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Thesis Abstract 

Advancing age is commonly associated with neurocognitive decline, and heightened risk of 

dementia. These effects are most notable within the frontal lobes of the brain and associated 

executive functions (EF). EFs are higher order cognitive processes that enable us to plan, prioritise, 

self-monitor, use abstract thought, initiate tasks, adjust to unexpected situations, and maintain 

impulse and emotional control. Therefore, it is unsurprising that executive dysfunction is linked 

with decreased ability to live independently and reduced quality of life. There is extensive literature 

supporting regular physical activity as a protective factor against age-related neurocognitive 

decline. Although there is some observational data indicating an intensity level beyond which 

neurocognitive benefits optimise, there is little interventional research that systematically assesses 

intensity level in the relationship between physical activity and neurocognitive health. Thus, to 

address this limitation, a cross sectional study and an RCT were conducted to test three incremental 

hypotheses.  The resultant three studies examined the interrelationships between physical activity 

and exercise intensity, cardiorespiratory fitness (measured by analysis of peak aerobic capacity; 

VO2peak), EF (measured comprehensively, including measures of shifting, updating, inhibition, 

verbal generativity, non-verbal reasoning), and frontal lobe grey matter volume in cognitively 

normal older adults. 

First, in chapter two, we examined the cross-sectional associations between physical activity 

duration and intensity, cardiorespiratory fitness, and EF in older adults (N = 99, age = 69.10 ± 5.1 

years, n = 54 female). Physical activity (intensity and duration) was measured by self-report with 

the International Physical Activity Questionnaire, cardiorespiratory fitness and EF was measured as 

described above. We did not observe any associations between self-reported physical activity 

duration and intensity for any of the measured EF subdomains. However, we did observe an 

association between objectively measured cardiorespiratory fitness and the EF subdomain of verbal 

generativity (B = .55, 95% CI [.15, .97]). Although these findings were promising, self-report 

methodology of the duration and intensity measures may have resulted in a degree of over/ under 
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reporting. Additionally, the cross-sectional design of the study did not allow for the inference of 

causal associations. 

Therefore, in an attempt to address the above methodological limitations and extend upon the 

results reported in chapter two, we assessed the interrelationships between physical activity 

intensity, cardiorespiratory fitness, EF (chapter three), and frontal lobe grey matter volume (chapter 

four) using data from a randomized controlled trial. Participants from this study were randomized 

into either a high-intensity or moderate-intensity, 6-month cycle based exercise intervention group 

(vs. a no-intervention control group). All participants underwent neuropsychological assessment, 

magnetic resonance imaging (MRI) and cardiorespiratory fitness assessment at three timepoints: 

pre-intervention, directly after the intervention program was completed, and 12-months post-

intervention. The intervention increased cardiorespiratory fitness in both intervention groups, 

compared with the control group (p < 0.001). However, we did not find group differences at the 

aggregate level for either EF or frontal grey matter volume. Similar to the study reported in chapter 

two, post intervention cardiorespiratory fitness was found to be positively associated with the EF 

subdomains of updating/ working memory (β = 0.37, p = 0.01, r = 0.34) and verbal generativity (β 

= 0.30, p = 0.03, r = 0.28), as well as volumetric measures of the right frontal lobe (β = 0.29, p = 

0.04), right supplementary motor area (β = 0.30, p = 0.04), and both right (β = 0.32, p = 0.03) and 

left gyrus rectus (β = 0.30, p = 0.04) for intervention, but not control participants.  

The data presented in this thesis did not provide evidence for a differential role of intensity in the 

relationship between physical activity, EF, and frontal lobe grey matter volume in cognitively 

normal older adults at a group level. However, it is possible that individual differences in 

experimentally induced changes in cardiorespiratory fitness may be associated with changes in the 

EF subdomains of verbal generativity, and updating/ working memory, as well as the frontal lobe 

regions of right frontal lobe, right supplementary motor area, and both right and left gyrus rectus. 

Future interventional studies should assess the role of cognitively-enriched physical activity and 

inter-individual variance in neurocognitive response to exercise-induced cardiorespiratory fitness. 
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Further, given that the exercise intervention in the current thesis showed limited group level results 

in cognitively high-functioning individuals, it may be prudent to conduct comparable trials in 

cognitively ‘at-risk’ populations.  
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Preface 

At the University of Western Australia, candidates for the degree of Doctor of Philosophy may 

present their thesis as a collection of papers that have been published, or as a combination of 

published and ‘formatted for publishing’ material. This thesis comprises of an introductory chapter, 

two published papers, a paper under review, and a general discussion on the interrelationships 

between EF, physical activity, cardiorespiratory fitness, and frontal lobe grey matter volume in 

cognitively normal older adults. 

The introductory chapter, including a literature review on previous relevant studies within this area 

of research, provides pertinent background to the published chapters that follow. Detailed 

description of the overarching study design and methodology, including participant recruitment, 

inclusion and exclusion criteria, and intervention is provided in the published study protocol paper 

(Appendix 1), for which I was a co-author (please note: my surname changed from Castalanelli to 

Frost in February 2018). Additionally, each published paper contains details of each study’s distinct 

design and methodologies.   

Chapter two of the thesis presents cross-sectional findings on influence of self-reported physical 

activity duration and intensity on executive functioning, while chapter three and four review the 

outcomes of the randomized controlled trail (cognition and structural brain changes, respectively). 

Each of the papers in the body of the thesis are presented as they appear in print.  However, small 

formatting and referencing style edits were made in order to maintain flow and consistency with the 

rest of the thesis. The thesis concludes with a general discussion on the findings of this program of 

research, implications of the findings, and comment on areas of suggested future research arising 

from the results of the studies within this thesis.  

The papers contained within this thesis were developed by the candidate, in consultation with her 

supervisors. The candidate received supervisory assistance with data analysis and interpretation. 

However, the initial draft of each chapter and/ or paper was completed independently.  
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General Introduction 

Researchers and scientists have long sought to understand the link between the physiological 

and psychological aspects of the human body and mind, particularly as it relates to cognition 

(Etnier, Drollette, & Slutsky, 2019). The notion of a healthy mind as a product of a healthy body 

suggests that physical health is inextricably linked with neurocognitive health. To this end, research 

interest on the effects of regular physical activity on cognitive health has increased over the past 

few decades, most notably with a focus on the potential benefits for older adults (Etnier et al., 

2019). However, there are a number of questions within this research area that remain relatively 

underexplored. Specifically, there are few studies that aim to define the relationship between 

physical activity and cognition, particularly within the domain of Executive Function (EF). Fewer 

still have examined the role of physical activity intensity. Collectively, EFs mediate the cognitive 

control of behaviour (Diamond, 2015), with executive dysfunction strongly linked with poor quality 

of life and decreased ability to live independently (Davis, Liu-Ambrose, Marra, & Najafzadeh, 

2010). Accordingly, interventions that aim to slow or prevent EF decline in older adults have the 

potential to not only delay age-related cognitive decline, but to preserve overall quality of life, and 

independent living. 

Defining Physical Activity, Exercise, and Cardiorespiratory Fitness 

Before we begin to explore the interrelationships between physical activity, exercise, 

cardiorespiratory fitness, and EF it is prudent to outline how important terms are defined (Erickson, 

Leckie, & Weinstein, 2014). First, ‘physical activity’ is commonly used as an umbrella term to refer 

to activities, aerobic and non-aerobic, where bodily movement results in energy expenditure 

(Caspersen, Powell, & Christenson, 1985). Physical activities can include planned and structured 

exercise episodes (e.g., gym sessions, running, bicycling) or incidental physical activity episodes 

(e.g., gardening, housework, job-related physical labour; Caspersen et al., 1985). Everyone 

performs a degree of physical activity in order to maintain life, however the amount is highly 

variable across the population and dependent on individual capacity and lifestyle choices 



  3 

(Caspersen et al., 1985). Physical activity is most frequently measured via self-report means (e.g., 

questionnaire measures) in cognitive aging related research (Erickson et al., 2014). The term 

‘exercise’ is often used interchangeably with ‘physical activity’, and while both have a number of 

common elements (i.e., bodily movement resulting in energy expenditure, positively correlated with 

fitness) they are not synonymous (Caspersen et al., 1985). Exercise, particularly aerobic exercise, is 

a subcategory of physical activity used to describe physical activities that are planned, structured, 

repetitive, and purposive with the aim of increasing cardiorespiratory fitness (Caspersen et al., 

1985; Erickson et al., 2014). Interventional research in this area of study often looks at the 

differential effects of exercise interventions, at varying levels, as compared with controls (Erickson 

et al., 2014). Finally, ‘cardiorespiratory fitness’ is a physical attribute achieved primarily through 

aerobic exercise (Erickson et al., 2014). Exercise intervention research often assesses changes in 

cardiorespiratory fitness, as measured by maximum rate of oxygen consumption (VO2max), to 

evaluate the effectiveness of the intervention to increase aerobic capacity (Erickson et al., 2014).   

Defining Executive Function 

EFs are generally described as the ‘control centre’ that coordinates higher-order cognitive 

functions (Salthouse, Atkinson, & Berish, 2003). There have been a number of efforts to outline a 

broad theoretically-driven framework of EF. Indeed, both early and recent factor analytic work by 

Miyake, Friedman, and colleagues argued that the EFs consisted of at least three separable 

component processes: updating, shifting, and inhibition (Friedman & Miyake, 2017; Miyake et al., 

2000). These factors were derived using the measures of Wisconsin card sorting test, Tower of 

Hanoi, random number generation, operation span, and dual tasking. Later, Fisk and Sharp’s (Fisk 

& Sharp, 2004) factor analyses replicated these three factors using the measures of the Wisconsin 

card sort test, random letter generation, Brooks spatial sequences, reading and computation span, 

word fluency, and a measure of dual task performance. However, they also identified an additional 

fourth factor reflecting the ability to efficiently access long-term memory, termed generativity. 

Adding to these four factors, Lezak et al. (2012) define an EF subdomain of reasoning and problem 
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solving. These tasks involve complex, higher order abstraction, problem solving, and concept 

formation, and include tasks such as Porteus mazes and clock drawing tasks. Thus, a fifth EF factor 

related to non-verbal fluid reasoning has been proposed (Lezak, 2012). Nonetheless, there is a 

general contention that EF can be seen as both a unitary cognitive domain, as well as discrete, but 

interrelated, subdomains (Miyake & Friedman, 2012). Instead of relying on any specific formal 

model of EF, the present thesis refers to a number of these models with the aim of selecting a 

comprehensive battery of EF measures to capture commonly agreed upon subdomains. The nature 

of these EF subdomains has been the subject of much investigation, but the commonly identified EF 

abilities described above include: (a) shifting: the ability to shift between tasks efficiently, (b) 

updating/ working memory: the ability to manipulate and update information within the working 

memory, (c) inhibition: the ability to inhibit and override automatic responses when necessary, (d) 

verbal generativity: the ability to access long-term memory to generate information as required, and 

e) non-verbal reasoning: the ability to form novel and/ or abstract concepts, monitor errors and 

adjust behaviour accordingly, and general problem solving (Fisk & Sharp, 2004; Friedman & 

Miyake, 2017; Frost et al., 2019; Lezak, 2012; Miyake & Friedman, 2012; Miyake et al., 2000). It is 

important to note that, due to the top-down and interactive nature of the EFs, dysfunction in one EF 

subdomain may render the remaining, otherwise intact, EF subdomains and other ‘connected’ 

cognitive functions, unnecessarily impaired as well (Salthouse et al., 2003; Shimamura, 2000).  

Neural Correlates of the Executive Functions  

Neuroimaging has become a powerful tool in gaining insights on both structure and function 

of EFs. Structural magnetic resonance imaging (MRI) has revealed localized areas of grey matter 

volume loss in those who have EF declines (Nowrangi, Lyketsos, Rao, & Munro, 2014). Examining 

frontal associations for each EF subdomain separately: shifting has been associated with the right 

middle frontal cortex and the right precentral gyrus (Gunning-Dixon & Raz, 2003; Hunt, 

Haberkorn, Schröder, & Schönknecht, 2011), and both total and left frontal lobe (Bergeson et al., 

2004); updating with both right frontal and left orbitofrontal regions (Chang et al., 2009); inhibition 
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with the right inferior frontal gyrus and supplementary motor cortex (Nestor, Ghahremani, 

Monterosso, & London, 2011), and the prefrontal cortex (Haldane, Cunningham, Androutsos, & 

Frangou, 2008); verbal generativity with the PFC (prefrontal cortex; Pa et al., 2009), and left 

superior frontal lobe (Kinnunen et al., 2011); and non-verbal reasoning with the PFC (van Tol et al., 

2011).  Accordingly, guided by these a priori findings, the current thesis focussed on frontal lobe 

structures to investigate the effect of exercise on volume of EF-related brain structures. 

Neurocognitive Aging and Executive Functioning 

Age-related neurocognitive variability has received progressively more research attention in 

the last fifty years, with various theories proposed to account for cognitive decline across the 

lifespan (Anderson & Craik, 2017). During this time, there have been two notable trends in 

cognitive aging research; the first reflecting domain specificity in relation to which cognitive 

domains seem to be most susceptible to impaired cognitive function, and the second reflecting a 

stronger emphasis on the neuroscience of cognitive aging, i.e., looking at how changes in brain 

physiology and structure affect specific cognitive domains (Anderson & Craik, 2017). 

The Frontal Lobe Hypothesis of Cognitive Aging  

Combining both specificity and neuroscience perspectives, the frontal lobe hypothesis of 

aging (West, 1996) holds that the frontal lobes are particularly vulnerable to the effects of 

advancing age, and that the pattern of cognitive decline observed in older adults is a result of frontal 

lobe degeneration (West, 2000). This hypothesis is supported by two major premises. First, age-

related cognitive decline in the areas supported by the frontal lobes (i.e., the EFs), emerges earlier in 

the lifespan than cognitive processes supported by non-frontal regions (Shimamura, 2000; 

Shimamura & Jurica, 1994). Second, age-related EF declines are more pronounced than cognitive 

processes supported by non-frontal regions (Buckner, 2004; Weintraub, Wicklund, & Salmon, 

2012; West, 2000).  
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The frontal lobe hypothesis is central to understanding the consequence of frontal lobe 

degeneration for age-related cognitive decline, and how best to target interventions. The dynamic 

filtering theory posits that the frontal lobes mediate EF by way of a dynamic filtering system (a top-

down control of information processing; Shimamura, 2000). Accordingly, the frontal lobes act as a 

selective gating or filtering system that control information processing, maintaining relevant neural 

activations, or inhibiting irrelevant neural activations (Shimamura, 2000). Thus, any damage or 

degeneration of the frontal brain regions (such as that related to aging) affects gating or inhibition of 

irrelevant neural activation, permitting greater ‘noise’ from extraneous activations and consequently 

affecting information processing ability (Shimamura, 2000). Based on this top-down theory of 

information processing, if cognitive decline originates in the frontal lobes as proposed by the frontal 

lobe hypothesis, the onward pattern of all cognitive decline is a direct result of this degeneration. 

Thus, any effective intervention targeting the preservation or rehabilitation of the frontal lobes has 

the potential to delay not just decline in EF, but broader age-related cognitive decline as well. 

Neuropsychology of Cognitive Aging 

Age-related cognitive changes have been well documented in the scientific literature 

(Harada, Natelson Love, & Triebel, 2013). Certain cognitive abilities appear to be resilient to age-

related decline; however, many others have regularly been shown to decline with advancing age 

(Harada et al., 2013). Crystalized intelligence, which refers to well-practiced and overlearned skills 

and knowledge (e.g., vocabulary, language, and general knowledge) appear to remain relatively 

stable or slightly improve at a rate of 0.02-0.03 standard deviations per year up until ~70 years of 

age (Salthouse, 2012). In contrast, more fluid intelligence abilities, such as one’s ability to learn 

new information, reason, and problem solve in novel situations appear to peak in the third decade of 

life and decline at a rate of -0.02 standard deviations per year (Salthouse, 2012).  

EF is considered a fluid cognitive domain and is, thus, highly susceptible to typical aging 

decline. Indeed, research has shown that broad skills related to concept formation, abstraction, 

cognitive flexibility, and response inhibition appear to decline most notably after the age of 70 
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(Salthouse, 2012). This decline appears most notable in those skills drawing heavily on speeded 

motor ability (Hayden & Welsh-Bohmer, 2012). However, there is significant heterogeneity in the 

rate and features of cognitive decline from person to person, indicating the existence of individual 

difference factors. 

Functional and Practical Implications of Age-related EF Decline 

Executive dysfunction plays a considerable role in determining an individual’s level of 

functional competence in older adulthood (Chen, Sultzer, Hinkin, Mahler, & Cummings, 1998; 

Perry & Hodges, 2000). The functional capacity of an older adult is grounded in their ability to 

perform basic activities of daily living (BADL; e.g., dressing, eating, mobility, toileting, and 

personal hygiene) as well as the more complex instrumental activities of daily living (IADL; e.g., 

managing finances, using public transportation, shopping, meal preparation, using the telephone, 

managing medications, doing laundry, housework; Lindeboom, Vermeulen, Holman, & De Haan, 

2003; Pereira, Yassuda, Oliveira, & Forlenza, 2008). Research suggests that EF dysfunction is a key 

factor underlying poor functional capacity in older adulthood (Cahn-Weiner, Boyle, & Malloy, 

2002; Royall, Palmer, Chiodo, & Polk, 2005; van Hooren et al., 2005). Additionally, poor 

functional abilities appear more strongly associated with EFs as compared with deficits in memory, 

language, visuospatial skills, and psychomotor speed (Bell‐McGinty, Podell, Franzen, Baird, & 

Williams, 2002; Cahn-Weiner et al., 2002). Thus, it is somewhat unsurprising that executive 

dysfunction has been strongly associated with reduced ability to live independently, greater need for 

care, reduced quality of life, and more rapid progression towards dementia in some cases (Davis et 

al., 2010; Mann, Mohr, Gearing, & Chase, 1992).  

Age-related Structural and Functional Brain Changes 

There have been a number of promising developments in both the theoretical neuroscience 

and neuroimaging techniques that have aided explanation of age-related cognitive change (Harada 

et al., 2013). While research on the role of cerebral white matter in cognitive aging is relatively 
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sparse, we do know that cerebral white matter undergoes a number of changes during the aging 

process which can induce significant neurobehavioral and cognitive impairments (Liu et al., 2017). 

Indeed, a small, early autopsy study on neurologically normal older adults reported 16-20% less 

white matter volume, as compared with younger subjects (Meier‐Ruge, Ulrich, Bruhlmann, & 

Meier, 1992). White matter makes up a large part of the human brain and mainly consists of the 

myelinated axons responsible for effective neurotransmission between the brain regions (Liu et al., 

2017). In addition to changes to white matter structure, older age has also been associated with 

impaired function due to declines in white matter tract integrity. These declines are reportedly most 

marked in the anterior white matter tracts i.e., those associated with EF deficits (O'Sullivan et al., 

2001)  

Similarly, in ageing, grey matter volume decreases are thought to reflect neuronal loss 

brought about by numerous hypothesized aetiologies.  One such hypothesis holds that the protein 

beta amyloid, found post-mortally in all Alzheimer’s disease patients, is strongly implicated in 

pathological grey matter volume decline (Martins et al., 2018). But what is the neural mechanism 

underlying such decline in typical ageing?  One hypothesis put forward to explain these volume 

reductions in middle and late adulthood links volume loss to shrinkage of large neurons (Peters, 

Morrison, Rosene, & Hyman, 1998; Terry, DeTeresa, & Hansen, 1987), or deterioration of grey 

matter microvasculature, resulting in neuronal loss (Farkas & Luiten, 2001; Riddle, Sonntag, & 

Lichtenwalner, 2003). We now know that, similar to the pattern of age-related cognitive decline, not 

all brain regions show uniform rates of age-related degeneration and atrophy (Fjell & Walhovd, 

2010). Indeed, the grey matter loss which is thought to precede cognitive decline, appears most 

prominent within the frontal lobes (Buckner, 2004; West, 1996). Thus, consistent with the frontal 

lobe hypothesis of aging, as EFs are predominantly frontal lobe processes they are particularly 

vulnerable to decline, relative to other cognitive domains supported by non-frontal lobe regions 

(such as vocabulary and language; Buckner, 2004; Weintraub et al., 2012; West, 2000). Thus, any 
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effective intervention targeting the preservation or rehabilitation of the EFs, must show evidence of 

potential to preserve or rehabilitate frontal lobes structures. 

Delaying Age-Related Neurocognitive Decline 

Cognitive and Brain Reserve 

Much of the individual variability in neurocognitive aging can be attributed to genetic 

differences (Harris & Deary, 2011; McClearn et al., 1997). However, there are a number of 

environmental and lifestyle factors that have proven beneficial in delaying age-related 

neurocognitive decline (Harada et al., 2013). The concept of cognitive reserve suggests that inherent 

intellect and certain life experiences and lifestyle factors may build a ‘resistance’ that allows certain 

individuals to cognitively adapt to age-related neurological decline better than others (Scarmeas & 

Stern, 2003). Indeed, many have suggested that (in addition to inherent intelligence), education 

level, linguistic ability, occupational attainment, and diet are associated with the rate of cognitive 

decline in older age (Gardener & Rainey-Smith, 2018; Snowdon et al., 1997; Stern, 2002; Stern, 

Alexander, Prohovnik, & Mayeux, 1992; Whalley et al., 2000). These cognitive and lifestyle 

activities are thought to strengthen the functioning and plasticity of neural circuits, thus building 

resilience against age-related brain pathology. Relatedly, physical activity appears to preserve 

neuronal structural integrity and brain volume, similarly supporting cognition by building and 

maintaining brain reserve (Cheng, 2016; Stern, 2002). 

Physical Activity 

There is some evidence to support regular physical activity as a protective factor against 

age-related cognitive decline (Benedict et al., 2013; Brown, Peiffer, & Martins, 2012; Colcombe et 

al., 2003; Hertzog, Kramer, Wilson, & Lindenberger, 2008; Lautenschlager et al., 2008) with EF 

proving more sensitive to improvements than other aspects of cognition to exercise intervention 

(Colcombe & Kramer, 2003). However, there is some disagreement in the literature on the 

specificity or generality of these effects (Jonasson et al., 2017). Indeed, two current meta-analytic 
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reviews reported on the effect of exercise on both general cognition and specific cognitive domains 

(Northey, Cherbuin, Pumpa, Smee, & Rattray, 2017; Young, Angevaren, Rusted, & Tabet, 2015). 

Both meta-analyses included randomized controlled trial (RCT) evidence of aerobic exercise (vs. 

other PA types and/ or no exercise) on cognition in cognitively healthy older adults. The first 

reported no benefit from aerobic exercise for EF in any of the measured EF subdomains (Young et 

al., 2015), but cautioned that these results be interpreted in light of several potential issues (e.g., 

quality of the included trials, the generally poor reporting of methods in included papers). However, 

the second reported significant effects of exercise (aerobic, resistance, multicomponent, and tai chi) 

on EF, measured globally (i.e., using a composite score rather than examining separate subdomains; 

Northey et al., 2017). Plausible reasons for these mixed findings may be that the potential 

moderating effects of individual variability in exercise-induced cardiorespiratory fitness and 

exercise intensity was not considered in these studies.  

The Role of Cardiorespiratory Fitness 

One promising theory proposed to account for the beneficial effect of physical activity and 

exercise on EF in older adults is the selective cardiorespiratory fitness hypothesis first proposed by 

Kramer and colleagues (1999) and later corroborated by others (Dupuy et al., 2015; Kawagoe, 

Onoda, & Yamaguchi, 2017).  Drawing on the frontal lobe hypothesis of aging (West, 2000), the 

‘selective improvement’ hypothesis posits that measurable gains in cardiorespiratory fitness lead to 

selective, rather than global, benefits for tasks relying heavily on the frontal lobes, namely EFs 

(Kramer et al., 1999).  Practically, this hypothesis has been supported in several studies. Indeed, 

Colcombe et al.’s original meta-analysis study (2003) and more recently revisited review (2018) 

conclude that that EF processes demonstrate the largest benefits from improved cardiorespiratory 

fitness.   
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The Role of Physical Activity Intensity  

While still underexplored, evidence is beginning to emerge on the role of intensity in the 

relationship between habitual physical activity and neurocognitive health (Angevaren et al., 2007; 

Brown, Peiffer, Sohrabi, et al., 2012). However, much of the research in this area is complicated by 

difficulties surrounding consensus as to what constitutes particular intensity level, mainly relying on 

self-report rather than objective measurement. Indeed, using self-reported physical activity 

measures, Angevaren et al. (2007) reported on the association between physical activity duration, 

physical activity intensity, and EF. Physical activity intensity was found to be positively associated 

with the EF subdomains of shifting and inhibition, while time spent on physical activity was not. 

Similarly, in their investigation of older adults, Brown et al. (2012) found higher physical activity 

intensity (as measured by actigraphy) associated with the better performance in the EF subdomains 

of updating/ working memory and verbal generativity. Conversely, Kovacevic et al. (Kovacevic, 

Fenesi, Paolucci, & Heisz, 2020) recently reported that, while an aerobic exercise intervention 

appeared to induce collective EF benefits in the one subdomain of EF measured (inhibition), there 

were no differences in benefits observed between those participants in the high- versus moderate-

intensity exercise modalities. Thus, the conflicting nature of this evidence makes it difficult to draw 

robust inference, necessitating further longitudinal and systematic RCT examination of the role of 

intensity in the relationship between physical activity and EF.   

Physical Activity and EF Related Brain Plasticity 

As previously touched on, the EF processes and the frontal brain regions that support these 

functions not only appear to be the most vulnerable to age-related decline, but also appear to be the 

most amenable to PA related neuroprotective factors and plasticity (Erickson & Kramer, 2009). 

Numerous cross-sectional and longitudinal studies have demonstrated physical activity related 

frontal brain grey matter volume benefits disproportionate to other brain regions (Colcombe et al., 

2003; Colcombe et al., 2006; Erickson et al., 2010; Flöel et al., 2010; Hayes, Hayes, Cadden, & 

Verfaellie, 2013; Kramer et al., 1999; Ruscheweyh et al., 2011; Weinstein et al., 2012). For 
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example, Colcombe and colleagues (2006) reported frontal grey matter volume increase in older 

adults (60-79 years) randomized to an aerobic walking intervention designed to increase 

cardiorespiratory fitness, whereas their control counterparts (stretching and toning) showed grey 

matter volume decline in the same brain regions. Similarly, in a slightly younger population (50-78 

years), Ruscheweyh and colleagues (2011) reported increased prefrontal grey matter volume in 

those in an aerobic Nordic walking intervention, as compared to control (stretching and toning). 

Furthermore, similar to the physical activity/cognition research, cardiorespiratory fitness shows a 

promising association with frontal brain volume. Indeed, since the landmark Colcombe et al. study 

(2003) reporting an association between cardiorespiratory fitness and frontal brain volume, many 

others have corroborated this finding (Alosco et al., 2013; Bugg & Head, 2011; Flöel et al., 2010; 

Hayes et al., 2013). However, again similar to the physical activity/cognition research, the role of 

intensity in the relationship between physical activity and EF related brain health is yet to be fully 

characterised.   

Summary and Purpose of the Thesis 

There is an extensive literature supporting regular physical activity as a protective factor 

against EF decline and frontal lobe neurodegeneration. There is some observational data indicating 

a physical intensity level beyond which cognitive benefits optimise. However, few studies have 

systematically assessed the role of exercise intensity in the relationship between physical activity 

and cognitive function, and none have comprehensively assessed these variables as related to EF.  

Thus, to address this limitation in the current literature and extend knowledge on the 

mechanistic nature of the relationship between physical activity, EF, and brain health, this 

interventional research thesis evaluated the effect of a six-month cycle based exercise intervention 

(high-intensity vs. moderate-intensity vs. control) on cardiorespiratory fitness, comprehensively 

measured EF (including measures of shifting, updating, inhibition, verbal generativity, and non-

verbal reasoning), and associated frontal brain neuroplasticity. The resultant thesis is presented as a 

series of papers, consisting of three studies. Within these studies, we examined the cross-sectional 
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association between self-reported habitual physical activity intensity and duration, cardiorespiratory 

fitness, and EF (chapter two), the effects of the above described intervention on comprehensively 

measured EF (chapter three), and the effects of the exercise intervention on EF related frontal grey 

matter volume (chapter four) in a sample of cognitively normal older adults.  

Hypotheses 

First, looking cross-sectionally at baseline data, it was hypothesized that the intensity and 

duration of physical activity, and cardiorespiratory fitness would be positively associated with 

scores on tests of EF. Furthermore, it was hypothesized that the observed associations with EF 

would be more pronounced for physical activity intensity and fitness, and less pronounced for 

physical activity duration. 

Then, looking at the effect of our exercise intervention on EF, we hypothesized that 

improvements in EF would be greater in the high-intensity and the moderate-intensity aerobic 

exercise groups, as compared with the control group. Additionally, we hypothesized that 

improvements in EF would be greater for the high-intensity aerobic exercise group, as compared 

with the moderate-intensity aerobic exercise group. 

Finally, on examining the effect of our exercise intervention on frontal brain grey matter 

volume, we hypothesized that there would be an increase in frontal grey matter volume in the high-

intensity and the moderate-intensity aerobic exercise groups, but not for the control group. We also 

hypothesized that this effect would be more pronounced for the high-intensity exercise group as 

compared with the moderate intensity exercise group. 
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Purpose Statement 

Chapter one provided an overview of common terms, and important theoretical 

underpinnings to the relationship between physical activity and EF. Many previous studies have 

provided evidence to support regular physical activity as a protective factor against age-related 

cognitive decline. However, few have explicitly examined the associations between the intensity 

and duration of physical activity, cardiorespiratory fitness, and EF. Thus, using baseline data from 

the IPAC study, the next chapter (chapter two) reports on findings from a cross-sectional study that 

examined the associations between self-report physical activity duration and intensity 

(questionnaire derived), objectively measured cardiorespiratory fitness (VO2peak), and EF (shifting, 

updating, inhibition, verbal generativity, non-verbal reasoning) in a group of cognitively normal 

older adults. 
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CHAPTER TWO: Higher Cardiorespiratory Fitness Is Associated With Better Verbal 

Generativity in Community-Dwelling Older Adults 
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Abstract 

Objectives: To examine the associations between physical activity duration and intensity, 

cardiorespiratory fitness, and executive function in older adults.  

Methods: Data from ninety-nine cognitively normal adults (age = 69.10 ± 5.1 years n = 54 female) 

were used in the current study. Physical activity (intensity and duration) was measured with the 

International Physical Activity Questionnaire and fitness was measured by analysis of maximal 

aerobic capacity; VO2peak. Executive function was measured comprehensively, including measures 

of shifting, updating, inhibition, generativity, and non-verbal reasoning.  

Results: Higher levels of cardiorespiratory fitness predicted better performance on generativity (B 

=.55; 95% CI [.15, .97]). No significant associations were found between self-reported physical 

activity intensity and duration and executive functions.  

Discussion: To our knowledge, this study is the first to identify an association between fitness and 

generativity. Associations between physical activity duration, intensity and executive function 

requires further study, using objective physical activity measures and longitudinal observations.  
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Higher Cardiorespiratory Fitness Is Associated With Better Verbal Generativity in 

Community-Dwelling Older Adults 

Advancing age is associated with cognitive decline and heightened risk of cognitive 

impairment (Brayne, Gill, Paykel, Huppert, & O'Connor, 1995). Correspondingly, it has been 

hypothesized that age-related cognitive decline is related to reductions in the structural integrity 

(grey and white matter composition) of the frontal lobes of the brain, as well as decreased 

functional connectivity within the ‘fronto-executive network’ (Voss et al., 2010). However, there is 

promising evidence that declines in cognitive function may not be as inevitable as previously 

thought (Weinstein et al., 2012). Lifestyle factors, such as regular physical activity, have been 

associated with reduced risk for age-related neurodegeneration, and maintenance of cognitive 

function in longitudinal and meta-analytic studies (Brini et al., 2018; Colcombe et al., 2006; 

Jonasson et al., 2017; Voss et al., 2010; Yaffe et al., 2009).  

As executive functions are predominantly frontal lobe processes, they are particularly 

vulnerable to age-related decline, with cognitive deficits in this domain recognised as one of the 

first markers of cognitive aging and decline (Buckner, 2004; Pfefferbaum, Adalsteinsson, & 

Sullivan, 2005; Weintraub, Wicklund, & Salmon, 2012). However, the exact nature of the 

association between physical activity and executive function and, more specifically, its subdomains 

(shifting, updating, inhibition, generativity, and non-verbal reasoning) in older adults has not yet 

been established. For example, there is research to suggest that the effects of physical fitness may 

not be equally strong across all types of cognitive functioning. Additionally, it remains to be 

determined whether it is the intensity of the physical activity, the amount of time spent on physical 

activity, or increased cardiorespiratory fitness that is the strongest protective factor. 

Executive Functioning, Physical Activity, and Fitness 

Executive functions are defined as higher-level control processes that coordinate other 

cognitive abilities (Miyake et al., 2000). Within the literature, five subdomains of executive 
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function exist (Fisk & Sharp, 2004; Lezak, 2012; Miyake et al., 2000) including: (a) shifting: The 

ability to shift between multiple tasks or mental sets quickly and efficiently; (b) updating: The 

ability to dynamically manipulate, update and revise information held in working memory; (c) 

inhibition: The ability to control and override pre-potent automatic responses when necessary; (d) 

generativity: The ability to efficiently access long term memory to generate required information in 

a novel situation; and e) non-verbal reasoning: Including concept formation, abstraction, error 

monitoring, and problem solving (Fisk & Sharp, 2004; Miyake et al., 2000; Pushpanathan, Loftus, 

Thomas, Gasson, & Bucks, 2016). Collectively, executive functions enable people to plan, 

prioritize, self-monitor, use abstract thought, initiate tasks, adjust to unexpected situations, and 

maintain impulse and emotional control (Alvarez & Emory, 2006; Etnier & Yu-Kai, 2009; 

Salthouse, Atkinson, & Berish, 2003). For example, executive functions facilitate the cognitive 

processes that enable finance management and housekeeping, personal hygiene and social mores. 

Difficulties with these processes result in a substantial reduction in quality of life (QoL) and ability 

to live independently (Davis, Liu-Ambrose, Marra, & Najafzadeh, 2010).    

The Selective Improvement Hypothesis 

Drawing on the frontal lobe hypothesis of aging, which proposes that neural changes and 

cognitive decline initiate in the frontal lobes (West, 2000), the ‘selective improvement’ hypothesis 

posits that measurable gains in physical fitness lead to selected, rather than global, benefits for tasks 

relying heavily on the frontal lobes, namely the executive functions (A. Kramer et al., 1999). 

Indeed, Kramer et al. (A. Kramer et al., 1999) demonstrated discrete improvements on tasks heavily 

dependent on executive control processes for those in an aerobic walking condition when compared 

with individuals undertaking stretching and toning exercises. Moreover, these cognitive benefits 

were mediated by improvements in cardiorespiratory fitness, as measured by maximal oxygen 

consumption: VO2max (A. Kramer et al., 1999).  

There are other studies that support the ‘selective improvement’ hypothesis; however, they 

appear to selectively measure executive functioning subdomains or report composite (summary) 
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scores of executive function. For example, a cross-sectional study of older adult women by Dupuy 

et al. (2015) observed an association between physical fitness (i.e., maximal aerobic capacity; 

VO2max) and inhibition only, as measured by a computerised Stroop task. Kawagoe et al. (2017) 

reported a positive association between fitness levels and executive functioning in older adults; 

however, as overall composite scores were used, it is difficult to isolate the association between 

individual executive function subdomains and fitness. It is important to note that the results 

associated with the executive function subdomains of generativity and non-verbal reasoning, in 

particular, are rarely reported in fitness related research. Instead, these two executive function sub-

domains are simply used to help calculate an overall domain score.   

Physical Activity Intensity 

Adding to the established physical activity and executive function literature, emerging 

evidence supports the importance of the intensity of physical activity (e.g., running vs. walking) 

with respect to the association between physical activity and executive function (Angevaren et al., 

2007; B. M. Brown et al., 2012). For instance, Angevaren et al. found greater self-reported intensity 

of physical activity to be positively associated with executive function, specifically on an executive 

function domain score combining shifting and inhibition, while duration of physical activity was 

not (Angevaren et al., 2007). Similarly, Brown et al. (2012), in a cross-sectional observational 

study, found that objectively measured intensity (using actigraphy) was associated with measures of 

updating and generativity. To our knowledge, no previous studies have reported on the association 

between the intensity and duration of physical activity, two properties essential in the prescription 

of exercise, and all five executive function subdomains, concurrently. Furthermore, no work in this 

area has included an objective measure of cardiorespiratory fitness.  

Purpose 

Within this study, we aimed to examine the associations between objectively measured 

fitness, self-reported intensity and duration of physical activity, and executive function assessed 
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comprehensively across five executive function subdomains (Fisk & Sharp, 2004; Lezak, 2012; 

Miyake et al., 2000) in a group of cognitively normal older adults, aged 60-80. It was hypothesized 

that the intensity and duration of physical activity, and cardiorespiratory fitness would be positively 

associated with scores on tests of executive function. Furthermore, it was hypothesized that the 

observed associations with executive function would be more pronounced for physical activity 

intensity and fitness, and less pronounced for physical activity duration. 

Methods 

Participants 

The participants for this study were drawn from the Intense Physical Activity and Cognition 

(IPAC; Clinical Trial Number: ACTRN12617000643370) study cohort (B. M. Brown et al., 2017). 

All participants were cognitively normal older adults (>26 on the Montreal Cognitive Assessment), 

aged between 60-80 years, with adequate English language, visual, and auditory ability to complete 

cognitive assessment. Additionally, participants met the following criteria: no diagnosis of dementia 

or any other neurodegenerative disease, schizophrenia, schizoaffective disorder, or bipolar 

disorder. No uncontrolled depression, sleep apnoea, hypertension (systolic BP >170 or diastolic BP 

>100 mmHg), diabetes mellitus, insulin-requiring diabetes, history of electroconvulsive therapy or 

serious head injury resulting in a prolonged period of unconsciousness (>30 minutes), cancer (other 

than skin or in situ prostate cancer) within the previous five years, or alcohol dependence within the 

previous two years (B. M. Brown et al., 2017). Additionally, participants did not regularly engage 

in high intensity physical activity at the time of screening (as determined on a case-to-case basis by 

an accredited exercise physiologist (B. M. Brown et al., 2017). Participants were recruited through 

newspaper advertisements, presentations to local community organisations, and word-of-mouth (B. 

M. Brown et al., 2017). All IPAC study participants who completed baseline measurement were 

included in this study for a total sample size of N = 99. 
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The study was approved by the Human Research Ethics Committees at Edith Cowan 

University, Murdoch University, and recognition of approval was granted from the University of 

Western Australia. All participants provided signed informed consent before enrolment in the study. 

Procedures 

Within two weeks following cognitive assessment, participants completed the International 

Physical Activity Questionnaire (IPAQ), reporting all physical activity that they had undertaken in 

the previous seven days. On the day of the cognitive assessment, participants undertook a series of 

cognitive tests (executive function specific assessments outlined below), and completed a medical 

history/ demographics questionnaire. Participants completed a graded exercise test to determine 

cardiorespiratory fitness within three weeks of the cognitive assessment. 

Assessment of Physical Activity 

Physical activity levels were assessed with the IPAQ - long form; a questionnaire that 

collects self-report data on habitual physical activity (The IPAQ Group, 2005). The IPAQ is a 

validated (Craig et al., 2003), self-report on all physical activity undertaken within the last seven 

days inclusive of: job related, active transportation, domestic, and leisure activities and includes a 

measure of sedentary periods (Wanner et al., 2016). The IPAQ includes questions on time 

(min/week) spent on each activity, where each item is assigned a metabolic equivalent (MET; 1 

MET = 3.51xO2/ kg/ min) score (e.g. low intensity items = 3.3 METS, moderate intensity items = 4 

METS, and high intensity items = 8 METS; Angevaren et al., 2007; Craig et al., 2003).  

A 7-day total physical activity hours score (duration) and a MET-hour score (sum of total 

time x MET for each activity) were calculated for each participant (The IPAQ Group, 2005). These 

scores were then used to calculate a weekly weighted average intensity of all physical activity for 

the 7-day period by dividing total MET-hours by the total time spent on those weekly activities, 

resulting in a METs/ week score (intensity; Angevaren et al., 2007). A higher physical activity 

duration score is indicative of more time spent weekly on physical activity, and a higher weekly 
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weighted average intensity METs/ week value is indicative of higher intensity physical activity 

regimen. 

Assessment of Cardiorespiratory Fitness 

All participants completed a cycling based graded exercise test under the supervision of an 

Exercise and Sports Science Australia (ESSA) accredited exercise physiologist, to determine their 

peak aerobic capacity (VO2peak). The test required participants to pedal against an initial resistance 

with consistent increases every two minutes until volitional fatigue. Heart rate was recorded 

continuously and expired ventilation was assessed at 15 second mean values, using a Parvo 

TrueOne (ParvoMedics, USA) metabolic cart, for the measurement of rate of oxygen consumption 

(VO2) and carbon dioxide production (VCO2). At test completion, maximal heart rate was 

determined, and VO2peak was classified as the highest 15 second mean VO2 value obtained during 

the last two minutes of the test. The following additional criteria was used for the assessment of 

VO2peak: participants must have reached a maximal heart rate greater than 85% of their age 

predicted maximum (i.e. (220 – age) * 0.85) and a respiratory exchange ratio (VCO2/VO2) greater 

than 1.15 (B. M. Brown et al., 2017). Higher VO2peak values indicate better fitness.   

Assessment of Executive Function 

The battery used in the IPAC study measured both global cognitive functioning and specific 

cognitive domains (B. M. Brown et al., 2017). This study used the results from the executive 

function assessment only. The measures used within this battery have consistently shown 

sensitivity, validity, and reliability when used with comparable participant groups (Salmon & 

Bondi, 2009). All four subdomains of executive function as proposed by Fisk and Sharp (2004) 

were assessed (shifting, updating, inhibition, and generativity); plus a fifth domain identified by 

Lezak et al. (2012) of non-verbal reasoning. shifting was assessed using the Trail Making Test Part 

B (TMT-B); completion time in seconds (R. R. Brown & Partington, 1942). Updating was assessed 

using the CogState one-back test; accuracy score (Maruff et al., 2009). Inhibition was measured 
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using the NIH Examiner Flanker task; Flanker composite score (J. Kramer et al., 2014). 

Generativity was assessed using a composite of the NIH Examiner phonemic fluency (letters: F & 

L) and semantic fluency tasks (category: animals); correct responses (J. Kramer et al., 2014). non-

verbal reasoning was assessed using the CogState Groton Maze Learning Task; rule break error 

score (Pietrzak et al., 2008). 

Statistical Analysis 

Physical activity duration and TMT-B scores were not normally distributed (skewness of 2.1 

and 2.7, respectively). To overcome any issues relating to non-normality, bootstrapping was used to 

estimate confidence intervals (CI; 5000 samples; bias corrected and accelerated; 95%). VO2peak, 

intensity, and all other cognitive test data (1-back, Flanker, phonemic and semantic fluency, and 

Groton Maze errors) were normally distributed (Mallery & George, 2016).  

For tests where a lower score denotes better performance (TMT-B, time in seconds; Groton 

Maze; errors), scores were reflected (using 1/x). Missing values (n = 3 for VO2peak; n = 4 for 

intensity; n = 3 for duration; n = 1 for Cogstate 1-Back; n = 3 for NIH Flanker) were confirmed as 

missing completely at random using Little’s MCAR test (fitness and physical activity variables: χ2 = 

4.89; df = 5; p = .429; cognitive variables: χ2 = 10.20; df = 8; p = .251). Thus, missing values were 

imputed by way of missing value analysis; expectation maximisation. Comparison analyses were 

run with the missing data and the results did not change in any meaningful way.  

Bivariate inter-variable correlations were estimated for age, gender, education level, fitness, 

physical activity intensity and duration, and all five executive function subdomains. Significant 

correlations were followed up with hierarchical multiple regression analyses. Specifically, at step 1, 

age, gender, and education level (primary school; high school; certificate; undergraduate; 

postgraduate) were entered into the equation. At step 2, physical activity (intensity and duration) 

and fitness variables were entered into the equation. The dependent variable was the relevant 

executive function. The observation of a statistically significant beta-weight associated with the 
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physical activity (intensity and duration) or fitness variables was considered evidence for a unique 

effect of physical activity variables on executive functioning (i.e., independent of the control 

variables). All the statistical analyses were performed using SPSS version 24 (SPSS Inc. Chicago, 

Illinois, USA, 2004).  

Results 

Participant characteristics are detailed in Table 2.1. Overall, participants reported that they 

spent 19.4 hours per week on physical activity, with an average intensity of 3.8 METs/ week. 

Average VO2peak for males was 26.6 ml/kg/min and 20.3 ml/kg/min for females. 

The bivariate inter-variable correlations for age, gender, education level, fitness, physical activity 

intensity and duration, and executive function sub-domains are presented in Table 2.2. Intensity and 

duration were negatively correlated (r = -.43; 95% CI [-.69, -.23]). Furthermore, fitness was 

correlated significantly with the level of intensity of physical activity (r = .24; 95% CI [.03, .44]), 

but failed to reach significance for duration (r = .02; 95% CI [-.16, .18]). Importantly, fitness 

correlated positively and significantly with performance on tasks assessing shifting (r = .22; 95% CI 

[.05, .40]), generativity (r = .30; 95% CI [.11, .46]) and non-verbal reasoning (r = .27; 95% CI [.03, 

.48]). However, there were no significant correlations between intensity or duration and the 

executive function subdomains (see Table 2.2).  

Three hierarchical multiple regressions were performed (Table 2.3) with shifting, 

generativity and non-verbal reasoning as the dependent variables (controlling for age, gender, and 

education level). Fitness contributed unique variance to the regression equation for generativity 

only (B=.55; 95% CI [.15, .97]). Based on the corresponding semi-partial correlation, fitness 

accounted for 6.3% of the variance in generativity, independently of the effects of the control 

variables. 
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Discussion 

In the current study, we examined the association between objectively measured 

cardiorespiratory fitness (VO2peak), self-reported physical activity intensity, self-reported physical 

activity duration, and executive function in a group of cognitively normal older adults. It was 

hypothesized that levels of physical activity intensity, time spent on physical activity, and 

cardiorespiratory fitness would be associated positively with scores on tests of executive function. 

Furthermore, it was hypothesized that the observed associations with executive function would be 

more pronounced for physical activity intensity and fitness, and less pronounced for duration. Here, 

we observed that fitness was positively associated with cognitive performance in the executive 

function subdomains of shifting, generativity and non-verbal reasoning. However, after controlling 

for age, gender, and education level, fitness only predicted for generativity. Finally, there were no 

significant associations observed between duration or intensity of self-reported physical activity, 

and executive function in any of the subdomains.   

To our knowledge, the possible selective association between fitness and generativity in 

cognitively normal older adults has not been reported previously in a cross-sectional study. These 

findings are congruent with Barnes et al.’s (2003) longitudinal study that reported an association 

between cardiorespiratory fitness and both phonemic and semantic fluency over a six year period. 

Results also complement findings from Nocera et al.’s intervention study that found significant 

improvements in both generativity and cardiorespiratory fitness, following a cycle-based aerobic 

intervention (Nocera, McGregor, Hass, & Crosson, 2015). However, as the association between 

generativity and fitness was not directly measured in their study, it is difficult to draw inferences on 

the nature of the association between the two variables (Nocera et al., 2015). Nocera et al. followed 

their intervention study up with an imaging study (functional magnetic resonance imaging; FMRI) 

to evaluate if the aerobic exercise intervention, and possibly the resultant increased fitness levels, 

effectively altered patterns of brain activity during a semantic verbal fluency task (Nocera, Crosson, 

Mammino, & McGregor, 2017). Indeed, significant improvements in cortical activation patterns in 
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the language areas associated with verbal generativity (right inferior frontal gyrus) were observed in 

those in the aerobic exercise group as compared to the control group (Nocera et al., 2017).  

There are a number of theories as to the biological mechanism underlying the association 

between physical activity and enhanced neuroprotection, including increased brain vascularization 

(Swain et al., 2003), enhanced neurogenesis (Van Praag, Kempermann, & Gage, 1999), and the 

upregulation of protective neurotrophic factors (Vaynman, Ying, & Gomez‐Pinilla, 2004). 

However, establishing a causal link between these factors and the preservation or improvement of 

neurocognitive function remains unresolved (Smiley-Oyen, Lowry, Francois, Kohut, & Ekkekakis, 

2008). Arguably, Kramer et al.’s (A. Kramer et al., 1999) fitness driven ‘selective improvement’ 

hypothesis may account for some, or all, of the proposed protective mechanisms (Swain et al., 

2003; Van Praag et al., 1999; Vaynman et al., 2004), as pertaining to generativity.  

Our finding complements Kramer and colleagues’ ‘selective improvement hypothesis’ that 

proposes selective improvements to the areas in the brain that appear to experience the greatest 

decline with advancing age: The frontal lobes (A. Kramer et al., 1999). Indeed, generativity has 

been shown to be largely dependent on prefrontal neural structures, most notably the dorsolateral 

prefrontal cortex (Chen et al., 2013; Stuss et al., 1998); structures that demonstrate the greatest age-

related neurodegeneration and changes in neural connectivity (West, 1996). 

Given the cross-sectional nature of the present study, any mechanistic explanations of this 

association must be considered conjectural, at this point. However, high cardiorespiratory fitness 

has been associated with increased brain vascularity and oxygenation (Cotman, Berchtold, & 

Christie, 2007), which in turn protects against vascular related cognitive impairment (i.e., mild 

vascular cognitive impairment, and vascular dementia; Dichgans & Leys, 2017). This impairment, 

which may not be readily evident in preclinical individuals, occurs when the blood vessels that 

supply the brain are blocked or narrowed, leading to neuronal degeneration and cognitive decline in 

functionally related areas; in the case of the current study, the frontal lobes (Dichgans & Leys, 

2017; Luz, 2018). Indeed, research has demonstrated that those with vasculature-related cognitive 
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decline have a unique neuropsychological profile, distinct from other neurodegenerative disorders 

(Almkvist, 2004). Tierney et al. found that vascular-related cognitive impairment could be 

distinguished from suspected Alzheimer’s symptomology using only measures of generativity and 

Auditory Verbal Learning; i.e., those with vascular-related cognitive impairment performed 

consistently lower on the task of generativity (Tierney, Black, Szalai, & et al., 2001). Thus, our 

results may reflect vascular-related neurocognitive protection to the dorsolateral prefrontal cortex in 

those with higher cardiorespiratory fitness. Further research into the association between brain 

vasculature and generativity is warranted. 

The current findings are incongruent with those of earlier studies that have evaluated the 

association between the remaining executive function subdomains (i.e., shifting, updating, 

inhibition, and non-verbal reasoning) and fitness (Boucard et al., 2012; Dupuy et al., 2015; A. 

Kramer et al., 1999; Weinstein et al., 2012). Both Dupuy et al. (2015) and Kawagoe et al. (2017) 

reported positive associations between fitness and inhibition and composite executive function, and 

showed sample fitness means (28.7 and 33.8 respectively), much higher than those observed in the 

current study (23.2). It is possible that a portion of our sample had fitness levels below that required 

to observe a neurocognitive association for these subdomains, possibly due to our exclusion of 

those undertaking a high intensity physical activity regimen. Indeed, it is generally accepted that 

VO2max is a predictor of longevity, with a score above the 20th percentile of age appropriate norms 

(i.e., 26.5 ml/kg/min for males and 22.8 ml/kg/min for females) associated with better health (Blair 

et al., 1989). This ‘good health’ fitness threshold could plausibly extend to cognitive health as well, 

accounting for our dissimilar findings. From the present data, we cannot confirm or refute this 

hypothesis. Thus, exercise intervention studies that elicit resultant increases in fitness above this 

threshold are vital in further evaluating the relationship between fitness and executive function. 

Inconsistent with our hypothesis, no significant associations were found between self-

reported higher intensity physical activity and executive function scores, in any of the executive 

function subdomains. Angevaren et al. (2007) and Brown et al. (2012) reported higher intensity 
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physical activity was positively associated with executive functioning. However, there are a number 

of differences between our study and those cited; most notably sample size. Our sample was 

comparatively small (N = 99) in relation to Angevaren et al. (N = 1927) and Brown et al. (N = 217). 

Although significant at p < .05, β coefficients for intensity in Angevaren et al. (2007) and Brown et 

al.’s (2012) studies were both relatively modest. Thus, it is possible that although sufficiently 

powered for statistical analyses, our sample may have been too small to detect an association.  

Our data also did not support our hypothesis that physical activity duration would be 

associated with better performance on executive function tasks. Our finding is consistent with those 

of Angevaren et al. (2007) and a large population study conducted with 4055 participants that 

reported a small significant association between hours of physical activity and cognitive protection; 

which was lost after adjustment for the variety of physical activity undertaken (Sturman et al., 

2005). Further, Gomes-Osman reported that in order to effectively demonstrate an improvement in 

cognitive function, an intervention of at least 52 hours at either high- or moderate- intensity was 

required; over and above activity associated with activities of daily living (Gomes-Osman et al., 

2018). Notably, while our sample reported high levels of physical activity duration (19.4 ± 16.5), 

this is not reflected in VO2peak scores. This may plausibly reflect physical activity levels that are not 

sufficiently intense to induce fitness at the levels required for neurocognitive protection. 

Alternatively, our self-reported physical activity levels may have been subject to a degree of over-

reporting, which has been reported in some previous studies utilising the IPAQ (Rzewnicki, 

Auweele, & Bourdeaudhuij, 2003). These findings indicate that the relationship between physical 

activity and executive function may be more nuanced than simply the amount of time one reports as 

their physical activity. Thus, it is possible that a systematically manipulated exercise intervention 

that uses objective duration measures would serve to provide better insight into the relationship 

between time spent on physical activity and executive function.  
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Limitations 

The results reported from the current study should be interpreted within the context of some 

noted limitations. Foremost, physical activity was assessed by a questionnaire. The vital 

shortcoming of subjective report is that it relies on an individual’s recollection of physical activity 

and personal categorisation of the intensity of such activity, which may be subjectively 

misclassified, and over/ under reported (Ainsworth et al., 2000; Prince et al., 2008). Additionally, 

this exploratory cross-sectional study does not allow for the inference of causal relationships, and 

was not adjusted for multiple comparisons.  However, our study was strengthened by the inclusion 

of an objective measure of fitness: VO2peak. Furthermore, the participants in this study were 

generally of high socioeconomic status, and were cognitively high-functioning individuals. 

Nevertheless, in an effort to counter the effects of studying such a homogenous group, we used a 

neuropsychological battery with a large selection of tests of executive functioning that should have 

been sensitive to cognitive differences, even in this high-performing cohort. 

Summary and Conclusions 

In summary, the present study observed a positive, unique association between 

cardiorespiratory fitness and the executive function subdomain of generativity. No significant 

associations were found for the intensity of physical activity, physical activity duration, and 

executive function in any of the measured subdomains. A systematically manipulated physical 

activity intervention, objective measures, and measuring ‘change over time’ would serve to provide 

further insight into the relationship between fitness, physical activity intensity and duration, and 

executive function, as proposed by the IPAC study (B. M. Brown et al., 2017). Arguably, future 

research should include, in particular, one or more measures of generativity.  
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Table 2.1 

Sample Characteristics 

Note. Data are expressed as mean ± SD (range), except where otherwise stated. Abbreviations: h, 

hours; METs, metabolic equivalents; VO2peak, peak volume of oxygen uptake. % Imputed: the 

percentage of missing values that were imputed by way of missing value analysis; expectation 

maximisation for analyses. Shifting score denotes Trail Making Test-Part B, time in seconds 

(possible scores: 0-300s); Updating score denotes the CogState 1-back task, accuracy (possible 

scores: 0-1.6); inhibition score denotes the NIH Examiner Flanker task, Flanker composite score 

(possible scores: 0-10); generativity score denotes a composite of NIH Examiner phonemic and 

  N=99 % Imputed 

Age  69.1 ± 5.1  

Sex (Female) % (n) 54.5 (54)  

Education Level % (n)    

-          Primary School 6.1 (6)  

-          High School 19.2 (19)  

-          Certificate 20.2 (20)  

-          Undergraduate 35.4 (35)  

-          Postgraduate 19.2 (19)  

Fitness (VO2peak; ml/kg/min)   3% 

-          Male 26.6 ± 6.7 (13.2 - 44.0) 0% 

-          Female 20.3 ± 4.7 (12.4 – 29.0) 5.5% 

Physical Activity Duration (h/week) 19.4 ± 16.5 (0.0 – 99.5) 3% 

Physical Activity Intensity (METs/duration) 3.8 ± 0.9 (0 – 6.7) 4% 

Executive Function Scores    

-          Shifting  85.9 ± 47.1 (32 – 300) 0% 

-          Updating 1.3 ± 0.2 (1.0 – 1.6) 1% 

-          Inhibition 7.9 ± 0.7 (6.0 – 9.1) 3% 

-          Generativity 45.8 ± 10.7 (19 – 73) 0% 

-          NVR 57.8 ± 22.7 (20 – 124) 0% 
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semantic fluency tasks (possible scores: 0-∞); Non-verbal reasoning (NVR) score, which denotes 

the Groton Maze Learning Task, errors (possible scores: 0-∞). 
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Table 2.2 

Lower triangle: Bivariate inter-variable correlations for cardiorespiratory fitness, physical activity intensity and physical activity duration, and executive 

function subdomains (shifting, updating, inhibition, generativity, non-verbal reasoning). Upper triangle: 95% confidence intervals. 

 Age Gender Education Fitness Intensity Duration Shifting Updating Inhibition Generativity NVR 

Age 1.0 -.31, 0.7 -.34, .20 -.54, -.26 -.33, .04 -.05, .32 -.46, -.10 -.34, .02 -.24, .16 -.45, -.14 -.46,-.16 

Gender -.12 1.0 -.20, 20 -.60, -.33 -.30, .09 -.26, .12 -.27, .12 -.03, .35 -.12, .26 -.13, .29 -.27, .11 

Education -.16 .00 1.0 -.07, .33 -.12, .26 -.19, .35 .03, .42 -.28, .13 -.09, .26 .09, .46 .05, .40 

Fitness -.40*^ -.48* .13 1.0 .03, .44 -.16, .18 .05, .40 -.05, .28 -.17, .19 .11, .46 .03, .48 

Intensity -.16 -.11 .09 .24* 1.0 -.69, -.23 -.27, .00 -.19, .12 -.17, .18 -.19, .26 -.36, .23 

Duration .15 -.07 .08 .02 -.43*^ 1.0 -.21, .35 -.34, .13 -.48, .11 -.10, .28 -.27, .16 

Shifting -.29*^ -.07 .23 .22* -.14 .06 1.0 -.02, .38 .24, .52 .24, .54 .20, .50 

Updating -.17 .17 -.08 .12 -.02 -.12 .19 1.0 -.10, .28 -.01, .33 -.05, .34 

Inhibition -.04 .08 .09 .01 -.01 -.21 .39*^ .09 1.0 -.02, .31 .02, .40 

Generativity -.30*^ .08 .29*^ .30*^ .04 .08 .40*^ .17 .15 1.0 .01, .39 

NVR -.31*^ -.09 .24* .27*^ -.08 -.08 .35*^ .16 .22* .20* 1.0 

Note. N = 99; Education is education level: primary school; high school; certificate; undergraduate; postgraduate. Fitness is the VO2peak (VO2 = O2 

ml/kg x min) obtained during fitness testing. Physical activity intensity is a metabolic equivalent (METs) per week score, and the physical activity 

duration score is 7-day total physical activity hours score. Shifting score denotes Trail Making Test-Part B, time in seconds; updating score denotes 
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the CogState 1-back task, accuracy; inhibition score denotes the NIH Examiner Flanker task, Flanker composite score; generativity score denotes a 

composite of NIH Examiner phonemic and semantic fluency tasks; non-verbal reasoning (NVR) score, denotes the Groton Maze Learning Task, 

errors. *p < 0.05; ^ denotes results that remained significant following correction for false discovery rate (FDR). 
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Table 2.3 

Hierarchical regressions predicting executive function performance from cardiorespiratory fitness after 

controlling for age, gender, and education level. 

 

Note. N = 99; B = unstandardized slope; β = standardized slope; R2 = R squared. EF Domain is the 

executive function domain. Education is education level: primary school; high school; certificate; 

undergraduate; postgraduate. Fitness is the VO2peak (VO2 = O2 ml/kg x min) obtained during fitness 

EF Domain B   95% CI β Semi-partial r R2 

Shifting        

       Step 1      

             Age* -.00 -.00, -1.99 -.24 -.20 0.04 

             Gender -.00 -.00, 00 -.07 -.06 <0.00 

             Education .00 -.00, .00 .19 .18 0.03 

       Step 2       

             Fitness          5.40 -.00, .00 .07 .05 <0.00 

Generativity      

       Step 1      

             Age -.21 -.66, .24 -.10 -.09 <0.00 

             Gender 4.8 -.16, 9.65 .22 .18 0.03 

             Education* 1.6 .27, 2.92 .23 .23 0.05 

       Step 2       

             Fitness *        .55 .15, .97 .33 .25 0.06 

NVR       

       Step 1      

             Age -.00 -.00, .00 -.24 -.20 0.04 

             Gender -.00 -.00, .00 -.06 -.05 <0.00 

             Education .00 -2.9, .00 .18 .18 0.03 

       Step 2       

             Fitness          .00 -.00, .00 .13 .09 <0.00 
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testing. Physical activity intensity is a metabolic equivalent (METs) per week score, and the 

physical activity duration score is 7-day total physical activity hours score. Shifting score denotes 

Trail Making Test-Part B, time in seconds; generativity score denotes a composite of NIH 

Examiner phonemic and semantic fluency tasks; non-verbal reasoning (NVR) score denotes the 

Groton Maze Learning Task, errors. *p < 0.05
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Purpose Statement 

In chapter two, we observed that cardiorespiratory fitness uniquely accounted for 6.3% of 

the variance in verbal generativity, independently of the effects of the control variables (age, 

gender, education level). However, we did not observe these associations with the remaining EF 

subdomains (i.e., shifting, updating/ working memory, inhibition, non-verbal reasoning). 

Additionally, we did not observe associations between self-reported physical activity intensity and 

duration and any of the EF subdomains.  Although the findings of this study reported in chapter two 

provide interesting insights into the relationship between physical activity and EF, there is a 

possibility that subjective accounts of both physical activity intensity and duration may have been 

over/ under reported. Additionally, the cross-sectional design of the study does not allow for the 

inference of causal associations. Thus, in an attempt to replicate findings, and address the above 

mentioned methodological limitations, chapter three presents longitudinal findings from an RCT 

study where the effect of a systematically manipulated exercise intervention (high-intensity vs. 

moderate-intensity vs. inactive control) on EF in a group of cognitively normal older adults was 

assessed.  
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CHAPTER THREE: A Randomized Controlled Trial of High Intensity Exercise and 

Executive Functioning in Cognitively Normal Older Adults 
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Abstract 

Background: There is a paucity of interventional research that systematically assesses the role of 

exercise intensity and cardiorespiratory fitness, and their relationship with executive function in 

older adults. To address this limitation, we have examined the effect of a systematically 

manipulated exercise intervention on executive function. 

Methods: Ninety-nine cognitively normal participants (age = 69.10 ± 5.2 years; n = 54 female) 

were randomized into either a high-intensity cycle-based exercise, moderate-intensity cycle-based 

exercise, or no-intervention control group. All participants underwent neuropsychological testing 

and fitness assessment at baseline (pre-intervention), 6-month follow-up (post-intervention), and 

12-months post-intervention. Executive function was measured comprehensively, including 

measures of each subdomain: shifting, updating/ working memory, inhibition, verbal generativity, 

and non-verbal reasoning. Cardiorespiratory fitness was measured by analysis of peak aerobic 

capacity; VO2peak.  

Results: First, the exercise intervention was found to increase cardiorespiratory fitness (VO2peak) in 

the intervention groups, in comparison to the control group (F = 10.40, p < 0.001). However, we 

failed to find mean differences in executive function scores between the high-intensity, moderate 

intensity, or inactive control group. On the basis of change scores, cardiorespiratory fitness was 

found to associate positively with the EF subdomains of updating/ working memory (β = 0.37, p = 

0.01, r = 0.34) and verbal generativity (β = 0.30, p = 0.03, r = 0.28) for intervention, but not control 

participants.  

Conclusions: At the aggregate level, we failed to find evidence that 6-months of high-intensity 

aerobic exercise improves EF in older adults. However, it remains possible that individual 

differences in experimentally induced changes in cardiorespiratory fitness may be associated with 

changes in updating/ working memory and verbal generativity.  
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A Randomized Controlled Trial of High Intensity Exercise and Executive Functioning in 

Cognitively Normal Older Adults 

It has been hypothesized that age-related cognitive decline is associated with reduced 

structural integrity and decreased functional connectivity in the frontal lobes of the brain (Voss et 

al., 2010). As executive functions (EF) are predominantly frontal lobe processes, they are 

particularly vulnerable to age-related decline, with cognitive deficits in this domain recognized as 

one of the first markers of cognitive aging (Weintraub, Wicklund, & Salmon, 2012). There have 

been numerous efforts to outline a comprehensive theoretically-driven model of EF (Fisk & Sharp, 

2004; Friedman & Miyake, 2017; Miyake & Friedman, 2012), with a general assertion that EF can 

be seen as both a broad, unitary cognitive domain, as well as separable, but related, subdomains. 

The nature of these EF subdomains has been the subject of much research, but commonly identified 

EF abilities include: (a) shifting: The ability to shift between tasks efficiently; (b) updating/ working 

memory: The ability to manipulate and update information within the working memory; (c) 

inhibition: The ability to inhibit and override automatic responses when necessary; (d) verbal 

generativity: The ability to access long-term memory to generate information as required, and e) 

non-verbal reasoning: The ability to form novel and/ or abstract concepts, monitor errors and adjust 

behaviour accordingly, and general problem solving (Fisk & Sharp, 2004; Lezak, 2012; Miyake & 

Friedman, 2012). Collectively, EFs mediate the cognitive control of behaviour (Diamond, 2015). 

Thus, it is unsurprising that executive dysfunction is linked with poor quality of life and decreased 

ability to live independently (Davis, Liu-Ambrose, Marra, & Najafzadeh, 2010). Accordingly, 

interventions that aim to slow or prevent EF decline have the potential to preserve cognitive 

function, overall quality of life, and independent living. 

There is some evidence to support regular physical activity as a protective factor against 

cognitive decline in older adults (Colcombe & Kramer, 2003; Voss et al., 2010), with EF proving 

more sensitive to cognitive improvements than other aspects of cognition to exercise intervention 

(Colcombe & Kramer, 2003). However, the literature is ambiguous on the replicability and 



   59 

specificity of these effects. Indeed, two recent meta-analyses reported incongruent findings on the 

effect of exercise interventions on EF in older adults (Northey, Cherbuin, Pumpa, Smee, & Rattray, 

2017; Young, Angevaren, Rusted, & Tabet, 2015). Young et al. (2015) concluded there was not 

enough evidence to support a benefit from exercise on any of the measured EF subdomains, even 

when the intervention was shown to lead to improved cardiorespiratory fitness. Conversely, 

Northey et al. (2017) reported significant effects of exercise on EF, supporting earlier meta-analyses 

(Colcombe & Kramer, 2003). One potential explanation for the lack of consistency across these 

meta-analyses is methodical differences in the delivery of the exercise intervention in the studies 

included. Interestingly, in a post-hoc analysis, Northey et al. (2017) found the beneficial effect was 

most notable in studies with interventions of at least moderate-intensity (albeit indirectly measured). 

These findings support observational studies evaluating the role of intensity level in the relationship 

between physical activity and EF (Angevaren et al., 2007; Brown et al., 2012). Specifically, 

Angevaren et al. (2007) found higher intensity self-reported physical activity intensity to be 

positively associated with EF subdomains of shifting and inhibition, while Brown et al. (2012) 

found that actigraphy measured intensity was associated with better updating/ working memory and 

generativity. Conversely, Kovacevic et al. (Kovacevic, Fenesi, Paolucci, & Heisz, 2020) recently 

reported that, while an aerobic exercise intervention appeared to induce EF benefits in the one 

subdomain of EF measured (inhibition), there were no significant differences observed between 

those participants in the high- versus moderate-intensity exercise modalities. Additionally, 

congruent with Kovacevic et al.’s findings, our recent cross-sectional study also failed to find any 

association between self-reported physical activity intensity and any of the EF subdomains (Frost et 

al., 2019).   

In summary, the current state of the literature remains unclear, likely due to methodological 

differences and limitations in, 1) how physical activity was assessed, e.g., often self-report, without 

adequate details regarding intensity levels, and 2) how EF was assessed, often measured in a 

piecemeal fashion without comprehensive assessment of commonly identified EF subdomains.  
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Further, while there have been multiple randomized control trials (RCT) evaluating the role of 

exercise in improving cognition, none have systemically manipulated the intensity of the of the 

exercise intervention and evaluated the potential benefits on comprehensively assessed EF over 

time. The present study aims to address these limitations by using experimental RCT methodology, 

direct measurement of exercise intensity, and comprehensive measurement of multiple EF 

subdomains.  

Thus, to extend knowledge on the nature of the relationship between exercise and EF in 

older adults, we have examined the effect of a systematically manipulated exercise intervention 

(high-intensity vs. moderate-intensity vs. inactive control) on five EF subdomains (shifting, 

updating/ working memory, inhibition, generativity, non-verbal reasoning) in a group of cognitively 

normal older adults. We hypothesized that improvements in EF would be greater in the high-

intensity and the moderate-intensity aerobic exercise groups, as compared with the control group. 

Additionally, we hypothesized that improvements in EF would be greater for the high-intensity 

aerobic exercise group as compared with the moderate-intensity aerobic exercise group.  

Methods 

Participants and Design 

The current study drew data from the single-blind RCT, the Intense Physical Activity and 

Cognition (IPAC) study (Australian New Zealand Clinical Trials Registry number: 

ACTRN12617000643370). Comprehensive details of the IPAC study methodology have been 

detailed previously (Brown et al., 2017). Briefly, 228 community volunteers were screened to 

exclude those with cognitive impairment (>26 on the Montreal Cognitive Assessment and results of 

the baseline cognitive assessment; Nasreddine et al., 2005). Additionally, to meet eligibility criteria 

participants had to be aged between 60-80 years, have adequate conversational English, visual and 

auditory ability to complete cognitive assessment, not have any uncontrolled medical conditions 

known to influence cognitive function, and did not regularly engage in high intensity physical 
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activity, as evaluated on a case-to-case basis by an Exercise and Sports Science Australia (ESSA) 

accredited exercise physiologist.  

One-hundred and eight participants met eligibility criteria and attended at least one baseline 

assessment appointment.  Based on power calculations, a sample size of 30 per group was required 

to detect (with 80% power; α = .05; 2-sided; Cohen’s d: 0.25; small effect size) variance between 

the intervention and control groups. Our recruitment sample (N = 108) allowed for a ~15% attrition 

rate from baseline to post-intervention follow-up (Brown et al., 2017). Nine individuals either did 

not complete all baseline assessments or were excluded after baseline cognitive assessment revealed 

possible mild cognitive impairment. All other IPAC study participants who completed baseline (N = 

99) were randomized, by computer generated block randomization, into a high-intensity exercise, 

moderate-intensity exercise, or control (no exercise) group. Table 3.1 summarizes the demographic 

and clinical characteristics of participants according to their group allocation at the time of 

randomization.  

The study was approved by the Human Research Ethics Committees at Edith Cowan 

University, Murdoch University, and recognition of approval was granted from the University of 

Western Australia. All participants provided signed informed consent before enrolment into the 

study. Procedures of this RCT followed the principles of the Declaration of Helsinki for Human 

Rights. 

Executive Function Assessment 

Primary outcome measures for each EF subdomain were included in the neuropsychological 

battery; previously described in an earlier study (Frost et al., 2019). Shifting was assessed using the 

Trail Making Test (TMT) Part B minus TMT Part A, time in seconds (Sánchez-Cubillo et al., 

2009); updating/ working memory was assessed using the CogState 1-back test, accuracy, inhibition 

was measured using the NIH Examiner flanker task score, flanker composite score, verbal 

generativity was assessed using the NIH Examiner fluency task, total phonemic and semantic 
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response score, and non-verbal reasoning was assessed using the CogState Groton Maze Learning 

Task, errors.  

Cardiorespiratory Fitness Assessment  

The measure for cardiorespiratory fitness was VO2peak. Cycle-based assessment required 

participants to pedal against increasing resistance until volitional fatigue. Heart rate was recorded 

continuously and expired ventilation was assessed at 15second mean values, using a Parvo TrueOne 

(ParvoMedics, USA) metabolic cart, for the measurement of rate of oxygen consumption (VO2) and 

carbon dioxide production (VCO2). VO2peak was classified as the highest 15 second mean VO2
 value 

obtained during the last two minutes of the test. Additionally, participants must have reached a 

maximal heart rate greater than 85% of their age predicted maximum (i.e., (220 – age) * 0.85) and a 

respiratory exchange ratio (VCO2/VO2) greater than 1.15 (Brown et al., 2017).  

Covariates 

Participants completed questionnaires for assessment of demographic information, medical 

history, medications, alcohol consumption, smoking status, mood, and physical and leisure 

activities. An estimate of verbal intelligence quotient (VIQ) was calculated for each participant with 

the Cambridge Contextualised Reading test (conducted at baseline only) using the method set out 

by Beardsall (1998). To determine apolipoprotein (APOE) genotype, blood was drawn at baseline 

and analysed using standard procedures previously described (Brown et al., 2017). Participants 

were classified into APOE groupings based on 4 allele carriage; carriers and non-carriers. 

Supplementary Table 3.4 provides information related to the timeline of measurement, outcome 

measures, and interpretation of scores. 

Intervention 

Intervention procedures have been comprehensively detailed in our protocol paper (Brown 

et al., 2017). Briefly, participants randomized to an intervention group completed 6-months of 

either a moderate- or high-intensity cycling program consisting of 100 min of cycling per week 
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(two sessions at 50-minutes per session). Exercise intensity conditions (either moderate- or high-

intensity) are set using the 6 to 20 Borg scale of perceived exertion (6 = no exertion and 20 = 

maximal exertion; Borg, 1998). Moderate-intensity exercise participants exercise at a constant 

intensity (50-60% aerobic capacity; 13.0 Borg scale), while high-intensity exercise participants 

began each session with a 10 minute low-intensity cycling warm-up (30-40% aerobic capacity; 11.0 

Borg scale) followed by 11 intervals of one-minute of hard exertion (>80% aerobic capacity; 18.0 

Borg scale) combined with 2-minutes of active recovery after each interval (30-40% aerobic 

capacity; 12.0 Borg scale). All exercise sessions were completed under the supervision of an 

accredited exercise physiologist. All exercise was completed on a cycle ergometer (WattbikePro; 

Wattbike, Australia) allowing accurate measurement of intensity (Wattage). Additionally, 

radiotelemetric heart rate monitors (Garmin HRM1G, Garmin, USA) were used to provide an 

assessment of physiological intensity.  

Participants assigned to the control group were invited to attend an information session on 

the benefits of diet and exercise with respect to cognition, dementia and brain ageing. Control 

participants did not receive any other instruction or intervention related to exercise.  

Statistical Analyses 

TMT and Groton Maze error scores were not normally distributed. Accordingly, scores were 

logarithmically transformed. Both TMT and Groton Maze had high correlations (r = >0.93) 

between the transformed and untransformed variables at all timepoints. For those tests where lower 

scores denote better performance (TMT, time in seconds; Groton Maze, number of errors), scores 

were reflected (1/x); post logarithmic transformation. Fitness (VO2peak) and all other cognitive test 

data (1-back, Flanker, Fluency) were considered sufficiently normally distributed (skew <|2.0|) for 

the purposes of parametric analyses (see Table 3.1; Bishara & Hittner, 2012). Descriptive statistics 

were used to summarize group data, ANOVA, and χ2 statistics were used to compare characteristics 

of participants at randomization. 
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Primary analyses of the primary cognitive outcome measures (shifting, updating/ working 

memory, inhibition, verbal generativity, and non-verbal reasoning) were intention to treat (Gupta, 

2011), using linear mixed models (randomisation*timepoint). Each participant was treated as a 

random effect. Secondary analyses of the primary outcome measures included only participants in 

the high- and moderate-intensity intervention groups who attended >75% of supervised exercise 

sessions, and control participants (i.e., as per protocol).  Age, gender, and education were entered 

into both primary and secondary analyses as covariates. Given unbalanced VIQ across groups, 

comparison analyses were run with and without VIQ as a covariate. Results did not differ in any 

meaningful way; thus, VIQ was not included in the models.   

Post-hoc, exploratory analyses examined the association between change in pre-to-post 

intervention cardiorespiratory fitness and change in pre-to-post intervention EF (shifting, updating/ 

working memory, inhibition, generativity, non-verbal reasoning).  These analyses were conducted 

separately for control group and intervention group participants for which there were valid baseline 

and 6-month follow-up data (intervention group participants: n = 60; control group participants: n = 

25). We analysed intervention and control groups separately in order to assess individual 

differences in responsiveness to cardiorespiratory fitness training and how that related to EF 

performance. Change in both EF and VO2peak was assessed through residual scores estimated from 

linear regression analysis that predicted post-intervention EF/ VO2peak from pre-intervention EF/ 

VO2peak. Outliers (n = 1 for VO2peak in the control group) were identified based on criteria outlined 

by Hoaglin and Iglewicz (1987) and subsequently Winsorized. Age, gender, and education were 

entered as covariates. Exploratory analyses were performed by way of linear regression models. All 

statistical analyses were performed using SPSS (version 26; SPSS Inc., Chicago, IL, 2019). Alpha 

was set at 0.05 and all reported results are two-tailed.   
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Results 

 Figure 3.1 summarizes the flow of the study participants from screening through to 18-

month follow-up. By the end of the 6-month intervention period, seven participants were withdrawn 

from the study. At the 18-month assessment, a further six participants were withdrawn.  

 An intervention adherence assessment showed participants randomized to the high-intensity 

exercise group attended exercise sessions as outlined in the protocol (Brown et al., 2017) at a mean 

rate of 85.5% (SD = 12.45; range = 50% - 100%) and participants randomized to the moderate-

intensity exercise group adhered to the exercise sessions at a mean of 86.29% (SD = 9.82; range = 

59.62 – 100). Intervention adherence was not found to be different between the groups when 

analysed by way of analysis of variance (ANOVA; F (2, 66) = 0.80, p = 0.78). 

Change in scores from baseline to 6-month measurement (directly post intervention period), 

and again at 18-month measurement (12-months post intervention period) are presented in Table 

3.2. There were no group*time effects for any of the EF measures. Cardiorespiratory fitness levels 

differed across groups; high-intensity and moderate intensity > control from baseline to 6-month 

follow-up; no group differences from baseline to 18-month follow-up.  

Secondary analyses (i.e., per protocol analyses) again revealed no group*time effects for any 

of the EF measures when analysed by way of linear mixed effects modelling (shifting: F (4, 80.0) = 

0.14, 80.03, p = 0.97; updating/ working memory: F (4, 104.3) = 1.03, p = 0.40; inhibition: F (4, 

92.4) = 0.23, p = 0.92; verbal generativity: F (4, 86.9) = 0.73, p = 0.59; Non-Verbal Reasoning: F 

(4, 94.2) = 0.23, p = 0.92). Again, cardiorespiratory fitness differed at a group level (F (4, 77.6) = 

10.84, p = <0.001); high-intensity and moderate intensity > control from baseline to 6-month 

follow-up; no group differences from baseline to 18-month follow-up. 

  Results from post-hoc, exploratory analyses on the association between change in pre-to-

post intervention cardiorespiratory fitness and EF are presented in Table 3.3. There were no 

associations observed for participants in the control group. However, there was a significant 
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association between change in cardiorespiratory fitness and updating/ working memory and verbal 

generativity in intervention group participants; fitness uniquely accounting for 11.6% and 7.8% of 

the total variance respectively (Figure 3.2).   

Discussion 

In the current study, we examined the effect of a systematically manipulated exercise 

intervention (high-intensity vs. moderate-intensity vs. control) on comprehensively measured EF 

subdomains (shifting, updating/ working memory, inhibition, verbal generativity, and Non-Verbal 

Reasoning) in a group of cognitively normal older adults. Here, we did not observe a statistically 

significant group effect on EF.  However, we did find a significant association between change in 

cardiorespiratory fitness and both updating/ working memory and verbal generativity from pre- to 

post-intervention. 

The association between fitness and verbal generativity, and suggested theories underlying 

this association, was reported in our earlier cross-sectional study (Frost et al., 2019). The current 

results also complement the findings from Nocera et al.’s report of improvements in generativity 

and cardiorespiratory fitness, following a cycle-based aerobic intervention (Nocera, McGregor, 

Hass, & Crosson, 2015) and Emery et al. who found a selective effect of exercise-induced 

cardiorespiratory fitness on verbal generativity in older adults with chronic obstructive pulmonary 

disease (Emery, Schein, Hauck, & MacIntyre, 1998). Similarly, the association between fitness and 

updating/ working memory supports earlier findings from Volkers et al. (Volkers & Scherder, 2014) 

and McAuley et al. (McAuley et al., 2011), who both reported positive associations between fitness 

and updating/ working memory in older adults. 

The link between physical activity, cardiorespiratory fitness, and cognitive function holds 

that changes in fitness precede changes in cognitive function (Angevaren, Aufdemkampe, Verhaar, 

Aleman, & Vanhees, 2008). However, this hypothesis is difficult to evaluate as very few studies 

report on physical activity, cardiorespiratory fitness, and cognition in a single study, and fewer still 
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report on associations between changes in cardiorespiratory fitness and EF. However, it has been 

hypothesized that improvements in fitness mediate the protective benefits of physical activity on 

cognitive function (Johnson et al., 2016). Increased cardiorespiratory fitness increases both frontal 

grey matter volume (Erickson, Leckie, & Weinstein, 2014) and cerebral blood flow to the cortex 

which acts to meet metabolic requirements and remove waste from the brain (Kleinloog et al., 2019; 

Lojovich, 2010). Additionally, in animal studies, increased cardiorespiratory fitness has also been 

found to induce increased brain-derived neurotrophic factor (BDNF); a growth factor associated 

with neurogenesis and neuroprotection (Lojovich, 2010).  

Unlike the other EF subdomains, updating/ working memory and verbal generativity rely 

heavily on non-frontal structures within, and neural connectivity to, the temporal and parietal lobes 

(Axmacher, Lenz, Haupt, Elger, & Fell, 2010; Mellers, Bullmore, Brammer, Williams, & et al., 

1995; Pihlajamaki et al., 2000; Suzuki et al., 2018). Thus, it is highly possible that the selective 

associations between fitness and these EF subdomains observed in this and previous studies is 

reflective of fitness induced neuroprotection to the non-frontal brain regions unique to these 

particular EFs. Additionally, it is possible that those individuals with lower fitness levels at baseline 

were able to improve both fitness and cognition to the level required to observe a neurocognitive 

association for these particular subdomains, but not the others. However, while our findings on the 

association between post-intervention change in fitness, updating/ working memory, and verbal 

generativity is promising, these associations will require further replication to confirm the 

robustness of these associations.  

Within the current study, participants in the intervention groups showed improved 

cardiorespiratory fitness. However, this improved fitness did not induce EF change at a group level 

in our study, as it has in others (Colcombe & Kramer, 2003). Our results are consistent with Young 

et al.’s meta- analysis that did not find evidence that exercise improves EF in older adults (Young et 

al., 2015), but incongruent with primary results in Northey et al.’s meta-analysis (Northey et al., 
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2017). Thus, factors contributing to the lack of intervention effect in our study are challenging to 

elucidate, though several factors warrant consideration.  

Primarily, similar to Young et al.’s meta-analysis inclusion criteria (2015), our study 

examined aerobic exercise only, whereas Northey et al.’s (2017) primary analyses included 

interventions of aerobic exercise, resistance training, multicomponent training, tai chi, and yoga. 

Physical activity can broadly be divided into two categories: physical and motor activities (Netz, 

2019). Physical activities encompass aerobic and resistance type activities (e.g., running and 

cycling) while motor activities involve balance, coordination and high neuromuscular vs. low 

metabolic demands (e.g., dancing, martial arts; Netz, 2019). Importantly, motor activities also 

require active engagement, attention, perceptual acuity and higher-level cognitive processing. In 

short, motor activities require EF. A number of early and more recent studies that have examined 

EF, have found minimal or no cognitive benefit from simple aerobic exercise alone (e.g., running or 

stationary bicycle riding) in older adults (Angevaren et al., 2008; Blumenthal et al., 1989; Fabre, 

Chamari, Mucci, Massé-Biron, & Préfaut, 2002; Smiley-Oyen, Lowry, Francois, Kohut, & 

Ekkekakis, 2008). Thus, it may be that interventions require the synthesis of physical and cognitive 

activity to induce the neurotrophic factors necessary to increase and/ or protect against most EF 

decline in older adults (Sungkarat, Boripuntakul, Kumfu, Lord, & Chattipakorn, 2018). 

A further factor to consider in helping to understand our null results is the demographic 

characteristics of our participant sample. Colcombe and Kramer (2003) and Kramer et al. (1999) 

found positive effects of aerobic activity on EF in studies that included participants younger than 

the present study (inclusion of >55 and mean age of 61, respectively vs. mean age of 69.1). 

Whereas, congruent with our sample, mean participant age in studies that found no effect of aerobic 

activity on EF (e.g., Blumenthal et al., 1989; Fabre et al., 2002; Smiley-Oyen et al., 2008) was 66-

70 years. Thus, perhaps the benefit of aerobic physical activity on EF decelerates non-linearly as 

one begins to approach 70 years of age (Diamond, 2015).  Additionally, while our intervention was 

designed based on public health recommendations of 90-100 minutes per week of vigorous exercise 



   69 

for physical health benefits (duration matched between groups to assess the effect of intensity), 

perhaps a greater weekly duration of high-intensity exercise is required to induce cognitive health. 

Indeed, a thrice weekly, 12-week high- vs moderate-intensity exercise intervention conducted by 

Kovacevic and colleagues (2020) that reported similar changes in cardiorespiratory fitness to our 

intervention also reported changes in cognition. Thus, it is possible that more frequent weekly 

exercise is required to induce cognitive benefit, even where delivered over a shorter total 

intervention time. Thus, future studies may wish to investigate the effect of increased weekly 

exercise sessions on EF. 

Furthermore, the participants in the current study were cognitively high functioning and 

highly educated. Overall mean VIQ in our study participants was 116.33 (7.39), more than one 

standard deviation above the population mean (The Psychological Corporation, 2002). Furthermore, 

overall mean education for our participants was 14.05 years indicating that the majority of our 

sample completed post schooling studies, whereas education means in recent studies that reported 

positive effects of aerobic physical activity on EF was 11.75 years (Albinet, Abou-Dest, André, & 

Audiffren, 2016) and 12.3 years (Albinet, Boucard, Bouquet, & Audiffren, 2010), representing 

education attainment of high-school completion or below. Therefore, it is possible that the 

participants in our study had high levels of cognitive reserve, whereby they had existing 

neurocognitive protection in the brain regions that mediate EF (frontal lobes), to a degree at which 

additional exercise effects could not be detected.   

It would be remiss not to briefly acknowledge other factors that might have affected the 

outcome of our physical activity intervention on EF. Certainly, many studies have found robust 

associations between cognitive health in older adults and sleep quality (Waters & Bucks, 2011), 

social and environmental enrichment (Dause & Kirby, 2019), and adherence to a healthy diet 

(particularly a mediterranean diet; Gardener & Rainey-Smith, 2018). Perhaps multiple lifestyle 

factors have interactive effects on the aging brain and cognition. Thus, future research may wish to 

consider these additional factors in addition to physical activity intervention.  
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Finally, while engaging in an exercise program can enhance health and wellbeing, without 

necessary education for behaviour change, a return to baseline habits is highly likely (Fappa et al., 

2008). Indeed, we observed increases in cardiorespiratory fitness following 6-months of high- and 

moderate-intensity cycling; yet, data from 12-months post-intervention demonstrates a return to 

baseline in both groups. It is important to note that the current study used an intervention that only 

comprised supervised exercise sessions, with no education on behavioural change or specific 

instruction on continuing exercise habits provided to the participants. As such, future research may 

wish to assess the effect of a combination of exercise, behavioural change strategies, and education 

with the aim of increasing adherence to a healthy lifestyle, beyond directly supervised exercise 

sessions.  

Limitations 

The results reported from the current study should be interpreted within the context of some 

limitations. Similar to many RCTs, the participants in our study were fairly homogenous in 

sociodemographic characteristics. Most participants were Caucasian, generally of high 

socioeconomic status, and were generally cognitively high-functioning individuals. Nevertheless, in 

an effort to counter the effects of studying such a homogenous group, we controlled for VIQ and 

education level, and used a wide selection of neuropsychological assessments of EF that should 

have been sensitive to cognitive differences, even in a high-performing cohort. Though, it is 

acknowledged that even these carefully selected measures may not have been challenging enough to 

capture subtle cognitive change in this cognitively high functioning cohort (e.g., 24% of our cohort 

performed at ceiling on the 1-back measure). Finally, we acknowledge that no adjustment was made 

for multiple analyses conducted in this study in order to maintain the familywise error rate at 0.05. 

Therefore, there is a chance that significant results reported here may represent a type 1 error.  

Though, we also acknowledge that many of the analyses within this study were not independent 

(e.g., the correlations reported in table 3). Accordingly, an adjustment (e.g., the Bonferonni 
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adjustment), may be considered too conservative in this case.  Therefore, we encourage further 

replication of the results in similar populations.   

Summary and Conclusions 

In the current study, we examined the effect of a systematically manipulated exercise 

intervention (high-intensity vs. moderate-intensity vs. control) on five EF subdomains (shifting, 

updating/ working memory, inhibition, verbal generativity, and Non-Verbal Reasoning) in a group 

of cognitively normal older adults. We did not observe a group effect on any of the EF subdomains. 

However, post-hoc investigations showed an association between post-intervention change in 

cardiorespiratory fitness and verbal generativity.  

There are some encouraging results beginning to emerge in using cognitively-enriched 

physical activity to protect against decline and/ or improve EF in older adults. Thus, further 

research in this area of research appears warranted. Further, given that our exercise intervention 

showed limited results in our already cognitively high-functioning participants, it may be prudent to 

conduct a similar trials in ‘at-risk’ populations. Additionally, given the multi-faceted nature of the 

relationship between exercise, brain changes, and EF, sensitive volumetric imaging research may 

shed some light on the specific brain regions most amenable to exercise associated change that may 

precede cognitive change. Arguably, future research should include one or more measures of 

updating/ working memory and verbal generativity.  
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Table 3.1 

Demographics and clinical characteristics at the time of randomization 

Characteristic/ Measure  

(Skewness and Kurtosis) 

High 

Intensity            

(N = 33) 

Moderate 

Intensity           

(N = 34) 

Controls                       

(N = 32) Statistic 

p- 

value 

Age 70.2 (5.3) 68.3 (4.2) 68.7 (6.0)  F = 1.24 0.29 

Women (%) 17 (51.5) 18 (54.3) 19 (58.1)  χ2 = 0.46 0.80 

Years of Education 13.5 (2.3) 14.2 (2.4) 14.5 (2.2) F = 1.68 0.2 

APOE ε4 Carriers (%) 9 (27.3) 8 (24.0) 9 (28.1) χ2 = 0.21 0.90 

VIQ 113.6 (7.1) 116.5 (7.4) 118.9 (6.9) F = 4.49 0.01* 

MoCA 25.7 (2.1) 26.2 (3.0) 26. 6 (2.2) F = 0.93 0.40 

Depression 2.4 (3.0) 1.6 (2.12) 1.7 (1.9) F = 0.95 0.39 

Anxiety 1.4 (1.3) 1.6 (1.79) 1.3 (1.3) F = 0.30 0.74 

Stress 3.7 (2.1) 3.6 (2.9) 3.7 (2.7) F = 0.03 0.97 

PA Duration  22.6 (22.4) 20.5 (14.6) 15.0 (7.9) F = 1.90 0.15 

PA Intensity 3.6 (1.0) 3.8 (0.7) 4.0 (0.8) F = 1.80 0.17 

Weight 73.1 (16.1) 75.7 (15.0) 70.3 (12.0) F = 1.17 0.32 

Height 167.5 (11.5) 170.9 (10.0) 166.4 (7.4) F = 1.97 0.15 

BMI 25.8 (3.7) 26.0 (3.9) 25.3 (3.4) F = 0.30 0.74 

Fitness Outcome Measure       

VO2peak (0.6; 0.4) 22.2 (6.3) 24.7 (6.8) 22.8 (5.9) F = 1.37 0.26 

Cognitive Outcome Measures 

Shifting (-0.1; 0.7) 61.3 (40.4) 53.9 (53.5) 47.0 (29.4) F = 0.94 0.40 

Updating/ WM (-1.3; 2.8) 1.32 (0.15) 1.32 (0.24) 1.34 (0.22) F = 0.19 0.82 

Inhibition (-0.5; -0.1) 7.9 (0.68) 7.9 (0.7) 8.1 (0.5) F = 1.31 0.28 

Verbal Generativity (0.1; -0.3) 41.7 (9.1) 46.9 (11.3) 48.8 (10.6) F = 4.04 0.02* 

NVR (0.4; -0.1) 64.7 (25.7) 52.2 (22.3) 56.6 (18.3) F = 2.68 0.07 

Note. Data are expressed as mean (± SD), except where otherwise stated. Skewness and Kurtosis 

denote post logarithmic transformation for Shifting and Non-Verbal Reasoning (NVR) measures. χ2 

is Pearson Chi-squared statistic, degrees of freedom (2); F: ANOVA statistic, degrees of freedom 
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(2, 96).  Physical Activity (PA) Duration and Intensity reflect self-report physical activity levels 

derived from the International Physical Activity Questionnaire.  PA duration is hours/week, PA 

intensity is metabolic equivalents (METs)/ duration. Shifting score is Trail Making Test-Part B 

minus Part A, time in seconds; updating/ working memory score is the CogState 1-back task, 

accuracy; inhibition score is the NIH Examiner Flanker task, Flanker composite score; generativity 

score is a composite of NIH Examiner phonemic and semantic fluency tasks; Non-verbal reasoning 

(NVR) score, is the Groton Maze Learning Task, errors. Abbreviations. APOE ε4, apolipoprotein ε4 

allele genotype; VIQ, Verbal Intelligence Quotient; MoCA, Montreal Cognitive Assessment; PA, 

physical activity; BMI, Body Mass Index; VO2peak, peak volume of oxygen uptake.  *p < 0.05; **p 

< 0.01 
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Table 3.2 

Observed raw mean difference compared with baseline of cognitive outcome measures and 

cardiorespiratory fitness over 18-months for high-intensity exercise intervention participants, 

moderate-intensity exercise intervention participants, and control participants 

Measure Mean 

(SD) 

N High Intensity            

Mean (SD) 

N Moderate 

Intensity         

Mean (SD) 

N Controls                               

Mean (SD) 

F  

(df) 

p-value 

Cognitive Variables         

Shifting         

          6-Months  33 +1.71 (42.45) 34 -9.71 (33.22) 32 -4.37 (27.97) 0.64  0.99 

          18-Months 33 +2.34 (32.67) 34 -4.24 (54.01) 32 -2.78 (33.80) (4, 88.4)  

Updating/ WM         

          6-Months  33 +0.02 (0.18) 34 +0.06 (0.24) 32 +0.05 (0.20) 0.84 0.50 

          18-Months 33 +0.05 (0.15) 34 0.02 (0.17) 32 +0.02 (0.22) (4, 114.4)  

Inhibition         

          6-Months  33 +0.19 (0.66) 34 +0.30 (0.66) 32 +0.15 (0.57) 0.31 0.87 

          18-Months 33 +0.23 (0.74) 34 +0.36 (0.58) 32 +0.32 (0.48) (4, 100.3)  

Verbal Generativity         

          6-Months  33 +1.55 (7.97) 34 +1.16 (6.44) 32 -0.90 (6.61) 0.62 0.65 

          18-Months 33 +2.0 (8.68) 34 +1.21 (6.02) 32 -0.57 (6.94) (4, 93.9)  

NVR         

          6-Months  33 -0.76 (32.00) 34 +0.68 (21.70) 32 -2.67 (17.74) 0.10 0.98 

          18-Months 33 -5.14 (18.17) 34 -7.0 (15.90) 32 -7.89 (16.29) (4, 102.0)  

Fitness Variables          

VO2peak         

          6-Months  33 +5.40 (3.83) 34 +3.02 (3.17) 32 +0.55 (2.89) 10.23 <0.001** 

          18-Months 33 +0.78 (3.61) 34 -1.43 (3.12) 32 - 0.99 (3.85) (4, 87.0)  

Note. Raw data are expressed as mean (± SD), except where otherwise stated. F: Linear Mixed 

Model statistic; df is degrees of freedom (numerator degrees of freedom; denominator degrees of 

freedom). Shifting score denotes Trail Making Test-Part B minus Part A, time in seconds  (higher 
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scores = poorer performance); updating/ working memory (WM) score denotes the CogState 1-

back task, accuracy; inhibition score denotes the NIH Examiner Flanker task, Flanker composite 

score; generativity score denotes a composite of NIH Examiner phonemic and semantic fluency 

tasks; Non-verbal reasoning (NVR) score, denotes the Groton Maze Learning Task, errors (higher 

scores = poorer performance); VO2peak is peak volume of oxygen uptake. *p < 0.05; **p < 0.01 
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Table 3.3 

Observed associations between change in pre-to-post 6-month exercise intervention 

cardiorespiratory fitness and executive function subdomains, assessed separately for intervention 

and control group participants  

 Control  

Participants  

n = 25 

 Intervention 

Participants  

n = 60  

Measure β Rs-p  p-value  β Rs-p p-value 

Shifting -0.19 -0.16 0.42  0.60 0.06 0.68 

Updating/ WM -0.16 -0.13 0.55  0.37 0.34     0.01** 

Inhibition -0.20 -0.17 0.42  0.25 0.23 0.08 

Verbal Generativity -0.19 -0.16 0.48  0.30 0.28   0.03* 

Non-verbal Reasoning -0.38 -0.31 0.12  0.08 0.07 0.59 

Note. Change assessed through residual scores estimated from linear regression analysis that 

predicted post-intervention VO2peak/ Executive Function from pre-intervention VO2peak/ Executive 

Function. Analyses conducted by way of linear regression modelling. β = Standardized Beta 

Weight; rs-p = semi-partial correlation. Degrees of freedom for the control group analyses: (4, 20); 

Degrees of freedom for the intervention groups analyses (4, 55).  Model adjusted for age, gender, 

and education level. Cardiorespiratory fitness measured as VO2peak, peak volume of oxygen uptake; 

shifting score is Trail Making Test-Part B minus part A, time in seconds; updating/ working 

memory (WM) score is the CogState 1-back task, accuracy; inhibition score is the NIH Examiner 

Flanker task, Flanker composite score; generativity score is a composite of NIH Examiner 

phonemic and semantic fluency tasks; Non-verbal reasoning score, is the Groton Maze Learning 

Task, errors. *p < 0.05; **p < 0.01 
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Figure 3.1 

Flowchart of participants in high-intensity exercise intervention, moderate intensity exercise 

intervention, and control groups from screening to 18-month follow-up 
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Figure 3.2 

Change in cardiorespiratory fitness was associated with change in updating/ working memory and 

verbal generativity from pre- to post 6-month exercise intervention in exercise intervention group 

participants after controlling for age, gender and education level 
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Table 3.4 (Supplementary Table) 

Outline of assessments, outcome measures, and timeline of the study 

Assessment Tool  Screen Baseline 6-months 18-months Outcome Measure Notes 

Primary Executive Function Outcome Measures 

TMT-B  X X X Shifting  

Total Time (Seconds; 0-300s) 

 Score  Performance 

Cogstate 1-Back   X X X 

Updating/ Working 

Memory 

  Total Score (0 - 1.6)                 

 Score =  Performance 

NIH Flanker Task  X X X Inhibition 

  Total Score (0 - 10)                 

 Score =  Performance 

NIH Fluency Task  X X X Verbal Generativity 

  Total Score (0 - ∞)                 

 Score =  Performance 

Cogstate Groton 

Maze Task   X X X Non-verbal Reasoning 

  Total Score (0 - ∞)                 

 Score =  Performance 

Covariates and Descriptive Data 

Cardiorespiratory 

Fitness (VO2peak)  X X X VO2peak 

  Total Score                            

 Score =  Fitness 

VIQ  X   Premorbid Intelligence 

Total Score                            

 Score =  Performance 

MoCA X X X X Global Cognition  

  Total Score (0-30)                 

 Score =  Performance 

DASS X X X X 

Mood (Depression/ 

Anxiety/ Stress) 

Total Score D/A/S (0-21)                   

 Score =  Mood 

Height, Weight & 

BMI  X X X 

Height (cm) and 

Weight (kg) 

  Total Score                            

 Score =  Height/ Weight/ 

BMI 
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Medical History/ 

Medication X   X 

Past and current 

medical conditions/ 

medications  

Demographic 

Information X    

Age, Gender, Education 

Level   

APOE Genotyping  X   APOE ε4 allele carriage Binary: Yes/ No 

Questionnaires 

IPAQ X X X X 

Self-report Duration 

and Intensity of 

Physical Activity 

Regimen  

  Total Score                           

 Score =  Duration and 

Intensity  

Note. 6-month timepoint is directly post intervention; 18-month timepoint is one year post intervention. Abbreviations. TMT-B, trail making test part 

B; NIH, National Institute of Health; VO2peak, peak volume of oxygen uptake; VIQ, Verbal Intelligence Quotient; MoCA, Montreal Cognitive 

Assessment; DASS, Depression, Anxiety, Stress Scale; BMI, Body Mass Index; APOE, apolipoprotein ε4 allele genotype; IPAQ, International 

Physical Activity Questionnaire 
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Purpose Statement 

In chapter three, we were able to longitudinally replicate and extend upon the findings of the 

cross-sectional study reported on in chapter two. We again report an association between 

cardiorespiratory fitness and verbal generativity (fitness uniquely accounting for 7.8% of the 

variance), as well as an association for updating/ working memory (fitness uniquely accounting for 

11.6% and of the variance). However, while the associations reported in chapter two were cross-

sectional, the association reported in chapter three represents experimentally induced individual 

change in both cardiorespiratory fitness and EF for intervention group participants only. There were 

no significant results for any of the EF subdomains measured at a group level. Based on the studies 

reported in chapters two and three, in addition to the findings of previous studies reporting both 

neurocognitive and neurostructural benefits of physical activity and exercise, in chapter four we 

sought to assess the effect of the intense exercise intervention (vs. moderate exercise and control) 

on the frontal lobe grey matter volume associated with the EFs in our sample of cognitively normal 

older adults.   
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CHAPTER FOUR: The Effect of Exercise Intensity and Cardiorespiratory Fitness on Frontal 

Lobe Grey Matter Volume in Cognitively Normal Older Adults: A Randomized Controlled 

Trial 
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Abstract 

Objective: Exercise has been found to be important in maintaining neurocognitive health. 

However, the effect of exercise intensity level remains relatively underexplored. Thus, to test the 

hypothesis that high-intensity exercise and cardiorespiratory fitness (peak aerobic capacity; VO2peak) 

increase grey matter volume, we examined the effect of a 6-month exercise intervention on frontal 

lobe grey matter regions that support the executive functions in older adults. 

Methods: Ninety-eight cognitively normal participants (age = 69.06 ± 5.2 years; n = 54 female) 

were randomized into either a high-intensity cycle-based exercise intervention group, a moderate-

intensity cycle based exercise intervention group, or no-intervention control group. Participants 

underwent MRI and fitness assessment pre-intervention, immediately post-intervention, and 12-

months post-intervention.  

Results: The intervention was found to increase fitness in the exercise groups, as compared with the 

control group (F = 9.88, p < 0.001). Changes in pre- to post-intervention fitness were associated 

with increased volume in the right frontal lobe (β = 0.29, p = 0.036, r = 0.27), right supplementary 

motor area (β = 0.30, p = 0.031, r = 0.29), and both right (β = 0.32, p = 0.034, r = 0.30) and left 

gyrus rectus (β = 0.30, p = 0.037, r = 0.29) for intervention, but not control participants. No 

differences in volume were observed across groups.  

Conclusions: Experimentally-induced changes in individual fitness were positively associated with 

frontal grey matter volume in our sample of older adults. However, at an aggregate level, 6-months 

of high- or moderate-intensity exercise did not increase frontal grey matter volume. These results 

provide novel evidence of individual variability in exercise-induced fitness on brain structure.  
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The Effect of Exercise Intensity and Cardiorespiratory Fitness on Frontal Lobe Grey Matter 

Volume in Cognitively Normal Older Adults: A Randomized Controlled Trial 

Cognitive decline and brain atrophy are often considered common characteristics of the ageing 

process (Erickson, Leckie, & Weinstein, 2014). However, not all cognitive processes or brain 

regions are equally affected. Indeed, the frontal brain regions that support the cognitive domain of 

executive functions (EF) appear to be particularly vulnerable to the effects of advancing age (Fjell 

& Walhovd, 2010). EFs comprise higher order cognitive functions such as shifting, updating/ 

working memory, inhibition, verbal generativity, and non-verbal reasoning (see Fisk & Sharp, 

2004; Frost et al., 2019; Lezak, 2012; Miyake & Friedman, 2012 for detailed descriptions of these 

EF subdomains). It is unsurprising, then, that age-associated EF declines can affect quality of life 

and functional independence (Davis, Liu-Ambrose, Marra, & Najafzadeh, 2010). Promisingly, 

physical activity has been found to be important in maintaining neurocognitive health (Hertzog, 

Kramer, Wilson, & Lindenberger, 2008; Stillman, Esteban-Cornejo, Brown, Bender, & Erickson, 

2020). Moreover, it appears that the most age-vulnerable frontal brain regions are most amenable to 

physical activity-related neuroprotective factors and plasticity (the ability of the brain to undergo 

biological changes as a result of intrinsic or extrinsic stimuli; Erickson et al., 2014).  

Physical Activity, Cardiorespiratory Fitness, and Frontal Brain Health 

Although interventional research examining the effect of exercise on neuroimaging-derived 

brain parameters is relatively sparse, studies have demonstrated exercise-induced frontal volume 

benefits, disproportionate to other brain regions (Colcombe & Kramer, 2003; Erickson et al., 2014; 

Weinstein et al., 2012). Colcombe and colleagues (2006) demonstrated increased prefrontal grey 

matter volume in older adults (60-79 years) following an aerobic walking exercise intervention, 

whereas the control group (stretching and toning) showed decline in the same brain region. 

Congruently, Ruscheweyh and colleagues (2011) reported increased prefrontal grey matter volume 

in those in an aerobic walking intervention, compared to control, in a slightly younger population 

(50-78 years). 
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Cardiorespiratory fitness is an objective measure of aerobic capacity, modifiable by 

participation in regular physical activity. However, it is not in and of itself a measure of physical 

activity levels, and is considered functionally separate when it comes to neurocognitive benefits 

(Erickson et al., 2014). However, similar to the physical activity research, cardiorespiratory fitness 

shows a robust association with frontal brain volume. Since the seminal Colcombe et al. study 

(Colcombe et al., 2003) that reported the first empirical confirmation of the relationship between 

cardiorespiratory fitness and frontal brain volume, many others have corroborated this finding 

(Alosco et al., 2013; Bugg & Head, 2011; Flöel et al., 2010). However, while both cardiorespiratory 

fitness and general participation in physical activity have been found to be predictive of greater 

frontal grey matter volume, the effect of physical activity intensity on grey matter volume still 

remains relatively underexplored.  

In summary, there is clear evidence to suggest that exercise and cardiorespiratory fitness are 

associated with frontal neuroprotective benefits. However, the role of exercise intensity is, as yet, 

unexplored. Thus, to extend knowledge on the nature of the relationship between exercise and 

frontal brain grey matter volume in older adults, we have examined the effect of a systematically 

manipulated exercise intervention (high-intensity vs. moderate-intensity vs. control) on structures 

within the frontal lobe. We also examined the longevity of any observed effects at 12-month post-

intervention follow-up. We hypothesized that there would be an increase in frontal grey matter 

volume in the high-intensity and the moderate-intensity aerobic exercise groups, but not for the 

control group. We also hypothesized that this effect would be more pronounced for the high-

intensity exercise group as compared with the moderate intensity exercise group. Further, based on 

cognitive findings from our previous study (Frost et al., 2020) that reported an association between 

cardiorespiratory fitness and some EF cognitive subdomains, we aimed to assess the relationship 

between change in post-intervention cardiorespiratory fitness and change in change in frontal brain 

volume. These analyses were approached in an exploratory manner.   
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Methods 

Standard Protocol Approvals, Registrations, and Patient Consents 

The current study drew data from the single-blind randomized controlled trial (RCT), the 

Intense Physical Activity and Cognition (IPAC) study (Australian New Zealand Clinical Trials 

Registry number: ACTRN12617000643370). The study was approved by the Human Research 

Ethics Committees of Edith Cowan University and Murdoch University. All participants provided 

signed informed consent before enrolment into the study. Procedures of this RCT followed the 

principles of the Declaration of Helsinki for Human Rights. 

Participants and Design 

Comprehensive information about participants, recruitment, inclusion/ exclusion criteria, 

intervention, and outcome measures for the IPAC study have been detailed previously (Brown et 

al., 2017). Briefly, participants underwent cardiorespiratory fitness assessment and MRI at three 

timepoints: Baseline (pre-intervention), 6-months (directly post-intervention) and 18-months (12-

months post-intervention). Supplementary Table 4.4 provides information related to the timeline of 

all measurements, outcome measures, and interpretation of scores. As outlined in the CONSORT 

diagram (Figure 4.1), 228 potential participants were screened to exclude those with significant 

cognitive impairment, i.e., (<26 on the Montreal Cognitive Assessment and results of the baseline 

cognitive assessment; Nasreddine et al., 2005). Additionally, participants were between 60-80 

years, did not have any uncontrolled medical conditions known to influence cognitive function, and 

did not regularly engage in high intensity exercise, as evaluated by an Exercise and Sports Science 

Australia (ESSA) accredited exercise physiologist.  

One-hundred and eight participants were successfully recruited and attended at least one 

baseline assessment appointment. Based on power calculations, a sample size of 30 per group was 

required to detect (with 80% power; α = .05; 2-sided; Cohen’s d: 0.25; small effect size) variance 

between the intervention and control groups. Our recruitment sample (N = 108) allowed for a ~15% 
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attrition rate from baseline to post-intervention follow-up. Nine participants were withdrawn prior 

to baseline completion due to incomplete cognitive data or a baseline cognitive assessment 

suggestive of mild cognitive impairment. One participant was withdrawn from the study due to 

missing imaging data. Participants who completed baseline (N = 98) were randomized, via 

computer-generated block randomisation, into either a high-intensity exercise, moderate-intensity 

exercise, or control (no exercise) group. Table 4.1 summarizes the demographic, clinical, and brain 

volumetric characteristics of participants by group. 

Cardiorespiratory Fitness Measurement  

As detailed previously (Brown et al., 2017; Frost et al., 2020), the measure for 

cardiorespiratory fitness was VO2peak. Cycle-based assessment required participants to pedal against 

increasing resistance until volitional fatigue. Heart rate was recorded continuously and expired 

ventilation was assessed at 15-second mean values, using a Parvo TrueOne (ParvoMedics, USA) 

metabolic cart, for the measurement of rate of oxygen consumption (VO2) and carbon dioxide 

production (VCO2). VO2peak was classified as the highest 15 second mean VO2 value obtained 

during the last two minutes of the test. Additionally, participants must have reached a maximal 

heart rate greater than 85% of their age predicted maximum (i.e., (220 – age) * 0.85) and a 

respiratory exchange ratio (VCO2/VO2) greater than 1.15 (Brown et al., 2017).  

Structural MRI Segmentation and Frontal Lobe Region of Interest (ROI) Grey Matter 

Volume Measurement  

MRI acquisition was performed at all three timepoints using two 3T scanners (Magnetom 

Verio 12-channel CP Head Matrix and Vida 20-Channel Head/Neck Coil with CoilShim, Siemens, 

Erlangen, Germany).  

Only a subset of participants at 18-month follow-up were scanned using the 3T Vida scanner. 

In order to estimate the scanner effect on the volumetric measurement, repeated MRI scans were 

acquired from 18 participants using both scanners. T1-weighted structural brain images were 
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acquired with the magnetisation-prepared rapid gradient-echo (MPRAGE) sequence (TE/TR = 

2.52/1900 ms, flip angle = 9°, FoV = 250 mm, 1.00 mm slice thickness, 176 slices).  

The 3D T1-weighted MPRAGE images were first segmented into grey matter, white matter 

and cerebrospinal fluid using an in-house implementation of the expectation maximization 

algorithm (Van Leemput, Maes, Vandermeulen, & Suetens, 1999). Topological constraints were 

applied to force grey matter to be a continuous layer covering the white matter, and grey matter 

segmentation was also topologically corrected in deep sulci (Rueda et al., 2010).  

The brain parcellation was performed on cortical and sub-cortical regions based on the 

Automated Anatomic Labelling (AAL) parcellation atlas using Learning Embeddings for Atlas 

Propagation (LEAP) following the work of Wolz et al. (Wolz, Aljabar, Hajnal, Hammers, & 

Rueckert, 2010). This method relies on the construction of an affinity matrix that captures the 

similarity between each pair of images in the atlas database (M = 20 atlases used here), and 

therefore, minimizes the amount of deformation required for segmentation propagation. The AAL 

brain parcellation provided the ROI for quantifying regional GM volumes (in centimetres cubed; 

Boccardi et al., 2015), with CurAIBL (https://milxcloud.csiro.au/) providing the MRI pipeline used 

for the analysis.  

The ROI volumetric measures from 18-month follow-up image data were adjusted for a 

scanner effect using the repeated MRI scans (n = 18) from both scanners. For each ROI, a linear 

regression model was fitted to volumetric data in this subset in order to estimate the scanner effect. 

The estimated model was then used to correct volumetric measures from MR images acquired from 

the 3T Vida scanner for the remainder of participants. Good agreement was observed for volumetric 

measures of all the selected ROIs from the two different scanners (Pearson’s r > 0.95, p < 0.001). 

Frontal ROIs within this study were bilateral measurements of the total frontal lobe, prefrontal 

cortex (a composite of superior, middle, and inferior frontal gyri; Harms et al., 2010), precentral 

gyrus, rolandic operculum, supplementary motor area (SMA), gyrus rectus, and paracentral lobule. 
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Covariates 

Participants completed questionnaires to attain demographic data, medical history, 

medications, alcohol consumption, smoking status, mood, and physical activity characteristics. To 

determine Apolipoprotein E (APOE) genotype (i.e., 4 allele carriage), blood was drawn at baseline 

and analysed using standard procedures previously described (Brown et al., 2017). Additionally, 

global brain size was used as a covariate for analyses of regional grey matter volumes.  

Intervention 

The intervention protocols and exercise intensity level descriptions have been outlined in 

detail previously (Brown et al., 2017). Briefly, participants randomized to an intervention group 

completed 6-months of either a moderate- or high-intensity cycling program consisting of two 

sessions per week at 50-minutes per session. Exercise was completed on a cycle ergometer 

(WattbikePro; Wattbike, Australia) allowing accurate assessment of intensity level (Wattage). 

Additionally, radiotelemetric heart rate monitors (Garmin HRM1G, Garmin, USA) were used to 

assess physiological intensity.  

Participants in the control group were invited to an information session on the benefits of 

diet and exercise in relation to neurocognitive ageing; however, these individuals did not receive 

any other exercise-related instruction or intervention (Brown et al., 2017).  

Statistical Analyses 

All brain ROI volume and fitness (VO2peak) measurements were considered sufficiently 

normally distributed (skew <|2.0|) for the purposes of parametric analyses (Mallery & George, 

2016). Descriptive statistics were used to summarize data. Analysis of Variance (ANOVA) and χ2 

statistics were used to compare baseline characteristics of participants randomly assigned to the 

three study groups (high-intensity, moderate-intensity, control; see Table 4.1).  
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Group Effect on Cardiorespiratory Fitness and Frontal ROI Grey Matter Volume 

An intention-to-treat analysis was conducted to examine the effect of the intervention on 

VO2peak and frontal brain ROI volumes (Mohammady, Sadeghi, & Janani, 2017), using linear mixed 

models (group*time). Participants were treated as a random effect. Secondary analyses of the 

outcome measures included only participants who had adhered to the intervention as per protocol 

(i.e., those participants in the high- and medium-intensity intervention groups who attended >75% 

of supervised exercise sessions) and control participants. Global brain volume, age, gender, and 

education level were entered into all linear mixed models as covariates. No adjustment was made 

for multiple comparisons as the dependent variables were highly inter-correlated: average r = 0.60. 

Consequently, the familywise error rate could not be considered 0.05*14 given that analyses were 

not independent tests. Accordingly, using standard adjustments (e.g., Bonferroni) would be 

considered too conservative, increasing the risk of a Type 2 error (Banerjee, Chitnis, Jadhav, 

Bhawalkar, & Chaudhury, 2009).  

Changes in Cardiorespiratory Fitness and Frontal ROI Grey Matter Volume 

Post-hoc, exploratory analyses examined the associations between change in pre-to-post 

intervention fitness (VO2peak) and change in pre-to-post intervention brain ROI volume. These 

analyses were conducted separately for control group and intervention group participants for which 

there were valid baseline and 6-month follow-up data (intervention group participants: n = 57; 

control group participants: n = 24). Change in VO2peak and frontal brain ROI volume was assessed 

through residual scores estimated from linear regression analysis that predicted post-intervention 

VO2peak/ brain ROI volume from pre-intervention VO2peak/ brain ROI volume. Outliers (n = 1 for 

VO2peak in the control group) were identified based on criteria outlined by Hoaglin and Iglewicz 

(1987) and subsequently Winsorized (Reifman & Keyton, 2010) by way of next highest/ lowest 

data point +/- one increment (i.e., 1 or 0.1 as appropriate). Exploratory analyses were performed by 

way of linear regression models. Age, gender, education level, and baseline global brain volume 
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were entered as covariates. All statistical analyses were performed using SPSS (version 26; SPSS 

Inc., Chicago, IL, 2019). Alpha was set at 0.05 and all reported results are two-tailed. 

Results 

 The CONSORT diagram (Figure 4.1) summarizes the flow of study participants from 

screening through to 18-month follow up. By the end of the 6-month intervention period (follow-up 

directly post-intervention) six participants had withdrawn from the study. At the 18-month follow 

up (12-months post-intervention) assessment a further six participants were withdrawn. Table 4.1 

summarizes baseline demographic, clinical, fitness, and brain ROI volume characteristics across 

groups for all study participants according to group allocation at randomization.  

 An intervention adherence assessment study showed that participants randomized to the 

high-intensity exercise group adhered to the exercise sessions as outlined in the protocol (Brown et 

al., 2017) at a mean of 85.5% (SD = 12.45; range = 50% - 100%), while those randomized to the 

moderate-intensity exercise group adhered to the exercise sessions at a mean of 86.29% (SD = 9.82; 

range = 59.62% - 100%). Intervention adherence did not differ between the groups when analysed 

by way of analysis of variance (ANOVA; F (1, 60) = 0.08, p = 0.778). 

Effect of Intervention Group on Cardiorespiratory Fitness and Frontal ROI Grey Matter 

Volume 

Change in scores from pre- to post intervention (6-months post baseline), and again at 12-

months post-intervention (18-months post baseline) measurement are presented in Table 2. 

Cardiorespiratory fitness levels differed across groups; high-intensity and moderate intensity > 

control from pre- to post-intervention follow up. There were no significant group differences from 

pre-intervention to 12-month post-intervention follow-up, or group*time effects for any of the 

frontal ROIs (see Table 4.2).  

Secondary analyses (i.e., per protocol analyses) again revealed that cardiorespiratory fitness 

differed at a group level (F (4, 76.3) = 10.93, p < 0.001); high-intensity and moderate intensity > 
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control from pre- to post-intervention. Again, there were no group*time effects for any of the brain 

ROIs (all ps > 0.10).  

Change in Cardiorespiratory Fitness and Frontal ROI Grey Matter Volume 

Results from post-hoc, exploratory analyses on the association between change in pre-to post-

intervention (6-months) cardiorespiratory fitness and ROI volume are presented in Table 4.3. There 

were no associations observed for the control group. Conversely, significant associations were 

observed between change in cardiorespiratory fitness and right frontal lobe volume, right SMA 

volume, right gyrus rectus volume, and left gyrus rectus volume for intervention group participants 

(Figure 4.2 and Figure 4.3). Specifically, greater increases in fitness were associated with greater 

increases in frontal lobe volumes.  

Discussion 

In the current study, we examined the effect of a systematically manipulated exercise 

intervention (high-intensity vs. moderate-intensity vs. control) on frontal lobe grey matter volume in 

a group of cognitively normal older adults. We did not observe group-level differences in brain 

volume after intervention. However, we found associations between improved cardiorespiratory 

fitness and increased volume of the right frontal lobe, right SMA, and bilateral gyrus rectus from 

pre- to post-intervention for participants who completed the intervention. These findings 

complement and extend existing research on the benefits of exercise-induced fitness on brain 

structure (Colcombe et al., 2006; Flöel et al., 2010; Weinstein et al., 2012). Prior research has found 

the right frontal lobe to be implicated in the EF abilities of shifting, verbal generativity (Davidson, 

Gao, Mason, Winocur, & Anderson, 2008) and inhibition (Chow, 2000). Additionally, the SMA has 

been associated with updating/ working memory (Cañas, Juncadella, Lau, Gabarrós, & Hernández, 

2018). The neurocognitive functions mediated by the gyrus rectus remain relatively unclear; 

however, there is emerging evidence for its involvement in the EF subdomain of inhibition 

(Knutson et al., 2015).  
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Human and animal studies suggest that exercise-induced fitness contributes to neuron 

proliferation, growth of capillary beds, and restoration of dendritic spines. Indeed, rodent studies 

have found that voluntary wheel-running increases dendritic spine density in frontal brain 

structures, as well as expression of synaptic plasticity markers e.g., synaptophysin and postsynaptic 

density protein 95 (Brockett, LaMarca, & Gould, 2015), brain-derived neurotrophic factor (BDNF; 

Hopkins, Nitecki, & Bucci, 2011), and gliogenesis (Mandyam, Wee, Eisch, Richardson, & Koob, 

2007). Similarly, human studies have shown aerobic exercise to induce increased circulating growth 

factors such as BDNF (Cotman & Berchtold, 2002), insulin-like growth factor-1 (Stein et al., 2018), 

and vascular endothelial growth factor (Izzicupo et al., 2017). Importantly, neurotrophic factors 

have properties that could underlie the beneficial effect of exercised-induced fitness on brain health. 

These growth factors have been found to support the survival and growth of many neuronal 

subtypes (Barde, 1994), and facilitate synaptic efficacy, neuronal connectivity, and neurocognitive 

plasticity (McAllister, Katz, & Lo, 1999; Schinder & Poo, 2000). Thus, our current findings 

highlight the potential importance of exercise-induced fitness in not only delaying age-related 

neurodegeneration, but also as a potential mechanism to reverse some age-related structural loss in 

older adults.  

Although we reported an association between exercise-induced fitness changes and 

increased brain volume, we did not observe differences in grey matter frontal lobe volumes between 

our study groups. This finding is in contrast with a number of previous works (Colcombe et al., 

2006; Erickson et al., 2011). Our null group findings may be explained by a number of factors. Our 

intervention was based on public health recommendations of 90-100 minutes per week of vigorous 

exercise for physical health benefits, and was duration matched between groups to evaluate the 

consequence of exercise intensity (Füzéki & Banzer, 2018). Perhaps, based on Colcombe et al.’s 

(2006) intervention study that reported structural frontal brain benefits after 6-months of 180-

weekly minutes of moderate-intensity aerobic exercise, our intervention’s weekly duration fell 

under the threshold required to induce structural change at an aggregate level. Correspondingly, 



   101 

 

other studies reporting benefits of aerobic exercise on non-frontal brain grey matter in older adults 

assessed longer overall exercise interventions, compared with ours (i.e., one-year vs. 6-months; 

Erickson et al., 2011; Niemann, Godde, & Voelcker-Rehage, 2014).   

Additionally, the participants in our study were both cognitively and physically high-

functioning. Mean education level for our cohort was 14.05 years, which is greater than ~50% of all 

adults in Australia (Australian Bureau of Statistics; ABS, 2016). Accordingly, grey matter volume 

in our participants may have already been augmented to a degree, beyond which the additive 

benefits of our intervention could not be detected (Arenaza-Urquijo et al., 2013). Similarly, while 

we excluded participants who were above a certain threshold of pre-intervention exercise, mean 

baseline body mass index (BMI; a measure used to determine whether an individual is in a healthy 

weight range for their height) for our participants was 25.6. Although this mean falls just within the 

‘overweight category’, research conducted by Winter et al., argues that BMI thresholds for the 

‘healthy range’ used for young and middle-aged adults are set too low to measure a healthy BMI in 

older adults (Winter, MacInnis, Wattanapenpaiboon, & Nowson, 2014). This is particularly relevant 

given the results reported by Hamer and Batty (2019), whereby individuals with higher BMI had 

lower grey matter volume, as compared to those with lower BMIs. Thus, it is conceivable that we 

may have seen clearer neurostructural group benefits of our exercise intervention in a ‘less healthy’ 

or a more ‘cognitively vulnerable’ population.  

Limitations 

The results reported here should be interpreted in the context of some potential limitations. 

First, as is the case for many RCTs, our study cohort was fairly homogenous in sociodemographic 

features: most participants were Caucasian, of high socioeconomic status, cognitively high-

functioning and well-educated. However, in an effort to counter the effects of studying such a 

homogenous group, we controlled for global brain volume and education level. Additionally, study 

of structural changes alone does not necessarily account for changes in cognitive performance. It is 

possible that changes at a functional level may account for some, or all, of such changes. Finally, 
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given the high inter-correlations of the dependent variables, analyses within this study were not 

adjusted for multiple comparisons in order to maintain the familywise error rate at 0.05.  To err on 

the side of thoroughness and provide the reader with additional information on which to base 

conclusions, false discovery rate q-values were compared with the p-values reported on the 

associations between post-intervention cardiorespiratory fitness and brain volume; none remained 

significant. Therefore, there is a chance that some results reported here may represent a Type 1 

error. Consequently, we encourage further replication of these results in similar populations.   

Summary, Conclusions, and Future Directions 

Here, we report associations between increased individual cardiorespiratory fitness and the 

frontal lobe volumes of the right frontal lobe, right SMA, and bilateral gyrus rectus from pre- to 

post-intervention. These frontal lobe ROIs have been associated with a broad range of EFs: shifting, 

verbal generativity, inhibition and updating/ working memory. Previous work suggests that the 

mechanism underlying neurocognitive benefits of cardiorespiratory fitness is based in stimulation of 

human neurotrophic factors, which in turn induce neural protection and regeneration. Thus, our 

current findings highlight the potential importance of improved fitness in both delaying age-related 

neurodegeneration, and reversal of structural loss in older adults.   

We did not observe group-level differences in brain volume after intervention. The previous 

studies reporting such benefits typically use greater intervention duration (minutes per week) or 

length (weeks per intervention), or found the association to be dependent on other variables such as 

BMI. Future studies that aim to differentiate the effects of exercise intensity on brain volume may 

wish to consider an intervention of >100 minutes per week duration and/ or >6-months in length, 

and perhaps include investigation of the moderating effect of BMI. Finally, given that our exercise 

intervention showed limited effects in our generally high sociodemographic status and well-

educated sample, it may be prudent to conduct similar trials in sociodemographically diverse or 

clinically ‘at-risk’ populations. 
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Table 4.1 

Baseline demographics, clinical characteristics, and frontal brain regions of interest volumetrics  

Characteristic/ 

Measure  

High Intensity            

(n = 33) 

Moderate 

Intensity 

 (n = 34) 

Controls                       

(n = 31) Statistic (df) p  

Age 70.24 (5.32) 68.38 (4.24) 68.6 (5.95) F = 1.29 0.28 

Women (%) 17 (51.5) 18 (52.9) 19 (61.3) χ2  = 0.72 0.70 

Years of Education 13.48 (2.25) 14.21 (4.21) 14.5 (2.16) F = 1.66 0.20 

APOE ε4 Carriers (%) 9 (27.3) 8 (23.5) 9 (29) χ2  = 0.27 0.88 

Right Handed (%) 27 (81.8) 29 (85.3) 28 (90.3) χ2  = 4.58 0.60 

MoCA 25.73 (2.08) 26.18 (3.04) 26.61 (2.17) F = 1.02 0.37 

Depression 2.35 (3) 1.61 (2.12) 1.71 (1.90) F = 0.96 0.39 

Anxiety 1.35 (1.25) 1.58 (1.79) 1.29 (1.32) F = 0.33 0.72 

Stress 3.74 (2.08) 3.58 (2.91) 3.83 (2.67) F = 0.06 0.94 

PA Duration  22.57 (22.37) 20.45 (15.0) 14.80 (7.93) F = 1.95 0.15 

PA Intensity 3.62 (1.00) 3.78 (0.74) 4.03 (0.85) F = 1.84 0.16 

Weight 73.07 (16.06) 75.72 (14.97) 69.35 (11.47) F = 1.57 0.21 

Height 167.48 (11.48) 170.93 (9.97) 166.00 (7.41) F = 2.15 0.12 

BMI 25.80 (3.67) 25.97 (3.95) 25.09 (3.31) F = 0.50 0.61 

VO2peak 22.19 (6.29) 24.66 (6.79) 23.13 (5.77) F = 1.31 0.28 

Brain ROI Volumetric Measures 

Global 1551.63 (103.45) 1551.14 (132.91) 1483.04 (143.75) F = 3.04 0.05 

R frontal lobe 72.16 (5.51) 73.42 (7.86) 70.12 (7.86) F = 1.74 0.18 

L frontal lobe 69.65 (4.88) 70.10 (6.9) 67.14 (7.20) F = 1.99 0.14 

R PFC 46.41 (3.41) 46.98 (5.40) 44.54 (5.01) F = 2.37 0.10 

L PFC 45.27 (2.86) 44.88 (4.67) 43.00 (4.61) F = 2.74 0.07 

R Pre-central Gyrus 1.14 (0.20) 1.19 (0.20) 1.32 (0.24) F = 1.92 0.15 

L Pre-central Gyrus 1.36 (0.24) 1.38 (0.24) 1.42 (0.26) F = 0.97 0.38 

R Rolandic Operculum 0.45 (0.08) 0.67 (0.11) 0.68 (0.12) F = 1.73 0.18 

L Rolandic Operculum 0.51 (0.09) 0.74 (0.13) 0.71 (0.13) F = 2.15 0.12 
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R SMA 0.83 (0.14) 0.72 (0.12) 1.01 (0.18) F = 0.05 0.95 

L SMA 0.73 (0.13) 0.62 (0.11) 0.86 (0.15) F = 0.80 0.45 

R Gyrus Rectus 0.37 (0.06) 0.48 (0.08) 0.42 (0.08) F = 0.89 0.41 

L Gyrus Rectus 0.24 (0.04) 0.31 (0.05) 0.30 (0.05) F = 0.16 0.85 

R Pre-central Lobule 0.71 (0.12) 0.49 (0.08) 0.87 (0.16) F = 0.42 0.66 

L Pre-central Lobule 0.48 (0.08) 0.36 (0.06) 0.39 (0.07) F = 1.08 0.34 

Note. Data are expressed as mean (± SD), except where otherwise stated. χ2 is Pearson Chi-squared 

statistic, degrees of freedom (2); F: Analysis of variance (ANOVA) statistic, degrees of freedom (2, 

95). p = probability value.  Handedness: Right, left, ambidextrous, or corrected right. Physical 

Activity (PA) Duration and Intensity reflect self-report physical activity levels derived from the 

International Physical Activity Questionnaire.  PA duration is hours/week, PA intensity is metabolic 

equivalents (METs)/ duration; Brain ROI volume measured in cm3; Global is the total volume of all 

brain regions. Abbreviations. APOE ε4, apolipoprotein ε4 allele genotype; MoCA, Montreal 

Cognitive Assessment; PA, physical activity; BMI, Body Mass Index; VO2peak, peak volume of 

oxygen uptake; ROI, region of interest; R, right; L, left; PFC, prefrontal cortex; SMA, 

supplementary motor area.*p < 0.05. **p < 0.01  
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Table 4.2 

Observed raw mean difference compared with baseline of brain regions of interest volumetric 

measures and cardiorespiratory fitness over 18-months for high-intensity exercise intervention 

participants, moderate-intensity exercise intervention participants, and control participants 

Measure High Intensity            

Mean (SD) 

 

n = 33 

Moderate 

Intensity         

Mean (SD) 

n = 34 

Controls                               

Mean (SD) 

 

n = 31  

F 

(df) 

p 

Brain ROI Volumetric  Variables (cm3) 

R frontal lobe      

          6-Months  -0.17 (1.89) -0.74 (1.63) -0.20 (1.43) 1.17 0.33 

          18-Months 0.24 (1.92) -0.11 (1.83) 1.00 (3.21) 4; 79.6  

L frontal lobe      

          6-Months  -0.50 (1.55) -0.65 (1.41) -0.08 (1.35) 1.00 0.41 

          18-Months 0.09 (1.54) 0.03 (1.53) 0.93 (2.98) 4; 77.8  

R PFC      

          6-Months  -0.02 (1.23) -0.43 (1.04) -0.08 (0.86) 1.43 0.23 

          18-Months 0.32 (1.28) -0.02 (1.15) 0.98 (2.81) 4; 77.5  

L PFC      

          6-Months  -0.19 (1.03) -0.37 (0.92) -0.02 (0.90) 0.93 0.45 

          18-Months 0.23 (1.09) -0.02 (1.00) 0.76 (2.64) 4; 76.9  

R Precentral Gyrus      

          6-Months  -0.08 (0.28) -0.14 (0.31) -0.03 (0.31) 1.35 0.26 

          18-Months -0.15 (0.30) -0.12 (0.38) -0.02 (0.37) 4; 80.2  

L Precentral Gyrus      

          6-Months  -0.15 (0.25) -0.14 (0.29) -0.02 (0.27) 1.78 0.14 

          18-Months -0.16 (0.24) -0.04 (0.34) 0.01 (0.39) 4; 79.3  

R Rol. Operculum      

          6-Months  -0.02 (0.09) -0.04 (0.11) -0.02 (0.07) 0.54 0.70 
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          18-Months 0 .02 (0.11) 0.00 (0.09) 0.05 (0.14) 4; 78.5  

L Rol. Operculum      

          6-Months  -0.04 (0.11) -0.04 (0.10) -0.02 (0.07) 0.49 0.73 

          18-Months 0.01 (0.09) 0.02 (0.10) 0.00 (0.14)  4; 63.1                              

R SMA      

          6-Months  -.03 (0.18) -0.06 (0.17) -0.03 (0.14) 0.67 0.62 

          18-Months 0.01 (0.21) 0.031 (0.16) -0.02 (0.31) 4; 75.6  

L SMA      

          6-Months  -0.07 (0.13) -0.07 (0.15) -0.00 (0.13) 1.59 0.19 

          18-Months 0.02 (0.20) 0.05 (0.17) 0.09 (0.23) 4; 78.9  

R Gyrus Rectus      

          6-Months  0.00 (0.08) -0.00 (0.11) -0.01 (0.06) 0.36 0.84 

          18-Months 0.03 (0.07) -0.00 (0.09) 0.02 (0.10) 4; 79.7  

L Gyrus Rectus      

          6-Months  -0.00 (0.07) -0.01 (0.06) -0.02 (0.04) 1.94 0.11 

          18-Months -0.01 (0.01) -0.01 (0.06) 0.03 (0.09) 4; 74.1  

R Paracentral Lobule      

          6-Months  -0.02 (0.15) -0.05 (0.14) -0.02 (0.14) 0.61 0.66 

          18-Months 0.00 (0.18) 0.02 (0.14) -0.00 (0.26) 4; 78.1  

L Paracentral Lobule      

          6-Months  -0.04 (0.09) -0.02 (0.09) -0.00 (0.08) 1.53 0.20 

          18-Months 0.00 (0.09) 0.04 (0.09) 0.05 (0.13) 4; 74.3  

Fitness Variables       

VO2peak      

          6-Months  5.40 (3.83) 2.52 (3.99) 0.36 (2.93) 9.88 <0.001** 

          18-Months 0.78 (3.61) -1.90 (4.07) -1.48 (3.61) 4; 91.4  

Note. Raw data are expressed as mean (± SD), except where otherwise stated. F: Linear Mixed 

Model statistic; df is degrees of freedom (numerator degrees of freedom; denominator degrees of 

freedom). Model adjusted for age, gender, education level, and global grain volume. 
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Abbreviations: R, right; L, left; PFC, prefrontal cortex; SMA, supplementary motor area; VO2peak, 

peak volume of oxygen uptake; SD, standard deviation. *p < 0.05; **p < 0.01 
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Table 4.3 

Associations between change in pre-to-post 6-month exercise intervention cardiorespiratory 

fitness and frontal brain region of interest volume assessed separately for intervention and control 

group participants  

 Control  

Participants  

n = 24  

 Intervention 

Participants  

n = 57  

Measure β rs-p  p  β rs-p p 

R frontal lobe 0.24 0.20 0.33  0.29 0.27 0.04* 

L frontal lobe 0.28 0.24 0.29  0.19 0.18 0.20 

R PFC 0.21 0.18 0.37  0.28 0.26 0.05 

L PFC 0.25 0.21 0.33  0.14 0.13 0.34 

R Precentral Gyrus 0.10 0.08 0.72  0.23 0.21 0.12 

L Precentral Gyrus 0.14 0.12 0.59  0.14 0.13 0.35 

R Rolandic Operculum 0.20 0.16 0.45  0.24 0.22 0.10 

L Rolandic Operculum 0.34 0.28 0.22  0.02 0.02 0.88 

R SMA 0.17 0.14 0.49  0.30 0.29 0.04* 

L SMA 0.42 0.35 0.09  0.26 0.24 0.09 

R Gyrus Rectus 0.46 0.37 0.06  0.32 0.30 0.03* 

L Gyrus Rectus -0.24 -0.20 0.27  0.30 0.29 0.04* 

R Precentral Lobule 0.25 0.21 0.32  0.22 0.20 0.08 

L Precentral Lobule 0.13 0.11 0.64  0.10 0.09 0.51 

Note. Change assessed through residual scores estimated from linear regression analysis that 

predicted post-intervention VO2peak/ ROI volume from pre-intervention VO2peak/ ROI volume. 

Analyses conducted by way of linear regression modelling. β = Standardized Beta Weight; rs-p = 

semi-partial correlation. Degrees of freedom for the control group analyses: (4, 19); Degrees of 

freedom for the intervention groups analyses (4, 52).  Model adjusted for age, gender, education 

level, and global (whole) brain volume; Cardiorespiratory fitness measured as VO2peak, peak volume 
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of oxygen uptake; Frontal Brain volume measured in cm3; β: Standardized Beta Weight; rs-p: semi-

partial correlation. Abbreviations: R, right; L, left; PFC, prefrontal cortex; SMA, supplementary 

motor area. *p < 0.05; **p < 0.01 
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Figure 4.1 

Flowchart of participants in high-intensity exercise intervention, moderate-intensity exercise 

intervention, and control groups from screening to 12-month post intervention follow-up 
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Figure 4.2 

Change in cardiorespiratory fitness was associated with change in Right frontal lobe, right supplementary motor area (SMA), right gyrus rectus, and 

left gyrus rectus from pre- to post 6-month exercise intervention in exercise intervention group participants after controlling for age, gender, 

education, and baseline global brain volume measurement 
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Figure 4.3 

Frontal brain areas associated with change in cardiorespiratory fitness post 6-month aerobic exercise intervention in coronal, axial, and sagittal view, 

respectively (blue: Right frontal lobe, green: Right supplementary motor area, yellow: Right gyrus rectus, orange: Left gyrus rectus) 
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Table 4.4 (Supplementary Table) 

Outline of assessments, outcome measures, and timeline of the study 

Assessment Tool  Screen 

Pre-

intervention 

Post-

intervention 

12-months 

Post-

intervention Outcome Measure Notes 

Primary Imaging Measures 

Grey Matter 

Volume (from T1, 

MPRAGE, and T2 

MRI) 
 

X X X 

Centimetres cubed 

(cm3) 

  ROI Volume                            

 cm3 =  Volume 

Primary Fitness Measures 

Cardiorespiratory 

Fitness (VO2peak)  X X X VO2peak 

  Total Score                            

 Score =  Fitness 

Covariates and Descriptive Data 

MoCA X X X X Global Cognition  

  Total Score (0-30)                 

 Score =  

Performance 

DASS X X X X 

Mood (Depression/ 

Anxiety/ Stress) 

Total Score D/A/S (0-21)                   

 Score =  Mood 

Height, Weight & 

BMI 
 

X X X 

Height (cm) and 

Weight (kg) 

  Total Score                            

 Score =  Height/ 

Weight/ BMI 
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Medical History/ 

Medication X 
  

X 

Past and current 

medical conditions/ 

medications 
 

Demographic 

Information X 
   

Age, Gender, Education 

Level  
 

APOE Genotyping  X   APOE ε4 allele carriage Binary: Yes/ No 

Questionnaires 

IPAQ X X X X 

Self-report Duration 

and Intensity of 

Physical Activity 

Regimen  

  Total Score                           

 Score =  Duration and 

Intensity  

Note. 6-month timepoint is directly post intervention; 18-month timepoint is one year post intervention. Abbreviations. MRI, magnetic resonance 

imaging; MPRAGE, magnetisation-prepared rapid gradient-echo; VO2peak, peak volume of oxygen uptake; MoCA, Montreal Cognitive Assessment; 

DASS, Depression, Anxiety, Stress Scale; BMI, Body Mass Index; APOE ε4, apolipoprotein ε4 allele genotype; IPAQ, International Physical Activity 

Questionnaire. 
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CHAPTER FIVE: General Discussion and Future Directions  
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Restating Rationale and Aims 

EF plays a vital role in determining functional competence in older adulthood (S. T. Chen, 

Sultzer, Hinkin, Mahler, & Cummings, 1998; Perry & Hodges, 2000). Thus, interventions that aim 

to slow or prevent EF decline in older adults have the potential to not only delay age-related 

cognitive decline, but to preserve overall quality of life, and independent living as well. Previous 

literature supports regular physical activity as a protective factor against EF decline and frontal lobe 

neurodegeneration (Colcombe & Kramer, 2003; Erickson, Leckie, & Weinstein, 2014). However, 

the nature of the relationship has yet to be fully characterised. Few studies have investigated the 

role of intensity in the relationship between physical activity and cognitive function, and none to 

our knowledge have comprehensively assessed these variables as related to EF. Thus, this 

interventional research thesis presents data on the effect of a six-month cycle-based exercise 

intervention (high-intensity vs. moderate-intensity vs. control) on cardiorespiratory fitness, 

comprehensively measured EF (including measures of shifting, updating, inhibition, verbal 

generativity, and Non-Verbal Reasoning), and associated frontal lobe grey matter volume.  

Summary of Studies and Key Findings 

Study One 

In study one (chapter two), we examined the association between objectively measured 

cardiorespiratory fitness (VO2peak), self-reported physical activity intensity, self-reported physical 

activity duration, and EF in a group of cognitively normal older adults. It was hypothesized that 

levels of physical activity intensity, time spent on physical activity, and cardiorespiratory fitness 

would be associated positively with scores on tests of EF. Furthermore, it was hypothesized that the 

observed associations with EF would be more pronounced for physical activity intensity and fitness, 

and less pronounced for duration. We found that cardiorespiratory fitness was positively associated 

with cognitive performance in the EF subdomains of shifting, verbal generativity and non-verbal 

reasoning. However, after controlling for age, gender, and education level, fitness only predicted 
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verbal generativity. No significant associations were observed between duration or intensity of self-

reported physical activity and EF in any of the subdomains.   

Study Two  

In study two (chapter three), we examined the effect of a systematically manipulated 

exercise intervention (high-intensity vs. moderate-intensity vs. control) on comprehensively 

measured EF subdomains (shifting, updating/ working memory, inhibition, verbal generativity, and 

non-verbal reasoning) in a group of cognitively normal older adults. The exercise intervention was 

found to increase cardiorespiratory fitness (VO2peak) in the intervention groups, as compared to the 

control group. However, at the aggregate level, we failed to find mean differences in EF scores 

between the high-intensity, moderate-intensity, or inactive control group. On the basis of change 

scores, cardiorespiratory fitness was found to associate positively with the EF subdomains of 

updating/ working memory, and verbal generativity for intervention, but not control participants. 

Study Three  

Finally, in study three (chapter four), we examined the effect of a systematically 

manipulated exercise intervention (high-intensity vs. moderate-intensity vs. control) on frontal lobe 

grey matter volume in a group of cognitively normal older adults. We failed to find mean 

differences in frontal grey matter volume between groups, post-intervention. However, change in 

post-intervention cardiorespiratory fitness was found to associate positively with change in grey 

matter volume in the frontal brain regions of right frontal lobe, right SMA, and both right and left 

gyrus rectus for intervention, but not control participants.  

Integrating Thesis Findings with the Existing Literature 

The results presented in this thesis both complement and extend the current literature on 

physical activity and EF.  
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The Effect of the Exercise Intervention on EF and Frontal Grey Matter Volume 

We did not observe an effect of exercise on EF, at a group level, which is consistent with 

Young et al.’s meta-analysis that assessed aerobic exercise interventions only (Young, Angevaren, 

Rusted, & Tabet, 2015); however, these results are dissimilar to those reported by Northey et al.’s 

meta-analysis, assessing a wide range of exercise variants in addition to aerobic exercise (e.g., tai 

chi and yoga; 2018). Additionally, the longitudinal findings on the effect of an exercise intervention 

on frontal lobe grey matter at a group level are in contrast with a number of previous works 

(Colcombe et al., 2006; Erickson et al., 2011). These collective findings suggest that the 

relationship between physical activity, EF, and frontal lobe grey matter volume may be more 

nuanced than simple physical exertion for some individuals.  

Possible reasons for our null group findings of the exercise intervention for both EF and 

frontal lobe grey matter volume have been discussed in detail within the respective chapters of this 

thesis. In summary, given the incongruent findings of the above-mentioned meta-analyses, as well 

as the findings of the current thesis, perhaps exercise interventions require an element of cognitive 

activity to induce neurocognitive change. Although exercise variants such as tai chi, yoga, and 

dancing require physical exertion, they also require a degree of higher order attention and cognitive 

processing (i.e., EFs). Indeed, Gheysen et al.’s meta-analysis (2018) found that enriching physical 

activities with cognitive challenges (e.g., tactical team games, dual-task exercises, dance, tai chi, 

and other related martial arts) induced larger gains in overall cognition, than those interventions of 

physical or cognitive activity alone (Gheysen et al., 2018). This premise is echoed in a number of 

other longitudinal studies. Witte et al. (Witte, Kropf, Darius, Emmermacher, & Böckelmann, 2016) 

reported greater Attention and shifting ability following a five-month martial arts intervention, as 

compared with an aerobic exercise intervention.  Similarly, Zhang et al. (2018) reported pooled 

mild to moderate improvements in shifting and updating/ working memory following  mind-body 

physical activity interventions (dance, pilates, yoga, and martial arts training). Perhaps 

simultaneously engaging in physically and cognitively stimulating activity creates a synthesised 
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trigger for neurogenesis and synaptic proliferation within the frontal lobes (Sungkarat, 

Boripuntakul, Kumfu, Lord, & Chattipakorn, 2018). Thus, further research on the association 

between cognitively challenging physical activity interventions to enhance EF in older adults 

appears warranted. 

The participants assessed in this thesis were both cognitively and physically high-

functioning. Accordingly, EF and frontal grey matter volume in our cohort may have already been 

at a level beyond which the benefits of our intervention could not be statistically distinguished 

(Arenaza-Urquijo et al., 2013). A further factor to consider is the demographic characteristics of our 

study cohort. Previous studies reporting EF benefits following an exercise intervention, included 

younger participants (inclusion of >55 and mean age of 61, respectively vs. mean age of 69.1), 

compared with our study (i.e., >55 vs. 60+; Colcombe & Kramer, 2003; Kramer et al., 1999) . 

Whereas, similar to our cohort, mean participant age in studies that found no effect of aerobic 

activity on EF (e.g., Blumenthal et al., 1989; Fabre, Chamari, Mucci, Massé-Biron, & Préfaut, 

2002; Smiley-Oyen, Lowry, Francois, Kohut, & Ekkekakis, 2008) was 66-70 years. Perhaps due to 

the variability in health status of older adults, the benefit of aerobic physical activity on EF in some 

individuals begins to decrease as one begins to approach 70 years of age (Diamond, 2015).   

The Role of Exercise Intensity  

The primary aim of this program of research was to explicitly assess the role of high-

intensity exercise (vs. moderate-intensity vs. inactive controls) in modulating EF. The results 

reported in the current thesis do not support a differential role of physical activity intensity on EF or 

frontal grey matter volume at an aggregate level, either cross-sectionally or longitudinally. These 

results do not support cross-sectional results reported by Angevaren et al. (2007) and Brown et al. 

(2012) who report positive associations between the higher intensity physical activity and better EF. 

However, the results reported in this thesis appears consistent with a recent RCT conducted by 

Kovacevic et al. (2020) who reported that, while their aerobic exercise intervention brought about 
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EF benefits in the subdomain of inhibition compared with non-exercising controls, no differences 

were observed between the high- and moderate-intensity exercise modalities. 

With regard to explicitly assessing the effect of high-intensity exercise on frontal grey 

matter volume in an RCT, our study appears to be novel. However, the null group findings are 

roughly in line with Ruscheweyh and colleagues (2011) who did not report group differences in 

frontal lobe grey matter volume when comparing medium-intensity exercise (50-60% of maximal 

heart rate) vs. low-intensity exercise (30-40% of maximal heart rate) vs. inactive control.   

The hypothesized reasons for our null findings for exercise intensity have been discussed in 

detail within the respective chapters of this thesis. Briefly, there were some differences between our 

study cohort and those that reported a relationship between physical activity and exercise intensity 

and neurocognitive health. In comparison to cross-sectional studies (Angevaren et al., 2007; B. M. 

Brown et al., 2012), our sample was comparatively small (N = 99 vs. N = 1927 and N = 217, 

respectively). Thus, it is possible that, although sufficiently powered for statistical analyses, our 

sample may have been too small to detect differences between groups. Additionally, while our 

intervention complied with public health recommendations of 90-100 minutes per week (Füzéki & 

Banzer, 2018) of vigorous exercise, perhaps a greater weekly duration, or more frequent bouts, of 

high-intensity exercise is required to induce neurocognitive health. Accordingly, future studies 

wishing to assess the effect of exercise intensity on neurocognitive health may wish to assess a 

larger participant sample and consider assessing a longer duration exercise intervention. 

Individual Variability in the Relationship between Physical Activity, Cardiorespiratory 

Fitness, EF, and Frontal Grey Matter Volume 

Cardiorespiratory Fitness  

In all three of the studies presented in this thesis, we report positive associations between 

cardiorespiratory fitness (physical attribute achieved primarily through aerobic exercise) and 

markers of neurocognitive health. It has been hypothesized that improvements in cardiorespiratory 
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fitness mediate the neurocognitive benefits of physical activity (Johnson et al., 2016). The results 

reported in this thesis correspond with previous studies that have reported a positive association 

between cardiorespiratory fitness, EF (Emery, Schein, Hauck, & MacIntyre, 1998; McAuley et al., 

2011; Nocera, McGregor, Hass, & Crosson, 2015; Volkers & Scherder, 2014), and frontal lobe grey 

matter volume (Colcombe et al., 2006; Flöel et al., 2010; Weinstein et al., 2012). Increased 

cardiorespiratory fitness is thought to increase cerebral blood flow to the cortex which increases 

efficiency in meeting metabolic requirements and waste removal (Kleinloog et al., 2019; Lojovich, 

2010), creating an optimal environment for neurocognitive protection and neuroplasticity.   

Brain and Cognitive Reserve 

In the study of age-related neurocognitive changes, the concept of ‘reserve’ stems from 

repeated observation of inter-individual differences in the degree of age-related neuropathological 

change and the clinical expression of these changes (Arenaza-Urquijo, Wirth, & Chételat, 2015).  In 

this context ‘reserve’ refers to a theoretical resilience of the brain to tolerate greater age-related 

pathological change, thus reducing the clinical expression of such change (e.g., EF and other 

cognitive decline; Stern, 2002). ‘Brain reserve’ describes quantitative characteristics of the brain 

(e.g., grey matter volume and neuron count) that help to mitigate the deleterious effects of 

neurocognitive aging. Correspondingly, ‘cognitive reserve’ refers to individual variability in the 

ability to use pre-learnt cognitive processes and compensatory strategies (including recruiting new 

neural networks when old networks degenerate) to cope with the cognitive sequelae of 

neurodegeneration (Stern, 2009). Given the results of the current thesis and previous studies, it is 

highly possible that exercise-induced cardiorespiratory fitness builds frontal lobe brain reserve, thus 

staving off age-related EF decline.  Indeed, the results of this thesis show positive associations 

between cardiorespiratory fitness and both the quantitative measurements of frontal lobe grey 

matter volume and the clinical expression of EF performance.  

From a mechanistic perspective, physical activity, and resultant cardiorespiratory fitness, is 

thought to protect neurocognitive health through a variety of pathways (Cheng, 2016; Lin et al., 
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2015). Improvements in cardiorespiratory fitness may build brain reserve and promote 

neuroplasticity by reducing vascular related pathology and improving cerebral perfusion (e.g., 

plaque deposits in arteries, hypertension, and stroke; Gong, Chen, & Li, 2015; Herzig et al., 2014; 

Mobasseri, Yavari, Najafipoor, Aliasgarzadeh, & Niafar, 2015; Vinetti et al., 2015), improving 

respiratory function (Lin et al., 2015), stimulation of circulating growth factors such as BDNF 

(Cotman & Berchtold, 2002), insulin-like growth factor-1 (Stein et al., 2018), vascular endothelial 

growth factor, (Izzicupo et al., 2017), and downregulation of inflammatory responses and oxidative 

stress (Nishida et al., 2015; Thompson et al., 2014; Vinetti et al., 2015).  These collective factors 

have been shown to create an environment that supports the proliferation of many neuronal 

subtypes and facilitates synaptic efficacy, neuronal connectivity, and neurocognitive plasticity 

(McAllister, Katz, & Lo, 1999; Schinder & Poo, 2000). Accordingly, the findings presented in this 

thesis highlight the potential of exercise-induced cardiorespiratory fitness in both delaying and 

reversal of age-related neurodegeneration and associated cognitive decline.   

Individual Response to Exercise induced Cardiorespiratory Fitness 

Numerous studies demonstrate significant inter-individual variability in response to a 

standard dose of exercise. Specifically, a considerable number of individuals do not improve 

cardiorespiratory fitness in response to exercise or physical activity (Bouchard & Rankinen, 2001; 

Ross, de Lannoy, & Stotz, 2015; Sisson et al., 2009). With regard to VO2max (a comparable measure 

to VO2peak that was used to measure cardiorespiratory fitness in this thesis), an early seminal study 

reported significant heterogeneity in VO2max response to standardised exercise training (Lortie et al., 

1984).  These findings have been replicated over the years (see Bouchard & Rankinen, 2001), most 

recently in a systematic review by Williams et al., (Williams et al., 2017). Additionally, our results 

also showed significant heterogeneity in exercise induced cardiorespiratory fitness (VO2peak) across 

participants in both the high- and moderate-intensity intervention groups, with some participants 

failing to increase fitness despite high adherence to the intervention protocol. The mechanism 

underlying individual heterogeneity in fitness response to exercise and physical activity has been 
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attributed mainly to genetics, with 97 genes identified as possible predictors of VO2max trainability 

(Williams et al., 2017). However, age, sex, race, and baseline VO2max level have also been 

implicated in the trainability of VO2max (Bouchard & Rankinen, 2001). It is possible that inter-

individual variability of genotype, as well as the other above-mentioned phenotypes, may have 

influenced cardiorespiratory fitness (VO2peak) trainability in a proportion of our study participants, 

thus minimising neurocognitive benefits for these individuals.  

Genetics 

Variability in the course of age-related neurocognitive decline can be attributed to multiple 

modifiable and non-modifiable factors, including genetics (Thibeau, McFall, Wiebe, Anstey, & 

Dixon, 2016). To this end, Thibeau et al. (2016) examined the possible moderating effects of BDNF 

Val66Met single nucleotide polymorphism and insulin degrading enzyme (IDE rs6583817) on the 

relationship between physical activity and EF in a sample of genotyped older adults (N = 577; mean 

age = 70.47 years) over a nine year period. IDE rs6383817 has an A and G allele, with the A allele 

associated with higher levels of IDE which prevents the deleterious accumulation of intracellular 

insulin levels (Carrasquillo et al., 2010). Similarly, the BDNF protein has a Met and Val allele. The 

met allele has been implicated in disruption of BDNF availability (Z. Chen, Bath, McEwen, 

Hempstead, & Lee, 2008), resulting in a significant decrease in available BDNF that is required for 

growth, maturation, and maintenance of neuronal cells (Poo, 2001). Thibeau et al. (2016) found that 

those participants who were IDE G+ carriers showed better EF performance at age 75 than their G- 

counterparts. Additionally, within the IDE G+ carrier group, those with higher reported levels of 

physical activity showed better EF performance and slower decline over the nine years than those 

with lower reported physical activity levels. Additionally, on examination of the BDNF Val/Val 

homozygote group, higher levels of reported physical activity were associated with better EF 

performance and slower EF change; however, this benefit was not reported for Met carriers. 

Correspondingly, in a recent study, our research group detected that higher levels of 

cardiorespiratory fitness moderated the detrimental effect of BDNF Met allele carriage on cognitive 
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health in older adults (B.M. Brown et al., 2019). Thus, further studies in this area of research may 

consider examining the moderating effect of these genetic variations on the relationship between 

physical activity, cardiorespiratory fitness, and EF.   

Implications of the Thesis Findings 

The main finding presented in this thesis is that exercise-induced cardiorespiratory fitness is 

associated with both EF and frontal grey matter benefits. The implications of these findings are 

manifold. Research suggests that having age-related deficits in EF is a key factor underlying the 

poor functional capacity that leads to loss of independence (and associated poorer quality of life) in 

older adulthood (Cahn-Weiner, Boyle, & Malloy, 2002; Royall, Palmer, Chiodo, & Polk, 2005; van 

Hooren et al., 2005). Additionally, EF decline, beyond that noted in typical aging, puts individuals 

at increased risk of developing cognitive impairment, and ultimately dementia (Tuokko & Gabriel, 

2006). The prevalence of dementia in Australia’s aging population has drawn much concern from 

both health and economic perspectives (Australian Bureau of Statistics; ABS, 2018; Henry, 2004). 

There is currently no cure for dementia, nor any available pharmaceutical treatment that effectively 

alters the course of the disease. Thus, attention is turning towards lifestyle related risk and 

protective factors that offer promising opportunities towards the development of evidence based 

programs for early prevention of cognitive decline and, ultimately, dementia. Indeed, Vickland et al. 

(2012) estimate that an intervention that can delay the onset of dementia by five years (introduced 

in 2020) is capable of reducing dementia cases by almost one third - resulting in approximately 

935,000 fewer people living with dementia in Australia by 2050.  

Accordingly, the results of this thesis provide evidence for the role of exercise-induced 

cardiorespiratory fitness as a modality to delay EF decline, and ultimately dementia. Thus, this 

evidence may be used to support the development of highly replicable, community ready programs. 

Specifically, exercise programs that aim to increase cardiorespiratory fitness in order to prevent or 

delay cognitive decline in Australia’s aging population. However, the results of this thesis also 

show significant individual variability in exercise induced cardiorespiratory fitness. Perhaps those 
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individuals who did not show increased fitness as a function of aerobic exercise may show 

cognitive benefits from alternate modalities of exercise (e.g., weight training). Thus, while the 

results reported in this thesis are important, they also highlight the need for further investigation 

into understanding the role of individual variability in the relationship between exercise, fitness, and 

EF.   

Limitations of Studies and Future Research Ideas Arising from the Thesis 

Some limitations of this program of research warrant consideration in the context of 

implications for future research.  First, our initial study (study one; chapter two) was a cross-

sectional study design, which inherently does not allow for the inference of causal relationships. 

Additionally, physical activity was assessed by a questionnaire that relies on an individual’s 

recollection of both qualitative and quantitative properties of physical activity. However, where 

other cross- sectional studies routinely do not, our cross-sectional study was strengthened by the 

inclusion of an objective measure of fitness: VO2peak. Additionally, we addressed the above-

mentioned limitations in the subsequent studies of this thesis using RCT methodology and objective 

exercise measurements.  

Similar to many other RCT studies (Baquet, Commiskey, Daniel Mullins, & Mishra, 2006), 

the participants in our overall study were fairly homogenous in sociodemographic characteristics. 

Most participants were Caucasian, the majority of whom were of high socioeconomic status and 

cognitively high-functioning individuals. In an effort to counter the effects of studying a cognitively 

high functioning cohort, where appropriate, we controlled for VIQ, education level, and global 

brain volume. Further, in studies one (chapter two) and two (chapter three) we used a wide selection 

of neuropsychological assessments of EF that should have been sensitive to cognitive differences, 

even in a high-performing cohort. Traditional methods of EF measurement in similar studies have 

tended to focus on one or two EF subdomains, or have used a global composite of EF subdomain 

scores. However, the results of this thesis support the need to take a more comprehensive, multi-

domain approach to EF measurement in order to capture the complex nature of this particular 
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cognitive domain. Additionally, given that our exercise intervention showed limited results in our 

already cognitively high functioning, well educated, and sociodemographically advantaged 

participants, it may be prudent to conduct similar trials in sociodemographically diverse or 

clinically ‘at-risk’ populations (e.g., those with mild cognitive impairment, early stage dementia, 

subjective memory complainers, or in samples enriched with those with positive amyloid status).   

Our longitudinal cognition study (chapter three) and longitudinal imaging study (chapter 

four) did not find any group effects of the six-month cycle based aerobic exercise intervention on 

EF or grey matter volume. Many previous studies that have longitudinally demonstrated cognitive 

and structural frontal lobe benefits as a result of aerobic exercise have studied the effects of a longer 

exercise intervention than what we report on in the current thesis (i.e., one-year vs. 6-months).  

Perhaps assessing the effect of intensity over a longer intervention and follow-up period may have 

yielded results more in line with our hypotheses. Additionally, as touched upon previously, there 

are some encouraging results beginning to emerge in using cognitively enriched physical activity to 

protect against decline and/ or improve EF in older adults. Accordingly, future studies that aim to 

differentiate the effects of exercise intensity on EF and brain volume may wish to consider 

assessing cognitively enriched and/ or a range of exercise modalities over an intervention period of 

> one year.  

In both longitudinal studies, we report positive associations between post-intervention 

individual cardiorespiratory fitness, EF (verbal generativity and updating/ working memory; chapter 

three), and frontal lobe grey matter volume (right frontal lobe, right SMA, and bilateral gyrus 

rectus; chapter four).  Given these results, future studies in this area of research are encouraged to 

include an objective measure of cardiorespiratory fitness, to explicitly examine fitness as a separate 

variable of interest in the relationship between physical activity and neurocognitive health. Further, 

given the inter-individual variability in fitness/ cognitive response to our intervention, there is a 

case for exploring the role of individual difference factors (e.g., genetics; fitness) in neurocognitive 
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response to exercise - perhaps with a long-term view towards individually tailored exercise 

programs.  

Finally, while our power calculations indicated sufficient power for statistical purposes, 

there is a possibility that our study was indeed underpowered to detect effects across our three-

group intervention design in our sample, given the modest sample size and the heterogeneity of the 

sample described above. Future studies looking to examine the role of multiple exercise intensities 

(vs. control) on cognitive and brain health are encouraged to recruit and assess a larger participant 

sample, where possible. Additionally, the analyses presented within this thesis were not adjusted for 

multiple analyses in order to maintain the familywise error rate at 0.05. Therefore, there is a chance 

that significant results reported here may represent a type 1 error.  However, it is promising to note 

that we were able to produce consistent findings across both study one (chapter two) and our 

longitudinal cognition study (study two, chapter 3; cardiorespiratory fitness/ verbal generativity 

association). We were also able to corroborate findings from previous studies on the association 

between cardiorespiratory fitness and frontal grey matter volume (e.g., Colcombe et al., 2003) in 

study three (chapter four). Thus, given that many of the analyses within the three studies were not 

independent, along with high inter-correlations of the dependent variables (in all three studies), an 

adjustment (e.g., the Bonferroni adjustment), may be considered too conservative in this case.  

Ultimately, we encourage further replication of the findings presented within this thesis.  

Conclusions 

The findings arising from this thesis indicate that exercise induced improvement in 

cardiorespiratory fitness is associated with both EF (specifically, verbal generativity and updating/ 

working memory) and frontal lobe grey matter volume (specifically, the right frontal lobe, the right 

SMA, and bilateral gyrus rectus). However, the results reported here do not support a role for 

intensity in the relationship between physical activity, EF, and frontal grey matter volume at an 

aggregate level, either cross-sectionally or longitudinally.  
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Our results, paired with existing literature in the field, suggest that the relationship between 

exercise and neurocognitive health in aging may be more complex than the simple act of physical 

exertion for some individuals. Future studies examining the effects of exercise on EF may yield 

more fruitful longitudinal group level results in larger trials examining the effects of cognitively 

enriched and/ or varied exercise modality interventions in cognitively ‘at risk’ populations. 

Moreover, targeted research on the role of individual variability factors (e.g., genetics and fitness 

response) appears to be an essential next step in clarifying the role of exercise in maintenance of 

brain health in the aging process. Indeed, as we move towards a clearer understanding of the factors 

underlying the relationship between exercise and brain health, we move towards more tailored 

exercise interventions that aid in effectively delaying neurocognitive decline as we age.  
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Abstract 

Inconsistent results from previous studies of exercise and cognitive function suggest that rigorously 

designed randomized controlled trials are urgently needed. Here, we describe the design of The 

Intense Physical Activity and Cognition (IPAC) study; which will assess the impact of a 6 month 

high-intensity exercise intervention on cognitive function and biomarkers of dementia risk, 

compared with a 6 month moderate-intensity exercise intervention and control group (no study-

related exercise). 

One-hundred and five cognitively healthy men and women aged between 60 and 80 years are 

randomized into either a high-intensity exercise, moderate-intensity exercise or control group. 

Individuals randomized to an exercise intervention undertake 6-months of cycle-based exercise 

twice a week, at 50 minutes per session. All participants undergo comprehensive 

neuropsychological testing, blood sampling, brain magnetic resonance imaging, fitness testing and a 

body composition scan at baseline, 6 months (immediately post-intervention) and 18 months (12 

months post-intervention).  

The IPAC study takes a multi-disciplinary approach to investigating the role of exercise in 

maintaining a healthy brain throughout ageing. Rigorous monitoring of exertion and adherence 

throughout the intervention, combined with repeated measures of fitness, are vital in ensuring an 

optimum exercise dose is reached. Results from the IPAC study will be used to inform a large-scale 

multi-centre randomized controlled trial; with the ultimate aim of pinpointing the frequency, 

duration and intensity of exercise that provides the most benefit to the brain, in terms of enhancing 

cognitive function and reducing dementia risk in older adults. 
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1. Introduction 

The relationship between physical activity and cognition has been the subject of consistent study 

over recent years (Lautenschlager et al., 2008; Liu-Ambrose et al., 2010; Middleton, Mitnitski, 

Fallah, Kirkland, & Rockwood, 2008; Weuve et al., 2004; Yaffe, Barnes, Nevitt, Lui, & Covinsky, 

2001); yet, despite expanding literature on the topic, questions still remain regarding the 

effectiveness of physical activity and exercise as a protective measure against the development of 

cognitive decline and dementia in older adults. While exercise interventions have demonstrated 

benefits to cognitive function in older adults (Baker et al., 2009; A. F. Kramer et al., 1999; 

Lautenschlager et al., 2008; Tamura et al., 2015; Vaughan et al., 2014; Vidoni et al., 2015), a recent 

Cochrane review published in 2015 suggested there was insufficient evidence from randomized 

controlled trials (RCTs) to conclude a such a benefit (Young, Angevaren, Rusted, & Tabet, 2015). 

Since this review, a number of RCTs have published data demonstrating the benefits of exercise 

using comprehensive batteries of cognitive tasks as outcome measures. Tamura et al. (2015) 

reported a two year exercise intervention was associated with improvements in attention shift; a 

positive change that was maintained 6 months post-intervention. Vidoni and colleagues (2015) 

evaluated the potential dose response of exercise duration on cognitive function, demonstrating 

increasing benefits in visuospatial processing across groups exercising 75 min.wk-1, 150 min.wk-1 

and 225 min.wk-1. Most recently, a review commissioned by The Lancet recommended the 

prescription of exercise for dementia prevention in older adults (Livingston et al., 2017). In contrast 

to the above, a recent large RCT (n = 1635) reported no benefits to cognition following a 24 month 

moderate-intensity exercise intervention (Sink et al., 2015). This study; however, has received 

methodological criticisms, in particular regarding both the use of relatively short unsupervised 

exercise sessions, and the inability of the investigators to ensure exercise was conducted at a 

moderate-intensity (Poulin, Eskes, & Hill, 2016). Importantly, previous observational work 

indicated that higher-intensity exercise provides greater benefit to cognitive health than low-

intensity exercise (Angevaren et al., 2007; Brown et al., 2012). The above findings highlight the 
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importance of rigorous methodological procedures in exercise interventions, particularly in regards 

to ensuring an optimum exercise dose is reached. Thus, RCTs conducting supervised and monitored 

exercise interventions are vital in examining the true effect of exercise on cognitive health 

parameters. 

The aim of the Intense Physical Activity and Cognition (IPAC) study is to contribute to the growing 

research base linking exercise to cognition, and more specifically, provide clarity for researchers, 

practitioners and the community in relation to the impact of exercise intensity on cognitive health, 

and ultimately dementia risk. The IPAC study has been rigorously designed to ensure that criticisms 

of previous exercise interventions in older adults are considered. More specifically, we propose to 

undertake repeated aerobic fitness measurements, conduct supervised high-intensity (HI) and 

moderate-intensity (MI) exercise interventions, and monitor participant exertion throughout each 

exercise session. Our primary objective is to assess whether 6-months of HI exercise is associated 

with improved cognitive function, compared with a MI exercise intervention or control group. Our 

secondary objectives are to assess the impact of a six-month HI exercise intervention on 1) cortical 

grey matter volume, region of interest grey matter volumes (most specifically, hippocampal 

volume) and default mode network connectivity measured by magnetic resonance imaging (MRI) 

and 2) Alzheimer’s Disease (AD) related blood-based biomarkers, including proteomics and gene 

expression, compared with a MI exercise intervention or control group. Our tertiary objectives are 

to evaluate mediating and moderating variables of the relationship between exercise and cognitive 

function, i.e. evaluating the mediating effect of cardiorespiratory fitness, biomarkers, brain volume 

and connectivity; and also examining the moderating effect of genotypes associated with increased 

dementia risk, such as carriage the apolipoprotein (APOE) ε4 allele or the brain-derived 

neurotrophic factor (BDNF) Val66Met single nucleotide polymorphism. 

2. Methods 

The IPAC study is conducted as a single-centre single-blind RCT, and is currently funded by the 

National Health and Medical Research Council (NHMRC) National Institute of Dementia. The 
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human research ethics committees of Edith Cowan University and Murdoch University (Western 

Australia) have approved this study. The study is registered with the Australian New Zealand 

Clinical Trials Registry (under identification number ACTRN12617000643370). 

2.1 Participants and power analysis 

The study cohort is comprised of one hundred and five cognitively healthy men and women (equal 

ratio) aged 60 to 80 years. Participants are randomized into one of 3 groups: HI exercise (n = 35), 

MI exercise (n = 35), or a control group (n = 35; Figure 1). Participants will be recruited via 

advertisements in local community and state-wide newspaper publications, presentations to local 

community organisations, and word-of-mouth. Detailed inclusion and exclusion criteria are listed in 

Table 1.  

Our power analysis is based on our primary outcome variable, cognitive function. Using estimates 

of change in cognitive composite scores from Vidoni et al. (2015), the sample size required to 

detect differences in cognition (domains assessed in Vidoni et al.: Verbal Memory, Visuospatial 

Processing, Simple Attention) between the three groups with at least 80% power and at the 5% level 

of significance is 28 per group. Assuming a drop-out rate of 10% during the six month intervention, 

and accounting for possible variance due to covariates in our planned analyses (e.g. age, APOE ε4 

allele carriage), 35 subjects will be recruited in each of the 3 groups, giving a total required sample 

size of 105. 

2.2 Procedures 

In the four weeks preceding the start of the exercise intervention (or control period), baseline 

measurements are obtained in relation to neuropsychological testing, blood sample collection, 

neuroimaging (MRI), completion of questionnaires, assessments of physical fitness, and a dual X-

Ray absorptiometry (DXA) scan for the evaluation of body composition. After 3 months of the 

exercise intervention (or control period), all participants will undergo assessments of physical 

fitness, a DXA scan and completion of questionnaires. Following completion of the six month 
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intervention (or control period) and at 12-months post-intervention completion, all participants will 

repeat all procedures undertaken at baseline. Study procedures (including fitness testing, blood 

sample collection, cognitive testing, MRI and DXA) are undertaken at intervals as per the 

assessment schedule illustrated in Figure 1 and  described in Table 2.  

2.3 Randomisation 

All participants are assigned to one of three groups: HI exercise group, MI exercise group, or 

control group. Assignment of individuals to each group is performed using a block randomisation 

protocol with a block size of three. Age and gender are both associated with cognitive function, and 

thus, participants are stratified by age and gender before being randomly assigned to one of the 

three conditions: HI exercise, MI exercise, or control. 

3. Intervention 

All participants must demonstrate their ability to undertake upright stationary cycling prior to the 

exercise intervention (or control period). Researchers determine the most appropriate set-up for 

each participant, and any participants that cannot adequately use the equipment (i.e. due to 

functional or anatomical limitations) are excluded from the study.  

Participants allocated to an exercise intervention complete 6 months of either a MI or HI cycling 

program consisting of 100 min of cycling per week (two sessions at 50 minutes per session). All 

exercise sessions are completed within a university setting under the supervision of an Exercise and 

Sports Science Australia (ESSA) Accredited Exercise Physiologist and undergraduate Exercise 

Science students. Using this supervisory method, a participant to researcher ratio of no greater than 

3:1 (i.e. 3 participants per researcher) is ensured. All exercise is completed on a cycle ergometer 

(WattbikePro; Wattbike, Australia) allowing accurate measurement of intensity (Wattage), and 

radiotelemetric heart rate monitors (Garmin HRM1G, Garmin, USA) are used to provide an 

assessment of physiological intensity.  
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The target exercise intensity for the MI and HI conditions are set using the 6 to 20 Borg scale of 

perceived exertion (6 = no exertion and 20 = maximal exertion; Borg, 1998). This method is 

ecologically valid and provides the ability for participants to auto regulate their exercise, thus 

maintaining a relative level of intensity consistent with changes in fitness over time (Tucker, 2009). 

All exercise sessions commence with verbal instruction from the supervising exercise specialist 

regarding the purpose and focus of the session. Participants are educated on the difference between 

perceived exertion and effort (Abbiss, Peiffer, Meeusen, & Skorski, 2015) during the first exercise 

session and are explicitly instructed to base exercise intensity on perceived exertion, irrespective of 

effort. During the MI sessions, participants exercise at a constant intensity (50-60% aerobic 

capacity; 13.0 Borg scale) for 50 minutes. Individuals in the HI group first complete a 10 minute 

cycling warm-up at a low intensity (30-40% aerobic capacity; 11.0 Borg scale) after which they 

complete 11 intervals of 1 minute of hard exertion (>80% aerobic capacity; 18.0 Borg scale) 

interspersed with 2 minutes of active recovery (30-40% aerobic capacity; 12.0 Borg scale). At the 

end of the HI session, participants complete a 9 minute cool down at a perceived exertion of 11.0 

(Figure 2). Throughout all exercise sessions, heart rate and power output are collected for use in 

post hoc analyses to assess session intensity. The protocols described above are theoretically work 

matched based on an 80 kg person with a maximal aerobic capacity of 27 ml.kg-1.min-1 to provide 

approximately 386 Met.min-1 and 380 Met.min-1 per week for the MI and HI conditions; 

respectively.  

Individuals assigned to the control group attend information sessions regarding the benefits of diet 

and exercise with respect to cognition, dementia and brain ageing; however, these individuals do 

not receive any instruction related to exercise prescription.  

3.1    Intervention safety and compliance  

Prior to the start of any exercise testing or training sessions, all participants are required to obtain 

medical clearance from their general practitioner (GP) for participation in HI exercise. Participants 

are provided with written documentation to provide to their GP with a plain English description of 
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the study procedures. In addition to the medical clearance, participants are required to complete the 

ESSA pre-exercise screening questionnaire.  

During all exercise sessions, at minimum, one staff member supervising the exercise session must 

hold a current senior first aid and CPR certification. The exercise facility has a formalised 

emergency plan and unrestricted access to an automated defibrillator and supplemental oxygen. 

During training sessions, participant attendance is recorded for post hoc analyses. To increase 

compliance, participants receive encouragement during their session to meet their target intensities 

and are provided with session feedback at completion. 

4. Outcome Measures 

4.1 Primary outcome measure: Neuropsychological assessment 

A comprehensive battery of neuropsychological tests has been selected for this study. The selected 

measures have demonstrated sensitivity, reliability and validity in previous research with similar 

participant groups (Salmon & Bondi, 2009) and provide assessment of key areas of cognition 

including; verbal learning and memory, verbal attention, visuospatial function and memory, 

working memory, processing speed, and executive function. The neuropsychological measures 

include: Montreal Cognitive Assessment (MoCA), WAIS-III Digit Span, California Verbal 

Learning Test (CVLT-II), Brief Visual Memory Test (BVMT), Trail Making test forms A and B. 

The unstructured task, verbal fluency, flanker and set-shifting from the NIH EXAMINER are also 

administered (J. H. Kramer et al., 2014). In addition, the CogState battery of tests, including Groton 

maze learning and recall, one-back task, one card learning and continued paired associate learning 

task are completed by all participants. 

The primary outcome measure (global cognitive composite score) are calculated utilising results 

from the paper and pen cognitive tasks: MoCA, Digit Span, CVLT-II, BVMT, Trails A and B, 

unstructured task, and verbal fluency. Adjusted (for age, gender and APOE  ε4 allele carriage) Z-

scores are calculated for each measure (Z-scores for tasks with multiple measures, i.e. CVLT 
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learning, short and long delay, will be averaged to provide one z-score to ensure the composite is 

not heavily weighted toward one task), and are averaged to yield a composite Z score. Further 

analyses will be conducted to examine the effect of the intervention on specific domains of 

cognitive function. 

4.2 Secondary outcome measures 

4.2.1 Genotyping, blood-based biomarkers and gene expression 

At baseline, 6, and 18 months, fasted (10 hours) venous blood samples are collected into serum-

separating tubes (isolation of serum), tubes containing EDTA (isolation of plasma) and PAXgene 

tubes (for gene expression analysis). Blood samples will be analysed for standard blood chemistry 

analyses, measurement of blood biomarkers and gene expression. Blood processing is conducted in 

accordance with the Australian Imaging, Biomarkers and Lifestyle Study protocol (Lui et al., 2010). 

The blood products collected for biomarker research are stored in liquid nitrogen until required for 

analysis.   

Genotyping is completed on baseline samples only: briefly, manufacturer’s instructions are 

followed to extract DNA from whole blood using QIAamp DNA Blood Maxi Kits (Qiagen, Hilden, 

Germany). TaqMan® genotyping assays are used to determine APOE genotype (rs7412, assay ID: 

C____904973_10; rs429358, assay ID: C___3084793_20), and BDNF Val66Met single nucleotide 

polymorphism (rs6265, assay ID: C__11592758_10).  

Gene expression profiles are assessed at baseline and 6 months on RNA extracted from PAXgene 

Blood RNA tubes (Becton, Dickinson and Company) using the PAXgene Blood RNA Kit (Qiagen, 

Hilden, Germany).  ThermoFisher Scientific (Life Technologies) TaqMan® Human Alzheimer's 

Disease (AD) microfluidic array cards (Cat#4378713) are used to simultaneously assess expression 

of 94 AD associated genes and 2 endogenous controls (18S and HPRT1). BDNF gene expression, 

not included on the array, is analysed separately using a standalone TaqMan gene expression assay 

(assay ID: Hs02718934_s1 and endogenous controls (18S, assay ID: Hs99999901_s1; HPRT1, 
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assay ID: Hs99999909_m1).  TaqMan® genotyping and gene expression assays are performed on a 

QuantStudio 12K Flex™ Real-Time-PCR systems (Applied Biosystems, Foster City, CA) using the 

TaqMan® GTXpress™ and Gene Expression Master Mix (Life Technologies), respectively.  

For all blood samples, a panel of blood-based proteomic biomarkers will be measured. Blood 

biomarkers will be included in the panel based on current evidence available in the literature of high 

sensitivity and specificity in predicting conversion to dementia (Burnham et al., 2016; Doecke et al., 

2012; Gupta et al., 2017). We will also quantify levels of blood biomarkers known to play an 

important role in the relationship between exercise and brain health, i.e. growth factors such as 

BDNF, nerve growth factor and vascular endothelial growth factor. 

4.2.2 Magnetic resonance imaging 

At baseline, 6, and 18 months, participants are positioned in a standard head coil and a brief scout 

T1-weighted (T1W) image obtained, followed by a magnetisation-prepared rapid gradient-echo 

(MPRAGE) sequence and a T2 sequence: The structural MPRAGE and T2-weighted images are 

segmented into white matter (WM), grey matter (GM), cerebrospinal fluid, and GM cortical 

thickness is computed (Dore et al., 2013). Regions of interest are propagated from an atlas to the 

T1W images to extract various regional volumes (including hippocampal volume). The full pipeline 

used to segment the T1W images has been detailed previously (Bourgeat et al., 2010). Following 

the volumetric sequences, Fluid-attenuated inversion recovery (FLAIR) and Diffusion tensor 

imaging (DTI) sequences are conducted for the measurement of white-matter hyperintensities and 

white matter connectivity, respectively.  

Following this, two functional MRI (fMRI) blood-oxygen level dependent (BOLD) sequences are 

performed for the investigation of brain activation and connectivity while at rest and during a 

cognitive task. During the BOLD sequences, participants are asked to 1) be at rest with their eyes 

open (resting-state fMRI), and then 2) participate in an n-back task (1-back and 2-back), by looking 

at a screen positioned above their face, and by responding to buttons held in their hands (task-
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evoked fMRI). FSL Melodic is utilised to conduct independent component analyses, with the aim of 

identifying changes in the default mode network from pre- to post-intervention. FSL Feat will be 

used to analyse patterns of brain activation during the n-back task from pre- to post-intervention 

(Woolrich et al., 2009). 

4.3 Demographic, descriptive and other potential mediating factors 

4.3.1 Demographic and medical history data collection 

Demographic and medical history information is collected by a staff member via questionnaire and 

semi-structured interview. Demographic data and medical history information is collected at 

screening (questions pertaining to eligibility only) and baseline (more extensive detail). 

Comprehensive health history taken at baseline will include questions regarding prior 

illness/surgery, and medication use (past and current, prescribed, over the counter, and 

supplements).  

4.3.2 Physical assessments 

At baseline, 3 months (mid-intervention), 6 months (immediately post-intervention) and 18 months 

(12 months post-intervention completion), participants are assessed for their maximal aerobic 

capacity (VO2max) and peak power using a cycling based graded exercise test. All tests use 2 minute 

stage durations with consistent increases in work rate at each stage until participants reach volitional 

fatigue. In order to ensure similar test durations and stage progression (i.e. no greater than 2 

metabolic equivalent units), test selection is determined relative to the participants baseline body 

mass using the following criteria; 1) participants under 70 kg commence testing at 30 W with 

increases of 20 W each stage, 2) participants between 70 to 100 kg commence testing at 30 W with 

increases of 25 W each stage and 3) participants over 100 kg commence testing at 40 W with 

increases of 35 W each stage.  

During each test, heart rate is continuously recorded and expired ventilation is collected and 

analysed as 15 second mean values, using a Parvo TrueOne (ParvoMedics, USA) metabolic cart, for 
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the rate of oxygen consumption (VO2) and carbon dioxide production (VCO2). Prior to each test, 

the pneumatach is calibrated across a range of flow rates (50 to 400 L.min-1) and the oxygen and 

carbon dioxide sensors are calibrated to a known gas mixture (16% oxygen and 4% carbon dioxide). 

At test completion, maximal heart rate is determined as the highest heart rate value recorded during 

the test, and VO2max is determined as the highest 15 second mean VO2 value obtained during the 

final 2 minutes of the test. Additional criteria for the assessment of VO2max involve participants 

reaching a maximal heart rate greater than 85% of their age predicted maximum (i.e. (220 – age) * 

0.85) and a respiratory exchange ratio (VCO2/VO2) greater than 1.15.  Peak power is determined 

using the following equation;  

Peak power = PLCS + (Fst * BMP) 

Where PLCS is the power at the last completed stage, Fst is the fraction of the last uncompleted stage 

and BMP is the body mass specific increase in work rate per stage.   

4.3.2 DXA scan 

All participants undergo a dual energy X-ray absorptiometry (DXA) scan at baseline, 3, 6 and 18 

month assessments. DXA uses very low dose radiation in a columnated beam to determine the 

volume of fat, muscle and bone tissue in the whole of the body. All DXA scans are completed using 

a Hologic Discovery Bone Densitometer (Hologic, USA): segmental composition is determined via 

Hologic internal software.   

4.2.3. Questionnaires 

At baseline only, participants complete questionnaires regarding subjective memory complaints 

(Memory Assessment Clinical-Questionnaire; MAC-Q) and personality factors (NEO Personality 

Inventory). Furthermore, participants complete a series of questionnaires at all time points to assess 

health and role function (Health Short form; SF-36), depression and anxiety (Depression, Anxiety 

and Stress Scale; DASS), habitual physical activity levels (international physical activity 

questionnaire and Community Healthy Activities Model Program for Seniors), sleep quality 
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(Pittsburgh Sleep Quality Index) and nutrient intake (Cancer Council of Victoria Food Frequency 

Questionnaire). 

5. Statistical analysis 

Statistical analysis will be overseen by a biostatistician and will be performed using IBM SPSS 

Statistics version 22 data analysis software (IBM Corporation) and the R environment version 3.3.2 

(R Foundation for Statistical Computing, 2012). Quantitative data will be log-transformed prior to 

statistical analyses to ensure a Gaussian distribution. 

Each of the proteomic and gene expression biomarker panels will be represented via the top 2-3 

Eigen vectors that represent the maximal variance explained by the biomarker set. To do this, 

singular value decomposition (SVD) will be used on the log transformed and scaled biomarker data 

prior to choosing the optimal components to represent the biomarker panel. These components will 

then be used in subsequent linear mixed modelling to represent overall changes in blood based 

biomarkers. 

To address the primary objective, intention-to-treat analyses will be conducted. Furthermore, a per-

protocol analysis will be conducted utilising data from only those that completed the exercise 

intervention with at least 80% adherence. A linear mixed model will be used in order to examine the 

effect of the HI intervention, compared with the MI and control groups, on the global cognitive 

composite score (accounting for confounders such as gender, age, APOE ε4 allele carriage). Post 

hoc analyses will be conducted for any significant group*time interactions.  

To address the secondary objectives, both intention-to-treat and per-protocol analyses will again be 

conducted. A series of linear mixed models will be conducted in order to examine the effect of the 

HI intervention, compared with the MI group and control group, on Eigen vectors from blood 

biomarkers and gene expression panels, and MRI-quantified brain volume (including cortical grey 

matter volume and regions of interest such as hippocampal volume) and default mode network 



       160 

 

connectivity (accounting for confounders). Post hoc analyses will be conducted for any significant 

group*time interactions.  

Additional mediation analyses will be conducted to evaluate the potential of particular variables 

(physical fitness, biomarkers) as mediators in the relationship between exercise and cognition. 

Moderation analyses will also be conducted to examine the moderating effect of relevant genotypes 

(i.e. APOE, BDNF Val66Met) on the relationship between exercise and cognition.  Using the 

PROCESS macro in SPSS (Hayes, 2012), ordinary least squares path analysis will be conducted to 

perform a series of simple mediation and moderation analyses.  

6. Discussion 

The IPAC study is a proof-of-principle trial that aims to compare the effects of HI cycling-based 

exercise on cognitive health (i.e. neuropsychological measures, MRI and blood-based biomarkers), 

with a MI cycling-based exercise intervention and a control group. The outlined protocol provides; 

1) robust fitness assessments and monitored training sessions, ensuring compliance and the ability 

to assess the contribution of changes in fitness to cognitive performance, 2) a set of validated 

cognitive assessments consistent with the field, allowing for comparability with the scientific 

literature, and 3) repeated measures of a range of brain and blood-based biomarkers associated with 

cognitive decline and dementia risk to help characterise possible mechanistic contributions of 

exercise to maintaining brain health throughout ageing.  

The IPAC study has the potential to provide the first evidence of its kind for the benefits of exercise 

intensity on cognitive function and biomarkers of brain health, and may contribute to the 

development of ‘Best Practice’ preventative public health strategies to enhance cognitive function 

and delay dementia onset in older adults. If proven effective, exercise represents a cost-effective 

and safe method for maintaining a healthy ageing brain throughout older adulthood. 
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Table 1 

 Inclusion and Exclusion criteria for the IPAC study 

Inclusion criteria Exclusion criteria 

 Age 60 - 80 years 

 English speaker 

 Adequate visual and auditory 

acuity to complete 

neuropsychological testing 

 Willingness to participate in 

entirety of study 

 Willingness and ability to 

provide written informed 

consent 

 A letter from usual GP 

endorsing participants ability to 

partake in all aspects of the 

study 

 

 Dementia diagnosis or another 

neurodegenerative disease 

 Score ≤ 26 on the Mini Mental State 

Examination. 

 Score of ≥ 6 on the Geriatric Depression Scale 

(GDS) Short Form. 

 Inability to undertake cycling-based exercise 

due to neuromuscular and/or musculo-skeletal 

limitations. 

 Inability to obtain medical clearance to 

participate in the exercise program. 

 History of schizophrenia, schizoaffective 

disorder, or bipolar disorder  

 Subjects with untreated obstructive sleep 

apnoea 

 History of electroconvulsive therapy or 

serious head injury resulting in a prolonged 

period of unconsciousness 

 History of alcohol abuse or dependence 

within 2 years of screening 

 Participants with a history of cancer (other 

than skin or in situ prostate cancer) within the 

previous 5 years 

 Any significant systemic illness or unstable 

medical condition  

 Insulin-requiring diabetes or uncontrolled 

diabetes mellitus 

 Uncontrolled hypertension (systolic BP > 170 

or diastolic BP > 100 mmHg) 

 Participants in whom magnetic resonance 

imaging (MRI) is contraindicated including, 

but not limited to, those with a pacemaker, 

presence of metallic fragments near the eyes 

or spinal cord, or cochlear implant (Dental 

fillings do not present a risk for MRI). 
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Table 2  

Overview of assessments at each time-point 

Measure Screening Baseline  

(Pre-

intervention) 

3 months 

(During 

intervention) 

6 months  

(Immediately 

post-

intervention) 

18 months  

(12 months 

post-

intervention) 

Primary objective     

Cognitive 

assessment 

 X  X X 

Secondary objectives 

Blood sample  X  X X 

   Gene 

expression 

 X  X X 

   Biomarkers  X  X X 

Brain MRI  X  X X 

Mediating/moderating variables, covariates, and descriptive data 

Fitness 

Testing 

(VO2max) 

 X X X X 

Mini-mental 

State 

Examination 

X     

DXA  X X X X 

Height & 

Weight 

 X X X X 

Blood 

pressure 

 X X X X 

Questionnaires      

   IPAQ X X X X X 

   SF-36  X X X X 

   DASS  X X X X 
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   CHAMPS  X X X X 

   CCV FFQ  X X X X 

   PSQI  X X X X 

   GDS X     

   Medical 

history,    

demographic 

information 

 X    

Genotyping  X    

Abbreviations: CCV FFQ, Cancer Council of Victoria Food Frequency Questionnaire; CHAMPS,  Community Healthy Activities Model Program for 

Seniors; DASS, Depression, anxiety and stress scale; DXA, dual-energy X-ray absorptiometry; GDS, Geriatric Depression Scale; IPAQ, International 

Physical Activity Questionnaire; MMSE, Mini-mental State Examination; MRI, magnetic resonance imaging; PSQI, Pittsburgh Sleep Quality Index; SF-

36, Short-form Health Survey; VO2max, Maximal oxygen consumption. 
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Figure 1 

Schematic diagram of IPAC study design. Please refer to Table 2 for detailed study outcome measures 
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Figure 2 

 Moderate-intensity (left) and high-intensity (right) training programs. Both exercise protocols have been designed to provide a similar amount of total 

work per session within ± 0.4% over their respective time frames (MI: 386 Met.min-1 and HI: 380 Met.min-1; based on 80 kg male with a maximal 

aerobic capacity of 27 ml.kg-1.min-1 
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Appendix B: Published Manuscripts 

Manuscript 1 (Chapter 2) 
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Manuscript 2 (Chapter 3)  
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Appendix C: Neuropsychological Assessment Tools 

Measure for Shifting: Trail Making Test – Part B 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. Trails B test requires the participant to draw a line consecutively connecting numbers (1-2-3-

4-etc). Trails B test requires the participant to draw a line consecutively connecting alternating 

numbers and letters (1-A-2-B-3-C etc.). The dependent measure on this task is time taken to 

complete the task; quicker completion indicating more efficient functioning in these domains. The 

error rate is not recorded in the paper and pencil version of the test, however, it is assumed that if 

errors are made it will be reflected in the completion time. 

 



   174  

 

Measure for Updating/ Working Memory: Cogstate 1-Back Task  

 

 

 

 

 

 

 

 

 

Note: Measures working memory using an n-back paradigm. The on-screen instructions ask: “Is the 

previous card the same?” A playing card is presented face up in the centre of the screen. The 

participant must decide whether the card is the same as the previous card. If the card is the same the 

participant should press “Yes”, and if it is not the same the participant should press “No”. Again - 

performance is based on speed and accuracy of responses. 
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Measure for Inhibition: NIH Flanker Task 

 

 

 

 

 

Note. The Flanker task presents arrows in the centre of a computer screen. The participant’s task is 

to decide whether the central arrow is congruent or incongruent, by pressing either the left or right 

computer arrow button on a computer keyboard. Low accuracy on incongruent relative to congruent 

trials is indicative of poor inhibition. 
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Measure for Verbal Generativity: Verbal Fluency Tasks 

 

 

 

 

 

 

 

 

Note. Participants have one minute to produce as many words as possible that begin with a certain 

letter (in our case F & L) or a given category (in our case animals) while sticking to a number of 

predetermined rules – such as not naming people, numbers or places. Performance measure is the 

total number of correct responses (excluding rule violations and repetitions) on both phonemic and 

semantic measures. 
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Measure for Non-verbal Reasoning: Cogstate Groton Maze Task  

 

 

 

 

 

 

 

 

 

 

 

Note. Participants follow a hidden pathway through the grid starting at the top left and ending at 

bottom right. There are a number of rules that must be followed. Each trial ends once the participant 

reaches the flag in the bottom right corner of the grid of tiles. Performance is based on ability of 

participants to combine rule application with representations of the maze pathway in spatial 

memory. The dependent measure is the total number of ‘rule break’ errors across the five trails, 

with fewer errors indicative of higher non-verbal reasoning ability.  

 

 




