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ABSTRACT 

 

Physical activity has been imputed to benefit both the physical and cognitive health of 

older adults and has been promoted within the scientific literature as a process through which 

age-related cognitive decline may be prevented or attenuated. Sports-playing activities that 

confer varying physical and mental demands may differentially benefit cognition and balance, 

given the varying acquisition of skills and allocation of mental and physical resources predicated 

by the natural content of the activity. Pickleball is a relatively new racket sport that has grown in 

popularity among older adults, and one which is hypothesized to improve cognition and balance 

in a task-specific manner by enlisting both aerobic activity and perceptual learning processes. 

The present study sought to investigate the associations between pickleball playing, cognition, 

and balance by utilizing a six-month longitudinal observational design including community-

dwelling older adults (N=86), characterized by membership in one of four different physical 

activity groups: advanced pickleball players, novice pickleball players, aerobic exercisers, and 

inactive controls. Findings from mixed-effects modeling suggest that regular and sustained 

engagement in pickleball playing is positively associated with multiple domain-specific 

measures of cognition. Compared to inactive controls, experienced pickleball players exhibited 

better divided visual attention, multiple object tracking, and simple reaction time performance, 

whereas aerobic exercisers demonstrated better inhibitory control and working memory 

performance.  No differences were found between advanced pickleball players and aerobic 

exercisers in terms of balance, although both participant groups demonstrated significantly better 

balance than inactive participants. None of the activity groups showed any performance change 

over the six-month study duration. Theoretical and practical implications are discussed, along 

with limitations and possible directions for future research.  
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CHAPTER 1 

INTRODUCTION 

With increasing age, the perceptual, cognitive, and motoric changes experienced by older 

adults may impede their ability to carry out tasks important to daily functioning, such as driving 

or managing medications. In addition to the deterioration of physiological systems that 

accompanies senescence (Aalami et al., 2003), cognitive decline and falls are common 

occurrences that threaten the independence (Ganguli et al., 2010; Sterling et al., 2001) and 

quality of life of older adults (Hartholt et al., 2011; Pan et al., 2015). Variable cognitive change 

has been documented in the scientific literature as a normal facet of the aging process (Salthouse, 

2010), although one which has presented itself as a serious public health concern. Older adults 

have become the fastest growing segment of the United States population. According to the 

United States Census Bureau (2020), the number of 65-and-older adults living in the United 

States has grown by over a third over the past decade. A considerable increase in the average age 

of Americans and in the size of the older adult population segment has been projected, largely 

caused by the Baby Boomer generation who have now approached older adulthood. By the year 

2050, the projected growth of the population aged 65 years and older is expected to reach 83.7 

million, which is a nearly two-fold increase from 2012 (Ortman & Velkoff, 2014). Consequently, 

older adult drivers in the United States are predicted to represent a quarter of the total driving 

population by 2050 (Pomidor, 2015).  

At the biological level, numerous theories of aging have abounded within the annals of 

the gerontology literature. Currently, the increasing fragility that accompanies non-pathological 

aging is thought to be the result of a complex multifactorial process that involves genetic 

influences and the accumulation of shortening telomeres, oxidative stress, decreased hormone 
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production, functional decline of the immune system, and cellular damage from free radicals 

(Lipsky & King, 2015). More contemporary socio-cultural aging theories have introduced the 

concepts of ‘successful aging’, ‘positive aging’ and ‘active aging’. These notions reject formerly 

prevailing theories of aging that viewed social disengagement and societal withdrawal as natural 

and unavoidable outcomes of advancing age (Bülow & Söderqvist, 2014). In contrast to 

biomedical approaches, the notion of ‘successful aging’ places greater focus on the heterogeneity 

among older persons and frames the process of aging from the perspective of the individual, 

rather than then the typical aging process that confers physiological and cognitive loss over time. 

Thus, ‘success’ in aging is thought to be attainable through a person-centered approach and 

prevention methods that include modifiable lifestyle factors that are independent of 

chronological aging (e.g., diet and activity) and a focus on psychological processes (e.g., social 

engagement and quality of life) (Bülow & Söderqvist, 2014). Although there is a lack of 

consensus on what exactly constitutes ‘successful aging’ beyond the simple absence of physical 

disease or disability, operational definitions have included high cognitive functioning as a critical 

component (Depp & Jeste, 2006; Jeste et al., 2010; Rowe & Kahn, 1987). In Rowe and Kahn’s 

(1997) influential three-factor model of successful aging, exceptional aging includes: the 

avoidance of physical disease and disability, maintenance of high cognitive and physical 

functioning, and high social engagement. There is considerable convergence between the 

multiple determinants of successful aging, including the dimensions of physical, cognitive, 

emotional, and social functioning (Clouston et al., 2013; Frith & Loprinzi, 2017). Thus, 

interventions that are able to address multiple components of successful aging in a synergistic or 

additive manner may offer the greatest protective advantage for older adults.  
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Computerized cognitive training interventions have been developed both commercially 

and for scientific purposes that aim to bolster the cognitive performance of healthy older adults 

(Kueider et al., 2012), in which training is delivered through computer programs, video games, 

or smartphone applications. The basic premise behind these training programs is that repeated 

practice on cognitive games or tasks will lead to improved performance on other untrained tasks 

and general cognitive improvements. Although, computer-based brain training games may 

appear to be a simple and convenient method for combatting cognitive aging, the scientific 

community (Simons et al., 2016) has criticized the effectiveness of these programs in improving 

cognitive abilities outside of the trained task.  Otherwise stated, there has been a lack of scientific 

evidence supporting generalization of training effects to meaningful everyday activities (e.g., 

driving ability, managing finances), and the application of such programs in community settings. 

On the contrary, physical activity has been identified as an intervention approach that delivers 

both significant physical health benefits (Arem et al., 2015; Tessier et al., 2007) and improved 

cognitive functions (Bamidis et al., 2014). While the most substantial body of literature has 

focused on the beneficial effects of physical activity on objective and self-rated physical health 

(Li et al., 2010; Soares-Miranda et al., 2016), a growing interest has been appropriated to 

establishing the role of physical activity in the avoidance of cognitive decline and 

neurodegenerative disease (Bherer et al., 2013). Physical activity provides an appealing avenue 

for reducing the burden of cognitive aging, given that it is low-cost, non-invasive, does not 

interfere with other therapeutic treatments (e.g., medications), and may deliver collective 

benefits to the interdependent aspects of successful aging. Moreover, physical activities often 

have the advantage of being enjoyable and playing a social role. Physical activity has even been 

explored as an intervention form related to improving the cognitive and physical functions that 
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support safe driving performance (Marmeleira et al., 2009; Miller et al., 2016).  However, the 

extant literature has left several research questions to remain as ongoing speculations, including 

the variable cognitive outcomes produced by different modes of physical activity (e.g., aerobic 

training, resistance training), and the differing effects of session duration, frequency, and 

intensity. Moreover, only a fragment of the literature has examined the effects of physical 

activity on perceptual functions or canvassed the cognitive effects of participation in organized 

sport activities.  

Purpose of Study 

The purpose of the proposed study is to assess the relationship between a specific sport 

activity, namely pickleball, and the performance of tasks from visual perceptual, cognitive, and 

physical domains in healthy older adults. Regular players of pickleball, aerobic exercisers, and 

older adults who remain mostly sedentary were assessed and then reassessed after a six-month 

time period in terms of their perceptual, cognitive, and balance-keeping performance. It was 

hypothesized that pickleball playing would be associated with higher visual perceptual, 

cognitive, and functional balance performance, when compared to aerobically active and 

sedentary age-matched controls, and that novice pickleball players (< 6 months playing 

experience at baseline) would show an increase in their perceptual, cognitive, and balance-

keeping performance following six months of sustained engagement in pickleball-playing.  

Chapter Two includes a published brief review that summarizes existing literature on the 

effects of physical activity on cognition in older adulthood. The article also discusses the effects 

of aging on cognition, neurophysiological effects of exercise on the brain, and the improvements 

to specific cognitive functions that may be possible from the training of different sports. Chapter 

Three extends the brief review with a further discussion of relevant literature regarding the 
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impact of physical activity on cognition and balance, as well as the proposed cognitive and 

physical effects of racket sports, and specifically pickleball-playing.  
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CHAPTER 2 

PUBLISHED: BRIEF REVIEW 

Full Citation  

Sogaard, I., & Ni, R. (2018). Mediating age-related cognitive decline through lifestyle activities: 

A brief review of the effects of physical exercise and sports-playing on older adult 

cognition. Acta Psychopathologica, 4(5), 22. 

Abstract 

Normal aging is associated with variable declines in perception and cognition, which may be 

mediated through active engagement in certain lifestyle activities. The aim of this review was to 

discuss the relationship between cognitive functioning in older adulthood and participation in 

various types of physical exercise and sports-playing activities. Most studies have focused on the 

beneficial effects of relatively nonspecific forms of aerobic physical activity, although some 

emerging evidence has suggested that more specific forms of sports-playing activities may 

confer greater cognitive benefit in specific areas of cognitive functioning. The evidence reviewed 

suggests the potential for simple lifestyle-related behaviors to mediate the cognitive decline often 

found in older adults, and to enhance the aging brain’s cognitive reserve. However, more work is 

needed in order to ascertain the variable outcomes of exercise type, duration, and frequency, and 

the cognitive effects of various sports activities.  

Keywords: Cognitive functioning, Brain health, Working memory, Eye diseases, Diabetes 

mellitus 
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Introduction 

As we age, we experience changes in our ability to carry out complex, yet quotidian 

tasks, such as driving, which requires the possession of sufficient perceptual and cognitive skills. 

Contributing factors likely involve normative cognitive declines that are outward manifestations 

of the inherent neurophysiological changes that take place within the aging brain. In light of the 

globally increasing proportion of older adults, the question of how to offset and even reverse 

structural and functional decline is steadily gaining in importance. Understandably, retaining 

cognitive health into older adulthood is of great concern to most older adults (Laditka et al., 

2011). Both scholarly and commercial interest has been vested in identifying ways in which 

cognition can be stimulated in a way that can promise transfer to real-world tasks and activities. 

Proposed activities have included engaging more frequently in everyday activities, such as 

completing crossword puzzles, playing card games, and learning a new language, or more formal 

training procedures. Many studies have examined the impact of cognitive training on older 

adults, with some improvements found in areas of attention and memory (Bherer et al., 2005; 

Plemons et al., 1992; Winocur et al., 2007). However, specificity of learning is a common 

feature of cognitive training paradigms that fail to show a transfer to real-world outcomes (Ball 

et al., 2002).  

For the purpose of attaining more general learning effects, recent research has focused on 

modifiable lifestyle factors and other real-world experiences. Epidemiological studies have 

suggested that older adults who remain active as they age, and participate in stimulating mental, 

physical, and social activities may delay or even avoid cognitive decline (Hultsch et al., 1999; 

Kramer et al., 2004). Learning that occurs under such conditions typically features more complex 

learning paradigms compared to most laboratory-based manipulations, thus avoiding the 



 

8 
 

exceptional specificity that is a feature of many cognitive training procedures. Activities that 

have been found to lead to more generalized cognitive effects have included video game playing 

(Drew & Waters, 1986), musical training (Bugos et al., 2007), and physical activity training 

(Colcombe & Kramer, 2003). Real-world activities are inherently complex, and access multiple 

cognitive systems simultaneously during information processing and task execution. Here we 

have focused this review on evidence that indicates a relationship between physical exercise and 

cognitive functioning and brain health. Specifically, we review the existing evidence that 

different types of exercise and sports activities may have differential effects on cognitive health. 

 Age-related Declines in Perceptual and Cognitive Functioning. There is substantial 

evidence that many cognitive abilities show decline as a function of age, although the distinction 

between normal and pathological cognitive aging is far from a straightforward process. Despite 

the considerable prevalence of mild cognitive impairment and dementia in older age, subjective 

cognitive complaints and subtle performance changes across a range of cognitive domains are 

much more common. Even in the absence of early clinical signs of dementia or other 

pathological changes, a gamut of cognitive abilities tends to show a gradual decline with age. A 

diminished processing speed has been well-established and associated with the decline observed 

with many other cognitive abilities (Salthouse, 1996), including memory (Luszcz & Bryan, 

1999). Greater age-related memory declines are typically observed in episodic memory (i.e., the 

ability to remember specific events from the past), whereas the retrieval of sematic memories 

(i.e., more general world knowledge) is typically preserved in very advanced age (Rönnlund et 

al., 2005). The ability to both encode and retrieve newly acquired information also tends to show 

a decline with age (Haaland et al., 2003). A wide range of changes have been observed in the set 

of cognitive processes referred to as executive functioning, including noticeable declines in 
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response inhibition (Troyer et al., 2006), task switching (Wecker et al., 2005), and decision-

making (Denburg et al., 2007). Moreover, aging may affect attentional abilities (Ball & Owsley, 

1993), divided attention (Anderson et al., 1998), visual working memory (Mattay et al., 2006), 

verbal and spatial working memory (Reuter-Lorenz et al., 2000), and dual task processing 

(Verhaegen et al., 2003). However, some cognitive abilities, such as procedural memory 

(Churchill et al., 2003) and knowledge-based abilities (e.g., vocabulary) (Singer et al., 2003) do 

appear to go relatively unscathed well into the ninth decade of life.  

Age-related cognitive changes have been linked to various underlying neurocognitive 

changes found in healthy older adults without sign of dementia. Studies on normal brain aging 

have found atrophy of the frontal and temporal lobes (Raz et al., 1998; Raz et al., 2004), changes 

in white matter (Salat et al., 1999), and a reduction in neuronal connectivity (Terry & Katzman, 

2001). Furthermore, there is evidence of pathological depositions, volumetric loss, and 

biomarkers characteristic of dementia within the brains of older adults with subjective cognitive 

impairment, but who do not fit the objective criteria for a dementia diagnosis (Perrotin et al., 

2012; Striepens et al., 2010; Visser et al., 2009). The structural changes found in healthy older 

adults are significantly less than the volumetric measurements found in patients with 

Alzheimer’s disease or MCI, particularly within the temporal lobes (Heckemann et al., 2011). 

While neurodegenerative dementia forms such as Alzheimer’s disease are characterized 

by considerable functional decline (e.g., in activities of daily living), subtle age-related 

performance decrements in cognitive domains are not thought to incur any significant functional 

limitations in the ability to perform most everyday tasks. However, for tasks that requires a 

complex integration of information and the enlistment of multiple cognitive domains, such as 

driving, subtle age-related changes may translate into behavioral decrements and hazardous 
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situations (Anstey & Wood, 2011). Decrements in driving ability have been linked to domains 

including visual attention (e.g., dividing attention between multiple input channels), visual 

processing speed, visual perception, memory, and executive functions (i.e., the ability to flexibly 

adapt and respond to situational changes) (Owsley et al., 1998; Wagner et al., 2011). For 

example, older adults may experience decrements in their ability to attend to multiple lanes of 

traffic simultaneously or accurately judge their distance from a curb. Given that older drivers are 

at much higher risk for motor vehicle crashes (Braver & Trempel, 2004), a focus of research 

should be on determining ways to improve these driving-related cognitive and perceptual 

functions before unsafe driving behaviors are introduced. Driving-related perceptual and 

cognitive functions are a prime target for remedial activities, as driving is an everyday task that 

is important for maintaining independence in older adulthood.  

In concert with cognitive changes across the lifespan, many visuoperceptual functions 

likewise suffer from age-related declines. Particularly in old age, a substantial link between 

sensory functioning and fluid cognitive abilities (e.g., processing speed) has been established 

(Baltes & Lindenberger, 1997). In terms of functional risk, diminished visual functioning in 

normally aging adults has been identified as a contributor to an increased incidence of falls (Lord 

et al., 1991) and increased risk of motor vehicle accidents (Owsley et al., 1998) as well as a 

conglomeration of difficulties in performing everyday tasks. Deteriorations in visual acuity 

(Gittings & Fozard, 1986), contrast sensitivity (Crassini, 1988), motion perception (Roudala et 

al., 2010), orientation discrimination (Betts et al., 2007), and visual processing speed (Owsley et 

al., 1998) have been documented in normally aging individuals. Some changes in visual 

capacities may be attributed to optical changes, while others may be attributed to 

neurophysiological changes in the visual pathways within the brain. Furthermore, the risk of 



 

11 
 

several progressive and irreversible eye diseases increases with age. Common causes of visual 

impairment include cataracts, glaucoma, diabetic retinopathy, and age-related macular 

degeneration (Voleti & Hubschman, 2013). While any of these eye diseases may cause 

permanent structural changes, they are not able to fully account for age-related declines in 

perceptual abilities. 

Effects of Physical Training and Enhanced Fitness on Older Adult Cognition. 

Physical exercise is beneficial for older adults in terms of reducing the risk of a plethora of 

health conditions, including heart disease (Blumenthal et al., 2005), diabetes mellitus (Herriott et 

al., 2004), obesity (Blair & Nichaman, 2002), and osteoporosis and arthritis (Minor et al., 1989), 

all of which are diseases that increase in prevalence in older adulthood (Cooper & Melton, 1992; 

Flegal et al., 1997; Kirkman et al., 2012; Strait & Lakatta, 2012). More generally, physical 

exercise is effective in increasing cardiovascular fitness, muscle strength, bone mineral density, 

alleviating depression and anxiety, and improving self-esteem in older adults (Taylor et al., 

2004). In fact, evidence has suggested that higher physical activity levels lead to a longer total 

life expectancy (Franco et al., 2005). Physical fitness has been associated with certain biological 

mechanisms that underlie the beneficial effects on physical and psychological health. Moreover, 

potential benefits to the brain may be conferred by biological mechanisms that support reduced 

inflammation, increased growth factor expressions, optimized neuroendocrine responses to 

stressors, and neuroplasticity (Silverman & Deuster, 2014). 

Regular physical exercise has also been associated with better cognitive functioning and 

even a delayed onset of dementia types (Larson et al., 2006; Yaffe et al., 2001). Higher levels of 

cognitive functioning have been found in both cognitively normal and demented older adults 

engaged in regular exercise (Colcombe & Kramer, 2003; Yaffe et al., 2001; Heyn et al., 2004). 
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The past several decades has seen a number of studies that have examined the effects of both 

single bouts of acute exercise and longer term (e.g. 3–12-month) interventions in younger and 

older adults. In a review of the literature, cognitive improvements in areas including simple 

reaction time, working memory, and even higher-order thinking processes, including creativity, 

were seen following acute bouts of short-duration exercise (Tomporowski, 2003). Hillman, 

Shook, and Jerome (2003) examined the effects of 30-minutes of acute cardiovascular exercise 

on college-aged students by measuring performance on the Eriksen flanker task (interference 

control) and event related brain potentials. The authors found that exercise increased the 

amplitude of the P3 potential (thought to be an indicator of the allocation of attentional and 

working memory resources), suggesting that even short exercises sessions may induce 

neuroelectric changes that support executive control (Hillman et al., 2003). Acute exercise 

exposure of light to moderate intensity aerobic activity has demonstrated beneficial effects on 

older adult cognition on measures of reaction time (Kamijo et al., 2009), tests of working 

memory (Hogan, Mata, & Carstensen, 2013), and logical memory and Mini Mental State 

Examination (MMSE) scores (Molloy et al., 1988). However, studies that have sought to 

determine the effects of acute exercise have largely featured younger adult samples, leaving 

much still to be examined among adults 60 years and older. Thus, a priority of this line of 

research should be to evaluate the long-term impact that relatively short periods of exercise may 

have in sedentary older adults. 

The protective effects of physical activity on cognition has been a research topic for 

decades throughout a number of cross-sectional studies (Dustman et al., 1994; Hillman et al., 

2008). Several longitudinal studies have shown a diminished rate of cognitive decline in 

physically active older adults during variable follow-up periods. In a six-year longitudinal study 
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of 349 community-living older adults, cardiorespiratory fitness levels were strongly predictive of 

performance on measures of global cognitive functioning and attention/executive function 

(Barnes et al., 2003). Aichberger and colleagues (2010) measured the association between any 

type of regular physical activity and cognitive decline in a 2.5-year follow-up of an international 

sample of 17,333 individuals over the age of 50 from 11 European countries. The authors found 

less evidence of cognitive decline in those who regularly engaged in any type of physical 

activity, particularly if those activities occurred more than once per week. Moreover, higher 

physical activity levels in older adults has been linked to a reduced risk of physical disability and 

mobility limitations (Manini et al., 2009). Mobility limitations have in turn been implicated as a 

longitudinally predictive risk factor for cognitive impairment (Marquis et al., 2002).  

Intervention studies that have featured longer-term involvement in various forms of 

physical exercise have typically targeted older adult populations. The beneficial effects of 

physical exercise on cognitive functioning has been demonstrated throughout a number of 

intervention studies featuring healthy older adult participants, using aerobic activity and 

resistance exercises, both separately and in combination. Intervention studies have, in turn, lent 

the greatest support to the idea that physical exercise has an enhancing effect on older adult 

cognition. One 12-month program of 3-hour per week supervised endurance training of healthy 

older adults produced a stable cognitive status (as measured by follow-up MMSE scores) relative 

to a control group that received only lifestyle education (Muscari et al., 2010). Exercise 

participation has been implemented in a variety of physical intervention forms. Most intervention 

studies examining the effects of physical activity on cognition through large-scale randomized 

controlled trials have targeted relatively nonspecific forms of aerobic exercise (Smith et al., 

2010). Albeit fewer in number, combined aerobic and resistance training programs and other 
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multicomponent programs seem to show better cognitive outcomes (Kirk-Sanchez, & McGough, 

2014), predominantly in areas of attention and executive functioning (Liu-Ambrose et al., 2010).  

Meta-analytic reviews of randomized design studies have established the robust and 

reliable benefit of fitness training interventions on the cognition of older adults (Colcombe & 

Kramer, 2003). Colcombe and Kramer (2003) reported differential performance improvements in 

specific areas of cognitive functioning, with the greatest improvement in executive processes, 

followed by visuospatial functions. The authors found that combined strength and aerobic 

training programs produced the greatest degree of improvement when compared to aerobic 

training only. Furthermore, there does not appear to be a substantial difference in outcome 

between training programs of a longer duration (6+ months) and those of shorter durations (1–3 

months). However, there is still no clear dose-response relationship between the level and 

duration of the physical activity and the expected cognitive benefits. Additionally, the large body 

of literature in this area has engendered a great deal of heterogeneity in methods related to data 

collection, analysis, and neurocognitive assessment. In fact, the quality, lack of consistent use of 

clinically validated assessments, and statistical reports of many studies in this area have been 

questioned (see Smith et al., 2010 for a discussion). 

Most exercise intervention studies have featured healthy community-dwelling older 

adults. More studies conducted with physically frail older adults, or older adults with various 

cognitive impairments are needed in order to be able to generalize the cognitive benefits of 

physical activity to populations of older adults with preexisting cognitive or physical limitations. 

One study showed that physically frail older adults improved their cognitive performance in 

areas of executive functioning, processing speed, and working memory following three months 

of physical training (Langlois et al., 2013). The same study also found an improved physical 
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capacity, quality of life, and satisfaction with physical capacity, health, and social relationships 

among participants. A 24-week, home-based physical activity program was able to prevent 

further cognitive decline in a group of older adults who had already presented with subjective 

memory impairments over an 18-month period (Lautenschlager et al., 2008). A meta-analysis of 

physical exercise interventions in older adults with pre-existing cognitive impairments and 

dementia found support for the effectiveness of aerobic, resistance, and multi-component 

training programs on improved cognitive outcomes (Heyn et al., 2004). However, the authors 

note that this particular body of evidence is lacking in terms of adequate sample sizes, the quality 

of study design, experimental controls, and a need for long-term follow-up assessments. 

Neurophysiological Benefits of Aerobic Activity. The neurophysiological approach to 

the link between fitness and enhanced cognition has identified an increase in cerebral blood flow 

as an important mediating factor. Hypertension, diabetes mellitus, and other adverse 

cardiovascular outcomes and risk factors have negative implications for late life cognition 

(Grodstein, 2007). For example, higher levels of neurofibrillary tangles and senile plaques (brain 

pathologies that are characteristic of Alzheimer’s disease) have been observed in hypertensive 

individuals (Sparks et al., 1995), and aerobic activity is often prescribed as a behavioral 

intervention for developing cardiovascular disease (Thompson et al., 2003). Vascular disease is 

second only to advanced age as the most significant risk factor for dementia. While senescence is 

not a factor amenable to change, the risk factors for vascular disease have the potential to 

become modified through lifestyle intervention (O’Brien et al., 2003). Furthermore, exercise 

interventions may also reduce brain inflammation and improve the immune systems of older 

adults, thereby reducing risks associated with cognitive decline (Intlekofer & Cotman, 2013).  
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Exercise may mediate cognitive functioning and the benefits to overall brain health 

through several neurophysiological mechanisms. A growing body of research on non-human 

animals has implicated the cellular and molecular mechanisms which may account for the 

cognitive effects of physical exercise. Animal studies suggest that exercise-induced brain 

plasticity may be specifically related to increased neurotrophins, which stimulate neurogenesis, 

and increased vascular perfusion (Cotman & Berchtold, 2007). Voluntary exercise has been 

demonstrated as a behavioral mediator of axonal regeneration in the sensory neurons of animals 

following axonal injury (Molteni et al., 2004). These findings suggest that physical activity may 

embody a potential for activity-dependent plasticity and neuronal regeneration.  

Enhanced spatial learning has been observed in rodents engaged in voluntary aerobic 

exercise (e.g., wheel running) (Fordyce & Farrar, 1991; Van Praag et al., 1999), suspected to be 

caused by increased neurotrophin levels (Van Praag et al., 2005). Furthermore, running has been 

found to produce a nearly threefold increase in neurogenesis in active aged mice compared to 

sedentary controls and recover age-related decline to 50% of that of young mice levels (Van 

Praag et al., 2005). Running has also been shown to enhance hippocampal neurogenesis, synaptic 

plasticity and long-term potentiation in mice (Van Praag et al., 1999). Hippocampal neurogenesis 

slows down considerably with age in rats (Heine et al., 2004) and regionally specific neuronal 

loss has been measured in the hippocampal areas of humans (West, 1993). In addition to 

neurogenesis, voluntary aerobic fitness has been shown to increase levels of brain-derived 

neurotrophic factor (BDNF) within hippocampal areas, which facilitates the maintenance and 

regeneration of nerve cells (Cotman & Berchtold, 2007). Therefore, increased availability of 

BDNF in learning and memory-dominant brain areas may prime cells for enhanced encoding of 

environmental information and promote learning in the aged brain. Additionally, evidence of 
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synaptogenesis has also been reported as a molecular response to exercise (Hu et al., 2009). The 

effects of aerobic exercise have been less studied in the human brain. Research on human 

populations has shown that aerobic fitness is positively correlated with increased grey and white 

matter volume (Colcombe et al., 2006) and sparing of the anterior white matter tracts which are 

most compromised by age-related decline (Colcombe et al., 2003). Furthermore, human studies 

have revealed the plasticity-induced responsiveness of the hippocampus to physical activity 

(Pereira et al., 2007). Mechanisms of structural hippocampal change have been attributed to both 

angiogenesis (proliferation and new growth of blood vessels) (Van der Borght et al., 2009) and 

neurogenesis (generation of new functional neurons from adult neural stem cells) (Van Praag et 

al., 1999). 

Differential Effects of Various Physical and Sports-playing Activities on Cognitive 

Performance. Research has increasingly supported the beneficial effects of (at least) moderately 

intense physical activities (e.g., running, tennis, aerobics, etc.) on the risk of all-cause mortality, 

type-2 diabetes, hypertension, stroke, colon cancer, breast cancer, depressive symptoms, and 

dementia (Larson et al., 2006; Mather et al., 2002). The effects of lower intensity exercise (e.g. 

light walking, stretching, etc.) have been associated with more negligible health and cognitive 

benefits (Seynnes et al., 2004). Specific types of sports-playing activities may also have varying 

effects on cognitive performance in older adults, given that different types of physical activities 

and sports involve distinct cognitive and physical demands. In particular, accumulating evidence 

seems to favor “open-skill sports” rather than “closed-skill sports” in terms of domain-specific 

cognitive performance. Open-skill sports (e.g., badminton, table tennis, etc.) require constant 

adaptation to dynamic environments, governed in part by the opposing player’s behaviors (e.g., 

the varying speed of a ball). In contrast, closed-skill activities (e.g. walking, swimming, etc.) are 
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often self-paced, predictable, and carried out independently from the input of other players (e.g., 

a golfer attempting to replicate a swing). As such, meta-analytic reviews have supported better 

cognitive performance in areas of processing speed and attentional processes in “open-skill” 

sports-playing athletes (Voss et al., 2010).  

Thus, the associated skills of open-skill sports are constrained by the external 

environment, and involve different perceptual, cognitive, and motor processes. Therefore, it is 

important to identify the more task-relevant benefits of sports playing rather than just the overall 

benefits of general aerobic training. Studies have shown that skilled players of open-skill sports 

have demonstrated superior performance on cognitive tasks measuring processing speed, visual 

attention, visual working memory, inhibitory control, and decision making relative to athletes of 

closed-skill sports (Voss et al., 2010; Wang et al., 2013). Many open-skill sports are highly 

perceptual in nature and involve considerable cognitive load, as they require attending to relevant 

sensory information, adjusting attention, planning, cognitive flexibility, and immediate decision 

making in the presence of incomplete information (Di Russo et al., 2010). For example, the 

perceptual nature of open-skill sports has been demonstrated in the superior accuracy of skilled 

racket sports players in detecting and utilizing subtle cues from an opponent’s postural 

orientation before the interceptive actions are performed (Williams et al., 2002). Moreover, 

skilled players of various racket sports are able to provide accurate predictions of potential shots 

before they have been made by the opponent (Alain & Proteau, 1980; Crognier & Féry, 2005). 

These findings suggest that extended engagement in various types of open-skill racket sports 

may foster certain perceptual-cognitive skills that enable players to use advanced visual cues to 

process information more efficiently, and to rapidly and flexibly adapt to situational changes.  
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The differential cognitive effects of exercise mode have been supported in older adults 

within some cognitive domains. Older adults engaged in open-skills sports-playing demonstrated 

fewer global switch costs in a task switching paradigm (Dai et al., 2013). These findings indicate 

that the cognitive benefits of engaging in aerobic activities may be optimally extracted from 

specific forms of sports-playing that offer variable cognitive and physical demands. However, 

due to limited available literature, the exact perceptual and cognitive benefits of several types of 

open-skill sports in older adulthood can only be speculated at this time. As discussed, a number 

of perceptual-cognitive skills are assumed to support racket sports playing, which embody 

unique perceptual, cognitive, and motor constraints that may be especially beneficial for older 

adults. A large cohort study found all-cause mortality rates were 47% lower, and cardiovascular 

disease-related mortality was 56% lower in individuals who played racket sports, when 

compared with other types of physical activities that included swimming, aerobics, cycling, 

running and soccer (Kelly et al., 2016). Although limited in number, studies with tennis players 

have demonstrated task-relevant cognitive benefits in areas of eye-hand coordination and 

collision-detection (Lobjois et al., 2006; Lobjois et al., 2008). One study found better 

performance on a test targeting attention and executive function in older adult table tennis 

players (Kawano et al., 1992). However, the promising results of some studies targeting sports-

playing older adults have been tempered by the use of only a limited number of unstandardized 

cognitive assessments. More importantly, a causal relationship has yet to be established between 

certain types of open-skill sports and improved perceptual and cognitive function in older adults 

within the existing research. 
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Conclusions and Future Directions  

To recapitulate, the body of research that examines the cognitive impact of physical 

exercise is encouraging, although the evidence of the effects of specific sports activities in 

elderly adults has remained sparse. Nonetheless, there is a consensus within the literature that 

physical exercise/fitness has a protective effect on cognition, although there is a continued need 

for investigations that employ satisfactory blinding procedures, sufficient sample size, longer 

durations, and follow-up testing. A growing body of evidence has supported the causal influence 

of activity-dependent structural brain changes and concomitant improvement of cognitive 

functioning. Both animal and human models have suggested that voluntary fitness is associated 

with a more highly preserved and adaptive aging brain. Studies have shown improvement in a 

variety of cognitive areas following various fitness interventions in older adults, although only 

few have explored the effects of physical exercise on perceptual functions. Furthermore, many 

existing studies have been questioned in terms of their quality and inclusion of standardized 

neurocognitive assessments.  

Despite the potential of physical exercise to enhance cognitive and neural health well into 

older adulthood, there are several remaining research questions which are currently amenable to 

speculation only. One of the most pertinent remaining questions within the available evidence 

concerns the exact effect that exercise type, duration, frequency, and intensity have on cognitive 

outcomes. The difference between various types of sports activities has barely been explored in 

terms of their cognitive training potential. Most sports activities involve a combination of 

complex locomotor sequences, manipulative skill, physical exertion, cognitive processes, and 

social interactions. Therefore, specific sports activities selectively involve disparate cognitive 

processing of activity-specific tactics and task constraints. However, some difficulty lies in 
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parsing the network of perceptual, cognitive, and motor skills that underlie a certain sport 

activity, and the nature of the relationship between the performer and their environment. The 

literature would strongly benefit from studies that examine the protective or restorative effects 

that various types of sports activities may have on the cognition of older adults, as well as the 

extent to which engagement in different sports offers divergent performance gains in various 

areas of cognitive performance.  
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CHAPTER 3 

EXTENDED LITERATURE REVIEW 

Fall risk and Balance in Older Adulthood  

Falls are a common and serious public health problem for older adults and has been 

shown to be interrelated with cognitive decline, mobility disturbances, and impaired balance 

control (Montero-Odasso et al., 2012). Increasing evidence has propounded that cognitive 

disturbances and balance abilities are both well-established predictors of high fall risk (Muir et 

al., 2012; Tinetti et al., 1988; Whitney et al., 2012). Those with serious cognitive impairment and 

dementia brace the most considerable fall risk (Horikawa et al., 2005; Tinetti, 2003), although 

even subtle cognitive impairments can be a contributing risk factor (Gleason et al., 2009). 

Additionally, the higher risk of falling that has been associated with impaired balance control 

(Muir et al., 2012), is thought to be caused by a decline in multiple biological systems of 

sensory/perceptual, cognitive, and motor functioning (Woollacott & Shumway-Cook, 1990). 

Thus, cognitive decline and diminished balance control are two potentially ameliorative risk 

factors for falls in older adults, and the identification of a comprehensive intervention program 

that addresses both would be desirable for reducing the rate of falls.  

Falls. Researchers have spent decades attempting to provide a universal definition of a 

fall. Despite the proliferation of literature on falls, it has been observed that existing research 

often fails to provide an operational definition of what constitutes a fall, instead basing it on the 

characteristics of the studied population (Lach et al., 1991). The Kellogg definition, produced in 

1987 by the Kellogg International Working Group on the prevention of falls in the elderly, has 

been a popular one, characterizing a fall as ‘unintentionally coming to the ground or some lower 

level other than as a consequence of sustaining a violent blow, loss of consciousness, sudden 
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onset of paralysis as in stroke or an epileptic seizure’ (Gibson, 1987). This definition is 

particularly relevant to studies in which the focus is on sensorimotor impairment and balance 

rather than systemic causes of falls, such as postural hypotension. Around 30–40% of 

community-dwelling adults over the age of 65 sustain at least one fall within a twelve-month 

period, and a third of these individuals suffer moderate to severe injuries, hospitalization, or 

death as a result (Ambrose et al., 2013; Masud & Morris, 2001). The prevention of falls has been 

a particularly important research investigation, as falls may result in injuries and fractures, 

(Verma et al., 2016) impaired functional independence, (Sekaran et al., 2013) physical and social 

consequences, (Fabrício et al., 2004), high health care costs, and a reduced quality of life 

(Hartholt et al., 2011).  

Causes of Fall Risk. Many variables have been attributed to the cause of falls, including 

balance control (Lipsitz et al., 1991; Salgado et al., 1994), cognitive decline (Herman et al., 

2010), and neurological disease (Salgado et al., 1994). However, due to the multifactorial nature 

of fall risk, the early identification of older adults at risk for sustaining a fall has proven to be a 

serious medical challenge. Many older adults are characterized by multiple risk factors that may 

predispose them to a fall, which makes identifying a specific cause of a fall event difficult. The 

variety of causes for falls in elderly people are often the result of an interaction between 

individual age- or disease-related factors and environmental hazards. Accidents or other 

environmental influences are the most commonly cited precipitating factors for falls, accounting 

for 30–50% of falls (Rubenstein, 2006). The second most commonly cited factor is gait problems 

and weakness, culpable for between 10–25% of falls (Rubenstein, 2006). Common spatio-

temporal gait changes often include stiffer, less coordinated gait movements, decreased stride 

length, decrease in postural control, loss of muscle strength and tone, decline in body-orienting 
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reflexes, and a shorter stepping height (Prince et al., 1997). Older adults exhibit greater difficulty 

in recovering from external perturbations than younger adults (Horak et al., 1989). They often 

adopt the compensatory strategy of taking multiple steps where they cross one foot over the other 

which can lead to missteps and falls, rather than taking a single sideways step (Maki et al., 

2000). Gait disturbances (e.g., decreased walking speed, freezing of gait, postural instability) are 

common and particularly apparent in older adults with dementia and cognitive impairment 

(Amboni et al., 2013; Verghese et al., 2002). Poor vision has also been implicated as a potential 

cause of falls in the elderly. Evidence has suggested that poor visual acuity (Clark et al., 1993), 

poor contrast sensitivity (Lord et al., 1991), impaired depth perception (Nevitt et al., 1989), 

visual field impairment (Glynn et al., 1991), and self-rated poor vision (Lord et al., 1993) are 

associated with falls. In a large cross-sectional study that examined several vision factors related 

to falls in community-dwelling older adults, poor visual acuity, reduced contrast sensitivity, and 

an impaired visual field were significant risk factors for the occurrence of two or more falls in a 

12-month period (Ivers et al., 1998). Intriguingly, poor vision may be a greater risk factor for 

falls than no vision at all, as poor vision provides unreliable feedback and in turn leads to 

inaccurate movement planning.  

In particular, accumulating evidence has supported the association between falls and 

cognitive decline, as higher order cognitive processes are necessary for movement planning and 

accurately responding to shifting environmental constraints. A meta-analysis of epidemiological 

evidence linking cognitive decline to falls did not find a consistent association between measures 

of global cognitive functioning and fall risk, although more specific cognitive domains, such as 

impaired executive functioning, incur an increased risk of falls (Herman et al., 2010; Hsu et al., 

2012; Muir et al., 2012). Balance recovery after an external perturbation is more attentionally-
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demanding for older adults compared to younger adults, making postural recovery less likely 

when sufficient attentional resources are not allocated to the physical recovery task (Brown et al., 

1999).  Similarly, difficulties with divided attention are more pronounced in balanced-impaired 

older adults. Older adults display longer reaction times than younger adults when performing a 

cognitive task concurrently with a perturbation recovery task compared to single task situations, 

with even longer reaction times evident in balance-impaired older adults (Brauer et al., 2002). 

Brauer and colleageues (2002) suggest that the longer reaction times observed in older adults 

may be due to a prioritization of the physical recovery step over performance on a concurrent 

cognitive task. However, this proposed trade-off may have deleterious practical implications for 

both healthy and balance-impaired older adults (e.g., the dual task behaviors of older adult 

pedestrians in traffic environments). Furthermore, falls are common occurrences in patients with 

Alzheimer’s disease dementia (Horikawa et al., 2005) and in disorders that feature both motor 

impairment and cognitive decline, such as Parkinson’s disease (Wood et al., 2002) and 

progressive supranuclear palsy (Bluett et al., 2017). A loss of gait velocity control has been 

implicated as a factor predictive of falls in older adults with dementia (van Iersel et al., 2006), 

which may predispose them to hazardous situations.   

Muscle weakness is a significant finding in terms of fall risk among the elderly, although 

it is more often a function of disease or physical inactivity rather than chronological age. In 

particular, lower extremity muscle strength has been associated with a higher risk of falls (Cho et 

al., 2012). Grip strength is also an indicator of trunk and lower limb muscle strength (Cheng et 

al., 2014; Granacher et al., 2013), and has been found to be predictive of fall risk in older adults 

(Pijnappels et al., 2008). Sedentary behavior is a significant risk factor for falls among older 

people, as the prevalence of falls in older adult men and women is associated with a decrease in 
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everyday and leisure-based physical activities (Stahl & Albert, 2015). Sedentary behaviors may 

in turn lead to poorer balance, muscle weakness, and a generally sedentary lifestyle. Thus, 

physically active older adults are less at risk for sustaining a fall compared to those who are not 

routinely physically active or are inactive (Thibaud et al., 2012).  

Fall intervention approaches. Most of the mentioned risk factors are amenable to 

interventions that may significantly alter the fall-related outcomes. Due to the multifactorial 

nature of falls, multifaceted interventions, including physical exercise, education, and home 

assessments have been emphasized in the literature (Feder et al., 2000). Considerable evidence 

has suggested that exercise interventions form an important part of multi-component fall 

prevention interventions. Physical activity can target several fall-related risk factors, by 

improving or maintaining balance (Ribeiro & Pereira, 2005), gait (Kemoun et al., 2010; 

Schoenfelder & Rubenstein, 2004), and muscle strength (Moreland et al., 2004). A systematic 

review on fall prevention conducted by the Cochrane Group concluded that home modifications 

to improve environmental safety are not independently effective in reducing falls, but that 

various multi-component exercise programs that seek to promote strength, balance, flexibility, or 

endurance have demonstrated effectiveness in reducing both the risk and the rate of falls 

(Gillespie et al., 2012). More specifically, three different exercise approaches were found to be 

most effective: multi-component group exercise, Tai Chi performed within a group, and 

individually tailored, home-based multi-component exercises. Gardner et al. (2000) reviewed 

twelve randomized controlled fall intervention trials that all included some exercise component 

and that were either delivered to a group or individually within the home. Interventions that were 

successful in lowering fall risk included strength and balance training, endurance training, or Tai 

Chi (Gardner et al., 2000). Factors that may have curtailed the potential of those interventions 
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that did not find any benefit included a lack of sufficient exercise intensity, low compliance to 

the study program, and the impact of other fall-related risk factors (Gardner et al., 2000). More 

evidence is needed to determine the exact exercise types, and their optimal frequencies, 

durations, and intensities, to identify the most effective intervention for reducing fall risk among 

various groups of older adults. Exercise programs that are implemented for this purpose should 

follow certain practical considerations if they are to be adopted for long-term use among older 

adults. They should be economical, easy to implement, and should incorporate sufficient variety 

to promote long-term sustainability and compliance.  

Improved Balance as a Result of Physical Exercise  

In addition to being protective against cognitive decline, physical exercise is also 

protective against loss of balance in older adults. Regular participation in aerobic and sports 

activities (e.g. walking, swimming, tennis, yoga, etc.) has been associated with better scores on 

static and dynamic measures of postural control (Perrin et al., 1999). While elderly practitioners 

of lifelong physical exercise attain the best balance control, similar benefits have also been found 

in older subjects who have only begun engaging in regular exercise since entering into retirement 

(Perrin et al., 1999). Research has indicated that physical exercise has a protective effect on 

balance through the modulation of multiple attributes (Gregg et al., 2000). Paillard et al. (2004) 

investigated the balance effects of a 12-week brisk walking program.  Older subjects involved in 

the walking program showed improved lateral dynamic balance, although did not show 

improvement in measures of static balance or the spatio-temporal characteristics of walking 

(Paillard et al., 2004). Participants in exercise programs are also more likely to report an 

improved ability to perform activities of daily living, a higher sense of confidence in maintaining 

their balance, and enhanced physical control (Kutner et al., 1997).  
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The American Geriatrics Society (AGS) has recommended that an exercise intervention 

consisting of balance, gait, and strength-training be included as part of a fall prevention plan 

(Panel on Prevention of Falls in Older Persons, American Geriatrics Society and British 

Geriatrics Society, 2011). However, the most effective type of exercise program for improving 

balance and reducing fall risk has yet to be ascertained, as many studies have used a combination 

of interventions and have featured a variety of methods (Barnett et al., 2003; Faber et al., 2006; 

Tinetti et al., 1994; Wagner et al., 1994). Despite existing discrepancies within the fall 

prevention literature, systematic reviews and meta-analyses have concurred that physical 

exercise is the most efficacious intervention form for reducing fall risk by improving functional 

capacity. Multi-component interventions that include strength, endurance, and balance 

components have been considered the most effective for improving gait, balance, and fall risk 

(Cadore et al., 2013; El-Khoury et al., 2013). Systematic reviews have suggested that exercise 

strategies include the simultaneous performance of resistance, endurance and balance exercises 

that occur at increasing levels of volume, intensity and complexity (Cadore et al., 2013). 

Shimada et al. (2003) compared the effects between two different balance and gait training 

programs and a sedentary control group on both static and dynamic measures of balance among 

frail elderly individuals residing in an institutional setting. Differential balance effects were 

afforded by the two types of training intervention. The gait-training group (including walking, 

stair-climbing, tandem-walking, sideways walking) achieved exercise-induced improvements in 

measures of dynamic balance and mobility, whereas the balance-training group (including 

reaching, balance board, single- and tandem-leg standing exercises) improved only on measures 

of static balance (Shimada et al., 2003). These findings suggest that multi-component fall 

prevention programs that include both mobility and balance exercises may be most advantageous 
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for improving both balance and gait functions. Toulotte et al. (2006) found significant 

improvements in both static and dynamic balance (both single and dual task conditions) in a 

small group of elderly women engaged in a 12-week exercise program consisting of both balance 

and resistance training. The authors attributed the static balance gains to increased muscular 

strength, and the dynamic balance gains to a more efficient allocation of attention between 

walking and a paired task (Toulotte et al., 2006). One review found that balance training was the 

most important component to effective fall risk reduction exercise programs (Sherrington et al., 

2011), whereas other authors have failed to find any trends in the type of exercise found to be 

most effective, when comparing studies that included individual exercise components of balance, 

endurance, flexibility, and strength (Chang et al., 2004). Conflicting results have been found for 

moderating factors, including exercise duration and intensity, in terms of the effects on the 

exercise program. However, the optimal intensity of the prescribed exercise program may be 

mostly related to the degree of frailty in the older adult participants. Lower intensity exercise 

programs may be more appropriate for frail elderly individuals (Morgan et al., 2004), whereas 

moderate intensity programs have been most effective in reducing the fall incidence of “pre-

frail” older adults (Faber et al., 2006).  

Physical Activity and the Health of Older Adults 

            Aging has been associated with a corpus of unfavorable factors that contribute to the 

functional and health-related declines frequently observed in older adulthood. An attenuation of 

aerobic function (i.e., decline in maximal oxygen consumption) (Fleg & Lakatta, 1988), skeletal 

muscle mass, (Tseng et al., 1995), increased vascular resistance contributing to hypertension 

(Amery et al., 1978), loss of bone mass (Heersche et al., 1998), and a decline in muscle strength 

and tendon stiffening contributing to a loss of flexibility (Adams et al., 1999) are among the 
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associated factors. However, evidence has suggested that many of the functional outcomes 

associated with aging are actually a byproduct of insufficient levels of physical activity, and are 

therefore amenable to intervention (Marks, 2002). In fact, physical inactivity is a serious public 

health concern, with only 38% of older adults in the United States, aged 75 and older, meeting 

the recommended levels of physical activity (Macera et al., 2005). Estimates of regular physical 

inactivity within the U.S. reported by the Centers for Disease Control and Prevention (CDC) 

indicates that percentage of inactivity increases linearly with age, with 25.4% reported for adults 

50–64 years, 26.9% for adults 65–74 years, and 35.3% for adults over the age of 75 (Centers for 

Disease Control and Prevention, 2016). Physical activity also decreased as a function of lower 

education, increased weight, female sex, and the presence of at least one chronic disease (Centers 

for Disease Control and Prevention, 2016).  

Physical activity can be defined as any bodily movement produced by skeletal muscles 

that increases energy expenditure above a basal level, and embodies all types, intensities, and 

qualities of bodily movement (Piercy et al., 2018). Physical exercise consists of regular and 

structured forms of physical activity that have the goal of improving or maintaining physical 

fitness (Piercy, 2018). The WHO guidelines ‘Global Recommendations on Physical Activity for 

Health’ (World Health Organization, 2010) and the American College of Sports Medicine 

(ACSM) (Chodzko-Zajko et al., 2009) have published recommendations for the amount of 

physical activity in adults over the age of 65, which include at least 150 minutes of moderate 

intensity exercise or 75 minutes of vigorous intensity exercise per week. Furthermore, poor 

mobility and fall risk should be combatted with balance training at least 3 days per week (World 

Health Organization, 2010). Physical exercise programs have several important advantages for 
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older people, other than preventing falls and promoting physical health, such as improving 

cognitive function and mental health. 

Non-Physical Cognitive Training Approaches 

Maintenance of cognitive functioning is a common concern among older adults (Laditka 

et al., 2011). In particular, many older adults fear the imaginable onset of memory loss and 

dementia, with some even perceiving a cancer disease to be preferable (Corner & Bond, 2004). 

Increased longevity in the older population will likely be accompanied by an increased need or 

desire to extend physical and cognitive functioning and prolong independent mobility. 

Specifically, loss of driving ability in older adults has been associated with reduced social 

participation (Marottoli et al., 2000), which in turn may lead to adverse effects on cognitive 

health (Bassuk et al., 1999).  

Over the past several decades, cognitive training programs have been considered a 

promising alternative to pharmacological treatments for slowing the decline of cognitive aging 

(Dresler et al., 2013). However, training improvements are often restricted to the trained ability 

(e.g., participants trained in attentional abilities see improvement in attention, but not in other 

abilities such as memory) and fail to show a transfer to real-world outcomes (Ball et al., 2002). 

Cognitive training studies have produced inconsistent findings, although the greatest training 

impact has been attained from strategies that engage multiple cognitive domains and continually 

present novel and adaptive learning environments (Buitenweg et al., 2012). Epidemiological 

studies have suggested that older adults who remain active as they age, and participate in 

stimulating mental, physical, and social activities may delay or even avoid cognitive decline 

(Hultsch et al., 1999; Kramer et al., 2004). Thus, it is important to consider how the differences 

between naturalistic training regimens and laboratory-based cognitive training paradigms 
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influence task performance and transfer effects. Real-world activities are inherently complex, 

and access multiple cognitive systems simultaneously during information processing and task 

execution. On the other hand, most laboratory-based cognitive training paradigms parse 

cognitive abilities into discrete tasks, in which one cognitive ability is trained in isolation of 

others. While targeting relatively isolated cognitive abilities may expedite the initial learning 

phase, the potential for long-term retention and transfer to other tasks may be detrimentally 

affected. Therefore, cognitively active lifestyles have been implicated as effective means of 

promoting cognitive health and a way to stymie the development of dementia (Verghese et al., 

2003). According to the engagement hypothesis, age-related cognitive decline may be reduced 

by exercising a repertoire of cognitive abilities through sustained engagement in mentally 

stimulating activities (Schooler & Mulatu, 2001). For example, musical training may engender 

transferable cognitive skills, as a broad range of brain regions and cognitive functions are 

enlisted, such as working memory and attention (Miendlarzekska & Trost, 2014). Similarly, the 

skill development experiences associated with different physical activities may transfer to 

specific cognitive abilities, with the added advantage of comprising complementary physical 

health benefits.  

Physical Activity and Cognitive Function 

The risk of developing dementia is significantly associated with low levels of physical 

activity (Ahlskog et al., 2011; Hamer & Chida, 2009). In fact, a meta-analytic review of 

prospective cohort studies found that physical activity reduced the risk of dementia by 28% and 

Alzheimer’s disease by 45% (Hamer & Chida, 2009). Higher levels of cognitive functioning 

have been found in both cognitively normal and demented older adults who exercise regularly 

(Colcombe & Kramer, 2003; Heyn et al., 2004; Yaffe et al., 2001). A vast number of cross-
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sectional and longitudinal observational studies have found better cognitive function in older 

adults with greater levels of physical activity, compared to their less-active counterparts 

(Aichberger et al., 2010; Barnes et al., 2003; Colcombe et al., 2004; Falck et al., 2017; 

Lautenschlager et al., 2010; Shay & Roth, 1992; van Boxtel et al., 1997; Weinstein et al., 2012; 

Yaffe et al., 2001).  

Intervention studies. Randomized controlled trials have provided evidence to suggest 

that physical activity interventions improve cognitive function among various age groups. 

Physical activity as a cognitive intervention form has varied in activity type, intensity, duration, 

frequency, and total duration of participation. Studies that have sought to determine the effects of 

acute exercise (i.e., a single session) have largely featured younger adult samples, leaving much 

to still be examined among older adult populations. A meta-analysis from 2012 identified only 6 

studies from a total of 79 that examined the effects of acute exercise on the cognitive 

performance of adults over the age of 60 (Chang et al., 2012). In contrast, 42 studies from the 

analysis featured younger adults aged 20–30 years. Meta-analytic reviews have indicated that 

even single sessions of aerobic activity have a small positive effect on cognitive performance, 

with the largest effect sizes reported for preadolescent children and older adults when compared 

to other age groups (Chang et al., 2012; Ludyga et al., 2016).   

In contrast, the most substantial body of research that has examined the effect of chronic 

physical activity on cognition has featured older adult populations. The largest effect sizes have 

been reported for executive functions, with improvements also found within episodic memory, 

visuospatial function, word fluency, processing speed, and global cognition (Barha et al., 2017). 

Metanalytic reviews have suggested that exercise mode moderates the effect size of cognitive 

benefits, with some studies suggesting that greater benefits may be obtained from aerobic 
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training (Barha et al., 2017), and others suggesting that combined resistance and aerobic training 

provide the most benefit (Colcombe & Kramer, 2003; de Asteasu et al., 2017). Albeit, some 

studies have failed to find any beneficial gains in cognition from physical activity (Blumenthal et 

al., 1989; Hill et al., 1993; Okumiya et al., 1996; Steinberg et al., 2009; Sturman et al., 2005; 

Uffelen et al., 2009), and others have found physical activity to be beneficial for only certain 

cognitive functions or the performance on specific cognitive tests (Angevaren et al., 2008; 

Kramer et al., 1999; Snowden et al., 2011).  For example, Blumenthal et al. (1989) examined the 

cognitive effects of four months of aerobic training, in which older adults were randomly 

assigned to either an aerobic exercise group, a yoga and flexibility group, or a waitlist control 

group. Improvements found between the pre- and post-test performance of various cognitive 

assessments were not restricted to a specific group and were therefore attributed to practice 

effects and task familiarity.  

The mixed findings produced by the large body of literature in this area may be related to 

the great deal of heterogeneity in methodology, data analysis, cognitive outcome measures (e.g., 

global measures of cognitive functioning, single tests, or composite scores), measurement of 

physical activity, and characteristics of the study samples (e.g., clinical and non-clinical 

samples). In fact, meta-analytic studies have questioned the quality, small sample sizes, lack of 

control groups, inconsistent use of clinically-validated assessments, sensitivity of the included 

neurocognitive tests, and statistical reports of many studies in this area (Gates et al., 2013; Smith 

et al., 2010). In a systematic review of the effects of physical activity on the cognitive function of 

older adults, Carvalho and colleagues (2014) determined that only nine of the twenty-seven 

studies included were of good methodological quality and sixteen were reported to have 

moderate risk of bias (Carvalho et al., 2014).  One aspect of experimental design that has varied 
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widely between studies is the inclusion of an appropriate control group, with some studies 

including no-intervention, waitlist control groups, or groups engaged in other types of social, 

mental, or physical activities. Physical activities do not occur in isolation, but rather coexist in 

complex patterns with social interactions and environmental stimuli. Therefore, environmental 

and social stimulation may be viewed as confounding variables, which are often not controlled 

for. Flexibility and stretching exercises have by themselves often failed to show comparable 

cognitive benefits, and therefore, have often been included as a control for the effects of mental 

and social stimulation (Cassilhas et al., 2007; Smiley-Oyen et al., 2008).  

The often-impractical nature of conducting unconfounded longitudinal intervention 

studies is likely to blame for the dearth of high-quality scientific contributions within this area, 

which is often faced with issues in biased sampling, funding, recruitment, and participant 

attrition. Furthermore, optimal intervention designs would ideally require several experimental 

groups consisting of inactive older adults: a true control group that would remain sedentary, an 

experimental group that would undergo some form of physical activity in exclusion of all other 

forms of regular physical activity, and various active control groups. The study design would 

need to ensure that training adaptations were implemented at equivalent doses of duration, 

frequency, and intensity. Due to these potential obstacles, the body of literature that does exist 

has mainly consisted of cross-sectional studies. Nonetheless, to advance the literature that 

addresses how physical activities affect cognitive functioning in older age, future research 

designs must embrace more longitudinal experimental studies to establish causal and temporal 

relationships, as well as control for confounding factors. Furthermore, there is a need for 

outcome measures to be used more consistently to be able to synthesize the findings.  



 

49 
 

A smaller number of trials have examined older adults with mild cognitive impairment 

and evident dementia (Lautenschlager et al., 2010; Schwenk et al., 2010). The evidence of any 

cognitive benefit from physical activity in older adults is less clear for those who have already 

developed clinically evident dementia. Some studies have shown improvement in cognition 

regardless of baseline cognitive status (Northey et al., 2018) or clinical diagnosis (Groot et al., 

2016), while others have found no apparent benefit (Forbes et al., 2015). In fact, a recent clinical 

trial found that following a year of regular aerobic and strength-based exercise programming, 

cognition had worsened in the exercise group relative to a control group who had maintained 

their normal physical activity levels throughout the follow-up period (Lamb et al., 2018).  

Epidemiological studies. Epidemiological studies evaluating the longitudinal impact of a 

physically active lifestyle have further corroborated the promising results from intervention 

studies. Self-reported leisure-time physical activity has been associated with a lower risk of both 

objective and subjective cognitive impairment in older adults when compared to physical 

inactivity (Chen et al., 2018; Ku et al., 2012), suggesting that structured exercise regimens are 

not the only physical buffer against cognitive decline. A ten-year study of older men found 

higher rates of cognitive decline in those that attenuated the duration or intensity of their 

participation in physical activity over time (van Gelder et al., 2004). Furthermore, the study did 

not find any significant cognitive differences between those who maintained either a high or low 

duration of activity across a ten-year period. In another ten-year follow-up study, vigorous 

physical activity was associated with a better preservation of cognitive functioning in areas of 

memory and executive functioning when compared to physical inactivity, with the most 

pronounced differences evident in women (Hamer et al., 2018). Frequent exercising (at least 3 
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times per week) is associated with maintained or improved general cognition over a 5-year 

period, compared to low or non-exercisers (Middleton et al., 2008).  

Some epidemiological evidence has supported the protective effect of physical activity 

against the onset of dementia. Higher levels of total daily physical activity have been 

independently associated with a reduced longitudinal risk of developing Alzheimer’s disease at 

four-year follow-up testing (Buchman et al., 2012). In particular, older adult carriers of the 

apolipoprotein ε4 allele (a strong genetic predictor of Alzheimer’s disease) with high levels of 

reported physical activity, demonstrated performance gains over time in executive functioning 

and working memory (Pizzie et al., 2014). The same study found a positive association between 

physical activity level and baseline cognitive performance, but no performance gains over time 

in non-carriers of the allele, suggesting that high levels of physical activity may delay, or event 

prevent Alzheimer’s disease in those who embody a genetic risk. However, it has been asserted 

that associations between physical activity and lower risks of dementia may be attributed to 

reverse causation, as a decline in physical activity often accompanies the preclinical phase of 

dementia (Sabia et al., 2017).  

Remaining questions in the literature. Despite the potential of physical exercise to 

enhance cognitive health well into older adulthood, there are several remaining research 

questions that can at this time only be speculated. One of the most pertinent remaining questions 

within the available evidence concerns the exact effect that exercise type, duration, frequency, 

and intensity, or the combination thereof, have on cognitive outcomes. Self-reported higher 

intensity physical activities have been found to be significantly associated with improved 

performance on processing speed, memory, mental flexibility, and general cognitive functioning 

in a large cohort study of middle-aged to older adults (Angevaren et al., 2007). Consistent with 
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self-reported data, objectively measured physical activity levels of higher intensity are positively 

associated with performance on working memory, visuospatial function, and verbal fluency, 

suggesting that the intensity, rather than the volume, of the physical activity may have a greater 

impact on cognitive function (Brown et al., 2012). Furthermore, prospective studies have 

reported slower rates of cognitive decline in elderly individuals engaged in intensive regular 

physical activity over follow-up periods between 5–10 years (Laurin et al., 2001; van Gelder et 

al., 2004). Mounting research has also supported the beneficial effects of (at least) moderately 

intense physical activities (e.g., running, tennis, aerobics, etc.) on the risk of all-cause mortality, 

type-2 diabetes, hypertension, stroke, colon cancer, breast cancer, depressive symptoms, and 

dementia (Larson et al., 2006; Mather et al., 2002).  

Only few studies have considered perceptual functions as the focus of exercise-induced 

benefits (Davranche & Audiffren, 2004; Davranche & Pichon, 2005). One study found that only 

40 minutes of acute aerobic exercise improved flicker fusion detection but not executive 

processing, although performance benefits dissipated after 30 minutes post-exercise (Lambourne 

et al., 2010). The authors postulate that the acute exercise-induced performance improvements 

on the sensory-dependent cognitive task may be related to exercise-induced arousal (Audiffren, 

2009).   

In summary, remaining questions to be addressed within the research include (1) optimal 

exercise modes/physical activity and sport types (2) optimal length, duration, frequency, and 

intensity of the activities (3) how to tailor interventions to individual cognitive profiles and target 

individual cognitive abilities. 
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Neurophysiological Effects of Physical Activity 

Age-related decline of cognitive function is associated with a number of changes to the 

aging brain, including decreased grey and white matter volume (Caserta et al., 2009; 

Hafkemeijer et al., 2014), neurotransmitter dysregulation (Berry et al., 2016), increased 

neuroinflammation (Di Benedetto et al., 2017; Sparkman & Johnson, 2008), impaired cerebral 

blow flow (Tarumi & Zhang, 2018), reduced concentrations of brain-derived neurotrophic factor 

(BDNF) (Ward et al., 2017), and age-specific patterns of change to structural networks (Liu et 

al., 2017). Multiple neurophysiological mechanisms may be mediated through physical exercise 

and explain some of the benefits to overall brain health and cognitive functioning. Higher levels 

of physical fitness and physical activity have been associated with increased cerebral blood flow 

in brain regions that demonstrate age-related degradation (Chapman et al., 2013; Dougherty et 

al., 2020; Thomas et al., 2013). Additionally, rodent studies have demonstrated a particular effect 

on the hippocampus from aerobic activity (Kempermann et al., 2010; Pereira et al., 2007; van 

Praag, Christie, Sejnowski, & Gage, 1999; van Praag, Kempermann, & Gage, 1999), with 

aerobic exercise-induced hippocampal neurogenesis evident in the brains of aged mice (Lezi et 

al., 2014). In humans, aerobic training had led to increased BDNF concentrations and increased 

hippocampal volume in elderly subjects, effectively reversing some degree of age-related 

volumetric loss (Erickson et al., 2011). Higher levels of aerobic fitness may also reduce atrophy 

and preserve grey matter volume within prefrontal brain regions which support executive 

functioning (Weinstein et al., 2012). Physical activity in older age may also protect against age-

related vascular oxidative stress by preserving antioxidant enzyme activity (Pierce et al., 2011), 

which in turn provides resistance to a variety of diseases related to oxidative stress, including 

diabetes, cardiovascular diseases, and neurodegenerative disorders such as Alzheimer’s disease 

(Simioni et al., 2018).  
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Aerobic exercise has been suggested to improve information processing through an 

increase in certain neurotransmitters, such as serotonin and catecholamines (i.e., dopamine, 

epinephrine, norepinephrine) (Kubesch et al., 2003; McMorris et al., 2008). Winter and 

colleagues (2007) assessed learning effects and various catecholamine levels directly following 

moderate and intense aerobic activity exposure to determine the association between 

neurotransmitter changes and exercise-induced learning effects. The authors found significant 

changes in epinephrine and norepinephrine blood plasma levels after intense exercise, as 

opposed to lower-impact exercise and greater facilitation of the long-term retention of learning 

through higher concentrations of epinephrine after intense exercise (Winter et al., 2007). 

Additionally, plasticity within the visual system may also be enhanced by aerobic physical 

exercise. For example, visual stimulation paired with physical activity lead to enhanced recovery 

of visual function after monocular sensory deprivation in adult mice (Kaneko & Stryker, 2014). 

In humans, aerobic physical activity enhanced short-term visual cortical plasticity during the 

subsequent period of binocular rivalry following monocular visual deprivation (Lunghi & Sale, 

2015). 

Sports-playing Activities and Cognitive Function 

While the quantitative aspects of exercise participation (e.g., session duration, frequency, 

intensity) have been emphasized within the literature, there is a pressing need for further 

investigations of the qualitative differences between various exercise modes, such as different 

sport activities. Sport activities may offer attributes that go beyond those attained from 

engagement in non-specific aerobic physical activities, such as the facilitation of physical, social, 

emotional, and cognitive skills. Specific types of sports-playing activities seem to have varying 

effects on cognitive performance in older adults (Huang et al., 2014), given that different sports 
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involve distinct cognitive and physical demands due to the natural content of the sport. In 

particular, accumulating evidence seems to favor ‘open-skill’ sports rather than ‘closed-skill’ 

sports in terms of domain-specific cognitive performance. Open-skill sports (e.g., badminton, 

table tennis, fencing, etc.) require constant adaptation to dynamic environments, governed in part 

by an opposing player’s behaviors, and are thus more cognitively demanding. In contrast, closed-

skill activities (e.g., walking, swimming, etc.) are often self-paced, predictable, carried out 

independently from the input of others, and thus, require less cognitive effort. Consequently, the 

necessary skills associated with open-skill sports are constrained by the external environment, 

and involve different perceptual, cognitive, and motor processes. Studies have shown that skilled 

players of open-skill sports have demonstrated superior performance on cognitive tasks 

measuring processing speed, visual attention, visual working memory, inhibitory control, and 

decision making relative to athletes of closed-skill sports (Voss et al., 2010; Wang et al., 2013). 

In a recent study of older adults, immediate improvements in audio-visual perception were 

revealed following short bouts of open skill exercise, while closed skill exercise failed to 

produce comparative benefits (O’Brien et al., 2017). Thus, it is important to identify the more 

task-relevant benefits of various physical exercise modes rather than just the overall cognitive 

benefits of general aerobic activity. Open-skill sports have been further sub-categorized into (a) 

interceptive sports: activities that require coordination between a player’s body, a part of their 

body or a held implement, and an object within their environment (e.g., tennis) and (b) strategic 

sports that are team-based (e.g., volleyball) (Voss et al., 2010).  The constraints of the playing 

implements, court dimensions, and game rules that characterize various interceptive sports 

understandably underlie the apparent differences in aerobic capacity and strength that have been 

observed between players (Lees, 2003). Likewise, it can be assumed that varying perceptual, 
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cognitive, and physical performance constraints and playing strategies provide opportunities for 

targeting varying cognitive systems and physical abilities.  

It has been suggested that maintaining a routine schedule of any kind of aerobic activity 

is associated with a better long-term cognitive outcome compared to inactivity, due to increased 

blood flow to the brain along with an abundance of other direct and indirect neural 

modifications. However, many different types of sports and physical activities incorporate 

aerobic exercise, which questions whether certain activities are more highly associated with 

favorable cognitive outcomes than others. The differential cognitive effects of exercise mode 

have been supported in older adults within some cognitive domains. For example, older adults 

engaged in open-skill sports-playing demonstrated fewer global switch costs in a task switching 

paradigm and greater neural efficiency relative to closed skill exercisers and sedentary controls 

(Dai et al., 2013). These findings indicate that the cognitive benefits of engaging in aerobic 

activities may be differentially exploited from specific forms of sports-playing that impose 

differing tactical and cognitive influences. However, due to the limited available literature, the 

exact perceptual, cognitive, and motor benefits of different open skill sports in older adulthood 

are still amenable to much speculation at this time. 

Fast-paced racket sports, such as tennis, table tennis, badminton, or pickleball require 

moderate to vigorous aerobic activity, as well as motor precision and hand-eye coordination. In a 

large cohort study, all-cause mortality rates were 47% lower, and cardiovascular disease-related 

mortality was 56% lower in individuals that played racket sports, when compared with other 

types of physical activities that included swimming, aerobics, cycling, running and soccer (Oja et 

al., 2016). In particular, racket sports, are highly perceptual in nature and involve considerable 

cognitive load, as they require attending to multi-sensory information, attentional adjustment, 
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strategic planning, cognitive flexibility, and temporally demanding decision making (Di Russo et 

al., 2010). The perceptual nature of racket sports has been demonstrated in the superior accuracy 

of skilled players in detecting and utilizing subtle cues from an opponent’s postural orientation 

before performing interceptive actions (Williams et al., 2002). Moreover, skilled players of 

various racket sports are able to provide accurate predictions of potential shots before they have 

actually been made by the opponent (Alain & Proteau, 1980; Crognier & Fery, 2005). These 

findings may suggest that extended engagement in various types of racket sports foster certain 

perceptual-cognitive skills that enable players to use advanced visual cues to process information 

more efficiently, and to rapidly and flexibly adapt to situational changes.  A few studies of tennis 

players have demonstrated task-relevant cognitive advantages in areas of eye-hand coordination 

and collision-detection (Lobjois et al., 2006; Lobjois et al., 2008).  In one early study, senior 

tennis players over the age of 70 displayed significantly faster reaction times compared to their 

age-matched counterparts (Rotella & Bunker, 1978). A similar study found that older racket 

sports-playing men exhibited reaction times and movement of their forearms comparable to 

younger sedentary men, and significantly outperformed their sedentary age-matched counterparts 

(Spirduso & Clifford, 1978). Thus, this early research suggests that the slowed reaction times 

commonly observed in aged individuals is not inevitable and may be combatted by sports 

activities that include components of eye-hand coordination. Some studies have found improved 

domain-specific performance in athletes of various sports, thought to be the result of years of 

practice. In a study of older Tai Chi practitioners, the practitioners performed better compared to 

normative reference scores on measures of information processing speed, visual attention, and 

working memory (Miller & Taylor-Piliae, 2018). One study found better performance on a single 

task targeting attention and executive function in older adult table tennis players (Kawano et al., 
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1992). As physical capacities decay with age, older adults are faced with an increasing temporal 

load, which must be compensated for by their perceptual and cognitive faculties. Thus, high-

performing older athletes may develop adaptive and efficient perceptual and cognitive responses 

to fast-moving stimuli and situational cues within their playing environments, to counteract the 

natural slowing of physical responses that occurs with age. During racket sports-playing in 

particular, the older adult player is faced with large quantities of rapid information that must be 

visually parsed to identify the most relevant temporal-spatial cues. These cues must be responded 

to efficiently by inhibiting responses to irrelevant cues. Furthermore, racket sports players must 

rely on past knowledge (e.g., the opponent’s postural cues) to effectively predict future temporal-

spatial situations and make rapid, yet high-quality decisions in the midst of unreliable 

circumstances.  

Successful ball interception is highly dependent upon accurate visual-motor controls and 

speedy reactions, both of which are supported by the visual system (Shim et al., 2006). The 

player must fixate on the fast-moving ball and constantly update its spatial position within a 

dynamic environment in relation to the position of the court and other players. Moreover, the 

temporal-spatial information must be interpreted from different positions within the court, 

relying on effective contrast sensitivity (Jafarzadehpur et al., 2013). Thus, racket sports could be 

a promising candidate for enlisting perceptual learning processes. Perceptual learning is a 

training process and model of brain plasticity that improves task performance through repeated 

practice or exposure to perceptual stimuli (Bedard & Barnett-Cowan, 2016). Perceptual learning 

studies have demonstrated improvements in older adults in areas of near acuity, contrast 

sensitivity (DeLoss et al., 2015), and texture (Andersen et al., 2010), motion (Bower et al., 

2013), and orientation discrimination (DeLoss et al., 2014). However, the perceptual learning 
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literature has been wrought with exceptional hyperspecificity of learning effects, which are often 

limited to improvement on the trained task, visual stimuli, trained eye, and even a specific retinal 

location (Seitz, 2017).  

Generalization of perceptual learning beyond the training task is often promoted by using 

a stimulus set with multiple visual features (e.g., both eyes, multiple locations, etc.) (Seitz, 

2017). The repeated initiations and executions of ball interception (Tresilian, 1990) involve 

multiple visual processing mechanisms in a broad range of brain regions. These visual processes 

may show perceptual training effects that occur during racket sport activities, as both training 

approaches, perceptual-cognitive training and physical exercise, appear to be combined in racket 

sports. Racket sports involve greater exposure to multisensory stimuli compared to other closed-

skill sports, and thus, may facilitate the occurrence of perceptual learning processes. For 

instance, the fast-paced nature of racket sports requires quick information-processing (e.g., the 

ball’s depth, motion trajectory, speed, and spin), strategic planning, concentration, and the use of 

visual and memory cues to anticipate the opponent’s behaviors. Racket sport players are exposed 

to a multitude of multisensory stimuli, thus making the processes of perceptual learning more 

likely to occur. The effects of exercise mode on perceptual processing in older adults is 

particularly relevant, given the relation of inefficient perceptual processing to functional decline 

and falls (Setti et al., 2011). Thus, racket sports may represent a real-world task that combines 

the beneficial effects of aerobic fitness with perceptual training.  

In light of the well-established decrements in multisensory processing that manifest in the 

context of older age (Bedard & Barnett-Cowan, 2016), it is of particular relevance to identify 

whether certain physical activities can remediate these impairments in a noninvasive manner. 

Many of the specific visual and cognitive functions involved in the perceptual-motor actions and 
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specific interceptive mode of racket sports-playing, including time-to-contact estimation, 

perception of motion in depth (Fajen et al., 2009), working memory (Shichinohe et al., 2009), 

and inhibitory control (Wang et al., 2013) are predictive of older adult driving safety (Dawson et 

al., 2010; Marmeleira et al., 2009) and fall risk (Lord, 2006; Muir et al., 2012). Additionally, 

racket sports are characterized by lateral movements that require constant weight-shifting and 

both static and dynamic balance, as opposed to most aerobic activities that require only forward 

movements (Kondric et al., 2013). Moreover, racket sports are played against other people, and 

are considered to be social activities that may provide additional social connections, which has 

been shown to benefit cognition in elderly individuals (Zunzunegui et al., 2003).   

Table 1  

Overview of Studies Examining the Relationship Between Participation in Sport Activities and 

Cognition 

Source and 

study design 
Sport 

activity 
Age 

group 
Participants 

(controls) 
Cognitive 

functions 
Cognitive 

measures 
Findings 

Spirduso & 

Clifford, 

1978 

Cross-

sectional 

Racket 

sports 

Older 

adults 

15 old racket 

sportsmen, 15 old 

runners, 15 non-

active older men, 

15 young racket 

sportsmen, 15 

young runners, 15 

non-active young 

men 

Simple 

reaction time, 

choice 

reaction time 

Simple, 

choice, and 

movement 

time tasks 

Older active 

men 

performed 

significantly 

better on 

outcome 

measures 

than older 

sedentary 

men, and 

performed 
comparably 

to young 

sedentary 

adults 

Kawano et 

al., 1992 

Cross-

sectional 

Table 

Tennis 

Older 

adults 

217 regular table 

tennis players, 59 

non-players 

Attention 

distribution 

Kana-pick-

out test (test 

battery 

designed by 

author) 

Table tennis 

players 

performed 

better  
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Source and 

study design 

Sport 

activity 

Age 

group 

Participants 

(controls) 

Cognitive 

functions 

Cognitive 

measures 

Findings 

Dai et al., 

2013 

Cross-

sectional 

Open and 

closed skill 

Older 

adults 

16 open skill 

exercisers, 16 

closed skill 

exercisers, 16 

irregular 
exercisers 

Task 

switching 

Task-

switching 

paradigm, 

ERP 

recordings 

Open skill 

exercisers 

demonstrated 

benefits in 

global switch 
costs relative 

to closed skill 

exercisers 

and irregular 

exercisers 

Tsai & 

Wang, 2015 

Cross-

sectional 

Open and 

closed skill 

Older 

adults 

21 open skill 

exercisers, 22 

closed skill 

exercisers, 21 

sedentary controls 

Task 

switching 

Task-

switching 

paradigm, 

ERP 

recordings 

Increased 

inhibitory 

control in 

open skill 

athletes  

Tsai et al., 

2016 

6-month 
intervention 

Open skill 

(table 

tennis) and 
closed skill 

(bike riding 

or brisk 

walking) 

Older 

adults 

21 open skill 

exercisers, 22 

closed skill 
exercisers, 21 non-

active controls 

Task 

switching and 

working 
memory 

Task-

switching 

paradigm and 
n-back task, 

ERP 

recordings 

Open skill 

exercisers 

demonstrated 
faster 

responses 

times and 

fewer switch 

costs relative 

to the closed 

skill 

exercisers 

Huang et al., 

2014 

Cross-

sectional 

Open and 

closed skill 

Older 

adults 

20 open skill 

exercisers, 20 

closed skill 

exercisers, 20 

irregular 
exercisers 

Inhibitory 

control 

Flanker task No difference 

between open 

and closed-

skill sports 

Guo et al., 

2016 

Cross-

sectional 

Open skill 

and closed 

skill 

Older 

adults 

36 open skill 

exercisers, 38 

closed skill 

exercisers, 37 

sedentary controls 

Visuospatial 

memory 

Visuospatial 

working 

memory task 

No difference 

between open 

and closed-

skill sports 

Chan et al., 

2011 

Cross-

sectional 

Fencing Young 

athletes 

30 fencers (30 

non-fencers) 

Inhibitory 

control 

Simple 

reaction time, 

go/no-go 

reaction time 

Fencers 

demonstrated 

better 

inhibitory 

control than 

non-fencers 

Chueh et al., 

2017 
Cross-

sectional 

Open and 

closed skill 

Young 

athletes 

16 open skill 

athletes, 16 closed 
skill athletes, 16 

non-athletes 

Visuospatial 

attention, 
visuospatial 

memory 

Non-delayed 

and delayed 
match-to-

sample test 

No difference 

between open 
and closed-

skill sports 

Wang et al., 

2016 

Cross-

sectional 

Table 

tennis 

Collegiate 

athletes 

31 table tennis 

athletes (34 non-

athletes) 

  

Attentional 

networks 

Attentional 

Network Test 

(ANT) 

Enhanced 

executive 

control 

networks in 

table tennis 

players   
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Source and 

study design 

Sport 

activity 

Age 

group 

Participants 

(controls) 

Cognitive 

functions 

Cognitive 

measures 

Findings 

Wang et al., 

2015 

Cross-

sectional 

Badminton Collegiate 

athletes 

12 female 

badminton players 

(13 female 

sedentary controls)  

Visuospatial 

attention, 

working 

memory 

Visuospatial 

attention 

task, 

visuospatial 

working 
memory task 

Badminton 

players 

demonstrated 

faster 

response 
times than 

controls 

without an 

increase in 

error 

responses 

Wang et al., 

2013 

Cross-

sectional 

Tennis Collegiate 

athletes 

20 tennis players 

(20 swimmers, 20 

sedentary controls)  

Inhibitory 

control 

Stop-signal 

task 

Tennis 

players 

demonstrated 

better 

response 

inhibition 

than 
swimmers  

Jacobsen & 

Matthaeus, 

2014 

Cross-

sectional 

Open and 

closed skill 

Collegiate 

athletes 

22 externally 

paced, 17 self-

paced, 15 non-

athletes 

Decision-

making, 

problem-

solving, 

inhibitory 

control 

Tower Test 

and Color-

Word 

Interference 

Test from the 

Delis-Kaplan 

Executive 

Function 

System (D-

KEFS) 

Self-paced 

athletes 

demonstrated 

better 

inhibition 

control than 

externally 

paced 

athletes 

Stroth et al., 

2009 
6-week 

intervention 

Running College-

aged 

10 females in 

running group (14 
sedentary controls) 

Visuospatial 

memory, 
verbal 

memory, 

selective 

attention 

Visual and 

Verbal 
Memory Test 

(VVM) and 

the d2 Test of 

Attention 

Increased 

visuospatial 
memory in 

runners  

 

Pickleball as a perceptual, cognitive, and balance intervention form. The purpose of 

the proposed study is to determine the potential cognitive and balance-keeping benefits of the 

sport activity pickleball. Pickleball, described as “the fastest growing sport in North America,” 

(USA Pickleball Association, 2019) is a relatively new sport that may embody aerobic and 

cognitive demand characteristics that lend themselves particularly well to cognitive, as well as 

physical training among the elderly. The game is a fast-paced interceptive racket sport played 

over a three-foot high net lowered to the ground on a 20 x 44-foot standard doubles badminton 
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court (Fig. 1.). The sport is played by two or four players with a small perforated ball 

(resembling a smaller whiffle ball) and a lightweight paddle racket (resembling a large table 

tennis paddle with a short handle). Playing activities include underhand serving, smash shots, 

lobbing, volleying, and forehand and backhand drive shots. The rules of the game are very 

similar to other racket sports, including tennis, badminton, and table tennis. According to the 

U.S. Pickleball Association, players may be rated according to a rating system that ranges from 

1.0–5.5+, depending on the player’s mastery level of pickleball shots and strategies. Pickleball is 

a sport that has gained popularity among all age groups, with the estimated number of players 

within the United States reported to be 3.3 million by the Sports Fitness Industry Association in 

2019 (USA Pickleball Association, 2019).   
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Figure 1  

Doubles Match on Outdoor Pickleball Court

Note. From “Pickleball pleasures and pitfalls.” 2020, February. Harvard Health Publishing. Retrieved January 5, 

2021, from https://www.health.harvard.edu/staying-healthy/pickleball-pleasures-and-pitfalls. Copyright 2021 by 

Harvard University. 

Pickleball may be a particularly well-suited and accessible sport activity for older adults, 

with opportunities for participation commonly found within local recreational centers, YMCA 

facilities, retirement communities, senior centers, churches, and open outdoor courts.  Not only 

does the fast-paced aerobic nature of the game promote blood flow and oxygen consumption 

within the brain, but it is also a game of strategy that involves visual perceptual and cognitive 

processes that must occur at rapid speeds. Currently, there isn’t any research that would suggest 
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that pickleball embodies greater cognitive training potential than other open skill sports that 

involve aerobic activity, such as basketball or badminton. Given the current landscape of the 

literature, almost any form of regular aerobic activity could be expected to affect cognitive 

functioning (Hillman et al., 2008). However, given that pickleball is a fast-growing sport in the 

United States (Crumpler et al., 2015), particularly among older adult populations, its potential 

cognitive and physical merits should be explored. Despite the rising popularity of the sport, there 

is an absence of literature than has examined the specific cognitive and physical benefits of 

pickleball compared to other physical activities or more long-standing racket sports, such as 

tennis. 

The popularity of pickleball among older adults is perhaps in part due to the ease of 

learning, which enables novice players to quickly approach competitive playing levels after very 

few introductory sessions. The large surface area of the paddle and the larger, lighter ball 

facilitates successful ball contact and longer durations of keeping the ball in play, which may be 

encouraging to novice players compared to other racket sports. Pickleball is also a highly 

accessible and economical activity, with numerous organized participation opportunities 

available within the community. Furthermore, the compact court dimensions allow for the ball to 

be kept in play for long durations, while requiring less running compared to tennis. This may 

enable older adults with age-related mobility impairments (e.g., knee pain from osteoarthritis) to 

better handle the physical demands of the sport. The lighter paddle and softer ball are less likely 

to cause injuries, and place less stress on the muscles, tendons, and joints of the playing arm, 

while still delivering dynamic aerobic training. In a study that examined the influence of activity 

type on the target heart rate of sedentary high school students, those engaged in 30-minute 

pickleball playing sessions spent 68% of the time in their target heart rate zone, with a mean 
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heart rate of 115 beats/min (Laurson et al., 2008). Higher average heart rates and time spent in 

target heart rate zones were attained from pickleball playing compared to volleyball, golf, and 

resistance training, although not as high as running and dancing. A recent preliminary study of 

novice to intermediate middle-aged pickleball players found that 30 minutes of the sports-

playing activity resulted in a higher average heart rate and greater enjoyment than walking 

(Smith et al., 2016). In a more recent, albeit small-scale study, Smith et al. (2018) obtained 

quantitative measurements of the acute cardiovascular and the metabolic equivalent value (MET) 

attained from pickleball playing in middle-aged and older adults. Mean exercise intensity from 

approximately one hour of play in doubles pickleball matches (each match lasted around 15 

minutes) was measured to be 50.9% of heart rate reserve (HRR), 52.5% of VO2 reserve, and 

absolute exercise intensity was 4.1 METs, indicating that pickleball falls within the moderate 

intensity exercise range (Smith et al., 2018). Additionally, following six weeks of pickleball 

playing (~1-hour sessions performed 3 days/week), the authors found evidence of improved 

cardiometabolic health (i.e., significant changes in cholesterol levels, blood pressure, and 

VO2max) (Smith et al., 2018).  

The smaller court size may also facilitate more social interactions and conversational 

engagement between the players, as pickleball is also considered to be a socially engaging 

activity. The social interaction promoted through pickleball playing may afford numerous 

psychosocial benefits (Bailey & McLaren, 2005), and contribute to a higher likelihood of routine 

physical activity adherence (NIA, 2016). A study of young to middle-aged Japanese female 

tennis players found that a single session of tennis-playing (a similar racket sport) increased 

pleasant emotions (e.g., excitement) and caused a reduction in tension stress (Kerr et al., 2002). 

Similarly, a more recent body of research has investigated the relationship between serious 
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pickleball-playing in older adulthood and psychological well-being.  Surveys of older adult 

pickleball players found that serious leisure-time engagement in the sport increased life 

satisfaction, positive views towards aging (Heo et al., 2018), and feelings of authenticity (Ryu et 

al., 2020).  

From a physical standpoint, the sport engages cardiovascular functioning, constant 

shifting between lateral and forward movements, weight-shifting, muscular strength, joint 

flexibility, and static and dynamic balance, all of which can lower the risk of falls. Pickleball, 

and other racket sports are weight-bearing exercises, which result in increased bone mineral 

density over time, and thereby protect against osteoporosis in older adulthood (Kontulainen et 

al., 1999). Regular and continued engagement in racket sports supports increases bone mass, 

whereas non-impact sports (e.g., swimming, cycling, etc.) are not associated with improved bone 

health (Tenforde & Fredericson, 2011). Moreover, it has been proposed that complex motoric 

tasks affected by contextual interference (i.e., practice of various motor skills within the same 

context of practice) are more cognitively engaging, and thus result in greater skill retention and 

activation of the neural circuitry that support executive functions (Best, 2010).  

Summary 

In summary, there is compelling evidence within the existing literature of the beneficial 

effects of physical activity on the cognition of older adults. However, a key remaining question 

concerns the moderating role of the qualitative parameters of the physical exercise task, such as 

the cognitive and physical demands of different sports. The preponderance of studies examining 

the relationship between sports participation and cognition have been cross-sectional in their 

design, prohibiting any causal relationships from being reliably inferred. It may be that certain 

individuals with superior performance in select cognitive areas, such as visuospatial attention, 
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are more likely to become athletes of open-skill sports. While athletic participation in certain 

sport activities may indeed serve to sharpen cognitive abilities, the exact temporal order of 

exposure to the activity and cognitive performance gains is impossible to ascertain. Furthermore, 

college-aged athletes have been the primary participant group in investigations of the 

relationship between racket sports playing and cognitive performance, with only scant 

consideration of the older adult population. To the best of the investigators’ knowledge, there 

have not been any investigations to date regarding the potential cognitive and balance-related 

benefits of pickleball, despite its growing popularity among older adults. While the mentioned 

studies provide some empirical evidence regarding the way in which racket sports-playing may 

improve specific cognitive abilities, the exact performance benefits within a range of perceptual, 

cognitive, and physical abilities remains unknown.   

Significance of Present Study 

The goal of the proposed study is to investigate some of the qualitative characteristics of 

physical activity that explain variability in the cognitive function and balance-keeping abilities of 

older adults. The novelty of the proposed study is in identifying a specific exercise modality that 

combines the established benefits from both aerobic physical training and perceptual training. 

Therefore, regular pickleball playing is expected to be associated with enhanced performance in 

distinct perceptual, cognitive, and physical abilities, compared to more general aerobic activities 

(e.g., running, bicycling). To date, no studies have systematically examined the effect of 

pickleball-playing on cognition with any age population, let alone older adults. The findings 

from the proposed study may be beneficial in designing future physical activity interventions, 

community programming, and exercise recommendations for older adult populations. 

Furthermore, the results may be used to inform clinicians who counsel older adults on the health 



 

68 
 

and cognitive benefits of physical activity and strategies for promoting successful aging. Ideally, 

counseling should surpass general guidelines of proper nutrition, social engagement, and 

physical activity to make older adults aware of the specific cognitive effects that may be gleaned 

from their engagement in certain activities. The aim of the present study was to assess whether 

different activity types (i.e., pickleball playing, aerobic activity, physical inactivity), is 

differentially associated with cognitive function and balance-keeping in older adults. 

Furthermore, participants’ performance was reassessed after a period of six months to investigate 

longitudinal changes in perceptual, cognitive, and balance-keeping task parameters.  

Specific Research Questions and Hypotheses 

Q1: How is self-reported physical activity type (pickleball playing, aerobic activity, 

inactivity) related to general cognitive functioning in healthy older adults? 

Hypothesis 1a: Experienced pickleball players will exhibit better general cognitive functioning, 

when compared to novice pickleball players and age-matched controls who routinely engage in 

comparable levels of aerobic activity (e.g., running, bicycling). 

Hypothesis 1b: Older adults who are classified as physically active (according to the GPPAQ), 

regardless of physical activity type or experience level, will exhibit better general cognitive 

functioning than physically inactive controls. 

Q2: Is participation in regular pickleball playing associated with better performance on 

specific measures of perceptual, cognitive, and physical function, compared to inactive and 

aerobically active controls? 

Hypothesis 2a: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of divided visual attention, compared to novice 
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pickleball players, inactive controls, and older adults engaged in comparable levels of aerobic 

activity. 

Hypothesis 2b: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of inhibitory control, compared to novice pickleball 

players, inactive controls, and older adults engaged in comparable levels of aerobic activity. 

Hypothesis 2c: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of working memory, compared to novice pickleball 

players, inactive controls, and older adults engaged in comparable levels of aerobic activity. 

Hypothesis 2d: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of multiple object tracking, compared to novice 

pickleball players, inactive controls, and older adults engaged in comparable levels of aerobic 

activity. 

Hypothesis 2e: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of postural sway (balance), compared to novice 

pickleball players, inactive controls, and older adults engaged in comparable levels of aerobic 

activity. 

Hypothesis 2f: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of motion-based reaction time, compared to novice 

pickleball players, inactive controls, and older adults engaged in comparable levels of aerobic 

activity. 

Hypothesis 2g: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of balance and functional mobility, compared to 
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novice pickleball players, inactive controls, and older adults engaged in comparable levels of 

aerobic activity. 

Hypothesis 2h: Experienced pickleball players with at least one year of playing 

experience will perform better on a measure of perceived confidence in fall avoidance, compared 

to novice pickleball players, inactive controls, and older adults engaged in comparable levels of 

aerobic activity. 

Q3: Are performance differences between experienced pickleball players, novice pickleball 

players, aerobic exercisers, and sedentary controls stable over time? 

Hypothesis 3: Novice pickleball players will demonstrate improved performance in areas 

of visual attention, multiple object tracking, inhibitory control, working memory, postural sway, 

motion-based reaction time, functional mobility, and perceived confidence in fall avoidance 

relative to skilled pickleball players, active and sedentary controls when measured over a 6-

month period.  
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CHAPTER 3 

METHOD 

Study Design  

A longitudinal, non-experimental research design was used for data collection and 

analysis. The present study examined whether participation in pickleball, regular aerobic 

exercise, or no regular physical activity is associated with variability in general cognitive 

functioning, specific areas of perceptual and cognitive functioning, and balance-keeping among 

older adults. An important limitation of an observational design is that it prohibits any inferences 

regarding the causality of the relationship between physical activities and cognitive or physical 

functions. Furthermore, certain mediating variables related to the lifestyles of participants may 

not be measured, such as socioeconomic status or other leisure activities, and thus contribute to 

some of the variance in the performance effects that have been attributed to the various physical 

activity groups. However, the results from longitudinal designs may serve to elucidate the 

temporal associations between physical activity type and outcome measures, and guide the 

development of hypotheses for future well-designed, randomized controlled trials.  

The short-term longitudinal observational design will allow for either the continuity or 

further discrepancies between group differences to become apparent over time. It was expected 

that novice pickleball players show performance improvement across a range of perceptual, 

cognitive, and balance-keeping domains, and that the active and sedentary control groups would 

either maintain or show a slight decrease in their performance over time. A longitudinal 

investigation was conducted instead of a randomized controlled trial given the inherent 

difficulties in recruiting and retaining older adult participants for clinical trials that have been 

recognized within the literature (Bower et al., 2014; Provencher et al., 2014). In particular, 
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motivational factors are major determinants for adherence to physical activities in older 

adulthood (Aily et al., 2017), although these motivational factors may differ between participants 

of various sports and exercise activities. For example, participants of racket sports demonstrate 

mastery as a primary motive, whereas the main motive for aerobic exercisers (e.g., walking, 

jogging, dancing) is psychological condition and general well-being (Molanorouzi et al., 2015). 

One of the primary limitations to this study is that participants were not randomly assigned to the 

physical activity groups. However, participants were blinded to group membership by being left 

unaware of which exercise characteristic (i.e., pickleball or aerobic exercise) was expected to be 

associated with better performance in cognitive and balance-keeping performance over time.  

Participants 

Eighty-six cognitively normal older adults aged between 55 and 85 years (M age = 67.58, 

SD = 5.84, 25 males (28.92%) and 61 females (71.08%)) with normal or corrected-to-normal 

vision were selected for participation. An a priori power analysis was computed using G*Power 

3.1 software (Faul et al., 2007) to find the necessary number of participants to provide 80% 

power for a medium effect size (0.06 partial eta squared) at the 0.05 significance level. The 

effect size was based on the large effect sizes found for executive function processes in the 

exercise-cognition literature (e.g., g = 0.68; Colcombe & Kramer, 2003) and moderate 

correlations between divided attention performance and physical activity (e.g., r = -0.449; Ando 

et al., 2017). In G*Power, the ANOVA: Repeated measures, within-between interaction formula 

was selected as the statistical test from the F tests test family, with a within-groups factor of time 

(i.e., baseline pre-test vs. six-month post-test) and a between-groups factor of group (i.e., 

advanced pickleball, novice pickleball, aerobic exercise, or inactive). Input parameters included 

a medium effect size of 0.253 (i.e., 0.06 partial eta squared), α of 0.05, power (1-β) of 0.8, 4 
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groups, and 2 measurements. The recommended sample size was 48 total participants (12 skilled 

pickleball players, 12 novice pickleball players, 12 aerobic exercisers, and 12 inactive controls). 

The number of participants within each group were oversampled to account for anticipated 

attrition during the six-month lapse between testing sessions. The estimated sample size is 

further supported by previous cross-sectional studies that have found significant cognitive 

differences between participants of various exercise types (Dai et al., 2013; Tsai & Wang, 2015; 

Wang et al., 2013). Physical activity intervention studies have generally reported a high 

adherence among older adults (70–85%) for interventions that have lasted between 6–18 months 

in duration (Fielding et al., 2007; Martin & Sinden, 2001).   

Participants were recruited from local senior centers and sports associations through 

flyers, face-to-face contact with members and instructors, and through snowball sampling. 

Recruitment sites included parks and recreation departments, local fitness centers, local sports 

events, and social media postings within sports groups. Among those willing to participate, 

inclusion and exclusion criteria were checked using a telephone-based screening interview prior 

to their participation to determine their eligibility and to determine their group allocation (i.e., 

pickleball players or controls). Older adults in the experienced pickleball group and aerobic 

exercise group were required to have participated in their respective exercise activities at least 

three times per week for the past 12 months at minimum. More specifically, the older adults that 

were considered active controls met the criterion of weekly activity levels that meet or exceed 

150 min of moderate intensity physical activity (30 min, 5 days/week) or 60 min of vigorous 

intensity aerobic exercise (20 min, 3 days/week), according to the recommendation made by the 

American College of Sports Medicine and the American Heart Association (Haskell et al., 2007). 

The total number of weekly physical activities for each participant group is shown in Table 2, 
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and the types, frequencies, and durations of each reported activity are listed in Appendix F. 

Enhanced physical function (Cress et al., 1999) and balance have been found for older adults 

who engage in physical exercise interventions at least three times per week, and longitudinal 

studies have found that three or more days per week of exercise is associated with a diminished 

rate of cognitive decline. Inclusion and exclusion criteria for the study are described in Table 3.  

Table 2 

Means and Standard Deviations of Total Number of Self-reported Weekly Physical Activities 

(Minimum Once/Week) 

Total number of 

weekly physical 

activities 

Experienced 

Pickleball (n=20) 

Novice Pickleball 

(n=17) 

Aerobic 

(n=25) 

Inactive (n=21) 

Baseline 2.52 (1.35) 3.06 (1.00) 2.76 (0.97) 0.52 (0.81) 

6-month follow-up 2.35 (1.09) 2.50 (1.03) 2.44 (1.00) 0.38 (0.67) 
 Note. Standard deviations are presented in parentheses.  

Table 3  

Inclusion and Exclusion Criteria for Participation 

Inclusion Criteria Exclusion Criteria 

• Aged 55 years or older 

• Normal general cognitive function 

(MoCA ≥ 24) 

• Normal or corrected-to-normal visual 

acuity of at least 20/40 

• Ability to perform moderate intensity 

physical activity, without making use of 

walking devices, e.g., a walker 

• Known neurological or movement 

disorders (e.g., epilepsy, Parkinson’s 

disease, multiple sclerosis, psychiatric 

impairment, etc.) 

• Depression as measured by the GDS (cut 

off ≥ 5) 

• Alcohol abuse (men < 21 drinks a week, 

women < 15 drinks a week) 

• Currently living in a nursing home 

 

Measures  

Demographic and participant information. Participants completed a background 

survey, including age, gender, number of household members, education, alcohol consumption, 
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smoking status, general health status, and reported any known visual or medical conditions. 

Participants were asked to provide the number of members of their current household, as 

interpersonal relations and social network has been recognized as having an impact on cognitive 

health outcome (Berkman et al., 2000). Self-reported leisure-time physical activity was assessed 

by asking participants to report the average weekly frequency, duration, and total number of 

years with which they had engaged in their current sports or physical activities. Participants rated 

their overall health by responding to the General Self-Rated Health (GSRH) one-item 

questionnaire, “In general, would you say your health is: Excellent, Very Good, Good, Poor, 

Very Poor.” This Likert item was scaled from 1 (excellent) to 5 (very poor). The single item 

questionnaire has been found to be a robust measure of self-perceived general health, with strong 

predictive validity (DeSalvo et al., 2006). Frequency of participation in cognitively stimulating 

activities was assessed by including items from a modified version of the Chicago Health and 

Aging Study’s Cognitive Activity Scale (CAS; Wilson et al., 2002). Common cognitive activities 

included: watching television, participating in educational activities, leisure reading, playing 

musical instruments, writing, playing games, and participating in cultural activities. Participants 

responded using a 5-point scale ranging from “once a year or less” (1) to “every day or nearly 

every day” (5), where higher total scores indicated more frequent engagement in cognitively 

stimulating activities. The complete demographic questionnaire can be found in Appendix A. 

The mixed findings in the literature on the effects of physical activity may in part be due to the 

influence of certain moderating variables, such as education, health, and genetic factors (Bielak, 

2010; Thibeau et al., 2016). Therefore, self-reported demographic and health-related variables 

will be collected from participants in order to elucidate factors that may influence the 

relationship between their physical engagement and cognitive performance.  
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Static visual assessments. The Snellen wall chart was used as a measure of distance 

visual acuity. Participants read the chart hung at approximate eye height at a testing distance of 3 

m from the standing participant. The chart consists of four large letters at the row with the largest 

letter size with subsequent rows containing fewer letters that incrementally decrease in size. The 

participants were instructed to read the letters on the chart starting from the top, and to guess any 

letters they were unsure of, until they reach a row that was completely unreadable.  

The Pelli-Robson Letter Contrast Sensitivity wall chart (Clement Clarke International 

Ltd.; Harlow, U.K.) was used as a measure of contrast sensitivity. The chart consists of letters of 

constant size displayed in triplets of equal contrast that fade in contrast by 0.08 log units by each 

triplet, and from row to row down the chart by a factor of 2. The chart was illuminated with 

overhead room lighting and situated 1 m from the participant who was in a standing position. 

The participants were instructed to read as many letters as they could see, starting from the top of 

the chart. If they could see a letter but were not sure which one they saw, they were instructed to 

make a guess.  

Body mass index measurement. Weight and height measures were self-reported by 

participants. Body mass index was defined as weight in kilograms divided by the square of 

height in meters, using the following formula: (weight [kg]/height [m2]).   

Geriatric depression scale. The 15-item Geriatric Depression Scale (GDS) was used as 

a screening measure for depression (Yesavage & Sheikh, 1986) (Appendix D).  Scores range 

from 0 to 15, with total scores >5 indicating symptoms of depression. Participants were asked to 

choose a yes/no response to questionnaire items that describe their mood “over the past week.” 

The GDS was included in the present study to screen for baseline depressive symptoms, and to 

determine whether engagement in the specified physical activity groups was related to level of 
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depressive symptoms. Research on non-cognitive variables that are associated with age-related 

cognitive decrements has found that depressed individuals tend to demonstrate poorer cognitive 

performance relative to non-depressed individuals, particularly in areas of executive functioning 

(Boone et al., 1995). In many cases depression is viewed as a prodromal phase to full-scale 

dementia, as it embodies a high degree of comorbidity with cognitive impairment and increases 

the risk of functional decline and institutionalization (Potter & Steffens, 2007). In turn, physical 

activity has been found to have a longitudinally protective effect against depression in older 

adults (Strawbridge et al., 2002).  

Self-reported physical activity levels. Physical activity levels were measured with the 

General Practice Physical Activity Questionnaire (GPPAQ), which is a widely used measure of 

physical activity (Ahmad et al., 2015).  This self-report measure gathers information on physical 

activities carried out in the domains of work-related activity and recreational physical activity 

(see Appendix C). Time spent for each activity in a typical day and the number of days per week 

spent engaging in each activity is recorded. Participants are categorized into one of four activity 

groups: inactive, moderately inactive, moderately active, and active. Physical activity guidelines 

have recommended that all adults should engage in at least 150 min of at least moderate intensity 

aerobic activity per week, 75 min of vigorous intensity physical activity, or an equivalent 

combination of both (O’Donovan et al., 2010; U.S. Department of Health and Human Services, 

2008; World Health Organization, 2010).  

Cognitive measures. Participants underwent two separate testing sessions that involved 

tests chosen to assess visual perceptual, cognitive, and physical domains that were hypothesized 

to be affected by pickleball playing (see Table 4 for an overview of tests). Many of the cognitive 

and physical assessments have been previously shown to be affected by physical fitness and 
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sports activity training. Commentaries on the methodological limitations of physical activity 

studies have encouraged the use of multiple measures of cognition, so that separate cognitive 

constructs may be investigated more thoroughly (Etnier & Chang, 2009). Therefore, the present 

study included multiple measures of select cognitive domains, particularly in areas of executive 

functioning, working memory, and attention, as these constructs have been implicated most 

consistently throughout the literature (Colcombe & Kramer, 2003). Furthermore, sports such as 

pickleball possess rapid performance requirements that demand various visual-perceptual 

abilities. Therefore, measures of perception and visual attention were also included.  

Table 4  

Perceptual and Cognitive Assessment Battery 

Domain Test 

Divided Visual attention Useful Field of View 

Working Memory N-back Task 

Inhibitory Control Flanker Test 

Sustained attention/Moving Object Tracking  Multiple Object Tracking Task 

  

Apparatus and Stimuli.  The displays for the n-back and Flanker tasks were presented on 

a 27-inch ASUS VG278HE LCD monitor with a resolution of 1920 × 1080 pixels. The monitor 

was controlled by a Dell Alienware Aurora R7 desktop computer running a Windows 10 

Enterprise operating system and connected to a NVIDIA GeForce GTX 1080 Ti graphics card.  

UFOV and MOT tasks were presented in the Oculus Rift Virtual Reality headset, which was 

consisted of goggles that entirely covered the participant’s field of view. Participants were seated 

in an adjustable chair, both during tasks presented in the Oculus Rift and on the PC monitor. 
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Sony MDR-V150 headphones were used during the auditory working memory task. A Dell L100 

mechanical keyboard was used to input responses for all tasks. Stimuli for the Flanker task, 

UFOV, and MOT were programmed in-house using Python and Unreal Engine. Stimuli for the 

n-back working memory task were programmed in Python and borrowed from Ringer et al. 

(2016). Questionnaire responses were gathered using Qualtrics (https://qualtrics.com).  

Montreal Cognitive Assessment (MoCA). The MoCA test (Nasreddine et al., 2005) was 

administered to participants as a brief measure of global cognitive functioning. The MoCA is a 

commonly used measure of global cognitive functioning and a screening tool for mild cognitive 

impairment and dementia that covers a range of cognitive domains, including memory, 

visuospatial functioning, executive functioning, attention, and language (see Appendix B). A 

large population-based study suggested a normal range of 26–30 points (Rosetti et al., 2011).  

Useful Field of View (UFOV). The UFOV task was adapted from Richards et al. (2006), 

measuring divided attention. The best PEST method (Pentland, 1980) was utilized to determine 

the thresholds of display duration. The dependent measure is a final threshold score measured in 

milliseconds, with lower scores indicating lower presentation duration thresholds and better 

performance. Lower threshold was set at 500 ms, and upper threshold was set at 20 ms. 

Participants identified a centrally located letter target (E, F, H, or L) and the location of a 

simultaneously presented Gabor target, which was presented randomly within one of four radial 

arms at an eccentricity from the central fixation point of 4.5° of visual angle (see Figure 2). The 

Gabor targets featured a spatial frequency of 3, had a visual angle diameter of 3, and were 

positioned at a 45° orientation. Each stimulus presentation was followed by a mask display 

presented for 500 ms. For the measurement of divided attention, the participants indicated their 

responses for both perceived target stimuli which were presented using the Oculus Rift VR 
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headset. Studies have supported the association between UFOV performance and complex real-

world tasks, such as crash risk (Ball et al., 1993) and on-road driving performance in older adults 

(Whelihan et al., 2005). The UFOV has also been used as a predictive measure of the functional 

performance of everyday tasks (Edwards et al., 2005), and crashes in personal space while 

walking (Broman et al., 2004). Divided attention, as measured by the UFOV, has been identified 

as a valid independent predictor of falls in older adults (Vance et al., 2006). Cross-sectional 

research has revealed that the UFOV is sensitive to age-related performance differences 

(Edwards et al., 2006), and longitudinal research has supported normative rates of performance 

decline over a five-year period (Lunsman et al., 2008). Moreover, visual attention has been 

implicated as an important factor related to achievement in sport performance, such as in fencing 

(Hijazi, 2013).  
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Figure 2  

Example UFOV Stimulus 

 

            Multiple object tracking (MOT). A 3-dimensional MOT task was administered as a 

measure of sustained visual attention and dynamic visuospatial scene processing using the 

Oculus Rift VR headset. During the task, participants viewed and tracked four target spheres 

among four distractor spheres within a 3-D space (see Figure 3). The target spheres were 

highlighted with a blue color to cue participants to their position before they started to move. The 

spheres followed a linear trajectory, which changed course when they collided with each other or 

the walls. Before the test, participants completed ten practice trials to ensure their understanding 

of the task. The test portion of the task consisted of 20 trials, each lasting ten seconds in duration. 

Significant performance differences have been found between elite athletes, sub-elite athletes, 

and non-athletes in a 3-D MOT task (Faubert, 2013). This cognitive ability has clear implications 
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for athletic performance, as players must distribute their attention between multiple targets and 

sources of information at once (Faubert, 2013). Multiple object tracking is a perceptuocognitive 

skill important for the processing of biological motion in older adults (Legault & Faubert, 2012), 

and is a task that is able to differentiate between the tracking performance of younger and older 

adults (Trick et al., 2005).  

Figure 3  

Example MOT Stimulus 

 

Inhibitory control. A modified flanker task (Pontifex & Hillman, 2007) consisting of an 

array of either leftward or rightward facing arrowheads was used to measure inhibitory and 

interference control. The computer-based task was presented to participants seated in an upright 

position approximately 60 cm in distance from a computer screen. A presentation of a fixation 

cross (1000 ms) was followed by a stimulus array, which was presented until the participant 
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responded with a keypress. The array consisted of horizontally arranged arrowheads, which 

formed four conditions: two congruent, and two incongruent conditions.  In the congruent 

conditions, the central arrowhead stimulus is flanked by arrowheads that either all faced to the 

right (>>>>>) or the left (<<<<<). In the incongruent conditions, the central arrowhead stimulus 

is flanked by arrowheads that face the opposite direction, either the right (>><>>) or the left 

(<<><<). All four arrowhead combinations were presented randomly, with both conditions 

(congruent or incongruent) containing 40 trials. Prior to the test, participants received 10 practice 

trials that were not analyzed. Participants were instructed to respond by pressing the “←” key if 

the central arrowhead stimulus faced to the left, and to press the “→” key if the central stimulus 

faced to the right. Participants were instructed to ignore the flanking stimuli and to respond to the 

direction of the central stimulus as quickly and accurately as possible (see Figure 4). Reaction 

times and response accuracy (i.e., the number of correct responses) were gathered as dependent 

variables during task performance. The flanker task has been used to demonstrate better response 

accuracy for the incongruent condition in older adults engaged in increased physical activity 

levels (Hillman et al., 2006). 
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Figure 4 

Example Flanker Stimulus 

 

Working memory. An auditory n-back thresholding task (Ringer et al., 2016) was used to 

measure working memory load. The n-back task is a commonly used measure of working 

memory in the physical exercise-cognition literature, with cross-sectional evidence suggesting 

that aerobic fitness is predictive of n-back task performance (Voelcker-Rehage et al., 2010). 

Auditory stimuli for the task consisted of audio recordings of seven letter targets (H, J, K, L, R, 

S, and T), which were played every 2000 ms (see Figure 5). The task required the participant to 

hold a list of ‘n’ items in working memory, and to determine if the most recently presented item 

was the same as the nth item in the sequential list of letters. The difficulty of the task increased 

as a function of the ‘n’ value of the task, of which the easiest level is 0-back.  Participants 

completed three practice trials at the 1-back level. Participants completed a total of 10 test trials, 

in which working memory load varied in accordance with participant performance, so that if the 

accuracy level for a specified trial was less than 77.5% the n-back level was lowered by one. 
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Conversely, if performance on a specified trial resulted in an accuracy level of more than 87.5% 

correct, the n-back level would increase by one.  

Figure 5 

Participant Instructions for N-back Task at the 1-back Level 

 

Balance/mobility measures.  

See Table 5 for an overview of balance assessments.   

Table 5  

Balance and Mobility Assessment Battery 

Domain Test 

Dynamic balance/functional mobility Timed Up and Gocognitive 

Postural sway/simple reaction time SWAY Balance Tests 

Perceived confidence in avoiding falls Falls Efficacy Scale 
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Timed Up and Gocognitive (TUG). Dynamic balance and functional mobility were 

measured with the TUG-Cog test (Podsiadlo & Richardson, 1991). The test measures the speed 

at which several functional actions are performed, including standing up from a seated position, 

walking, turning, and turning around to sit down. These maneuvers involve strength, balance, 

orientation, and the ability to accelerate and decelerate movement speed appropriately. 

Participants completed the test while dually performing the serial subtraction task of counting 

backwards by threes from the number 20. The TUG has been found to be a sensitive measure 

(sensitivity = 87%, specificity = 87%) for identifying individuals at risk for falls (Shumway-

Cook et al., 2000). Dual tasks may add predictive value over single-task tests for individuals with 

high levels of functioning (Chu et al., 2013; Zijlstra et al., 2008). The average time to perform 

the TUG-Cog is 9.82 seconds for healthy, community-dwelling older adults (Hofheinz & 

Schusterschitz, 2010).  

Sway Balance Test (Balance and Reaction Time). A series of balance tests were 

performed using the SWAY Balance Mobile application (SWAY Medical, Tulsa, OK, USA). 

Participants assumed a series of five stances while holding a mobile device (iPhone 6s Plus; 

software version: iOS 12.2), including bipedal standing (feet together), tandem standing (heel-to-

toe with left foot behind right and right foot behind right foot), and single leg standing (right foot 

only, and left foot only). Participants performed each stance on a firm surface and were 

instructed to keep their eyes open during each stance. Participants held the device upright, using 

both hands to press the face of the device against the mid-point of their sternum, so that the top 

of the device was below a line horizontal with the clavicles. Instructions for each balance stance 

were presented on the iPhone screen sequentially so that upon the completion of a balance 
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stance, instructions for the next stance were automatically displayed (see Figure 6). Once all 

balance stances were completed, participants completed a reaction time task.  

Figure 6 

Participant Instructions for One of the Balance Positions in the SWAY Balance Test 

 

Note. Reprinted from SWAY Medical. Retrieved February 26, 2021, from https://swaymedical.com/features. 

Copyright 2021.  

During the reaction time task, participants were instructed to hold the device in landscape 

mode with both hands. Once the test began, a stimulus (orange-colored screen) was presented 

after a randomly selected duration had elapsed (Figure 7). Participants were instructed to move 

the device in any direction once the stimulus onset was detected, and the test included a total of 

https://swaymedical.com/features
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five test trials. Final balance and reaction time scores ranging from 0–100 was produced and 

recorded, with higher scores indicating better stability and reaction time. 

Figure 7 

Stimulus for the SWAY Reaction Time Test 

 

Note. Reprinted from SWAY Medical. Retrieved February 26, 2021, from 

https://swaymedical.com/system/cognitive.  Copyright 2021. 

 Falls Efficacy Scale. The Falls Efficacy Scale (FES) was administered as a measure of 

perceived confidence in performing ten basic activities of daily living without falling (Tinetti et 

al., 1994; Tinetti et al., 1990) (see Appendix E). Each activity within the scale is given a 

confidence rating along a 10-point scale ranging from 1 (very confident) to 0 (not confident at 

all). For activities not routinely performed, participants were instructed to provide a hypothetical 

confidence rating. Total scores range from 10–100, with lower scores indicating higher 

confidence ratings.  

Procedure 

After an initial telephone screen, participants were categorized as either 

sedentary/inactive or active, and participating in either pickleball-playing or an aerobic activity 

https://swaymedical.com/system/cognitive
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on a regular weekly basis in accordance with the specified inclusion criteria.  During the 

telephone screen, the longitudinal nature of the study was explained to participants, who were 

required to make two separate visits, separated by 6 months. On each testing occasion, 

participants were consented by a researcher and given an overview of the tests which they would 

be completing and were assured that breaks would be provided as needed. Each testing session 

lasted approximately 2 hours. Participants were first assessed with paper-and-pencil assessments, 

including the MoCA, to provide a measure of global cognitive functioning, and the GPPAQ, to 

provide a standardized measure of physical activity levels. Testing sessions continued with 

physical balance assessments, including the TUG and the SWAY balance and reaction time tests. 

After a short break, participants completed the computer-based perceptual and cognitive testing. 

Tests were administered in fixed order: MOT, N-back, Flanker, and UFOV. A fixed testing order 

was maintained to provide a break between exposure to tasks that were presented using VR 

technology (i.e., MOT and UFOV). Older adults are generally more susceptible to symptoms of 

simulator sickness (Kawano et al., 2012). Furthermore, the Oculus Rift head-mounted display 

has specifically been found to induce motion sickness (Munafo et al., 2016), and to a greater 

extent in women, who comprised the majority of the present study sample. A few of the study 

participants did report feeling the onset of a headache or general discomfort towards the end of 

the VR tasks and were given longer breaks before continuing with the testing order. Given that 

research has indicated that the persistence of VR side effects is related to initial symptom 

severity (Dużmańska et al., 2018), it was decided to separate the two VR tasks (MOT and 

UFOV) by the maximal amount of time to reduce the likelihood of evoking the progression of 

simulator sickness and allowing any unpleasant symptoms that did emerge to dissipate as quickly 

as possible.  
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Short periods of rest (~5 min) were required between each of the perceptual and cognitive 

assessments to avoid fatigue. Finally, participants completed online surveys, including a 

demographic, health, and physical activity survey, the Falls Efficacy Scale, and the Geriatric 

Depression Scale (baseline test session only). Upon finishing each testing session, participants 

were compensated for their time with an honorarium ($30 US/session). During the 6-month 

interim between testing sessions, a researcher contacted participants once a month, by telephone, 

and encouraged them to continue their engagement in the study. During each telephone call, 

participants were asked if any other significant lifestyle or health-related changes had occurred 

that would have impacted their continued physical activities.  
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CHAPTER FOUR 

RESULTS 

Statistical Analysis  

All analyses were conducted with R statistical software (version 3.5.3) and Microsoft 

Excel 2019. All tests of statistical significance used an alpha level of p < .05.  

Baseline Differences in Sociodemographic and Physical Activity Characteristics 

Eighty-six participants enrolled in the study during baseline testing, and 83 participants 

returned for the 6-month follow-up testing. Three participants (two experienced pickleball 

players and one novice pickleball player) opted to withdraw from further follow-up testing; one 

due to relocation from the geographical testing site, one was not interested in continued 

participation, and one participant could not be reached following the initial testing session. One-

way analysis of variance and Chi-square tests were used to test mean differences between the 

sociodemographic characteristics of all participant groups.  No statistically significant 

differences were found across the participant groups for age, visual acuity, contrast sensitivity, 

depression scores, or their total scores for frequency of engagement in cognitive activities. 

Significant differences were found for BMI and gender. Post hoc comparisons revealed that 

those participants in the inactive group had a higher mean BMI than all other groups, with mean 

BMI number considered to fall within the obese range (BMI greater than or equal to 30 kg/m2) 

(Weir & Jan, 2019). Table 6 presents baseline sociodemographic characteristics of the 

participants in each group, and the results of the ANOVA and Chi-square analyses.  
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Table 6 

Baseline Characteristics of the Participants and Results of ANOVA and Chi Square Testing (N=83) 

 Experienced Pickleball (n=20) Novice Pickleball (n=17) Aerobic (n=25) Inactive (n=21) ꭓ2 or F 

value 

p valueb 

Characteristic N (%) M SD N (%) M SD N (%) M SD N (%) M SD   

Age  20  68.30  6.25 17   67.76 5.74  25   66.64  5.94 21   67.86  5.69 0.33 .80 

Gender                         8.58 .04* 

Female  12     15      14      18        

Male  8      2      11      3       

Race                           

White/Caucasian  19 (95.0%)     16 (94.1%)      22 (88.0%)      18 (85.7%)       

Black/African American              1      3       

Asian  1      1                   

American Indian/Alaska Native              1             

Hispanic              1             

Education                           

No high school diploma or GED          3     

High school diploma or GED          1     

Some college but no Bachelor’s 6   7   9   7     

Bachelor’s degree 8   7   12   4     

Master’s degree or higher 6   3   4   6     

Occupation                           

Retired  15 (75.0%)      14 (82.4%)      18 (72.0%)      14 (66.7%)       

Perceived Health                           

Poor                   1 (4.8%)       

Fair  1 (5.0%)           1 (4%)     3 (14.3%)       

Good  3 (15.0%)      2 (11.8%)     5 (20%)     8 (38.1%)       

Very Good  13 (65.0%)      11 (64.7%)     12 (48.0%)     7 (33.3%)        

Excellent  2 (10.0%)      4 (23.5%)     7 (28.0%)     2 (9.5%)       

BMI (kg/m2)   25.50   3.31    24.85 3.76    25.12  4.61     33.01 6.54  14.18 .00* 

GDS    0.78 1.65     0.65 1.17     1.00 1.35     1.38 1.69  0.90 .44 

LogMAR visual acuity    ˗0.02  0.06     -0.01  0.07     -0.00  0.07    0.01 0.08 0.43 .73 

Contrast Sensitivity   1.95  0.00     1.92 0.08     1.90 0.11     1.93 0.07  1.36 .26 

Number of Household Members    2.00 0.79     1.82 0.53     1.71 0.46    1.76  0.89    

Smoke tobacco                           

Yes       1   2     

No 20 (100.0%)   17 (100.0%)   24 (96.0%)   19 (90.5%)     

Alcohol consumption (per week)                           

<1/week 13 (65.0%)     12 (70.6%)      19 (76.0%)     17 (90.0%)       

1-4/week 3 (15.0%)     4 (23.5%)      3 (12.0%)     2 (9.5%)       
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aBMI=body mass index; GDS=Geriatric Depression Scale; GPPAQ=General Practice Physical Activity Questionnaire.  
bOne-way ANOVA or Chi-square: p values represent whether the means differ significantly between groups.  

*Significant at p < .05.

>4/week 4 (20.0%)     1 (5.9%)      3 (12.0%)     2 (9.5%)       

Health Conditions                           

Diabetes Mellitus – Type II 1           1      6        

Hypertension 3     2     8     2       

Stroke 1                 1        

Arrythmia 1   1   1        

Coronary artery disease 1     1     2             

Arthritis 1   1   1   1     

Osteoporosis    1           

Cognitive activities (total score)  21.10 4.31  21.20 3.92  22.60 3.70  18.90 5.22 1.69 .179 

Television viewing (1-5)  4.79 0.54  4.59 1.00  4.63 0.60  4.64 1.21   

Educational activities (1-5)  2.16 1.07  2.00 1.06  2.42 0.96  1.73 0.90   

Leisure reading (1-5)  4.37 1.12  4.41 1.06  4.84 0.37  4.00 1.49   

Playing musical instruments (1-5)  1.32 0.82  1.56 1.09  1.84 1.38  1.55 0.93   

Writing (1-5)  2.94 1.59  2.76 1.35  2.95 1.39  2.36 1.50   

       Playing games (1-5)  3.58 1.26  3.71 1.31  3.42 1.46  2.27 1.42   

       Cultural activities (1-5)  1.95 0.40  2.24 0.66  2.47 0.70  2.09 0.83   

GPPAQ               

Active 19   15   23        

Moderately Active  1   2   2        

Moderately Inactive          2     

Inactive          19     
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Perceptual and Cognitive Measures 

Analytical Strategy. Data for all other repeated measures data was analyzed using 

mixed-effects models (Jaeger, 2008). Mixed-effects models provide a flexible schema for 

analyzing repeated measures data, as error within the data can be attributed to multiple random 

effects, available data for each subject is used more completely, they are impervious to randomly 

missing data, and thus, have greater statistical power (Gueorguieva & Krystal, 2004). The 

models were fitted in R software using the lme4 and lmerTest packages (Bates et al., 2014; 

Kuznetsova et al., 2017). Mixed-effects models have become an increasingly common statistical 

procedure for longitudinal data with repeated measurements, given that the correlation of 

observations for each research subject is accounted for in the random effects structure of the 

models (Laird & Ware, 1982). Mixed-effects models can be applied to both normally distributed 

and non-normally distributed outcomes (e.g., count data that have a Poisson distribution). All 

models were evaluated in terms of their statistical fit, with optimally fitting models selected to 

guide interpretation of the data. The reported model fit indices in the full model summaries 

include the Akaike Information Criterion (AIC), the Bayesian Information Criterion (BIC) and 

the Log-Likelihood (logLik). The AIC is a goodness-of-fit measure that penalizes for model 

complexity, with values closer to zero representing better fit (i.e., smaller is better) (Akaike, 

1974). The BIC is similar to the AIC and can also be interpreted as a value closer to zero 

providing better fit, although this measure penalizes more heavily for number of parameters 

(Schwarz, 1978). The Log-Likelihood (logLik) is an unpenalized goodness-of-fit measure, with 

larger values closer to zero (value is always negative) representing a better fit. Deviance is also 

an unpenalized goodness-of-fit measure, which is equal to ˗2 logLik (i.e., twice the logLik), 

where smaller values are better. All goodness-of-fit measures follow the general rule-of-thumb 
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that values closer to zero are considered better, although none include reference to an absolute 

value that is indicative of “good” or “bad” model fit. These measures are collectively considered 

to be a measure of model fit and model parsimony, according to which the selected model used 

for interpretation should allow for inferences about both the observed data and predictions of 

future data.  

Multiple models were generated for the analysis of each task. The random effects 

structure was held constant for all models and was determined by initially comparing null 

baseline models (i.e., intercept-only models) with varying random effects structure in terms of 

model fitness. Mixed-effects models were then generated with increasing levels of complexity, 

and the significance of all models was tested using the R function “anova” to produce a chi-

square likelihood ratio test. Linear mixed models were used to fit continuous outcome data using 

the “lmer” function from the “lme4” package (Bates et al., 2014). Generalized linear mixed 

models were used to fit non-Gaussian data, such as count data (family=Poisson) and binary data 

(family=Binomial) using the “glmer” function from the “lme4” package. Cumulative link mixed 

models were used to analyze the outcome data from the MOT task using the “clmm” function 

from the “ordinal” package (Christensen, 2019), as responses are treated as categorial in nature.  

All model comparisons included two categorical predictors (physical activity group and testing 

session) along with their interaction, and age was added to the models as a covariate to account 

for the potential influence of age on the decline of cognitive resources. All independent factors 

and interactions were modelled as fixed effects. All predictors were effect-coded and means-

centered to ensure that the intercept represented the grand mean of the sample. Tukey post-hocs 

were then performed for pairwise comparisons using the least square means. Assumptions of 

linearity, homoskedasticity, and normality of the Pearson residuals were evaluated though visual 
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examination using predicted versus residual and Q-Q plots, respectively, and transformations 

were applied when necessary.  

Global Cognition – MoCA 

Linear mixed-effects models (LMMs) were used to estimate the effects of exercise group 

and time on MoCA scores. Prior to fitting the models, the response variable was transformed by 

raising it to the power 4 to satisfy the assumption of homogeneous variances. The full model 

chosen as the final model for analysis was as follows: (Balance ~ Group × Age + Time + (1 | 

Subject). See Table 7 for a comparison of goodness of fit values for all models. 

Table 7 

Comparison of Fixed Effects Structures for the MoCA. All Models had MoCA Score as the 

Dependent Variable and Subject as Random Effects. *Indicates the Fixed Effects Structure that 

was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1 Group + Time 7 4414.4 4436.2 ˗2200.2 4400.4    

3 Group + Time 

+ Age 

8 4416.3 4441.2 ˗2200.2 4400.3 0.07 1 .798 

2 Group x Time 10 4415.5 4446.6 ˗2197.8 4395.5 4.81 2 .090 

4 Group × Time 

+ Age 

11 4417.5 4451.7 ˗2197.7 4395.5 0.07 1 .793 

5 Group × Age 

+ Time* 

11 4414.6 4448.8 ˗2196.3 4392.6 2.88 0 < 

.001 

7 Group × Time 

+ Group × 

Age 

14 4415.7 4459.3 ˗2193.8 4387.7 4.88 3 .181 

6 Group × Time 

× Age 

18 4416.4 4472.4 -2190.2 4380.4 7.31 4 .120 
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The best-fitting model predicting global cognition included a significant main effect of 

Group, F(3, 75) = 6.00, p = .001. Pairwise comparisons indicated that the advanced pickleball 

group (Bdiff = 133,778, SE = 38,648, t = 3.46, p = .005), and aerobic group (Bdiff = 142,114, 

SE = 36,703, t = 3.87, p = .001), had significantly higher MoCA scores than the inactive group. 

Additionally, there was a main effect of Time, F(1, 82) = 12.30, p < .001, such that participants 

had generally increased their scores during post-test assessment (B = 30,054.3, SE = 8,571.1, t = 

3.51, p < .001). The interaction between Group and Age was non-significant, p = .070. Predicted 

mean MoCA scores (0–30) as a function of activity group and time is shown in Figure 8. Full 

parameter estimates from the selected model can be found in Appendix G. Summary statistics for 

all participant groups across both testing sessions is shown in Table 8.  

Table 8 

Summary Statistics of MoCA Scores Across All Groups and Sessions 

 Mean Standard deviation Maximum Minimum 

Advanced Pre-test 27.45 1.76 30 24 

Post-test 27.75 1.74 30 23 

Aerobic Pre-test 26.96 2.64 30 18 

Post-test 28.44 1.39 30 26 

Inactive Pre-test 25.67 2.33 29 20 

Post-test 26.00 2.37 30 21 

Novice Pre-test 26.47 2.48 30 19 

Post-test 27.59 1.50 30 23 
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Figure 8 

MoCA Scores by Activity Group as a Function of Time. Error Bars Represent 95% Confidence 

Interval 

 

UFOV 

Generalized linear mixed-effects models (GLMMs) assessed effects of physical activity 

on repeated measures (baseline and 6-months) of accuracy as a function of frame delay, 

including fixed effects terms for frame delay (i.e., display duration in milliseconds), exercise 

group, and time (i.e., baseline or 6-months). The fitted models also included participant age as a 

fixed effect. Their random structure included random intercepts for participants and random 

linear slopes for the repeated measurements at the level of participants. A comparison of null 
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models with varying random effects structures revealed that (Frame Delay + Time | Subject) was 

the best-fitting random effects structure that was included in all full models. Models generated 

included additive and interactive effects of processing time, group, time, age that varied in model 

complexity. The full model chosen as the final model for analysis was as follows: (Correct ~ 

Frame Delay + Group × Time + Group × Age + (Frame Delay + Time | Subject). See Table 9 for 

a comparison of goodness of fit values for all models. 

Table 9 

Comparison of Fixed Effects Structures for the UFOV task. All Models had Accuracy Score as 

the Dependent Variable and Subject as Random Effects. *Indicates the Fixed Effects Structure 

that was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1a Frame Delay 

+ Group + 

Time 

12 19661 19754 ˗9818.3 19637    

2a Frame Delay 

+ Group + 

Time + Age 

13 19653 19754 ˗9813.5 19627 9.65 1 .002 

1i Frame Delay 

× Group + 

Time 

15 19662 19779 ˗9816.1 19632 0.00 2 1.000 

4i Frame Delay 

+ Group × 

Time 

15 19663 19780 ˗9816.6 19633 0.00 0 1.000 

5i Frame Delay 

+ Group × 

Time + Age 

16 19656 19780 ˗9811.8 19624 9.60 1 .002 

9i Frame Delay 

+ Group × 

Time + 

Group × 

Age* 

19 19653 19800 ˗9807.4 19615 8.96 3 .030 
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2i Frame Delay 

× Group × 

Time 

22 19659 19830 ˗9807.4 19615 0.01 3 1.000 

8i Frame Delay 

× Group + 

Group × 

Time + 

Group × Age 

23 19653 19824 ˗9804.5 19609 5.63 0 <.001 

3i Frame Delay 

× Group × 

Time + Age 

23 19649 19827 ˗9801.3 19603 6.41 1 .011 

6i Frame Delay 

+ Group × 

Time × Age 

23 19653 19832 ˗9803.4 19607 0.00 0 1.000 

7i Frame Delay 

× Group × 

Time + 

Group × Age 

23 19683 19862 ˗9818.5 19637 0.00 0 1.000 

 

Results revealed a significant main effect of Group, χ2 = 10.40, df = 3, p = .015. Pairwise 

comparisons indicated that the advanced pickleball group had significantly higher task accuracy 

than the inactive group (Bdiff = 0.96, SE = 0.37, z = 2.60, p = .046). A significant main effect of 

Frame Delay was found, χ2 = 192.95, df = 1, p < .001, such that task accuracy increased with 

higher frame delays (B = 0.55, SE = 0.04, z = 13.89, p < .001). Additionally, a significant main 

effect of Time was found, χ2 = 6.49, df = 1, p = .011, such that task accuracy was lower during 

pre-test (B = -0.13, SE = 0.05, z = -2.63, p = .008). A significant main effect of Age was found, 

χ2 = 10.49, df = 1, p = .001, such that task accuracy generally became worse with increasing age 

(B = ˗0.06, SE = 0.02, z = ˗2.36, p = .018). Main effects of Group and Age were qualified by a 

significant two-way interaction, χ2 = 9.34, df = 3, p = .025. Pairwise comparisons indicated that 

increasing age differentially affected the aerobic group compared to the inactive group, such that 

the aerobic group had significantly lower task accuracy as a function of increasing age 

(Bdiff = ˗0.22, SE = 0.07, z = ˗2.98, p = .016). The interaction between Group and Time was non-
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significant, p = .347. A detailed list of all estimates, z-values, and p-values for all factors can be 

found in Appendix H. Predicted UFOV accuracy as a function of frame delay, activity group, 

and age is shown in Figure 9. Summary statistics for all participant groups across both testing 

sessions is shown in Table 10.  

Table 10 

Summary Statistics of Accuracy as a Function of Frame Delay Across All Groups and Testing 

Sessions 

Group Session Frame Delay (ms) Mean Standard deviation 

Advanced Pre-test 20 0.06 0.25 

196.84 0.66 0.48 

297.89 0.75 0.44 

398.95 0.89 0.32 

500 0.51 0.50 

Post-test 20 0.03 0.18 

196.84 0.72 0.45 

297.89 0.76 0.43 

398.95 0.84 0.37 

500 0.50 0.50 

Aerobic Pre-test 20 0.13 0.34 

196.84 0.73 0.45 

297.89 0.71 0.46 

398.95 0.83 0.38 

500 0.55 0.50 

Post-test 20 0.12 0.32 

196.84 0.69 0.47 

297.89 0.80 0.40 

398.95 0.79 0.42 

500 0.61 0.49 

Inactive Pre-test 20 0.00 0.00 

196.84 0.40 0.50 

297.89 0.71 0.46 

398.95 0.78 0.42 

500 0.38 0.48 

Post-test 20 0.00 0.00 

196.84 0.64 0.49 

297.89 0.64 0.49 



 

102 
 

398.95 0.81 0.40 

500 0.47 0.50 

Novice Pre-test 20 0.12 0.33 

196.84 0.45 0.51 

297.89 0.66 0.48 

398.95 0.67 0.49 

500 0.50 0.50 

Post-test 20 0.00 0.00 

196.84 0.69 0.47 

297.89 0.67 0.48 

398.95 0.58 0.51 

500 0.56 0.50 

 

Figure 9 

Task Accuracy as a Function of Processing Speed. Error Ribbons Equal to +/- 95% Confidence 

Interval 
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Inhibitory Control – Flanker Task 

Accuracy. GLMMs were fit on accuracy data (i.e., proportion of correct responses). A 

comparison of null models with varying random effects structures revealed that (Congruency + 

Time | Subject) was the best-fitting random effects structure that avoided a convergence error 

when included in all full models. The full model chosen as the final model for analysis was as 

follows: (Correct ~ Congruent + Group + Time + (Congruency + Time | Subject). See Table 11 

for a comparison of goodness of fit values for all models. The likelihood ratio test between 

models revealed that including any interaction terms between Group, Time, and the factor of Age 

did not significantly improve the fit of the model to the data. 

Table 11 

Comparison of Fixed Effects Structures for Accuracy. All Models had Accuracy as the 

Dependent Variable and Time Given Subject as Random Effects. * Indicates the Fixed Effects 

Structure that was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1a Congruency + 

Group + 

Time* 

12 9500.7 9607.6 ˗4738.4 9476.7    

2a Congruency + 

Group + Time 

+ Age 

13 9502.7 9618.4 ˗4738.3 9476.7 0.04 1 .834 

1i Congruency × 

Group 

14 9502.2 9626.8 ˗4737.1 9474.2 2.52 1 .112 

2i Congruency × 

Group + Time 

15 9502.8 9636.4 ˗4736.4 9472.8 1.35 1 .246 

3i Congruency + 

Group × Time 

15 9506.4 9640.0 ˗4738.2 9476.4 0.00 0 1.000 
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5i Congruency × 

Group + Time 

+ Age  

16 9504.8 9647.2 ˗4736.4 9471.0 3.65 1 .056 

8i Congruency + 

Group × Time 

+ Age 

16 9508.4 9650.8 ˗4738.2 9465.7 0.00 0 1.000 

9i Congruency + 

Group × Age 

+ Time 

16 9503.0 9645.5 ˗4735.5 9466.8 5.37 0 <.001 

4i Congruency × 

Group × Time  

22 9509.7 9705.6 ˗4732.8 9465.7 5.30 6 .506 

10i Congruency × 

Group + 

Group × Time 

+ Group × 

Age 

22 9510.8 9706.6 ˗4733.4 9466.8 0.00 0 1.000 

6i Congruency × 

Group × Time 

+ Age 

23 9511.7 9716.4 ˗4732.8 9465.7 1.10 1 .294 

7i Congruency × 

Group × Age 

+ Time 

23 9512.9 9717.7 ˗4733.5 9466.9 0.00 0 1.000 

 

Results revealed significant main effects of Congruency, χ2 = 25.60, df = 1, p < .001, and 

Group, χ2 = 9.16, df = 3, p = .027. The main effect of Time was non-significant, p = .227. Task 

accuracy was higher in the congruent condition compared to the incongruent condition across all 

groups and testing sessions (B = 0.70, SE = 0.14, z = 5.06, p < .001). Pairwise comparisons 

indicated higher task accuracy in aerobic exercisers compared to novice pickleball players 

(Bdiff = 0.98, SE = 0.36, z = 2.74, p = .031). A detailed list of all estimates, z-values, and p-values 

for all factors can be found in Appendix I. Predicted task accuracy as a function of activity group 

and time is shown in Figure 10.  
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Figure 10 

Accuracy as a Function of Congruency Condition, Activity group, and Time. Error Bars 

Represent 95% Confidence Interval  

 

Reaction Time. LMMs were run on the mean reaction times of correct responses. 

Reaction times were log-transformed, given that LMMs assume a normal distribution of model 

residuals, which was improved through transforming. Trials with reaction times less than .01 and 

more than 10 s were excluded from analysis. A comparison of null models with varying random 

effects structures revealed that (Congruency × Time | Subject) was the best-fitting random effects 

structure, which was included in all full models. The full model chosen as the final model for 

analysis was as follows: (Correct ~ Congruent × Group + Time + Age + (Congruency × Time | 

Subject). See Table 12 for a comparison of goodness of fit values for all models. The likelihood 
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ratio test between models revealed that including any interaction terms between Group, Time, 

and Age did not significantly improve the fit of the model to the data. 

Table 12 

Comparison of Fixed Effects Structures for Reaction Time. All Models had Reaction Time as the 

Dependent Variable and Congruent x Time Given Subject as Random Effects. * Indicates the 

Fixed Effects Structure that was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1a Congruency + 

Group + Time 

17 ˗86076 ˗85925 43055 ˗86110    

2a Congruency + 

Group + Time 

+ Age 

18 ˗86077 ˗85918 43057 ˗86113 3.40 1 .065 

1i Congruency × 

Group + Time 

20 ˗86074 ˗85897 43057 ˗86114 1.08 2 .582 

2i Congruency + 

Group × Time 

20 ˗86071 ˗85894 43056 ˗86111 0.00 0 1.000 

4i Congruency x 

Group + Time 

+ Age* 

21 ˗86076 ˗85889 43059 ˗86118 6.24 1 .012 

6i Congruency + 

Group × Time 

+ Age 

21 ˗86073 ˗85887 43057 ˗86115 0.00 0 1.000 

8i Congruency + 

Group × Age 

+ Time 

21 ˗86074 ˗85887 43058 ˗86116 0.84 0 <.001 

3i Congruency × 

Group × Time 

27 ˗86063 ˗85824 43059 ˗86117 1.87 6 .931 

5i Congruency × 

Group × Time 

+ Age 

28 ˗86065 ˗85817 43060 ˗86121 3.38 1 .066 

7i Congruency + 

Group × Time 

× Age 

28 ˗86063 ˗85815 43059 ˗86119 0.00 0 1.000 
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9i Congruency × 

Group × Time 

+ Age 

28 ˗86066 ˗85817 43061 ˗86122 2.64 0 <.001 

 

The model showed a main effect of Congruency, F(1, 82.18) = 120.53, p < .001, such 

that the incongruent condition resulted in longer reaction times (B = ˗0.03, SE = 0.00, t = ˗5.95, p 

< .001). Main effects of Group, Time, Age were all non-significant, p > .05, suggesting that 

activity group and participant age did not significantly impact reaction time performance. The 

two-way interaction between Congruency x Group was also non-significant, p = .230. A detailed 

list of all estimates, t-values, and p-values for all factors can be found in Appendix J. Table 13 

shows descriptive statistics for all participant groups across congruency conditions and test 

sessions. Predicted reaction times as a function of activity group and time is shown in Figure 11.  

Table 13 

Means and Standard Deviations for Flanker Task by Group, including Reaction Time and 

Accuracy as a Function of Trial Type 

Group Session Congruent 

trials RT (s) 

Incongruent 

trials RT (s) 

Congruent trials 

accuracy 

Incongruent 

trials accuracy 

Advanced Pre-test 0.76 (0.23) 0.83 (0.37) 0.99 (0.11) 0.98 (0.15) 

Post-test 0.74 (0.19) 0.79 (0.26) 0.99 (0.10) 0.98 (0.13) 

Aerobic Pre-test 0.79 (0.30) 0.83 (0.30) 0.99 (0.10) 0.98 (0.15) 

Post-test 0.77 (0.23) 0.81 (0.28) 0.99 (0.08) 0.99 (0.10) 

Inactive Pre-test 0.96 (0.51) 1.03 (0.58) 0.92 (0.27) 0.90 (0.30) 

Post-test 0.84 (0.35) 0.89 (0.37) 0.98 (0.13) 0.97 (0.16) 

Novice Pre-test 0.85 (0.28) 0.94 (0.38) 0.93 (0.26) 0.87 (0.34) 

Post-test 0.82 (0.26) 0.90 (0.38) 0.98 (0.14) 0.97 (0.18) 
Note. Standard deviations are presented in parentheses. 
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Figure 11 

Reaction Time (Seconds) as a Function of Congruency Condition, Activity Group, and Time. 

Error Bars Represent 95% Confidence Interval 

 

Working Memory – N-back Task 

GLMMs were fit on the accuracy data for each n-back level (i.e., proportion of correct 

responses including both correct identifications and rejections) with a Poisson distribution to 

model the count data. A comparison of null models with varying random effects structures 

revealed that (Level | Subject) was the best-fitting random effects structure, which was included 

in all full models. However, all full models resulted in a warning message of a “singular fit”, 

indicating that the random effects structure may be too complex for the data. The models were 
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simplified by removing higher order random effects terms to avoid fitting an overly complex 

model and to allow a non-singular fit, although a singular fit was still observed in models with 

the simplest random effects structure. Models were refitted with a reduced dataset that excluded 

n-back levels with too few observations, although refitting the models did not improve upon 

singularity issues. The decision was made to report results generated from the GLMMs even 

though the singularity warning seems to have arisen due to a lack of variability across 

participants responses.  

The full model chosen as the final model for analysis was as follows: (Correct ~ Level + 

Group + Time + (1 | Subject). See Table 14 for a comparison of goodness of fit values for all 

models. The model showed a main effect of N-back Level, χ2 = 272.92, df = 1, p < .001, such 

that task performance decreased with increasing n-back levels (B = ˗0.10, SE = 0.01, t = ˗16.52, 

p < .001). The main effect of Group was significant, χ2 = 8.15, df = 3, p = .043. Pairwise 

comparisons indicated that aerobic exercisers demonstrated greater task accuracy compared to 

inactive participants, (Bdiff = 0.04, SE = 0.02, z = 2.59, p = .047), The main effect of Time was 

non-significant, p >.05, suggesting that task performance did not significantly change over time 

for any of the groups. The two-way interaction between N-back Level and Group was also non-

significant, p > .05. A detailed list of all estimates, z-values, and p-values for all factors can be 

found in Appendix K. Table 15 shows descriptive statistics for all participant groups across n-

back levels and test sessions. Predicted number of correct responses as a function of activity 

group and time is shown in Figure 12.  
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Table 14 

Comparison of Fixed Effects Structures for the N-back Task. All models had the Total Number of 

Correctly Identifications and Rejections as the Dependent Variable and Subject as Random 

Effects. * Indicates the Fixed Effects Structure that was Chosen for the Final Model 

 Values for models Values for model comparison 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1 Level + Group 

+ Time* 

7 8294.9 8332.8 ˗4140.5 8280.9    

2 Level + Group 

× Time  

10 8300.3 8354.4 ˗4140.2 8280.3 0.61 3 .894 

3 Level × Group 

+ Time 

10 8299.0 8353.1 ˗4139.5 8279.0 1.34 0 <.001 

4 Level × Group 

× Time 

17 8308.9 8401.0 ˗4137.4 8274.9 4.11 7 .767 

5 Level + Group 

+ Time + Age 

28 8311.2 8462.9 ˗4127.6 8255.2 19.63 11 .051 

6 Level + Group 

× Time + Age 

31 8316.5 8484.4 ˗4127.2 8254.5 0.77 3 .856 

9 Level × Group 

× Time + Age 

38 8325.8 8531.6 ˗4124.9 8249.8 4.69 7 .697 

7 Level + Group 

× Age + Time 

59 8344.4 8664.1 ˗4113.2 8226.4 23.33 21 .327 

10 Level + Group 

× Time + Age 

62 8349.6 8685.5 ˗4112.8 8225.6 0.86 3 .835 

11 Level + Group 

× Time + 

Group × Age 

65 8354.0 8706.1 ˗4112.0 8224.0 1.57 3 .667 

8 Level × Group 

+ Group × 

Time + Group 

× Age 

114 8422.2 9039.8 ˗4097.1 8194.2 29.80 49 .986 
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Table 15  

Summary Statistics of N-back Task Performance (Number of Correct Trials out of 21 Total 

Trials) as a Function of N-back Level Across All Groups and Sessions 

 Level Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 0-back 21.00 -  21 21 

1-back 19.97 2.19 21 10 

2-back 16.59 2.13 21 12 

3-back 15.44 2.03 20 11 

4-back 14.45 1.82 18 11 

5-back 14.57 2.44 19 11 

6-back 14.00 - 14 14 

Post-test 0-back 20.33 1.15 21 19 

1-back 19.57 3.14 21 10 

2-back 16.71 2.10 21 12 

3-back 15.34 2.29 21 11 

4-back 14.36 2.13 19 10 

5-back 13.83 1.17 15 12 

6-back - - -  - 

Aerobic Pre-test 0-back 21.00 - 21 21 

1-back 20.30 1.45 21 14 

2-back 16.49 2.46 21 9 

3-back 14.94 2.12 19 9 

4-back 14.94 1.73 18 12 

5-back 15.00 2.16 18 13 

6-back 10.00 - 10 10 

Post-test 0-back 16.50 4.95 20 13 

1-back 20.16 2.34 21 11 

2-back 16.95 2.11 21 12 

3-back 15.14 2.50 20 9 

4-back 15.12 2.21 21 10 

5-back 14.88 1.81 17 12 

6-back 14.40 0.71 15 14 

Inactive Pre-test 0-back 21.00 - 21 21 

1-back 20.02 1.55 21 14 

2-back 15.48 2.47 21 11 

3-back 14.98 1.89 19 10 

4-back 14.00 1.63 17 11 

5-back 14.00 1.41 15 13 

6-back -  -  -  -  

Post-test 0-back 18.43 3.55 21 13 
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1-back 19.82 2.63 21 11 

2-back 15.28 2.44 20 10 

3-back 14.62 1.82 18 11 

4-back 14.67 2.12 18 12 

5-back 15.50 1.29 17 14 

6-back 16.00 1.41 17 15 

Novice Pre-test 0-back 21.00 -  21 21 

1-back 20.30 1.68 21 13 

2-back 16.33 1.84 21 13 

3-back 15.09 2.15 19 9 

4-back 13.50 1.58 16 11 

5-back -  -  -  -  

6-back -  -  -  -  

Post-test 0-back 21.00  - 21 21 

1-back 20.03 2.20 21 10 

2-back 16.37 2.45 21 10 

3-back 14.76 1.85 18 11 

4-back 14.50 2.50 18 11 

5-back 15.33 1.21 17 14 

6-back 15.00 - 15 15 
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Figure 12 

Number of Accurate Trials as a Function of N-back Level, Activity Group, and Time. Error 

Ribbons Represent 95% Confidence Interval 

 

Multiple Object Tracking (MOT) 

Ordinal regression modeling was used for determining effects of the predictor variables, 

since the number of targets to be identified is ordinal in nature (i.e., 0, 1, 2, 3, or 4 correctly 

identified targets). Cumulative link mixed models (CLMMs) were developed using the clmm 

function in the “ordinal” package for R to determine significant effects (Christensen, 2018). This 

type of model treats response variables as ordinal by assuming that the values of the observed 

scores represent intervals on a latent continuous variable. The models were compared using a 
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likelihood ratio test to determine which fixed effects explained significant variation in the 

response variable. The “effects” package (Fox et al., 2019) was used to visualize predictor 

effects on the response variable.  Number of targets correctly identified (0–4) was the response 

(ordinal) variable. Group (advanced, aerobic, inactive, and novice), Time (pre-test and post-test), 

and their interactions were included as categorical predictors and participant age was included as 

a continuous predictor (i.e., fixed effects). The identity of the participants was used as a grouping 

factor (i.e., random effects) to deal with correlation within the participant response outcomes. A 

comparison of null models with varying random effects structures revealed that (1 | Subject) was 

the best-fitting random effects structure, which was included in all full models. The full model 

chosen as the final model for analysis was as follows: (Correct ~ Group + Time + Age + (1 | 

Subject). See Table 16 for a comparison of goodness of fit values for all models. The likelihood 

ratio test between models revealed that including any interaction terms between Group, Time, 

and Age did not significantly improve the fit of the model to the data.  

Results revealed significant a main effect of Group, χ2 = 10.36, df = 3, p = .016. 

Additionally, a main effect of Age was found, χ2 = 5.53, df = 1, p = .019, such that increasing age 

negatively affected task performance (B = ˗0.05, SE = 0.02, z = ˗2.39, p = .017). The main effect 

of Time was non-significant, p = .269, suggesting that any activity-related benefits generalized 

across both testing timepoints. Pairwise comparisons indicated that advanced pickleball players 

correctly identified a higher number of targets across both pre-test and post-test sessions 

compared to novice pickleball players, (Bdiff = 0.88, SE = 0.33, z = 2.64, p = .042), and inactive 

participants (Bdiff = 0.96, SE = 0.32, z = 3.03, p = .013). A detailed list of all estimates, z-values, 

and p-values for all factors can be found in Appendix L. Summary statistics for all activity 
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groups across both testing timepoints is presented in Table 17. Predicted probabilities of a 

correct response as a function of activity group and time is shown in Figures 13 and 14.  

Table 16 

Comparison of Fixed Effects Structures for the MOT Task. All Models had the Number of 

Correctly Identified Targets as the Dependent Variable and Subject as Random Effects. * 

Indicates the Fixed Effects Structure that was Chosen for the Final Model 

  Values for models Values for model 

comparison 

Model 

Number 

Fixed Effects Structure df AIC logLik LR stat df p-

value 

1 Group + Time 9 7485.8 ˗3733.9    

3 Group + Time + Age* 10 7482.3 ˗3731.2 5.53 1 .019 

2 Group × Time 12 7490.8 ˗3733.4 ˗4.44 2 1.000 

4 Group × Time + Age 13 7487.2 ˗3730.6 5.53 1 .019 

5 Group × Age + Time 13 7483.4 ˗3728.7 3.79 0  

7 Group × Time + Group 

× Age 

16 7488.3 ˗3728.2 1.09 3 .779 

6 Group × Time × Age 20 7493.8 ˗3726.9 2.57 4 .633 

 

Table 17 

Summary Statistics of Correctly Identified Targets (0-4) Across All Groups and Sessions 

 Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 2.82 0.89 4 1 

Post-test 2.83 0.91 4 0 

Aerobic Pre-test 2.64 0.84 4 0 

Post-test 2.70 0.83 4 1 

Inactive Pre-test 2.48 0.77 4 1 

Post-test 2.52 0.83 4 0 

Novice Pre-test 2.52 0.81 4 1 

Post-test 2.49 0.80 4 0 
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Figure 13 

Stacked Probabilities of a Correct Response with Respect to Group. Numbers 0-4 Refer to the 

Number of Correctly Identified Targets 
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Figure 14 

Predicted Probabilities of a Correct Response with Respect to Group and Time. Error Bars 

Indicate 95% Confidence Interval; Numbers 0–4 Refer to the Number of Correctly Identified 

Targets

 

Balance and Mobility Measures 

SWAY Balance Test 

LMMs were used to estimate the effects of exercise group and time on balance scores. 

The full model chosen as the final model for analysis was as follows: (Balance ~ Group × Age + 

Time + (1 | Subject). See Table 18 for a comparison of goodness of fit values for all models. The 

likelihood ratio test between models revealed that including a three-way interaction between 

Group, Time, and Age did not significantly improve the fit of the model to the data. 
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Table 18 

Comparison of Fixed Effects Structures for the SWAY Balance Task. All Models had Balance 

Score as the Dependent Variable and Subject as Random Effects 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1 Group + Time 7 1172.5 1194.1 ˗579.26 1158.5    

3 Group + Time + 

Age 

8 1174.3 1199.0 ˗579.15 1158.3 0.22 1 .641 

2 Group × Time 10 1176.5 1207.4 ˗598.24 1156.5 1.81 2 .404 

4 Group × Time + 

Age 

10 1178.3 1212.2 ˗578.13 1156.3 0.22 1 .641 

5 Group × Age + 

Time* 

11 1163.7 1197.7 ˗570.86 1141.7 14.54 0 <.001 

7 Group × Time + 

Group × Age 

14 1167.7 1210.9 ˗569.85 1139.7 2.03 3 .566 

6 Group × Time × 

Age 

18 1172.5 1228.1 ˗568.26 1136.5 3.17 4 .529 

 

Results revealed a significant main effect of Group, F(3, 73) = 4.73, p = .004. Advanced 

pickleball players exhibited better balance than inactive participants (Bdiff = 7.52, SE = 2.35, 

t = 3.20, p = .011), and aerobic participants also demonstrated better balance than inactive 

participants (Bdiff  = 7.50, SE = 2.26, t = 3.32, p = .008). A second main effect of Time was 

found, F(1, 80) = 6.18, p = .015, which indicated that participants in all groups performed worse 

during their post-test measurement compared to pre-test (B = ˗1.33, SE = 0.53, t = ˗2.49, p = 

.015). Predicted mean balance scores (0–100) as a function of activity group and time is shown 

in Figure 15.  

Significance was found for the two-way interaction of Group × Age, indicating that 

participant age differentially affected the balance scores of the different activity groups, F(3, 73) 
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= 5.52, p = .002.  Pairwise comparisons indicated that the balance performance of advanced 

pickleball players deteriorated as a function of age, when compared to inactive participants who 

demonstrated better balance as a function of increasing age (Bdiff = ˗1.33, SE = 0.40, t = ˗3.31, p 

= .008). Similarly, aerobic participants demonstrated poorer balance with increasing age, 

compared to inactive participants who demonstrated better balanced as a function of increasing 

age (Bdiff = ˗1.48, SE = 0.39, t = ˗3.80, p = .002). A detailed list of all estimates, t-values, and p-

values for all factors can be found in Appendix M. Summary statistics for all activity groups 

across both testing timepoints is presented in Table 19. Predicted mean balance scores (0–100) as 

a function of age, activity group, and time are shown in Figures 15 and 16.  

Table 19 

Summary Statistics of Balance Performance Across All Groups and Sessions 

 Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 91.80 9.74 99.70 57.10 

Post-test 90.69 7.72 99.10 73.40 

Aerobic Pre-test 93.55 5.99 99.50 72.60 

Post-test 90.63 8.03 99.40 69.80 

Inactive Pre-test 86.70 9.96 99.70 59.00 

Post-test 81.73 14.68 98.60 50.20 

Novice Pre-test 88.90 6.62 98.80 74.20 

Post-test 87.50 9.87 99.40 61.80 
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Figure 15 

Balance Scores at Baseline (Pre-test) and 6-month Follow-up (Post-test) as a Function of 

Activity Group. Error Bars Represent 95% Confidence Interval  
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Figure 16 

Bar Graph Showing Balance Scores by Age as a Function of Activity Group. Error Bars 

Represent 95% Confidence Interval 

 

SWAY Motion-based Reaction Time Test 

LMMs were used to estimate the effects of exercise group and time on reaction time 

scores. The full model chosen as the final model for analysis was as follows: (RT ~ Group × Age 

+ Time + (1 | Subject). See Table 20 for a comparison of goodness of fit values for all models. 

The likelihood ratio test between models revealed that including a three-way interaction between 

Group, Time, and Age or the factor of Time did not significantly improve the fit of the model to 

the data.  
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Table 20 

Comparison of Fixed Effects Structures for the SWAY Reaction Time Task. All Models had 

Reaction Time Score as the Dependent Variable and Subject as Random Effects 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-value 

1 Group + Time 7 1206.4 1228.0 ˗596.19 1192.4    

3 Group + Time 

+ Age 

8 1206.9 1231.6 ˗595.44 1190.9 1.49 1 0.222 

2 Group × Time 10 1211.5 1242.4 ˗595.77 1191.5 0.00 2 1.000 

4 Group × Time 

+ Age 

11 1212.0 1246.0 ˗595.02 1190.0 1.49 1 0.222 

5 Group × Age 

+ Time* 

11 1205.0 1238.9 ˗591.49 1183.0 7.06 0 < .001 

7 Group × Time 

+ Group × 

Age 

14 1210.1 1253.4 ˗591.07 1182.1 0.84 3 .840 

6 Group × Time 

× Age 

18 1213.6 1269.2 ˗588.79 1177.6 4.56 4 .335 

 

Results revealed a significant main effect of Group, F(3, 73) = 2.85, p = .043. Pairwise 

comparisons indicated that the advanced pickleball group had significantly better reaction time 

performance compared to the inactive group (Bdiff = 7.21, SE = 2.59, t = 2.78, p = .034). All 

other model predictors were non-significant, although inactive participants performed 

significantly better as a function of increasing age in relation to the sample grand mean (B = 

0.72, SE = 0.29, t = 2.45, p = .017). A detailed list of all estimates, t-values, and p-values for all 

factors can be found in Appendix N. Summary statistics for all activity groups across both testing 

timepoints is presented in Table 21. Predicted mean reaction time scores (0–100) as a function of 

activity group, time, and age are shown in Figures 17 and 18. 
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Table 21 

Summary Statistics of Motion-based Reaction Time Performance Across All Groups and 

Sessions 

 Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 63.64 10.28 79.1 41.4 

Post-test 63.69 11.66 89.1 43.7 

Aerobic Pre-test 59.12 8.60 76.9 42.1 

Post-test 59.97 10.49 75.4 35.3 

Inactive Pre-test 57.15 7.35 73.5 44.3 

Post-test 56.73 9.30 71.5 37.4 

Novice Pre-test 59.98 10.63 78.2 40.9 

Post-test 62.92 12.61 86.5 40.2 
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Figure 17  

Motion-based Reaction Time Scores at Baseline (Pre-test) and 6-month Follow-up (Post-test) as 

a Function of Activity Group. Error Bars Represent 95% Confidence Interval 
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Figure 18 

Motion-based Reaction Time Scores by Age as a Function of Activity Group. Error Bars 

Represent 95% Confidence Interval 

 

Timed Up and Go  

LMMs were used to estimate the effects of exercise group and time on TUG scores. Prior 

to fitting the models, the response variable was log-transformed to satisfy the assumption of 

homogeneous variances. The full model chosen as the final model for analysis was as follows: 

(TUG ~ Group × Age + Time + (1 | Subject). See Table 22 for a comparison of goodness of fit 

values for all models. The likelihood ratio test between models revealed that including any 
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interactions between Group, Time, and Age, or the factor of Age did not significantly improve 

the fit of the model to the data.  

Table 22 

Comparison of Fixed Effects Structures for the Timed Up and Go Test. All Models had TUG 

score as the Dependent Variable and Subject as Random Effects. *Indicates the Fixed Effects 

Structure that was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1 Group + Time 7 ˗21.45 0.25 17.73 ˗35.45    

3 Group + Time 

+ Age 

8 ˗26.08 ˗1.28 21.04 ˗42.08 6.63 1 .010 

2 Group × Time 10 ˗18.41 12.59 19.20 ˗38.41 0.00 2 1.000 

4 Group × Time 

+ Age 

11 ˗23.04 11.06 22.52 ˗45.04 6.63 1 .010 

5 Group × Age + 

Time* 

11 ˗26.92 7.18 24.46 ˗48.92 3.88 0 < 

.001 

7 Group × Time 

+ Group × Age 

14 ˗23.88 19.52 25.94 ˗51.88 2.96 3 .398 

6 Group × Time 

× Age 

18 ˗18.93 36.87 27.46 ˗54.93 3.05 4 .550 

 

Results revealed a significant main effect of Group, F(3, 74) = 8.20, p < .001. Pairwise 

comparisons indicated that the advanced pickleball group (Bdiff = ˗2.06, SE = 0.53, t = ˗3.89, p 

< .001), and aerobic group (Bdiff = ˗1.98, SE = 0.51, t = ˗3.86, p = .001), were significantly faster 

than the inactive group.  Similarly, inactive participants were significantly slower than novice 

pickleball players (Bdiff = 2.21, SE = 0.54, t = 4.09, p = .001). Additionally, a significant main 

effect of Time was found, F(1, 81) = 5.65, p = .020, such that all groups showed an improvement 

in performance during post-test (B = ˗0.03, SE = 0.01, t =  ˗2.38, p = .020). A significant main 
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effect of Age was also found, F(1, 74) = 7.02, p = .010, such that participants were generally 

slower with increasing age (B = 0.01, SE = 0.00, t = 2.65, p = .010). The interaction between 

Group and Age was non-significant, p = .102. A detailed list of all estimates, t-values, and p-

values for all factors can be found in Appendix O. Summary statistics for all activity groups 

across both testing timepoints is presented in Table 23. Predicted mean TUG times as a function 

of activity group and time is shown in Figure 19.  

Table 23 

Summary Statistics of TUG Scores Across All Groups and Sessions. TUG measured in seconds 

 Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 8.23 3.02 19.01 5.01 

Post-test 7.87 1.81 11.02 4.41 

Aerobic Pre-test 8.51 2.41 14.48 4.88 

Post-test 7.46 1.60 11.83 3.93 

Inactive Pre-test 10.05 2.24 15.19 5.96 

Post-test 9.92 1.98 14.83 6.77 

Novice Pre-test 8.13 1.83 11.45 5.07 

Post-test 7.34 1.20 9.71 5.54 
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Figure 19 

TUG Scores at Baseline (Pre-test) and 6-month Follow-up (Post-test) as a Function of Activity 

Group. Error Bars Represent 95% Confidence Interval 

 

Falls Efficacy Scale   

LMMs were used to estimate the effects of exercise group and time on FES scores. Prior 

to fitting the models, a reciprocal transformation was applied to the response variable to satisfy 

the assumption of homogeneous variances. The full model chosen as the final model for analysis 

was as follows: (FES ~ Group × Age + Time + (1 | Subject). See Table 24 for a comparison of 

goodness of fit values for all models. The likelihood ratio test between models revealed that 
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including any interactions between Group, Time, and Age did not significantly improve the fit of 

the model to the data.  

Table 24 

Comparison of Fixed Effects Structures for the Falls Efficacy Scale. All Models had FES score 

as the Dependent Variable and Subject as Random Effects. *Indicates the Fixed Effects Structure 

that was Chosen for the Final Model 

  Values for models Values for model 

comparisons 

Model 

Number 

Fixed Effects 

Structure 

df AIC BIC logLik deviance Chisq df p-

value 

1 Group + Time 7 ˗1028.4 ˗1006.70 521.22 ˗1042.4    

3 Group + Time 

+ Age 

8 ˗1034.8 ˗1009.93 525.39 ˗1050.8 8.33 1 .004 

2 Group × Time 10 ˗1023.4 ˗992.35 521.70 ˗1043.4 0.00 2 1.000 

4 Group × Time 

+ Age 

11 ˗1029.8 ˗995.66 525.91 ˗1051.8 8.42 1 .004 

5 Group × Age 

+ Time* 

11 ˗1040.3 ˗1006.15 531.16 ˗1062.3 10.49 0 < 

.001 

7 Group × Time 

+ Group × 

Age 

14 ˗1035.4 ˗991.89 531.69 ˗1063.4 1.05 3 .789 

6 Group × Time 

× Age 

18 ˗1032.9 ˗977.02 534.46 ˗1068.9 5.56 4 .235 

 

Results revealed a significant main effect of Group, F(3,75) = 3.01, p = .036. Pairwise 

comparisons indicated that the inactive group had significantly higher scores than the advanced 

pickleball group (Bdiff = 0.01, SE = 0.00, t = 2.78, p = .034), suggesting a lower confidence in 

their ability to avoid falls. Additionally, a significant main effect of Time was found, F(1, 81) = 

10.13, p = .002, such that all groups showed lower FES scores (suggesting higher confidence) 

during pre-test (B = ˗1.79, SE = 5.62, t = ˗3.18, p = .002). A significant main effect of Age was 
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found, F(1, 78) = 9.51, p = .003, such that scores generally became worse with increasing age (B 

= 5.62, SE = 8.15, t = ˗3.18, p = .003). Main effects of Group and Age were qualified by a 

significant two-way interaction, F(3, 78) = 3.73, p = .015. Pairwise comparisons indicated that 

increasing age differentially affected the inactive group compared to the aerobic group, such that 

the inactive group had significantly worse scores as a function of increasing age (Bdiff = ˗0.00, 

SE = 0.00, t = ˗0.19, p = .013). A detailed list of all estimates, t-values, and p-values for all 

factors can be found in Appendix P. Summary statistics for all activity groups across both testing 

timepoints is presented in Table 25. Predicted mean FES scores (10–100) as a function of age 

and activity group and time is shown in Figures 20 and 21. 

Table 25 

Summary Statistics of FES Scores Across All Groups and Sessions 

 Mean Standard 

deviation 

Maximum Minimum 

Advanced Pre-test 19.95 5.14 37 16 

Post-test 22.70 7.84 42 16 

Aerobic Pre-test 20.96 5.56 37 16 

Post-test 22.96 5.55 34 16 

Inactive Pre-test 27.71 15.43 76 16 

Post-test 30.81 21.41 98 16 

Novice Pre-test 20.94 5.89 41 16 

Post-test 23.18 9.13 55 16 
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Figure 20 

FES Scores at Baseline (Pre-test) and 6-month Follow-up (Post-test) as a Function of Activity 

Group. Error Bars Represent 95% Confidence Interval 
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Figure 21 

FES Scores by Age as a Function of Activity Group and Session. Error Bars Represent 95% 

Confidence Interval 
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Table 26  

Summary of Results 

Task Results from Fitted Models Hypotheses 

MoCA • The most optimal fitted model 

indicated the significant effects 

of two factors – Group and 

Time.  

• Advanced pickleball players 

and aerobic exercisers 

demonstrated better global 

cognition compared to inactive 

participants.  

• All groups improved MoCA 

performance between testing 

sessions. 

• H1a: No support. Advanced 

pickleball players did not 

demonstrate better MoCA 

performance when compared to 

novice pickleball players or aerobic 

exercisers. 

• H1b: Partial support. Both advanced 

pickleball players and aerobic 

exercisers demonstrated better 

MoCA scores when compared to 

physically inactive controls, 

although novice pickleball players 

did not demonstrate a significant 

difference.  

• H3: No support. Novice pickleball 

players did not significantly improve 

in MoCA performance between 

testing sessions. 

UFOV • The most optimal fitted model 

indicated the significant effects 

of four factors – Frame Delay, 

Group, Time, and Age, and a 

two-way interaction between 

Group and Age.  

• Advanced pickleball players 

demonstrated better UFOV task 

accuracy compared to inactive 

participants.  

• Task performance decreased 

with increasing age in aerobic 

exercisers, whereas 

performance increased with age 

in inactive participants.  

• Task accuracy generally 

improved between testing 

sessions. 

• H2a: Partial support. Advanced 

pickleball players demonstrated 

significantly better UFOV 

performance when compared to 

inactive controls, although no 

difference between aerobic 

exercisers or novice pickleball 

players. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in UFOV performance between 

testing sessions. 
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Task Results from Fitted Models Hypotheses 

Flanker – 

Accuracy  
• The most optimal fitted model 

indicated the significant effects 

of two factors – Congruency 

and Group.  

• Aerobic exercisers 

demonstrated better task 

accuracy compared to novice 

pickleball players.  

• H2b: No support. Advanced 

pickleball players did not 

demonstrate significantly better 

Flanker accuracy performance when 

compared to any activity groups. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in Flanker accuracy performance 

between testing sessions. 

Flanker – 

Reaction 

Time 

• The most optimal fitted model 

indicated the significant effects 

of Congruency, such that 

participants were faster during 

congruent conditions.  

• H2b: No support. Advanced 

pickleball players did not 

demonstrate significantly faster 

reaction time performance when 

compared to any activity groups. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in reaction time performance 

between testing sessions. 

N-back • The most optimal fitted model 

indicated the significant effects 

of two factors – N-back Level 

and Group.  

• Aerobic exercisers 

demonstrated better working 

memory task accuracy 

compared to inactive 

participants. 

• H2c: No support. Advanced 

pickleball players did not 

demonstrate significantly better n-

back performance when compared to 

any activity groups. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in n-back performance between 

testing sessions. 

MOT • The most optimal fitted model 

indicated the significant effects 

of two factors – Group and Age.  

• Advanced pickleball players 

demonstrated better multiple 

object tracking ability compared 

to novice pickleball players and 

inactive participants. 

• Performance generally 

decreased with increasing age. 

• H2d: Partial support. Advanced 

pickleball players demonstrated 

significantly better MOT 

performance when compared to 

inactive controls and novice 

pickleball players, although no 

difference between aerobic 

exercisers. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in MOT performance between 

testing sessions. 
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Task Results from Fitted Models Hypotheses 

SWAY 

Balance 
• The most optimal fitted model 

indicated the significant effects 

of two factors – Group and 

Time, and the two-way 

interaction between Group and 

Age.  

• Advanced pickleball players 

and aerobic exercisers 

demonstrated better balance 

scores compared to inactive 

participants.  

• Inactive participants showed 

better balance scores as a 

function of increasing age 

compared to advanced 

pickleball players and aerobic 

exercisers.  

• Balance performance generally 

decreased between testing 

sessions. 

• H2e: Partial support. Both advanced 

pickleball players and aerobic 

exercisers demonstrated 

significantly better postural sway 

performance when compared to 

inactive controls, although no 

difference was observed between 

advanced pickleball players and 

aerobic exercisers or novice 

pickleball players. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in postural sway performance 

between testing sessions. 

SWAY 

Reaction 

Time 

• The most optimal fitted model 

indicated the significant effect 

of Group. 

• Advanced pickleball players 

demonstrated better reaction 

time scores compared to 

inactive participants.  

• H2f: Partial support. Advanced 

pickleball players demonstrated 

significantly better motion-based 

reaction time performance when 

compared to inactive controls, 

although no difference between 

aerobic exercisers or novice 

pickleball players. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in motion-based reaction time 

performance between testing 

sessions. 
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Task Results from Fitted Models Hypotheses 

TUG • The most optimal fitted model 

indicated the significant effects 

of three factors – Group, Time, 

and Age.  

• Advanced pickleball players, 

aerobic exercisers, and novice 

pickleball players demonstrated 

better TUG scores compared to 

inactive participants.  

• Inactive participants showed 

faster performance as a function 

of increasing age.  

• Performance generally 

improved between testing 

sessions. 

• H2g: Partial support. Advanced 

pickleball players demonstrated 

significantly better TUG 

performance when compared to 

inactive controls, although no 

difference between aerobic 

exercisers or novice pickleball 

players. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in TUG performance between 

testing sessions. 

FES • The most optimal fitted model 

indicated the significant effects 

of three factors – Group, Time, 

and Age, and a two-way 

interaction between Group and 

Age. 

• Pairwise comparisons indicated 

that inactive participants were 

less confident in their ability to 

avoid a fall compared to 

advanced pickleball players. 

• All participant groups 

demonstrated a decrease in their 

confidence in avoiding falls 

between testing sessions.  

• Pairwise comparisons for the 

Group x Age interaction 

indicated that confidence levels 

of inactive participants 

increased with age compared to 

aerobic exercisers. 

• H2h: Partial support. Advanced 

pickleball players demonstrated 

significantly more confidence in 

avoiding falls when compared to 

inactive controls, although no 

difference between aerobic 

exercisers or novice pickleball 

players. 

• H3: No support. Novice pickleball 

players did not significantly improve 

in FES scores between testing 

sessions. 
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CHAPTER 5 

DISCUSSION 

Because more people are living longer than ever before, it is imperative to identify the 

lifestyle-related antecedents and behavioral interventions associated with preserved cognition 

and balance, to offset the cognitive and physical declines of advancing age. The present six-

month longitudinal study aimed to examine the associations of regular and prolonged 

engagement in physical activity (pickleball-playing or aerobic activities) with cognitive function 

and balance by comparing the performance of experienced pickleball players, novice pickleball 

players, experienced aerobic exercisers, and inactive controls on measures of global cognition, 

domain-specific cognitive measures, and balance. To the author’s knowledge, this is the first 

study to examine the longitudinal relationship between sports-playing (i.e., pickleball-playing), 

cognition, and balance.  

Summary of Results  

The findings of the current study add to the growing body of literature that suggests that 

regular and sustained physical activity is beneficial to cognition and balance in older adults. The 

results of the fitted models suggest that older adults engaged in regular and sustained physical 

activity demonstrate better performance on measures of global cognition, domain-specific 

cognitive measures, and measures of balance-keeping than inactive older adults. However, no 

evidence of performance gains across the six-month testing interim were observed among any of 

the participant groups. These results may suggest that the performance disparities measured 

between novice and experienced pickleball players may begin to assimilate after a participation 

period longer than six months.  
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Overall, the physically inactive participant group demonstrated poorer performance 

across cognitive and balance-keeping measures, with significantly lower performance observed 

across nearly all tasks. These findings support a throng of evidence suggesting associations 

between physical inactivity, lower cognitive performance (Quigley et al., 2020), and reduced 

balance (Thomas et al., 2019). An interesting finding was that the oldest segment of participants 

in the inactive group generally demonstrated better performance on cognitive and balance tasks, 

compared to their younger inactive counterparts. This was a consistent trend across nearly all 

tasks, indicating that this finding did not vary randomly between the measured outcomes. This 

seemingly paradoxical slope of cognitive aging may be attributed to genetic factors. While it is 

well-understood that cognitive faculties generally tend to decline with age, research has 

supported the contributing factor of genetic influences on increased longevity and general 

cognitive function (Davies et al., 2018). Individual differences in the acceleration of cognitive 

decline tend to show greater disparity with advancing age. These differences have been 

associated with genetic and environmental influences, which, in particular, explain the variance 

in verbal and memory abilities (Reynolds et al., 2005).  

Additionally, information regarding the socioeconomic status (e.g., household income) 

and dietary habits of the participants was not gathered in the present study. It is possible that 

some young-old participants in the inactive group may be more socioeconomically 

disadvantaged, which is associated with poor dietary quality (Parrott et al., 2013), risky lifestyle 

behaviors (Shankar et al., 2010), and lower levels of leisure-time physical activity (Stalsberg & 

Pedersen, 2018), all of which in turn may have a detrimental cognitive impact. Furthermore, a 

detailed lifetime history of physical activity was not collected from participants. It is possible 

that the younger inactive participants had a longer history of inactivity that spans across multiple 
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physical activity domains (e.g., domestic, occupational, transportation-related) than the 

physically inactive oldest-old participants. Physical activity can contribute to greater cognitive 

reserve, alongside other environmental and lifestyle factors, such as occupational history and 

educational attainment (Scarmeas & Stern, 2003). It is possible that the oldest inactive 

participants had a history that included higher levels of physical activity in various forms (e.g., 

occupational, active transport), thus engineering a stronger defense against the effects of 

biological aging. Future longitudinal studies on physical activity and cognition should consider 

lifetime engagement in all the various domains of physical activity other than leisure-based 

physical activity (e.g., active commuting) and include information that would provide insight 

into other lifestyle and health factors that may explain the observed trend among inactive 

participants.  

Perceptual and Cognitive Tasks 

MoCA. Both advanced pickleball players and aerobic exercisers had significantly higher 

MoCA scores compared to inactive participants, suggesting that higher levels of regular physical 

activity were associated with better global cognition performance. This finding provides partial 

support for our first hypothesis (H1b) that all older individuals engaged in routine physical 

activity (i.e., both experienced and novice pickleball players and aerobic exercisers) would 

demonstrate higher global cognition than inactive individuals. However, only older adults 

engaged in longer-term engagement in physical activity over time (i.e., longer than six months of 

training) showed a performance benefit, and no support was found for H1a, as experienced 

pickleball players did not demonstrate better global cognition compared to aerobic exercisers. 

Overall, this finding is in agreement with cross-sectional evidence that regular participation in 
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physical exercise is protective of global cognition scores, as measured by the MoCA (Lam et al., 

2015).  

MoCA scores generally improved between the baseline testing session and the 6-month 

follow-up test. Therefore, no support was found for the third hypothesis (H3), as novice 

pickleball players did not show improvement in global cognition during follow-up testing and 

after an additional six months of pickleball training. Performance gains may be attributable to 

practice effects rather than improvement from continued engagement in physical activities. 

Longitudinal research of MoCA changes in older adults has revealed a significant increase in 

scores between the baseline and the first initial follow-up test (12 months), although no 

significant improvement was found between the second and third (48 months) follow-up test 

(Cooley et al., 2015). Moreover, Cooley and colleagues found that participants who had initially 

scored low during baseline testing (i.e., < 26) showed improvement during the first follow-up 

test at 12-months, whereas participant who had initially scored higher did not show 

improvement. Similar to these findings, some participants in the aerobic group (16%) had 

initially exhibited low MoCA scores during pre-test administration (M = 26.96, SD = 2.64, range 

= 18 to 30) that initially fell below what is currently considered to be the normal range (26-30), 

whereas all scores had increased to above the normal cut-off value during post-test 

administration (M = 28.44, SD = 1.39, range = 26 to 30). Therefore, the MoCA might not be a 

good candidate for measuring global cognitive performance in future longitudinal studies with 

short or frequent follow-up testing periods.  

Divided Attention. Experienced pickleball players demonstrated significantly better 

performance in divided visual attention compared to inactive participants. This finding provides 

partial support for the second hypothesis (H2a), as experienced pickleball players demonstrated 
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better divided attention than inactive individuals, although no difference was found between 

aerobic exercisers or novice pickleball players. Additionally, no difference in performance over 

time was found for any of the groups, indicating a lack of support for the third hypothesis (H3) 

that novice players would demonstrate better divided attention during follow-up testing. 

Additionally, the aerobic exercise group showed an interaction with age, such that performance 

decreased significantly with increasing age. Thus, experienced pickleball players in the oldest 

age segments exhibited better divided visual attention than their age-matched aerobic 

counterparts. A few studies have found associations between UFOV performance and self-

reported physical activity in older adults (Marmeleira et al., 2012; Roth et al., 2003), while one 

study found these variables to be unrelated (Owsley & McGwin, 2004). However, none of these 

studies measured the modes of physical activity, intensities, frequencies, or total length of 

activity engagement. A more recent study found that vigorous physical activity (recorded in 

METs measured by a tri-axial accelerometer) was positively associated with UFOV performance 

(Ando et al., 2017). Pickleball players must process the lateral body movements of other players 

while simultaneously keeping track of the ball’s position during short processing times, such that 

both peripheral and focused vision are engaged. It could be argued that regular pickleball-playing 

supports the acquisition of strategies for processing and interpreting certain information more 

efficiently compared to non-players or participants of other sports with less perceptual demand. 

A study of young and older martial arts athletes examined differences in peripheral vision 

between athletes, and non-athletes and between martial arts types (i.e., judo or karate) (Muiños & 

Ballesteros, 2014). The authors found evidence of better peripheral vision in athletes relative to 

non-athletes, and an effect of sport type in the younger group, such that karate athletes had 

shorter processing times at the most eccentric conditions compared to judo athletes. Similarly, a 
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study of older adults practicing Tai Chi (another type of martial arts that engages peripheral 

vision) found faster visual processing times and better divided attention as measured by the 

UFOV in Tai Chi practitioners compared to sedentary older adults (Miller & Taylor-Pillae, 

2018). The present results support the association between physical activity and greater accuracy 

in processing central and peripheral information, with evidence suggesting a protective effect on 

the performance of the oldest experienced pickleball players that otherwise appears to deteriorate 

with increasing age in aerobic exercisers. UFOV test performance has been implicated as 

predictive of important real-world activities, including better driving performance (Clay et al., 

2005) and the ability to perform instrumental activities of daily living (Owsley et al., 2002). 

However, the exact mechanisms through which certain perceptual skills may be differentially 

learned through the systematic engagement in specific types of physical activity still remain 

undetermined. 

Inhibition. Aerobic exercisers exhibited greater response accuracy on the Flanker task 

compared to novice pickleball players. Reaction time performance did not differ between any 

groups or across testing sessions. Therefore, no support was found for the second (H2b) or third 

(H3) hypotheses that experienced pickleball players would demonstrate better inhibitory control 

relative to all other groups, and that novice pickleball players would increase performance during 

follow-up testing. Previous research that has examined the effect of acute physical exercise (i.e., 

a single session of moderate intensity aerobic exercise) on the Flanker task has found an effect 

on task accuracy but not on reaction time (Won et al., 2019). Evidence from chronic aerobic 

exercise has shown stronger effects on executive functions compared to other cognitive domains 

(Colcombe & Kramer, 2003), which may be due to increases in cerebral blood flow and 

structural connectivity within prefrontal brain regions (Verburgh et al., 2014). The present 
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findings did not show any significant differences in task accuracy or reaction time between 

advanced pickleball players and aerobic exercisers, or pickleball players and inactive 

participants. These findings did not provide further evidence suggesting that regular open-skill 

exercise is associated with better inhibition control relative to closed-skill exercise (Dai et al., 

2013; Huang et al., 2014; Wang et al., 2013; Wang & Guo, 2020). However, not all studies have 

supported this difference in aspects of executive function between closed-skill and open-skill 

sport participation (Chang et al., 2017; Chueh et al., 2017).  

Working Memory. Aerobic exercisers demonstrated greater task accuracy on the 

auditory n-back task compared to inactive participants. No other group differences were found, 

and none of the participant groups improved their performance over time. Therefore, no support 

was found for the second (H2c) or third (H3) hypotheses that experienced pickleball players 

would demonstrate better working memory performance relative to all other groups, and that 

novice pickleball players would increase performance during follow-up testing. Additionally, no 

significant effects of age were evident for n-back performance. Some research has revealed an 

association between verbal working memory capacity and higher levels of physical activity 

(Chang et al., 2013; Padilla et al., 2014; Voelcker-Rehage et al., 2010).  However, other studies 

have not found any differences in working memory between aerobically fit and sedentary adults 

(Kamijo et al., 2010). Future studies should examine the different domains of working memory 

(e.g., spatial), as it is possible that certain physical activity forms (e.g., those involving ball 

interception) may place greater emphasis on visuospatial working memory (Kelling & Corso, 

2018).  

Multiple Object Tracking. Experienced pickleball players exhibited better multiple 

object tracking performance through their ability to dynamically track the location of a higher 
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number of targets relative to novice pickleball players and inactive participants. This finding 

provides partial support for the second hypothesis (H2d), as experienced pickleball players 

demonstrated better tracking performance than novice pickleball players and inactive 

individuals, although no difference was found between aerobic exercisers. Additionally, no 

difference in performance over time was found for any of the groups, indicating a lack of support 

for the third hypothesis (H3) that novice players would demonstrate an increase in tracking 

performance during follow-up testing. It is possible that due to its nature, pickleball, a complex 

sport requiring cognitive demand and motor coordination, may better facilitate certain process-

intensive tasks that rely on higher-level cognition. Interceptive racket sports, such as pickleball, 

require players to alternate between offensive and defensive strategic moves while continuously 

monitoring an impending object, and rapidly integrating sensory input from a variety of sources 

in a complex visual scene. Pickleball games are typically played as doubles, requiring the players 

to visually track the trajectory of multiple moving objects (i.e., ball, other players). Visual object 

tracking has been implicated as an important ability in many real-world scenarios, such as 

driving (Horowitz et al., 2007; Michaels et al., 2016; Trick et al., 2004), and athletic performance 

in team sports (Faubert, 2013; Mangine et al., 2014; Meyerhoff et al., 2017). It is possible that 

systematic experience with challenging real-world object tracking tasks (i.e., certain sports) may 

promote enhanced multiple object tracking ability. Mangine and colleagues (2014) found 

evidence that suggests visual tracking speed as measured by a multiple object tracking task may 

be related to basketball performance among elite basketball players. Furthermore, Chaddock and 

colleagues (2011) found significant differences between collegiate athletes and non-athletes in 

processing speed by using a realistic street-crossing task which involved various multi-tasking 

paradigms in which participants attended to multiple dynamic objects simultaneously. The 
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authors propose that these results may suggest a transferability from cognitive skills trained 

through serious sport participation to real-world tasks which employ the same underlying 

cognitive abilities (Chaddock et al., 2011). The results from the present study may suggest that 

sports that confer specific cognitive and perceptual demand facilitate experience-induced 

changes that produce measurable performance gains in domain-specific abilities (i.e., multiple 

object tracking).  

Motion-based Reaction Time. Experienced pickleball players exhibited faster simple 

reaction time compared to inactive participants. This finding provides partial support for the 

second hypothesis (H2f), as experienced pickleball players demonstrated faster reaction time than 

inactive individuals, although no difference was found between aerobic exercisers or novice 

pickleball players. Additionally, no difference in performance over time was found for any of the 

groups, indicating a lack of support for the third hypothesis (H3) that novice players would 

demonstrate an increase in simple reaction time during follow-up testing. Several studies have 

supported the association between both acute and longer-term physical activity and 

improvements in reaction time (Davranche et al., 2009; Hillman et al., 2006; Kamijo et al., 2007; 

Kramer et al., 1999). In a metanalysis conducted by Voss and colleagues (2010), athletes 

performed better than non-athletes in measures of processing speed (e.g., reaction time), with the 

largest effects found in interceptive sports types (e.g., tennis) and the smallest effects found in 

self-paced sports (e.g., running). In pickleball, reaction time is a critical component in reacting to 

the movements of other players and in successful ball interception. In the present study, 

experienced pickleball players showed significantly shorter reaction times in terms of simple 

reaction time, as measured by the SWAY motion-based reaction time test. Simple reaction time 

performance has been associated with level of athletic ability in badminton (Loureiro & Freitas, 
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2012) and football (Kalberer et al., 2017). It is possible that the practice of a sport in which 

reaction time is critical to successful performance, such as pickleball, could directly train the 

players ability to rapidly respond to a given stimulus or action.  

Balance  

Experienced pickleball players and aerobic exercisers exhibited similar balance benefits 

in objective measures of balance relative to inactive controls (as measured by SWAY Balance 

and TUG), whereas experienced pickleball players demonstrated greater benefits in a subjective 

measure of fall risk compared to inactive older adults. These findings provide partial support for 

the second hypothesis (H2e, H2g, H2h), as experienced pickleball players demonstrated better 

performance than inactive individuals in terms of postural sway, functional mobility, and 

perceived confidence in avoiding falls, although no differences were found between experienced 

pickleball players and aerobic exercisers or novice pickleball players. Additionally, no difference 

in performance over time was found for any of the groups, indicating a lack of support for the 

third hypothesis (H3) that novice players would demonstrate an increase in objective and 

subjective measures of balance during follow-up testing. Research on fall prevention has 

consistently implicated physical exercise as an important activity in the avoidance of falls 

(Heesch et al., 2008; Gillespie et al., 2012). However, clinical guidelines have typically focused 

on balance-specific exercises rather than different types of physical activity which may support 

balance, such as preferred sports activities. There is a paucity of research that examines the 

singular effects of individual physical activity types (e.g., strength training, dancing, etc.), along 

with studies that compare different types of physical activity interventions. The present results do 

not suggest that pickleball confers greater protection against fall risk or enhancement of balance-

keeping performance, when compared to aerobic activities (e.g., running, bicycling). It was 
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hypothesized that the importance of skillful footwork that allows for quick and efficient ball 

interception would yield performance gains in measures of balance among novice pickleball 

players and performance benefits among experienced pickleball players relative to aerobic 

activities. Proficient footwork is particularly important when playing a doubles match, as the 

players must additionally coordinate their movements with other players. The constant lateral 

movements and quick footwork required in pickleball may be related to recent investigations of 

the prevalence of acute pickleball-related injuries (e.g., falls), of which 90.9% are sustained by 

adults 50 years and older (Forrester, 2020; Greiner, 2019). Like any other sport, there are injury 

risks associated with pickleball, although its competitive nature may cause players to take risks 

to keep the ball in play, such as taking quick backwards steps to return a shot.   

A recent systematic review examined the associations between balance and physical 

activities selected based on personal need and preference (e.g., sport, dance, swimming clubs, 

etc.) in older adults, analyzing data from both cross-sectional studies and a small number of 

RCTs (McMullan et al., 2018). Evidence from the RCTs indicates that free-living physical 

activities are able to improve balance outcomes within the short term (i.e., three to six months). 

However, other research has suggested that leisure-time physical activity produces a 

cumulatively beneficial effect on physical performance later in life after long-term engagement 

starting in earlier adulthood (Cooper et al., 2011). Many of the aerobically active participants had 

engaged in their respective activities since early or middle adulthood, whereas the longest 

reported history of pickleball playing spanned ten years. It is possible that the aerobic exercisers 

had reaped the cumulative benefits of habitual physical activity to a higher degree than the 

experienced pickleball players, and that selecting participants with more comparable physical 
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activity histories would yield different results in terms of balance outcomes between physical 

activity types.  

Limitations 

Interpretation of the present findings should take into account a number of limitations. 

First, several strengths and limitations pertain to the observational nature of the study design 

itself. While observational longitudinal designs may offer important insight into the temporal 

relationships that exist between various participant cohorts and measured outcome variables over 

time, they are not able to infer causality from the analyses. Support from additional 

experimentation, such as randomized controlled trials, is required to substantiate any attribution 

of causality. However, RCTs command substantial costs, both in terms of financial and human 

resources. The complexity of RCTs is further compounded by requiring participants to inflexibly 

adhere to a controlled intervention protocol, which is encumbered by the intractable and reactive 

nature of human subjects. Therefore, observational methods are useful in identifying potential 

intervention forms and informing hypotheses that serve as the target for future well-designed, 

robust RCTs. Fully blinded RCTs have traditionally been considered to reside at the apogee of 

the evidence hierarchy for informing evidence-based practice and policy across a variety of 

fields, however, their limitations have been increasingly acknowledged by the scientific 

community (Bothwell et al., 2016).  For example, RCTs afford a stronger internal validity than 

observational designs, although limitations extend to external validity and generalizability. 

Additionally, evidence from metanalytic studies has suggested that well-designed observational 

studies do not systematically overestimate the magnitude of treatment effects compared to RCTs 

when comparable inclusion criteria are used (Concato et al., 2000). Furthermore, methodological 

triangulation has long been advised as good research practice within the social sciences 
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(Campbell & Fiske, 1959), and thus, observational designs provide valuable complementary 

evidence to other methodological forms.  

Longitudinal studies are able to provide evidence of the influence of time on the 

measured outcomes of a certain exposure variable. However, notable threats to internal validity 

and other practical challenges are implicit in this methodological approach. Campbell and Cook 

(1979) proposed a taxonomy of internal threats to validity, including maturation, effects of 

history, reactivity, instrumentation, statistical regression to the mean, mortality or attrition, 

selection and the selection-maturation interaction. The internal threat of history is particularly 

relevant to a pretest-posttest or longitudinal design, as performance measurements occur at 

differing time points. Performance changes are attributed to the independent variables under 

investigation, although they could be influenced by extraneous factors or events beyond the 

control of the study design (e.g., illness). In the current study, the baseline testing session 

occurred during the summer months, whereas the 6-month, follow-up session occurred during 

the late fall and winter. It is possible that different seasonal parameters affected performance on 

the measured outcome variables. Participants in the present study self-reported higher levels of 

total physical activity during the summer months compared to the winter months, which is in line 

with evidence of seasonal variability in physical activities among older adults (Kimura et al., 

2015). Furthermore, seasonal differences may also affect cognitive test performance. Lim and 

colleagues (2018) examined the association between season and cognition in older adult cohorts 

from several prospective longitudinal studies and found that cognition is optimal in late summer, 

irrespective of other factors, such as self-reported sleep and physical activity. In fact, the authors 

reported a seasonal difference in cognition equivalent to four years of age-related decline when 

the cognitive performance of older adults was measured in the winter, although most participants 
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from the included samples were in their seventies (Lim et al., 2018). It is possible that seasonal 

decrements might have masked changes in cognitive performance over the six-month period 

among physical activity groups in the current study. Future longitudinal studies might recruit 

study participants in such a manner that baseline and follow-up testing is distributed across 

several seasons to eliminate a seasonal influence. Maturation as an internal threat to validity 

control is related to the natural changes within participants as a result of the passage of time 

rather than exposure to the construct under investigation. However, since the purpose of the 

current study is to measure deviations from developmentally oriented changes in cognition and 

balance, maturation is not considered to threaten validity.  

Reactivity may apply to potential practice effects on the measured outcome variables, 

given that as a result of repeated testing, participants may have better understood the testing 

protocol during follow-up, which was identical to the session completed six months prior. 

Practice effects have been observed in repeated cognitive testing, with the most beneficial 

performance changes distributed across the earliest and shortest test-retest intervals (Bartels et 

al., 2010; Begliner et al., 2005; Collie et al., 2003). Some tests of cognitive function have 

demonstrated greater vulnerability to learning effects following repeated measurements 

compared to others. Cognitive tasks with the most novel procedures and those with considerable 

cognitive demand (e.g., Stroop interference, visuospatial learning) have shown the largest 

magnitude of practice effects during repeated neuropsychological testing (Beglinger et al., 2005). 

The magnitude of practice effects has typically been measured during high-frequency test-retest 

intervals over the course of weeks or months, although some evidence has shown positive retest 

effects that remain for years, and which may obscure age-related effects in longitudinal 

comparisons (Salthouse et al., 2004).  
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The threat of instrumentation may occur when different researchers are involved in the 

different testing sessions and follow-ups, thus introducing unintentional changes in the test 

protocol by using varying techniques. In the present study, three researchers assisted with 

various test sessions, as it wasn’t always feasible for the same researcher to facilitate both testing 

sessions with the same participant. Regression to the mean is another threat to internal validity 

that may affect longitudinal or pretest-posttest designs. Additionally, longitudinal studies 

typically result in participation attrition over time, due to the requirement of additional follow-up 

assessments, which may introduce bias into the findings if the likelihood of dropout is related to 

particular risk factors or confounding variables. The internal validity threat of attrition is most 

notable in longitudinal studies that involve lengthier follow-up periods, such that the remaining 

sample may have certain common characteristics germane to their continued involvement (e.g., 

better overall health).  In the present study, participant attrition rate was minimal (3.37%) over 

the duration of the 6-month waiting period between baseline and follow-up assessments and was 

caused by differing factors for each of the participants who withdrew. Therefore, attrition was 

not considered to impose a bias in the measured associations between variables.  

Inadvertent sample selection biases may threaten observational designs, as important 

factors that may explain the observed relationships under investigation may go unmeasured, and 

therefore, unaccounted for in statistical analyses. Some participant groups included a higher 

number of certain reported medical conditions than others. In the inactive group, six participants 

(28.6%) reported a condition of type 2 diabetes, which has been associated with an increased risk 

of accelerated cognitive decline (Gregg et al., 2000). One participant reported comorbid 

conditions of both type 2 diabetes and hypertension. Hypertension, which is also a well-

established risk factor of cognitive decline (Knopman et al., 2001) was reported by eight 
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participants (32.0%) in the aerobic group, compared to three advanced pickleball players, one 

novice pickleball player, and two inactive participants with the condition. Furthermore, the 

present study relied on self-report data of medical conditions. Given that nearly one fifth of 

diabetes cases remain undiagnosed in the older adult population (Pierce et al., 2009), it is 

plausible that a higher proportion of the present sample was characterized by the presence of 

clinical or subclinical conditions of which they were unaware, and which may have impacted 

cognitive test performance. Additionally, data regarding the duration and severity of these 

medical conditions was not gathered, and longer disease duration has been associated with an 

increased risk of poorer cognitive performance (Elias et al., 1997). Another limitation is that 

gender proportions within each participant group were not evenly distributed and may be a 

source of bias. The novice pickleball player and inactive groups had a higher proportion of 

females than males, whereas the sex distribution was more even among experienced pickleball 

players and aerobic exercisers. Older females tend to be less physically-active than males of 

comparative age (Kaplan et al., 2001), which may contribute to the greater benefit of physical 

activity on cognition observed among older women in meta-analytic findings from RCTs (Barha 

et al., 2017; Colcombe & Kramer, 2003).  

Data regarding the frequency, duration, and total involvement in their physical activities 

was collected by means of self-report through the GPPAQ questionnaire and a survey of 

demographic, health, and physical activity behaviors and characteristics. Even though self-

reports are a widely used and accessible measure of physical activity throughout the literature, 

there are numerous limitations to this method of data collection. In particular, older adults may 

be more disadvantaged compared to other age groups when using instruments that rely on 

memory recall and other complex cognitive processes required to interpret questions, and in turn, 
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accurately describe behavioral patterns (Knauper et al., 2016). Therefore, it is difficult to know 

the accuracy of the reported duration, frequency, and volume of weekly physical activities 

reported by the different participant groups.  The present study did not account for varying levels 

of experience, frequency, duration, and intensity of the predominant activities performed within 

each participant group. For example, total number of years of weekly engagement in the physical 

activities of interest varied between one and ten years for the experienced pickleball group, and 

between four and forty-five years for the aerobic group. Additionally, some participants reported 

a higher degree of competitive engagement in their respective physical activities (e.g., pickleball 

tournaments, marathon running) than others who engaged in their physical activities in a more 

leisurely manner. During the testing sessions, participants also verbally expressed varying 

motivational factors that prompted the initiation and maintenance of their activities (e.g., desired 

weight loss, desired health improvement, physician’s recommendation, onset of retirement, 

opportunities for enhanced social connections, desire for competency, etc.). A recent survey 

investigated motivation and perceived benefits related to pickleball playing among older adults, 

through which athletic competition, physical well-being, and development of social relationships 

were identified as the primary perceived benefits, and motivation was intrinsically linked to 

feelings of mastery and accomplishment (Buzzelli & Draper, 2019). Further knowledge 

regarding motivational factors should be an important consideration in future research, and one 

which may have important practical implications on the development of intervention studies. For 

example, participants engaged in aerobic activities reported reasons for their activity engagement 

to be related to maintenance of health and physical fitness more often than participants engaged 

in pickleball playing. It is possible that these participants coupled their desire for increased 

physical health and fitness with other pro-health lifestyle behaviors, such as healthful dietary 
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behaviors, stress reduction, vitamin supplementation, and reduced exposure to environmental 

toxins. It may also be that a complex interplay between several lifestyle behaviors, such as 

nutrition and physical exercise, is responsible for better performance on cognitive measures, as 

combining such strategies has led to cognitive benefit even during short-term periods of lifestyle 

change (Small et al., 2006). 

Balance measurements may have been subject to errors in measurement when the 

participants inadvertently shifted the iPhone device while measurements were being taken. When 

this was observed among participants, the SWAY test was re-administered to ensure accuracy of 

the measurement. Additionally, self-report measures such as the FES may be prone to 

inaccuracies and bias, if for example, the participant feels embarrassment in being truthful of 

their actual confidence levels of avoiding falls. However, while quantitative methods, such as the 

use of a force platform, may offer more reliable results, the use of such equipment is expensive 

and may need to be operated by specialists.  

Future Research 

Most existing studies that support the idea that open-skill sports are superior compared to 

closed-skill sports in terms of enhancing cognitive function in older adults are observational in 

nature. Therefore, more intervention studies are needed, and will be necessary to test any 

hypotheses regarding the direction of causality between engagement in pickleball playing, or any 

other sports activities, and performance on measures of cognition and balance. Well-designed 

intervention studies will help to answer various granular questions pertaining to the nature of 

exposure to the activity under investigation, by disentangling the components of the activity 

through which an effect may stem. Future intervention research should be used to determine if a 

minimum dose of physical activity is necessary (i.e., frequency, duration, and length of time 
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spent playing pickleball) in order to improve cognitive functions and maintain those cognitive 

functions over time, perhaps by employing a dose-response model within an RCT. Using a dose-

response model may also better account for variations in non-adherence and attendance that may 

contribute to intervention efficacy, when measuring performance changes. Components of 

response to physical activity intervention that should be examined include length of time until 

measurable improvement is reached, rate of improvement, and the highest level of performance 

enhancement that can be attained from engagement in the activity. Intervention studies should 

also examine how minimum effective doses may differ according to baseline cognitive status 

(e.g., differing global cognition scores), sensory changes (e.g., age-related macular 

degeneration), various neurobiological disorders, and other common health conditions of the 

older adult population (e.g., diabetes mellitus, cardiovascular disease). Conversely, research 

should examine whether performance gains in cognition and balance dissipate over time if the 

activities are suspended, and the rate of this reversal. Thus, establishing control over the 

independent variables will be important to further understand the examined relationships within 

the present study. In addition to using objective outcome measures to understand the cognitive 

impact of physical activity, subjective measures should be used to assess meaningful change in 

the lives of the participants. For example, following an 11-month, randomized controlled trial, 

older adults who had participated in a lifestyle physical activity intervention (i.e., home-based 

endurance, strength, flexibility and balance exercises adapted to participant preferences and daily 

routines) showed significant enhancements in self-perceived physical condition, sport 

competence, body attractiveness, and physical self-worth, when compared to participants who 

underwent a structured exercise intervention (i.e., fitness center-based, individualized program 

with endurance, strength, flexibility and balance-training components) and controls (Opdenacker 
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et al., 2009). Those participants who underwent the structured physical activity intervention only 

showed significant improvement in physical condition and sport competence, suggesting that 

self-esteem and psychological well-being may also vary as a function of physical activity type 

and environment (e.g., outdoor vs. built environments).  

Qualitative research will be important to better understand the varying motivational 

factors related to the decision to begin certain physical activities in older adulthood and the 

continued maintenance or abandonment of physical activities with advancing age. Additionally, 

qualitative research will help to elucidate perceived physical, cognitive, emotional, and social 

changes that occur with the investiture of new or sustained physical activities. Notably, findings 

from future qualitative research will be important in informing the design of physical activity 

interventions, specific recommendations for health promotion, and the implementation of 

community-wide physical activity programs. Van der Wardt and colleagues (2019) conducted a 

focus group study with older adults with mild cognitive impairment (MCI) or dementia, and 

found evidence suggesting that individualized approaches, including focus on exercise 

preference and enjoyment, is important in supporting exercise engagement in physical activity 

interventions. Prior research has established varying motivational factors underlying older adult 

engagement in physical activities (Navarro et al., 2007). Therefore, sports participation as a 

cognitive and physical intervention form should include considerations of the motivational 

determinants of activity initiation and sustained behaviors as preference effects may impact 

observed differences. To take the preference of participants into account, reduce attrition, and 

increase generalizability, it may be important to conduct preference trials to preserve internal 

validity. Participant preference for engagement in a particular physical activity type or sport 

could be documented as part of the baseline data before randomization occurs. Preference can 
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then be included as a potential effect modifier in the data analysis by examining the interaction 

between preference and treatment group. Other preference trial designs have been used in 

clinical settings, such as allowing participants to choose their treatment, or obtaining participant 

consent before and after randomization to a certain treatment condition (Younge et al., 2015). 

Thus, RCTs that require participants to make significant modifications to lifestyle behaviors may 

require methodological modifications for practical reasons and to possibly attain better estimates 

of effectiveness.  

Additionally, comprehensive long-term follow-ups of participants from both longitudinal 

studies and RCTs will assist in understanding the mediating role of pickleball-playing in 

cognitive and physical changes in older adults over time. Further longitudinal studies with the 

inclusion of other perceptual and cognitive measures will improve the understanding of the 

relationship between perception, cognition, balance, and physical activity in the elderly. Even 

though relatively short 6-month exposures to various exercise modes (i.e., aerobic and resistance 

training) in RCTs have demonstrated improvement in complex cognitive functions in older 

adults (Baker et al., 2010; Nagamatsu et al., 2012), it is possible that due to the observational 

nature of the current study, that long-term change in the balance and specific cognitive 

performances of novice pickleball players may emerge following a longer period of engagement. 

However, both short and long-term outcomes of pickleball playing will be important to ascertain, 

considering that deviations to long-term adherence may occur. The addition of large-scale cross-

sectional and longitudinal studies that examine the relationship between pickleball or other 

racket sports and cognition, will help to reduce the possibility of random sampling and 

measurement error. Furthermore, larger scale designs may also introduce segmentation of 

participant groups that include brackets within each group based on varying experience levels or 
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competitiveness (competitive players vs. leisure players). Large sample sizes could also adjust 

for certain baseline health conditions and cognitive impairments that become more prevalent 

with age.  

Beyond the older adult population, future studies should examine the effects of pickleball 

playing on the cognitive and balance-keeping performance of younger age groups, given that 

pickleball has been touted as “one of the fastest growing sports in America” played among all 

ages (Loudin, 2019). Pickleball is played by children in physical education classes and young 

adults as an intramural sport on many college campuses. Analyzing the potential perceptual and 

cognitive benefits of pickleball playing would be particularly interesting among child 

populations, given the pliable nature of the immature brain and evidence suggesting that 

cognitive function in childhood is predictive of cognitive ability and mental health in later life 

(Bourne et al., 2007; Gale et al., 2012). Many studies over the past decade have found positive 

associations between both acute and chronic physical activity and a multitude of cognitive 

functions in children and adolescents, including executive control processes (Chaddock et al., 

2011), language processing (Scudder et al., 2014), attention (Reigal et al., 2020), and academic 

performance (Donnelly et al., 2016; Li et al., 2017). Evidence in support of positive associations 

between physical activities, cognitive performance, and academic achievement has been used to 

argue for increased integration of physical activities into school curriculum (Mavilidi et al., 

2019; Savina et al., 2016; Webster et al., 2015). However, similar to older age groups, the 

moderating effect of physical activity mode has been under-explored among children.  

Physical activities that are conceived to engage cognitive processes (e.g., coordinative 

exercise, competitive team activities) has been found to stimulate domain-specific cognitive 

functions in children, including areas of executive function (Budde et al., 2008) and memory 
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(Pesce et al., 2009). A small body of research has identified a positive association between open-

skill racket sports (i.e., tennis) and executive function in children (Crova et al., 2014; Ishihara, 

Sugasawa, Matsuda, & Mizuno, 2017; Ishihara, Sugasawa, Matsuda, & Mizuno, 2017; Ishihara 

& Mizuno, 2018). Pan and colleagues (2016) found that an intervention program of bi-weekly 

70-minute table tennis training for a duration of twelve weeks was effective in significantly 

impacting motor skills and executive function (as measured by the Stroop task) in children with 

attention deficit. Similarly, Chen and colleagues (2015) argue that table tennis training could 

serve as a viable therapeutic option for treating cognitive and perceptual limitations in children 

with mild intellectual disabilities. A 16-week RCT involving tri-weekly 60 min sessions yielded 

significant improvement in measures of visual perception and executive function (as measured 

by the Stroop task and the Wisconsin Card Sorting task) in pre-adolescent children classified 

with mild intellectual disability when compared to a group that underwent standard occupational 

therapy on a comparative schedule (Chen et al., 2015). Similar to the older adult population, 

there is a need for more longitudinal and intervention designs to adequately identify specific 

physical activities that benefit the cognitive development of children and adolescents. 

Specifically, studies should include a broad array of cognitive measures, identify time-varying 

effects of specific physical activities (e.g., pickleball), examine how outcomes vary across 

certain population subgroups (e.g., children with attention deficit, overweight children, children 

with varying levels of sport-related technical proficiency) and control groups (e.g., participation 

in different sports programs).  

Conclusion 

In summary, this study adds to the literature by examining the associations between 

specific physical exercise modes (i.e., pickleball and aerobic activities) and cognition and 
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balance, and by including a battery of perceptual-cognitive and balance measures. The objective 

of the present study was to determine if pickleball is associated with better cognitive and 

balance-related outcomes in older age, compared to aerobic activities, and if novice pickleball 

players show enhancement in cognitive and physical measures over the course of six months of 

sustained engagement in pickleball playing. Findings from the present study support pickleball 

as a physical activity mode that has positive associations with perceptual, cognitive, and balance-

keeping performance, with significant benefits to visual multiple object tracking, divided visual 

attention, and simple reaction time. Inactive older adults showed significantly worse balance 

performance, with similar benefits gained from long-term participation in pickleball or aerobic 

activities. Novice pickleball players did not show improvement on any measures during 6-month 

re-testing, suggesting that future research should consider longer-term longitudinal studies to 

determine the trajectory of domain-specific cognition and balance outcomes in beginning 

players. These results are relevant to the design of community exercise programming and to 

health care professionals involved in promoting plans for physical and cognitive health among 

older adult populations.  
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APPENDIX A 

Demographic and Health Survey 

Please answer all of the following questions. 

  

1. Participant number: ____ 

2. Initials: ____             

3. Gender (Please circle):  Male                Female 

4. What is your age? ____ 

5. What is your race/ethnicity? (Please circle) 

a. White/Caucasian 

b. Black/African American 

c. Asian 

d. American Indian/Alaska Native 

e. Native Hawaiian/Pacific Islander 

f. Hispanic 

g. Other: ________ 

6. What is your current occupation? ____________________________ 

7. What is the highest level of education that you have completed? (Please circle) 

a. Less than high school diploma 
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b. High School Diploma/GED 

c. Some College 

d. Bachelor’s Degree 

e. Master’s Degree 

f. Doctoral Degree 

8. Current number of members in your household (including yourself): ________ 

Example: 1=living alone; 2=living with one other person, such as a spouse or a child; 

3=living with two other household members 

9. Have you been diagnosed with a visual disease? (e.g., macular degeneration, cataracts, 

diabetic retinopathy, etc.) Please list all, write N/A if not applicable. 

________________________________________________________________________ 

10. Are you aware of any color-blindness in your vision? (If so, what kind, write N/A if not 

applicable) 

________________________________________________________________________ 

11. Do you have a history of cognitive impairment? (e.g., loss of memory, confusion, 

impaired judgment) If so, what kind, write N/A if not applicable. 

________________________________________________________________________ 

12. Have you been diagnosed with a neurological or movement disorder (e.g., Parkinson’s 

disease, Alzheimer’s disease, epilepsy, etc.)? Please list all, write N/A if not applicable. 
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________________________________________________________________________ 

13. Do you have diabetes? (If so, type 1 of type 2, and how is it controlled?) Write N/A is not 

applicable. 

________________________________________________________________________ 

14. Do you have a current or former cardiac condition (e.g., high blood pressure, heart attack, 

stroke, etc.)? Write N/A if not applicable.  

________________________________________________________________________ 

15. Do you have any muscle or joint injuries that would make physical exercise difficult? 

(Please circle) 

Yes                  No  

If yes, please provide details: 

________________________________________________________________________ 

16. How often do you have a drink containing alcohol? (Please circle) 

a. Never  

b. 1 a month or less 

c. 2-4 times a month 

d. 2-3 times a week 

e. 4 or more times a week 

17. Do you smoke? (Please circle)            Yes                  No 
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18. In general, how would you rate your health? 

a. Poor 

b. Fair  

c. Good  

d. Very Good 

e. Excellent 

19. On average, how often do you participate in viewing television? 

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 

20. On average, how often do you participate in educational activities (e.g., lectures, 

continuing education classes)? 

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 
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21. On average, how often do you participate in leisure reading (e.g., books, magazines, 

newspapers)?  

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 

22. On average, how often do you play musical instruments? 

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 

23. On average, how often do you write (e.g., writing letters, creative writing, journaling)?  

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 
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24. On average, how often do you play games (e.g., cards, checkers, crosswords, other 

puzzles)? 

a. Every day or about every day 

b. Several times a week  

c. Several times a month  

d. Several times a year 

e. Once a year or less 

25. On average, how often do you participate in cultural activities (e.g., visiting museums, 

theaters, concerts)? 

a. Every day or about every day  

b. Several times a week  

c. Several times a month  

d. Several times a year  

e. Once a year or less  

26. Please list all types of regular physical activity (weekly) that you participate in on a 

weekly basis (e.g., sports, weightlifting, swimming, gardening, etc.)? 

________________________________________________________________________ 

27. Please list the length of time that you have engaged in this/these activities (e.g., five 

years) 
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________________________________________________________________________ 

28. Please list the frequency of this/these activities (e.g., 3 times per week).  

________________________________________________________________________ 

29. Please list the duration of this/these activities (e.g., 60 minutes per session)  

________________________________________________________________________ 

30. Please list any racket sports (e.g., tennis, badminton, table tennis) that you have ever 

played on a regular basis in your lifetime, including the average length of time (years), 

frequency (times per week), and duration (length of each activity session).  

________________________________________________________________________ 

31. Please list any racket sports that you have played on a regular basis during the past 3 

years, including the average length of time (years), frequency (times per week), and 

duration (length of each activity session).  

________________________________________________________________________ 

32. Please list any deviations to your regular physical activity programs that may have 

occurred over the past 6 months (e.g., physical injuries that you sustained, changes in 

lifestyle, health conditions, etc.) * 

________________________________________________________________________ 

*Question included during post-test only.  
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 APPENDIX B  

Montreal Cognitive Assessment (MoCA) 
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APPENDIX C 

General Practice Physical Activity Questionnaire (GPPAQ) 
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APPENDIX D  

Geriatric Depression Scale – Short Form (GDS) 

 

Circle the answer that best describes how you felt over the past week.  

  

1. Are you basically satisfied with your life?     Yes  No 

2. Have you dropped many of your activities and interests?    Yes  No 

3. Do you feel that your life is empty?       Yes  No 

4. Do you often get bored?       Yes  No 

5. Are you in good spirits most of the time?     Yes  No 

6. Are you afraid that something bad is going to happen to you?  Yes  No 

7. Do you feel happy most of the time?       Yes  No 

8. Do you often feel helpless?        Yes  No 

9. Do you prefer to stay at home, rather than going out and doing things?  Yes  No 

10. Do you feel that you have more problems with memory than most?  Yes  No 

11. Do you think that it is wonderful to be alive right now?    Yes  No 

12. Do you feel worthless the way you are now?     Yes  No 

13. Do you feel full of energy?        Yes  No 

14. Do you feel that your situation is hopeless?      Yes  No 

15. Do you think that most people are better off than you are?    Yes  N 
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APPENDIX E 

Falls Efficacy Scale – International (FES-I) 

  

On a scale from 1 to 10, with 1 being very confident and 10 being not confident at all, how 

confident are you that you do the following activities without falling? 

 

Activity Score:  

1 = very confident  

10 = not confident at all 

Cleaning the house (e.g., sweep, vaccum, 

dust) 

 

Getting dressed or undressed  

Preparing simple meals  

Taking a bath or shower  

Going to the shop  

Getting in or out of a chair  

Going up or down stairs  

Walking around the neighborhood  

Reaching for something above your head or 

on the ground 

 

Going to answer the telephone before it stops 

ringing 

 

Walking on a slippery surface (e.g., wet or 

icy) 

 

Visiting a friend or relative  

Walking in a place with crowds  

Walking on an uneven surface (e.g., rocky 

ground, poorly maintained pavement) 

 

Walking up or down a slope  

Going out to a social event (e.g., religious 

service, family gathering, or club meeting) 

 

 

  

  

  

  

  

  



 

220 
 

 APPENDIX F 

Self-reported weekly frequency, duration, and total number of years of physical activity types 

between groups at 6-month follow-up 

 Experienced Pickleball 

(n=20) 

Novice Pickleball 

(n=17) 

Aerobic (n=25) 

Participation in Physical 

Activities 

N M SD N M SD N M SD 

Total activities (N)          

Jogging, running        1   

Frequency (days)        5.00  

Duration (minutes)        45.00  

Volume (years)        6.00  

Pickleball 20   17      

Frequency (days)  3.97 1.27  2.34 2.43    

Duration (minutes)  118.00 23.28  110.6

3 

23.80    

Volume (years)  3.88 2.67  0.89 0.36    

Tennis 4         

Frequency (days)  2.33 1.26       

Duration (minutes)  100.00 34.64       

Volume (years)  17.50 18.38       

Dancing    2   4   

Frequency (days)     2.00   3.13 0.25 

Duration (minutes)     60.00 0.00  86.25 39.45 

Volume (years)     20.00 0.00  12.50 8.70 

Bicycling 2   1   6   

Frequency (days)  2.25 0.35  5.00   4.83 2.71 

Duration (minutes)  150.00   60.00   71.25 43.92 

Volume (years)  10.00   70.00   18.67 14.21 

Swimming 1         

Frequency (days)  2.50 30.00 35.

00 

     

Duration (minutes)          

Volume (years)          

Conditioning exercises 

(e.g., weightlifting, 

Crossfit) 

3   4   5   

Frequency (days)  3.25 2.47  3.38 1.11  4.50 1.80 

Duration (minutes)  51.67 33.29  55.00 11.18  93.00 57.27 

Volume (years)  13.50 9.19  8.20 6.65  21.80 21.30 

Aerobics     6   6   

Frequency (days)     2.75 0.50  4.50 1.61 

Duration (minutes)     57.50 6.12  65.00 27.93 

Volume (years)     14.83 14.92  9.00 6.56 

Golf 1   3      

Frequency (days)  3.00   1.33 0.58    

Duration (minutes)  180.00   210.0

0 

42.43    

Volume (years)  8.00   31.25 22.50    

Brisk walking, hiking 7   5   12   

Frequency (days)  4.30 2.08  4.90 2.46  5.00 2.11 

Duration (minutes)  58.13 3.75  52.50 8.66  65.83 43.86 
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 Experienced Pickleball 

(n=20) 

Novice Pickleball 

(n=17) 

Aerobic (n=25) 

Volume (years)  13.80 11.05  29.75 28.87  17.86 17.05 

Yoga 4   1   5   

Frequency (days)  2.00   3.00   4.80 3.03 

Duration (minutes)  60.00   60.00   61.50 18.67 

Volume (years)  13.00 9.90  6.00   18.17 14.91 
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APPENDIX G  

Final model estimates from the linear mixed-effects model for the MoCA test, where the 

criterion variable is the overall MoCA score (between 0 and 30). 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept 553947.5 13715.7 75 40.39 < .001 

Advanced 

Group 

42618.5 23932.2 75 1.78 .079 

Aerobic 

Group 

50954.8 22349.8 75 2.28 .025 

Inactive 

Group 

˗91133.6 23458.2 75 ˗3.89 < .001 

Novice 

Group 

˗2439.7 20864.0 75 ˗0.18 .861 

Age ˗335.6 2379.2 75 ˗0.14 .888 

Pre-test ˗30054.3 8571.1 82 ˗3.51 .001 

Post-test 30054.3 8571.1 82 3.51 .001 

Advanced 

Group × Age 

˗3927.0 3985.3 75 ˗0.99 .328 

Aerobic 

Group × Age 

˗3882.5 3825.0 75 ˗1.02 .313 

Inactive 

Group × Age 

11204.4 4166.3 75 2.69 .001 

Novice 

Group × Age 

˗3394.9 3992.2 75 ˗0.67 .493 
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APPENDIX H  

Final model estimates from the generalized linear mixed-effects model for the UFOV test, where 

the criterion variable is task accuracy. 

Fixed Effects Estimate St. Error z-stat p-value 

Intercept 0.53 0.17 3.24 .001 

Frame Delay 0.55 0.40 13.89 < .001 

Advanced 0.50 0.22 2.27 .023 

Aerobic 0.30 0.22 1.36 .173 

Inactive ˗0.46 0.23 ˗1.99 .046 

Novice ˗0.34 0.22 ˗1.65 .100 

Pre-test 0.13 0.05 2.63 .008 

Post-test ˗0.13 0.05 ˗2.63 .008 

Age ˗0.06 0.02 ˗2.36 .018 

Advanced × 

Pre-test 

˗0.13 0.09 ˗1.17 
 

.244 

Aerobic × 

Pre-test 

˗0.01 0.08 ˗0.15 .880 

Inactive × 

Pre-test 

0.02 0.08 0.23 .822 

Novice × 

Pre-test 

0.13 0.09 1.09 .275 

Advanced × 

Post-test 

0.13 0.09 1.17 .244 

Aerobic × 

Post-test 

0.01 0.08 0.15 .880 

Inactive × 

Post-test 

˗0.02 0.08 ˗0.23 .822 

Novice × 

Post-test 

˗0.13 0.09 ˗1.09 .275 

Advanced × 

Age 

˗0.02 0.04 ˗0.61 .545 

Aerobic × 

Age 

˗0.10 0.04 ˗2.68 .007 

Inactive × 

Age 

0.01 0.04 0.19 .853 

Novice × 

Age 

0.12 0.04 3.09 .002 
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APPENDIX I  

Final model estimates from the CLMM model for the MOT task, where the criterion variable is 

the number of correctly identified targets. 

Fixed Effects Estimate St. Error z-stat p-value 

Advanced 

Group 

0.60 0.20 3.03 .002 

Aerobic 

Group 

0.054 0.19 0.29 .769 

Inactive 

Group 

˗0.366 0.19 ˗1.90 .058 

Novice 

Group 

˗0.29 0.19 ˗1.43 .152 

Age ˗0.05 0.02 ˗2.39 .017 
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APPENDIX J  

Final model estimates from the generalized linear mixed-effects model for the Flanker test, 

where the criterion variable is the proportion of correct responses. 

Fixed Effects Estimate St. Error z-stat p-value 

Intercept 4.55 0.26 17.74 < .001 

Congruency 0.70 0.14 5.06 < .001 

Advanced 

Group 

˗0.13 0.35 ˗0.44 .658 

Aerobic 

Group 

0.63 0.34 1.88 .061 

Inactive 

Group 

˗0.16 0.34 ˗0.47 .640 

Novice 

Group 

˗0.35 0.36 ˗0.97 .334 

Pre-test 0.13 0.11 1.21 .227 

Post-test ˗0.13 0.11 ˗1.21 .227 
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APPENDIX K  

Final model estimates from the generalized linear mixed-effects model for the Flanker test, 

where the criterion variable is reaction time. 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept ˗0.11 0.02 81 ˗7.36 < .001 

Congruency ˗0.03 0.00 82 ˗5.95 < .001 

Advanced ˗0.07 0.02 78 ˗3.24 .002 

Aerobic 0.00 0.02 78 0.06 .955 

Inactive 0.04 0.02 77 1.91 .060 

Novice 0.03 0.02 79 1.27 .206 

Pre-test ˗0.01 0.00 76 ˗1.77 .080 

Post-test 0.01 0.00 76 1.77 .080 

Age 0.00 0.00 76 1.83 .071 

Congruency 

× Advanced 

˗0.01 0.01 81 ˗1.13 .261 

Congruency 

× Aerobic 

0.01 0.01 81 1.33 .188 

Congruency 

× Inactive 

0.00 0.01 82 0.54 .591 

Congruency 

× Novice 

˗0.01 0.01 84 ˗0.74 .464 
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APPENDIX L  

Final model estimates from the linear mixed-effects model for the n-back test, where the 

criterion variable is total number of correct responses per trial (between 0 and 21). 

Fixed Effects Estimate St. Error z-stat p-value 

Intercept 2.79 0.01 455.15 < .001 

Level ˗0.10 0.01 ˗16.52 < .001 

Advanced  0.01 0.01 1.20 .232 

Aerobic 0.02 0.01 1.58 .114 

Inactive ˗0.03 0.01 ˗2.56 .010 

Novice ˗0.00 0.01 ˗0.22 .828 

Pre-test 0.00 0.01 0.11 .916 

Post-test ˗0.00 0.01 ˗0.11 .916 
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APPENDIX M  

Final model estimates from the linear mixed-effects model for the SWAY Balance test, where 

the criterion variable is reaction time score (between 0 and 100). 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept 88.84 0.83 73 106.456 < .001 

Advanced 

Group 

2.73 1.45 73 1.89 .063 

Aerobic 

Group 

2.70 1.37 73 1.97 .053 

Inactive 

Group 

˗4.80 1.44 73 ˗3.33 .001 

Novice 

Group 

˗0.63 1.42 73 ˗0.52 .603 

Age ˗0.02 0.14 73 ˗0.11 .908 

Pre-test 1.33 0.54 80 2.49 .015 

Post-test ˗1.33 0.54 80 ˗2.49 .015 

Advanced × 

Age 

˗0.39 0.24 73 ˗1.61 .112 

Aerobic × 

Age 

˗0.54 0.23 73 ˗2.34 .022 

Inactive × 

Age 

0.94 0.25 73 3.72 < .001 

Novice × 

Age 

˗0.01 0.24 73 0.22 .827 
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APPENDIX N  

Final model estimates from the linear mixed-effects model for the SWAY Reaction Time test, 

where the criterion variable is reaction time score (between 0 and 100). 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept 60.13 0.92 73 65.33 < .001 

Advanced 

Group 

3.61 1.59 73 2.27 .026 

Aerobic 

Group 

˗1.20 1.49 73 ˗0.81 .422 

Inactive 

Group 

˗3.58 1.59 73 ˗2.25 .027 

Novice 

Group 

1.18 1.55 73 0.79 .433 

Age ˗0.15 0.16 73 ˗0.93 .354 

Pre-test ˗0.36 0.63 80 ˗0.58 .566 

Post-test 0.36 0.63 80 0.58 .566 

Advanced × 

Age 

0.03 0.27 73 0.13 .900 

Aerobic × 

Age 

˗0.44 0.26 73 ˗1.73 .088 

Inactive × 

Age 

0.72 2.29 73 2.45 .017 

Novice × 

Age 

˗0.31 0.94 73 ˗0.85 .398 
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APPENDIX O  

Final model estimates from the linear mixed-effects model for the Timed Up and Go, where the 

criterion variable is time taken to complete the test measured in seconds. 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept 2.10 0.02 74 98.07 < .001 

Advanced 

Group 

˗0.06 0.04 74 ˗1.52 .133 

Aerobic 

Group 

˗0.05 0.04 74 ˗1.33 .188 

Inactive 

Group 

0.18 0.04 74 4.98 < .001 

Novice 

Group 

˗0.08 0.04 74 ˗2.11 .038 

Age 0.01 0.01 74 2.67 .010 

Pre-test 0.03 0.01 81 2.38 .020 

Post-test ˗0.03 0.01 81 ˗2.38 .020 

Advanced 

Group × Age 

0.00 0.01 74 0.22 .824 

Aerobic 

Group × Age 

0.00 0.01 74 0.59 .555 

Inactive 

Group × Age 

0.02 0.01 74 ˗2.44 .017 

Novice 

Group × Age 

˗0.02 0.01 74 1.62 .109 
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APPENDIX P  

Final model estimates from the linear mixed-effects model for the Falls Efficacy Scale, where 

the criterion variable is the overall FES score (between 10 and 100). 

Fixed Effects Estimate St. Error df t-stat p-value 

Intercept 4.71 1.08 7.51 43.45 < .001 

Advanced 

Group 

2.95 1.89 7.55 1.56 .194 

Aerobic 

Group 

1.07 1.77 7.50 0.61 .273 

Inactive 

Group 

˗5.44 1.85 7.50 ˗2.94 .001 

Novice 

Group 

1.42 1.84 7.50 0.77 .465 

Age 5.85 1.90 7.76 3.08 .004 

Pre-test ˗1.79 5.62 8.15 ˗3.18 .003 

Post-test 1.79 5.62 8.15 3.18 .003 

Advanced 

Group × Age 

˗3.22 3.25 8.33 ˗0.10 .442 

Aerobic 

Group × Age 

˗5.54 3.03 7.60 ˗1.83 .087 

Inactive 

Group × Age 

1.04 3.30 7.58 3.14 < .001 

Novice 

Group × Age 

7.72 3.19 7.50 ˗1.21 .263 

 

 

 

 




