duration, mandibular opening duration, mandibular closing 

duration, mandibular occlusal level duration, mean mandibular velocity opening, 

mean mandibular velocity closing, maNoimum mandibular velocity opening, 

maNoimum mandibular velocity closing, mandibular displacement in opening, 

mandibular displacement in closing 

 

SD of total cycle duration, mandibular opening duration, mandibular closing 

duration, mandibular occlusal level duration, mean mandibular velocity opening, 

mean mandibular velocity closing, maNoimum mandibular velocity opening, 

maNoimum mandibular velocity closing, mandibular displacement in opening, 

mandibular displacement in closing 

 

3D optoelectical system 

chewing crispbread 

Karlsson et al., 1991 No YA= OA CV of total cycle duration, mandibular opening duration, mandibular closing 

duration, mandibular occlusal level duration, mean mandibular velocity opening, 

mean mandibular velocity closing, maNoimum mandibular velocity opening, 

maNoimum mandibular velocity closing, mandibular displacement in opening, 

mandibular displacement in closing, mandibular amplitude 

 

3D optoelectical system 

chewing crispbread 

Osterlund et al., 

2020 

No Children > YA CV of jaw amplitude 3D optoelectial system 

chewing gum 

 

Prebor et al., 2022 No Children = YA= OA 

 

CV & SD of chewing frequency electromyography sensors 

chewing gum 

 

Samulski et al., 

2019 

No YA < OA SD of chewing frequency electromyography sensors 

chewing gum 

 

Note.  Bold words reflect variability measure with identified statistically significant differences, whereas the un-bolded words reflect 

other measures collected that were not found to be statistically significantly different.  IIV intra-individual variability; YA young 

adults; OA older adults; SD standard deviation; CV coefficient of variation; 3D three dimensional; < less than; > greater than; = no 

significant age-related differences 

 

Table 3.  Chewing IIV results. 
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Chewing Variables Age-Related 

Differences 

No Age-Related 

Differences 

Spatial CV SD Total CV SD Total 

jaw/mandibular amplitude   1* - 1 - 1 1 

mean mandibular velocity opening 1 - 1 1 1 2 

mean mandibular velocity closing 1 - 1 1 1 2 

maximum mandibular velocity opening 1 - 1 1 1 2 

maximum mandibular velocity closing 1 - 1 1 1 2 

mandibular displacement opening 1 - 1 1 1 2 

mandibular displacement closing 1 - 1 1 1 2 

Totals 7 - 7 6 7 13 

Temporal CV SD Total CV SD Total 

chewing frequency - 1 1   1+   1+ 2 

total cycle duration - - - 2 1 3 

mandibular opening duration - - - 2 1 3 

mandibular closing duration - - - 2 1 3 

mandibular occlusal level duration - - - 2 1 3 

Totals - 1 1 9 5 14 

Note.  CV coefficient of variation; SD standard deviation; - no reports on; * one report on 

children and young adults; + one report on children, young adults, and older adults 

 

Table 4.  Number of studies reporting age-related differences or no age-related differences in 

IIV for individual chewing variables reported across all 5 included studies. 
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3.3.5.  Chewing methods and variables 

The data collection tools used in the chewing studies included a 3D optoelectical system 

(3 studies) and electromyography sensors (2 studies).  The boluses chewed included crispbread 

(2 studies) and chewing gum (3 studies).  The equipment utilized and boluses chewed are 

specified in table 1.  Normalization methods were not completed in any of the chewing studies. 

We found that the spatiotemporal chewing variables measured were wide-ranging across 

the five included studies, with no one measure more commonly reported than another.  Across 

the five chewing studies, seven different spatial variables were reported, which included: 

jaw/mandibular amplitude (2 studies), mean mandibular velocity in opening phase (3 studies), 

mean mandibular velocity in closing phase (3 studies), maximum mandibular velocity in opening 

phase (3 studies), maximum mandibular velocity in closing phase (3 studies), mandibular 

displacement in opening phase (3 studies), and mandibular displacement in closing phase (3 

studies).  Across the five chewing studies, five different temporal variables of chewing IIV were 

reported.  The temporal chewing variables reported were chewing frequency (3 studies), total 

chewing cycle duration (3 studies), mandibular opening duration phase (3 studies), mandibular 

closing duration phase (3 studies), and mandibular occlusal level duration phase (3 studies).  

Spatiotemporal chewing variables are listed in table 4. 

3.3.6.  Age-related differences reported for spatial variables of chewing IIV 

The number of studies reporting age-related differences versus no age-related differences 

in IIV of spatial chewing variables can be found in tables 3 and 4.  In examining IIV of spatial 

chewing variables, it was most common for studies to compare young adults to older adults, with 

only one study comparing children and young adults.  Overall, more studies found no age-related 

differences (n=13 variables) than age-related differences (n=7) in spatial chewing variables.    
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3.3.6.1.  Children versus young adults 

One study analyzed IIV of spatial chewing (i.e., jaw amplitude) variables between 

children and young adults and found that when chewing gum, children were more variable in jaw 

amplitude than young adults (Österlund et al., 2020).   

3.3.6.2.  Young adults versus older adults 

There was an almost even split in reports of age-related differences (1 study) versus no 

age-related differences (2 studies) in IIV of spatial chewing variables comparing young adults to 

older adults.  The  one report of significant age-related differences indicated older adults to be 

more variable than young adults when chewing crispbread for CV calculations of mean 

mandibular velocity opening, mean mandibular velocity closing, maximum mandibular velocity 

opening, maximum mandibular velocity closing, mandibular displacement opening, and 

mandibular displacement closing (Karlsson & Carlsson, 1990).  However, non-significant 

findings were also reported in two studies using CV and SD (Karlsson et al., 1991, CV; Karlsson 

& Carlsson, 1990, SD) for chewing crispbread in young adults versus older adults regarding 

these same spatial variables. 

3.3.6.3.  Children versus young adults versus older adults 

There have been no studies performed to date which have compared children, young 

adults, and older adults in the evaluation of IIV of spatial chewing variables.  

3.3.7.  Age-related differences reported for temporal variables of chewing IIV  

Across the five chewing studies, five different temporal variables of chewing IIV were 

reported.  No one temporal variable was reported more often than another.  Overall, all but one 

study identified no age-related differences (n=14 variables) compared to age-related differences 

in temporal chewing variables.  It was most common to compare young adults to older adults, 
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with only one study (Prebor et al., 2022) comparing children, young adults, and older adults for 

IIV of temporal chewing variables.  The number of studies reporting age-related differences 

versus no age-related differences in IIV of temporal chewing variables can be found in table 4.  

3.3.7.1.  Children versus young adults 

No studies evaluated IIV of temporal chewing variables between children and young 

adults. 

3.3.7.2.  Young adults versus older adults 

One study reported age-related differences in IIV of temporal chewing variables when 

comparing young adults to older adults (Samulski et al., 2019).  This study found that when 

chewing gum, older adults were more variable in chewing frequency than young adults.  The 

other three reports showed no age-related differences in temporal aspects of chewing variability 

between young adults and older adults when chewing crispbread and measuring total chewing 

cycle duration, mandibular opening duration, mandibular closing duration, and mandibular 

occlusal duration.  

3.3.7.3.  Children versus young adults versus older adults 

A singular study analyzed IIV of temporal chewing variables between children, young 

adults, and older adults and found that when chewing gum, there were no age-related differences 

in the variability of chewing frequency across the three age groups (Prebor et al., 2022). 

3.3.8.  Measures of gait IIV 

Gait IIV measures by study can be found in table 5 and measures by variable in table 6. 

Gait variability was reported across the 31 included studies using either CV or SD.  The number 

of studies reporting CV versus SD was almost evenly distributed at 17 and 16, respectively.  It 

should be noted that one study reported “normalized deviation” which was deemed CV from the 
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description of its calculation within the study’s methods (Kiss, 2010).  Therefore, “normalized 

deviation” was reported in this review as CV.  Two studies reported both CV and SD of gait 

parameters, of which one included young adults and older adults and one included all three age 

groups (i.e., children, young adults, older adults).   
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Study 

 

Normalized Significant Age-

Related Differences 

IIV Measure Equipment 

Abbruzzese et al., 2014 Yes 

 

Children > YA 

 

CV of step length, step time 

 

pressure sensitive walkway 

Almarwani et al., 2016 

(AofG&P) 

No YA < OA SD of step length, step width, 

stance time, step time, swing time, double support time 

 

pressure sensitive walkway 

 

Beauchet et al., 2009 No YA < OA CV of stride width, 

stance time, stride time, stride length, swing time 

 

pressure sensitive walkway 

Behrens et al., 2018 Yes 

 

YA = OA CV of stance time, step length, step time, stride length, swing time, 

single support time, double support time, gait speed 

 

photoelectric walkway 

Decker et al., 2016 NA YA < OA 

 

SD of step time, 

step length, step width 

 

3D motion capture on a treadmill 

Downey et al., 2022 No YA < OA 

 

CV of step duration shoe insole sensors on a treadmill 

Francis et al., 2015 

 

Yes 

 

YA = OA SD of step width, step length 3D motion capture on a treadmill 

Gimmon et al., 2018 No 

 

YA < OA CV stride time 3D motion capture on a treadmill 

Grabiner, 2001 Yes 

 

YA < OA 

 

SD of stride width, 

stride length, stride time, gait velocity 

 

pressure sensitive walkway 

Granacher et al.,2010 No YA = OA CV of stride length 

 

pressure sensitive walkway 

Granacher et al., 2011 No YA < OA 

 

CV of stride time, stride length, stride velocity pressure sensitive walkway 

Hausdorff et al., 1997 No YA = OA CV & SD of stance time, stride time, swing time, percent stance time footswitches placed in shoes over 

level ground 

Herssens et al., 2020 No YA < OA SD of step time, step length, step width, stride time, cadence, gait 

speed, double support time, single support time 

3D motion capture over a 

walkway 

Hollman et al., 2007 No YA < OA 

 

CV of stride velocity pressure sensitive walkway 

Ihlen et al., 2012 No YA < OA 

 

SD of step length, step width 

 

3D motion capture on a treadmill 

Kang & Dingwell, 2008 No YA < OA SD of stride time, step length 3D motion capture on a treadmill 

 

Kiss, 2010 No YA < OA "Normalized deviation" (CV) of step length, length of double support 

phase, cadence, length of stance phase 

instrumented treadmill 
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Study Normalized Significant Age-

Related Differences 

IIV Measure Gait 

Kobsar et al., 2014 No YA< OA CV of step time, stride time tri-axial accelerometer (at the 

level of the 3rd lumbar vertebrae) 

over a walkway 

Laurentius et al., 2022 No YA = OA CV of step length left, step length right, step time left, step time right, 

step width, stride length, stride time, cadence 

instrumented treadmill 

Lovden et al., 2008 No YA < OA SD of stride length, stride time, velocity, step width 3D motion-capture on a treadmill 

 

Menant et al., 2011 No YA = OA CV of step time tri-axial accelerometer (at the 

level of the sacrum) over a 

walkway 

Osoba et al., 2020 No YA < OA SD of stride length, stride width, stride time, stride velocity pressure sensitive walkway 

 

Owings & Grabiner, 

2004b  

Yes YA < OA SD of step length, step width, step time instrumented treadmill 

Owings & Grabiner, 

2004a 

NA YA = OA SD of step length, step width instrumented treadmill 

Prebor et al., 2022 Yes Children = YA= OA CV & SD stride length, stride time, gait velocity pressure sensitive walkway 

 

Samulski et al., 2019 No YA < OA SD of step rate, step length, step time, gait velocity pressure sensitive walkway 

 

Saucedo & Yang, 2017 No YA = OA SD of stance phase, step length, step width 3D motion capture on a treadmill 

 

Swanson & Fling, 2018 No YA < OA CV of gait speed, stance time, swing, cadence left, cadence right 

 

IMU over a walkway 

Voss et al.,2020 Yes Children > YA CV of stride length 

 

IMU over a walkway 

Woledge et al., 2005 No YA < OA SD of step length, step width, step time 3D motion capture over a 

walkway 

Zijstra, 2004 No YA < OA CV of step duration tri-axial accelerometer (at the 

level of the 2nd sacral vertebra) 

over ground 

Note.  Bold words reflect variability measure with identified statistically significant differences, whereas the un-bolded words reflect 

other measures collected that were not found to be statistically significantly different.  IIV intra-individual variability; YA young 

adults; OA older adults; SD standard deviation; CV coefficient of variation; 3D three dimensional; IMU inertial measurement unit; 

NA not applicable; < less than; > greater than; = no differences; G&P Gait and Posture; JofB Journal of Biomechanics 

 

Table 5.  Gait IIV results.
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Gait Variables Age-Related Differences No Age-Related Differences 

Spatial CV SD Total CV SD Total 

velocity/gait speed 3 3 6   2+   3+ 5 

step length   2* 6 8 1 5 6 

step length left - - - 1 - 1 

step length right - - - 1 - 1 

step width - 5 5 1 5 6 

stride length   2* 2 4   5+   2+ 7 

stride width 1 2 3 - - - 

Totals 8 18 26 11 15 26 

Temporal CV SD Total CV SD Total 

cadence/step rate 1 2 3 1 - 1 

cadence left 1 - 1 - - - 

cadence right 1 - 1 - - - 

step time/duration   4* 3 7 2 3 5 

step time left - - - 1 - 1 

step time right - - - 1 - 1 

stride time 3 4 7   4+   2+ 6 

swing time - - - 3 2 5 

double support time 1 - 1 1 2 3 

single support time - - - 1 1 2 

stance time 1 - 1 3 2 5 

percent stance time - - - 1 1 2 

length stance phase  - - - 1 - 1 

Totals 12 9 21 19 13 32 

Note.  CV coefficient of variation; SD standard deviation; - not reported; * one report on children 

and young adults; + one report on children, young adults, and older adults 

 

Table 6.  Number of studies reporting age-related differences or no age-related differences in 

IIV for individual gait variables reported across all 31 included studies. 
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3.3.9. Gait methods and variables 

The data collection tools used in the gait studies included the following: 

photoelectric/pressure sensitive walkways (11 studies), 3D motion capture systems (9 studies), 

shoe insole sensors (1 study), footswitches (1 study), instrumented treadmills (4 studies), tri-axial 

accelerometers (3 studies), and inertial measurement units (IMU’s) (2 studies).  The walking 

surfaces included over ground walkways (19 studies) and treadmills (12 studies).  The data 

equipment utilized, and walking surfaces are specified in table 5. 

Gait variables reported across studies are listed in table 6.  We found a variety of reports 

on spatiotemporal gait variables measured across the studies.  Five spatial gait variables 

included: velocity/gait speed (11 studies), step length (16 studies), step width (11 studies), stride 

length (11 studies), and stride width (3 studies).  Nine temporal gait variables reported across 

studies included: cadence/step rate (6 studies), step time/duration (14 studies), stride time (13 

studies), swing time (5 studies), double support time (4 studies), single support time (2 studies), 

stance time (6 studies), percent stance time (2 studies), and length of stance phase (1 study).  

3.3.10.  Age-related differences reported in spatial variables of gait IIV 

Overall, there were equal numbers of reports of significant age-related differences (n=26 

variables) versus no age-related differences (n=26 variables) across IIV of all reported spatial 

gait variables.  It was most common to compare young adults to older adults.  Only one study 

compared children and young adults (Abbruzzese et al., 2014) and another investigated IIV of 

spatial gait variables between children, young adults, and older adults (Prebor et al., 2022).  The 

number of studies reporting age-related differences versus no age-related differences in IIV of 

spatial gait variables can be found in table 6. 

 



70 
 

 

  

 

7
0

 

7
0

 

3.3.10.1.  Children versus young adults 

Two studies analyzed IIV of spatial gait variables between children and young adults. 

Abbruzzese and colleagues (2014) reported that normalized step length was more variable in 

children than young adults when walking over an instrumented walkway.  Voss and colleagues 

(2020) reported that children were more variable than young adults for normalized stride length 

when walking over a walkway using IMU’s.   

3.3.10.2.  Young adults versus older adults 

Twenty-one studies assessed IIV of spatial gait parameters in young adults and older 

adults.  For velocity/gait speed variability, six studies found that older adults were significantly 

more variable than young adults when: walking over an instrumented/pressure sensitive walkway 

(3 studies), on a treadmill with 3D motion capture (1 study), over a walkway with 3D motion 

capture (1 study), and over a walkway with IMUs (1 study).  Four other studies reported no age-

related differences while walking over an photoelectric/pressure sensitive walkway.  

Step length variability results were inconclusive, with seven studies finding older adults 

to be significantly more variable than young adults when walking on a pressure sensitive 

walkway (1 study), on a treadmill using 3D motion capture (2 studies), over a walkway with 3D 

motion capture (2 studies), and on an instrumented treadmill (2 studies).  Seven other studies 

found no age-related differences in step length variability between older and young adults over a 

photoelectric/pressure sensitive walkway (2 studies), on a treadmill with 3D motion capture (3 

studies), and on an instrumented treadmill (2 studies).  

Step width variability was almost evenly reported to have significant age-related 

differences (5 studies) versus no age-related differences (6 studies) between young adults and 

older adults.  Five studies reported significantly increased variability in step width for older 
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adults compared to young adults: when walking over a pressure sensitive walkway (1 study), 

over a walkway with 3D motion capture (2 studies), on a treadmill with 3D motion capture (1 

study), and on an instrumented treadmill (1 study).  Six studies found no age-related differences 

between young adults and older adults for step width variability when walking on an 

instrumented treadmill (2 studies) and on a treadmill with 3D motion capture (4 studies). 

Stride length variability was found to be significantly increased in older adults when 

compared to young adults in three studies when walking: over an instrumented/pressure sensitive 

walkway (2 studies) and on a treadmill with 3D motion capture (1 study).  No significant 

differences between young adults and older adults for stride length variability were reported in 

five studies while walking over a photoelectric/pressure sensitive walkway (4 studies) and on an 

instrumented treadmill (1 study). 

 For stride width variability, all three reports found older adults were significantly more 

variable than young adults when walking over an instrumented/pressure sensitive walkway.  

3.3.10.3.  Children versus young adults versus older adults 

One study evaluated IIV of spatial gait variables between children, young adults, and 

older adults (Prebor et al., 2022).  When walking over an instrumented walkway, there were no 

significant differences in the variability (IIV) of gait velocity and stride length between children, 

young adults, and older adults. 

3.3.11.  Age-related differences reported in temporal variables of gait IIV 

The most commonly reported temporal gait variables were step time (12 studies) and 

stride time (13 studies).  Overall, there were more reports of no age-related differences (n=32 

studies) versus age-related differences (n=21 studies) in IIV of all reported temporal gait 

variables.  Most studies evaluated young adults and older adults with only one study comparing 
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children and young adults (Abbruzzese et al., 2014) and another one assessing children, young 

adults, and older adults (Prebor et al., 2022).  The number of studies reporting age-related 

differences versus no age-related differences in IIV of temporal gait variables can be found in 

table 6. 

3.3.11.1.  Children versus young adults 

The singular study analyzing IIV of temporal gait variables between children and young 

adults found that normalized step time is more variable in children than young adults when 

walking over an instrumented walkway (Abbruzzese et al., 2014). 

3.3.11.2.  Young adults versus older adults 

 Twenty-three studies analyzed IIV of temporal gait variables between young adults and 

older adults.  Cadence/step rate was almost exclusively reported as older adults performing with 

significantly higher variability when compared to young adults (5 of 6 studies) when walking: on 

an instrumented treadmill (1 study), over an instrumented walkway (1 study), over a walkway 

with 3D motion capture (1 study), and with IMUs over a walkway (2 studies).  Only one study 

found no age-related differences between young adults and older adults in cadence variability 

when walking on an instrumented treadmill (Laurentius et al., 2022). 

  For step time/step duration variability, there were comparable numbers of reports of 

significant age-related differences (7 studies) versus no differences (5 studies).  The significant 

findings reported that older adults performed with more variability compared to young adults 

when walking on: an instrumented treadmill (1 study), a treadmill with 3D motion capture (1 

study), a treadmill with shoe insole sensors (1 study), with tri-axial accelerometers (at the level 

of the 3
rd

 lumbar vertebra; 2
nd

 sacral vertebra) over a walkway (2 studies), and a walkway with 

3D motion capture (1 study).  The non-significant findings for age-related differences in step 
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time/step duration variability between young adults and older adults were observed on: an 

instrumented treadmill (1 study), a walkway with 3D motion capture (1 study), an instrumented 

walkway (4 studies), and a walkway with tri-axial accelerometers (at the level of the sacrum) (1 

study). 

  Stride time variability had close to even findings of significant age-related differences 

between young adults and older adults (7 studies) versus no-age related differences (6 studies). 

The significant results reported that older adults were significantly more variable in stride time 

than older adults when walking over: a treadmill with 3D motion capture (3 studies), a walkway 

with 3D motion capture (1 study), a walkway with tri-axial accelerometers (at the level of the 3
rd

 

vertebra) (1 study), and an instrumented/pressure sensitive walkway (2 studies).  The non-

significant findings for stride time variability between young adults and older adults were 

observed on an instrumented treadmill (1 study), over an instrumented/pressure sensitive 

walkway (3 studies), and over a walkway with footswitches placed in the shoes (1 study). 

  Swing time variability (5 studies) and single support time variability (2 studies) were 

exclusively reported with no age-related differences between young adults and older adults.  

There was only one report of significant age-related differences in double support time 

variability, with older adults being more variable than young adults when walking on an 

instrumented treadmill.  The other three reports on double support time variability showed no 

differences in young adults and older adults when walking over a photoelectric/pressure sensitive 

walkway (2 studies), or over a walkway with 3D motion capture (1 study). 

  Stance time variability had one report of significant age-related differences, with older 

adults performing with more variability than young adults when walking over a walkway with 

IMUs (Swanson & Fling, 2018).  The other four studies that reported on stance variability 
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between young adults and older adults found no age-related differences when walking over a 

photoelectric/pressure sensitive walkway (3 studies), and over ground with footswitches placed 

in the shoes (1 studies).  No age-related differences were reported for percent stance time or 

length of stance phase when comparing young adults and older adults.  

3.3.11.3.  Children versus young adults versus older adults 

  The only study that had assessed IIV of temporal gait variables between children, young 

adults, and older adults found no age-related differences in normalized stride time when walking 

over a pressure sensitive walkway (Prebor et al., 2022).  

3.4.  DISCUSSION 

Chewing and gait represent complex motor activities that are essential to successful daily 

living.  Successful performance of these two motor activities varies across the lifespan for 

children, young adults, and older adults, when considering variability in movement attributes.  

This scoping review sought to discover what measures of chewing and gait IIV are commonly 

reported in the literature when comparing children, young adults, and/or older adults taking part 

in preferred performance of these motor tasks.  Second, we used a systematic review to identify 

any age-related differences in IIV of preferred chewing and gait performance when comparing 

children, young adults, and/or older adults.  We consider our findings first for gait and then for 

chewing. 

3.4.1.  Measures and Methods of Gait IIV 

Since 1997, a considerable body of research exists to examine IIV metrics for gait in the 

context of studies across the lifespan.  Our scoping review suggests that there is no consensus on 

which measure, CV (n=50 variables) or SD (n=55 variables), is most commonly utilized in 

reporting IIV of preferred gait performance.  While many studies report SD, especially for 
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spatial variables, a comparable number of studies use CV, especially when analyzing temporal 

gait variables.  

The data collection methods and spatiotemporal variables assessed across the studies 

addressing IIV of preferred gait performance were wide-ranging.  Therefore, it is difficult to 

determine a pattern of results for this review.  Some claim that instrumentation should have little 

to no interference with natural motor performance (Zijlstra & Hof, 2003).  This cannot be ruled 

out, however, as a variety of instrumentation and walking surfaces were employed across the 

included studies.  Treadmill walking or walking on an instrumented walkway may artificially 

modify gait patterns, resulting in differences in variability as it is less natural to walk on a 

treadmill than over ground walking (Cappozzo, 1981; Paterson et al., 2009; van Ingen Schenau, 

1980).  Most walking surfaces used in the included studies were over a walkway or on a 

treadmill.  Few studies were completed over ground.  

While no set of IIV metrics were used most often, it may be that certain variables are 

more optimal measures of IIV.  One way to consider that possibility is to examine variables that 

are sensitive to differences in aging.   

3.4.2.  Age-related differences reported in spatial variables of gait IIV 

3.4.2.1.  Children versus young adults and/or older adults 

While the evidence is limited, the included studies identified children to be more variable 

than young adults in normalized step length (Abbruzzese et al., 2014) and stride length (Voss et 

al., 2020).  In contrast, Prebor and colleagues (2022) reported no significant age-related 

differences in the variability of stride length between children, young adults, and older adults.  

Both step length and stride length parameters increase with height, so it would be expected that 

distinct differences would be observed between children and adults of any age, as children are 
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smaller in stature.  However, the reports in this review normalized to height, so we would not 

expect mean values to be different between children and young adults.  Nevertheless, our interest 

was specifically on variability of gait performance rather than mean performance where age-

related differences were observed in two of three studies despite normalization to height.   

Although there are conflicting reports on when mature gait patterns are achieved, 

somewhere between the ages of 3 and 11 years (Adolph et al., 2003; Froehle et al., 2013; 

Hausdorff et al., 1999; Ito et al., 2022; Sala & Cohen, 2013; Sutherland et al., 1997), gait 

variability continues to develop into adolescence (Hausdorff et al., 1999; Müller et al., 2013).  

Higher variability in step length and stride length in children when compared to young adults is 

possibly due to a lack of maturation of the neural control mechanisms required for gait stability 

(Ganley & Powers, 2005; Kraan et al., 2017; Kung et al., 2019; Lythgo et al., 2009, 2011; 

Sutherland et al., 1980).  Voss and colleagues (2020) identified an increase in variability in stride 

length to be highest in the youngest group of children, ages 5 to 6 years.  It may be postulated 

that gait maturation is ongoing throughout childhood in conjunction with the ongoing 

development of the musculoskeletal and neuromuscular systems resulting in increased IIV of 

step length and stride length.  

3.4.2.2.  Young adults versus older adults 

  The only spatial gait variable that consistently revealed age-related differences has been 

the IIV of stride width.  Several studies have reported  that older adults were more variable in 

terms of stride width than young adults when walking over an instrumented/pressure sensitive 

walkway (Beauchet et al., 2009; Grabiner et al., 2001; Osoba et al., 2020).  Stride width is 

determined by balance-control mechanisms which tend to decline with age (Era et al., 2006; 

Granacher et al., 2010).  Increased variability in stride width may be considered a compensatory 
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strategy to improve stability and, in turn, prevent falling in older individuals (Decker et al., 2016; 

Downey et al., 2022; Gabell & Nayak, 1984; Herssens et al., 2018a). 

  Even or close to even reports of age-related differences versus no age-related differences 

were compiled for IIV of velocity/gait speed, step length, step width, and stride length.  A lack of 

consistent age-related differences between young and older adults across the mentioned spatial 

gait variables may be due to the performance of walking at each individual’s preferred rate.  

Differences are more likely to be revealed outside of one’s normal range of movement (i.e., 

slower, or faster) than at a self-selected rate (Almarwani et al., 2016; Kim et al., 2017).  It may 

also highlight the lack of pathology in older adults and thus indicate increased variability does 

not occur in the normal aging process (Gabell & Nayak, 1984).  This adds evidence to support 

the idea that higher gait variability is likely to be the result of disease or dysfunction. 

3.4.3.  Age-related differences reported in temporal variables of gait IIV 

3.4.3.1.  Children versus young adults and/or older adults 

The available research comparing IIV of temporal gait variables across children, young 

adults, and/or older adults is sparse.  A singular study found that normalized step time is more 

variable in children (ages 7 to 10 years) than young adults (Abbruzzese et al., 2014).  One other 

study found no age-related differences between children (10 years and above), young adults, and 

older adults in normalized stride time (Prebor et al., 2022).  The discrepancies between the 

limited reports could be impacted by the age ranges of the children within the studies.  Reports 

on gait maturation are inconsistent, especially when it comes to temporal parameters (Dixon et 

al., 2014; Lythgo et al., 2009; Sutherland et al., 1980).  Thevenon and colleagues (2015) found 

that spatial gait parameters increased with increasing age while temporal parameters plateaued 

between the ages of 7 and 8 years.  Stabilized step time and stride time may not be achieved until 
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after the age of 10 years.  As children grow and learn, gait characteristics become more 

consistent (Adolph et al., 2003) with the maturation in neurological integration and sensorimotor 

feedback processing (Chau et al., 2005; Kobsar et azil., 2014).  However, the impact child 

development has on gait variability remains unclear. 

3.4.3.2.  Young adults versus older adults 

  It was almost exclusively reported (i.e., all but one study) that older adults are more 

variable in cadence/step rate when compared to young adults (Swanson & Fling, 2018; Kiss, 

2010; Herssesns et al., 2020; Samulski et al., 2019).  Only one study found no differences in IIV 

of cadence between the two groups (Laurentius et al., 2022).  Differences in gait speed may 

facilitate the association between temporal gait variability and age as older adults tend to walk 

slower than young adults (Callisaya et al., 2010; Gimmon et al., 2018).  The rest of the results 

compiled from the included studies for temporal gait variability between young and older adults 

also provided conflicting or non-significant results.  There were minimal or no differences 

reported (one or none) for IIV of swing time, double support time, single support time, stance 

time, percent stance time, or length of stance phase.  For IIV of step time/step duration and stride 

time variability, results were inconclusive with even or close to even findings of age-related 

differences versus no differences between young adults and older adults.  Conflicting results may 

be explained by the differences in methodology across walking tasks and instrumentation.  Non-

significant differences between the age groups are likely due to the walking task being performed 

at a self-selected pace.   

Overall, the research on age-related differences in spatiotemporal variables of gait IIV 

across children, young adults, and older adults is limited.  It is common to compare young adults 

and older adults, however, the results between these groups were inconclusive.  Our results 
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suggest that age-related differences in spatiotemporal parameters of gait IIV are most evident in 

stride width (spatial) and cadence/step rate (temporal).  Future studies should consider these 

variables when assessing age-related differences in gait variability using standardized protocols. 

3.4.4.   Measures and Methods of Chewing IIV 

Our extensive search of the literature found only five studies that examined measures of 

IIV for chewing across the lifespan.  There was no consensus across those studies on which 

variability metric, CV (n=22 variables) or SD (n=13 variables), is most commonly utilized when 

reporting IIV of preferred chewing performance.  

The data collection methods and spatiotemporal variables assessed across the five studies 

addressing IIV of preferred chewing performance also varied.  All of the included studies used a 

standardized bolus with either crispbread or chewing gum.  This facilitated reducing inter-

individual variations that can be caused by the volume, texture, and adhesiveness of the bolus 

being chewed (Anderson et al., 2002; Gibbs et al., 1982; Iwase et al., 2019; Kiliaridis et al., 

1991). Further variation was noted in that the five studies reported on seven measures of spatial 

properties of chewing and five measures of temporal properties of chewing.  Thus, no consistent 

methods were evident across studies. 

3.4.5. Age-related differences reported for spatial variables of chewing IIV 

3.4.5.1.  Children versus young adults and/or older adults 

There is limited research on spatial variables of chewing variability comparing children 

to young adults, and/or older adults.  The sole study identified in this review assessing IIV of 

spatial chewing variables in children and young adults found that 6-year-old children were more 

variable in jaw amplitude than young adults while chewing gum (Österlund et al., 2020).  Jaw 

movement in chewing is driven by masticatory muscles, occlusal contacts, temporomandibular 
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joints, and neuromuscular control (Hayasaki et al., 1998; Onozuka et al., 2003), all of which 

have noted differences in child development than in adulthood.  

Masticatory muscle strength in chewing is measured by bite force which plateaus 

between the ages of 4 to 6 years old (Le Reverend et al., 2014) and is not affected by increasing 

age through adulthood (Chong et al., 2016).  Therefore, it is unlikely that masticatory muscle 

strength per se would affect chewing variability between children, young adults, and/or older 

adults.  As orofacial structures grow, however, specific changes occur around the age of 6 years 

when primary dentition begins to transition to early-mixed dentition (Almotairy et al., 2018).  

Primary dentition results in a flat occlusal plane and decreased movement in the 

temporomandibular joints (Iwase et al., 2019).  Full mandibular growth is not attained until late-

mixed dentition, which occurs between the ages of 9–12 years (Almotairy et al., 2020; Kubota et 

al., 2010).  Children also exhibit immature oral fine motor control due to underdeveloped neural 

networks (Almotairy et al., 2020).  Neuromuscular control is required for the integration of 

sensorimotor information in chewing performance which could negatively impact jaw amplitude 

variability in children (Almotairy et al., 2020).  Although the research in this area is minimal, an 

increase in spatial chewing variability in children would be expected due to the combination of 

ever developing muscular, skeletal, and nervous systems when compared to young adults whose 

systems are fully developed (Almotairy et al., 2018; Iwase et al., 2019; Hayasaki et al., 1998; 

Kubota et al., 2010; Papargyriou et al., 2000).    

Likewise, of the studies included in this review, there are not studies that assessed 

temporal variables of chewing IIV between children and young adults.  There is only one study 

that reported temporal variables of chewing IIV across children, young adults, and older adults.  

The single study that has evaluated children, young adults, and older adults found no age-related 
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differences in chewing frequency when chewing gum at the person’s preferred rate (Prebor et al., 

2022).  This could be due to the standardized bolus (i.e., gum) and constraints of the study 

methods (i.e., verbal direction before chewing).  Although preferred chewing performance was 

completed without external cues in this study (i.e., without a metronome), there were no 

distractions (i.e., not watching a movie) for the participants while they chewed gum.  This could 

lead to more attention on the task resulting in more consistent performance.  Voluntary gum 

chewing (i.e., chewing while watching a movie/chewing while distracted) has been reported to 

be more variable than automatic gum chewing (i.e., chewing after being given an auditory cue) 

(Plesh et al., 1987).      

3.4.5.2.  Young adults versus older adults 

When comparing spatial variables of chewing IIV between young adults and older adults, 

the results obtained from the included studies were inconclusive.  Those studies that reported 

significant age effects in adults all used CV as the spatial IIV metric.  Yet, an equal number of 

CV variables along with all of the SD variables did not show significant age-related spatial 

chewing findings.  We may not see differences across healthy individuals, young and older 

adults, as the adult musculoskeletal system is fully developed.  On the other hand, significant 

age-related differences were reported between young adults and older adults in one study for 

mandibular velocity and displacement (Karlsson & Carlsson, 1990).  Healthy young adults and 

older adults may be structurally similar but differ in sensorimotor integration as there are age-

related changes in brain activity during chewing.  Chewing gum activates the primary 

sensorimotor cortex, supplementary motor area, insula, thalamus, and cerebellum which receive 

sensorimotor inputs from the orofacial structures (Nakamura & Katakura, 1995; Onozuka et al., 

2003).  In older adults (i.e., 65+ years), more activity has been observed in  the right prefrontal 
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area and less activity in the primary sensorimotor cortex, cerebellum, and thalamus when 

compared to young adults (Onozuka et al., 2003).  These distinct brain patterns have been 

associated with differences in chewing performance.  One proposal is that any increased chewing 

variability may be the result of weaker functional connectivity between the motor area and 

cerebellum in older adults (Lin, 2018).   

 Similarly, there is even less evidence of age-related differences in temporal variables of 

chewing IIV between young adults and older adults.  Only one study reported increased 

variability in older adults for chewing frequency when chewing gum.  Again, this could be due 

to differences in neuromuscular activity with poorer sensorimotor integration observed in older 

adults (Lin, 2018).  There needs to be more research in this area. 

Overall, the research on age-related differences in spatiotemporal variables of chewing 

IIV across children, young adults, and older adults is inconclusive and suggest that age-related 

differences are most likely for spatial compared to temporal metrics of IIV in chewing.  Future 

studies may want to consider IIV metrics when varying the bolus chewed, such as gum versus 

something like crisps or cookies whose characteristics place different demands during the 

chewing process, thereby tapping into physiological differences that may be evident in children 

and older adults. 

3.4.5.3.  Gait versus chewing comparison 

The overarching outcome of this review indicates a lack of resolution to the idea that 

children and older adults exhibit increased chewing and gait variability in preferred performance 

when compared to young adults.  There is minimal research in this area for chewing, as well as 

limited investigations comparing children to adult groups (i.e., young and older).  For both 

chewing and gait, the measures and methods utilized across all the included studies were 
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inconsistent.  This could have led to the varying results.  The most consistent findings were 

identified in gait variability between young adults and older adults.  It appears that young adults 

are more stable in stride width and cadence/step rate than older adults.  Inconsistent findings 

were determined for all spatiotemporal chewing variables and for both chewing and gait 

parameters that included child subjects.  

While chewing and walking are similar in some ways, they are also vastly different motor 

tasks.  Chewing and walking are both rhythmic motor skills thought to be initiated by CPG’s in 

the brainstem (Gillings et al., 1973; Lund & Kolta, 2006b; Westberg & Kolta, 2011) and spinal 

cord (MacKay-Lyons, 2002; Minassian et al., 2017), respectively.  The muscles involved in 

chewing receive bilateral neural input from both cortical hemispheres (Nordstrom et al., 1999), 

while the muscles involved in walking receive primarily unilateral input from the contralateral 

hemisphere (MacKay-Lyons, 2002).  The modulation of both rhythmic patterns is modified by 

peripheral feedback.  Oral motor movement patterns are largely influence by the sensory 

feedback from bolus being chewed (Bilt, 2011; Yamada et al., 2005).  The gross motor pattern of 

locomotion is impacted by sensory feedback from the terrain being walked over (Takakusaki, 

2013).  The ability to produce these movements is achieved early in life and is necessary for 

daily living.  Chewing is needed for nutrition and is the first phase in the swallowing process 

which is necessary for survival.  Walking is not necessarily needed for survival.  Chewing may 

be considered a more complex skill which may explain the lack of research on preferred 

performance variability across children, young adults, and older adults. 

3.4.6.   Limitations and future work 

While rigorous procedures were utilized in the completion of this review which was 

conducted in part by guiding documents for scoping reviews (Tricco et al., 2018) and systematic 
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reviews (Page et al., 2021), some limitations remain.  In an attempt to fully constrain the search 

to studies meeting the specific inclusion criteria, some titles may have been missed as many titles 

do not specify age groups or variability measures.  There are other terms that are used to report 

variability, including consistency and stability, which were not used in the literature search for 

this review.  These terms were eliminated as they are not necessarily synonymous in reporting 

IIV.  Another limitation of this review is that the researchers were native English speakers which 

required the removal of studies in other languages that were identified in the search including 

Polish, Spanish, and Japanese.  

The overall quality of the included studies was moderate to high, with only three lower 

quality gait studies included in the review.  Given that we identified a considerable number of 

gait studies in our search, the influence of those three lower quality studies is minimized.  When 

looking across time, the overall quality of studies reporting IIV of chewing and gait has 

improved slightly, especially since 2007.  Our quality appraisal tool indicated that the greatest 

weaknesses noted among the cross-sectional studies was in the participant sampling methods.  

Future studies should improve in reporting the justification of the sample size chosen, use 

sampling methods other than convenience samples, better describe the target population, and 

specify the inclusion and exclusion criteria.  Researchers also need to improve on reporting 

participant characteristics and information on non-responders.  

This review did not report on the quantitative data from the included studies which could 

offer additional insight into the inconsistent significant/non-significant results reported across the 

included studies.  It would be beneficial in the future to complete a meta-analysis along with this 

review.  It should also be noted that normalization methods for chewing were not discussed in 

any of the included studies.  Although all of the gait studies that assessed children used 
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normalization methods, most of the studies assessing young adults and older adults did not.  This 

is an area that requires improved reporting across the literature on chewing and gait performance.  

Due to the wide variety of data collection methods, the findings of this review may not 

capture the full scope of differences between children, young adults, and older adults in 

spatiotemporal gait variability.  It may be beneficial to analyze differences across treadmill 

walking, instrumented walkway walking, and over-ground walking to determine if this has an 

effect on preferred gait performance across development and aging.  Likewise, it may be useful 

to analyze the consistency of the chewing bolus for variability influences. 

3.5.  CONCLUSION 

The overall findings of this review do not universally support the perspective that during 

childhood and older adulthood, increased variability of performance is observed in comparison 

to young adulthood for preferred chewing and gait performance as evidenced by the 

discontinuity of the results across the included studies.  The available research is insufficient 

with only one identified study that assesses variability of these motor tasks across children, 

young adults, and older adults.  Chewing variability across multiple age groups has been 

minimally explored.  Gait variability has been most frequently examined between young adults 

and older adults with few studies comparing children with these two age groups.  Taken together, 

more research is needed to document differences in variability of preferred chewing and gait 

performance across children, young adults, and older adults and to identify optimal methods for 

documenting differences in variability. 
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CHAPTER 4 

PATTERNS OF MOVEMENT PERFORMANCE AND CONSISTENCY FROM 

CHILDHOOD TO OLD AGE 

4.1.  INTRODUCTION 

General motor function tends to follow a predictable pattern from infancy through to old 

age in healthy individuals.  Typically, optimal movement performance is observed in young 

adulthood, reflecting the full development of the neuromuscular system and the attainment of 

fundamental skills through practice and learning (Kiliaridis et al., 1991; Newell et al., 2001; 

Seidler et al., 2010).  In contrast, children and older adults tend to exhibit slower movements 

with increased variability in their responses (Bielak et al., 2010, 2014; Fagot et al., 2018; 

Williams et al., 2005).  While both children and older adults may exhibit a similar pattern of 

slowness and inconsistency in movement performance, the underlying processes driving these 

changes are not the same.  For children, the typical process of maturational growth is primarily 

responsible for the observed responses as these individuals are continuously practicing and 

acquiring motor skills, becoming more proficient as their nervous system and muscles develop 

(Hadders-Algra, 2018).  For older adults, there is marked atrophy in many of the physiological 

systems fundamental to movement performance which often underlies the patterned slowing of 

movement performance (Lipsitz & Goldberger, 1992; Vaillancourt & Newell, 2002; Wu & 

Hallett, 2005; Seidler et al., 2010).   

Loss of consistency of performance has also been viewed as a marker of changes in the 

neuromuscular system.  This inconsistency can be assessed across different time scales, from 

trial-to-trial through to day-to-day or month-to-month (Hultsch et al., 2002).  Typically, within-

person (intra-individual) variability measures assess the variations in motor performance over 
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multiple serial movement productions.  Assessing intra-individual variability of a task can allow 

us to further explore motor learning (McAuley et al., 2006), decline (Stergiou & Decker, 2011), 

and dysfunction (Morrison & Newell, 2019), which may aid in the identification of differences 

across age groups and between typical and atypical populations (Fagot et al., 2018).  Intra-

individual variability measures have been commonly employed for assessing age-related changes 

in simple reaction times, demonstrating that children and older adults produce slower simple 

reaction times and are more variable in their performance than young adults (Bellis, 1933; 

Dykiert et al., 2012a; Fagot et al., 2018; Vieluf et al., 2017; Williams et al., 2005).  Further, 

when individual reaction time values are plotted across the lifespan, a U-shaped curve is often 

observed with higher (slower/more variable) values in childhood, lower (faster/less variable) 

values in young adulthood, and higher (slower/more variable) values in older adulthood 

(Williams et al., 2005).  While this pattern has been observed within reaction time tasks, there 

are limited reports across a variety of commonly produced motor tasks, such as chewing, 

walking, and balancing.  

 The purpose of this investigation was to identify differences in both the average responses 

and consistency (i.e., intra-individual variability) for chewing, reaction time, gait, and postural 

control tasks for children, young adults, and older adults.  It is important to identify general 

motor function across age groups to have baseline findings for comparison in future reports on 

the individual tasks to identify possible declines or dysfunction.  Since the tasks targeted in this 

study are those completed in everyday activities, they are used to determine general motor 

function.  It was predicted that the movement performance for the chewing, simple reaction time, 

and walking tasks would be slower for children and older adults when compared to the young 

adults and that children and older adults would produce more postural sway in the standing 
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balance task.  In addition, it was of interest to assess the relation between age and intra-

individual variability responses for the chewing, simple reaction time, gait, and balance tasks.  

We anticipated that the children and older adults would be more variable across all movement 

responses than young adults.  It was predicted that a U-shaped relation would be found for all 

these measures with quicker performance levels and greatest consistency being found in the 

young adults.  

4.2.  METHODS 

4.2.1.  Participants 

Participants were recruited through word of mouth and recruitment posters placed on 

university notice boards around campus.  Fifteen typically developing children (average age 13.1 

+ 2.3 years), 15 healthy young adults (average age 23.2 +4.2 years), and 15 healthy older adults 

(average age 66.5 + 3.2 years) volunteered to participate in this study.  An a priori power 

analysis was conducted using G*Power version 3.1.9.4 (Faul et al., 2007) to estimate the 

necessary sample size to determine interactions.  Per Cohen’s criteria (Cohen, 1988), effect sizes 

can be interpreted as small (d=0.2), medium (d=0.5), and large (d=0.8).  Estimates for effect size 

were based on data from Samulski et al., (2019, 2020) (N=15; d=0.7).  An effect size of d=0.7 

was used to calculate the necessary sample size for both main effects (between and within), as 

well as interactions.  With an alpha level of .05 and power of 0.95, the minimum sample size 

needed with this effect size would be 27 participants for a repeated-measures, mixed 

ANOVA.  Inclusion criteria included the ability to walk 25 feet without aid and stand unassisted.  

Exclusion criteria included any diagnosed neurological disorders, impairments in cognition, 

proprioception deficits, uncorrected vision impairments, or a history of neuromuscular 

injury/damage that could influence performance.  Additionally, all individuals were screened for 
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and reported no evidence of any dental devices at the time of the assessments.  Adult individuals 

completed informed consent prior to participation in the study.  For the children, informed 

parental consent was obtained, as well as child assent, prior to involvement in the study.  

Demographic data related to height, weight, limb preference, and preferred chewing side were 

also collected.  All procedures were approved by the University Institutional Review Board.  

4.2.2.  Experimental Design 

Each participant attended the laboratory facility for a single session.  The following 

motor tasks were performed:  chewing, simple reaction time, gait, and postural control.   

4.2.2.1.  Chewing 

To assess chewing rate, participants chewed one piece of Trident
®
 spearmint gum (Prebor 

et al., 2021; Samulski et al., 2019, 2020; Wintergerst et al., 2008) on their preferred (self-

selected) chewing side.  Participants were asked to chew on the preferred chewing side 

throughout data collection.  All chewing tasks were performed while seated.  Participants 

performed three 30 second trials of chewing at their preferred speed.  To record individual 

chewing rates, a single wireless EMG sensor (Delsys Inc, Boston, MA) was attached to the face 

on the masseter muscle of their preferred chewing side and recorded using a Delsys Trigno 

system (Delsys Inc., Boston, MA) at a sample rate of 1500 Hz.  The EMG data from the masseter 

muscle were processed and analyzed using Matlab version 7.0 (MathWorks R14).  All EMG data 

were down sampled to 1000 Hz, rectified, then filtered using a second-order low-pass 

Butterworth filter (cut-off frequency 400 Hz).  In addition, a linear envelope of the EMG signal 

was attained using a low pass filter set at 20 Hz.  The mean chewing rate was calculated using 

the total number of chews over the 30 second trial and intra-individual variability across the 
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trials for each individual were calculated using the 3 standard deviation (SD) and coefficient of 

variation (CV) values (Batterham et al., 2014).   

4.2.2.2.  Simple Reaction Time 

A modified computer mouse attached to a timing switch button was used to assess 

reaction time.  Individuals were required to depress the mouse button with the index finger of 

their preferred hand as quickly as possible in response to a visual stimulus.  Each person 

completed five practice trials followed by 20 recorded trials.  Prior to analysis, reaction time data 

were trimmed by eliminating trials which were 150 ms or less (Bauermeister et al., 2017).  A 

total of eight trials (<5% of data) were eliminated by this process and replaced by the mean 

reaction time over the remaining trials as per previous research (Bauermeister et al., 2017).  The 

mean and intra-individual variability (SD and CV) values over the 20 reaction time trials for 

each person were calculated.   

4.2.2.3.  Gait 

 Each person’s gait was assessed by having them walk over ground along a 30-foot 

walkway at their self-selected, preferred pace.  Four walking trials were collected.  A 20-foot 

Protokinetics pressure sensitive walkway (Protokinetics, LLC) was used to collect spatio-

temporal data related to walking performance.  This data was sampled at 150 Hz and processed 

using the Protokinetics PKMAS software (ProtoKinetics, LLC).  Gait measures were normalized 

for participant height and the mean and intra-individual variability (SD and CV) values for gait 

velocity, stride length, and stride time across trials for each individual were calculated.   

4.2.2.4.  Postural control 

Individuals stood on a force plate (Model BP5050, Bertec Inc., Columbus, OH) with their 

eyes open and their arms by their sides to assess postural control.  Center of pressure (COP) data 
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was sampled at 100 Hz and filtered using a second-order low-pass Butterworth filter (cutoff 

frequency 50 Hz).  The average and intra-individual variability (SD and CV) values for total 

COP path length, COP velocity, COP area, and maximal COP excursion in the mediolateral 

(ML) and anterior-posterior (AP) directions across trials for each individual were calculated.  

COP data were collected for three 30 second trials.  All COP data were processed using 

algorithms written using Matlab (MathWorks R14).  

4.2.3.  Data Analysis 

A generalized linear model was used to examine the effect of age group (i.e., children, 

young adults, and older adults) on the mean and intra-individual variability (SD and CV) for the 

selected independent measures related to the chewing, simple reaction time, gait, and postural 

control tasks.  The generalized linear model design was performed with the GLM procedure 

within SAS statistical software (v 9.3, SAS Institute Inc., NC), with the risk of Type I error set at 

p<0.05.  Where a significant main effect was determined, planned contrasts were performed 

using one-way ANOVA’s to identify which age group(s) were different from the others.   

In addition, regression analysis was performed to examine whether there was any 

association between each person’s age (i.e., regressor) and their performance of the chewing, 

simple reaction time, walking, and postural control tasks.  For this analysis, mean and intra-

individual variability (SD and CV) values related to preferred chewing rates, simple reaction 

times, gait (i.e., velocity), and postural control (path length) were used.  This analysis was 

performed using SAS statistical software (v 9.3, SAS Institute Inc., NC), with the risk of Type I 

error set at p<0.05.    

This study was not preregistered.  Study data, materials, and analysis code are stored on a 

password protected server under management of the first author. 
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4.3.  RESULTS 

4.3.1.  Chewing rates  

The average chewing rates for the children, young adults, and older adults were 

1.27+0.18 Hz, 1.13+0.11 Hz, and 1.17+0.06 Hz respectively.  A significant main effect for age 

group was found between the three groups for the mean chewing rates (F2,43=3.28; p=0.047) with 

planned contrasts revealing that the children chewed at a faster rate than the young (p=0.015) and 

older adults (p=0.042).  No significant differences in the average chewing rates were observed 

between the young and older adults.  Further, no significant difference was found for either intra-

individual variability measures (SD and CV) of chewing rates between the three groups.  Figure 

5 (top) shows the average chewing rates and intra-individual variability of chewing rates across 

the age groups. 

The results of the regression analysis revealed a significant relation between age and the 

mean chewing rates (r
2
=0.19, p=0.011) although no significant relation was found between age 

and the intra-individual variability of the chewing rates.  The means and intra-individual 

variability values of the chewing rates for all individuals as a function of increasing age with the 

corresponding regression lines are shown in figure 5 (bottom). 
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Figure 5.  Plots depicting average chewing rates and IIV of chewing rates (top) across age 

groups.  Error bars represent one SE of the mean.  Scatter plots (bottom) are also shown for the 

relation between the average and IIV (SD) of chewing rates and age.  Regression lines depicting 

the pattern of change in average and IIV of chewing rates as a function of the age of the 

individuals assessed are also shown. 
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4.3.2.  Simple reaction time 

A significant main effect for age group was found for average simple reaction times 

(F2,42=3.23; p=0.049) with planned contrasts revealing that the reaction times for the young 

adults were significantly faster than the children (p=0.019).  No significant age group differences 

were found for either of the intra-individual variability measures (SD and CV) for the reaction 

times.  Figure 6 (top) illustrates the average reaction times and intra-individual variability of the 

reaction times across the age groups.   

Regression analysis revealed a significant relation between mean reaction time and age 

(r
2
=0.23, p=0.008) although no significant relation was found between age and the intra-

individual variability of the reaction time values.  The pattern of change in the average and intra-

individual variability of reaction times for all individuals as a function of increasing age are 

shown in figure 6 (bottom).   
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Figure 6.  Plots depicting average reaction times and IIV of reaction times across age groups 

(top). Error bars represent one SE of the mean.  Scatter plots (bottom) depicting the average and 

IIV (SD) of reaction times with increasing age from childhood to young adulthood to older 

adulthood.  Regression lines depicting the pattern of change in the average and IIV of reaction 

times as a function of the ages of the individuals assessed are also shown. 
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4.3.3.  Gait 

The results of this analysis revealed no significant age-group effect for the mean or intra-

individual variability (SD and CV) of the normalized gait measures.  Similarly, the results of the 

regression analysis for both the average and intra-individual variability of the gait measures was 

non-significant (all r
2
 values < 0.06).  Figure 7 (top) illustrates the means of the normalized gait 

velocity and intra-individual variability of gait velocity across the age groups. 



97 
 

 

  

 

9
7

 

9
7

 

 

Figure 7.  Plots depicting differences in normalized gait velocity (mean and IIV-top) and path 

length (mean and IIV) across the age groups.  Error bars represent one SE of the mean.   
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4.3.4.  Postural control 

For the mean postural sway measures, the results of this analysis revealed significant age 

effects for path length (F2,43=4.95; p=0.018), COP Area (F2,43=4.15; p=0.022), maximal COP AP 

excursion (F2,43=6.61; p=0.003), and maximum COP velocity (F2,43=4.55; p=0.016).  Planned 

contrasts demonstrated that, for path length, the young adults swayed less overall compared to 

the older adults and the children.  Figure 7 (bottom) shows mean path length across the age 

groups. Further, the young and older adults showed significantly lower COP area, maximal COP, 

and maximal COP velocity measures compared to the children (all p’s<0.05).   

For the variability measures, a significant age group effect was only found for the SD of 

path length (F2,43=3.29; p<0.047) and maximal COP velocity (F2,43=3.34; p<0.045) with the 

young adults being more consistent (less variable) over trials compared to both the older adults 

and the children for both measures (all p’s<0.05).  No significant differences in the CV of the 

COP measures were observed.  Figure 7 (bottom) illustrates path length and the intra-individual 

variability of path length across the age groups. 

The results of the regression analysis revealed significant relations between age and path 

length (r
2
=0.26, p<0.05), COP area (r

2
=0.22, p<0.05), and mean COP velocity (r

2
=0.23, p<0.05).  

All relations could be broadly described as following a U-Shaped pattern.  No significant 

relations were found between any of the intra-individual variability of postural sway measures 

and age.  Figure 8 illustrates the pattern of change in the average and intra-individual variability 

of path length, COP area, and COP velocity for all individuals as a function of increasing age.   
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Figure 8.  Scatter plots depicting the average and IIV (SD) of the balance measures (i.e., path 

length, COP area, and COP velocity) with increasing age from childhood to young adulthood to 

older adulthood.  Regression lines depicting the pattern of change in the average and IIV of path 

lengths, COP areas, and COP velocities as a function of the ages of the individuals assessed are 

also shown. 
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4.4.  DISCUSSION 

  This study was designed to assess how the performance of selected motor tasks (i.e., 

chewing, simple reaction time, walking, and postural control) changed as a function of increasing 

age from childhood through older adulthood.  In particular, we were interested in the effect of 

increasing age on the average and consistency (as measured by within-individual variability) of 

the motor performance.  We predicted that the movements of the children and older adults would 

be characterized by slower and more variable motor performance when compared to the young 

adults across all tasks assessed.  However, the results did not totally align with our initial 

predictions.  Our results demonstrated that children chew faster than adults (both young and 

older), children produce slower reaction times than young adults, and young adults sway less and 

are more consistent in postural control measures than children and older adults.  We found no 

differences between the age groups for normalized gait measures.  

4.4.1.  Age-related differences in motor function 

      It is well established that motor function tends to change across an individual’s lifespan 

with individuals at either end of the age spectrum (i.e., children and older adults) exhibiting 

decreased performance in comparison to young adults (Der & Deary, 2006; Fox et al., 2014; 

Takahashi et al., 2003; Tamnes et al., 2012).  The results of the current study revealed a number 

of age-related differences in motor performance worth highlighting.  One assumption is that the 

typical process of aging is commonly associated with slowing of motor responses (Morrison & 

Newell, 2017).  The results of the simple reaction time data followed this pattern, with the 

children and older adults being significantly slower than the young adults.  However, no age-

related differences were observed for normalized gait speed while the chewing rates for the 

children and older adults were faster than for the young adults.   
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  At first glance, these results may seem contradictory but there were important differences 

in the task goals.  For both the chewing and gait tasks, individuals were instructed to perform 

these at their preferred pace, whereas the simple reaction time task was performed “as fast as 

possible”.  This task designation is critical given that many of the changes seen with aging affect 

the upper limits of performance, a feature which has been collectively referred to as a loss of the 

fast time scales (Newell et al., 2001, 2009).  In this context, the typical process of aging is 

characterized by a decline in function which can negatively impact movement performance.  

Particularly, those physiological processes responsible for generating maximal outputs (e.g., 

speed of movement, maximal strength, maximal force), are differentially affected by aging.  For 

example, within the neuromotor system there is often age-related atrophy and remodeling of fast 

twitch motor units resulting in increases in the variability of motor unit firing and a decline in the 

number of alpha motor neurons (Deschenes, 2011; Machek, 2018; Marmon et al., 2011; Piasecki 

et al., 2016; Tudoraşcu et al., 2014).  The combined effect of these changes is a reduction in 

muscle function, decreased strength which ultimately affects the movement capability of the 

older adult (Bohannon, 2019; Enoka et al., 2003), especially for those tasks requiring maximal 

outputs (Badawi & Nishimune, 2020).   

The slower reaction times responses for the children and older adults may reflect 

differing speed-accuracy priorities (Salthouse, 1979).  Previous research has demonstrated that 

older individuals tend to adopt strategies where accuracy of the selected movement is 

emphasized over speed.  Similarly, younger adults and children perform the movement faster.  

For younger children, their relative stage of motor development can also impact the strategy 

selected and, hence, the overall speed of movement (Siegler, 1994; Tamnes et al., 2012; van 

Geert & van Dijk, 2002).  In many situations, children will adopt multiple, different strategies 
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through their individual learning processes, leading to more variable actions as children and 

adolescents continually learning and acquire new skills through trial and error (Doyon et al., 

2003; Magallón et al., 2016).   

  The basis for many of the changes in motor function between the three groups can also be 

attributed to age-related differences in CNS function.  Neuroimaging studies have identified 

differences in cortical activation with children, young adults, and older adults when completing 

motor tasks (De Guio et al., 2012b; Seidler et al., 2010).  For example, children exhibit more 

extensive cortical activation when performing simple tasks such as rhythmical finger tapping 

when compared to young adults (De Guio et al., 2012b).  While both children and young adults 

demonstrate similar patterns of activity across the various motor areas of the cerebral cortex and 

cerebellum, the level of activity in the primary sensorimotor cortex is increased for children 

compared to young adults (Turesky et al., 2018).  These differences in cortical activity have been 

proposed to reflect reduced efficiency and automaticity in the cerebrum of children due to a still-

developing motor system (Casamento-Moran et al., 2018; De Guio et al., 2012).   

  Older adults also exhibit changes in cortical activation although the reasons for  any 

differences are largely due to both the atrophy of the white and grey matter within motor control 

regions and degeneration of important neurotransmitter systems such as the dopaminergic system 

(Seidler et al., 2010).  Indeed, several studies have linked changes in motor performance to 

decline in grey matter volume (Kennedy & Raz, 2005; Rosano et al., 2008) and white matter 

integrity (Fjell et al., 2011; Mella et al., 2013; Sullivan et al., 2009, 2010; Zahr et al., 2009).  

Interestingly, increased variability of movement performance (as measured by intra-individual 

variability) has been linked with white matter quality in that better quality is associated with 

decreased variability  (Fjell et al., 2011; Mella et al., 2013; Sullivan et al., 2009, 2010; Zahr et 
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al., 2009).  It has also been reported that consistency of movement responses increases with the 

maturity of grey matter connectivity (Tamnes et al., 2012) indicating less connectivity in 

childhood.  The prefrontal areas, which play a significant role in movement performance, are 

also affected by the typical process of aging.  These areas are the last to reach maturation and the 

first to atrophy with aging which is consistent with the “last in, first out” hypothesis of brain 

development (Webb et al., 2001).  This may partially explain the similar motor performance in 

children and older adults for simple reaction time and postural control tasks in that neuromotor 

function yields performance which is less than optimal in development and again in aging.  The 

brain regions that develop last are the first to decline which may be one component in a motor 

performance pattern indicative of a U-shaped curve across the lifespan (Bartzokis et al., 2001; 

Craik & Bialystok, 2006; Salat et al., 2004; Webb et al., 2001), a view that is partially supported 

by our results.   

4.4.2.  Chewing patterns across the lifespan 

Not all of the motor tasks completed in this study synced together as expected as both the 

older adults and children chewed at faster rates than the young adults (although only the result 

for the children was significantly different).  Interestingly, this was the only motor task assessed 

in this study where young adults exhibited slower average movement speeds compared to the 

other two age groups.  This finding differs from our original prediction in that chewing rates for 

children would follow an inverted U-shape due to children and older adults chewing at slower 

rates than younger adults.  One possible explanation is that oral motor skills show an alternative 

pattern of development and are differentially subject to aging effects.  This may be due 

anatomical immaturity of the orofacial structures which occurs in puberty and post-puberty 

(Almotairy et al., 2018; Frank et al., 2019).  In a 6-year longitudinal study of chewing kinematics 
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in children, those who were smallest at baseline exhibited a greater decrease in opening velocity 

at the jaw than older more developed children (Papargyriou et al., 2000).  Further, mature 

chewing patterns have been identified in puberty and post-pubertal years with optimal 

performance (i.e., maximal bite forces, coordinated movements, decreased variability) occurring 

in young adults (Almotairy et al., 2018; Frank et al., 2019).  In adults, jaw kinematic analyses of 

chewing cycles have been commonly compared in children to young adults (Kiliaridis et al., 

1991) and young adults to older adults (Karlsson et al., 1991) with most studies using various 

food items.  Taken together, it seems reasonable to speculate that developmental processes 

underlie the significantly faster chewing rates for children compared to the young and older 

adults.  It may be that as the orofacial structures grow, chewing movements slow down to a 

functional speed that affords greater precision in chewing actions and that this pattern remains 

relatively constant as individuals age.   

4.4.3.   Limitations and future work 

This study is not without limitations.  Although our focus was to examine age-related 

changes in motor function, the study was cross sectional and we were only able to collect data 

from individuals within specific age ranges (i.e., children, young adults, and older adults).  To 

more completely assess how motor function changes across the full spectrum of the lifespan, 

future research should be expanded to include a continuum of persons across age ranges and 

motor tasks.  For example, children younger than 10, middle aged adults, and older adults over 

75 could be incorporated in future lifespan studies.  Similarly, the degree of maturation from the 

youngest to oldest may be of concern since this may vary based on participants’ activity levels 

and maturation levels.  While the individuals in this study were not athletes, they were physical 

active as determined through self-report. 
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  Another potential limitation within the current study design was that we did not 

specifically address differences due to biological sex.  Although several studies examining 

changes in motor function across the lifespan have also not specifically addressed differences 

between males and females (Fagot et al., 2018; Ludwig et al., 2020; Mcauley et al., 2006; 

Williams et al., 2005), biological sex has been previously identified as a mitigating variable in 

performance for reaction time (Der & Deary, 2006; Dykiert et al., 2012b).  While this is an 

important issue to examine, for our current study, we did have sufficient participants within each 

age group to address it.    

  Within our statistical design, we used quadratic regression analysis to examine the 

relation between age and motor performance.  Although this approach has been commonly used 

in other studies (Li et al., 2018; Luo et al., 2019; Maruta et al., 2017; Mella et al., 2016; Rafiei & 

Rahnev, 2021; Williams et al., 2005), a recent technical report by (Simonsohn, 2018) outlined 

concerns over the mathematical appropriateness of this approach.  As such, this practice should 

be noted as a potential limitation.     

4.5.  CONCLUSION 

  This study provides further insight as to the consistency and variability of movement 

patterns in healthy individuals from childhood through to old age.  In general, the results 

followed our initial predictions with the motor performance of the young adults being quicker 

(during the simple reaction time) and more consistent (in postural sway) compared to the 

children and older adults.  Additionally, for these two tasks, the pattern of change across the 

three groups followed a similar pattern revealing a U-shaped curve of performance across the age 

groups.  In contrast, walking did not follow our pattern prediction with normalized gait measures 

revealing no differences between the children, young adults, and older adults.  Similarly chewing 
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followed an opposing pattern with the older adults and children chewing at faster preferred rates 

than the young adults.  Overall, the results support that movement performance changes as a 

function of age with children and older adults producing slower and more variable movements 

than the younger adults. The overarching patterns seen in children and older adults most likely 

reflect changes in physiological function changes related to growth and development (in 

children) and typical age-related declines.   
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CHAPTER 5 

CHEWING ENTRAINS CYCLICAL ACTIONS BUT INTERFERES WITH DISCRETE 

ACTIONS IN CHILDREN 

5.1.  INTRODUCTION 

Chewing is a fundamental motor skill that is acquired early in the developmental process. 

It is broadly defined as a cyclical oscillatory action often performed with the primary goal of 

breaking down food for safe ingestion (Le Reverend et al., 2014).  The general pattern of 

chewing is believed to be driven by neural oscillators (also referred to as central pattern 

generators, CPGs) located within the reticular formation of the brainstem (Gillings et al., 1973; 

Westberg & Kolta, 2011).  The development of chewing has been widely examined with the 

general view that infants begin to chew around 6 months of age and achieve functional chewing 

skills by the age of 3 years (Cichero, 2017).  This skill is enhanced with orofacial growth and 

continued exposure to various food consistencies throughout childhood into adulthood (Kubota 

et al., 2010; Almotairy et al., 2018).  While there is a general appreciation of the basic mechanics 

and development of chewing per se, less is known about how chewing dynamics change as a 

function of increasing chronological age.  In a recent study, Samulski and colleagues (2019) 

examined whether chewing rates differed between young and older adults.  They reported that 

older persons showed no differences in average chewing rates compared to young although there 

was a tendency for the older individuals to exhibit increased variability (intra-individual) for 

their chewing rates (Samulski et al., 2019).  As this study only assessed chewing performance in 

young and older adults, it is unclear whether the chewing rates of children show a similar pattern. 

Chewing is commonly performed in conjunction with another task, a practice which 

raises the issue whether chewing has an impact on the performance of a secondary movement 
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task.  While there are numerous studies which have assessed the impact of performing a 

cognitive task concurrently with a motor task (Cherng et al., 2007; Boonyong et al., 2012; Hung 

and Meredith, 2014; Hagmann-von Arx et al., 2016; Manicolo et al., 2017; Bayot et al., 2018; 

Chauvel et al., 2017), there have been surprisingly few direct examinations of what happens 

when performing two motor tasks at the same time.  The predominant movement assessed when 

examining simultaneous performance of motor tasks has been walking (Selge et al., 2018; 

Brustio et al., 2018; Oh-Park et al., 2013).  For adults, previous studies have reported that 

walking is affected while simultaneously clapping (Muzii et al., 1984) or finger tapping 

(Ebersbach et al., 1995; Qi et al., 2019).  For children, adult like patterns in walking while 

clapping have been identified with differences noted between single task and dual task 

performance of these movements in isolation (Getchell, 2006; Getchell & Pabreja, 2006).  This 

indicates that even when a single motor task is well established (i.e., walking) changes emerge 

when produced in a dual motor task paradigm (Getchell, 2006; Getchell & Pabreja, 2006).  

Although children (by the age of 10) produce similar entrainment patterns as adults when 

clapping while walking, no similar coupling emerged when galloping and clapping (Getchell et 

al., 2005b; Getchell & Whitall, 2003).  Since general motor function tends to change from 

childhood to adulthood (De Guio et al., 2012; Froehle et al., 2013; Hausdorff et al., 1999; Payne 

& Isaacs, 2008; Tinker & Goodenough, 1930; Williams et al., 2005; Woollacott, 1989) and the 

ability to coordinate dual motor task develops with age (Getchell & Whitall, 2003), it is expected 

that entrainment patterns in a variety of dual motor tasks would differ in children from that of 

adults.  More recently, it has been shown that chewing gum at different rates affects an 

individual’s walking patterns, with velocity and cadence changing to match the person’s chewing 

frequency (Samulski et al., 2019).  Interestingly, these effects were found for both healthy young 
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and older individuals.  However, less is known about the impact of performing two different 

motor tasks simultaneously for children.  Further, while it has been suggested that the coupling 

between chewing and walking is driven by parallel oscillators within the CNS with the chewing 

oscillator also driving stepping rates during walking (Samulski et al., 2019), it is unclear whether 

the same pattern of coupling between chewing and other voluntary motor tasks would emerge in 

children whose nervous system is still developing.   

This study was designed to investigate two related questions: 1) how do chewing rates in 

children change when performing a secondary motor task (i.e., tapping speed, simple reaction 

time and walking) and, 2) does chewing at different speeds alter tapping speed, reaction time, 

and walking dynamics for children?  It was predicted that chewing while performing a secondary 

motor task would result in distinct changes in both the chewing dynamics and the secondary 

motor task performance.   

5.2.  METHODS 

5.2.1.  Participants 

Sixteen typically developing children (average age 13.1 + 2.3 years) volunteered to 

participate in this study with parental chaperone and consent.  All participants were healthy with 

no reported neurological or cognitive disorders, impairments in vision, proprioception, or recent 

history of neuromuscular injury that could influence performance of the targeted tasks.  

Participants with oral devices (i.e., braces, retainers, etc.) were excluded.  The recruited age 

range (i.e., 10-17 years) was determined to account for gait and dental development.  Children 

reach adult-like gait patterns around the age of 8 (Froehle et al., 2013; Hausdorff et al., 1999) 

and have all primary teeth erupted by the age of 6 (American Academy of Pediatrics, 2009).  
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Demographic data including age, height, weight and preferred chewing side were collected from 

each participant prior to data collection.   

5.2.2.  Experimental design 

Each participant completed all of the following assessments within a single session.  The 

chewing task was performed first for all individuals.  The order with which the other tasks (i.e., 

tapping, reaction time and gait) were performed was counterbalanced between participants to 

minimize order effects.  Further, the self-selected preferred conditions were always performed 

prior to the paced conditions in order to obtain an uninfluenced self-selected speed.   

5.2.2.1.  Chewing 

Three trials, each 30 seconds in duration, were performed for each condition.  The 

following chewing conditions were performed:  a) preferred chewing, b) slow chewing (1Hz), 

and c) fast chewing (2.2Hz) (Samulski et al., 2019, 2020).  Prior to data collection, individuals 

practiced chewing at the set slow/fast rate using an auditory metronome for pacing.  During these 

practice trials, the accuracy of persons to complete the designated chewing rates (i.e., slow, fast) 

with the metronome was verified by visual observation of the surface electromyography (EMG) 

signal from the masseter muscle.  However, the metronome was turned off prior to data 

collection for each trial. 

Chewing rates were determined from changes in the EMG activity of the masseter 

muscle.  The EMG sensor was positioned over the belly of the masseter muscle on the dominant 

chewing side as determined by the participant at the start of the session.  All EMG activity was 

recorded using the Delsys Trigno system (Delsys, Boston, MA) at a sample rate of 2000 Hz.  

Processing of the surface EMG signals involved down-sampling the signal to 1000 Hz, 

rectification and filtering using a second-order low-pass Butterworth filter (cut-off frequency 400 
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Hz).  The number of peaks of the filtered EMG signal, which are reflective of the contraction of 

the masseter muscle during chewing, were calculated using a purposely designed Matlab 

algorithm.  Accuracy of the results from the algorithm for determining chewing rates was 

verified by visual inspection of 50% of the trials for each subject.  All signal processing was 

performed using custom software developed in Matlab (Mathworks R14).   

For all chewing conditions, participants were provided with one piece of Trident
®

 

spearmint gum and were given up to one minute to chew and soften the gum, as well as to 

establish a comfortable chewing pattern before data collection commenced.  Individuals were 

asked about their preferred chewing side and asked to chew on that side for the duration of the 

study (Kazazoglu et al., 1994; Mc Donnell et al., 2004).  Participants were able to exchange the 

gum bolus between each task; however, bolus size was kept consistent across all trials.  

Individuals removed the gum from their mouth during the no-chewing conditions.  

5.2.2.2.  Tapping 

Participants completed preferred paced tapping with their index finger of their dominant 

hand.  They were instructed to tap continuously with their index finger on a force transducer at 

their preferred pace for all conditions:  a) tapping while chewing at a preferred rate, b) tapping 

while chewing at a slow rate, c) tapping while chewing at a fast rate, and d) tapping without 

chewing.  Three trials, each 20 seconds in duration, were performed for each condition.  Force 

data was collected using a Noraxon force sensor (Noraxon USA, Scottsdale) and analyzed using 

custom algorithms developed in Matlab (Mathworks R14).  Processing of the force data involved 

filtering using a second-order low-pass Butterworth filter with a cut-off frequency of 50 Hz.  The 

peaks of the processed force data were determined using a purposely designed Matlab algorithm 
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to measure tapping rates.  Accuracy of the results from the algorithm for determining tapping 

rates was verified by visual inspection of 50% of the trials for each subject.    

5.2.2.3.  Reaction time 

Participants completed a simple reaction time (RT) task for the preferred upper limb 

(index finger).  A visual stimulus was provided for the RT response.  Participants responded to 

the stimulus by depressing a timing switch with their finger.  Four conditions were performed:  

a) RT while chewing at a preferred rate, b) RT while chewing at a slow rate (1Hz), c) RT while 

chewing at a fast rate (2.2Hz), and d) RT without chewing.  After completing 5 practice trials, 

each participant completed 20 recorded trials.  Prior to analysis, RT data were trimmed by 

eliminating those trials which were less than 150 ms or over 800 ms (Bauermeister et al., 2017).  

A total of three trials were eliminated by this process and were replaced with a calculated RT 

based upon the average of 5 consecutive trials either before or after that trial.   

5.2.2.4.  Gait 

Four walking trials under 4 conditions were completed at the participant’s preferred 

speed in the following order: a) walking while chewing at a preferred rate, b) walking while 

chewing at a slow rate (1 Hz), c) walking while chewing at a fast rate (2.2 Hz) and d) walking 

without chewing.  Gait velocity and cadence were obtained from the 20 ft Zeno walking surface 

and the data were processed using the Protokinetics PKMAS software (ProtoKinetics LLC).  To 

minimize speed changes when starting and stopping walking, individuals began walking 1.5 

meters prior to the walkway and continued walking past a marker 2 meters from the end of the 

walking surface. 
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5.2.3.   Statistical Analysis 

Statistical analyses were structured to address the previously outlined questions, namely: 

1) how are chewing rates in children affected by performing a secondary motor task? and, 2) 

what impact does chewing at different speeds have on tapping speed, reaction time and walking 

performance?  Within each results section, descriptive values (i.e., mean + standard deviation) 

were reported and statistical analyses took place.    

For question 1, a repeated-measures mixed generalized linear model (GLM) was used to 

assess differences across all chewing rates (i.e., slow, preferred, fast) as a function of the tasks 

being performed, that is, changes in chewing rates were assessed across the different tasks.  The 

specific tasks under which chewing rates were assessed were finger tapping, reaction time and 

gait.  

For question 2, a repeated-measures mixed GLM was used to examine the effect of 

chewing at different speeds (i.e., no-chewing, slow, preferred, fast) on the secondary motor task.  

This analysis was performed within each motor task (i.e., finger tapping, reaction time and 

walking).   

For both sets of analyses, the average (mean) and intra-individual variability (IIV) for the 

respective measures were calculated.  IIV measures were based upon the between-trial standard 

deviation (SD) measures for each individual.  Significant main effects were explored using 

planned contrasts (one-way ANOVA’s) within the mixed model design where appropriate.  

Partial eta-squared (η2) was used to express the magnitude of the significant group differences 

identified by the planned contrasts.  Threshold values of .01, .06 and .14 were used for judging 

the η2 values as small, moderate and large as per previous reports (Cohen, 1988b).  Additionally, 

the relation between chewing rates and tapping measures, reaction times and selected gait 
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measures were assessed by correlation analyses (using Pearson Product Moment Correlation 

Coefficients).  All tests were performed using SAS statistical software (SAS Institute Inc., Cary, 

NC) with a significance level of p<0.05.   

5.3.  RESULTS 

5.3.1.   Chewing rates during various tasks 

For the chewing only (i.e., control) condition, there was a significant condition effect for 

the average chewing rates (F2,30=572.64, p<0.0001, η
2
=0.80).  Planned contrasts reveal 

differences between all three conditions with the average chewing rates for the preferred 

chewing condition being 1.23 + 0.30 Hz and the rates for the slow and fast chewing conditions 

being 1.08 + 0.13 Hz and 2.14 + 0.25 Hz respectively.  No significant main effects for condition 

were identified for the IIV values of the chewing only rates.   

As this analysis revealed significant differences between the three chewing speed 

conditions, subsequent analyses were restricted to assessing the impact of task only within each 

chewing speed condition.  For the slow speed condition, there was a significant main effect for 

the average chewing rates (F3,45=3.77, p<0.05, η
2
=0.05) across secondary motor tasks.  Planned 

contrasts revealed that chewing rates during the tapping and walking tasks were significantly 

greater than the rates observed during the chewing only task (all p’s<0.05).  A significant main 

effect for task was reported during preferred chewing (F3,45=26.42, p<0.001, η
2
=0.27).  Planned 

contrasts revealed that the preferred chewing rates during the tapping, reaction time and gait 

tasks were significantly faster than chewing rates performed in isolation (all p’s<0.05).  Further, 

the preferred chewing rates while walking were faster than preferred chewing rates during the 

tapping and reaction time tasks (all p’s<0.05).  No significant task effect was observed during the 
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fast chewing condition.  Figure 9 illustrates the changes in chewing rates for each of the four 

tasks.  Results are grouped according to the different speed conditions.       

 

 



116 
 

 

  

 

1
1

6
 

1
1

6
 

 

Figure 9.  Bar graphs depicting differences in average chewing rates for the children across the 

four different tasks.  Results are shown during the chewing only (control), reaction time, gait, 

and finger tapping tasks.  Results are shown for each of the three speed conditions separately.  

Error bars represent one SE of the mean.  Tasks where the chewing rates were significantly 

different from the chewing only (control) condition are denoted with an asterisk (*). 
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5.3.2. Chewing and tapping rates 

During the tapping task, all individuals were able to chew at the predetermined speeds.  

The specific chewing rates for the slow, preferred and fast chewing conditions performed during 

the tapping tasks were 1.18 + 0.18 Hz, 1.58 + 0.29 Hz and 2.13 + 0.20 Hz, respectively.   

Average tapping frequencies were remarkably similar for the no chewing (2.6 + 0.16 Hz), 

preferred chewing (2.7 + 0.25 Hz) and fast chewing conditions (2.7 + 0.22 Hz).  The only 

notable difference was the slow chewing condition where the tapping rate was 1.8 + 0.16 Hz.  

Changing chewing speed significantly altered finger tapping rates (F3,45=16.90, p<0.0001, 

η
2
=0.13) but only during the slow chewing condition where tapping frequencies were 

significantly slower compared with all other conditions.  No differences were identified for the 

tapping rates between the preferred chewing, fast chewing and no chewing condition 

comparisons (p’s>0.05).  Comparatively, no significant differences in the within-subject 

variability (IIV) for tapping frequencies was found (F3,45=1.19, p=0.3241).  Figure 10 illustrates 

the differences in chewing and tapping values as a function of the different chewing speed 

conditions.     
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Figure 10.  Plots depicting changes in average rates for both chewing and finger tapping across 

the different chewing conditions.  Error bars represent one SE of the mean.  Conditions where 

the finger tapping rates were significantly different from the control (tapping only) condition are 

denoted with an asterisk (*). 
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5.3.3. Chewing and reaction time 

During the reaction time task, all individuals chewed at the speeds specified (i.e., slow 

chewing rate 1.08 + 0.17 Hz; preferred rate 1.47 + 0.48 Hz; fast rate 2.05 + 0.20 Hz).  Altering 

chewing speed had a significant effect on the average (F3,45=24.40, p<0.0001, η
2
=0.53) and the 

within-subject variability (IIV) of the reaction time values (F3,45=11.60, p<0.0001, η
2
=0.32).  For 

both the average and IIV values, planned contrasts revealed significant differences in reaction 

times between all conditions except the no chewing-preferred chewing (no chewing 251.47 + 

32.94 ms; preferred 267.52 + 47.41 ms, p’s>0.05) and between the slow chewing-fast chewing 

conditions (slow 323.72 + 70.71 ms; fast 320.97 + 54.15 ms, p’s>0.05).  Figure 11 illustrates the 

general pattern of change in the average chewing and RT values across the different chewing 

speed conditions.    
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Figure 11.  Differences in average chewing rates and simple reaction time values as a function 

of the different chewing conditions.  Error bars represent one SE of the mean.  Conditions where 

the reaction times were significantly different from the reaction time only (control) condition are 

denoted with an asterisk (*). 
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5.3.4.  Chewing rates and gait 

During the gait task, all individuals chewed at the designated speeds.  The specific 

chewing rates for the slow, preferred and fast chewing conditions were 1.18 + 0.27 Hz, 1.71 + 

0.30 Hz and 2.08 + 0.27 Hz respectively.   

Changing the chewing speed altered the gait dynamics of all individuals with a 

significant main effect observed for average gait velocity (F3,45=6.31, p<0.01, η
2
=0.04) and 

cadence (F3,45=6.22, p<0.01, η
2
=0.04).  Planned contrasts revealed that both of these measures 

were significantly greater during the fast chewing condition compared to the other three 

conditions.  No significant effects were observed for the IIV measures of gait.  Figure 12 

illustrates the general pattern of change in the chewing and gait values (i.e., velocity, cadence) as 

a function of the different speed conditions.     

5.3.5. Correlation analysis 

To assess the relation between the (average) chewing rates and finger tapping rates, 

reaction times and selected gait measures (i.e., velocity, cadence), correlation analyses were 

performed using Pearson’s correlation coefficient.  The results of this analysis revealed 

significant correlations were found between chewing rates and gait measures during the preferred 

(chewing rates-velocity r=0.47, chewing rates-cadence r=0.49, p’s<0.001) and fast (chewing 

rates-velocity r=0.55, chewing rates-cadence r=0.58, p’s<0.001) chewing/walking conditions.  In 

contrast, no significant correlations were found between chewing rates and the mean values for 

finger tapping or reaction time conditions (all r values > 0.11).   
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Figure 12.  Plots depicting changes in average rates for chewing, walking cadence, and gait 

velocity across the different chewing conditions.  Error bars represent one SE of the mean.  

Conditions where the walking velocity and cadence values were significantly different from the 

control (walking only) conditions are denoted with an asterisk (*). 
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5.4.  DISCUSSION 

This study was designed to address the following questions:  1) do chewing rates in 

children change when performing a secondary motor task and, 2) what impact does chewing at 

different speeds have on the tapping speed, reaction time and gait performance for children?  For 

the first question, it was observed that chewing rates were affected by the task being performed, 

primarily during the slow and preferred chewing speed conditions.  For the second question, our 

results demonstrated that chewing strongly influenced the performance of the secondary motor 

tasks although the effects were largely task dependent.  For example, more discrete time-

dependent tasks such as the reaction time task showed a decline in performance (i.e., slowing of 

reaction times) when chewing was performed simultaneously.  However, walking was more 

influenced by the designated chewing rates, an effect which was strengthened during the faster 

chewing speed conditions.   

5.4.1.  Chewing rates alter with motor task  

A principal aim of this study was to examine if, for children, chewing rates were altered 

when performing a secondary motor task or whether chewing rates appeared unaffected by the 

concurrent movement.  The secondary tasks included tapping with the preferred finger, a simple 

reaction time task and walking.  In general, chewing rates were directly affected by the 

secondary task being performed (see figure 9).  Typically, chewing rates tended to increase from 

the chewing only (i.e., control) condition, especially during the preferred and slow chewing 

conditions.  Interestingly, the changes found in chewing rates for children during the different 

secondary tasks does not seem to be the prevailing pattern for adults.  It has been previously 

reported that, for young adults and older individuals, chewing rates do not change when 

performed with a secondary motor task (Samulski et al., 2020).  Indeed, these authors found that 
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chewing rates were consistently maintained across tasks, suggesting a degree of robustness for 

controlling chewing rates in adults.  In contrast, this finding may illustrate that the neural 

mechanisms underlying the control of chewing rates in children are not fully developed since 

their mean chewing rates changed significantly when the secondary task was simultaneously 

performed.  Within the CNS, it is believed that the basic control of chewing is mediated by a 

CPG located in the pons and medullary region of the brainstem (Westberg & Kolta, 2011; 

Morquette et al., 2012).  The CPG does not operate in isolation though, receiving both 

descending neural input from higher cortical regions and sensory feedback from orofacial 

structures which can moderate its output (Almotairy et al., 2018).  Although the basic function 

and connections between the different neural elements are obviously operational in children, it is 

probable that the specific structures and neural interactions are not fully developed for the age 

range of children assessed in this study.    

These findings are consistent with much of the developmental literature which points to 

chewing patterns in children not being fully ingrained until adulthood (Cichero, 2017; Frank et 

al., 2019; Le Reverend et al., 2014; Papargyriou et al., 2000).  While children can produce a 

rudimentary pattern of mastication early in life, there is an inherent amount of variability 

regarding the effectiveness of chewing as a motor process.  The refinement of effective and 

functional chewing is driven by maturation of the CPGs underlying chewing dynamics in 

combination with concurrent development of the higher levels of the CNS (Wilson et al., 2012).  

In addition, sensory information from the orofacial structures during chewing also help shape 

and refine the patterns of chewing in children (Almotairy et al., 2018).  

Overall, children exhibited greater differences in their average chewing rates when asked 

to perform this action concurrently with a secondary motor task.  These differences in average 
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chewing rates with performance of a secondary task were found although no discernable 

differences in trial-by-trial consistency (i.e., IIV) for their chewing rates was found.  Only during 

the fast chewing conditions were the participants able to maintain the appropriate chewing rates 

across all secondary movement tasks.  While individuals were provided with a metronome prior 

to the data collection to assist with setting the correct frequency of chewing under slow and fast 

conditions, only during the latter condition were chewing rates stable across the various 

movements.  The differences in average chewing rates under both metronome-driven and self-

driven chewing conditions suggests that the timing mechanisms driving chewing are more 

flexible in younger persons and not as fully formed as observed in adults.  Thus, the linkage 

between those neural oscillatory mechanisms driving chewing and those underlying other motor 

tasks may not be fully developed in children.  

5.4.2. Movement performance is affected by chewing   

The second aim of this study was to assess if the performance of a secondary motor task 

(i.e., tapping, reaction time and walking) would be affected by chewing at difference speeds.  As 

it has been reported that walking speed increases or decreases in line with preset changes in 

chewing rates in adults (Samulski et al., 2019), it was of interest to investigate whether the same 

trends are evident in younger persons.  Overall, the results demonstrated that altering chewing 

rates led to changes in movement performance, although the pattern of changes observed varied 

as a function of the specific task being performed.  For example, during the more discrete, time-

dependent task (i.e., reaction time), chewing led to a significant slowing of reaction time from 

the control condition (251.4 + 32.9 ms) to the slow (323.7 + 70.7 ms) and fast chewing (320.9 + 

54.1 ms) conditions.  In addition, chewing led to increased inconsistency of the RT responses 

(i.e., increased IIV) although changes in IIV were not found for any other movement response.  
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In contrast, the walking dynamics tended to map onto the designated chewing rates, with the 

average rates of the two concurrent motor tasks tending to converge together.  This convergence 

was particularly noticeable for the fast chewing speed conditions.  Tapping rates appeared less 

affected by chewing, with the only noticeable decline in tapping rates occurring during the slow 

chewing condition.  

These results may indicate that, when chewing and walking simultaneously, the resultant 

movement outcomes reflect bi-directional coupling between the two neural oscillators driving 

each respective action together to a common frequency (Richardson et al., 2013).  In contrast, 

when a rhythmical action (chewing) is coupled with a discrete movement (reaction time), 

interference would appear to occur and performance of the discrete task is negatively affected 

(i.e., slower RTs and more variability from trial-to-trial).  Previous research by Richardson et al 

(2013) reported similar outcomes during various eye tracking-finger tapping task actions with 

both magnet (i.e., bi-directional coupling) and interference effects emerging, illustrating the task-

dependent nature of the coupling relation between selected effectors.  

One possibility is that, for children, chewing at a rate other than their preferred speed 

may actually be a distractor for performing a secondary movement simultaneously.  However, 

this result tends to contradict current thinking which has indicated that chewing gum can lead to 

improvements in attention in adults and children when performing cognitive tasks (Allen and 

Smith, 2012; Hirano & Onozuka, 2015; Johnson et al., 2013; Tänzer et al., 2009; Tucha et al., 

2004).  Since chewing efficacy is likely less developed in children (Le Reverend et al., 2014), it 

is possible that additional cognitive resources are required by younger individuals in order to 

chew at the faster or slower rates.  The consequence of this adjustment is that, for children, the 

performance of both movements may be more variable.  For adults, it is more likely that task(s) 
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can be performed automatically, leading to stronger patterns of coupling between the different 

effectors (Samulski et al., 2019).  When a task is less automatic, it is more demanding on 

cognitive resources with detriments in performance.  Increasingly complex movements are more 

attention demanding, such as clapping while galloping in children, resulting in decreased 

entrainment  (Getchell & Whitall, 2003).  When children are required to pay attention to a motor 

task, they are less likely to slip into entrainment  because the actions are being planned and 

carried out at a conscious level in the cerebral cortex (Getchell et al., 2003).  If a task does not 

require attention, entrainment occurs at a subconscious level involving coordination of various 

nodes, such as CPGs.  One possible explanation for these findings is the simultaneous 

performance of dual motor tasks is more difficult for children to perform efficiently compared to 

adults.     

5.5.  CONCLUSION 

Overall, this study demonstrated that the chewing rates of children tended to change 

when performing a secondary motor task.  Additionally, chewing at different speeds had a 

differential effect on the secondary motor task performance, with discrete actions (i.e., reaction 

time) slowing and walking altering in line with changes in chewing rates.  It is suggested that the 

CPG’s responsible for driving chewing actions are not as fully developed in children compared 

to adults, and there is a tendency for both actions to be affected during simultaneous performance 

of a secondary motor task.   
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CHAPTER 6 

FINAL DISCUSSION 

The general purpose of this dissertation was to identify the effect of aging from childhood 

to young adulthood, to older adulthood on average (mean) movement performance and 

variability (IIV) of movement responses across chewing, walking, finger tapping, standing 

balance, and simple reaction time.   In particular, it was of interest to determine if the 

previously reported pattern of a U-shaped/inverted U-shaped pattern occurs across children, 

young adults, and older adults in average and variability of motor responses especially in relation 

to chewing performance (see figure 1).  It is unclear whether chewing rates change from 

childhood through young adulthood, to older adulthood and how chewing affects the 

performance of other motor tasks.  The following section summarizes the three experiments 

included in this dissertation.  

6.1.  SUMMARY OF EXPERIMENTAL FINDINGS 

In chapter 3 (experiment 1), a scoping systematic review was completed to identify the 

reported pattern of gait and chewing variability (IIV) across children, young adults, and older 

adults.  Gait and chewing represent complex motor activities that are essential to daily living. 

Successful performance of these two motor activities varies across the lifespan when considering 

variability in movement attributes.  First, a scoping review sought to discover what measures of 

chewing and gait IIV are commonly reported in the literature when comparing children, young 

adults, and/or older adults in preferred performance of these motor tasks.  Hypothesis 1.1 

indicated that gait and chewing IIV would be commonly reported in the literature comparing 

children, young adults, and/or older adults using standard deviations of movement responses.  It 

was found that coefficient of variation (CV) and standard deviation (SD) were both commonly 
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utilized in reporting gait and chewing IIV.  Further, a variety of spatiotemporal metrics were 

implemented to assess variability across gait and chewing activities.  Second, a systematic 

review was completed to identify any age-related differences in IIV of preferred gait and 

chewing performance when comparing children, young adults, and/or older adults.  Hypothesis 

1.2 predicted that the differences in IIV of gait and chewing performance when comparing the 

three age groups would reveal that young adults are less variable than children and older adults 

in both motor tasks.  The results of this scoping systematic review revealed insufficient available 

research assessing preferred gait and chewing performance across the three age groups.  

Chewing IIV has been minimally explored while gait IIV has been most commonly explored 

between young adults and older adults.  Although the reports of age-related differences between 

young adults and older adults identified young adults to be less variable than older adults in 

various measures of gait IIV, there are few reports comparing children with adult groups.  

Overall, a discontinuity remains in the available research reporting on differences in IIV of 

preferred chewing and gait performance across children, young adults, and older adults. 

The aim of chapter 4 (experiment 2) was to examine if a U-shaped pattern exhibits across 

children, young adults, and older adults in average and IIV performance for reaction time, 

postural sway, walking and chewing.  Hypothesis 2.1 proposed that a U-shaped/inverted U-

shaped curve would reveal a relationship between age and simple reaction times, postural sway, 

gait measures, and chewing rates as well as the IIV of those tasks.  Hypothesis 2.2 predicted that 

preferred performance of simple reaction times, gait measures, and chewing rates of both the 

children and older adults would be slower and more variable than the same actions performed in 

the young adults.  A U-shaped pattern was discovered for mean performance for reactions times 

and postural sway as predicted, however, no age-related differences were identified for 
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normalized gait measures.  Interestingly, for chewing, a U-shaped pattern was revealed for 

means only but with children and older adults chewing faster than young adults which is the 

opposite of what was anticipated.  According to hypothesis 2.3, the postural responses in static 

standing of the children and older adults was characterized by increased sway for mean 

performance only when compared to the young adults.  No age-related differences were 

identified for any of motor tasks for IIV. 

Chapter 5 (experiment 3) sought to discover the effect of chewing performance on 

secondary motor tasks, including walking, finger tapping, standing balance, and reaction times in 

children.  Hypothesis 3.1 indicated that when performed together, chewing at a slower or faster 

rate would lead to a parallel slowing of simple reaction times which was confirmed in this 

experiment.  Hypothesis 3.2 predicted that simultaneous performance of chewing and walking 

would lead to a concurrent increase or decrease in gait velocity and cadence in line with chewing 

at faster and slower rates respectively.  This is a phenomenon that was previously revealed in a 

similar study with young adults and older adults (Samulski et al., 2019).  Although the results of 

experiment 3 did show similar findings for children under the fast chewing condition only, the 

tight coupling of chewing rates and walking previously reported in adults was not as strong in the 

child group.  Hypothesis 3.3 predicted that simultaneous performance of chewing and tapping 

would lead to a concurrent increase or decrease in tapping rate in line with chewing speed (i.e., 

fast, slow).  This prediction was only revealed for slow chewing, meaning that tapping rates 

decreased in line with the chewing rate during slower than preferred chewing only.  Tapping 

rates were remarkably unchanged across all other conditions (i.e., control, preferred, fast).  It was 

also predicted in hypothesis 3.4 that chewing rates would remain unchanged during the 

performance of a secondary motor task (i.e., no changes in chewing rates while performing 
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simple reaction time, balance, walking), however, the chewing rates varied when produced with 

a secondary motor task, especially for slow chewing and preferred chewing.  It appears the 

children were unable to maintain a designated slow rate or preferred rate of chewing while 

performing finger tapping, reaction time, and gait.  They were able to maintain a fast chewing 

rate during these tasks, however.  Lastly, hypothesis 3.5 was confirmed as expected that chewing 

at preferred rates would result in no changes in the rates of the secondary motor tasks of reaction 

time, gait, or finger tapping. 

6.2.  SYNTHESIS OF EXPERIMENTAL FINDINGS 

The findings of this series of experiments illustrate the differences and similarities in 

motor function between children, young adults, and older adults.  While the children and older 

adults generally exhibited slower movements and increased variability of performance, so 

supporting hypotheses 2.1 and 2.3, the results were not universally supportive of our hypothesis 

2.2 which predicted that motor performance would follow a specific pattern (i.e., U-shaped 

curve) across these groups.  Chewing and walking are complex rhythmic motor tasks essential to 

daily life with limited research comparing children, young adults, and older adults.  Normalized 

gait dynamics did not follow the predicted U-shaped curve across the age groups (hypothesis 2.1, 

2.2) and chewing rates seemed to follow a different U-shaped curve with children chewing at 

faster rates than young and older adults.  This could be related to both structural and neurological 

differences in children and older adults.  Differences in skeletal structure of the jaw and dentition 

could have an impact on chewing dynamics (Almotairy et al., 2018; Zhu & Hollis, 2015).  

Normalization methods for chewing were not identified throughout the chewing literature as was 

done in the gait literature.  If such methods exist, to account for variations in the size of oral 

structures, analyses may reveal different outcomes.   
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While chewing has been found to improve specific aspects of attention, there is limited 

research on the relationship between chewing and secondary motor tasks, especially in children.  

This work found that dual task relationships in children are similar but not as strong as the 

interactions in adults indicating rhythmical coupling may not be fully developed in children 

(hypotheses 3.1- 3.5) (De Guio et al., 2012).  This is not surprising considering differences in 

brain structures and changes in cognitive functions during child development (Walhovd et al., 

2016).  For example, researchers have reported increases in white matter volume up to the age of 

20 (Bartzokis et al., 2001; Giedd et al., 1999) and differences in cortical activation patterns when 

performing simple tasks in children when compared to adults (De Guio et al., 2012).   

The general process of aging has been described by changes in motor function across the 

lifespan with optimal performance of a given motor task observed in healthy young adults and 

less than optimal performance in children and older adults.  While this pattern has been visually 

represented in a U-shaped/inverted U-shaped curve in gait, balance, finger tapping, and reaction 

time tasks (see figure 1), it has not been revealed in chewing.  The results from this series of 

experiments showed a similar pattern in mean performance for reaction times (hypothesis 2.1) 

and postural sway (hypothesis 2.3) but there appears to be a different pattern for chewing.   

Slow motor performance and increased variability of motor performance seems to be task 

specific phenomena.  This study was designed to assess how the performance of select motor 

tasks (i.e., chewing, simple reaction time, walking, finger tapping, and balance) change as a 

function of increasing age from childhood through to young adulthood and older adulthood.  In 

particular, it was of interest to identify the effect of increasing age on the average (mean) and 

consistency (IIV) of movement responses.  It was predicted that the movements of the children 

and older adults would be characterized by slower and more variable motor performance when 
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compared to the young adults across all tasks assessed (hypotheses 1.2, 2.1, 2.2, 2.3).  The results 

did not completely align with the hypotheses in that no differences between the age groups were 

revealed for normalized gait measures.  It was found that children chewed faster than adults 

(both young and older) and produced slower reaction times than young adults.  As predicted, 

young adults swayed less and were more consistent in postural control measures than children 

and older adults (hypothesis 2.3).  Descriptive changes in motor function with aging is heavily 

influenced by the nature of the task being performed and is unlikely to follow a singular pattern. 

IIV across all motor tasks did not expose results as expected (hypotheses 1.2, 2.1) with 

lower variability in young adulthood and higher variability in childhood and older adulthood.  

This could be due to the constraint of the tasks being performed at preferred rates.  Preferred 

performance of motor tasks does not appear to show variations in IIV as a predictable indicator 

of the aging process.  This is especially true for chewing, walking, balancing, and tapping.  

Reaction time appears to be the task showing differences in aging but only in mean performance 

across the age groups, not IIV.  While all of the targeted tasks uniquely differ, reaction time is 

the only discrete task utilized in this series of studies and the only one performed at maximal 

speed.  It has been reported that changes with aging can affect the upper limits of motor 

performance referred to as a loss of the fast time scales which could only be considered for the 

reaction time task (Newell et al., 2001, 2009).  It appears to be the more cognitively demanding 

task overall.  This is not surprising considering reaction time tasks have been used to assess 

processing speeds indicating cognitive abilities and is an important component in studies of 

cognitive aging (Jakobsen et al., 2011; Salthouse, 1979).    

Looking at motor performance across the lifespan yields an abundance of research on 

reaction time but very little on chewing.  Drawing conclusions on IIV, reaction time appears to 
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be the best indicator of aging.  Gait is not a great indicator of the aging process when normalized.  

Chewing is also not a good indicator of aging, although normalization measures have not been 

done on chewing.  If normalization were feasible, there may be differences that did not show in 

the results of this study.  Increased variability in development and aging is a task specific 

phenomenon.  It is apparent in reaction time studies which may highlight the cognitive aspect of 

that type of motor task.  It is more attention dependent due to the nature of the task.  Reaction 

time is more sensitive to changes in aging possibly due to the cognitive requirements needed to 

complete that task.   

6.3.  FUTURE DIRECTIONS 

The present study adds to the literature on motor performance across children, young 

adults, and older adults in healthy populations which is a necessary step to being able to identify 

differences within atypical populations.  This work provides mean performance as well as 

variability of motor responses for chewing and how chewing affects secondary motor tasks in 

children.  It is important to understand the normal physiology of chewing in order to evaluate 

and treat disorders of chewing and swallowing, known as, dysphagia.  This is an area within 

speech-language pathology that lacks evidenced based treatment strategies.  In motor control, 

attention is described in the context of attentional focus, either internal or external.  Focus of 

attention is a way of selectively directing one’s attention with specific verbal cues.  The content 

of verbal instructions can influence where a subject focuses their attentional resources while 

performing motor sequences.  In this study, the focus of attention was externally focused on the 

motor tasks completed.  It would be of interest to compare between an external focus of attention 

(EFOA) versus an internal focus of attention (IFOA) on motor tasks across children, young 
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adults, and older adults.  Identifying changes in cueing strategies could aid in chewing and gait 

interventions in the future. 

Previous research revealed an entrainment of gait speed with chewing speed in adults.  

The final experiment in this dissertation used the same methodology with children and 

adolescents and found that the two motor tasks did not entrain to the same degree as they do in 

adult populations.  It seems selective attention may be at play with the adults easily attending to 

the verbal cues to focus on chewing while the younger groups do not.  This could be due to the 

inability of children and adolescents to selectively attend to the chewing oscillations as they have 

not fulling matured in cognitive and motoric development.  This is an area that needs further 

research to identify selective attentional capacity of children and adolescences in the entrainment 

of chewing and walking.   
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