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Abstract
Physical activity shows promise as a modifiable risk factor for age-related neurocognitive decline.
Although a large body of literature exists on the role of physical activity in reducing age-related
declines in cognition and brain morphology and function, there are inconsistencies in the evidence
from observational and intervention studies. Both observation and intervention study designs in the
area are limited by not adequately addressing or investigating the differential effects of physical
activity by the type, frequency, duration or intensity of bouts. Consequently, guidelines for the most
appropriate dose of physical activity for promoting healthy brain ageing are not available to the
population or clinicians. Therefore, the aim of this thesis was to investigate the effect of physical
activity dose on the neurocognitive function of adults over the age of 50.
Initially, we found older adults did not accurately self-report the duration of light, moderate or
vigorous physical utilising two commonly used questionnaires. Following on from this finding, a
greater duration of objectively measured moderate-intensity physical activity was associated with grey
matter volumes of the left and right superior frontal gyri. In comparison, neither objectively measured
light- or vigorous-intensity physical activity was associated with grey matter volume or cognitive
function. Next, we conducted a systematic review with meta-analysis and found exercise interventions
improved cognitive function in adults over the age of 50 years, particularly when exercise was of at
least moderate-intensity. Building on the findings of the initial studies, we found preliminary evidence
in a population of older cancer survivors that an aerobic exercise intervention of high-intensity
interval training provides a superior benefit to moderate-intensity continuous training for cognitive
function.
The findings of this thesis provide additional evidence for the role of physical activity in reducing
age-related neurocognitive decline, moreover, they advance the literature by demonstrating the
differential effects of physical activity dose. Future research building on these findings will contribute
towards a greater understanding of the effect of physical activity on neurocognitive function to
provide evidence-based guidelines on the optimal dose for healthy brain ageing.
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Chapter 1 Introduction
In 2018, over a quarter of Australia’s population is aged 50 years or older 1, and this number is
growing. The increasing age of the population is of great concern to the health system as older adults
are at increased risk of ill health and disability. People aged 50 and over account for more than half of
new cancer cases each year and experience a high burden from chronic diseases such as coronary
heart disease and diabetes1. Traditionally, the leading causes of death in older adults were diseases of
the circulatory system and cancer1. While these conditions still rank highly, the last decade has seen a
rapid rise in deaths from neurological conditions, including dementia and Alzheimer’s disease1, 2.
These neurological diseases are now the leading cause of disability in older adults costing Australia
$15 billion annually3, while worldwide estimates suggest dementia affects almost 50 million people at
the cost of US$818 billion4. As such, strategies to promote healthy ageing and reduce the burden of
disease in older adults are urgently being investigated.
Although neurological diseases such as dementia and Alzheimer’s are a source of fear and anxiety for
older adults5, increasing age, independent of pathological processes, is marked by progressive
deteriorations in cognitive function6 which can affect an older adults’ quality of life. Declines in
cognitive function tend to be

most prevalent following the fifth decade of life6, with abilities

including attention (sustained alertness including the ability to process information rapidly), executive
function (a set of cognitive processes responsible for the initiation and monitoring of goal-orientated
behaviours), episodic memory (storage and retrieval of information), and working memory (shortterm manipulation of encountered information) showing particular vulnerability 7, 8. These changes in
cognitive function tend to be paralleled by structural and functional changes in brain morphology
which explain many of the effects of age. Grey matter volume tends to decline across the lifespan,
with the frontal cortex and hippocampus particularly prone to accelerated atrophy following the midfifties9, 10. Similarly, loss of white matter density11 and the number of white matter hyperintensities12
increases with age and, although global cerebral effects occur, disruptions tend to be amplified in
anterior tracts of the brain11, 13. The areas of the brain most susceptible to age-related decline in
structure tend to converge with the cognitive domains that show performance decrements. In
1

cognitively healthy adults, associations between normal brain morphology and processing speed,
executive function and memory have been observed14, 15. The causes of age-related declines in brain
morphology are likely related to changes in inflammation, cerebral blood flow16, 17, neurotransmitter
concentration and neurotrophic factors as well as an increased prevelance of co-morbidities including
cardiovascular disease, diabetes and cancer. The current consensus, therefore, is that increasing age
results in functional and structural declines in the brain which collectively contribute to and in-part
explain diminished cognitive function in healthy older adults.
Despite this relatively bleak outlook of cerebral-ageing, there is substantial individual variability in
rates of neurocognitive decline in older adults. This has lead to the investigation of modifiable
lifestyle factors which may explain some of this variability. Physical activity, in particular, has
attracted widespread interest due to its apparent relationship with cognitive function and brain
morphology in older adults. Physical activity provides a complex stimulus for adaptations within the
body that is dependent on the dose. While there is a large body of literature investigating the effects of
physical activity, as a whole, it does not take into consideration how physical activity dose may
influence the brain. Physical activity dose can be defined as the volume, duration, frequency or
intensity of bouts18. In addition, the mode or type of physical activity (eg. aerobic or resistance
training) and differences in training methods such as interval compared to continuous exercise will
influence dose. This multifactorial definition will be used within the context of this thesis.
Investigating this is important as the physiological response to physical activity dose may differ
between the brain and periphery. For example, in the periphery, blood flow will be greatest with high
intensity, whereas in the brain, blood flow would be highest at moderate intensity19. Despite these
differences, the current evidence for neurocognitive health relies strongly on population studies which
incorporate predominantly self-report measures of overall physical activity level while many
intervention studies and meta-analyses employ similar doses of physical activity or fail to investigate
potential differences in the response. As such, it is not currently possible to provide guidelines on the
most effective dose of physical activity for healthy neurocognitive ageing to the population or
clinicians. This is highlighted by an industry position stand published at the commencement of this
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PhD, which stated it was not possible to provide a recommendation on the ideal dose of physical
activity for brain health due to variability in the measurement and definition of dose within the
literature20.
Current estimates indicate that without new interventions or treatment, over 3 million Australians will
develop dementia by 205021, having a profound impact on individuals diagnosed with dementia as
well as their families and carers. In addition to the societal impact, health care spending will need to
increase to cope with the added burden on public health systems. An intervention, such as physical
activity, which delays the onset of dementia by 2 years has the potential to reduce the number of
dementia cases by 13%21. If an intervention delayed the onset of dementia by just five months, it
would save $10.3 billion over the next 45 years, with delayed onset of five years saving $104.9
billion21. In the absence of a cure, an intervention such as physical activity to reduce age-related
cognitive decline and potentially delay or prevent the onset of neurological diseases will be of great
value.
1.1

Thesis aims

The overall aim of this thesis is to further the understanding of the effect of physical activity dose on
the neurocognitive function of adults over the age of 50. Within this aim the following key research
questions and areas were identified:
1. What is the effect of physical activity intensity on the relationship with cognitive function and
brain morphology in older adults?
2. Can an exercise intervention in older adults improve cognitive function?
3. To what extent does the dose of exercise, including factors such as the mode, duration,
frequency and intensity of the intervention, influence any effects on cognitive function?
During the development of the thesis, it became apparent that a greater understanding of how selfreport measures of physical activity intensity utilised in observational research align with an objective
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measure in older adults. Therefore, the following supplementary question, although not directly
related to neurocognitive function, was added:
4. Can older adults accurately self-report the duration of physical activity when divided by
intensity using two commonly used questionnaires?
1.2

Thesis outline

The thesis is presented as (a) a critical review of the literature; (b) four studies including three original
investigations and a systematic review with meta-analysis; and (c) a discussion of the relevant
findings. The critical review supplements and identifies the need for the systematic review with metaanalysis. The four studies are formatted for publication in a peer-reviewed journal. Each study is
preceded by a foreword to introduce the chapter in the context of previous literature which has
influenced its design and to describe how the research fits with the overall development of the thesis.
The thesis research questions are addressed through the objectives of the four studies listed below.
1.2.1

Study 1 title: Can older adults accurately self-report the duration of physical activity
when divided by intensity using two commonly used questionnaires?
(1) Objectively characterise the weekly duration of light, moderate, and vigorous intensity
physical activity in older Australians.
(2) Determine the agreement between physical activity measured by two commonly used
questionnaires and an objective physical activity measure.
(3) Investigate the effect of age, sex, and education level on the agreement between
questionnaire and objectively measured physical activity.

4

1.2.2

Study 2 title: Objectively measured moderate-intensity physical activity is associated
with dorsolateral prefrontal cortex volume in older adults
(1) Investigate the association between light, moderate, and vigorous intensity physical
activity, measured objectively, and brain health through volumetric analyses of the pre-frontal
cortex and hippocampus.
(2) Investigate the association between cognitive function and objectively measured light,
moderate, and vigorous intensity physical activity.
(3) Explore if differences in the relationship between physical activity and the brain differed
when physical activity was measured by self-report.

1.2.3

Study 3 title: Exercise interventions for cognitive function in adults older than fifty: a
systematic review with meta-analysis
(1) Determine the effects of supervised exercise interventions of aerobic, resistance,
multicomponent, tai chi, and yoga, training modes on cognitive function.
(2) Examine if the effect of exercise on cognitive function can be influenced by exercise
training variables including the duration, frequency, intensity and length of exercise.
(3) Ascertain if exercise interventions have a differential effect on global cognition and
domains of cognition including attention, executive function, memory, and working memory.
(4) Understand the impact of study design including the nature of the control group and the
baseline cognitive status of participants.
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1.2.4

Study 4 title: Cognition in breast cancer survivors: a pilot study of interval and
continuous exercise
(1) Investigate the effects of a 12-week aerobic exercise intervention of either high-intensity
interval training or moderate-intensity continuous on cognitive function in older breast cancer
survivors.
(2) Understand the effects of these interventions on cerebrovascular function and aerobic
fitness as potential mechanisms to explain exercise-induced changes in cognitive
performance.
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Chapter 2 Literature Review
There is a large body of literature investigating the role of physical activity and neurocognitive health
in ageing. In accordance with the thesis aims and to define this chapter, this literature review will
focus on studies which solely investigate physical activity or exercise and its impact on
neurocognitive function in healthy ageing. As such, it will not focus on studies which combine
physical activity and cognitive training for instance, nor on studies which investigate Alzheimer’s and
dementia specifically as the primary population or outcome measure. This narrative literature review
will discuss: (a) the impact of increasing age on cognitive function; (b) the evidence for the effect of
physical activity on age-related cognitive decline from observational and intervention studies; and (c)
mechanisms by which physical activity may reduce or attenuate age-related cognitive decline
including the structure and function of the brain, cellular and molecular mechanisms, and health and
disease factors including cancer. The assessment of physical activity and cognitive function as well as
the role of physical activity dose will be discussed across all aspects of the review where applicable.
The effect of exercise interventions on cognitive function in ageing will not be extensively discussed
in this chapter as study 3 includes a systematic review and meta-analysis covering this area.
2.1

Increasing Age and Cognitive Function

Cognitive function is a broad term used to collectively describe the mental abilities and processes of
an individual. It is well established that increasing age is generally associated with declines in
cognitive function, although there tend to be differences in the rate or trajectory of change between
specific processes, or cognitive domains. Cognitive domains particularly sensitive to age-related
decline include attention (sustained focus of cognitive processes), processing speed (the speed at
which information can be processed), executive function (a set of higher order cognitive skills
responsible for planning, initiating and monitoring goal-orientated behaviour), working memory
(short-term storage and manipulation of information) and episodic memory (retention or recognition
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of previously encountered information)6, 8, 22, 23. Park et al.24 conducted a cross-sectional study with
345 adults aged 20 to 92 years of age and found linear reductions in processing speed, working
memory and episodic memory. Similarly, Gunstad et al.25 cross-sectionally studied executive function
performance in 345 adults and divided the participants by age groups. The older group in their study,
aged 50 to 84 years, had significantly poorer executive function compared to the young (21 to 25
years) and middle-aged (26 to 49 years) adults, despite being similar in terms of potential confounding
factors including education level. On the other hand, cognitive processes reliant on accumulated or
crystallised intelligence tend to be more stable or even improve across the lifespan. For example,
Schroeder et al.26 found age-related performance loss in tasks assessing memory in 5,391 people
between the age of 20 and 50 years, performance in a vocabulary task increased with age, reflective of
greater acquired knowledge.
The evidence from cross-sectional studies is supported by longitudinal research, although the pattern
and magnitude of age-related differences may vary. Ronnlund et al. compared cross-sectional and
longitudinal cognitive performance in spatial memory27 and episodic memory28 in a large (n > 1000
participants) sample of healthy adults aged 35 to 80 years. The cross-sectional data showed linear
declines with age in cognitive performance, similar to the relationships discussed above. On the other
hand, the longitudinal data, which included a 5-year follow-up, showed relatively stable performance
until the age of 55 years, when cognitive performance began to decline. Declines in cognitive function
over the age of 55 were similar for the cross-sectional and longitudinal data. It is not clear why
differences existed between the younger and older participants, but it could be reflective of practiceeffects in the younger participants29, cohort effects, or true differences in the pattern of decline with
age. There is also some evidence to suggest the rate of decline increases with age. Small et al.30
followed the cognitive performance of 212 adults aged 60 to 93 years of age, and found participants
aged 70 or older displayed more substantial declines in episodic memory than those aged 60 to 6930.
Similar age-related decline in longitudinal studies is seen for cognitive domains including processing
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speed, working memory and executive functions6. Regardless of the age or rate at which declines are
observed, the literature shows that increasing age is associated with cumulative reductions in
cognitive performance, particularly in the domains of episodic memory, processing speed, working
memory and executive function.
In addition to characterising changes to cognitive function across the lifespan, it is also important
within this section to briefly discuss the assessment of cognitive function in a research setting,
particularly in older adults. Firstly, there is often a discord between clinically conducted
neuropsychological assessment and testing of cognitive performance in a research setting. In a clinical
setting, cognitive assessment is conducted by a trained neuropsychologist and is broad and
multidimensional to characterise the nature and severity of a patient’s cognitive impairments to
inform treatment or rehabilitation31. On the other hand, cognitive assessment in a research setting
tends to be more focused in order to target cognitive domains which allow performance to be
monitored over time or in response to interventions, and reduce the time and personnel costs of the
research31. In this sense, the assessment of cognitive performance generally completed in the literature
tends to be targeted at specific functions and may not consider changes to overall neuropsychological
health across the lifespan, although this is most likely an unavoidable limitation in a practical sense.
A further consideration is the use of computerised cognitive assessment batteries which are becoming
increasingly common in clinical and research settings32. Traditionally, testing of cognitive function
has been “pen-and-paper” based and delivered by a neuropsychologist or trained research assistant.
The benefit of this type of assessment includes the availability of normative data, psychometric
standards with clinical cut-offs and data on the validity and reliability of the test batteries. However,
there are concerns around standardisation of protocols given the clinician-led nature of testing,
learning effects, lack of precision, and ceiling effects on performance32, 33. The use of computerised
cognitive assessments may offer several advantages over pen-and-paper batteries including reduced
time and cost, more precise measurement of time-sensitive tasks, reduced risk of bias from the test
9

administrator and potential to be either self-administered or delivered by trained support staff or
researchers32. Despite these advantages, there are potential concerns around the use of computerised
cognitive assessment. These concerns focus predominantly on the technical requirements of the user’s
computer, the sensitivity of test batteries, and the fact that users untrained in psychometric testing can
deliver and potentially provide feedback to participants32. In older participants, there is particular
concern around their unfamiliarity with the computer-based interface and the impact this may have on
testing performance and willingness to participate34. Two published reviews on computerised
cognitive assessment identified a large number of batteries which have been implemented in older
populations which have good comparability to validated neuropsychological assessments and
consideration of psychometric properties on a case-by-case basis. One widely used assessment tool
singled out by the previous reviews33, 34 is the CogState battery. The CogState battery has been shown
to be sensitive in discerning cognitive decline35,

36

and has convergent validity with

neuropsychological tests36 in older adults. The CogState battery also shows high test-retest reliability
and no learning effects when assessments are conducted 12-weeks apart in older adults, regardless of
cognitive status37. This is particularly useful as traditional pen-and-paper tests are prone to learning
effects which can affect the outcome of cross-sectional and longitudinal studies of ageing29. Taken
together, computerised assessment of cognitive function may offer advantages within a research
setting and can be considered valid and reliable in older populations. In accordance with industry
position stands, when selecting the cognitive battery to be used, consideration must be given to the
purpose of testing (i.e. neuropsychological/diagnostic assessment vs targeted cognitive domains), the
demographics and characteristics of the target population, and the expertise of the user delivering the
assessments32, 34.
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2.2

Physical Activity and Cognitive Function

2.2.1

Observational studies

While ageing is associated with declines in cognitive function, the variability in the rate and severity
of these changes has led to the investigation of physical activity as a modifiable lifestyle factor.
Observational studies have played an important role over many decades in identifying physical
activity as a contributing factor to cognitive decline and informing the design of interventions for
older adults. Much of this observational research involves investigating the association between
current or past physical activity levels and cognitive function. A series of pivotal cross-sectional
studies by Spirduso and colleagues38, 39 in the mid-1970s directed much of the subsequent research in
this area. In the first of these papers, Spirduso38 investigated differences in cognitive function between
older males aged 50-70 years who were either sedentary or participating in racquetball 2 to 3 times
per week over the preceding 30 years. Spirduso found that the active older adults performed
significantly better in a simple and complex reaction time task than their inactive counterparts.
Although the exact mechanisms or dose of physical activity were unclear, this early study provided
evidence that chronic physical activity exposure conferred some protective effects against age-related
cognitive decline. These results were replicated in a study by the same author39 and subsequently for
global cognition40-42 as well as the cognitive domains of executive function43, 44 and memory45.
Longitudinal observational studies have also shown positive evidence of a link between greater
physical activity and cognitive function in older ages46-48. In one study, Yaffe et al. followed 5925
older females for 6 to 8 years who were free of cognitive impairment at baseline 49. Physical activity
was assessed with a questionnaire which assessed the frequency and duration of weekly participation
in a variety of activities over the previous year. Participants were then categorised into quartiles based
on their estimated total active energy expenditure and the number of blocks walked. Those in the
highest quartile had a lower risk of cognitive decline compared to participants in the lowest level of
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activity. These positive findings were confirmed in several systematic reviews and meta-analyses46, 47.
In 2014, Blondell et al.46 conducted a meta-analysis and found a reduced risk (relative risk 0.65) of
cognitive decline with higher physical activity levels. Similarly, Engeroff et al.47 found higher levels
of moderate-to-vigorous-intensity physical activity (MVPA) accumulated during mid- to lateadulthood was associated with maintenance of cognitive function in older age.
Despite these overall positive findings, many observational studies include a high number of cognitive
tests and find very few relationships with physical activity (see Table 1). Gajewski et al.43, 44 found
active older adults had significantly better performance in one variable from the Stroop task and one
variable from a task assessing memory switching. However, performance in a further 16 cognitive
tasks did not differ between the active and inactive groups. The high number of tests could be viewed
both negatively or positively. For instance, the large number of tests increases the risk of falsepositives through inflated Type I error, however it also provides a greater ability to capture specific
cognitive domains which may be more sensitive to physical activity. Additionally, there is evidence
that physical activity and cognition are not associated in older age50-53. One of these by Sabia et al.,53
followed 7424 participants from the Whitehall II study in the United Kingdom. This study measured
the weekly duration of MVPA using a self-report tool and dichotomised participants based on
achievement of the recommended 150 mins.week-1 of MVPA. The key finding from the study by
Sabia et al.53 was the absence of any relationship between meeting these physical activity
recommendations and the degree of cognitive decline or dementia risk over the next 15-years. These
findings are particularly influential given the large sample size and longitudinal design, combined
with widescale media coverage of the publication. Collectively, the inconsistent findings make it
difficult for clinicians and older adults to understand the role, if any, that physical activity may play in
averting age-related cognitive decline and impact upon the development of evidence-based physical
activity recommendations.
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One reason for such conflicting results from observational studies may be the widespread reliance on
questionnaires to assess physical activity level (see Table 1). Self-report measures of physical activity
are ideal for large-scale observational studies due to their cost-effectiveness and ability to be widely
implemented and distributed. In many cases, these questionnaires can be mailed to participants or
even completed over the telephone. In epidemiological studies, self-reported measures of physical
activity are commonly validated against activity monitors which objectively record activity levels
through accelerometers. Although few studies have examined older adults specifically, the available
evidence indicates that correlations between self-report of the total duration of physical activity with
an objective measure are small to moderate54-56. The size of these reported correlations (r = 0.10 to
0.42)54-56 suggests that while linear relationships can be found, the questionnaires explain a small
amount of variation in the activity monitor data. These relationships are also influenced by
sociodemographic factors including the age, sex and education level of the sample55,

57

. While

significant associations are often present, there tend to be large absolute differences in the duration of
self-reported and objectively measured physical activity57. This is especially important to inform
physical activity guidelines which are based around the duration of physical activity by intensity.
Specific to the evidence on cognitive functions in older adults, many of the observational studies
reviewed here utilise questionnaires that have not been validated or are modified from previously
validated questionnaires (Table 1). Therefore, the majority of the evidence from observational studies,
finding relationships between physical activity and cognitive function, is based on measures of
physical activity which are imprecise46, 58. To address this limitation, tests of aerobic fitness or activity
monitors which objectively classify activity levels are beginning to be incorporated into
epidemiological research.
Aerobic fitness, most commonly assessed through estimation or direct measurement of maximal
oxygen consumption (V̇O2max or V̇O2peak), is commonly used in epidemiological studies to objectively
investigate the relationship between physical activity and cognition. Although aerobic fitness does
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not directly measure physical activity, this evidence is commonly referred to within the literature base.
Therefore, aerobic fitness and the limitations of these measues within this context will be briefly
discussed. The evidence for a relationship between aerobic fitness and cognitive function is
reasonably consistent and positive for both cross-sectional59,

60

and longitudinal61 observational

studies. Cross-sectionally, higher aerobic fitness is associated with improved executive function 60, 6264

, spatial memory62,

65, 66

, episodic memory64, and cognitive flexibility (task switching)67 in older

adults. The implication of these positive cross-sectional findings is demonstrated by longitudinal
research which shows aerobic fitness alters the trajectory of cognitive decline 61, 68. Wendell et al.68
measured V̇O2max in 1400 people aged 19 to 94 (mean: 54 y) and assessed cognitive function at up to
six timepoints over a maximum of 18 years. Participants with a higher baseline V̇O2max had less
decline in verbal and visual memory scores, with this effect potentially being more influential in older
ages. As such, aerobic fitness assessments provide more consistent positive findings than
observational research relying on self-report measures (see Table 1). The use of aerobic fitness as a
measure of physical activity though, is an indirect measure and is potentially confounded by other
factors which influence V̇O2max such as genetic predisposition69. However, the key limitation is that
while it demonstrates that greater fitness, and presumably higher physical activity levels, are
associated with less age-related cognitive decline, it does not provide information on the quantity or
intensity of physical activity which is required to inform population-based guidelines.
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Table 1: Summary of included observational studies examining the association between self-reported
physical activity and cognitive function in older adults
Author (y)

Self-report PA measure
(valid/reliable), time span and
outcome

Findings
Note: cognitive domain of test indicated in
brackets

Abourezk

Design, sample
size (mean &
SD) and age at
cog. assessment
-cross-sectional

-Author designed (n/n)

High active ↑ choice RT (EF)

(1995)70

-n = 34

-previous PA. Time period

-60-75 y (range)

unclear
-type, frequency & duration.
Dichotomised into high & low
active

Angevaren

-cross-sectional

-European Prospective

Time spent active not associated with cog.

(2007)45

-n = 1927

Investigation into Cancer

↑ METs associated with:

-56.4 (7.1) y;

Questionnaire (y/y)71

-↑ processing speed

range: 45-70 y

-past year (current)

-↑ memory

-type, frequency & duration.

-↑ mental flexibility

Intensity measured by METs

-↑ global cog.

Bielak

-longitudinal

-Author designed (n/n)

PA was associated with ↑ fluid cog. at

(2014)72

-n = 6849

-current

baseline. This advantage was maintained

-20-64 y at

-duration & intensity. Calculated

baseline

.

over time.

-1

Total PA (MET:mins week )

-2 timepoints, 4
& 8 y later
Clarkson-

-cross-sectional

-Author designed (n/n)

Smith

-n = 124

-past year (current)

(1989)73

-55-88 y (range)

-duration & intensity.

High active ↑ EF, WM & SPD

Dichotomised into high & low
active
Floel
(2010)

74

-cross-sectional

-Freiburg PAQ (n/n)

Total PA associated with ↑ memory

-n = 75

-current

encoding.

-60.5 (6.9) y

-duration & intensity. Calculated

Fitness was not associated with memory

Total PA (kcal.week-1)

encoding.

Gajewski

-cross-sectional

-Author designed (n/n)

No effect of PA for almost all cog tests

(2015a)43

-n = 40

-current & lifespan (not specific)

Active vs non-active:

Including:

-73.2 (4.5) y

-divided participants into active &

-↑ interference index in Stroop task (EF)

non-active

-↑ memory-based task-switching (EF)

Gajewski
(2015b)44
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Gill
(2015)

40

-cross-sectional

-Lifetime PAQ (n/y)75

No association for PA & cog domains

-n = 226

-<20y, 21-35y, 36-50y, 51-65y

Composite score (global) associated with:

-66.5 (6.4) y

-type; frequency & duration of

-↑ past year total PA

LPA, MPA & VPA; total PA

-↑ lifetime total PA

.

-1. -1

(MET:h week y )

-↑ lifetime vig intensity PA
-↑ lifetime PA from recreational activities

Landi
(2007)

41

-cross-sectional

-Author designed (n/n)

-Mod/vig PA at all timepoints ↑ Cognitive

-n = 363

-20-40y, 40-60y & past year

Performance Scale (global)

-85.9 (4.9) y

-four-point ordinal scale based on
frequency & intensity of PA.
Grouped into LMPA & MVPA

Middleton
(2010)

42

-cross-sectional

-Modified Paffenbarger

No effect of intensity. Cohort divided into

-n = 9344

Questionnaire (n/n)

active vs no reported PA.

-71.6 (5.2) y

-teenage, 30yo, 50yo & current

-Active ↑ mMMSE scores (global)

-frequency of LPA, MPA & VPA
Pesce
(2011)

50

-cross-sectional

-Dijon PA Score (n/n)

No difference in attentional task

-n = 48

-last ten years

performance (EF)

-60–80 y (range)

-Frequency & type PA. Grouped
into active & sedentary

Rouillard

-cross-sectional

-Historical Leisure Activity

No association between lifetime PA and

(2017)51

-n = 47 (healthy)

Questionnaire (n/n)

any cog tests (incl. global, EF & MEM)

-63.9 (8.2) y

-6-18y, 19-34y, 35-54y & >55y
-Type, duration & intensity of
PA. Calculated average lifetime
MET:h.week-1.

Sabia

-longitudinal

Initial age 35-55y. PA assessed 7

Participants who obtained >150 min.week-1

(2017)53

-n = 10308

times over 28 y with 2 tools:

MVPA showed no evidence of protection

-4-time points:

-Whitehall UKII PAR Tool (n/n)

from cog. decline.

50, 60, 70 & 80y

& Minnesota Leisure time PAQ
(y/y)76
-Duration, frequency & type.
-Grouped participants based on
PA guidelines for MVPA

Schuit

-longitudinal

-Designed by Prof. J.N Morris

Participants with > 1 h.day-1 PA ↓ decline

(2001)77

-n = 347

(n/n)

in MMSE (global cog.)

-74.6 (4.3)

-Type & duration. Grouped

-follow-up 3 y

participants on daily PA duration.
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Smith
(2011)

78

-cross-sectional

-Stanford Brief Activity Survey

No differences between groups for any cog

-n = 68

(y/y)

tests (global cog & MEM)

-65-85 y (range)

-current
-Frequency, type & duration.
Grouped into high & low active

-cross-sectional

-Author designed (n/n)

Active group ↑ complex & simple RT

-n = 60 (includes

-last 30 years

(SPD & EF)

young controls)

-Frequency and type. Grouped

-50-70y (older)

into active and sedentary

-cross-sectional

-Author designed (n/n)

Active group ↑ complex & simple RT

-n = 90 (includes

-last 20 years

(SPD & EF)

young controls)

-Frequency & type. Grouped into

-60-70y (older)

active & sedentary

Wouters

-cross-sectional

-Short Questionnaire to Assess

No difference between tertiles for current

(2017)52

-n = 209

PA (n/n)

and lifetime PA and any cog tests (WM.

-66.4 (4.7) y

-18-29y, 30-49y, 50-64y, current

EF & MEM)

Spirduso
(1975)

38

Spirduso
(1978)

39

-Duration & intensity of PA.
Calculated daily PA (MET:mins)
and grouped into tertiles.
Yaffe

-longitudinal

-Number of blocks walked &

Participants in highest vs lowest quartiles

(2001)49

- n = 5925

Modified Paffenbarger

for both PA outcomes had ↓ decline in

- > 65 y

Questionnaire (n/n)

mMMSE (global cog.)

-2 time points 6

-Number of blocks walked & total

& 8 y later

EE. Divided into quartiles

Table Key: PA: physical activity; LPA: light-intensity PA; MPA: moderate-intensity PA; VPA: vigorous-intensity PA;
MVPA: moderate-to-vigorous-PA; EE: energy expenditure
WM: working memory; MEM: memory; EF: executive function; cog: cognition; mMMSE: modified Mini-Mental State
Examination; RT: reaction time; SPD: processing speed
↑; indicates higher value or difference that is statistically significant; ↓; indicates smaller value or difference that is
statistically significant
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More recently, researchers have utilised activity monitors to objectively measure the duration and
intensity of physical activity in relation to cognition (Table 2) in older adults79-84. Physical activity
monitors are beneficial in that they reduce issues around recall bias and error associated with
questionnaire-based measures and, unlike fitness-based assessments, provide information on physical
activity dose. The physical activity monitors utilised in research on cognitive function in older adults
are small devices (usually the size of a wrist-watch) either worn on the wrist80-82 or a waistband (i.e.
on the hip)79, 83, 84 and incorporate accelerometers which record body displacement and movement as
counts. The number of counts across the day is the most common outcome used in this area of
research and is an indicator of overall time spent physically active

79, 80, 82, 84

. In addition, the number

or frequency of counts per minute has been used as a measure of physical activity intensity79-81, 83, 84,
with higher counts-per-minute reflective of higher intensity. Within these studies, intensity data is
either presented as the highest intensity recorded79-81 or as time spent in light-, moderate-, or vigorousintensity, based on cut-points which align with metabolic equivalents (METs)83, 84. Additionally, a
summary value which shows overall activity levels weighted for intensity is often created by
combining the MET values for any active time across a day or weekly period and reported as
MET:mins83. Presenting data by the duration of each intensity is advantageous as it is more intuitive
and can be related to physical activity guidelines for intensity which are based around time, reflects
the fact that the physiological responses to physical activity differ by intensity, and does not assume a
linear relationship with cognition.
The total time spent physically active has not been demonstrated to be associated with the cognitive
function of older adults79, 82, 83 in cross-sectional studies. Halloway et al.82 investigated the relationship
between total activity and performance in global cognition as well as five composite scores that
reflected the cognitive domains of visuospatial ability, perceptual speed, episodic memory, semantic
memory and working memory. Using multivariate general linear models to reduce Type I error and
controlling for a range of health and demographic variables (see Table 2), Halloway et al.82 found no
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relationships with cognitive function. These results are similar to Brown et al.79 and Kerr et al.83 who
also found no relationships between total physical activity and cognition. In contrast, there is evidence
for physical activity intensity being a critical factor in any relationship with cognitive function.
The evidence from observational studies utilising an objective measure of physical activity suggests
that the dose of physical activity is essential to any relationship with cognition. Brown et al.79
measured the peak intensity of physical activity achieved in 217 older adults and found associations
with performance in tasks assessing working memory, memory recall and verbal fluency. However,
the highest intensity (measured as peak accelerometer count) achieved during the day does not
consider the duration of physical activity at a particular intensity. Kerr et al.83 studied the cognitive
performance of 217 older adults aged 65-105 y and measured the duration of physical activity broken
up by intensity. After adjusting for covariates, greater duration of MVPA was associated with better
performance in the Trail-Making Task B (TMT-B; an indicator of working memory) and the
difference between TMT-B and Trail-Making Task A (TMT-A; an indicator of executive function).
On the other hand, time in light-intensity physical activity or the number of daily MET:mins was not
associated with cognitive function.
In longitudinal research, the dose of physical activity has also been shown to be important. Zhu et al.84
measured the duration of light-intensity physical activity and MVPA before following the cognitive
function of 6452 older adults over a 4-year period. Participants in the highest quartile of accumulated
MVPA had significantly less decline in executive function and memory performance. Similar to the
cross-sectional work of Kerr et al.84, they also found that light-intensity physical activity does not
confer measurable protective effects on cognition. The two studies by Kerr et al.83 and Zhu et al.84
investigated the executive function and memory domains and, at present, it is not clear if physical
activity intensity is an important factor for benefits to cognition outside these domains. Although the
more substantial effects of MVPA over light-intensity physical activity would suggest a doseresponse between intensity and cognition, it is not clear from this research whether moderate or
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vigorous-intensity physical activity separately confer differential effects. This additional information
around physical activity dose would be useful for clinicians and policymakers to inform exercise
guidelines for this population.
In contrast to the findings showing exclusive benefits to cognition with MVPA, Buchman et al. 80
found total physical activity to be associated with reduced cognitive decline in older adults. However,
as they didn’t measure physical activity intensity, it is possible that subgroups of intensity (e.g.
MVPA) may have conferred additional protective effects beyond that measured for total physical
activity. Similarly, while Stubbs et al.85 found a greater duration of MVPA to be associated with less
decline in cognitive performance, they also found similar effects for light-intensity physical activity.
These contrasting findings for light-intensity physical activity may be due to differences in the
ethnicity and culture of their population (Taiwan). However, from a broader perspective, the
uncertainty around the most effective dose may be due to limitations of the activity monitor used
across these studies.
The seven studies identified as incorporating an activity monitor to objectively measure physical
activity and investigate older adult’s cognition utilised similar devices which record movement
through accelerometery79-84. However, there are differences in the hardware of available activity
monitors86. These differences predominantly relate to the interaction between the location the device
is worn and the ability of the hardware sensors86 (i.e. the accelerometer) to detect movement. For
example, the Actical device used in four80-82, 84 of the studies in Table 2 is an omnidirectional monitor
which detects movement in all planes using a piezoelectric element. Although the way the
piezoelectric sensor is designed will, in theory, allow vibrations from movement in any direction to be
detected, it is more sensitive to vertical accelerations when worn on the hip 86. The ActiGraph devices
used by Brown et al.79, Kerr et al.83 and Stubbs et al.85 differ to the Actical in that they use a capacitive
accelerometer to measure movement. Further, the ActiGraph devices used in these three studies also
differ from one another. The GT1M device used by Brown et al.79 is a dual-axis accelerometer while
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the GT3X device used by Kerr et al.83 and Stubbs et al.85 is a tri-axial accelerometer. The GT3X
which includes the triaxial accelerometer will detect activity in a similar way to the GT1M, but will
additionally enable body incline (e.g. sitting or lying) to be determined.
Understanding the technical differences between devices is important when examining their ability to
measure movement and estimate physical activity levels, and therefore interpret findings from such
research. For example, given accelerometry mostly relies on displacement of the body to detect
movement, it tends to under-estimate non-weight bearing activities such as cycling87, 88. Crucially
though for the measurement of physical activity intensity, accelerometry alone tends to be limited in
its ability to differentiate sedentary time from light- and moderate-intensity physical activity,
especially when activities are intermittent88. Although much of this validation work has been
completed in younger adults, the implications for using these devices in an older population, which
are likely to be doing low-intensity and intermittent activities, is clear and may explain some of the
contradictory findings on physical activity dose in the available literature. For example, the GT3X
ActiGraph used by Kerr et al.83 (MVPA better than light physical activity) and Stubbs et al.85 (light
physical activity similar to MVPA) which had contradictory findings for physical activity intensity, is
limited in its ability to accurately differentiate between sedentary, light-intensity and moderateintensity activities83. Given that the sensitivity of this device to correctly classify intensity is unclear,
and these studies aimed to investigate these activities, it does limit the conclusions drawn from both
studies. Newer devices which incorporate accelerometry with multiple sensors that can collect
information including body temperature or heart rate are more accurate than accelerometry alone 87
and may be ideal for use in an older population to investigate physical activity intensity in relation to
neurocognitive health.
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Table 2: Summary of included observational studies examining the association between objective physical activity and cognitive function in older
adults
Author (y)

Activity monitor, wear site &
outcome

Health & sociodemographic
confounding variables included in the
statistical analysis

Findings
Note: the cognitive domain of test
indicated in brackets

Brown

Design, sample
size (mean &
SD) and age at
cog. assessment
-cross-sectional

-ActiGraph GT1M (dual axis

-age, sex, education, APOE*e, body

Total PA not associated with cog. after

(2012)79

-217

accelerometer)

mass index, & cardiovascular disease

adjustment for covariates

-69.5 (6.6)

-waist

Peak intensity associated with:

-Total PA (number of daily

-↑ digit symbol (WM)

counts) & peak intensity.

-↑ Rey complex figure immediate (MEM)
-↑ COWAT (verbal fluency)

Buchman

-cross-sectional

-Actical (omnidirectional

Core model:

Frequency of PA bouts associated with:

(2008)81

-n = 521

accelerometer)

-age, sex & education

-↑ global cog

-82.3 (2.8)

-wrist

-↑semantic & episodic memory

-Frequency of activity bouts

Sensitivity analysis added:

-↑ working memory

(termed intensity by the authors)

-body mass index, Parkinson’s disease

-↑ perceptual speed

symptoms, physical frailty, lower body

-↑ visuospatial abilities

function, vascular disease & depression
Buchman

-longitudinal (4y

-Actical (omnidirectional

Core model:

Number & frequency of PA bouts

(2012)80

follow-up)

accelerometer)

-age, sex & education

associated with less ↓:

-n = 716

-wrist

-81.6 (7.1) at

- Frequency of activity bouts

Sensitivity analysis added:

-episodic memory

baseline.

(termed intensity by the authors)

-body mass index, vascular disease,

-working memory

and Total PA (number of active

depression & APOE*e

-perceptual speed

-global cog

bouts)

-visuospatial abilities
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Halloway
(2018)

82

-cross-sectional

-Actical (omnidirectional

-age, sex, education, body mass index,

-n = 262

accelerometer)

depression, & physical disability

-81 (7)

-wrist

No associations between PA and cog.

-Total PA (number of daily
counts)
Kerr
(2013)

83

-cross-sectional

-ActiGraph GT3X+ (triaxial

-age, sex & education

No associations for LLPA & Total PA

-n = 217

accelerometer)

For fully adjusted models, ↑ MVPA:

-83.4 (6.6).

-waist

-↑ TMT-B (WM)

65-105 y (range)

-Duration & intensity (Low LPA,

-↑ TMT-B minus TMT-A (EF)

High LPA & MVPA). Total PA
(MET:mins.day-1)
Stubbs

-longitudinal

-ActiGraph GT3X+ (triaxial

-age, sex, education, income, smoking,

LPA & MVPA time associated with less

(2017)

-n = 285

accelerometer)

alcohol, body mass index, chronic

↓ Ascertain Dementia 8-item

-74.5 (6.1) y

-waist

disease, depression, accelerometer wear

Questionnaire (global cog.)

-Duration & intensity (LPA &
.

time & baseline cognition

-1

MVPA). Total PA (kcal week )
Zhu

-longitudinal (3y

-Actical (omnidirectional

-age, sex, education, race, body mass

No association for LPA

(2016)84

follow-up)

accelerometer)

index, hypertension, smoking, &

MVPA time associated with less ↓:

-n = 6452

-waist

hypertension

-Letter fluency (EF)

-69.7 (8.5) at

-Duration (% wear time) &

-Animal fluency (EF)

baseline

intensity (LPA, MVPA).

-Word list learning (MEM)

Grouped into quartiles.

-MoCA recall & orientation (MEM)

Table Key: PA: physical activity; LPA: light-intensity PA; MPA: moderate-intensity PA; VPA: vigorous-intensity PA; MVPA: moderate to vigorous PA; WM:
working memory; MEM: memory; EF: executive function; cog: cognition; COWAT: Controlled Oral Word Association Test; TMT-A: Trail Making Test Part A;
TMT-B: Trail Making Test Part B; MoCA: Montreal Cognitive Assessment
↑; indicates higher value or difference that is statistically significant; ↓; indicates smaller value or difference that is statistically significant
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2.2.2

Randomised controlled trials

Although observational studies are useful methods to investigate the role of physical activity in
maintaining or improving cognitive function with age, these designs are limited in that they do not
allow casual relationships to be demonstrated. From a public health perspective, it is useful to know
how a physical activity intervention may be able to alter the trajectory of cognitive decline. Exercise
interventions for cognitive function have traditionally focussed on aerobic types of activity. One of
the first to do so was Dustman et al.89 who examined the effects of a 4-month walking intervention on
the cognitive function of 43 adults over the age of 55 years. They compared the effects of aerobic
exercise against two control conditions, one who undertook strength training and a second “nonexercise” group. The results of the study showed the aerobic exercise group significantly improved
their performance in a range of executive function tasks, while both control groups had minimal
change.
The early study of Dustman et al.89 was followed up by several intervention studies of primarily
aerobic exercise90-97 which culminated in a seminal meta-analysis by Colcombe and Kramer98. Their
meta-analysis examined supervised interventions with a component of aerobic exercise that had an
outcome measure of cognitive function in adults over the age of 55 years that had been published
before 2001. The results of this study were significant for several reasons. Firstly, Colcombe and
Kramer98 demonstrated that aerobic exercise interventions were able to improve cognitive function in
older adults and that the effects were not consistent across cognitive domains. Cognitive tasks which
aligned with the executive function domain were particularly sensitive to exercise effects, more so
than processing speed, control, and spatial tasks. Secondly, the authors found several moderating
effects of exercise training variables. Benefits to cognition were observed with interventions that
lasted as little as four weeks, and a threshold seemed to exist such that exercise duration of at least 30
mins was required for improvements in cognition. Although the intensity of exercise was not
examined, these findings demonstrated that the dose of exercise influences subsequent improvements
in cognitive function.
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Although the meta-analysis of Colcombe and Kramer found exercise prescription variables were
important for cognitive function, subsequent studies did not investigate or compare the effect of
different aerobic exercise doses specifically99-104. One area that did emerge, however, was the
investigation of resistance training, performed in isolation105-111 or combined with an aerobic exercise
component (i.e. multicomponent training). For example, in one study by Liu-Ambrose et al.108, 109, 12months of resistance training in older females aged 65-75 years resulted in improvements to the
executive functions of response inhibition109 and selective attention108. Crucially, this study
investigated exercise dose by comparing a group who exercised once per week to a group that
exercised twice per week. As both groups provided similar benefits to the cognitive tasks assessed, the
design of this study suggests benefits to cognitive function from as little as one session of resistance
training per week in older adults. Similarly, Cassilhas et al.111 investigated resistance exercise dose
and found 24 weeks of resistance training performed at either moderate- or vigorous-intensity had
similar benefits to each other in comparison to a control condition on aspects of working memory and
executive function. These studies collectively showed that the effects of exercise on cognitive
function are not solely confined to aerobic activities.
In 2014 and 2015, two further systematic reviews with meta-analysis were published which examined
the effect of exercise on cognitive function in neurologically healthy older adults112, 113. The first, by
Kelly et al112, investigated both aerobic and resistance modes of exercise in their investigation,
although they limited their search criteria to only include articles published in the ten years since the
Colcombe and Kramer study98. The second study, a Cochrane review by Young et al113, investigated
the effect of improving fitness through aerobic exercise interventions on cognition. Both studies
suggested that there was little evidence to support the role of exercise in improving cognition in older
adults. However, both reviews were limited by the way in which they considered the effects of
exercise. Firstly, Young et al113 only considered aerobic interventions, despite the emergence of data
supporting resistance training as an effective mode of exercise. Secondly, Kelly et al112 only included
studies from a ten year period and therefore excluded otherwise relevant studies. Thirdly, neither
study examined the effects of multicomponent training, nor did they examine non-traditional modes
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of exercise such as Yoga or Tai Chi. Finally, neither study investigated nor discussed the potential
moderating effects of training variables including the intensity, frequency and duration of exercise,
despite the earlier findings of Colcombe and Kramer98. Therefore, the available systematic reviews
with meta-analysis provide an incomplete summary of the available literature and provide little
information (outside of the Colcombe and Kramer review98) on the most appropriate prescription of
exercise for older adults to improve their cognition. These limitations impact public health
recommendations, as well as constraining scientific research to investigate the effectiveness of
exercise, rather than how best to prescribe it.
2.3

Mechanisms by which Physical Activity Influences Cognitive Function

Understanding the mechanisms by which physical activity may influence cognitive function is an
important component of the literature on ageing114, 115. These mechanisms help to confirm causal links
between physical activity and the brain as well as providing pathways to target with interventions.
Importantly in the context of translating research into clinical and population recommendations, the
varied response of many mechanisms to physical activity dose offers an opportunity to refine and
develop exercise prescription for the brain. The pathways presently investigated within the literature
tend to fall into four categories: brain structure and function (2.3.1); cellular mechanisms (2.3.2);
molecular mechanisms (2.3.3); or health and disease processes (2.3.4).
2.3.1

Brain Structure and Function

Grey Matter
Alongside changes in cognitive function, ageing is associated with a reduction in total brain volume
which is accounted for by a combination of atrophy across cortical and subcortical structures as well
as enlargement of the ventricles116, 117. While ageing tends to have global effects on brain volume,
there is substantial variation in the direction and rate of change between structures 9, 116, 118. Cortical
structures in the lateral and inferior pre-frontal cortex9,

119

, the caudate nucleus120, as well as the

medial and superior temporal lobes9, 116, 121 seem to be particularly vulnerable to age-related declines.
Volumetric loss, measured via magnetic resonance imaging (MRI), within the prefrontal cortex and
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hippocampal regions is of interest as atrophy corresponds with the accelerated age-related declines in
executive function and memory performance, respectively6,

116

. Although theoretically simple,

demonstrating volume-cognition relationships tends to be quite complex and must take into
consideration the shared variance of the two variables with age. Using statistical mediation, GunningDixon et al.122 found pre-frontal cortex volume (a region of interest made up of the combined volumes
of the dorsolateral prefrontal cortex and orbitofrontal cortex) accounted for 25% of the age-related
decline in executive function performance in a cohort of 50 to 81-year-olds. Dorsolateral pre-frontal
cortex volume has also been demonstrated to indirectly influence episodic memory through its
relationship with working memory and inhibitory control processes123, highlighting the complexity of
investigating volume-cognition relationships. Similarly, hippocampal atrophy, which accelerates with
increasing age10, is of interest due to its role in episodic memory functions123 and implication in
pathological ageing processes such as Alzheimer’s disease124. Longitudinal studies are similarly
supportive, and show baseline grey matter volume is associated with preserved cognitive function125,
126

.

Regions of the brain most susceptible to age-related grey matter atrophy also appear highly sensitive
to both physical activity and exercise127. Like the research on cognitive function, much of the
evidence from epidemiological studies examining the influence of physical activity on grey matter
volume is based on self-report measures of physical activity74, 128-132. Although not measuring physical
activity directly, a relatively consistent and influential body of literature exists that demonstrates
positive associations between aerobic fitness and grey matter volume within the dorsolateral prefrontal cortex60,
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, caudate nucleus67 and hippocampus65 in older adults. However, studies

investigating grey matter volume have also begun to incorporate accelerometers to record physical
activity objectively82,

133-136

. Halloway et al.82 recently found total daily accelerometer counts to be

associated with subcortical grey matter and total grey matter volumes in 262 older adults.
The subcortical grey matter is of interest as it includes regions including the hippocampus. To date,
only one study investigating hippocampal volume in cognitively healthy older adults using an
objective physical activity monitor has been published135, 136. These initial results showed total daily
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activity was related to hippocampal volume in women only136, with potential sub-regional effects
isolated to the subiculum135. In addition to the effects of total daily physical activity on hippocampal
volume, this relationship held for low-intensity physical activity but not for MVPA. Although this
finding suggests that even low-intensity activities may confer protective effects to the hippocampus,
the participants in this study were mostly inactive and only recorded an average of ~6 mins per day of
MVPA. This narrow range of physical activity, particularly the limited levels of high-intensity
physical activity, makes it difficult to make conclusions about the role of MVPA in brain morphology.
In contrast, Makizako et al.137 found MVPA but not light-intensity physical activity to be associated
with greater hippocampal volume in older adults with mild cognitive impairment (MCI). While
relationships between physical activity and the hippocampus may differ between cognitively healthy
and MCI older adults, it does cast doubt over the role of physical activity intensity and brain
morphology in ageing. In addition to the limited evidence for physical activity intensity, studies with
objective physical activity monitors have not explicitly investigated associations with the pre-frontal
cortex, despite being susceptible to age-related atrophy and contributing to cognitive decline.
The effect of an exercise intervention on grey matter volume has also been investigated, with mostly
positive results102, 138, 139. Colcombe et al.138 investigated the effects of a 6-month moderate-intensity
aerobic exercise intervention in comparison to a stretching and toning control group on grey matter
volume in 60 to 79-year-olds. The exercise group demonstrated an increase in grey matter volume in
the dorsolateral prefrontal and temporal cortices. Similarly, Erickson et al.102 found a 12-month
moderate-intensity walking intervention was able to increase hippocampal volume in 120 older adults.
While the intervention group demonstrated a mean increase in left and right hippocampal volume by
2.12% and 1.97%, the control group had a 1.40% and 1.43% decline in volume over the same period.
The effect of the exercise intervention was exacerbated in the anterior hippocampus, which includes
the dentate gyrus where neurogenesis is prone to occur and was mediated by increases in serum brainderived neurotrophic factor (BDNF). Critically, the increase in hippocampal volume was also related
to improvements in spatial memory performance in the exercise group. These two studies specifically
demonstrate that regions of the brain sensitive to age-related decline are also responsive to
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interventions which include physical activity. While these findings are significant, both interventions
were similar regarding intensity (moderate) and mode of exercise (aerobic). It is unclear therefore
whether the effects of physical activity at higher or lower intensities may be more effective at
reducing or reversing the rate of grey matter atrophy. This is particularly important as mediators of
exercise-induced volume increases102, such as BDNF, may display a dose-response relationship with
exercise mode, duration and intensity.
White Matter
White matter consists mainly of the glia and myelinated axons of neurons which are responsible for
coordinating the transmission of neural signals between regions of grey matter116. Cerebral white
matter undergoes age-related changes which are characterised by degradation in volume and integrity
during the fifth decade of life116. MRI studies, which investigate white matter volume, and diffusion
tensor imaging, which allow investigation of white matter microstructural properties, tend to
demonstrate accentuated declines in the anterior tracts of the brain14,

140

. Due to the highly

vascularised nature of white matter, a decline of this cerebral tissue is thought to be related to
underlying small vessel disease leading to reduced perfusion141. These declines in white matter
integrity, especially to the anterior tracts, are also related to declines in cognitive functions including
processing speed and executive function122, 140. Although not as high as anterior declines, disruptions
to white matter integrity in the central and posterior tracts have been shown to contribute to poor
episodic memory and increased task-switching costs, respectively140. Like grey matter, physical
activity has been shown to be related to improved white matter integrity66, 142-144 and is responsive to
exercise interventions138,

145

. Colcombe et al.142 found greater aerobic fitness was associated with

increased white matter volume in the anterior tracts and in transverse tracts running between the
frontal and posterior lobes. Using diffusion tensor imaging, Oberlin et al.66 also found white matter
microstructure (specifically higher fractional anisotropy) within the frontal tracts mediated the
relationship between greater aerobic fitness and spatial memory performance. Studies using physical
activity monitors to investigate white matter structure are not widely available. Doi et al. 141
investigated the effect of physical activity intensity when measured with accelerometry in a cohort of
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older adults with MCI. While not being representative of cognitively healthy older adults, they did
show participants with lower levels of light-intensity physical activity and MVPA had greater severity
of white matter lesions. Intervention studies have generally investigated interventions of moderateintensity aerobic exercise. Colcombe et al.138 found increased white matter volume within the anterior
lobe following a 6-month aerobic exercise intervention performed between 40 and 70% of heart rate
reserve. Using a similar exercise dose but over 12-months, Voss et al.145 found no effects on white
matter microstructure using diffusion tensor imaging compared to a stretching control group.
However, they did show increased aerobic fitness in the exercise group was related to improved white
matter integrity, potentially suggesting that individual differences in trainability or workload during
the intervention influenced the results.
Functional Activation of Neural Networks
The functional activation of brain networks has been shown to change with increasing age. The
changes to brain function, measured through functional MRI, positron emission tomography or
electrophysiological recordings, may be compensatory measures related to or independent of the
structural declines discussed thus far115, 116. Resting functional connectivity is particularly vulnerable
to age-related declines in the default mode network and executive control network146. Older adults
also show differences in functional activation during cognitive tasks compared to younger adults. For
example, Cabeza et al.147 investigated differences in activation of the prefrontal cortex during a
cognitive task between younger adults and a high or low functioning older adult group. During the
cognitive task, the younger group performed better than older adults, although the high functioning
group had better performance than the low functioning group for each age. Regarding pre-frontal
cortex activation, the younger group showed activation of the right prefrontal cortex, while the older
high-functioning group displayed bilateral activation. On the other hand, the low functioning older
adults, who performed the worst during the cognitive task, had similar activation patterns to the
younger adults. These differences suggest successful agers are characterised by greater plasticity of
functional networks, presumably as a compensatory mechanism which maintains cognitive function.
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The relationship between aerobic fitness (i.e. V̇O2max) and functional activation of the brain148-151 is
also beginning to be investigated, with generally positive results. Colcombe et al.148 demonstrated
greater activation within the prefrontal (specifically the mid-frontal gyrus) and parietal cortices
(specifically the superior parietal lobe) as well as less activation of the anterior cingulate cortex for
high vs. low fit older adults during the Erickson flanker task which relies on executive functions
related to response inhibition and attention. More recently, Voss et al.150 found fitness, but not
objectively measured physical activity, to be related to resting functional connectivity in older adults.
Given the use of an objective measure to quantify physical activity in this study, the differential
findings for physical activity and fitness are of interest. While V̇O2max is associated with improved
oxygen transport and mitochondrial adaptations which would benefit the brain, the substantial genetic
contribution to V̇O2max alongside the cross-sectional study design are potential explanations. However,
evidence from randomised controlled trials is promising in that exercise may be able to induce
functional-plasticity within brain networks at risk of age-related declines109, 148, 152. There is evidence
that both aerobic exercise and resistance training are beneficial to functional activation. In addition to
the cross-sectional results of Colcombe et al.148 discussed above, the authors also tested the training
effects of a 6-month aerobic exercise intervention at moderate-intensity. The exercise intervention
was able to increase activation within the pre-frontal and parietal cortex and decrease activation
within the anterior cingulate cortex, overlapping the regions shown to be associated with aerobic
fitness. On the other hand, Liu-Ambrose et al.109 investigated the effects of a 12-month resistance
training intervention on functional activation, also during the flanker task. A strength of this study was
the inclusion of once-weekly and twice-weekly resistance training groups which allowed the effect of
exercise dose to be investigated. The twice-weekly resistance training group experienced a decreased
tendency to prepare response inhibition which resulted in improved flanker task performance,
compared to the control group. This effect was exclusive to the twice-weekly training group and
suggests the potential of a dose-response with training frequency between resistance training and
functional plasticity in older adults.

31

Cerebrovascular Structure and Function
The cerebrovascular system undergoes changes to its structure and function which are related to brain
health with ageing153, 154. The brain is a highly metabolic organ which requires a constant and stable
supply of oxygen and energy substrates through the maintenance of adequate cerebral perfusion. As
such, the function of the cerebrovascular system is to regulate cerebral blood flow (CBF) in response
to changes in neural activity, pH and mean arterial pressure to prevent either over perfusion (which
increases the risk of an aneurysm) or under perfusion (which increases the risk of ischemia). This
regulation of perfusion involves the unique interaction of the neurons and glial cells with the vascular
endothelium and smooth muscle cells to effectively vasodilate or vasoconstrict in response to these
stimuli. Given this close relationship, it is unsurprising that the loss of grey and white matter volume
and decreased neural activity is accompanied by progressive declines in cerebral capillary density and
blood flow59,

155-157

. In one study, Scheel et al.157 found an annual reduction in global CBF of ~3

mL/min between the age of 20 to 85 years. More substantial reductions were seen to CBF in the
internal carotid artery which is the primary supply of the anterior circulation. These findings are
supported by studies using Transcranial Doppler Ultrasound on the middle cerebral artery (MCA)
which show age-related reductions in blood flow velocity of ~1% per year59,

155, 156

. Alongside

reductions in CBF, the reactivity of the endothelium to stimuli declines with increasing age. Barnes et
al.158 investigated age-related differences in cerebrovascular reactivity in the MCA to increased
arterial carbon dioxide (i.e. hypercapnia) and found significant impairments in the older participants
compared to younger adults. While the loss of brain volume and activity is undoubtedly responsible
for some of this hypoperfusion, more recent evidence suggests disruptions to CBF may precede
neurocognitive declines154. For example, reductions in CBF and reduced reactivity are associated with
the development of white matter hyperintensities16 as well as Alzheimer’s disease pathologies such as
β-amyloid deposition153, 154. As such, the health and function of the cerebrovasculature is a potential
target to reduce the risk or severity of age-related cognitive declines.
Although the function of the cerebrovascular system declines with age, evidence from observational
studies, as well as acute and chronic interventions, suggest physical activity can play an import role in
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maintaining and promoting cerebrovascular health. Ainslie et al.155 conducted a cross-sectional study
examining the effect of fitness level (V̇O2peak) on age-related decline in MCA blood flow velocity
(MCAvmean) in 307 men aged between 18 and 79 years. While MCAvmean displayed age-related
declines for the high and low fit participants, MCAvmean in the high fit participants was ~17% higher
across the age-range studied. As the trajectory of decline was similar between groups, this suggests
that elevated fitness may contribute to a cerebrovascular reserve, whereby its function is elevated at
baseline and remains so despite similar rates of decline. Similarly, Bailey et al.156 found higher fitness
reduced the age-related decline in MCAvmean. In addition, they also found fitness related effects on
endothelial function, as measured by MCAvmean reactivity to carbon dioxide. Although this research
was conducted in males, similar effects are observed for females. Brown et al.59 investigated the
relationship between cerebrovascular function, aerobic fitness and cognitive function in 42 women
aged 50 to 90. The authors assessed cerebrovascular conductance, the change in MCAvmean in response
to changes in mean arterial pressure, as the main outcome of cerebrovascular function. The higher fit
group displayed a higher cerebrovascular conductance, suggesting maintained physical fitness confers
benefits to the cerebral circulation by increasing endothelial function, similar to the effects of physical
activity observed in the periphery159. In addition, cerebrovascular conductance was predictive of
cognitive function in this group. Collectively, the research suggests that maintained aerobic fitness is
associated with improved or maintained vascular function across the lifecycle.
Intervention studies investigating the effects of exercise on cerebrovascular function are only
beginning to emerge. Murrell et al.160 investigated the effects of a 12-week partly-supervised
moderate-intensity aerobic exercise intervention on MCAvmean and reactivity to carbon dioxide. The
study, which included a group of ten older adults, found increases to both MCAvmean and reactivity to
carbon dioxide following the intervention. Although the study was limited by small numbers, the
partly-supervised nature of the intervention and a lack of a control group, it provides initial evidence
that the trajectory of age-related decline in cerebrovascular function can be modified through
relatively short and moderate-intensity aerobic exercise interventions.
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The effects of exercise on the cerebrovascular system are likely due to both direct and indirect effects
on the brain161. Acutely, CBF can be elevated during exercise in response to increased neuronal
reactivity, blood pressure (driven predominantly by the increase in cardiac output) and the partial
pressure of arterial carbon dioxide. This elevated blood flow has a number of benefits including
increased shear stress on the endothelium and associated increases in vascular nitric oxide availability
as well as increasing cerebral metabolism and circulating levels of growth factors 161. While CBF will
increase globally in response to the increase in neural activation with movement, the response is
closely linked to exercise intensity. CBF increases from rest and peaks at ~60-70% of V̇O2max before
steadily declining to near or below resting levels as maximal intensity is reached 19,

162, 163

. This

inverted U response to exercise intensity is closely related to the decrease in arterial carbon dioxide
once exercise increases in intensity beyond the ventilatory threshold163. Although this response would
suggest flow-mediated improvements in cerebrovascular function would be optimised when exercise
is at moderate-intensity, the response to intermittent higher intensity exercise, for instance, is not well
understood. This is particularly important as peripheral cardiovascular adaptations may display
benefits to modes of exercise such as high-intensity interval training. High-intensity interval training,
in particular, has been shown to offer superior benefits to moderate-intensity continuous exercise for a
range cardiovascular risk factors including arterial stiffness, carotid artery plaque burden and
endothelial reactivity164, although its effects on the cerebrovascular system have not been investigated.
2.3.2

Cellular Mechanisms

The effects of physical activity on brain structure discussed thus far are underpinned to a large extent
by neurogenesis and angiogenesis115. Although initially controversial, it is now well-established,
predominantly through animal studies, that neurogenesis is possible across the lifespan and that
physical activity plays a role in modulating this process165. For example, van Praag and colleagues166
investigated the effects of voluntary exercise (wheel running) on learning and neurogenesis in older
and younger rats. Firstly, there was a significant age effect, such that cell genesis in the dentate gyrus
decreased with older age. However, both the younger and older exercising rats increased the number
of new cells and, interestingly, the older exercising rats had similar rates of cell genesis to the younger
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control rats. These effects suggest that not only does exercise increase cell genesis in older rats, but it
may also restore the rate to similar levels seen prior to age-related declines. While cell numbers
increased with exercise for the older and younger rats, there were differences in the rate of
neurogenesis, such that a higher number of new cells in the younger rats went on to become neurons.
However, examination of the fine morphology of these new neurons found they were similar for the
younger and older rats, suggesting that although the rate of neurogenesis is lower with ageing, the
structural properties of new neurons are not affected. This may be important in human models where
age-related grey matter atrophy can be explained through the loss of dendritic complexity and
subsequent reductions in the size and number of neurons. These exercise-induced changes in cell
division also play a role in mediating improvements to cognition. In older rats undertaking 1-2 weeks
of wheel running, improvements to spatial learning have been demonstrated alongside the
proliferation of neurons within the dentate gyrus166.
There is evidence that neurogenesis is closely related or even dependent upon angiogenesis 165, 167, 168.
Palmer et al.167 found neural precursors and subsequent neurogenesis were isolated in clusters around
small capillaries within the subgranular zone in rats. After differentiation, these new cells were shown
to migrate throughout the subgranular zone. That these neuronal, glial and endothelial precursors were
found in tight clusters around branches in fine capillaries suggests that areas of angiogenesis are focal
points for neurogenesis. Although central signals may trigger this process, this also demonstrates the
potential for peripheral signals, such as circulating growth factors, which are influenced by physical
activity to influence neurogenesis at this capillary interface167.
Angiogenesis has been shown to occur in response to physical activity

166, 169, 170

, including areas of

the brain outside the hippocampus171, 172. Both Creer et al.169 and van Praag et al.166 found increased
vessel counts within the dentate gyrus of the hippocampus following exercise in adult rats. However,
these effects were attenuated in older rats within each of these studies166, 169. Although evidence from
humans is not widely available170, 173, imaging studies provide positive evidence for exercise-induced
angiogenesis, particularly within the hippocampus. Maass and colleagues173, 174 conducted a proof-ofconcept study investigating the effects of a 12-week moderate-intensity aerobic exercise intervention
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in older adults aged 60 to 77 (mean age: 68.4 y) on hippocampal CBF and blood volume using
contrast-based perfusion imaging in an MRI. This method allows regional changes in CBF to be
measured while assessing blood volume as an indicator of increased capillary density due to
angiogenesis. The training group, on average, increased hippocampal CBF and blood volume in
response to the intervention, although increasing age attenuated this effect 173. The increase in
hippocampal blood volume suggests the exercise intervention increased perfusion within the
hippocampus, which is vital for supporting new neurons in response to neurogenesis. Importantly,
these changes in hippocampal vascular health were associated with more significant improvement in a
spatial memory task.
2.3.3

Molecular Mechanisms

One limitation with investigating cellular mechanisms of exercise-induced neurocognitive effects in
humans is the invasive nature of measurements. As such, there is limited evidence from human
studies and no research investigating the dose of physical activity. However, the cellular proliferation
discussed thus far tends to occur in response to molecular cascades initiated by the physiological
response to physical activity. The three most common molecular pathways researched in relation to
exercise and cognitive function in both animal and human models of ageing are brain-derived
neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-1) and vascular endothelial growth
factor (VEGF). BDNF is a neurotrophic protein which facilitates neurogenesis, synaptic plasticity and
neuronal survival175-177. While BDNF is released from the central nervous system and found in high
concentrations within the hippocampus, it is also produced in peripheral tissues including the vascular
endothelium and is present in human blood platelets178, 179. IGF-1 is a hormone crucial for stimulating
angiogenesis180 and neurogenesis181,

182

that steadily declines with age and is also implicated in

cognitive impairment183. VEGF refers to a family of growth factors responsible for regulating
vascularisation and neuronal cell migration within the central nervous system184. Importantly, there is
evidence that these pathways are complementary to one another, and many display a dose-response
relationship with acute exercise.
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Animal research
Animal research has shown that low concentrations of BDNF impair memory and learning
performance185-187 while acute and chronic exercise interventions can increase the concentration of
BDNF177 and in turn mediate exercise-induced improvements in cognitive function187. There also
appears to be a dose-response relationship with exercise, such that rats who run further tend to display
greater increases in the concentration of BDNF and rates of neurogenesis 188. Exercise also increases
IGF-1 concentration and receptor density189, 190 which is vital for angiogenic responses to exercise.
Animals with low serum IGF-1, do not display increases in brain vessel density as expected from
physical exercise, while systemic injection of IGF-1 increases brain vessel density by up-regulating
VEGF180,

191

. Blocking the IGF-1 receptor in rats inhibits exercise-induced neurogenesis in the

hippocampus181 and effectively reverses exercise-induced increases of BDNF mRNA in the brain190.
Research suggests that resistance training, in particular, is associated with an increase in IGF-1.
Cassilhas et al.189 found similar improvements in learning spatial memory performance for both
aerobic and resistance training in rats. Despite the similar changes in cognitive performance, the
aerobically trained rats had increased BDNF levels in their hypothalamus, while the rats who
undertook resistance training only increased their levels of insulin-like growth factor (IGF-1).
Human research
Research in human participants has demonstrated acute exercise increases the concentration of BDNF
and the dose of exercise directly impacts the magnitude of any changes. In particular, BDNF
concentration has a dose-response relationship with intensity177. For example, Ferris et al.192 found
significant increases from baseline resting levels of BDNF after 30 mins of exercise performed above
ventilatory threshold (i.e. vigorous) but not for low-intensity exercise. However, the duration of the
exercise may also influence this response. Rasmussen et al.193 had participants perform 4 hours of
rowing at low- to moderate-intensity while measuring arterial and jugular BDNF concentration
throughout. BDNF was only elevated compared to rest at the 4-hour mark, suggesting that prolonged
duration at a lower intensity can also provide a strenuous stimulus that increases the release of BDNF.
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As a prolonged exercise bout of this duration is likely to be impractical at a population level,
increasing the BDNF response to exercise through vigorous exercise may be an avenue to maximise
adaptations within the brain. A recent study by Marquez et al.194 investigated the BDNF response to
high-intensity interval training in comparison to continuous training. Although both exercise protocols
lasted 20 minutes, the high-intensity interval training protocol included ten intervals at 90% of
maximal aerobic power for 1 minute compared to the continuous group who rode at 70% of their
maximal aerobic power. Both protocols increased the concentration of serum BDNF from rest and
peaked at the 20-minute end-point. However, the high-intensity interval training protocol had an
elevated BDNF concentration and a more substantial relative change from resting levels compared to
the continuous protocol. Also, despite the higher work rate and exertion the participants reported
enjoying the high-intensity interval training protocol more than the continuous training. This early
finding suggests that intervals of high-intensity exercise may be an ideal method of prescribing
exercise that optimises the release of BDNF.
Evidence for the role of IGF-1 and VEGF in relation to exercise in humans is not widely available and
has mixed findings183 compared to research on BDNF. Interestingly, studies of acute resistance
training bouts have shown no changes in serum IGF-1 levels in both younger195 and older196
participants. Although these effects could be due to the relatively low intensity of the exercise, these
studies were also limited as they collected blood samples immediately after training, however, the
release and subsequent peak of circulating IGF-1 levels are delayed following resistance training197.
Research from aerobic exercise intervention studies in humans doesn’t tend to show significant
changes in resting concentrations of BDNF, IGF-1 or VEGF102,

174, 198

. However, changes in the

resting concentration of these growth factors are associated with improved functional connectivity198
and hippocampal volume102, 174. These studies of aerobic exercise investigating molecular mechanisms
have lasted between 3 to 12 months and have been conducted at moderate-intensity102, 174, 198. On the
other hand, Cassilhas et al.111 examined the effects of 24 weeks of either moderate or high-intensity
resistance training on cognitive function and serum IGF-1. The moderate and high-intensity resistance
training groups had similar increases in the concentration of serum IGF-1 at rest following the
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intervention. It is not clear whether the increases in IGF-1 were acting as a mediator by which the
resistance training improved cognitive function. It is likely that some of the inconsistency within the
research is also due to the time course any acute post-exercise responses. Exercise may induce shortterm transient increases in these neurotrophic factors in response to the acute training period before
returning to resting levels. These short-term increases result in long-term structural and functional
changes in the brain that are detected by neuroimaging.
2.3.4

Health and Disease

The mechanisms and pathways discussed thus far are primarily related to direct effects on the brain.
In addition to these mechanisms, physical activity is likely to impact neurocognitive function by
reducing risk factors related to peripheral health and disease states114. The most commonly associated
mechanisms, including cardiovascular health, glucose metabolism and inflammation, are briefly
reviewed below. While discussion of these diseases has been separated, they are often present as comorbidities which collectively impact the brain.
Cardiovascular health
Increasing age is associated with reduced health and function of the cardiovascular system. There is
evidence that age-related effects on the cardiovascular system directly impact upon neurocognitive
health. Arterial stiffness increases with age, primarily due to changes in the structure and function of
the arteries. These changes to arterial stiffness directly impact the brain due to the increased pulsatile
pressure and the associated risk of microbleeds in the cerebrovascular system199. As discussed
previously, these disruptions to the cerebrovascular system are associated with increased age-related
decline in brain structures as well as potentially contributing to the development of Alzheimer’s
disease pathologies. As such, managing blood pressure to reduce the pulsatile pressures experienced
by the cerebral microvessels is recommended as a potential target to reduce the risk of cognitive
decline200. While pharmacological interventions are effective at managing blood pressure, there is
good evidence that physical activity, particularly aerobic training, is an effective intervention for
improving arterial stiffness and blood pressure in older age201. There is also some evidence that
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resistance training is associated with acute increases in arterial stiffness, particularly at higher
intensities202. Recent research has also shown arterial stiffness to mediate the relationship between
physical fitness (assessed via 6-minute walk test) and cognitive function in older adults203. On

the other hand, conditions such as atherosclerotic plaque burden within the carotid artery or
heart failure are associated with hypoperfusion of the brain which may precede grey matter
atrophy and cognitive dysfunction204,

205

. Physical activity has been shown to reduce the

cardiovascular disease burden206 and rate of cognitive decline207 in individuals with the
APOE*E4 allele. The APOE gene is responsible for regulating cholesterol and lipid
metabolism, and people with the APOE*E4 allele display higher total cholesterol levels and
elevated risk of cardiovascular disease and cognitive decline208, including Alzheimer’s and
dementia209. Although the relationship between physical activity, APOE*E and
cardiovascular disease requires further investigation, this initial evidence highlights the
potential interaction between lifestyle and genetic influences of cognitive decline. There is
also evidence that physical activity level is associated with maintained subcortical grey
matter and cognitive function in older heart failure patients133, while cardiac rehabilitation
programs have been found to improve cognitive function210.
Glucose metabolism
Insulin resistance refers to a condition where the insulin receptors become desensitised to the actions
of insulin, subsequently impairing the cellular uptake of glucose211. Long-term, insulin resistance
increases the risk of impaired glucose regulation and type-II diabetes212. Collectively these metabolic
conditions may impact the brain by reducing the neuronal uptake of glucose, increasing inflammation,
and impacting insulin-regulated neural signalling and pathways212. Insulin resistance increases with
age and lifestyle factors including diet and physical inactivity. Age-related neurocognitive decline is
accelerated in people with insulin resistance213. Higher blood glucose is associated with greater
hippocampal and amygdalar atrophy in older age, independent of the clinical diabetic status of an
individual214. Although habitual physical activity is associated with improved glucose metabolism
40

which, in turn, should extend benefits to the brain, few studies have examined this relationship in the
context of neurocognitive function114.
Inflammation
Inflammation, both systemic and centrally, increases the rate of neurocognitive decline across the
lifecycle215. Chronic systemic inflammation is associated with a number of conditions, including
cardiovascular disease216, diabetes217, and cancer218, representing a shared pathway by which the brain
is negatively affected. The effect of systemic inflammation on the brain is accentuated when the
inflammatory response is severe, or there is a breakdown in blood-brain barrier integrity219. There is
good evidence to suggest that peripheral inflammatory markers are associated with cognitive
decline220, 221 and atrophy in brain regions including the hippocampus222. Within the brain itself, the
inflammatory response is mediated by the microglia, which when activated by local stress or injury,
increase the production of inflammatory cytokines219. These central inflammatory processes become
hypersensitised and prolonged with increasing age223 and are associated with reduced neurogenesis
and subsequently poorer neurocognitive health215. Physical activity is associated with lower levels of
systemic inflammatory markers, most likely due to the release of interleukin-6 from the active skeletal
muscle which suppresses pro-inflammatory factors224. Theoretically, physical activity-related
reductions in inflammation should improve neurocognition, however, this relationship has not been
widely investigated in humans.
2.4

Summary

A large body of observational and intervention studies have investigated the role of physical activity
in reducing age-related cognitive decline. Although there are promising results for a protective effect
of physical activity on cognition, there are inconsistencies in observational research and recent
systematic reviews of intervention studies have been inconclusive. Despite many of the mechanisms
linking physical activity to cognition displaying a dose-response to the type, duration and intensity of
exercise, the literature as a whole does not adequately address physical activity dose. Because of this,
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guidelines for the most appropriate mode, duration, intensity and frequency of physical activity for
promoting healthy brain ageing are not available to the population or clinicians.
There are several limitations within the observational and interventional studies investigating
cognitive function as well as brain structure and function, which contribute to this uncertainty. Most
observational studies investigating the link between physical activity and neurocognition rely on selfreported measures of activity level. These self-report measures appear to have a low agreement with
objective measures for overall activity level. However, it is not clear how valid they are for measuring
the duration of physical activity by intensity. Although objective measures of physical activity are
starting to be implemented into research, the current literature focuses on overall activity levels and
doesn’t tend to investigate the characteristics of physical activity. Further, the studies that do
investigate physical activity intensity have used activity monitors which incorporate accelerometry
alone and may not distinguish accurately between sedentary, light- or moderate-intensity activity.
Since 2001, a comprehensive systematic review with meta-analysis of exercise interventions which
considers the dose of exercise in its analysis has not been conducted. Through combining and not
accounting for studies incorporating varying types and intensities of exercise, these systematic
reviews have questioned the effectiveness of exercise as an intervention to improve cognition in older
adults. Understanding how the dose of physical activity influences the cognitive function in ageing is
vital for providing evidence-based physical activity guidelines to clinicians and population groups.
This type of research is especially important as the population continues to age and place increased
pressures on public health systems.
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older adults using questionnaires?
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3.1

Foreword

The following chapter is the first of three original studies within the thesis. This study aims to
understand the ability of older adults to self-report the duration of light-, moderate- and vigorousintensity physical activity, respectively, using two commonly used questionnaires. The
participants, who were aged 73 to 78, were a subgroup from the Personality and Total Health
(PATH) through life project, a large longitudinal study investigating the characteristics of healthy
ageing. As part of the routine PATH data collection, the participants self-report the duration of
physical activity divided by intensity over the past week. They also wore an activity monitor for a
7-day continuous period to objectively record their physical activity. This chapter discusses the
validity of using questionnaires to assess the duration of physical activity by its intensity in older
adults, particularly considering most of the evidence for the role of physical activity and healthy
neurocognitive ageing relies on self-report measures.
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3.2

Published Manuscript

3.2.1

Abstract

Objectives: This study assessed the accuracy of physical activity measured with two widely used
questionnaires compared to an objective measure in older adults.
Design: cross-sectional observation
Method: A total of 169 (female: 43.8%) participants aged 73-78 years (mean: 75.1 y; SD: 1.3) wore a
SenseWear™ Armband (SWA) for 7 days and reported the duration of physical activity by intensity
with a Physical Activity Recall (PAR) questionnaire and the Active Australia Survey (AAS). In
addition, the duration of moderate-to-vigorous-intensity physical activity (MVPA) and overall active
time, weighted for intensity (Total PA; MET:mins.week-1) was assessed. Univariate general linear
models were used to compare the questionnaire and SWA measures of physical activity while
controlling for age, sex and education.
Results: The PAR was associated with SWA moderate-intensity physical activity (b = 0.19; 95%CI
0.03 to 0.35), MVPA (b = 0.19; 95%CI 0.02 to 0.37) and Total PA (b = 0.33; 95%CI 0.11 to 0.55).
Although significant correlations were present, the models explained a small proportion of the
variance in the SWA variables. The AAS was not associated with the SWA for any physical activity
outcome. There was also significant under-reporting of physical activity duration for both
questionnaires in comparison to the SWA.
Conclusions: The PAR questionnaire may be suitable for determining the effect of greater levels of
physical activity on health outcomes. However, neither questionnaire can be considered valid in
determining the duration of physical activity divided by intensity. In addition, questionnaire and
objectively measured physical activity are not equivalent and absolute measures of physical activity
derived from questionnaires should be interpreted with caution.
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3.2.2

Introduction

The accurate measurement of physical activity in older adults is necessary to better understand the
relationship between physical activity and improved health outcomes to inform population health
policy. Although self-reported physical activity is still the most commonly used measurement method
due to its ease of use and cost-effectiveness225 it tends to be poorly correlated with physical activity
estimates derived from objective activity monitors in adults58. Although seemingly obvious, this
limitation is often not considered in the interpretation of the literature in this area. For example, a
recent study using self-reported physical activity concluded that obtaining the recommended 150
mins.week-1 of MVPA226 at mid-life is not associated with a reduction in dementia risk53. As findings
such as this have serious implications for the development and communication of evidence-based
physical activity recommendations, it is important to understand the precision of self-report physical
activity measures.
The level of agreement between physical activity measures in adults may be further diminished with
increasing age, due in part to the wide individual variability of older adults227. This presents a problem
as the proportion of adults over the age of 65 is rapidly increasing, resulting in population-based
studies measuring physical activity in increasingly older cohorts72. Although few studies have
examined the over-65 age group, available evidence indicates that correlations between self-report of
the total duration of physical activity with an objective measure range between 0.10 and 0.4254-56.
Although significant correlations exist, there tend to be substantial absolute differences in the duration
of self-reported and objectively measured physical activity 57, limiting the ability to correctly define
individuals as active or inactive based on existing physical activity guidelines228. Although measuring
the total duration of physical activity to estimate overall activity levels is important in this
population228, it does not take into account the different physiological and health responses to physical
activity by intensity226,

229

. Therefore, accurately measuring the time spent at different levels of

physical activity intensity is required to guide the evidence-based development of physical activity
recommendations in older adults. Presently, the few available studies in this age group have not
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investigated the relationship between the duration of self-report and objectively measured physical
activity while considering different intensity levels.
To address these limitations the current study had three objectives: 1) characterise the weekly duration
of physical activity, including when divided by light-, moderate-, and vigorous-intensity; 2) determine
the agreement between physical activity measured by two commonly used questionnaires and an
objective physical activity measure while controlling for sociodemographic confounding variables;
and 3) investigate the effect of age, sex, and education level on the agreement between questionnaire
and objectively measured physical activity.
3.2.3

Methods

Participants were sampled from the magnetic resonance imaging (MRI) sub-study230 of the
Personality and Total Health through life (PATH) project, a large longitudinal survey which is
described in detail elsewhere231. Two thousand five hundred and fifty-five participants were enrolled
at baseline (the year 2001) into the PATH study. Of those, 622 randomly selected participants were
offered an MRI scan, and 478 underwent a structural MRI scan. At the fourth assessment (12 years
after baseline testing), 325 participants in the MRI group aged 73 to 78 years of age were available for
follow up and were offered to participate in a cross-sectional sub-study examining the cognitive,
physical activity, and diet habits of older adults. Participants completed the PATH survey under the
supervision and with the assistance of a trained interviewer, before returning on a subsequent day for
their MRI scan. Of those participants, 184 participants accepted and were provided with a
SenseWear™ Armband following their MRI scan (SWA; BodyMedia, PA, USA) for a continuous
seven-day period to objectively record physical activity patterns.
Participants (n = 8) who scored less than 24 on the Mini-Mental State Examination or had a history of
stroke, Parkinson’s disease, or epilepsy232 were excluded from the analyses in line with previous
studies72. Additionally, participants (n = 5) who had less than 5 valid days (>20 h on-body time) of
armband data were excluded from the study and data for two of the participants were not available
due to a technical error with the armband. As a result, 169 participants had data available for analysis.
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The study sample was slightly younger than the larger PATH sample (75.1 vs 75.7 years; p < 0.001)
but did not differ in the proportion of females or years of education. The study was approved by the
Australian National University Human Research Ethics Committee and participants provided written
informed consent.
Two questionnaires are used to assess physical activity in the PATH study. The first is a short
physical activity recall (PAR) questionnaire using items adapted from the U.K Whitehall II study72, 233
To the best of our knowledge, this questionnaire has not been validated against an objective measure
of physical activity in older adults, although several examples exist of its use in previous
publications53, 72. In the PAR, participants were asked to recall the time in the past week engaging in
physical activity of light-, moderate- and vigorous-intensity. Each question asked the participants to
report the time spent on average undertaking physical activity at intensity levels comparable to
particular sports or activities. The three questions provided examples of common activities and sports
for light (e.g. walking), moderate (e.g. dancing) and vigorous (e.g. running) intensities. Weekly totals
(mins.week-1) were computed for time spent in light, moderate, and vigorous intensities, and MVPA
was calculated.
The second physical activity questionnaire used in the PATH study is the Active Australia Survey
(AAS). Participants reported the frequency and duration of walking briskly, other moderate-intensity
physical activity (excluding walking), and vigorous-intensity physical activity, as described in the
AAS manual234. Examples and explanations were provided for each type of activity. Participants were
asked only to recall activities that occurred for ≥ 10 mins in the previous 7-days. The method by
which physical activity outcomes are calculated with the AAS varies56,

235, 236

. For example, in

validating the AAS against a pedometer in older adults, Heesch et al.56 analysed walking minutes and
other moderate-intensity physical activity as two variables. Brown et al.236 subsequently used the AAS
in older adults to investigate its role in predicting mortality, however, they combined walking minutes
and other moderate-intensity as a single variable that was equivalent in terms of intensity. Given this
variability, we have referred to the AAS manual234, which considers walking and moderate-intensity
physical activity as equivalent in terms of intensity, and is in line with its use by Brown et al.236. We,
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therefore, computed weekly totals (mins.week-1) for moderate-intensity physical activity (moderateintensity physical activity = walking + other moderate-intensity physical activity), vigorous-intensity
physical activity, and subsequently calculated MVPA.
To objectively record physical activity patterns, participants wore a SWA over the triceps muscle of
their left arm for a continuous seven-day period. The SWA incorporates a tri-axial accelerometer with
galvanic skin response, skin temperature, near-body ambient temperature, and heat flux to
noninvasively measure physical activity237 with greater accuracy than accelerometry alone87, 238, 239.
The SWA was set to record data at 1-min intervals and was only removed during water submersion
and for daily ablutions. Data from the SWA were downloaded to the proprietary software
(SenseWear™ Professional version 8.0, BodyMedia, PA) where energy expenditure was calculated237.
Physical activity was classified using MET-values for light (1.5 to 2.99 METs), moderate (3.00 to
5.99 METs), and vigorous (6.00 or greater METs)240. Subsequently, every minute-by-minute data
point was coded by its intensity. Weekly totals (mins.week1) were created for light-, moderate- and
vigorous-intensity physical activity, and MVPA was subsequently calculated.
In addition to calculating the weekly duration of intensity-divided physical activity for each measure,
we also calculated summary physical activity variables by combining the duration of physical activity
intensity weighted by its MET-value. For the PAR, Total PA (MET:mins.week-1) was calculated with
the formula MET:mins.week-1 = (1.5 x light mins.week-1) + (3 x moderate mins.week-1) + (6 x
vigorous mins.week-1). For the PAR, MVPA (MET:mins.week-1) was calculated with the formula,
MET:mins.week-1 = (3 x moderate mins.week-1) + (6 x vigorous mins.week-1). Both summary values
theoretically account for moderate being twice the intensity of light, and vigorous being twice the
intensity of moderate234, 240. For the SWA, MET-values ≥ 1.5 were summed across the 7-day period to
create an overall metric of Total PA (MET:mins.week-1).
Statistical analysis was conducted in R version 3.5.1.241. Separate univariate general linear models
were used to compare the PAR and AAS to SWA for each physical activity outcome. For each model
the dependent variable was SWA and the independent variable was PAR or AAS with the variables
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age, sex and self-reported years of education55 included as covariates. Both age and education were
mean centred. Initially, the interaction terms between the independent variable and the covariates
were included in each model. A significant interaction term indicated that the association between
PAR or AAS and SWA may be confounded by that covariate. Non-significant interaction terms were
dropped from the final models for ease of interpretation. For all models, normality of the residuals
were tested via visual inspection of Q-Q plots. The residuals for the comparison between SWA and
PAR vigorous-intensity physical activity showed evidence of deviation from normality which could
not be corrected through the transformation of the independent or dependent variables. The model
without transformation has been interpreted for vigorous-intensity physical activity as it showed the
most ideal distribution of residuals. To reduce the risk of Type I error associated with multiple
comparisons, p-values from the general linear models underwent a Simes-Benjamini-Hochberg false
discovery rate adjustment242. Statistical significance was accepted at adjusted p < 0.05.
3.2.4

Results

Table 3: Participants demographic and health details
Demographic variables

Value

(n = 169)
Female, n (%)

74 (43.8%)

Age, y (SD)

75.1 (1.3)

Range, y

73-78

Education, years (SD)
.

14.4 (2.6)

2

BMI, kg m (SD)

28.0 (4.4)

Ever smoker, n (%)

75 (44.4%)

Hypertension, n (%)

128 (75.7%)

Alcohol intake, n (%)
Abstain/occasional

54 (31.9%)

Light/moderate

109 (64.5%)

Hazardous/harmful

6 (3.5%)

Diabetes, n (%)

25 (14.8%)

Participants (n = 169; female = 43.8%) included in this analysis ranged in age from 73-78 y (mean:
75.1 y; SD: 1.3). The participants mean years of education (mean: 14.4 y; SD: 2.6) was greater than
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the number required to complete the final year of high school in Australia. The health and
sociodemographic variables for the study sample are available in Table 3. The descriptive data for
weekly physical activity outcomes is presented in Table 4. As shown in Table 4, participants were
more likely to be classified as meeting the recommended 150 mins.week1 of MVPA with the SWA
than with either questionnaire.
Table 4: Characteristics of weekly SenseWear™ and self-report derived physical activity for the study
sample. Data are mean (95% CI).
SWA
Light PA (mins.week-1)

PAR

AAS

1540 (1452 to 1628)

597 (506 to 688)

-

365 (320 to 410)

200 (159 to 241)

318 (247 to 390)*

37 (25 to 49)

26 (14 to 39)

43 (27 to 59)

MVPA (mins week )

402 (350 to 455)

226 (18 to 271)

361 (285 to 437)

Total PA

4403 (4057 to 4749)

1654 (1423 to 1885)

1213 (959 to 1467)

126 (74.5)

72 (42.6)

37 (21.9)

Moderate PA (mins.week-1)
.

-1

Vigorous PA (mins week )
.

.

-1

-1

(MET:mins week )
>150 mins MVPA, n (%)

*AAS moderate-intensity PA is calculated as the sum of walking and other moderate-intensity PA.
Notes: SWA: SenseWear™ Armband; PAR: Physical Activity Recall Questionnaire; AAS: Active
Australia Survey; MVPA: moderate-to-vigorous-physical activity; PA: physical activity

The models comparing the PAR with SWA derived physical activity variables are shown in Table 5.
For all PAR models, the interaction terms were non-significant. The final models for the PAR show
neither light- nor vigorous-intensity physical activity are associated with the SWA. On the other hand,
moderate-intensity, MVPA and Total PA are associated with SWA for the PAR. The models
comparing the AAS with the SWA are shown in Table 6. For the initial AAS moderate-intensity
model, the interaction term was significant for age and education. All other interaction terms were
non-significant and dropped from the final models. The AAS was not associated with the SWA for
any of the measures. As shown by the significance of the intercepts for all models of the PAR and
AAS, the physical activity variables derived from the self-report questionnaires were significantly
different to the SWA.
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Because there are differences in the way the AAS variables are calculated within the literature, we
conducted several sensitivity analyses (see Appendix; Table 16 and Table 17). When separating
walking minutes and other moderate-intensity, neither variable was associated with either light or
moderate-intensity SWA variables (see ; Table 16). When comparing the AAS to weekly steps from
the SWA to allow comparison with Heesch et al56, there was a significant association for the walking
variable as well as the MVPA and Total PA variables (see Appendix; Table 17).
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Table 5: Summary of univariate models examining the association between PAR questionnaire and SWA measured physical activity.
Light

Moderate

b (SE)

p

#

Vigorous

b (SE)

p

#

b (SE)

MVPA
p

#

Total PA

b (SE)

p

#

b (SE)

p#

Gender^

-77.21(93.76)

0.51

-174.44 (45.89)

<0.01

-15.82 (12.24)

0.39

-187.03 (54.07)

<0.01

-997.12 (354.76)

<0.01

Age

8.74 (34.06)

0.80

-20.06 (16.52)

0.28

-2.22 (4.40)

0.61

-22.63 (19.39)

0.31

-44.07 (127.64)

0.73

Education

24.33 (17.84)

0.29

-4.45 (8.53)

0.60

-2.31 (2.28)

0.39

-6.81 (10.01)

0.50

40.23 (66.24)

0.68

PAR

0.15 (0.08)

0.13

0.19 (0.08)

0.04

0.08 (0.07)

0.39

0.19 (0.09)

0.04

0.33 (0.11)

<0.01

Intercept

1485.25

<0.01

404.60

<0.01

41.27 (8.28)

<0.01

440.04 (41.71)

<0.01

4291.20 (307.26)

<0.01

(77.40)
Model

F4,164=1.6;
R2=0.01

(34.93)
p

=

0.18;

F4,164=6.0; p < 0.01;

F4,164=0.94; p = 0.44;

F4,164=5.24; p < 0.01;

F4,164=5.2; p < 0.01;

R2=0.11

R2=0.00

R2=0.09

R2=0.09

MVPA: moderate to vigorous physical activity; PA: physical activity; b, regression coefficient; SE, standard error
# adjusted for multiple comparisons
^ compared to males
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Table 6: Summary of univariate models examining the association between AAS questionnaire and SWA measured physical activity.
Moderate

Vigorous

β (SE)

p

Gender^

-176.93 (46.39)

Age

MVPA

Total PA

β (SE)

p

<0.01

-17.21 (12.25)

-35.18 (17.32)

0.09

Education

-18.17 (10.53)

0.12

AAS*Age

0.15 (0.06)

0.02

-

-

-

AAS*Education

0.04 (0.02)

0.12

-

-

-

AAS

0.14 (0.10)

0.19

0.01 (0.06)

0.89

0.05 (0.08)

0.55

0.12 (0.11)

0.40

Intercept

406.82 (37.19)

<0.01

43.66 (8.42)

<0.01

482.16 (38.66)

<0.01

4711.05 (284.36)

<0.01

Model

F7,161=4.46;
2

R =0.13

p

<

#

0.01;

β (SE)

p

0.41

-199.11 (57.97)

-2.00 (4.42)

0.81

-2.25 (2.32)

0.56

F4,164=0.6; p = 0.64;
2

R =0.00

#

β (SE)

p#

<0.01

-1048.30 (367.76)

0.01

-24.88 (19.63)

0.34

-67.39 (130.25)

0.76

-7.62 (10.15)

0.55

9.65 (67.33)

0.89

#

F4,164=4.0; p < 0.01;
2

R =0.07

MVPA: moderate to vigorous physical activity; PA: physical activity; b, regression coefficient; SE, standard error
# adjusted for multiple comparisons
^ compared to males
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F4,164=3.2; p = 0.01;
R2=0.05

3.2.5

Discussion

This study examined the ability of older adults to accurately self-report the duration of physical
activity with the PAR and the AAS questionnaires when divided by intensity. Although the two
questionnaires employed here are regularly reported within the literature, to our knowledge this is the
first study to examine the validity of the PAR in older adults and the first to examine the validity of
the AAS in predicting the duration of physical activity by intensity. The AAS was not associated with
the SWA for any of the physical activity outcomes, whilst the PAR was able to predict the duration of
moderate-intensity physical activity only. Although participants did not self-report physical activity
intensity well with either questionnaire, there was a significant, but weak association between the
PAR and the SWA for Total PA, and this is consistent with prior studies in adults over the age of 6554,
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. Although this demonstrates the usefulness of the PAR to investigate the effect of overall physical

activity level on healthy ageing outcomes in epidemiological research, neither questionnaire can be
considered valid in determining the duration of physical activity by intensity.
There are several potential explanations as to why the recall of physical activity by intensity was
limited with both questionnaires. Firstly, the majority of the participants SWA measured physical
activity in this study was classified as light intensity (Table 4), which is consistent with prior
research55 and may include tasks such as household chores243. These types of tasks are known to be
short in duration and intermittent and may make them difficult to recall for older adults in
particular244,

245

. In addition, previous research suggests the subjective nature of asking older

participants to report the duration of light, moderate and vigorous activities is heavily dependent upon
the participant’s fitness, prior physical activity experience, and functional capacity and may lead to
misclassification of physical activity intensity246.
The models in the current study, although significant, were weak and explained a small proportion of
the variance in the SWA (all R2 ≤ 0.11). Whilst previous studies report significant correlations
between physical activity questionnaires and activity monitors, they are small in magnitude (r = 0.10
to 0.42)54-56. This range of correlation coefficients indicates self-report questionnaires, which are
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previously validated and used within epidemiological research, are typically predicting no more than
18% of the variance in objective physical activity measures. It is likely that a substantial portion of
this unexplained variance can be attributed to the reporting error of physical activity level by older
adults. Looking beyond the results of this study, these findings have implications for the large body of
literature which use questionnaire-based measures of physical activity to investigate relationships with
health outcomes and by which most physical activity guidelines are based upon. The findings of this
study provide further evidence that a move towards implementing objective physical activity
measures within epidemiological research, especially in older adults, is likely to provide more
accurate and reliable information on physiologically meaningful physical activity

228

and in-turn

inform the development of physical activity guidelines.
There were significant absolute differences for both questionnaires in comparison to the SWA, with a
tendency toward under-reporting of physical activity, as indicated by the significant and positive
intercepts for each model (see Table 5 and Table 6). Previous validation studies show both over- and
under-reporting of physical activity
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and this study provides further evidence that self-reported and

objectively measured physical activity are not equivalent in terms of absolute quantity228, 247. These
differences are consequential when surveying populations to determine adherence to physical activity
guidelines, as shown in Table 4. For instance, in the current study an average male (age: 75.1 years;
education: 15.0 years) who reported obtaining 100 mins/week of MVPA with the PAR, is estimated to
record four times as much MVPA with the SWA. Therefore, this individual would be classified as not
meeting the recommended 150 mins/week of MVPA with the PAR, but would meet this cut-off and
be considered active when measured objectively by the SWA. The potential consequences of this are
highlighted if applied in the context of recent work by Sabia et al 53. They used a self-report
questionnaire similar to the PAR in middle-aged adults and concluded there was no difference in
dementia risk between groups divided on whether they obtained 150 mins/week of MVPA, and
therefore met the current physical activity guidelines. Based on the results of the current study which
showed the PAR tends to underreport MVPA, it is likely that a group classified as not meeting the
physical activity guidelines with this questionnaire would contain a substantial portion of active
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individuals that are adhering to these recommendations. In turn, this would reduce the magnitude of
any potential health differences between reported adherers and non-adherers to the physical activity
guidelines. The use of an objective measure to determine adherence to the physical activity guidelines
may change the conclusions and the recommendations that arise from such research.
The findings of this study should also be considered with a number of further limitations in mind.
Whilst the SWA is a validated measure of physical activity, it is still an estimate and is known to
underestimate MVPA by 2.9%240. However, the SWA is more accurate than accelerometry alone at
measuring physical activity, particularly when activity is of a low-intensity and intermittent88 which
makes it ideal for physical activity monitoring in older adults in comparison to previous studies56.
Secondly, as the precision of self-report can differ between populations, even with the same selfreport and objective measure228, the findings of this study should be considered in the context of the
study sample. This also highlights the importance of validating self-report measures in the context
they are being used and the caution that must be taken if using physical activity questionnaires in a
manner in which they haven’t been validated236. Finally, as we asked the AAS questions as part of the
wider PATH survey and following the PAR, it is possible that survey fatigue was a factor. However,
we were able to replicate the findings of Heesch et al.56 when we compared the AAS to step counts
from the SWA, indicating that our results are comparable to those reported in the literature and
unlikely to have been substantially influenced by survey fatigue. This also seems to indicate the AAS
may have convergent validity with step counts, however, is not appropriate for determining the
duration of physical activity by intensity which is required to provide an evidence base for physical
activity guidelines.
3.2.6

Conclusion

The findings of this study indicate that the PAR questionnaire used may be suitable for determining
the effect of greater levels of physical activity in a cohort of older adults in their 70’s. However,
neither the PAR nor the AAS were able to consistently estimate the duration of physical activity by
intensity and there was substantial under-reporting of physical activity with both questionnaires.
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When using a self-report physical activity questionnaire to assess physical activity duration, especially
when the research focus is on assessing whether physical activity guidelines or cut-offs are met,
caution must be taken. Incorporating objective measures of physical activity into epidemiological
research may provide additional information on the duration and intensity of physical activity to guide
the development of evidence-based recommendations in this age group.

60

61

Chapter 4 Objectively measured moderate-intensity physical activity is
associated with dorsolateral prefrontal cortex volume in older adults

This project was funded by the Dementia Collaborative Research Centre Early Diagnosis and
Prevention as part of an Australian Government Initiative and NHMRC Grant No. 1002160.

4.1

Foreword

The previous chapter discussed the validity of using questionnaires to measure the duration of
physical activity when divided by intensity in older adults. It was concluded that the two
questionnaires utilised had low agreement with the objective physical activity monitor. As such, it
was decided to analyse the same subgroup of PATH participants as the previous chapter, rather
than the larger cohort from the magnetic resonance imaging (MRI) sub-study who only had selfreport physical activity data. The broader literature investigating the role of physical activity and
neurocognitive health is limited by its reliance on similar self-report measures of activity that
were discussed in the previous chapter. The small number of studies which have incorporated
objective measures also tend not to address the role of physical activity intensity. This chapter
addresses these limitations by investigating if the duration of objectively measured light-,
moderate- and vigorous-intensity physical activity is associated with cognitive function and grey
matter volume derived from structural magnetic resonance imaging scans. The role of physical
activity intensity in promoting greater volume within the prefrontal cortex as well as contrasting
results from self-report physical activity measures is discussed.
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4.2

Manuscript

4.2.1

Abstract

Epidemiological studies suggest physical activity reduces both cognitive decline and age-related
atrophy in frontal and hippocampal grey matter volumes. However, much of this evidence is based on
self-reported measures of physical activity. While activity monitors have been incorporated into
research to measure physical activity objectively, these studies have not investigated the differential
effects of physical activity intensity which is important to provide evidence-based guidelines to
clinicians and the population. This study cross-sectionally examined the associations between the
duration of objectively measured light-, moderate- and vigorous-intensity physical activity with grey
matter volume and cognitive function in 167 (female: 43%) cognitively healthy older adults aged 73
to 78. This study found the duration of moderate-intensity physical activity was associated with
greater volume of the left (b = 0.21; 95%CI 0.06 to 0.36) and right (b = 0.24; 95%CI 0.08 to 0.40)
superior frontal gyrus, after controlling for covariates and correction for multiple comparisons. There
were no significant associations for light- or vigorous-intensity physical activity with grey matter
volumes. These findings suggest that an intensity threshold may exist, whereby greater duration of
moderate-intensity physical activity is associated with preserved grey matter volume in frontal regions
of the brain. Future research should investigate the mechanisms of this dose-effect and determine
whether greater brain volumes associated with moderate-intensity physical activity convey protective
effects against cognitive decline.
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4.2.2

Introduction

Older age is associated with progressive declines in cognitive function which increase the risk of
neurological diseases such as dementia6, impacting greatly on quality of life. These age-related
declines in cognitive function are attributed, in part, to atrophy of grey matter, which is particularly
pronounced in the dorsolateral prefrontal cortex (DLPFC) and hippocampal regions of the brain9, 10,
122

. However, the trajectory and rate of change tend to differ between individuals9, leading to the

investigation of modifiable lifestyle factors which may promote healthy brain ageing. Physical
activity, in particular, has received widespread attention due to its apparent benefits to grey matter
volume and cognitive function127, 229.
Much of the evidence linking physical activity to the brain comes from epidemiological studies which
utilise self-report measures74, 128-132. Although generally supportive of a link between physical activity
and neurocognitive function, questionnaire-based measures have questionable validity compared to
physical activity measured objectively with an activity monitor58. To address the limitations of selfreport measures of physical activity, more recent studies have begun to incorporate accelerometers
which record activities objectively82, 133-135. In these studies, total daily activity, usually calculated as
the total number of steps, is associated with greater subcortical grey matter volume82, 133, 135 and total
grey matter82, 134. At present, studies with accelerometers haven’t examined the DLPFC specifically,
despite it being prone to age-related atrophy62.
A limitation within the literature is a lack of evidence around the most appropriate intensity of
physical activity which may benefit grey matter volume. The small number of epidemiological studies
with objective measures of activity that examine physical activity intensity currently provide mixed
findings. In cognitively healthy older adults the number of steps at low-intensity is associated with
hippocampal volume, but this relationship is not present for moderate-intensity136. In comparison, in
older adults with mild cognitive impairment, time spent in moderate-intensity physical activity, but
not light-intensity or total physical activity, is associated with hippocampal volume137. Additionally,
initial intervention studies have shown increased volume in the hippocampus and DLPFC following
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moderate-intensity aerobic exercise102, 138, although other intensities have not been investigated. The
contradictory findings around exercise intensity collectively pose issues for practitioners and
policymakers in providing evidence-based recommendations for healthy brain ageing.
To address these limitations, the current study investigated the associations between the duration of
light-, moderate- and vigorous-intensity physical activity, measured objectively, and brain health
through volumetric analyses of the DLPFC and hippocampus. These regions of interest (ROI) were
selected a priori based on their implication in age-related cognitive decline and memory loss9, 122, as
well as their apparent sensitivity to physical activity102,

138

and aerobic fitness62, 65. Secondly, we

examined the relationship between intensity-divided physical activity and cognitive function.
Furthermore, for physical activity variables identified as being associated with grey matter volume,
we performed an exploratory analysis of cortical thickness to identify additional areas of the brain
which may be influenced by physical activity.
4.2.3

Methods

Study population
Participants were sampled from the magnetic resonance imaging (MRI) sub-study230 of the
Personality and Total Health through life (PATH) project which is described in detail elsewhere231.
Briefly, two thousand five hundred and fifty-one participants were enrolled at baseline (the year 2001)
into the PATH study. Of those, 622 randomly selected participants were offered an MRI scan, and
478 underwent a structural MRI scan. At the fourth assessment (12 years after baseline testing), 275
participants underwent a repeat MRI scan and were offered to participate in a cross-sectional substudy examining the cognitive, physical activity, and diet habits of older adults. Of those participants,
184 participants accepted and completed the physical activity component of the sub-study. After
exclusion of participants with MRI images of poor quality or who wore a SenseWear™ Armband
(SWA; BodyMedia, PA, USA) for less than five valid days (>20 h on-body time), 177 participants
were available. Additionally, 10 participants with a history of neurological disorders (stroke,
Parkinson's disease, epilepsy or dementia), Mini-Mental State Examination score ≤25, or without

66

valid FreeSurfer data were excluded, leaving 167 available for the present investigation. The sample
in the present investigation did not differ from the larger PATH sample on the proportion of females
or years of education but was slightly younger (75.1 vs 75.7 years; p < 0.001). The study was
approved by the Australian National University Human Research Ethics Committee and participants
provided written informed consent.
Objective physical activity
Participants received the SWA on the day of their MRI scan, and wore it over the triceps muscle of
their left arm for a continuous seven-day period to objectively record physical activity. The SWA
incorporates a tri-axial accelerometer with galvanic skin response, skin temperature, near-body
ambient temperature, and heat flux to noninvasively measure physical activity248 with greater
accuracy than accelerometry alone238. The SWA was set to record data at 1-min intervals and was
only removed during water submersion. Data from the SWA were downloaded to the proprietary
software (SenseWear™ Professional version 8.0, BodyMedia, PA) where energy expenditure was
calculated248.
Five outcomes were calculated from the weekly SWA data. Weekly totals (mins.week-1) were
computed for time spent in light-intensity (1.5 to 2.99 METs), moderate-intensity (3.00 to 5.99
METs), and vigorous-intensity (6.00 or greater METs) physical activity240, and time spent engaging in
moderate-to-vigorous-intensity physical activity (MVPA) was subsequently calculated. To create an
overall metric of physical activity that accounts for relative intensity, MET-values ≥ 1.5 were summed
across the 7-day period (Total PA; MET:mins.week-1).
MRI data acquisition
Participants were scanned on a Siemens Espree scanner (Siemens Medical solutions) for T1-weighted
3-dimensional structural MRI. The T1-weighted MRI was acquired in sagittal orientation using an
MPRAGE sequence with the following parameters: repetition time/echo time = 1160/4.24 ms; flip
angle = 15°; matrix size = 512 x 512; slice thickness = 1.0 mm; resulting in a final voxel size of 0.25
mm3 249.
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Image processing
Image processing was carried out using the FreeSurfer 5.3250 cross-sectional pipeline, including
automated segmentation and parcellation to delineate ROI and estimation of cortical surfaces and
cortical thickness for each participant. Processing quality control was implemented via an in-house
script that identified outliers based on total grey and white matter volumes. Potential outliers were
visually checked, and those that had failed FreeSurfer processing were removed from the analysis.
Briefly, intensity and contrast heterogeneities due to magnetic field variations were corrected, and
non-brain tissue removed using a skull-stripping procedure251. The skull-stripped images were
segmented into grey and white matter, and cutting planes were computed to distinguish cerebral
hemispheres and separate subcortical structures252. Next, a preliminary segmentation was performed
and interior holes filled, leaving a single filled volume for each cortical hemisphere 251. A surface
tessellation for each of the resulting volumes was then constructed which undergoes deformation,
resulting in a smooth and accurate representation of each cortical hemisphere251. Finally, the smoothed
cerebral cortex was parcellated, and regional volumes were extracted according to the FreeSurfer
atlas252.
Regions of interest
In the current study, total brain volume and regional volumes of three FreeSurfer regions coinciding
with the DLPFC and hippocampus were analysed. FreeSurfer regions selected to coincide with the
dorsolateral prefrontal cortex were the superior frontal, rostral mid-frontal and caudal mid-frontal
regions253. The four ROI alongside total brain volume were selected a priori in accordance with the
aims of the study due to their sensitivity to physical activity interventions102, 138 and role in mediating
the relationship between aerobic fitness and cognitive function62, 65.
Cognitive assessment
Tasks to assess cognitive function were selected based on the neuroanatomical-cognition correlations
between the DLPFC and executive function, processing speed and working memory122, 123 as well as
the role of the hippocampus in episodic memory123. Executive function and processing speed were
assessed using the Symbol Digit Modalities Test (SDMT)254 and the Trail Making Test Part B (TMT68

B)255. Processing speed was independently assessed using the Trail Making Test Part A (TMT-A)255.
Verbal working memory was assessed using the Digits-Span Backwards Task, a sub-test of the
Weschler memory scale256. Episodic memory was assessed with the first list of the California Verbal
Learning test for both immediate and delayed recall257. For the cognitive assessments a higher score
indicates better performance, except for the TMT-A and TMT-B where a higher score reflects poorer
performance.
Health and sociodemographic covariates
Total years of education, smoking, alcohol consumption and depressive symptoms were assessed by
self-report. Alcohol consumption was classified with the Alcohol Use Disorders Identification Test
258

. For men, weekly alcohol consumption was categorised as light (1-13 units), moderate (14-27

units), hazardous (28-42 units), or harmful (>42 units). For women, weekly alcohol consumption was
categorised as light (1-7 units), moderate (8-13 units), hazardous (14-28 units), or harmful (>28 units).
One unit is equal to 10 g of pure alcohol. Depressive symptoms were assessed using responses from
the Goldberg Anxiety and Depression Scale259. Brachial blood pressure was measured twice in a
seated position after resting for at least 5 minutes. Participants were classified as hypertensive if they
had an average systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg or were
on anti-hypertensive medication. Participants were considered to have diabetes if they reported having
diabetes or were receiving drug treatment or consuming a special diet for diabetes, or if their fasting
glucose plasma level was ≥10 mmol/L214. Body mass index was computed using the formula weight
in kilograms divided by height in meters squared, where height and weight were measured by a
trained anthropometrist. APOE*E4 genotype was determined from DNA collected by cheek swab.
Statistical analysis
Statistical analysis was conducted with R version 3.4.2241. ROI were normalised for intracranial
volume (ICV) using the formula: adjusted volume = raw volume – b x (ICV – mean ICV), where b is
the slope of regressing an ROI volume on ICV214. Means and standard deviations were calculated for
age, sociodemographic and health, physical activity, brain volume, and cognitive performance
variables. Students t tests for continuous and Χ2 tests for categorical data were conducted to compare
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groups. The association between physical activity and ROI or cognitive function were examined with
general linear models. In each model, the ROI or cognitive performance was entered as a dependent
variable with physical activity as the independent variable. A separate model was created for each
physical activity exposure and outcome combination. In model 1, the independent and dependent
variables were entered without covariates. In model 2, the analysis was controlled for the confounding
effects of age, sex, education, alcohol intake, hypertension, smoking, diabetes and APOE*E4.
Continuous variables were standardised to Z-scores to aid the interpretation of coefficients, and the
normality of residuals were tested via visual inspection of Q-Q plots. To reduce the risk of Type I
error associated with multiple comparisons, p-values from the general linear models underwent a
Simes-Benjamini-Hochberg false discovery rate adjustment242. Statistical significance was accepted at
adjusted p < 0.05.
Exploratory analysis of cortical thickness
An exploratory investigation of the relationship between objective physical activity and cortical
thickness was conducted. The cortical thickness data for all participants were resampled into a
common space, and surface-based smoothing was applied (10-mm FWHM). Then, general linear
model analyses of the cross-sectional association between physical activity and surface-based
thickness measurements were performed separately for each hemisphere using the FreeSurfer mriGLMFIT. As with the volumetric analysis, model 1 included the independent variable and model 2
was controlled for the confounding effects of age, sex, education, alcohol intake, hypertension,
smoking, diabetes, APOE*e, and additionally ICV. False Discovery Rate (FDR) was applied at the
0.05 level to correct for Type-I errors.
4.2.4

Results

The demographic and health characteristics of the study sample are presented in Table 7. Descriptive
data for all study measures are presented in the Appendix.
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Table 7: Demographic and health characteristics of the study population
Characteristics (n = 167)

Value

Age, y (SD)

75.1 (1.3)

Range

73-78

BMI, kg.m2 (SD)

27.9 (4.3)

Education, years (SD)

14.4 (2.6)

Ever smoker, n (%)

75 (44.9%)

MMSE, score (SD)

29.2 (1.1)

Hypertensive, n (%)

127 (76.1%)

Alcohol intake, n (%)
Abstain/occasional

54 (32.3)

Light/moderate

107 (64.1)

Hazardous/harmful

6 (3.6)

Diabetes, n (%)

26 (15.6%)

APO*E4 carrier, n (%)
.

50 (29.9%)
-1

Physical activity, mins wk (SD)
Light, mins.wk-1 (SD)

1549.9 (583.9)

Moderate, mins.wk-1 (SD)

370.3 (301.4)

.

-1

Vigorous, mins wk (SD)
MVPA, mins.wk-1 (SD)

38.6 (78.0)
408.9 (351.7)

Total PA, MET:mins.wk-1 (SD)

4446.8 (2291.5)

Abbreviations: BMI, body mass index; MMSE, Minimental state examination; MVPA, moderate-to-vigorous
physical activity
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Associations between objective physical activity and ROI
The relationships between objective physical activity and ROI volume from model 1 (no covariates)
are presented in Table 8. There were no relationships between physical activity at light or vigorous
intensities and brain volume, and neither the left or right hippocampus was associated with physical
activity, all before p-value adjustment. There were significant positive associations for moderateintensity physical activity and MVPA with the left and right, superior frontal and rostral middle
frontal gyri as well as the right caudal middle frontal gyrus and total brain volume. Total PA was
associated with the left and right rostral mid-frontal gyrus and total brain volume. All significant
associations remained after p-value adjustment.
Table 8: Relationship between objectively measured physical activity and brain volume from model 1
(no covariates)
Light (β)

Moderate (β)

Vigorous (β)

MVPA (β)

Total PA (β)

L superior frontal

-0.01

0.29**

0.05

0.26*

0.14

R superior frontal

-0.03

0.29**

-0.01

0.24*

0.16

L rostral middle frontal

0.03

0.29**

-0.10

0.27**

0.19#

R rostral middle frontal

0.09

0.27**

-0.08

0.25*

0.22*

L caudal middle frontal

-0.05

0.14

0.07

0.14

0.11
#

R caudal middle frontal

-0.04

0.21*

0.07

0.20

0.12

L hippocampus

-0.03

0.04

-0.10

0.01

0.01

R hippocampus

0.05

0.12

-0.02

0.10

0.09

Total brain volume

0.1

0.35**

0.07

0.32**

0.25*

Standardised beta represents the relationship between physical activity and brain volume from Model 1
#p < 0.05; *p < 0.01; **p < 0.001; all p-values adjusted

Once the analyses were corrected for age, health and sociodemographic covariates in model 2, only
moderate-intensity physical activity was associated with greater bilateral grey matter volume in the
superior frontal and rostral middle frontal gyri as well as greater volume in the right caudal middle
frontal gyri and total brain volume. After p-value adjustment, significant positive associations
remained between moderate-intensity physical activity and bilateral superior frontal gyri volume and
total brain volume (Table 9).
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Associations between objective physical activity and cognition
Prior to p-value adjustment, objective physical activity was not associated with cognitive function in
either model 1 (shown in Table 10) or model 2.
Table 9: Multiple linear regression of brain volume on objectively measured moderate-intensity
physical activity after p-value adjustment (model 2)
L superior frontal
β (SE)

Predictors

R superior frontal
β (SE)

P*

P*

Total brain volume
β (SE)

P*

Age

-0.08 (0.07)

0.54

-0.13 (0.07)

0.28

-0.04 (0.07)

0.77

Sex

-0.60 (0.17)

<0.01

-0.47 (0.17)

0.06

-0.93 (0.16)

<0.01

Education

0.13 (0.08)

0.31

0.16 (0.08)

0.17

0.13 (0.07)

0.30

APOE*e

-0.19 (0.16)

0.54

-0.18 (0.16)

0.43

-0.01 (0.14)

0.95

Hypertension

0.10 (0.17)

0.72

0.07 (0.18)

0.75

-0.08 (0.16)

0.78

Diabetes

0.01 (0.21)

0.99

-0.16 (0.22)

0.57

-0.19 (0.20)

0.65

Smoking

0.18 (0.15)

0.54

0.19 (0.15)

0.39

0.15 (0.14)

0.60

Depression

0.02 (0.04)

0.72

0.05 (0.04)

0.39

0.02 (0.03)

0.77

0.73 (0.89)

0.72

1.14 (0.91)

0.39

1.42 (0.82)

0.35

BMI

0.01 (0.02)

0.85

0.01 (0.02)

0.57

0.01 (0.02)

0.77

Moderate-intensity PA

0.21 (0.08)

0.04

0.24 (0.08)

<0.05

0.20 (0.07)

0.04

Alcohol

R

#

2

0.31

0.29

0.43

*adjusted p-values; BMI: body mass index; PA: physical activity
# Light vs hazardous drinking

Table 10: Relationship between objectively measured physical activity and cognitive function from
model 1
Light (β)

Moderate (β)

Vigorous (β)

MVPA (β)

Total PA (β)

SDMT

-0.05

-0.02

-0.08

-0.03

-0.04

TMT-B

-0.09

0.02

-0.12

-0.01

-0.06

TMT-A

-0.05

0.07

-0.00

0.06

0.04

Digits backwards

-0.09

-0.02

-0.09

-0.04

-0.05

Immediate recall

0.06

-0.02

-0.11

-0.05

-0.02

Delayed recall

0.01

-0.12

-0.07

-0.12

-0.03

SDMT, Symbol Digits Modalities Test; TMT-A, Trail Making Test A; TMT-B, Trail Making Test B

ROI-cognition relationship
Exploratory analyses of the ROI related to moderate-intensity physical activity were conducted to test
for associations with cognitive function. The left superior frontal gyrus was positively associated with
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digit span backwards (β = 0.19; p = 0.03) and negatively associated with delayed recall (β = -0.19; p =
0.03). The right superior frontal gyrus was positively associated with TMT-A (β = 0.17; p < 0.05), and
digit span backwards (β = 0.17; p < 0.05). Finally, total brain volume was positively associated with
SDMT (β = 0.22; p < 0.01), TMT-A (β = 0.18; p < 0.04) and digit span backwards (β = 0.19; p =
0.03), as well as being negatively associated with delayed recall (β = -0.18; p < 0.05). Other ROI were
not investigated as they did not show relationships with physical activity in the fully corrected
models.
Exploratory analyses of cortical thickness
Analysis of objectively measured moderate-intensity physical activity controlled for covariates did not
identify any statistically significant result after FDR correction for multiple comparisons (FDR <
0.05). Prior to correction, moderate-intensity physical activity was associated (p < 0.05) with an
increased cortical thickness in the left superior parietal gyrus, left inferior parietal gyrus, right
postcentral gyrus, right medial orbitofrontal gyrus, left and right isthmus cingulate gyrus, right
supramarginal gyrus, right entorhinal cortex, right middle temporal gyrus and right fusiform gyrus.
However, moderate-intensity physical activity was also associated with a decreased cortical thickness
in the left interior parietal gyrus, left precentral gyrus, the right lateral occipital gyrus and the right
superior temporal gyrus. Only objectively measured moderate-intensity physical activity was
investigated as it was the only physical activity variable associated with brain volume in the corrected
models.
4.2.5

Discussion

This study investigated the association between the duration of objectively measured physical activity
divided by intensity on grey matter volume in the DLPFC and hippocampus in older adults. Although
previous studies have investigated the relationship between physical activity and grey matter volume,
this is the first to use an objective measure to quantify physical activity intensity and investigate
associations with regional volumes of the DLPFC in older adults. The key finding is that increased
duration of moderate-intensity physical activity is uniquely associated with greater grey matter
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volume within the DLPFC. While moderate-intensity physical activity was associated with DLPFC
grey matter volume, neither light- nor vigorous-intensity physical activity showed the same
relationship.
While this is the first study to investigate the relationship between objectively measured physical
activity intensity and the DLPFC, this brain region has been shown to increase in volume following a
moderate-intensity aerobic exercise intervention138, as well as mediate the relationship between
aerobic fitness and cognitive function62. The current study adds to these findings by suggesting
moderate-intensity physical activity exerts an effect on the DLPFC independent of light- or vigorousintensity physical activity. Many of the mechanisms which mediate the effects of physical activity on
the brain demonstrate similar evidence of a relationship with physical activity dose. For example,
circulating levels of brain BDNF display exercise-induced increases at higher compared to lower
intensity192. Although more vigorous physical activity seems to influence BDNF levels, exercise at
low-to-moderate-intensity for prolonged duration has also been shown to have benefits 193. Given that
the levels of vigorous-intensity physical activity were quite low in this cohort, it may be that
moderate-intensity physical activity provides a sufficient physiological stimulus (i.e. intensity) whilst
also being more readily accumulated for extended periods of time. Future research designed to
investigate the relative contributions of both intensity and duration to brain health more generally
would assist in partly explaining these findings. As the levels of vigorous-intensity physical activity
were low, it is also possible that a broader range of physical activity may have allowed benefits of
vigorous-intensity to be shown, however, whether this is present or applicable to older adults is
unclear. Regardless, it is promising that this study further demonstrates brain benefits with physical
activity of at least moderate-intensity.
Although physical activity was related to grey matter volume in the DLPFC, we didn’t identify
associations with the hippocampus. In contrast to the current study, Varma et al. found associations
between physical activity and hippocampal volume in cognitively healthy older adults136. Differences
between the study populations may explain these conflicting findings. In comparison to Varma et
al.136, the participants in the current study were substantially more active (408 vs ~48 mins.week-1 of
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MVPA) and had greater mean hippocampal volume and MMSE scores (see Table 7 and Appendix
Table 18). These differences are relevant as the neurocognitive status of study participants seems to
influence the strength of physical activity-hippocampal associations. For example, the relationship
between aerobic fitness and hippocampal volume is stronger in early-Alzheimer’s disease compared
to cognitively healthy older adults99, while Makizako et al.137 demonstrated associations with
moderate-intensity physical activity in older adults with mild cognitive impairment. Therefore, the
possibility that any protective effects of physical activity on the hippocampus are more discernible
after tissue loss has become prevalent may have limited our ability to distinguish benefits in this
relatively high-functioning cognitively healthy sample of older adults.
In this study, no relationships were identified between physical activity and cognitive function. Whilst
this may again be related to the characteristics of the study sample, it may also be a limitation of the
cross-sectional design of the study. Indeed, cross-sectional studies show both positive81 or no82
association between objectively measured physical activity and cognitive function. However, baseline
physical activity is positively related to longitudinal cognitive function and the risk of cognitive
impairment130. As grey matter atrophy also tends to precede declines in cognitive performance, it may
be that the beneficial effects of moderate-intensity physical activity on the DLPFC observed here will
translate into cognitive benefits in the future. Promisingly, total brain volume, a global marker of
brain atrophy associated with neurological health and cognitive function260, was also related to
moderate-intensity physical activity. As such, future research examining objectively measured
physical activity intensity should include longitudinal follow-ups to investigate these relationships.
This study has several strengths in that it employed an objective measure to assess the duration of
physical activity divided by intensity, controlled the statistical analysis for sociodemographic and
health variables known to be associated with neurocognitive health, and included a large sample size.
However, the findings of this study must be considered in the context of several limitations. As
previously discussed, whilst participants in the current study are representative of the population they
are randomly drawn from, they tend to have a higher socio-economic status and education level
compared to national averages and as such may not be representative of the general population231. The
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cross-sectional nature of the study design does not allow causal inferences to be made. The SWA,
which was used to objectively measure physical activity, although being validated is still an estimate
of activity intensity and is known to underestimate MVPA240. However, the SWA is ideal for use in
older adults as its additional physiological sensors make it more accurate than accelerometry alone,
especially when activity is of low-intensity and intermittent88.
In conclusion, this study suggests that greater duration of moderate-intensity physical activity is
associated with preserved grey matter volume in regions of the DLPFC, as well as more global effects
on brain volume in older adults in their seventies. These effects were not present for light nor
vigorous intensities of physical activity. A longitudinal follow-up of this cohort to determine if greater
DLPFC volume associated with moderate-intensity physical activity are related to future cognitive
function and neurological health will further our understanding of the differential effects of physical
activity intensity on the brain.
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5.1

Foreword

The previous chapters addressed the role of physical activity intensity through observational research.
While identifying the potential role of moderate-intensity physical activity is important, the
observational design employed in previous chapters does not allow causal links to be established.
Given the increase in older and inactive adults, it is vital to understand the effects of an exercise
intervention on cognitive function. This chapter includes a systematic review with multi-level metaanalysis to firstly establish the potential benefits of exercise intervention for cognitive function in
over-fifties. The following chapter advances the existing literature reviews by investigating the
moderating effects of exercise training variables including the mode, duration, frequency and intensity
of exercise interventions.
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5.2

Published Manuscript

5.2.1

Abstract

Objectives: physical exercise is seen as a promising intervention to prevent or delay cognitive decline
in individuals fifty years and older, yet the evidence from available reviews is not conclusive. The
current study aimed to determine if physical exercise can be an effective intervention to improve
cognitive function in this population.
Design: systematic review with multi-level meta-analysis.
Data Sources: electronic databases Medline (PubMed), EMBASE (Scopus), PsychINFO, and
CENTRAL (Cochrane) from inception up to November 2016.
Eligibility criteria: randomised controlled trials of physical exercise interventions in communitydwelling adults older than fifty years with an outcome measure of cognitive function.
Results: the search returned 12,820 records, of which 39 studies were included in the systematic
review. Analysis of 333 dependent effect sizes from 36 studies showed physical exercise improved
cognitive function (0.29; 95%CI 0.17 to 0.41; p<0.01). Interventions of aerobic exercise, resistance
training, multicomponent training, and tai chi, all had significant point estimates. When exercise
prescription was examined, duration of 45 to 60 minutes per session, and at least moderate-intensity,
were associated with benefits to cognition. The results of the meta-analysis were consistent
independent of the cognitive domain tested or the cognitive status of the participants.
Conclusions: Physical exercise improved cognitive function in over fifties, regardless of the cognitive
status of participants. To improve cognitive function, this meta-analysis provides clinicians with
evidence to recommend patients obtain both aerobic and resistance exercise of at least moderateintensity on as many days of the week as feasible, in line with current exercise guidelines.

83

5.2.2

Introduction

Physical exercise shows promise as a modifiable risk factor to reduce the risk of dementia, and related
neurodegenerative diseases261. As cognitive function declines with advancing age, a physically active
lifestyle has an important role in reducing such declines262, 263, as well as the incidence of dementia264.
The neural and vascular adaptations to physical exercise are hypothesised to improve cognitive
function through promotion of neurogenesis, angiogenesis, synaptic plasticity, decreased proinflammatory processes and reduced cellular damage due to oxidative stress193. Whilst life-long
participation in physical exercise may be preferable, the adoption of exercise at any age to delay or
reverse cognitive decline is appealing given the prevalence of physical inactivity and the increasing
proportion of older adults in the population.
Although early meta-analyses, such as a study of aerobic exercise interventions98, showed large
benefits to cognitive function in older adults, more recent systematic reviews265 and meta-analytical
studies112,

113, 266

are much less conclusive. For example, a meta-analysis of aerobic, resistance

training, and tai-chi interventions in people older than fifty recently showed little benefit of exercise
on cognitive function112.

The discrepancy in findings is due in-part to existing reviews being

excessively restrictive in their inclusion criteria, often only considering one mode of exercise (e.g.
recent reviews of aerobic training only113, 267) or a narrow range of publication years. As such, the
numerous meta-analyses published provide incomplete summaries of the available evidence in people
aged 50 and over. Studies which prescribe a combination of both aerobic and resistance training
components in one intervention (here on called multicomponent training) have not been reviewed in
healthy older adults since the 2001 study of Colcombe and Kramer
recommending this type of training in older adults226,

268

98

despite global guidelines

. Alternative modes of exercise such as

yoga269 or tai chi270 may also be beneficial to cognitive function, yet RCTs of these modes in older
adults have not been specifically reviewed. Importantly, prior reviews offer relatively little
information for the optimal prescription of physical exercise for cognitive health. Physical exercise
offers a complex stimulus for adaptation in the body, and its dosage can be modulated by various
parameters including duration, frequency, intensity and the mode, or type of exercise. Despite this,
84

many reviews do not take into account the importance of exercise prescription variables in both the
analysis and discussion of the literature. Consequently, there is an urgent need for guidelines on the
type or amount of exercise a clinician should recommend to their patient.
To address these research gaps, we have completed a comprehensive meta-analysis which includes a
larger number of studies by imposing no limit on publication date or exercise mode. The present study
has four objectives to address key issues including: (1) the effects of supervised exercise interventions
of aerobic, resistance, multicomponent, tai chi, and yoga, training modes on cognitive function; (2)
the influence of exercise training variables including the duration, frequency, intensity and length of
exercise; (3) the differentiation of exercise effects on global cognition and domains of cognition
including attention, executive function, memory, and working memory; and (4) the impact of study
design including the nature of the control group and the baseline cognitive status of participants.
5.2.3

Methods

This systematic review with meta-analysis was conducted in accordance with established guidelines
from the preferred reporting items for systematic reviews and meta-analysis (PRISMA)271.
Search strategy
To direct the design of the search strategy, previously completed meta-analyses98,

112, 265, 266

were

reviewed and search terms were piloted to ensure a comprehensive identification of potential articles
for inclusion in the systematic review. A computer search of Medline (PubMed), EMBASE (Scopus),
PsychINFO, and CENTRAL (Cochrane Central Register of Controlled Trials) was then conducted to
November 2016, using medical subject headings (MeSH) for “exercise” and “cognition” (Table 11).
“Exercise” and “cognition” search terms were combined with “AND” and searched in “All Fields”
with the limits human and English language (see Appendix; Table 19). All returned titles were
screened by the first author (JN) to exclude duplicate or clearly non-relevant studies. The abstract of
each remaining study was then independently reviewed by JN and BR. The preceding stages were
over-inclusive. Subsequently, the full-texts of remaining studies were independently reviewed by JN,
KP, and DS against the inclusion and exclusion criteria. Disagreements were discussed and consensus
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reached amongst the authors in all cases. Review authors subsequently searched the bibliography of
included articles and prior reviews to ensure that relevant articles had been captured by the search
strategy. All studies in the systematic review were eligible for inclusion in the meta-analysis.
Inclusion and exclusion criteria
Studies were included from the initial search if they strictly met the following criteria: (1) studies of
community-dwelling male or female humans aged fifty years or older. Because criteria for diagnosing
cognitive ability (e.g. the presence of mild cognitive impairment; MCI) differ between studies and
prior reviews266, there were no limitations on baseline cognitive status. However, studies which
included clinical samples with other neurological (e.g. stroke) or mental illnesses (e.g. depression)
were excluded. (2) a structured exercise program of any mode, duration, frequency, or intensity.
Exercise programs that were not explicitly stated as fully supervised or of less than 4 weeks were
excluded. Studies must have allowed the isolated effects of exercise to be measured. (3) a control
group could include no contact, waiting list, attention control, sham exercise, or alternative active
treatment. (4) at least one outcome measure of cognition, measured at baseline and follow up by any
validated neuropsychological test of cognition. (5) study design was strictly limited to randomised
controlled trials (RCTs). (6) a trial must have been published in a peer-reviewed journal.
Table 11: Search terms for exercise and cognition
Exercise search terms combined with “OR”
Exercise
Aerobic exercise
Plyometric exercise
Resistance training
Strength training
Muscle stretching exercises
Physical conditioning, human
Walking
Tai ji (Tai Chi)
Yoga
Cognition search terms combined with “OR”
Cognition
Memory
Executive function
Dementia
Alzheimer Disease
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Data extraction
Data on the study population, intervention, control, and outcome measures were independently
extracted into a standardised form by two review authors (JN and DS). Where available the mean
change from baseline, the standard deviation (SD) of the mean change, and the number of participants
at each assessment for all groups were extracted. Where authors reported more than one measured
time-point throughout an intervention, only the longest follow-up period in which the exercise
intervention was continued was admitted. Data were extracted such that an improvement in
performance was coded as a positive change score. Variance information was converted to SD. Where
the mean change from baseline was not available, it was calculated from baseline and postintervention cognition scores. Similarly, where change from baseline SD was not available it was
calculated from baseline SD and post-intervention SD using the formula: SDchange = √(SD2baseline +
SD2post-intervention) – (2 x Corr x SD2baseline x SD2post-intervention), where Corr = 0.5. The value for Corr was
imputed on the assumption of a moderate correlation between baseline and post-intervention
measures. While this may overestimate the change from baseline SD, it represents a conservative
approach that is consistent with previous meta-analyses266. Sensitivity analysis was performed to
assess the impact of including SD’s calculated from the imputed Corr value. Unpublished data (mean
and SD) were requested from the authors of four studies104, 148, 272, 273, and clarification of published
data were requested from the author of one study274. Subsequently, unpublished data from Langlois, et
al. 272 and Tsai, et al.273 are included in the quantitative assessment.
Data coding
Descriptive data from each study were coded for inclusion in the moderator analysis (described later).
Exercise moderators
In accordance with objective two of the review, the characteristics of the physical exercise
intervention were coded into categorical variables. Firstly, the mode of exercise was classified as
aerobic, resistance training, multicomponent training (an intervention with both aerobic and resistance
training components), tai chi, or yoga. Exercise intensity (low; moderate; and high) was coded in
reference to published guidelines that reconcile differences in the terminology used to describe
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exercise intensity275, 276. The duration (minutes each session lasted including any warm-up or cooldown) and length (weeks of exercise; short: 4-12 wks; medium: 13-26 wks; and long: > 26 wks) of the
exercise and control groups were coded using a prior review as a guide 98. The coding for duration
(short: ≤45 mins; medium: >45, ≤60 mins; and long: >60 mins) was modified from Colcombe and
Kramer98 which defined a “short” duration as ≤30 mins. The current review modified this cut-off as it
did not include any studies which prescribed exercise for ≤ 30 minutes, possibly due to differences in
the inclusion criteria. In addition, the frequency (number of exercise sessions per week; low: ≤2;
medium: 3-4; and high: 5-7) of both groups were coded.
Cognitive moderators
To address objective three, neuropsychological tests were classified according to the domain of
cognition being assessed, similar to previous reviews7. The domains considered were global cognition
(e.g. The Mini-Mental State Examination), attention (sustained alertness including the ability to
process information rapidly), executive function (a set of cognitive processes responsible for the
initiation and monitoring of goal-orientated behaviours), memory (storage and retrieval of
information), and working memory (short-term manipulation of encountered information)7.
Study design moderators
Characteristics of the control group and the baseline cognitive status of the participants were
categorised in accordance with objective four. The control group of each study was organised into
four categories including no contact (e.g. instructed to maintain current lifestyle), active (e.g. sham
exercise intervention such as stretching), educational (e.g. health lectures or a computer course), or
social (e.g. social meeting groups). Finally, the baseline cognitive status of participants were coded
with respect to the presence of MCI (yes, no, or unclear) using the criteria for MCI adopted by Gates
et al.266
Risk of bias assessment
Two authors (JN and DS) independently assessed the risk of bias at the study level of included RCTs
in accordance with the Cochrane Collaboration Guidelines277. The risk of bias was assessed as being
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of “low”, “high”, or “unclear” across the following domains: randomisation; allocation concealment;
blinding of therapists (intervention supervisors); blinding of participants; blinding of outcome
assessors; handling of incomplete data (use of intention to treat analysis); selective reporting; and any
other risk of bias. Discrepancies in the risk of bias assessment were resolved by discussion among
review authors.
Statistical analysis
Statistical analysis was conducted with R version 3.2.1241 using the metafor package 1.9.7278.
Meta-analysis
The standardised mean difference (SMD) was calculated using the mean change from baseline,
change SD, and number of participants for the exercise and control groups. To account for
dependency between effect sizes, a multi-level random effects model was run using a restricted
maximum likelihood estimator279. Unlike traditional meta-analysis, which requires independency of
effect sizes, the use of a multi-level meta-analysis accounted for dependency by fitting the term study
as a random factor in the model. The multi-level model was used to estimate an overall effect size of
exercise interventions versus control on cognitive function (objective one). Heterogeneity was
assessed using the Q statistic (with p<0.10 suggesting statistically significant heterogeneity)280. A
mixed-effects model was fitted to examine the moderators described above as potential sources of
variance. Initially, separate models were fitted to determine main effects for each exercise (objective
two), cognitive (objective three), and study design (objective four) moderator. The analysis of main
effects were interpreted using the 95% confidence interval (CI) for the point estimates of each level of
a moderator and the statistical significance of the omnibus test. Following the analysis of main
effects, where appropriate and in accordance with the purpose of the study, moderators found to be
significant were added to the one model in order to address possible confounding and to test for
interaction effects279.
Funnel plots of the effect size against the standard error of the effect size were visually inspected for
small sample bias and Egger’s test with 95% CI for funnel plot asymmetry were calculated281. To run
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Egger’s test, the multilevel random effects model was modified to include the standard error of the
effect size as a moderator282. Small sample bias was considered to be present where the funnel plot
appeared asymmetrical and the intercept of the Egger’s test was significantly different from zero
(p<0.10)281, 283.
The GRADE guidelines284 were applied independently by two review authors (JN and DS) to evaluate
the overall quality of evidence for the comparison of exercise versus control for cognitive function.
The overall quality of evidence was initially considered “high” due to the inclusion criteria stipulating
studies must be a RCT. The quality of evidence was downgraded by one level where each of the
following four factors were encountered: 1) high risk of study bias; 2) inconsistency evaluated by a
substantial I2 (>75%). I2 was calculated with the following formula: I2 (%) = (Q – df) / Q) x 100; 3)
imprecision due to less than 400 participants in the outcome; and 4) publication bias identified
through an evaluation of funnel plot asymmetry. Indirectness was not considered due to the inclusion
criteria of the review.
5.2.4

Results

The flow of records through the review is summarised in Figure 1. The initial search strategy returned
12,820 records of which 215 were retrieved for full-text review. Forty-three articles met the criteria
for inclusion in the qualitative analysis. The analysis was conducted on each study. Subsequently, on
four occasions when a study produced more than one publication (Blumenthal, et al.
et al. 91; Liu-Ambrose, et al.
al.139; and, Erickson, et al.

108

102

and Liu-Ambrose, et al.

and Voss, et al.

90

and Madden,

109

; Nagamatsu, et al.110 and Ten Brinke, et

145

) they were considered as one study for analysis.

Subsequently, 39 studies were included in the qualitative analysis with all studies eligible for
inclusion in the quantitative analysis. The exercise mode was used to group the studies into
interventions of aerobic exercise (k=18)90-94, 97, 100-104, 110, 139, 145, 148, 285-288, resistance training (k=13)94,
105-111, 139, 273, 274, 289-291

, multicomponent training (k=10)95, 96, 272, 289, 292-296, tai chi (k=4)103, 297-299, and

yoga (k=2)90, 300. The methodological characteristics of these studies are summarised and available in
Table 13.
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Figure 1: PRISMA flow diagram of each stage of study selection
Risk of bias
The risk of bias assessment is summarised in Figure 2. The majority of studies did not describe the
process of sequence generation or allocation concealment in sufficient detail and were judged as
having “unclear” risk of bias for these domains. In all of the assessed studies, it was neither practical
nor possible to blind the participants and therapists. It was judged that this presented a low risk of bias
for the therapists but a high risk of bias to the participants. Studies judged to have a high risk of bias
for incomplete outcome data were due to not employing intention to treat principles in data analysis or
not accounting for dropouts. All other domains were judged to have a low to unclear risk of bias.
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Figure 2: Analysis of the risk of bias in included studies in accordance with the Cochrane
Collaboration guidelines

Effect of exercise on cognition
The multi-level meta-analysis provides an estimate of the difference between physical exercise and
control on cognitive function for 333 dependent effect sizes across 36 studies. The SMD was 0.29
(95% CI 0.17 to 0.41; p<0.01) and there was significant heterogeneity present (Q332= 811.00; p<0.01).
The funnel plot of included studies is presented in Figure 3. Visual inspection of the funnel plot and a
non-significant Egger’s regression intercept (p=0.175) suggests the absence of funnel plot asymmetry.
According to the GRADE guidelines, the evidence for this outcome was classified as moderatequality. The evidence was conservatively downgraded due to the level of uncertainty across each
domain of the risk of bias tool (Figure 2).
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Figure 3: Funnel plot of included dependent effect sizes (k=333).
Moderator analysis
To investigate potential sources of variance, moderators were analysed one at a time in separate
models. The results from this stage of analysis are summarised in Table 12 and described below.
Exercise moderators
When exercise mode was examined as a moderator, all modes of exercise produced significant
(p<0.01) and positive effect estimates, except for yoga (p=0.27). Studies where the duration of
exercise was medium (>45 mins, ≤ 60 mins; p<0.01) were associated with significant estimates in
comparison to short and long duration exercise which were not statistically significant. Moderate
(p=0.02) and vigorous (p<0.01) intensities had similar sized effect estimates, while low-intensity was
not significant (p=0.11). The frequency and length of the exercise intervention produced significant
estimates across all three categories. For each exercise moderator analysis, the omnibus test was
significant and the 95% CI for each factor overlapped.
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Table 12: Results of Moderator Analysis
Moderator

No. of
Effect
Sizes

Estimate

Exercise Moderators
Mode
Aerobic
Resistance Training
Multicomponent Training
Tai Chi
Yoga

153
80
47
25
28

0.24 (0.10 to 0.37)
0.29 (0.13 to 0.44)
0.33 (0.14 to 0.53)
0.52 (0.32 to 0.71)
0.13 (-0.10 to 0.36)

Duration
Short (≤ 45 mins)
Medium (> 45, ≤ 60 mins)
Long (> 60 mins)

36
263
24

0.09 (-0.28 to 0.46)
0.31 (0.16 to 0.46)
0.33 (-0.04 to 0.65)

Frequency
Low (≤ 2)
Medium (3-4)
High (5-7)

92
229
13

0.32 (0.13 to 0.52)
0.24 (0.07 to 0.40)
0.69 (0.10 to 1.28)

Intensity
Low
Moderate
High

71
57
83

0.10 (-0.02 to 0.23)
0.17 (0.03 to 0.33)
0.16 (0.04 to 0.27)

Length
Short (4-12 wks)
Medium (13-26 wks)
Long (> 26 wks)

78
170
86

0.31 (0.09 to 0.54)
0.28 (0.10 to 0.47)
0.27 (0.03 to 0.52)

Cognitive Moderators
Cognitive Domain
Global Cognition
Attention
Executive Function
Memory
Working Memory

6
87
94
81
36

0.16 (-0.14 to 0.47)
0.27 (0.14 to 0.41)
0.34 (0.20 to 0.47)
0.36 (0.22 to 0.50)
0.29 (0.12 to 0.45)

Study Design Moderators
Control Group
Active
Education
No contact
Social

120
17
189
7

0.13 (-0.06 to 0.32)
0.48 (0.14 to 0.82)
0.34 (0.17 to 0.51)
0.20 (-0.58 to 0.98)

Cognitive Status
MCI - Yes
MCI - No
Unclear

197
41
96

0.28 (0.11 to 0.44)
0.36 (0.04 to 0.68)
0.28 (0.05 to 0.51)
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Q-statistic

Omnibus Test
Moderators

Q328=781.68; p<0.01

Q5=39.53; p<0.01

Q318=789.68; p<0.01

Q3=27.83; p<0.01

Q329=804.58; p<0.01

Q3=24.12; p<0.01

Q207=264.61; p<0.01

Q3=13.55; p<0.01

Q330=807.48 p<0.01

Q3=23.32; p<0.01

Q303=795.06; p<0.01

Q5=28.08; p<0.01

Q328=785.37; p<0.01

Q4=25.52; p<0.01

Q330=797.56; p<0.01

Q3=21.62; p<0.01

of

Cognitive Moderators
The effect of exercise on cognition was statistically significant for all domains, except global
cognition. As prior reviews have indicated the effects of exercise on cognition may vary depending on
the mode of exercise and cognitive domain, we included both these moderators as an interaction term
in a separate model. Studies of resistance training had significant interaction effects with executive
function (SMD = 0.49, 95% CI 0.20 to 0.78; p<0.01), memory (SMD = 0.54, 95% CI 0.23 to 0.85;
p<0.01), and working memory (SMD = 0.49, 95% CI 0.16 to 0.82; p<0.01). There was also a
significant tai chi x working memory interaction (SMD = -0.70, 95% CI -1.21 to -0.19; p=0.01). All
other interaction terms were non-significant.
Study Design Moderators
The type of control group was associated with differences in the statistical significance of the effect
size estimated. When the control group involved either no contact (e.g. wait-list, usual care; p<0.01)
or education (e.g. computer course, health lectures; p=0.01) the estimate was statistically significant.
Where the control condition was exposed to an active control (e.g. stretching; p=0.17) or social group
(p=0.62), the effect size was still positive but no longer statistically significant. As shown in Table 11,
the cognitive status of the study participants did not change the overall result of the meta-analysis. To
test the differential effect of exercise on cognitive domain dependent on cognitive status, both
moderators were entered with an interaction effect. There were no significant cognitive status x
domain interaction effects. In addition, cognitive status and exercise mode were entered into a
separate model with an interaction term. There was only one significant interaction effect for tai chi x
unclear (SMD = 1.11, 95% CI 0.16 to 2.07; p=0.02)
5.2.5

Discussion

The current study conducted the most comprehensive systematic review of RCTs in adults over fifty
years of age to date. Importantly, it has not limited the inclusion of studies by exercise mode or
publication date and has incorporated a multi-level meta-analysis method that included exploration of
moderator variables and formal assessment of small study effects. The key finding from this study is
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that physical exercise interventions are effective at improving cognitive function in adults older than
50 years of age, regardless of cognitive status.
Exercise mode
Of the traditional modes of exercise, studies incorporating a component of aerobic or resistance
training showed similar effect size estimates. Aerobic exercise has previously been associated with
large improvements in complex cognitive tasks such as executive function98. Although the size of the
effect estimates reported here are smaller than Colcombe et al.98, the current study also suggests that
aerobic exercise is beneficial to the cognitive functioning of older adults. This finding is of
importance as the results of more recent reviews112,

113, 266

collectively provided little evidence of

aerobic training benefits, and contradicted exercise recommendations for this age group. An important
feature differentiating this study from more recent reviews of aerobic exercise is the multi-level
analysis model used and the absence of restrictions on publication date. As a result of these
differences, this review was able to conduct a robust investigation, with greater statistical power, and
included a large number of otherwise relevant studies not eligible for these recent reviews.
The current study confirms previous suggestions that resistance training may play an important role in
improving cognitive function in older adults266. The moderator analysis showed significant interaction
effects for resistance training with executive function, memory and working memory. Although this
does not show resistance training to be superior to other modes of exercise, it does suggest this type of
training has particularly pronounced effects on these domains of cognitive function. In contrast to our
results, a previous meta-analysis which tested the effect of resistance training found no benefit to
cognition in older adults112. However, our review included a greater number of resistance training
trials than the previous meta-analysis112 by including studies published prior to 200294, 105 and those
published since their census date in 2012109, 110, 139, 289-291. Although prior reviews showed the addition
of resistance training to an aerobic intervention may have benefits to cognition above aerobic alone7,
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, this is the first review to specifically investigate the effect of multicomponent training on cognitive

function in this age group. As exercise guidelines for this age group recommend obtaining both
aerobic exercise and resistance training to improve health and reduce the risk of disease226, 268 it was
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important for this type of intervention to be reviewed for its effect on cognition. Our meta-analysis
provides positive evidence for the prescription of both aerobic and resistance training (i.e.
multicomponent training), in accordance with exercise recommendations, for this age group to
specifically improve cognitive functions.
The current meta-analysis also showed exercise interventions of tai chi improved cognitive function in
this age group. Tai chi has been suggested to be an exercise mode which may be beneficial for
cognitive function through previous studies270. However, this finding should be considered in the
context of the small number of tai-chi studies included in this review. Further evidence is required
from large well-designed RCTs to confirm this effect. Nevertheless, it is an important finding because
non-traditional modes of exercise, such as tai chi, may be suitable for less functional populations.

Exercise prescription
An important objective of this review was to investigate the role of physical exercise training
principles on changes in cognitive function. The moderator analysis in this study showed exercise
interventions between 45 and 60 mins in duration, of moderate- or vigorous-intensity, and of any
frequency or length to be beneficial to cognitive function. Although the moderator analysis suggested
statistical differences in the effect estimates between levels of each moderator, the overlapping 95%
CI’s made it difficult to discern the practical significance of these differences. Whilst there are
statistical methods to identify these differences (namely pairwise comparisons), there is a risk of
inflated type I errors and the possibility of false-positives or false-negatives with the application of
correction factors. As this review provides evidence of the beneficial effect of physical exercise on
cognitive function, future RCTs must instead move beyond investigating effectiveness and begin to
refine the prescription of training to promote the largest benefits to cognitive function.
Currently, many of the exercise interventions reviewed here do not adequately address or justify the
exercise dose being prescribed. The systematic review identified three key issues with the prescription
of exercise interventions in the RCTs which limit the ability to provide evidence-based guidelines on
the dose of training. Firstly, there tends to be limited variability between studies in the planned
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prescription of training variables. For example, the studies of aerobic exercise (see Table 13)
generally prescribe an intervention of moderate-intensity, 2-3 times per week for 45 to 60 mins. Very
few of the studies reviewed were designed to compare varied doses of training, and those that did
were all of resistance training105,

108, 109, 111, 274

. Future research should also consider alternate

approaches to exercise, such as high-intensity interval training161, which may be an effective way to
prescribe exercise for cognitive health and warrant further investigation. Secondly, researchers should
address the application of training principles such as individualised training loads, applying
progressive overload, and changing the training stimulus (e.g. exercises with new movements to
prevent diminishing returns as fitness increases) to ensure the programs have ecological validity and
provide a suitable training stimulus throughout. Thirdly, few of the studies reviewed here measure or
report data on training response such as heart rate, repetitions, resistance, or sessional rating of
perceived exertion, making analysis based on training variables and exercise dose difficult.
Trial design moderators
Several trial design characteristics were investigated as moderating factors. Firstly, the presence of
MCI in study participants did not change the overall findings of the meta-analysis. This is important
due to the increased risk of transitioning to a diagnosis of Alzheimer ’s disease or dementia with the
presence of MCI301. Although higher levels of physical activity are associated with reduced disease
progression in MCI99, it is important to know the effect of exercise interventions to delay or reverse
cognitive declines in a population where activity levels may be low. Previous meta-analyses have
shown both negligible266 and positive267 effects on cognitive function in populations with MCI.
Although it is not clear whether exercise is more or less effective in cognitively impaired or intact
patients, the results of the current analysis provide additional evidence that a physical exercise
intervention can positively impact on cognitive function in MCI patients. Secondly, when the control
group used no contact (e.g. usual care, wait-list) or an education program (e.g. health lectures,
computer course) the effect estimates were all significantly beneficial in comparison to either an
active or social control. This finding is of interest as it potentially suggests that education is not
sufficient to promote changes in lifestyle habits which can be of measurable benefit in the short term.
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Strengths and Limitations
A major strength of this study is that it provides an up-to-date summary of supervised RCTs of
physical exercise for cognitive function in adults older than fifty years of age and advances previous
and recent reviews by employing a multi-level design and not limiting exercise mode or publication
date. Despite this, the findings of the review must be considered in the context of a number of
limitations. Firstly, the search strategy was limited to English language publications, and as such,
there is the possibility of language bias in the systematic review.

Secondly, studies were included

only if exercise was the sole intervention. Subsequently, a large number of studies which used
exercise as an adjunct component of another intervention (e.g. combined cognitive and physical
exercise; see Law et al.302) were excluded. As the objectives of this review were to examine the effect
of physical exercise, it was not appropriate to include such studies. Additionally, the RCTs included
here were strictly limited to fully supervised exercise interventions. This inclusion criterion was
implemented as it is important to acknowledge the methodological and conceptual differences
between a supervised and unsupervised intervention. From a public health perspective however, the
effect of unsupervised or a comparison between supervised and unsupervised exercise interventions
would be of great value. Future meta-analysis designed to answer this question specifically are
required.
5.2.6

Conclusions

This meta-analysis showed that physical exercise interventions are effective at improving the
cognitive function of older adults, regardless of baseline cognitive status. Interventions of aerobic,
resistance training, multicomponent training, and tai chi were similarly effective. The findings of the
current study suggest an exercise program with components of both aerobic and resistance type
training, of at least moderate-intensity and at least 45 mins per session, on as many days of the week
as possible, is beneficial to cognitive function in adults older than 50 years of age.
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Table 13: Methodological characteristics of studies included in the qualitative analysis
Author/Date
Aerobic
Albinet et al., 2010100

Mean age

Participants (M/F)

Intervention

Control

Outcome measure

70.65

24 (11/13)

66.53

36 (10/26)

Mode: Stretching
Duration: 60 min
Frequency: 3/wk
Intensity: na
Length: 12 wks
Mode: Stretching
Duration: 60 min
Frequency: 2/wk
Intensity: na
Length: 21 wks

-WCST

Albinet et al., 2016286

Mode: Aerobic
Duration: 60 min
Frequency: 3/wk
Intensity: 40-60 %HRR
Length: 12 wks
Mode: Aerobic
Duration: 60 min
Frequency: 2/wk
Intensity: 40-65 %HRR
Length: 21 wks

Antunes et al., 2015a288

64.58

40 (0/40)

Mode: Aerobic
Duration: 60 min
Frequency: 3/wk
Intensity: Ventilatory
Threshold
Length: 26 wks

Mode: Social activity
Duration: not stated
Frequency: 2/wk
Intensity: na
Length: 26 wks
Mode: No contact
Length: 26 wks

Antunes et al., 2015b287

66.97

46 (46/0)

Mode: Aerobic
Duration: 60 min
Frequency: 3/wk
Intensity: Vent. Threshold
Length: 26 wks

100

Mode: No contact
Length: 26 wks

-Stroop CW
-Random Number Generation
-Hayling Task
-Spatial Running Span
-Verbal Running Span
-2 Back
-Dimension Switching
-Plus Minus Task
-Digit Letter Task
-Digit Span
-Logical Memory
-Block Design
-WCST
-Digit Symbol
-Mental Control
-Rey-Osterrieth Figure
-Toulouse-Pieron
-MMSE
-Verbal Fluency
-Raven’s Progressive Matrices
-Picture Arrangement
-Corsi Block Tapping
-Verbal Paired Associates
-Free Word Recall

Author/Date
Babaei et al., 2013104

Mean age
58.08

Participants (M/F)
21 (21/0)

Intervention
Mode: Aerobic
Duration: 20-40 min
Frequency: 3/wk
Intensity: 50-60 %VO2peak
Length: 6 wks

Control
Mode: No contact
Length: 6 wks

Outcome measure
-Digit Span

Blumenthal et al.,
198990

66.65

67 (33/34)

Mode: No contact
Length: 16 wks

Including:
Madden et al., 198991

66.57

51 (26/25)

Mode: Aerobic
Duration: 60 min
Frequency: 3/wk
Intensity: 70 %HRR
Length: 16 wks

-WAIS-R:
-digit span
-digit symbol
-Randt Short Story
-Benton Visual Retention
-Selective Reminding
-TMT-B
-2&7
-Nonverbal Fluency
-Verbal Fluency
-Stroop CW
-Letter Search
-Word Comparison

Colcombe et al., 2004148

65.60

29 (11/18)

Mode: Aerobic
Duration: 45 min
Frequency: 3/wk
Intensity: 60-70 %HRR
Length: 26 wks

Mode: Stretching/Toning
Duration: 45 min
Frequency: 3/wk
Intensity: na
Length: 26 wks

-Erickson Flanker Test

Emery, 199092

72.00

48 (8/40)

Mode: MC
Duration: 60 min
Frequency: 3/wk
Intensity: 70 %APMHR
Length: 12 wks

Mode: Social Activity
Duration: 60 min
Frequency: 3/wk
Intensity: na
Length: 12 wks

-WAIS-R
-digit span
-digit symbol
-Writing Digits
-Writing Words

Mode: No contact
Length: 12 wks
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Author/Date
Erickson et al., 2011102

Mean age
66.55

Participants (M/F)
120 (40/80)

Intervention
Mode: Aerobic
Duration: 40 min
Frequency: 3/wk
Intensity: 60-75 %HRR
Length: 52 wks

Control
Mode: Stretching/RT
Duration: 40 min
Frequency: 3/wk
Intensity: na
Length: 52 wks

Outcome measure
-Spatial Memory Task
-Digit Span
-Spatial Memory Task
-Task Switching
-WCST

Including:
Voss et al., 2013145

64.87

70 (25/45)

Fabre, 200197

65.55

16 (3/13)

Mode: Aerobic
Duration: 60 min
Frequency: 2/wk
Intensity: Interval training
Length: 8 wks

Mode: Social Activity
Duration: 60 min
Intensity: na
Frequency: 2/wk
Length: 8 wks

-WMS

Hawkins et al., 1992285

68.20

36 (10/26)

Mode: No contact
Length: 10 wks

-Time Sharing
-Attentional
Flexibility

68.00

60 (20/40)

Mode: Aerobic
Duration: 45 min
Frequency: 3/wk
Intensity: not stated
Length: 10 wks
Mode: Aerobic
Duration: 50 min
Frequency: 3/wk
Intensity: Walking
Length: 40 wks

Mortimer et al., 2012103

Mode: Social Activity
Duration: 60 min
Frequency: 3/wk
Intensity: na
Length: 40 wks

-WAIS-R:
-digit span
-similarities
-Bell Cancellation
-Complex Figure
-Stroop CW
-Auditory Verbal
Learning
-Verbal Fluency
-TMT-A
-TMT-B
-Clock Drawing
-Boston Naming
-Mattis Dementia Rating Scale

Mode: No contact
Length: 40 wks
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Author/Date
Moul et al., 199594

Mean age
69.80

Participants (M/F)
20 (not stated)
11/19 overall

Intervention
Mode: Aerobic
Duration: 40 min
Frequency: 5/wk
Intensity: 60-65
%HRR
Length: 16 wks

Control
Mode: Stretching
Duration: 40 min
Frequency: 5/wk
Intensity: na
Length: 16 wks

Outcome measure
-Ross Information
Processing
Assessment

Muscari et al., 2010101

69.20

120 (62/58)

Mode: Aerobic
Duration: 60 min
Frequency: 3/wk
Intensity: 70 %MHR
Length: 52 wks

Mode: No contact
Length: 52 wks

-MMSE

Nagamatsu et al.,
2012110

75.36

58 (0/58)

Including:
Ten Brinke et al.,
2014139

75.78

27 (0/27)

Mode: Aerobic
Duration: 26 wks
Frequency: 2/wk
Intensity: 70-80 %HRR
Length: 26 wks

Mode: Balance and tone
Duration: not stated
Frequency: not stated
Intensity: not stated
Length: 26 wks

-Stroop CW
-TMT-A
-TMT-B
-Verbal Digits
-Associative Memory
-Everyday Problems Test
-RAVLT

van Uffelen et al.,
2008303

75.02

152 (85/67)

Mode: Aerobic
Duration: 60 min
Frequency: 2/wk
Intensity: >3 METs
Length: 52 wks

Mode: Stretching/Balance
Duration: 60 min
Frequency: 2/wk
Intensity: na
Length: 52 wks

-RAVLT
-Verbal Fluency
-Digit Symbol Substitution
-Stroop CW

Whitehurst et al., 199193

65.80

14 (0/14)

Mode: Aerobic
Duration: 35 min
Frequency: 3/wk
Intensity: 70-80
%APMHR
Length: 8 wks

Mode: No contact
Length: 8 wks

-Simple Reaction Time
-Choice Reaction Time
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Author/Date
Resistance Training
Ansai et al., 2014289

Mean age

Participants (M/F)

Intervention

Control

Outcome measure

82.70

46 (16/30)

Mode: RT
Duration: 60 min
Frequency: 3/wk
Intensity: 10-12RM
Length: 16 wks

Mode: No contact
Length: 16 wks

-Montreal Cognitive
Assessment
-Clock Drawing
-Verbal Fluency

Busse et al., 2008106

71.99

31 (8/23)

Mode: RT
Duration: 60 min
Frequency: 2/wk
Intensity: 8-12RM
Length: 36 wks

Mode: Not stated
Length: 36 wks

-Cambridge Cognitive Test
-RBMT
-Digit Span
-Memory Complaints Scale

Cassilhas et al., 2007111

68.08

62 (62/0)

Mode: RT
Duration: 60 min
Frequency: 3/wk
Intensity:
-50%1RM (RT MOD)
-80%1RM (RT HIGH)
Length: 24 wks

Mode: Toning
Duration: 60 min
Frequency: 3/wk
Intensity: na
Length: 24 wks

-WAIS III:
-similarities
-digit span
-WMS-R:
-Corsi's block tapping test
-Toulouse-Pieron
-Rey-Osterrieth complex
figure

Fiatarone-Singh et al.,
2014291

70.10

49 (33/16)

Mode: RT
Duration: 75 min
Frequency: 2-3/wk
Intensity: 8RM
Length: 26 wks

Mode: Sham cognitive
training and stretching
Duration: 90 min
Frequency: 2-3/wk
Intensity: na
Length: 26 wks

-WAIS-III
-matrices
-similarities
-Verbal Fluency
-COWAT
-WMS-III
-Logical memory
-ADAS-Cog
-list learning
-Benton Visual Retention
-Symbol Digit Modalities
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Author/Date
Fragala et al., 2014290

Mean age
70.64

Participants (M/F)
25 (not stated)

Intervention
Mode: RT
Duration: not stated
Frequency: 2/wk
Intensity: moderate (RPE
scale)
Length: 6 wks

Control
Mode: No contact
Length: 6 wks

Outcome measure
-Spatial awareness
(Neurotracker)
-Reaction time (Dynavision
D2)

Kimura et al., 2010107

74.33

119 (49/70)

Mode: RT
Duration: 90 min
Frequency: 2/wk
Intensity: 60 %1RM
Length: 12 wks

Mode: Health lectures
Duration: 90 min
Frequency: 2/month
Intensity: na
Length: 12 wks

-Task-Switching

Liu-Ambrose et al.,
2010108

69.62

155 (0/155)

Including:
Liu-Ambrose et al.,
2012109

69.31

52 (0/52)

Mode: RT
Duration: 60 min
Frequency:
- 1/wk (RT 1)
- 2/wk (RT 2)
Intensity: 6-8RM
Length: 52 wks

Mode: Balance and Tone
Duration: not stated
Frequency: not stated
Intensity: na
Length: 52 wks

-TMT-A
-TMT-B
-Digit Span
-Stroop CW
-Erickson Flanker

Moul et al., 199594

69.50

20 (not stated)

Mode: RT
Duration: 40 min
Frequency: 5/wk
Intensity: not stated
Length: 16 wks

Mode: Stretching
Duration: 40 min
Frequency: 5/wk
Intensity: na
Length: 16 wks

-Ross Information
Processing
Assessment

Mode: RT
Duration: 60 min
Frequency: 2/wk
Intensity: 6-8RM
Length: 26 wks

Mode: Balance and tone
Duration: not stated
Frequency: not stated
Intensity: na
Length: 26 wks

-Stroop CW
-TMT-A
-TMT-B
-Verbal Digits
-Associative Memory
-Everyday Problems Test
-RAVLT

11/19 overall

Nagamatsu et al.,
2012110

74.5

56 (0/56)

Including:
ten Brinke et al.,
2014139

74.64

25 (0/25)
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Author/Date
Tsai et al., 2015273

Mean age
71.40

Participants (M/F)
48 (48/0)

Intervention
Mode: RT
Duration: 60 min
Frequency: 3/wk
Intensity: 75-80 %1RM
Length: 52 wks

Control
Mode: No contact
Length: 52 wks

Outcome measure
-Oddball Task

Tsutsumi et al., 1997105

67.22

42 (33/9)

Mode: RT
Duration: 60 min
Frequency: 3/wk
Intensity:
-75-85 %1RM (RT HI)
-55-65 %1RM (RT LOW)
Length: 12 wks

Mode: No contact
Length: 12 wks

-Mental Arithmetic
-Computerised Mirror
Drawing

Yoon et al., 2016274

76.00

30 (not stated)

Mode: RT
Duration: 60 min
Frequency: 2/wk
Intensity: Resistance bands
-High speed low resistance
-Low speed mod resistance
Length: 12 wks

Mode: Stretching
Duration: 60 min
Frequency: 1/wk
Intensity: na
Length: 12 wks

-MMSE
-Montreal Cognitive
Assessment

Participants (M/F)

Intervention

Control

Outcome measure

46 (14/32)

Mode: MC
Duration: 60 min
Frequency: 3/wk
Intensity:
-Aerobic: 60-85 %HRR
-RT: moderate (RPE scale)
Length: 16 wks

Mode: No contact
Length: 16 wks

-Montreal Cognitive
Assessment
-Clock Drawing
-Verbal Fluency

Author/Date
Mean age
Multicomponent Training
Ansai et al., 2014289
82.25
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Author/Date
Barnes et al., 2013292

Mean age
72.52

Participants (M/F)
63 (22/41)

Intervention
Mode: MC
Duration: 60 min
Frequency: 3/wk
Intensity: 60-75%MHR
Length: 12 wks

Control
Mode: Stretching and
toning
Duration: 90 min
Frequency: 3/wk
Intensity: “not above
resting”
Length: 12 wks

Outcome measure
-RAVLT
-Verbal Fluency
-Digit Symbol
-TMT-A and TMT-B
-Erickson Flanker
-Useful Field of View

Klusmann et al., 2010293

73.55

167 (0/167)

Mode: MC
Duration: 90 min
Frequency: 3/wk
Intensity: not stated
Length: 26 wks

Mode: No contact
Length: 26 wks

-Verbal Fluency
-RBMT
-Selective
Reminding
-TMT-A
-TMT-B
-Stroop CW

Langlois et al., 2013272

69.85

38 (7/31)

Mode: MC
Duration: 60 min
Frequency: 3/wk
Intensity: moderate-hard
Length: 12 wks

Mode: No contact
Length: 12 wks

-MMSE
-WAIS-III:
-similarities
-digit Symbol
-letter Number
-digit span
-Stroop CW
-TMT-A
-TMT-B
-RAVLT

Leon et al., 2015296

71.95

81 (26/55)

Mode: MC
Duration: 60 min
Frequency: 2/wk
Intensity: moderate
Length: 12 wks

Mode: No contact
Length: 12 wks

-Simple RT
-Choice RT
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Author/Date
Linde et al., 2014294

Mean age
67.14

Participants (M/F)
35 (14/21)

Intervention
Mode: MC
Duration: 60 min
Frequency: 2/wk
Intensity:
-Aerobic: 40-70% HRR
-RT: 10-20 RM
Length: 16wks

Control
Mode: No contact
Length: 12 wks

Outcome measure
-LPS 50+
-Reasoning subtest
-Spatial relations subtest
-d2 Test of Attention
-TMT-A
-Digit Symbol Substitution
-Word List

Napoli et al. 2014295

69.49

53 (19/34)

Mode: MC
Duration: 90 min
Frequency: 3/wk
Intensity:
-Aerobic: 65-85% MHR
-RT: 65-80% 1RM
Length: 52wks

Mode: General health
advice
Duration: na
Frequency: monthly
meetings
Intensity: na
Length: 52 wks

-Word List Fluency
-TMT-A
-TMT-B
-Modified MMSE (3MS)

Okumiya et al., 199695

78.8

42 (18/24)

Mode: MC
Duration: 60 min
Frequency: 2/wk
Intensity: “not tiring”
Length: 24wks

Mode: No contact
Duration: na
Frequency: na
Intensity: na
Length: 24 wks

-MMSE
-Hasegawa Dementia Scale
-Visuospatial Test

Williams et al., 199796

71.71

190 (0/190)

Mode: MC
Duration: 60 min
Frequency: 2/wk
Intensity:
-Aerobic: “Light”
-RT: Body weight
Length: 42 wks

Mode: No contact
Length: 42 wks

-WAIS-R
-digit span
-picture
arrangement
-Cattell's matrices
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Author/Date
Tai Chi
Mortimer et al., 2012103

Mean age

Participants (M/F)

Intervention

Control

Outcome measure

67.75

60 (20/40)

Mode: Tai Chi
Duration: 50 min
Frequency: 3/wk
Intensity: na
Length: 40 wks

Mode: Social Activity
Length: 40 wks
Frequency: 60 min, 3/wk

-WAIS-R:
-digit span
-similarities
-Bell Cancellation
-Complex Figure
-Stroop CW
-Auditory Verbal
Learning
-Verbal Fluency
-TMT-A
-TMT-B
-Clock Drawing
-Boston Naming
-Mattis Dementia Rating Scale

Mode: No contact
Duration: na
Frequency: na
Intensity: na
Length: 40 wks

Nguyen et al., 2012297

68.98

96 (48/48)

Mode: Tai Chi
Duration: 60 min
Frequency: 2/wk
Intensity: na
Length: 26 wks

Mode: No contact
Duration: na
Frequency: na
Intensity: na
Length: 26 wks

-TMT-A
-TMT-B

Tao et al., 2016299

60.96

46 (14/32)

Mode: Tai Chi
Duration: 60 min
Frequency: 5/wk
Intensity: na
Length: 12 wks

Mode: Health education
at baseline then no
contact
Duration: na
Frequency: na
Intensity: na
Length: 12 wks

-WMS Memory Quotient
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Author/Date
Tsai et al., 2013298

Mean age
78.91

Participants (M/F)
55 (15/40)

Author/Date
Yoga
Blumenthal et al.,
198990

Mean age

Participants (M/F)

67.30

68 (33/35)

Including:
Madden et al., 198991
(n=85)

67.36

54 (26/28)

Gothe et al., 2014300

62.05

118 (26/92)

Intervention
Mode: Tai Chi
Duration: 40 min
Frequency: 3/wk
Intensity: na
Length: 20 wks
Intervention

Control
Mode: Health Education
Duration: ns
Frequency: ns
Intensity: na
Length: 20 wks
Control

Outcome measure
-MMSE

Mode: Hatha Yoga
Duration: 60 mins
Frequency: 2/wk
Intensity: na
Length: 16 wks

Mode: No contact
Duration: na
Frequency: na
Intensity: na
Length: 16 wks

-WAIS-R:
-digit span
-digit symbol
-Randt Short Story
-Benton Visual Retention
-Selective Reminding
-TMT-B
-2&7
-Nonverbal Fluency
-Verbal Fluency
-Stroop CW
-Letter Search
-Word Comparison
-Task switching
-Running memory span
-N-back task

Mode: Hatha Yoga
Duration: not stated
Frequency: 3/wk
Intensity: na
Length: 8 wks

Outcome measure

Mode: Stretching and
toning
Duration: not stated
Frequency: 3/wk
Intensity: na
Length: 8 wks
Outcome Measures - TMT-A: Trail Making Test Part-A; TMT-B: Trail Making Test Part-B; Stroop CW: Stroop Colour Word; WAIS-R: Weschler Adult
Intelligence Score Revised; RAVLT: Rey Auditory Verbal Learning Task; WAIS-III: Weschler Adult Intelligence Score Revision Three; WCST:
Wisconsin Card Sorting Test; RBMT: Rivermead Behavioural Memory Test; COWAT: Controlled Oral Word Association Test; MMSE: Mini Mental
State Examination.
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Chapter 6 Cognition in breast cancer survivors: a pilot study of interval
and continuous exercise
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6.1

Foreword

The previous chapters identified physical activity of at least moderate-intensity to be associated with
improved neurocognitive function in ageing. In Chapter 5, few studies were identified that have been
designed to specifically compare different doses of exercise in the context of neurocognitive function.
The following chapter addresses this limitation by comparing the effects of a 12-week intervention of
either high-intensity interval training or moderate-intensity continuous training on cognitive function.
High-intensity interval training shows promise for providing superior adaptations to continuous
training for peripheral disease markers and aerobic fitness164. Although these previously studied
outcomes are potential mechanisms by which physical activity improves neurocognitive health, this
type of training hasn’t been studied widely in the context of brain health 161. The study was based on a
convenience sample of breast cancer survivors who were recruited predominantly through the
University of Canberra Faculty of Health Clinics. Breast cancer is most prevalent over the age of
fifty304, and survivors of this type of cancer are at an increased risk of neurocognitive decline 305.
Similar to studies on ageing, breast cancer survivors display cognitive impairments to attention,
working memory306, executive function and memory performance307, alongside structural changes in
the pre-frontal cortex and hippocampal regions of the brain308. Importantly, the pathogenesis of
cancer-related neurocognitive changes, including inflammatory pathways, cardiovascular and
cerebrovascular impairments, and metabolic disturbances308-310. share many similarities with agerelated decline305, 311.
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6.2

Published Manuscript

6.2.1

Abstract

Objectives: The current study investigated the effects of two exercise interventions on cognitive
function amongst breast cancer survivors.
Design: Pilot randomised-controlled trial
Methods: Seventeen female cancer survivors (mean: 62.9 ± 7.8 years) were randomised into three
groups: high-intensity interval training (HIIT, n = 6); moderate-intensity continuous training (MOD, n
= 5); or wait-list control (CON, n = 6). The HIIT and MOD groups exercised on a cycle ergometer 3
days/week for 12-weeks. Primary outcomes were cognitive function assessments utilising CogState.
Secondary outcomes were resting middle cerebral artery blood flow velocity, cerebrovascular
reactivity and aerobic fitness (V̇O2peak). Data were analysed with General Linear Mixed Models and
Cohen’s d effect sizes were calculated.
Results: All 17 participants who were randomised were available for follow-up analysis and
adherence was similar for HIIT and MOD (78.7 ± 13.2% vs 79.4 ± 12.0%; p = 0.93). Although there
were no significant differences in the cognitive and cerebrovascular outcomes, HIIT produced
moderate to large positive effects in comparison to MOD and CON for outcomes including episodic
memory, working memory, executive function, cerebral blood flow and cerebrovascular reactivity.
HIIT significantly increased V̇O2peak by 19.3% (d = 1.28) and MOD had a non-significant 5.6% (d =
0.72) increase, compared to CON which had a 2.6% decrease.
Conclusion: This study provides preliminary evidence that HIIT may be an effective exercise
intervention to improve cognitive performance, cerebrovascular function and aerobic fitness in breast
cancer survivors. Considering the sample size is small, these results should be confirmed through
larger clinical trials.
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6.2.2

Introduction

Breast cancer is the most commonly diagnosed cancer in Australian women over the age of 50 304.
Although the prevalence of breast cancer is increasing in this age group, the prognosis for cancer
patients has improved. As 5-year survival rates for breast cancer rise to just over 90%304, attention is
being paid to how interventions, such as physical exercise, can address the long-term chronic health
effects of cancer treatment. In particular, as many as 75% of cancer survivors report cognitive
impairments during and after treatment, particularly in the domains of working memory, executive
function and memory performance305,

307

. The exact mechanisms by which cancer and associated

treatments may impact cognition are unclear but may relate to increased atrophy of grey matter,
metabolic disturbances, cardiovascular impairments, inflammatory pathways or socioemotional
factors including sleep and fatigue305, 308, 312. These processes are similar to many age-related effects
on the brain, although cancer survivors tend to exhibit more rapid and earlier declines311.
Whilst physical exercise shows promise as a treatment for age-related cognitive decline229, few studies
have investigated this in breast cancer survivors313, 314. Initial evidence from observational research
suggests that cognitive function is preserved with higher levels of physical activity in cancer
patients315,

316

. Similarly, cognitive performance in breast cancer survivors is improved when the

duration of moderate-to-vigorous-intensity physical activity levels are increased through a 12-week
behavioural change program313. Recently, Peterson et al.314 observed improved executive function and
memory performance in cancer survivors, including from breast cancer, following a 12-week aerobic
exercise intervention at moderate-intensity. Although preliminary, these intervention studies suggest
that cancer survivors’ cognitive function may be improved through relatively short duration,
moderate-intensity exercise interventions. However, to improve clinical guidelines within the exercise
oncology field, an improved understanding of the effects of exercise dose on cognition as well as
potential mechanisms is required.
A growing body of evidence is emerging for the benefits of high-intensity interval training (HIIT),
particularly for aerobic fitness (i.e. V̇O2peak) and cardiovascular disease risk factors in clinical
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populations164. Research on HIIT in cancer survivors is an emerging area, and although effects on
cognition have not been investigated, these initial studies may provide direction for its potential
benefits. For instance, in research on healthy brain ageing, interventions incorporating aerobic
exercise to improve V̇O2peak have demonstrated increases in cognitive function102. In breast cancer
survivors, Dolan et al.317 found a 6-week HIIT intervention elicited similar improvements to V̇O2peak
as a moderate-intensity continuous group, with no adverse events recorded despite the increased
intensity. Adams et al.318 similarly found a 12-week HIIT intervention improved V̇O2peak alongside
improvements in several cardiovascular risk factors including reduced arterial stiffness and
inflammation in testicular cancer survivors. Higher arterial stiffness and inflammation negatively
impact the brain, partly through damage to the cerebral micro vessels and the endothelium114. Poor
cerebrovascular health is associated with impaired cognitive function153, potentially due to decreased
cerebral blood flow16 or endothelial dysfunction319. Whilst there is evidence that exercise, and
particularly HIIT, is effective at improving the function of the peripheral vasculature in cancer
survivors, it is not clear if these effects extend to the cerebrovascular system. As cerebrovascular
function is associated with aerobic fitness156 and can be improved with exercise160,

161

in healthy

populations, it presents a further mechanistic pathway to investigate the effects of HIIT on cognition.
Due to the limited understanding regarding the effect of exercise on cognition in breast cancer
survivors over the age of 50, there is a need for preliminary investigations to inform subsequent largescale clinical trials311. Therefore, the purpose of the current study was to investigate the effects of a
12-week aerobic exercise intervention of either HIIT or moderate-intensity continuous exercise
(MOD) on cognitive performance in breast cancer survivors in comparison to a wait-list control
(CON). Secondly, the effects of these interventions on aerobic fitness and cerebrovascular function
were examined as a potential mechanism to explain exercise-induced changes in cognitive
performance.
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6.2.3

Methods

The study piloted a three-arm, 12-week randomised controlled trial with pre- and post-intervention
outcome assessments. Participants were recruited over a 15-month period from Canberra, Australia.
Eligible participants were female breast cancer survivors ≤24 months post-diagnosis and aged 50-75
years of age. We additionally excluded participants with a history of central nervous system or bone
metastatic cancers, any secondary cancers, using anti-hypertensive medication, diagnosed
cardiovascular or cerebrovascular diseases, were participating in ≥30 mins of moderate-to-vigorousintensity physical activity (MVPA) on more than 5 days per week or currently undertaking HIIT
exercise. All eligible and consenting participants were required to obtain physician clearance and
subsequently complete an exercise stress test with a 12-lead electrocardiogram (ECG) to be enrolled
in the study. The flow of eligible and consenting participants through the study is shown in Figure 4.
The three groups were similar at baseline (p > 0.05) for all descriptive variables (Table 14). All
participants provided written informed consent and the study was approved by the University of
Canberra Human Research Ethics Committee (project number 13-153).

Figure 4: CONSORT diagram depicting the flow of participants through the study
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Table 14: Baseline characteristics of the study sample by group allocation
CON

HIIT

MOD

n=6

n=6

n=5

P

Age, years (SD)

61.5 (7.8)

60.3 (8.1)

67.8 (7.0)

0.83

Height, cm (SD)

163.5 (5.5)

165.6 (5.8)

165.6 (5.6)

0.77

Weight, kg (SD)

75.6 (7.7)

69.5 (16.1)

68.8 (11.5)

0.59

Cancer stage, n

0.45

I

3

2

1

II

3

2

4

III

0

2

0

Treatment, n

0.30

Surgery

0

0

1

Surgery + Chemotherapy

1

0

0

Surgery + Radiation

2

3

4

Surgery + Chemotherapy + Radiation

3

3

0

3

3

2

Hormonal therapy
Aromatase Inhibitor

0.87

Data are presented as mean (SD) or number of participants

Participants attended the laboratory on two separate days to complete the pre- and post- intervention
outcome assessments. On day 1, participants completed the cognitive performance assessments
(primary outcomes) and on day 2 participants completed the cerebrovascular and aerobic fitness
assessments (secondary outcomes), in that order. All participants were instructed to avoid caffeine in
the 12 h prior and strenuous physical activity and alcohol in the 24 h prior to each testing session. All
testing took place in the morning and participants were asked to consume their normal breakfast 2
hours prior to reporting to the laboratory. All post-intervention testing took place 2-4 days following
the final exercise session.
Participants were randomised to either HIIT, MOD or CON using a computer-generated sequence of
numbers in blocks of variable sizes in a 1:1:1 ratio, stratified by age. After baseline testing, a sealed,
opaque envelope with the group allocation was delivered to the participant.
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The two intervention groups (HIIT and MOD) exercised 3 times per week for 12 weeks (up to 36
sessions). Each session was conducted on a cycle ergometer (Monark 828E Ergometer), lasted 20-30
minutes and was fully supervised. Attendance was recorded to assess adherence. Participant’s heart
rate (Polar FT40 Monitor, Finland) and rating of perceived exertion (RPE; Borg 6-20 scale) were
monitored to record the response to each session.
The MOD cycling group completed a 5-minute warm-up and cool-down at 50% of peak power
divided by a 20-minute conditioning period completed at 55-65% of their peak power. The
participant's peak power was determined from the maximal incremental cycle test completed preintervention. The workload began at 55% of peak power and was adjusted within this range over 12
weeks to ensure their RPE remained between 9 and 13 on a modified Borg scale (6-20) during each
session. Heart rate and RPE was measured at 5-min intervals to monitor the participant's response to
the exercise.
The HIIT group also completed a 5-minute warm-up and cool-down at 50% of their peak power
achieved in the pre-intervention maximal incremental cycle test. Following the warm-up, participants
initially (week 1) completed four intervals lasting 30 seconds with 2 minutes of active recovery
between each. The number of intervals was increased by one each week until the target of seven
intervals was achieved in week 4. The number of intervals were maintained at seven for the remainder
of the intervention. Participants in HIIT were instructed to increase their pedalling rate to between 95
and 115 revolutions per minute (RPM) to ensure a consistent and maximal effort across each interval.
The resistance was adjusted by the supervisor over the intervention for each participant to ensure they
remained within the 95 to 115 RPM range and reached a heart rate above 90% of their maximum by
the fourth interval. The active recovery was performed with a light resistance at a self-selected
pedalling rate. Heart rate and RPE was measured at the end of each interval and recovery period to
monitor the participant's response to the exercise. From unpublished work within our laboratory in
this population, this HIIT protocol elicits an average work rate of ~105% of peak power during the
30s intervals, although participants power output was unable to be measured across the entire
intervention in the current study.
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Participants in the CON group were asked to maintain their current lifestyle, including their level of
physical activity, for 12 weeks following their baseline assessment. These participants were offered a
12 week fully supervised exercise intervention with aspects of HIIT and MOD at the completion of
their follow-up testing.
The primary outcome of cognitive performance was assessed using tasks from the CogState battery,
which has good construct validity and strong correlations with neuropsychological tests 37. The
following tests were selected based on the cognitive domains identified as being affected by cancer
and are explained in detail elsewhere37. Briefly, the total number of words recalled in the three
learning trials of the International Shopping List was used to assess verbal learning. The number of
words recalled in the International Shopping List Delayed Recall was used to assess episodic
memory. The Groton Maze Learning Task was used to assess executive function, scored by the total
number of errors made across the five trials. The One-Back Test was used to test working memory,
assessed by the proportion of correct responses.
The secondary outcome of cerebrovascular function was assessed by resting cerebral blood flow and
reactivity to carbon dioxide (an index of endothelial function) of mean flow velocity in the right
middle cerebral artery (MCAVmean) using 2 MHz transcranial Doppler ultrasonography (DWL
Doppler, Compumedics Ltd, Germany) by a single trained operator. The middle cerebral artery was
identified through the right temporal window using search techniques described previously320. Blood
pressure

was monitored noninvasively by finger

photoplethysmography (Human

NIBP,

ADInstruments, Australia). The partial pressure of end-tidal carbon dioxide (PETCO2) was assessed via
a sampling tube connected to a Hans Rudolph mask and an online gas analyser (ML206;
ADInstruments, Australia). All raw analogue signals were sampled at 1000 Hz via PowerLab
(LabChart 7, ADInstruments, Australia). Following participant setup, a seated 5-minute baseline
measurement was taken. Resting MCAVmean indices were calculated from the final 60 s of the baseline.
Participants then performed a modified rebreathing protocol to assess cerebrovascular reactivity to
carbon dioxide, in a seated position, as described previously321. The rebreathing protocol consisted of
three phases. First, the participants completed a second baseline measurement breathing room air.
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Secondly, the participants hyperventilated for 1 min to achieve a target PETCO2 of 20-25 mmHg.
Finally, the participants were switched to the rebreathing Douglas bag which contained 93% O 2 and
7% carbon dioxide and breathed normally until PETCO2 ≥ 60 mmHg, ventilation exceeded 100 L.min-1,
or participants experienced discomfort. The coefficient from the linear regression between relative
∆MCAVmean and PETCO2 was used to assess cerebrovascular reactivity to carbon dioxide.
Aerobic fitness was assessed with a maximal incremental exercise test conducted on a cycle
ergometer (High-Performance Ergometer, Schoberer Rad MeBtechnik, Germany). The exercise
protocol began at 20 W and was increased by a further 20 W every minute until participants reached
their peak load. Participants self-selected their pedalling cadence > 60 revolutions per minute. Expired
gases were analysed through a Hans-Rudolph face mask and averaged over 30 seconds to calculate
VO2peak (Vyntus CPX Metabolic Cart, Jaeger, Germany).
Statistical analysis were conducted with R version 3.4.2241. The mean and standard deviation of the
outcome measures at baseline and follow up were calculated for each group. Group differences in
baseline characteristics were assessed with one-way ANOVA or Kruskal-Wallis test. Data were
analysed by General Linear Mixed Models with a random intercept fitted for subjects to take into
account the repeated measures nature of the data and interindividual variability using the lme4
package322. Visual inspection of QQ-plots generated for each model showed no obvious deviations
from normality. For each model, p-values were obtained using Type II Wald F tests with the car
package323 and underwent a Simes-Benjamini-Hochberg false discovery rate adjustment242 to account
for multiple comparisons. Statistical significance was accepted at adjusted p < 0.05.
Traditional hypothesis testing from pilot studies should be interpreted with caution as the small
sample sizes can result in imprecise estimates and are unlikely to reach statistical significance.
Therefore, we additionally calculated effect sizes for the pairwise changes in cognitive,
cerebrovascular and aerobic fitness variables between the three experimental conditions. Effect sizes
were calculated as Cohen’s d using the pooled standard deviation of the random effects to account for
the structure of the Linear Mixed Model. A positive effect size indicated a favourable effect towards
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the relevant intervention and was interpreted as small, moderate, and large based on cut-off points of
0.2, 0.5 and 0.8, respectively.
6.2.4

Results

Exercise adherence was similar between the HIIT and MOD groups (proportion of sessions attended:
78.7 ± 13.2% vs 79.4 ± 12.0%; p = 0.93), and there were no adverse events recorded during the
intervention. On average, HIIT had a significantly higher relative heart rate (93.9 ± 5.7% vs 84.1 ±
5.2; p < 0.01) and RPE (14.5 ± 2.7 vs 12.3 ± 1.6; p < 0.01) compared to MOD immediately prior to
the warm-down during the intervention.
The pre- and post-intervention group means and effect sizes for the primary outcome of cognitive
performance are presented in Table 15. There were no statistically significant group x time interaction
effects for verbal learning (F14,2 = 0.1; p = 0.95), episodic memory (F14,2 = 0.6; p = 0.71), executive
function (F14,2 = 0.9; p = 0.45), or working memory (F14,2 = 1.3; p = 0.44). However, both HIIT and
MOD had moderate-sized effects for episodic memory in comparison to CON. In comparison to CON
and MOD, the HIIT group had moderate and large effect sizes for executive function and working
memory, respectively (Table 15).
For the secondary outcome of cerebrovascular function (Table 15), there were no statistically
significant group x time interactions for resting MCAVmean (F13,2 = 0.6; p = 0.73) or cerebrovascular
reactivity (F13,2 = 0.2; p = 0.80). Similarly, mean arterial pressure (F13,2 = 0.2; p = 0.84), PETCO2 (F13,2
= 0.3; p = 0.72), and PETO2 (F13,2 = 0.2; p = 0.82) did not have significant changes. However, there
was a large-sized effect for HIIT in comparison to CON for resting MCAvmean. In comparison to both
CON and MOD, the HIIT group showed moderate-sized effects for CRV.
For V̇O2peak there was a significant group x time interaction (Table 15; F12,2 = 6.5; p = 0.02).
Examination of fixed effects showed a significantly greater increase in V̇O2peak for HIIT compared to
CON (b = 4.0 [1.9 to 6.0]). There were no significant differences in V̇O2peak for MOD in comparison
to CON or HIIT. The calculated effect sizes for V̇O2peak showed HIIT and MOD elicited a large and
moderate-sized effect in comparison to CON, respectively.
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Table 15: Outcome data for cognitive performance, cerebrovascular function and aerobic fitness
CON
Pre

HIIT
Post

Pre

MOD
Post

Pre

Post

HIIT vs
CON
d

MOD vs
CON
d

Cognitive Performance
Verbal learning, words
26.0 (2.9)
27.6 (2.8)
27.8 (1.5)
28.3 (2.1)
26.0 (3.4)
26.6 (4.8)
-0.39
-0.36
Episodic memory, words
9.7 (0.8)
9.3 (1.8)
10.3 (0.8)
10.7 (0.5)
9.8 (1.3)
10.0 (2.1)
0.76
0.66
Executive function, errors 56.2 (12.8)
53.2 (19.0)
46.5 (11.4)
36.2 (9.1)
57.8 (6.1)
52.6 (7.7)
0.75
0.20
Working memory, acc
1.4 (0.1)
1.4 (0.1)
1.2 (0.1)
1.3 (0.1)
1.4 (0.2)
1.3 (0.1)
0.81
-0.34
Resting cerebrovascular function
MCAVmean, cm.s-1
52.8 (10.0)
52.6 (10.0)
55.4 (8.2)
58.9 (9.8)
52.5 (12.1)
54.4 (11.7)
0.86
0.31
Reactivity, %.mmHg-1
5.9 (2.1)
5.1 (0.8)
4.6 (1.5)
4.8 (2.0)
4.8 (2.4)
4.6 (1.4)
0.72
0.38
Resting blood pressure
MAP, mmHg
78.3 (12.5)
73.9 (7.7)
86.4 (6.4)
82.7 (13.0)
82.0 (12.5)
80.7 (9.2)
-0.17
-0.45
Resting respiratory variables
PETO2, mmHg
103.8 (1.5)
103.7 (5.0)
103.0 (4.0)
101.9 (4.7)
101.5 (4.3)
101.9 (5.3)
-0.24
0.11
PETCO2, mmHg
33.8 (1.4)
33.5 (2.1)
35.5 (3.3)
35.8 (3.5)
34.5 (1.6)
34.7 (2.5)
0.31
0.23
Aerobic fitness
V̇O2Peak,
20.9 (3.1)
20.3 (2.9)
18.5 (3.9)
22.0 (3.5)
21.8 (3.4)
23.1 (4.3)
1.28
0.72
mL.kg-1.min-1
Pre and post data are mean (SD). d: standardised change score expressed as Cohen’s d
Abbreviations: CON: wait-list control; HIIT; high-intensity interval training; MOD; moderate-intensity continuous training; MCAvmean: middle cerebral artery mean
velocity; MAP: mean arterial pressure; PETO2: partial pressure end-tidal oxygen; PETCO2: partial pressure of end-tidal carbon dioxide
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HIIT vs
MOD
d
-0.23
-0.05
0.55
1.41
0.24
0.54
0.13
-0.44
0.01
0.19

blood flow

6.2.5

Discussion

This pilot randomised controlled trial is the first to investigate the feasibility of HIIT or MOD on both
cognitive performance and cerebrovascular function in breast cancer survivors. As the proportion of
breast cancer survivors over the age of 50 increases, the development of interventions to negate the
effects of the illness and treatments will become crucial to the ongoing care and rehabilitation of this
population. The HIIT intervention elicited positive moderate-to-large effects in comparison to both
MOD and CON for aspects of cognitive performance including episodic memory, working memory
and executive function. These effects extend to the secondary outcomes, where HIIT resulted in a
moderate-sized improvement to MCAvmean and a large effect on cerebrovascular reactivity in
comparison to CON. In addition, there was a statistically significant effect of HIIT on aerobic fitness
in comparison to the control group. Given there was a high adherence and no adverse events during
the intervention, these novel results provide preliminary evidence that exercise interventions,
particularly at higher intensities, are a safe and efficacious method to improve cognitive function and
brain health in this population.
These findings for cognitive function are consistent with meta-analyses demonstrating the effects of
exercise on cognition in older adults without cancer229 and recent studies in cancer survivors313, 314.
Peterson et al.314 found within-group improvements to working memory, executive function and
verbal memory following 12-weeks of a moderate-intensity stationary cycling intervention, which
overlap directly with the cognitive tests that appeared sensitive to HIIT in the current study. Although
we did not show the same effects for MOD in comparison to CON, the MOD group improved
performance for all four cognitive assessments. In addition to differences in the statistical analysis, the
previous study included both male and female survivors of several types of cancer and a different
cognitive assessment tool. In agreement with our findings, Hartman et al.313 found a dose-response
effect on executive function with a 12-month intervention to increase lifestyle moderate-to-vigorousintensity physical activity (MVPA) in breast cancer survivors. This effect concurs with the tendency
towards larger effect sizes on cognition for HIIT in the current study.
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This study adds to the evidence supporting the positive effects of exercise training on resting
cerebrovascular function160 and is the first to do so in a cancer population. Previously, a 12-week
moderate-intensity aerobic exercise intervention in older adults improved cerebrovascular reactivity
and resulted in an average increase in resting MCAVmean of 4.0 cm.s-1, which is similar to the 3.5 cm.s-1
increase observed in the current study’s HIIT group160. The exact cause of the increase in resting
cerebral blood flow in the HIIT group is unclear but could be related to higher aerobic fitness postintervention156, changes in PETCO2, cerebral angiogenesis, or increased pre-frontal cortex volume.
Whilst larger participant numbers would allow some of these factors to be investigated, the addition
of neuroimaging to future studies would be beneficial in providing a further mechanistic explanation.
Interestingly, previous work by Adams et al.318 investigating HIIT in cancer survivors found
significant benefits to plaque burden and arterial stiffness in the carotid artery318 which corresponds
with the increase in cerebral blood flow and improved cerebral endothelial function shown here.
Given vascular risk factors contribute to cognitive decline and an increased risk of Alzheimer’s
disease153, these initial effects on the cerebrovascular system present an important mechanistic target
for future research.
In addition to the changes in cerebrovascular function, the participants in the exercise interventions
displayed improvements in aerobic fitness. The mean improvement in V̇O2peak over the 12 weeks
(HIIT: +19.3%; and MOD +5.6%) is consistent with a previous meta-analysis comparing HIIT and
MOD interventions for cardiovascular disease risk factors164. This finding demonstrates that the two
exercise interventions provided a sufficient training stimulus for positive physiological adaptation to
occur and that the HIIT stimulus was greater. Moreover, whilst the exercise groups increased their
fitness, participants in the control group experienced a slight decline (-2.6%) in V̇O2peak over the 12week duration. Breast cancer patients have been observed to have lower aerobic fitness than their agematched counterparts which, in turn, may contribute to an increased risk of breast cancer mortality
and chronic health conditions including cardiovascular disease324. Given prior longitudinal research
has shown lower baseline V̇O2peak to also be associated with cognitive decline68, this study provides
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further evidence that exercise may be beneficial in improving health outcomes for breast cancer
survivors.
The methodology presented here provides a framework to guide and inform future large-scale clinical
trials in cancer survivors that, with modification, will enable evidence-based exercise
recommendations to be provided to this population. A key limitation which arose during the current
study was recruiting participants who met the inclusion criteria. When considering the inclusion
criteria of the pilot study it was considered a priority to restrict the age of participants (50 to 75 years),
to recruit from a single type of cancer (breast cancer), and to exclude participants on blood pressure
medication due to the known effects on the cerebrovascular assessments. Initial discussions with
clinicians working with these patients indicated a high availability of participants, however, the
number of people who met the inclusion criteria within the time-frame over which the study was
conducted was limited. In addition, due to the substantial heterogeneity within this population, there
are several other inclusion criteria which could be considered in future research, including the cancer
treatment type and the presence of depressive symptoms. Whilst excluding participants with
depression may be considered for future studies with cognitive function outcomes, it may not be
representative of a cancer survivor population and will further limit the number of eligible
participants. These controls may also further limit the number of eligible participants, and as such a
multi-site approach to maximise the eligible participant pool is suggested.
6.2.6

Conclusions

The initial findings suggest that exercise, particularly HIIT, may be an effective intervention in breast
cancer survivors to reduce cognitive impairment and improve aerobic fitness. As the effects observed
may be beneficial to future health outcomes in breast cancer survivors, future randomised controlled
trials are required to confirm these findings and to investigate potential mechanisms to enable
evidence-based exercise recommendations to this population.
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Chapter 7 Discussion
7.1

Discussion of Key Findings

As the number of older people in the population continues to grow, interventions which may
contribute to healthy neurocognitive ageing, such as physical activity, have been widely investigated.
Although the evidence for physical activity is promising, there is limited research on dose, including
the duration and intensity of activities. The overall aim of this thesis is to further the understanding
and highlight the effect of physical activity dose on the neurocognitive function of adults over the age
of 50. Within this aim, three key research areas were identified: (a) the effect of physical activity
intensity on the relationship with cognitive function and brain morphology in older adults; (b) the
effect of an exercise intervention in older adults to improve cognitive function; (c) the role of exercise
dose, including factors such as the mode, duration, frequency and intensity of the intervention, on
moderating any effects on cognitive function.
Throughout the course of investigating these areas, it became apparent that a greater understanding
was required of how self-report measures of physical activity intensity that are commonly utilised in
observational research align with an objective measure in older adults. Therefore, in Chapter 3 the
thesis addressed the ability of older adults to accurately self-report the duration of physical activity
when divided by intensity. Although validation studies have been conducted on total physical activity
level in older adults54-56, this was the first study to investigate physical activity divided by intensity.
Overall, the questionnaires were not valid for measuring the duration of physical activity when
divided by intensity, although weak associations of similar magnitude to previous research for total
physical activity were found54-56. There were also large differences in the duration of physical activity
between the self-report and objective measures. As confirmed by the activity monitor data presented
in this thesis, the majority of older adult’s physical activity tends to be light-intensity55, which is often
accumulated in short and intermittent bouts through daily living243. These incidental activities, which
an objective monitor detects, are difficult for older adults to accurately recall244,

245

. Further, the

subjective nature of asking older adults to describe the intensity of their physical activity is based on
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their previous experiences with physical activity, current fitness levels and their functional capacity246.
The author of this thesis argues that relying on an older adult recalling past physical activity to
investigate cognitive impairment and decline is not an optimal approach. These findings have
implications for current physical activity recommendations that are informed by an evidence base that
relies heavily on questionnaire-based measures of physical activity. This finding demonstrates the
need to incorporate objective measures of physical activity into future epidemiological research
investigating older adults and neurocognitive function.
Expanding on the results of the supplementary question, the first key area of research addressed the
effect of physical activity dose on the relationship with neurocognition in older adults (Chapter 4).
After controlling for sociodemographic and health factors, a greater duration of moderate-intensity
physical activity was related to larger volume within the left and right superior frontal gyri. On the
other hand, the duration of light- or vigorous-intensity physical activity was not related to grey matter
volume in the regions of interest investigated. Highlighting the importance of investigating the
differential effect of intensity, the participant's overall activity level was not related to grey matter
volume. The current evidence for physical activity and neurocognitive health is generally limited by a
reliance on self-report measures of physical activity. The findings of this thesis address these
limitations by contributing to the emerging body of literature which utilises objective activity
monitors79-85. Given the emerging nature of this research, the relationship between the pre-frontal
cortex and objectively measured physical activity had not previously been investigated. Further, the
existing literature with objective measures of physical activity tends to focus on overall activity level
rather than investigating differences between intensitye.g.82. The findings of this thesis suggest that
differences in the physiological response to physical activity intensity may be an important factor
when designing interventions for brain health as well as explaining some of the discrepancies within
existing epidemiological studies. In addition, there were no relationships between self-reported
physical activity and neurocognition in older adults. These findings from Chapter 4 collectively
demonstrate the implications of using questionnaire-based measures of physical activity within an
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older population and further emphasise the need for objective measures within the literature to inform
evidence-based physical activity guidelines.
The second key area of research in Chapter 5 and Chapter 6 investigated the effects of exercise
interventions on cognitive function in older age. In the ten years prior to the commencement of the
work within this thesis, a series of systematic reviews of the literature had demonstrated no effects of
exercise interventions on cognitive function in adults over the age of 50 years 45,

112, 113, 265

. The

systematic review with meta-analysis in Chapter 5 demonstrated exercise interventions improved
cognitive function in over-fifties. The reason for finding this positive effect, is likely due to the wider
inclusion criteria in comparison to the previous reviews which often only consider one mode of
exercise (e.g. aerobic training only

113, 267

) or a narrow range of publication years (e.g. only

considering studies since Colcombe and Kramer’s98 systematic review). In addition, the design of the
multi-level meta-analysis provided greater statistical power whilst better accounting for the dependent
nature of the extracted effect sizes. Further, in Chapter 6 an intervention of high-intensity interval
aerobic training was found to provide preliminary evidence of benefits to cognition in a population of
breast cancer survivors aged 50 to 75 years. Whilst contributing to this area of the thesis, this finding
is also the second published study to examine the effects of a supervised aerobic exercise intervention
for cognitive function in cancer survivors of this age group314. Therefore, this finding is likely to
influence future study design and highlight the potential of physical activity interventions in this
emerging sub-discipline of ageing research.
The third key area of this thesis contributes to the current literature by finding that exercise dose
modulates the effect of interventions on cognitive function in adults over the age of 50. Exercise
guidelines for healthy brain ageing20 have been limited by a lack of detail or focus on dose within the
literature, and the findings from this thesis are part of initial steps to address these issues. This
shortcoming is highlighted by recent systematic reviews112,

113

which have not addressed details

including the intensity, duration and frequency of exercise interventions in relation to cognitive
function. Whether this contributes to or reflects, the available intervention studies is not clear.
Regardless, the review of Colcombe and Kramer in 200398 identified training variables, including the
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type and duration of exercise, were an important consideration, yet research into exercise dose has not
progressed substantially since. We sought to advance the literature by conducting a systematic review
while accounting for and demonstrating the moderating effects of exercise prescription variables
including the type, intensity, duration and frequency of prescribed activities. We found interventions
that included aerobic exercise, resistance training, multicomponent training or tai chi were similarly
effective at improving cognitive function. The meta-analysis also found moderate or vigorous, but not
light-intensity interventions, to be associated with improvements to cognitive function. This finding
builds on the observational studies of this thesis by further suggesting an intensity threshold exists,
whereby physical activity of at least moderate-intensity is associated with benefits to cognition.
Chapter 5 also highlighted the limited number of studies which are designed to compare different
doses of training for cognitive function, and those that were identified were based on resistance
training105, 108, 109, 111, 274. Given the potential for systematic reviews to be particularly influential in this
area, it is the authors hope that these findings may promote the design of studies to improve the
understanding of exercise dose on cognitive function.
As an example of such an interventional study design, Chapter 6 compared either moderate-intensity
continuous exercise or high-intensity interval training to a control group. Although high-intensity
interval training has good evidence for a range of peripheral health outcomes 164, research with
cognitive function in this age group has lacked up to this point. Similar to the findings of the
systematic review in Chapter 5, both the moderate- and high-intensity exercise groups had beneficial
effects on cognitive function compared to the control. However, we also provided evidence of
superior effects for high-intensity interval training compared to the moderate-intensity continuous
training group. The high-intensity interval group showed moderate to large improvements in
comparison to both the moderate-intensity and control groups for cognitive domains including
episodic memory, executive function and working memory. Cerebrovascular function, as measured by
resting cerebral blood flow and reactivity to carbon dioxide also had moderate to large effect sizes for
the high-intensity group compared to the moderate-intensity and control groups. These findings
suggest that high-intensity interval training may be an effective mode of exercise to promote
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improvements to neurocognitive health. In addition, both exercise groups improved aerobic fitness
compared to the control group, although the effect was larger for high-intensity interval training. If
confirmed with future research in non-cancer populations, these initial findings for high-intensity
interval training may offer an alternative prescription of exercise for clinicians to recommend to their
patients to efficiently improve their cognitive health.
Collectively, the studies within this thesis provide several findings related to the intensity of physical
activity. In Chapter 4, it was found moderate-intensity physical activity, but not light or vigorous, was
associated with increased grey matter volume. Meanwhile, the findings from randomised controlled
trials in Chapter 5 and Chapter 6 showed benefits to cognitive function with both moderate- and
vigorous-intensity exercise interventions. These findings collectively suggest physical activity at
moderate-intensity or above are associated with benefits to neurocognitive function. Many of the
mechanisms by which physical activity benefits the brain display similar responses to exercise dose.
For example, BDNF displays a direct dose-response relationship with intensity192, while cerebral
blood flow rises steadily from rest before peaking at an intensity around the ventilatory threshold19, 162,
163

, a point commonly used to distinguish between moderate- and vigorous-intensity. Given the

mechanistic evidence and the findings from the interventional studies, it was unexpected to find
contrasting results for vigorous-intensity physical activity in the observational study of Chapter 4. A
number of explanations exist including the observational nature of the research, the older age of the
participants or the limited volume of vigorous-intensity physical activity accumulated. Similarly, the
observational study does not provide information on how vigorous-intensity physical activity was
accumulated. This is relevant as the intervention study in Chapter 6 identified several superior effects
to cognitive function for high-intensity interval training over moderate-intensity continuous exercise.
Although the effects of high-intensity interval training on the brain are only emerging, initial evidence
suggests that this type of training has a greater BDNF response than continuous exercise 194, for
instance. One interpretation of these findings is that activity of at least moderate-intensity appears to
be important for neurocognitive health, although other forms of exercise such as high-intensity

133

interval training may be a method to optimise adaptations if demonstrated in larger studies in healthy
older adults.
7.2

Limitations

The individual studies of this thesis have strengths and limitations that have been addressed within
each respective chapter. Whilst the author acknowledges limitations such as the cross-sectional study
design of Chapter 4 or the small sample size for the randomised controlled trial of Chapter 6, this
section will focus on the broader limitations of this work and the cited literature, in the context of
addressing the thesis aims.
The first limitation relates to the generalisability of the findings given the participants sampled within
the observational studies (Chapter 3 and Chapter 4) and the randomised controlled trial (Chapter 6).
The participants in Chapter 3 and Chapter 4 were part of the PATH study and randomly drawn into
the neuroimaging sub-study. The PATH study was randomly selected from the electoral rolls of the
Australian Capital Territory and an adjoining electorate. In Australia, all citizens ≥ 18 years are
required by law to be enrolled to vote. While the randomly selected participants are representative of
the population they are drawn from, they have higher levels of education, generally good health, and
higher socioeconomic status than national averages231. These limitations may, therefore, limit the
generalisability of the findings to the general population. However, the author would note that the
statistical analysis within both chapters was comprehensively controlled for health and
sociodemographic variables, and the high functioning status may have resulted in our findings for
physical activity being more conservative. The final study conducted as part of this thesis enrolled a
sample of breast cancer survivors over the age of 50-years. This study addressed the aim of the thesis
by comparing the effects of two different doses of exercise on cognitive and cerebrovascular function.
Cancer survivors experience high rates of cognitive decline which particularly impact the domains of
working memory, executive function and episodic memory305,
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, and occur alongside structural

changes in the pre-frontal cortex and hippocampal regions of the brain308. Similar to age-related
decline, the mechanisms by which cancer and associated treatments impact neurocognitive decline are
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likely to relate to a number of factors including metabolic disturbances, cardiovascular impairments,
inflammatory pathways or socioemotional factors including sleep and fatigue 305, 308, 312. Although the
study design addressed the thesis aim and the neurocognitive changes experienced with cancer are
similar to age-related decline, the author acknowledges this may also limit the generalisability of the
study findings to healthy populations.
Secondly, although classifying the type, frequency, or duration of physical activity is relatively
simple, defining and assessing the intensity of physical activity requires a wide range of methods and
definitions to be converged in order to allow comparison. In the observational studies of Chapter 3
and Chapter 4, intensity was defined based on cut points for METs which align with light-, moderateand vigorous-intensity physical activity. While in theory this defines intensity relative to resting
oxygen consumption, it does not take into account differences due to actual physical fitness, body
composition, or movement efficiency, for instance. This limitation affects most studies within the
literature utilising activity monitors, such as the SenseWear™ Armband (SWA; BodyMedia, PA,
USA), to objectively measure exercise intensity or energy expenditure. To address this limitation, an
exercise test to determine actual relative intensity could be completed prior to collection of activity
monitor data, similar to the method presented by Sabia et al.55 However, this method was not practical
within the confines of the larger PATH through life study, which the sample was drawn from, nor the
activity monitor utilised. Despite its objectivity, the SWA itself has limitations in discerning the
intensity of physical activity. For instance, the SWA has been shown to over-estimate time in
moderate to vigorous physical activity by 2.9% when compared to indirect calorimetry240. However,
the multi-sensor nature of the SWA means it is more accurate than other devices which incorporate
accelerometry alone, particularly when activity is of a low-intensity and intermittent88, 239, as would be
expected when working with older populations56, 239 The limitations of defining intensity are further
highlighted in the systematic review of Chapter 5, where we used published guidelines that reconcile
differences in the terminology used to describe the reported exercise intensity275, 276. In Chapter 6, the
design of the moderate-intensity continuous exercise intervention was based on a work rate (power
output) relative to the maximal power output achieved in an exercise test. However, it is interesting to
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note that while the participant's ratings of perceived exertion aligned with the definition of moderateintensity, the average heart rate response would be equivalent to vigorous-intensity exercise. While
highlighting potential complexities around prescribing and defining exercise intensity, it also
demonstrates the importance of reporting both the planned and actual physiological and/or perceptual
responses to an intervention. The author acknowledges these limitations are present within the
chapters and findings of the thesis. With advancements in the design of activity monitors (or
completely new methods) and through improved design and reporting of exercise interventions, these
inconsistencies may be addressed in future research.
The literature in this research area is generally limited by the variability in tasks and measures used to
assess cognitive performance. To allow comparison between studies, the cognitive tests used within
this thesis and the literature tend to be related back to common cognitive processes or domains.
However, it is likely that there are different neural pathways for tests within the same cognitive
domain. In support of this, there are clear examples within the literature where cognitive tests within
the same domain have contrasting responses to, or relationships with, physical activity112, 113. While
researchers in the area regularly call for consensus to be reached on a standardised battery of
cognitive performance tests, the reality is that this is unlikely to occur and may even stymie important
avenues of investigation. Therefore, similar to our focus on the intricacies of physical activity dose
within this thesis, considering differences in cognitive tests will also be important in future study
design. A multi-disciplined approach which addresses both physical activity dose and cognitive
processes is likely to be the most practical and useful solution to this limitation.
7.3

Future Research

There are three key areas of investigation that directly extend the work contained within this thesis
and further address the aim to understand the effect of physical activity dose on neurocognitive
function within ageing. The future research proposed also addresses the broader goal of contributing
to the development of evidence-based guidelines on physical activity dose in order to optimise healthy
brain ageing. The first area of future research builds upon the findings of Chapter 3 and Chapter 4. A
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study designed to longitudinally investigate the relationship between physical activity dose and
neurocognitive function will allow stronger conclusions to be made regarding alterations to the
trajectory of age-related declines. Currently, the majority of longitudinal studies of physical activity
and neurocognition incorporate self-report measures of physical activity, and recent findings have cast
doubt on the benefit physical activity for reducing age-related cognitive decline (see for example
Sabia et al.53). In Chapter 4, moderate-intensity physical activity was found to be related to greater
frontal grey matter volumes, although this did not extend to differences in cognitive function.
However, previous research has found baseline grey matter volume to be associated with less
cognitive decline130. If the findings for moderate-intensity physical activity and frontal grey matter
volumes were shown to result in less age-related cognitive decline, stronger recommendations to this
population could be made, and interventions targeting this type of activity can be refined or
developed. A longitudinal analysis would also allow investigation of factors which may mediate the
relationship between physical activity intensity and cognitive function, as well as understanding how
changes in objectively measured physical activity level may alter the trajectory of age-related
declines. Finally, future observational research with objective physical activity monitors may also
investigate other structural and functional brain outcomes including white matter integrity, functional
connectivity, or cerebrovascular structure and function.
Building upon the exploration of physical activity dose within observational research, the next area of
future study is related to optimising exercise interventions for neurocognitive function as an extension
of Chapter 5 and Chapter 6. As a first step, a study designed to assess the response of growth factors
(i.e. molecular mechanisms related to neurogenesis and angiogenesis) to different types, durations,
and intensities of acute exercise, would allow the prescription of exercise to be refined and potentially
inform the design of larger randomised controlled trials. In particular, a greater understanding of the
growth factor response to an exercise session, including both aerobic and resistance training (i.e.
multicomponent training) is required, as current research has focused on these types of exercise
independent of one another. Depending on the results of this initial step, randomised controlled trials
designed to test and compare the efficacy of exercise dose, similar to the methodology of Chapter 6,
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will enable improved recommendations to be provided for healthy brain ageing. In addition to
comparing training principles related to the type, frequency, duration and intensity of exercise, several
other possible investigations may include: the effects of high-intensity interval training in healthy
older adults; the ratio or order of resistance training and aerobic training in multicomponent
interventions; comparing machine based versus functional resistance training; or combining highintensity aerobic interval training with resistance training to potentially optimise multicomponent
training. These studies move beyond investigating the efficacy of exercise and will begin to form an
evidence base to better inform recommendations around the prescription of exercise for clinicians and
policymakers.
The third key area of future research is an extension of Chapter 6 to examine better the role of
physical activity in maintaining or improving the neurocognitive health of older cancer survivors.
This will be particularly important as cancer survival rates within the over-fifty age group continue to
rise, requiring a focus on improving the quality of life and managing the risk of co-morbidities posttreatment. Given the lack of research on physical activity and neurocognition in this area, there is a
substantial need and scope for future investigation around safety, efficacy and dose. First, studies
designed to address the cerebral response to exercise in this population are required. For example,
cancer survivors experience alterations in the distribution and regulation of cerebral blood flow at rest.
Therefore, it will be essential to understand the regulation of cerebral blood flow during exercise in
this population, especially at higher intensities where there is a perceived danger due to unregulated
fluctuations in perfusion pressure. Secondly, the efficacy of exercise and identification of optimal
doses are required to confirm initial findings from pilot studies such as ours. In designing these initial
studies, the author of this thesis would suggest the inclusion of at least two doses of exercise
compared to a control group. This will efficiently develop an evidence base around both efficacy and
dose, which has been a limitation of ageing research identified in Chapter 5. Thirdly, understanding
the role of physical activity in neurocognitive function across the cancer journey is necessary. Studies
designed to investigate exercise intervention before, during and after treatment may identify critical
time points for the management of neurocognitive function. While the findings of this thesis identify
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potential benefits to cancer survivors, short interventions prior to or during treatment may be more
effective at reducing or preventing neurocognitive decline in the first place. This type of research
would add to a growing body of literature showing the benefits of physical activity within oncology.
Finally, there are several research areas, which although not directly extending the work within this
thesis, would contribute more broadly to the area. The current thesis aimed to specifically focus on
investigating the details of physical activity dose, with a focus on intensity. Similarly, a greater
understanding of the cognitive processes or domains that respond to physical activity would improve
clinical guidelines. Linking the work within this thesis to the proposed research, it may be possible to
provide detailed exercise dosage protocols for specific cognitive processes, depending on the needs or
deficiencies of the patient. Further, studies designed to optimise prescription of exercise based on
previous physical activity history, cognitive status or personality may also improve the effectiveness
and adherence to interventions. A second broad research area is to address dosing issues around
interventions which combine physical activity and cognitive training in older adults. Many of these
multi-factorial studies don’t tend to show additional benefits beyond physical activity or cognitive
training performed in isolation291. A common explanation for this result is overloading the participant
through the combined interventions, although this is currently speculative. Studies designed to
understand how cognitive and physical activity performed in proximity to one another may promote
or inhibit processes around neurocognition would assist in explaining these results and the
development of such interventions. Finally, although this research has focussed on over-fifties, as they
are a rapidly growing population group, young to middle adulthood may be an optimal life stage to
implement physical activity interventions to slow or prevent declines from occurring. While research
in these younger age groups would be important, it will be potentially complicated through a lack of
variability in neurocognitive function brought about by ageing processes.
7.4

Practical Applications

The findings of this thesis show that physical activity, whether it be through lifestyle activities or as
part of exercise interventions, are an effective method of altering the course of age-related
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neurocognitive decline. Given the issues with adherence to physical activity guidelines, these findings
provide additional motivation to meet these recommendations beyond the typical concerns around
peripheral health. This finding is likely to be of use to organisations involved in the promotion of
physical activity including industry bodies (e.g. Dementia Australia, Exercise and Sports Science
Australia), government organisations, policymakers, and clinicians. This finding also has practical
implications in planning for the ageing population, especially as neurological diseases are now the
leading cause of disability in Australia at an annual cost of $15 billion 1. This planning may include
investment to offset this cost through targeted promotion campaigns, programs to increase access to
exercise physiologists for older adults, or the allocation of space and resources to encourage physical
activity in urban environments, retirement villages, aged care homes and hospitals. Most importantly,
this finding has implications for the entire population and provides evidence that the course of agerelated cognitive decline is not necessarily inevitable and can be altered through lifestyle decisions.
The key focus of this thesis was to understand better the role of physical activity dose in maintaining
or improving neurocognitive function. In practice, this information should translate into an improved
understanding for clinicians and the target population on the most effective type, duration, frequency
and intensity of exercise for brain health. The research in this area has predominantly focused on
aerobic types of exercise, such as running or cycling. However, we found similar benefits for
cognitive function from resistance and multicomponent training. Combining both aerobic and
resistance training is ideal as adaptations are likely to occur for both cardiorespiratory fitness and
muscle strength which are important for maintaining general health and undertaking activities of daily
living with increasing age. Although it is not yet clear what type of resistance training is best for
cognitive function, it may include more prescriptive exercises using machines, free weights or body
weight, as well as encouraging incidental strength training through daily activities such as carrying
groceries to the car. Interestingly we showed tai chi might be an effective mode of exercise for
cognitive function. Non-traditional modes of exercise such as tai chi enable variability to be
incorporated into exercise programs, may be useful to introduce physical activity to sedentary
populations, and improves balance and strength which are essential for reducing falls risk with
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increasing age. An important factor for improving neurocognitive function, in addition to the type of
exercise, appears to be the intensity of the exercise undertaken. The findings of Chapter 4 and Chapter
5 suggest physical activity of at least moderate-intensity is essential for adaptations to neurocognitive
function. Based on these findings, clinicians should ensure that exercise prescription is of sufficient
intensity, and this may be achieved through target work rates, heart rate zones, or perceptual measures
such as ratings of perceived exertion. Given the findings of Chapter 3 cast doubt on the ability of
older adults to perceive the duration of physical activity by intensity, clinicians may consider target
work rates or heart rate zones as a priority.
Finally, preliminary evidence was presented showing high-intensity interval training may be an
effective intervention to improve cognitive function in survivors of breast cancer. Importantly for
clinicians, high-intensity interval training had a high rate of adherence while also being a more
efficient method than moderate-intensity continuous exercise for increasing aerobic fitness. Given the
parallels between cancer and age-related neurocognitive decline and the superior benefits to aerobic
fitness, high-intensity interval training offers an additional method of prescribing exercise for brain
health in the general population.
7.5

Conclusion

The aim of this thesis was to further the understanding of the effect of physical activity dose on
neurocognition in adults over the age of 50 years. Based on initial results showing older adults did not
accurately report the duration of physical activity when divided by intensity, we found objectively
measured moderate-intensity physical activity was associated with greater pre-frontal cortex volumes.
Exercise interventions were found to be effective for improving cognitive function in this age group,
particularly when exercise was of at least moderate-intensity. We also found preliminary evidence of
superior cognitive adaptations for high-intensity interval training compared to traditionally prescribed
moderate-intensity continuous exercise. Our findings support previous observational and
interventional research that identified physical activity as a modifiable lifestyle factor which may
attenuate age-related neurocognitive decline. However, the thesis advances the literature by
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highlighting the differential effects of physical activity dose, most notably intensity, by incorporating
objective measures of physical activity into observational research and comparing different exercise
doses in intervention studies. The work within this thesis provides a methodological framework for
future observational and interventional studies into physical activity dose and neurocognitive
function. A greater understanding of this will enable the field to progress towards the goal of
providing evidence-based physical activity guidelines on the optimal dose for healthy brain ageing.
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Physical Activity Recall (PAR) Questionnaire
Please give the average number of hours or minutes per week you spend in such sports or activities.
(Please enter 0 in hours and minutes if not undertaken at all (Enter 99 to refuse)

Q1 Mildly energetic (e.g. walking, weeding)

_____ Hours _____ Minutes

Q2 Moderately energetic (e.g. dancing, cycling)
Q3 Vigorous (e.g. running, squash)

_____ Hours _____ Minutes

_____ Hours _____ Minutes
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Active Australia Survey (AAS)
The following questions are very similar to the questions about physical activity that you have just
completed. These are more specific and will allow comparison of this data with other studies.

Q1 In the LAST WEEK, how many times have you walked continuously, for at least 10 minutes, for
recreation, exercise or to get to or from places? (Enter 0 if not at all)
_____
If you have NOT walked at all for at least 10 minutes in the last week go to Q2
Q1 A-B What do you estimate was the total time that you spent walking in this way in the last week?)
_____ Hours _____ Minutes

Q2 In the LAST WEEK, how many times did you do any vigorous gardening or heavy work around
the yard, which made you breath harder or puff and pant? (Enter 0 if not at all)
_____
If you have NOT done any vigorous gardening in the last week go to Q3
Q2 A-B What do you estimate was the total time that you spent doing vigorous gardening or heavy
work around the yard in the LAST WEEK?
_____ Hours _____ Minutes
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The

next

questions

exclude

household

chores,

gardening

or

yardwork:

Q3 In the LAST WEEK, how many times did you do any vigorous physical activity which made you
breathe harder or puff and pant? (eg jogging, cycling, aerobics, competitive tennis). (Enter 0 if not at
all)

_____
If you have NOT done any vigorous physical activity in the last week go to Q4
Q3A-B What do you estimate was the total time that you spent doing this vigorous physical activity in
the LAST WEEK?
_____ Hours _____ Minutes

Q4 In the LAST WEEK how many times did you do any other more moderate physical activities that
you have not already mentioned? (eg gentle swimming, social tennis, golf). (Enter 0 if not at all)
_____
Q4 A-B What do you estimate was the total time that you spent doing these activities in the LAST
week?
_____ Hours _____ Minutes
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Table 16: Sensitivity analysis comparing the AAS walking and AAS other moderate variables to SWA Light and SWA Moderate variable
AAS Walking vs SWA

AAS Walking vs SWA

AAS Other Moderate vs

Light

Moderate

SWA Moderate

b (SE)

p#

b (SE)

p#

b (SE)

p#

Gender^

-61.59 (96.69)

0.65

-170.86 (47.13)

<0.01

-186.03 (46.20)

<0.01

Age

6.39 (34.32)

0.85

-19.73 (16.73)

0.30

-35.33 (17.50)

0.07

Education

16.27 (17.65)

0.59

-6.31 (8.60)

0.46

-5.37 (8.56)

0.53

AAS*Age

na.

0.12 (0.05)

0.61

AAS

0.21 (0.17)

0.05 (0.08)

0.53

Intercept
Model

1520.92 (77.26)
<0.01
F4,164=1.0; p = 0.41;

411.41 (37.65)
0.20
F4,164=5.20; p < 0.01;

440.77 (31.60)
<0.01
F5,163=4.8; p < 0.01;

R2=0.00

R2=0.09

R2=0.10

na.
0.56

0.13 (37.65)

<0.01

AAS: Active Australia Survey; SWA: SenseWear Armband; PA: physical activity; b, regression
coefficient; SE, standard error
# adjusted for multiple comparisons
^ compared to males

181

182

Table 17: Sensitivity analysis comparing the AAS to step counts derived from the SWA

Gender^

AAS Moderate vs
SWA Step Count
b (SE)
p#
-0.43 (0.16)
0.03

AAS MVPA vs SWA
Step Count
b (SE)
p#
-0.37 (0.16)
0.05

AAS Total PA vs SWA
Step Count
b (SE)
p#
-0.38 (0.16)
0.04

AAS Walking vs SWA
Step Count
b (SE)
p#
-0.35 (0.15)
0.04

Age

-0.08 (0.06)

0.18

-0.07 (0.06)

0.27

-0.07 (0.06)

0.26

-0.05 (0.05)

0.44

Education

0.02 (0.03)

0.57

-0.05 (0.07)

0.75

0.01 (0.03)

0.81

0.00 (0.02)

0.99

AAS*Age
AAS
Intercept
Model

0.14 (0.05)
0.02
0.15 (0.08)
0.11
0.24 (0.08)
<0.01
0.21 (0.08)
0.03
0.39 (0.07)
<0.01
0.19 (0.10)
0.11
0.16 (0.10)
0.18
0.17 (0.10)
0.17
0.17 (0.10)
0.11
F4,164=4.3; p < 0.01;
F4,164=6.0; p < 0.01;
F4,164=5.3; p < 0.01;
F5,163=8.2; p < 0.01;
R2=0.07
R2=0.11
R2=0.09
R2=0.18
MVPA: moderate to vigorous physical activity; PA: physical activity; b, regression coefficient; SE, standard error
# adjusted for multiple comparisons
^ compared to males
Note: the AAS and SWA variables were standardised to z scores for ease of interpretation as the units of measurement are not equivalent.
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Table 18: Summary of study outcome measures including comparison by sex
Characteristics

All
(n = 167)
75.1 (1.3)
73-78
27.9 (4.3)
14.4 (2.6)
75 (44.9%)
29.2 (1.1)
127 (76.1%)

Men
(n = 95)
75.1 (1.4)
73-78
28.3 (4.6)
15.0 (2.4)
48 (50.5%)
29.0 (1.2)
71 (74.7%)

Female
(n = 72)
75.0 (1.3)
73-78
27.3 (3.9)
13.6 (2.7)
27 (37.5%)
29.3 (0.9)
56 (77.8%)

P value for men
vs. women
0.61a

Age, y (SD)
Range
BMI, kg.m2 (SD)
0.12a
Education, years (SD)
0.001a
Ever smoker, n (%)
0.13b
MMSE, score (SD)
0.08a
Hypertension, n (%)
0.79b
Alcohol intake, n (%)
<0.01b
Abstain/occasional
54 (32.3)
22 (23.2)
32 (44.4)
Light/moderate
107 (64.1)
69 (72.6)
38 (52.8)
Hazardous/harmful
6 (3.6)
4 (4.2)
2 (2.8)
Diabetes, n (%)
26 (15.6%)
17 (17.9%)
9 (12.5%)
0.46b
APO*E4 carrier, n (%)
50 (29.9%)
30 (31.6%)
20 (27.8%)
0.72b
.
-1
Physical activity, mins wk (SD)
Light, mins.wk-1 (SD)
1549.9 (583.9)
1592.9 (510.3)
1493.2 (668.4)
0.29a
.
-1
Moderate, mins wk (SD)
370.3 (301.4)
448.1 (292.6)
267.6 (283.3)
<0.001a
.
-1
Vigorous, mins wk (SD)
38.6 (78.0)
45.2 (82.2)
29.9 (71.8)
0.20a
MVPA, mins.wk-1 (SD)
408.9 (351.7)
493.3 (335.5)
297.5 (343.5)
<0.001a
.
-1
Total PA, MET:mins wk (SD)
4446.8 (2291.5)
4939.1 (2164.7)
3797.3 (2306.7)
0.001a
Region of interest, mL (SD)
L superior frontal
18.9 (2.1)
19.7 (2.0)
17.9 (1.9)
<0.001a
R superior frontal
18.3 (2.1)
18.9 (2.1)
17.4 (1.8)
<0.001a
L rostral middle frontal
13.5 (1.9)
14.3 (1.7)
12.4 (1.5)
<0.001a
R rostral middle frontal
13.9 (1.9)
14.7 (1.8)
12.9 (1.5)
<0.001a
L caudal middle frontal
5.2 (0.8)
5.4 (1.0)
4.9 (0.6)
0.001a
R caudal middle frontal
4.8 (0.9)
5.1 (1.0)
4.5 (0.8)
<0.001a
L hippocampus
3.9 (0.4)
3.9 (0.5)
3.8 (0.3)
0.13a
R hippocampus
3.8 (0.4)
3.8 (0.4)
3.8 (0.4)
0.49a
Total brain volume
1119.2 (118.1)
1178.2 (109.6)
1041.5 (77.1)
<0.001a
Cognitive performance, SD
SDMT, score
47.32 (8.35)
47.57 (8.23)
47.00 (8.56)
0.67a
TMT-B, sec
92.22 (42.45)
84.62 (29.68)
102.25 (53.55)
0.01a
TMT-A, sec
36.95 (15.63)
36.49 (10.44)
37.56 (20.60)
0.69a
Digit backwards, words
5.07 (2.11)
5.39 (2.13)
4.65 (2.02)
0.03a
Immediate recall, words
5.37 (1.86)
5.08 (1.62)
5.75 (2.09)
0.03a
Delayed recall, words
7.60 (3.19)
7.22 (2.91)
8.10 (3.47)
0.08a
Notes: All region of interest volumes are corrected for intracranial volume.
Abbreviations: BMI, body mass index; MMSE, Mini-mental state examination; MVPA, moderate to vigorous physical
activity; L, left; R, right; SDMT, Symbol Digits Modalities Test; TMT-A, Trail Making Test A; TMT-B, Trail Making
Test B.
a
t test
b 2
Χ test

185

186

Table 19: Search strategy for Chapter 5 systematic review and meta-analysis
MEDLINE via PubMED
((exercise OR aerobic exercise OR plyometric exercise OR resistance training OR strength training OR muscle stretching exercises OR physical conditioning,
human OR walking OR tai ji OR yoga AND cognition OR memory OR executive function OR dementia OR alzheimer disease AND (humans[MeSH Terms]
AND English[lang])
EMBASE via Scopus
(ALL(exercise OR aerobic exercise OR plyometric exercise OR resistance training OR strength training OR muscle stretching exercises OR physical
conditioning, human OR walking OR tai ji OR yoga) AND ALL(cognition OR memory OR executive function OR dementia OR alzheimer disease))
Cochrane library
'exercise OR aerobic exercise OR plyometric exercise OR resistance training OR strength training OR muscle stretching exercises OR physical conditioning,
human OR walking OR tai ji OR yoga and cognition OR memory OR executive function OR dementia OR alzheimer disease
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