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Our deepest f;ear is not that we are weak. Our deepest fear is that we are powerful beyond

measure. It is our light, not our darkness that most frightens us. We ask ourselves, who

am I to be brilliant, gorgeous, talented and fabulous? Actually, who are you not to be?

You  are  a  child  Of God.  Your'  playing  small  does  not  serve  the world  ...  As we  are

liberated from our own fear, our presence automatically liberates others.

~Marianne Williamson 1989
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Abstract

The world's population is moving into an over 65+ age group.  (Mathers, 2013). This

65+  age  group  is  the  fastest  growing  segment  with  an  expected  1.2  billion  people

worldwide  being  aged  65  years  or  over  by  2025    (Forette,  2012).  In Australia  it  is

estimated that 25% of the population will be 65+ by the year 2030.

The  cost  of  supporting  an  ageing  demographic,  particularly  with  their  associated

medical requirements, is becoming an ever increasing burden that is predicted to rise in

the foreseeable future. The progressive decline in an individual's cognitive ability as

they  age,  particularly  with  respect  to  the  ever  increasing  incidence  of Alzheimer's

disease  (AD)  and  other  cognitive  complications,  is,  in  many  respects,  one  of the

foundations of great concern to all nations. It has been estimated that in 2015, 47 million

people around the world were living with various forms of dementia, and this is expected

to increase to  85  million by 2030 and potentially  135  million by 2050 (Prince et al.,

2016).

There  is  currently  184,000  Australians  living  in  retirement  village  accommodation

which is predicted to increase to approximately 382,000 by 2025  (Thomton,  G et al

2014)  The  aged  care  sector  in  Australia  is  experiencing  an  increasing  demand  for

permanent residential aged care, with greater than 50% of permanent residential aged
care residents living with dementia (Care, 2017)

Brain ageing occurs over a lifetime and is the progressive and gradual accumulation of

potential  detrimental  changes  in  structure  and  function.  Furthermore,  specific  brain

structures are the targets of later-life neurodegenerative disorders such as Alzheimer' s

disease. Cognitive ageing is demonstrated by minor changes in some mental functions

such  as  vocabulary,  some  numerical  skills,  and  general  knowledge,  however,  other

mental capabilities decline from middle age onwards, or even earlier.

As  there  is  currently  no  available  medical  intervention  available  to  treat  cognitive

decline, early intervention through the use of modifiable risk factors is imperative in

middle age to prevent the onset of cognitive decline and progression of cognitive decline

into mild cognitive impairment and AD.

in



Previous research has focused on how interventions, such as improving nutritional status

and modifying risk factors such as obesity, sedentary lifestyle, hypertension, depression,

cardiovascular     disease,     potentially     arterial     stiffness,     oxidative     stress     and

hyperlipidaemia may be  modified by diet (Parrott and Greenwood,  2007a;  Mathers,

2013; Dauncey, 2014; Kiefte-De Jong et al., 2014; Vandewoude et al., 2016), and also

by  physical  activity  such  as  exercise  or  a  combination  of  exercise  and  or  diet

(Komulainen et al., 2008; Deary et al., 2009; Komulainen et al., 2010; Rolland et al.,

2010;  May,  2011;  Tarumi et al.,  2011;  Gorelick,  2018).  The  impact of how diet and

exercise may modify age associated cognitive function is the focus of this thesis.

This thesis first considers the literature on Mediterranean Diet (MedDiet) interventions

for improving cognition and reducing age related cognitive decline through a systematic

review outlined in chapter 2.

The first study and published paper is outlined in chapter 4 of this thesis. Individuals

aged 60-90 years (mean=77.8 years,  SD=6.7) from  15  independent living aged care

villages around Melbourne, Australia were assessed.  It demonstrates the relationship

between  adherence  to  a  Mediterranean  diet  and  the  impact  of  medications.  The

relationship between Mediterranean diet score and cognition was only significant when

medication use was taken into account

The second study that is currently under publishing review is outlined in chapter 5 of

this thesis. This reports on a randomised controlled clinical trial examining the effects

of   6  month diet  and/or exercise  interventions  on cognitive  abilities,  mood,  general

health and perceived wellness in older persons 60-90 years of age, living independently

in  aged  care  facilities.    The  candidate  discovered  that  by  analysing  the  cognitive

measures, a combination of exercise and diet demonstrated a significant improvement

in performance for spatial working memory compared to the control group. The exercise

group and the exercise and diet group demonstrated a significantly lower score on the

total Depression Anxiety Stress Scale (DASS) compared to the control group.

This research supports the proposition that modification to diet and other lifestyle risk

factors may potentially improve cognitive and mood outcomes in an ageing population

resulting in reduced age associated cognitive decline and the potential  conversion to

Alzheimer' s disease.
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Chapter 1: Introduction

Over the past 200 years, human life expectancy has increased by almost 50 years. This

change has been observed in both high and low-income countries around the world

with populations progressively moving into the 65+ age group. (Mathers, 2013). This

age group is the fastest-growing segment of the population with an expected 1.2 billion

people worldwide being aged 65 years or over by 2025 (Forette, 2012).

Accordingly, in Australia, it is estimated that the growth of the cohort of persons over

65  years of age will increase over the next  10-20 years.  The current population in

Australia  in  the  65+  age  group  represents  5.5  million  people  (23.5%  of the  total

population) (Australian Government, 2017). This is important as the ageing process is

associated with both physical and cognitive functional loss and can contribute to an

increased risk of morbidity and mortality.

The processes associated with age-related chronic disease do not occur over a short

period; they are considered to emerge earlier in one's life and are then modulated by

the consequence and accumulation of experiences and exposures throughout the life

course to become evident in later years (Franco et al., 2009).

The  incidence of age-related chronic  disease may be  associated with a number of

factors including one's diet and a sedentary existence, which can also lead to a host of

issues such as obesity, high blood pressure, high blood triglycerides, high levels of

low-density  lipoprotein  (LDL)  and  low  levels  of high-density  lipoprotein  (HDL)

cholesterol, and insulin resistance. These comorbidities in an ageing population have

resulted in an increased incidence of coronary artery disease, diabetes, chronic pain

syndrome,  inflammatory  disease,  cardiovascular  disease,  respiratory  disease,  end

organ damage (Mattson et al., 2004b) and cognitive impairment in an ageing brain

(Babio et al., 2014).

Neurocognitive  decline  across  the  lifespan  has  been  suggested  to  affect  multiple

cognitive  faculties.  For instance,  speed of processing and memory  steadily decline

from the third decade of life (Peters, 2006) and the speed of retrieval of previously

leamed spatial locations from short-term memory is reduced by around 50% from the

third  to  the  eighth  decade  of life  (Pipingas  et  al.,  2010b).  While  this  slowing  of
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memory retrieval is observed in all individuals and is considered normal age-related

cognitive   decline,   there   is   considerable   inter-subject   variability   in   cognitive

trajectories   across   the   lifespan   particularly   in   later   life   (Christensen,   2003).

Importantly, in some cases, normal age-related cognitive decline can progress to mild

cognitive impairment (MCI) and dementia (Lipnicki et al., 2013). Alzheimer's disease

(AD) is considered the most common cause of dementia, accounting for 60-70% of

all dementia cases; vascular dementia is the second most frequent (Fratiglioni et al.,

2010). It has been estimated that the risk of AD increases 14-fold in persons aged 65-

85 years of age and affects as many as 47% of individuals over the age of 85 (Yankner

et al., 2008). Further, it is estimated that by 2040, 85 million older adults worldwide

will be living with some form of dementia (Ferri et al., 2005). As a result of late-life

cognitive decline, the personal and societal effects of dementia, even in its mildest

form, can significantly influence levels of functional dependence (Millan-Calenti et

al., 2012).

This  is  demonstrated  through  the  effect  on  the  burgeoning  aged  care  sector  in

Australia,  with  >50%  of  permanent  residential  aged  care  residents  living  with

dementia  (Australian  Government,   2017).   Thus,   cognitive   decline   substantially

contributes to the increasing cost of supporting an ageing demographic.

It has been suggested that our individual cognitive trajectories relate to our overall

health,  and,  as  such,  are  considered  modifiable  (Finch,  2003).  Because  there  is

currently   no   available   medical   intervention   to   treat   cognitive   decline,   early

intervention through the use of modifiable risk factors is imperative in middle age to

prevent the onset of cognitive decline and its progression into MCI. Many risk and

protective factors have been identified that determine the cognitive trajectory in an

individual,  as  well  as  their risk  of AD.  These  modifiable  risk  factors  need to  be

identifled  and  introduced  into  easy-to-maintain  practical  interventions  that  can be

adopted by individuals earlier in their life to potentially prevent or reduce cognitive

decline.

11



1.1 The Ageing Brain, Cognitive Ageing and Risk Factors

Brain ageing over a lifetime is identified by the progressive and gradual accumulation

of potential detrimental changes in structure and function. These changes in the brain

do not occur to the same extent in all brain regions (Peters, 2006; Fratiglioni et al.,

2010),  indicating  possible  differential  cognitive  ageing  (Grady,  2012);  cognitive

ageing is not unitary with specific cognitive functions declining more rapidly than

others (Christensen, 2001). Further, specific brain structures are the targets of later-

life neurodegenerative disorders such as AD. Subtle brain changes that occur earlier

in  life  may  indicate  an  increased  risk  for  brain  disease  in  later  life  and  this  has

challenged researchers to better understand the normal ageing brain in order to identify

early signs of insidious neurodegenerative processes (Yankner et al., 2008).

From a physical perspective, age-related changes in the brain can be identified by an

overall reduction in brain volume and weight (Anderton,  2002).  For example,  it is

predicted that brain volume decreases at a rate of 5% per decade after the age of 40

years and that this accelerates after 70 years of age (Peters, 2006).

At the micro-anatomical level there are age-related changes in neuron number and

neuronal re-organisation although these changes cannot be observed easily z.# vz.vo in

the  human brain  (Park  and  Reuter-Lorenz,  2009).  At  a macro  level,  the  result  of

longer-term neuronal decay manifests as cortical thinning, changes in grey and white

matter  and  changes  in  neurotransmitters  and  neuro-metabolites  (Park  and  Reuter-

Lorenz,  2009;  Huizinga  et  al.,  2018;  Scheller  et  al.,  2018).  These  changes  can be

observed I.77 vz.vo to  some extent using advanced neuroimaging methods (Burke and

Bames, 2006). It has been demonstrated that gradual neuronal loss occurs with age in

the  neocortex  and  with  hippocampus  and  disconnection  between  brain  regions,

particularly involving the prefrontal cortex (Burke and Bames, 2006; Yankner et al.,

2008).

Brain  morphological  changes  in  the  ageing  brain  can  be  visualised  by  magnetic

resonance imaging (MRI). MRI has revealed that both white and grey matter decrease

in volume over time (Scahill et al., 2003). In particular, the prefrontal cortex, striatum,

temporal lobe, cerebellar vermis, cerebellar hemisphere and hippocampus are brain

regions that have been found to change (Anderton, 2002; Bames, 2003). There also
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appear to be gender differences with regard to brain ageing. For instance, in males, the

frontal and temporal lobes are most affected whereas in females, the effects are seen

in the hippocampus and parietal lobes (Muaphy et al.,1996; Compton et al., 2001).

Ageing is a process that reduces the ability of the brain to regenerate, resulting in a

decrease   of  spine   densities   and   reduced   neurogenesis,   particularly   within  the

hippocampus, and changes in different neurotransmitter systems resulting in general

neural  dysfunction (Segovia et al.,  2006).  There  are  also  shifts  in neurotransmitter

levels,  importantly in those generally considered to relate to working memory and

ageing,  which  are  dopamine,  serotonin  and  acetylcholine  (Froudist-Walsh  et  al.,

2018). For instance, dopamine levels have been found to decrease by at least 10% per

decade from early life, which is considered to be associated with a decline in cognitive

and motor skills (Friedman, 2003); whereas decreases in serotonin and brain-derived

neurotrophic  factors  in  the  ageing  brain  are  associated  with  deterioration  in  the

regulation of synaptic plasticity and neurogenesis in the adult brain (Mattson et al.,

2004b).  Further,  acetylcholine  declines  in the  hippocampus  and prefrontal  cortex,

which have been demonstrated to be vulnerable to ageing, have been linked to leaming

memory and cognitive decline (Hof and Morrison, 2004; Segovia et al., 2006). These

changes  have  been  largely  observed  post-mortem;  however,  with  technological

advances,   it   may   be   possible   to   quantify   and   better   understand   shifts   in

neurotransmitter levels with age. This is also important as early shifts in these levels,

in particular acetylcholine, may be important for understanding the evolution of early

brain disease such as AD.

In addition to these intrinsic brain changes, external factors including cardiovascular

functioning, arterial stiffness and central blood pressure impinge on the integrity of

the brain (Tadic et al., 2016; Iulita et al., 2018). The normal ageing brain is associated

with an increase in central (aortic) arterial stiffness. These changes in central arterial

stiffness are caused by the changes in arterial  structure  and function, with arterial

stiffness being found to be a predictor of cognitive decline (Redheuil et al., 2010; Pase

et al.' 2012).

Increased stiffness of the aorta and carotid arteries can result in reduced capacity to

buffer the pulsatile flow that is generated by the heart with every contraction, and

hence reduce dampening of blood pressure fluctuations over the cardiac cycle. This

13



reduced dampening can result in continuous rather than pulsatile tissue per fusion in

downstream smaller vessels, ultimately limiting oxygen delivery to high-flow organs

such as the brain (Pase et al., 2012; Iulita et al., 2018). Recent evidence suggests that

increases in central arterial stiffness and pulse pressure are associated with increased

microvascular resistance  and the  incidence  of subcortical  infarcts  (Mitchell  et al.,

2011 ; Tarumi et al., 2011 ). It is also important to note that central hypo-fusion and the

resultant hypoxia are recognised as contributing to the risks of dementia (Roman et

al., 2002; Ruitenberg et al., 2005).

Other mechanisms that can potentially  affect the brain across the lifespan include

oxidative   stress,   inflammation   and   poor   glucoregulation.   Oxidative   stress   is

considered to be  an imbalance  between the production of reactive  oxygen species

(ROS) and the biological antioxidant defences (Betteridge, 2000; Dai et al., 2008).

The increase in ROS in the brain leads to apoptotic cell death of neurons and increased

oxidative  damage  to  DNA,   lipids  and  apolipoprotein  E4   (ApoE4),  which  can

accelerate cognitive ageing (Dai et al., 2008; Hajjar et al., 2018). Neuro-inflammation

is a process that occurs within cells of the central nervous system in the brain such as

the glial cells, neurons and leukocytes.  The inflammatory process compromises the

integrity of the blood-brain barrier, resulting in an increase of irritants entering the

brain and a consequent increase in the production of inflammatory cytokines. These

inflammatory cytokines impair adult neurogenesis, which is important for leaming,

memory and cognitive function (O'Callaghan et al., 2008).  There is also a peptide

hormone produced in the pancreatic B-cells, referred to as insulin, which is essential

for brain function because if its role  in the modulation of glucose uptake (Convit,

2005). The plasma levels of glucose in the brain are relatively stable; however, small

changes in glucose levels will alter metabolic homeostasis. The change in homeostasis

has been linked to insulin resistance to glucose uptake leading to hyperglycaemia and

cognitive impairment in older individuals (Meierruge et al.,1994; Owen et al., 2013;

Croteau et al., 2018; Hajjar et al., 2018).

At the micro-anatomical level there are age-related changes in neuron numbers and

neuronal re-organisation, although these changes cannot be observed easily z.J7 vz.vo in

the  human brain  (Park  and  Reuter-Lorenz,  2009).  At  a macro  level,  the  result  of

longer-term neuronal decay manifests as cortical thinning, changes in grey and white
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matter  and  changes  in  neurotransmitters  and  neuro-metabolites  (Park  and  Reuter-

Lorenz,  2009;  Huizinga  et  al.,  2018;  Scheller  et  al.,  2018).  These  changes  can  be

observed to some extent z.72 vz.vo using advanced neuroimaging methods (Burke and

Bames, 2006). It has been demonstrated that gradual neuronal loss occurs with age in

the neocortex, and hippocampus and disconnection between brain regions, particularly

involving the prefrontal cortex (Burke and Bames, 2006; Yankner et al., 2008).

Research  has  identified  the  potential  involvement  of decay  of brain  structure  in

cognitive ageing.  There is evidence to  suggest that reduced brain volumes, cortical

thinning and changes in neuro-metabolite levels to at least some extent are responsible

for a commensurate decay in cognition with age (Yankner et al 2008, Park, 2009). As

mentioned earlier, cognitive ageing is non-unitary and it appears that differential brain

structural changes can relate to differential effects on cognitive processes. There are

also  more  complex  considerations  that  make  it  difficult  to  study  the  relationship

between structure and function,  including the  capacity for the brain to re-organise

through   compensatory   mechanisms   such   as   increased   dendritic   sprouting   and

differences between individuals in the capacity to maintain a cognitive reserve. The

cognitive reserve of an individual relates to how their brain activity is able to cope

with neural damage by utilising pre-existing cognitive processes as a compensatory

mechanism (Colombo  et al.,  2018).  It has been proposed that an individual with a

higher cognitive reserve would cope better with neural damage than an individual with

a lower cognitive reserve during the ageing process (Colombo et al., 2018; Nilsson

and Lovden, 2018).

The mechanisms responsible for cognitive ageing have been a greatly researched area,

providing insights into the cognitive processes that decline with age and those that

may be early indicators of more insidious disease. Moreover, cognition has provided

an important target for interventionsHognitive training, pharmacological,  dietary,

lifestyle interventions and psychological training, among others (Deary et al., 2009;

Lipnicki et al., 20] 3; Rosenberg et al., 2018).

It is evident from both observational and cross-sectional studies that performance on

cognitive tasks requires  a range of perceptual  and cognitive processes that decline

across an adult lifespan (Kramer et al., 2004). It has been observed that knowledge-

based crystallised abilities (a term for knowledge and the content of culture) such as
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verbal  knowledge  and  comprehension  tend  to  be  maintained  with  age,  whereas

process-based  fluid  intelligence  (such as  reasoning,  speed of processing  and  other

activities  not  reliant  on  experiences)  are  affected  by  age-related  cognitive  decline

(Baltes et al., 1999). Specifically, processing speed, reasoning, memory and executive

function decline as the brain ages (Deary et al., 2009).

Cognitive changes with age may affect multiple areas of function including memory,

executive  function  and  cognitive  speed  (Christensen,  2001).  Cognitive  ageing  is

demonstrated by minor changes in some mental functions such as vocabulary, some

numerical skills and general knowledge; however, other mental capabilities decline

from middle age onwards, or even earlier. There is a general belief that crystallised

abilities (e.g., vocabulary and general knowledge) generally remain stable until very

late  in life whereas  fluid abilities  (e.g.,  attention,  executive  function and memory)

decline from middle adulthood until late old age (Gunstad et al., 2006).

Currently there is no cure to mitigate cognitive impairment in later life to reduce the

financial and physical burden associated with the most common forms of dementia,

although it has become increasingly apparent that early intervention is critical for the

maintenance of brain health across the lifespan (Carter et al., 2007; Tariq and Barber,

2018).

Previous research has focused on how interventions-such as improving nutritional

status and modifying risk factors that may impinge directly and/or indirectly on brain

functioningHan   reduce   the   risk   of  neurocognitive   impairment   (Parrott   and

Greenwood, 2007b).

The aforementioned risk factors that affect age-associated cognitive impairment-

such as obesity, sedentary lifestyle, hypertension, depression, cardiovascular disease,

potentially arterial stiffness, oxidative stress and hyperlipoidemia-may be modified

by diet (Parrott and Greenwood, 2007a;  Mathers, 2013;  Dauncey, 2014;  Kiefte-De

Jong et al., 2014; Vandewoude et al., 2016), physical activity such as exercise, or a

combination of both exercise and diet (Komulainen et al., 2008; Deary et al., 2009;

Komulainen  et  al.,  2010;  Rolland  et  al.,  2010;  May,  2011;  Tarumi  et  al.,  2011;

Gorelick, 2018).
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How diet and exercise may modify age-associated cognitive decline is discussed in

the following sections.

1.2 Nutrition and the Effect on Cognition

Lifestyle with respect to diet and exercise is considered one of the most important

contributors to overall health. The effect of one's long-term diet is considered a major

influence on brain function as nutrition through one's life has a profound effect on the

mechanisms that underpin brain structure  and function  (Pinilla,  2006).  Substantial

research indicates that changes to diet can influence cognitive changes (Blundell et al.,

2003; Pinilla, 2006; Nash, 2007; Coutre and Schmitt, 2008; Psaltopoulou et al., 2008;

Dauncey, 2014). As we age, our cognitive health is a representation of the life-long

preferences  we have  in our diet  and our exposure to  other health behaviours  and
environmental factors (Kuczmarski et al., 2014; Wahl et al., 2016).

Over time, there have been substantial changes to the envirorment, food production,

types of food available and food quality. This change in food availability has resulted

in food that was traditionally prepared, eaten and shared with the family now being

available outside the home.  Such food may not be of high nutritional value and is

referred to as `fast food' . The availability of fast food high in fats and the potential for

reduced  physical  activity  has  continued  its  upward trend  (Singer  et  al.,  2014).  In

addition to fast food the `Westem diet' is a term commonly used to describe the diet

containing large amounts of red meat, refined sugars, grains and high-fat foods that is

common in developed countries. The high levels of saturated fat and trams-fatty acids

produced and available in the diet have contributed to an obesity epidemic in Western

countries.  The  Western  diet  is  associated  with  diseases  of chronic  inflammation

including   metabolic   syndrome,   atherosclerosis,   cancer,   diabetes,   obesity   and

pulmonary disease (Singh et al., 2014; Gotsis et al., 2015), which can also increase the

risk of cognitive decline. For instance, obesity has been linked with impaired cognitive

function and an elevated risk of late-onset dementia, such as AD (Fitzpatrick et al.,

2009; Smith et al., 2011). A diet that is rich in saturated fats has been demonstrated to

decrease leaming and memory and to increase metabolic distress (Carter et al., 2007;

Gomez-Pinilla, 2008).
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The human brain consumes up to 20% of the total energy taken into the body and this

energy requirement is supplied by the nutrients needed to maintain a healthy brain.

The Western diet is a high-energy, low-nutrient diet that does not supply the brain with

the potentially rich micronutrients required for effective brain energy. Combined with

a sedentary lifestyle, the Western diet affects general health, including increased rates

of obesity, high blood pressure, high blood triglycerides, high levels of LDL and low

levels of HDL cholesterol, and insulin resistance (Mattson et al., 2004a; Zobel et al.,

2016).

Provision  of effective  energy  for  the  human  brain  requires  B-complex  vitamins

including B 1 -thiamine,  82-riboflavin, 83-niacin,  85-pantothenate,  86-biotoin,  89-

folate     and     812-cobalamin,     which     produce     neurotransmitter     regulators.

Epidemiological data suggest that there is a protective effect associated with the 8

vitamins, particularly 812, 86 and 89, with respect to cognitive function (Ordovas,

2008b; Kennedy, 2016a). Given their role in neurotransmitter function, the 8 vitamins

may influence energy, brain function and modulation of mood (Gesch et al., 2002).

For instance, 86 is important as it is a co-factor for the enzymes that synthesise the

neurotransmitters serotonin, epinephrine, nor-epinephrine and gamma-aminobutyric

acid (GABA) (Gomez-Pinilla, 2008). In addition, 8 vitamins have been identified as

regulators of homocysteine levels, which are considered a risk factor associated with

cognitive decline (Ordovas, 2008a; Kennedy, 2016b).

Dietary antioxidants such as vitamin E, beta-carotene and flavonoids that are found in

fruit and vegetables may also have a protective effect against oxidative damage to the

brain, by enhancing antioxidant defences (Van Dyk and Sano, 2007). Further, it has

been suggested that plant polyphenols contained in fruits and vegetables interact with

ageing neurons in the brain, increasing their capacity to maintain effective and proper

functioning during the ageing process (Gomez-Pinilla, 2008).

Taken together, the evidence relating to the importance of a healthy diet for a healthy

brain has led many researchers to suggest that a diet rich in 8 vitamins, antioxidants

and the omega-3 essential fatty acids is required for mental fitness (Van Dyk and Sano,

2007). Therefore, adherence to a nutritious diet may result in an increased quality of

life and healthier cognitive ageing (Morley, 2001 ; Murphy, 2008).
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A dietary pattern that includes fruits, vegetables, whole grains, nuts and fatty fish, and

is low in milk and low-fat dairy products, has been found to be associated with better

cognitive test scores in both elderly men and women, compared with diets with less of

these  healthier  food  alternatives  (Wengreen  et  al.,  2009).  The  intake  of fruit  and

vegetables is considered protective against age-related cognitive impairment because

of the micronutrients contained within fruit and vegetables (Peneau et al., 2011). The

best advice to maintain a healthy ageing brain is to consume a nutritious diet and

reduce  intake  of fat  and  fatty  meat.  The  consumption  of a  poor  diet  has  been

demonstrated to potentially result in biological and neurological damage leading to

the development of some cancers, cardiovascular disease, Parkinson' s disease and AD

(Morris et al., 2012; Katsiardanis et al., 2013; Dauncey, 2014).

Many dietary patterns have been studied. However, it has been suggested that a plant-

based  dietary  style  will  potentially  supply  nutrients  for  a  healthy  brain-a  diet

abundant in plant foods such as leafy greens, fresh fruit and vegetables, cereals, beans,

seeds, nuts and legumes. One such dietary pattern is a Mediterranean diet (MedDiet),

which is low in dairy, includes minimal red meat and uses olive oil as its major source

of fat (Feart et al., 2013).

1.3 The Mediterranean Diet and Cognition

A  MedDiet refers  to  the  dietary practices  of populations  from the  Mediterranean

regions and consists predominantly of fruits, vegetables, nuts, cereals, legumes, fish

and olive oil, with a lower intake of alcohol, red meat and poultry. A MedDiet, which

is high in the essential micronutrients available in fish, fruit and vegetables-including

flavonoids, polyunsaturated omega-3 fatty acids, zinc, copper and vitamins A, 8, C,

D and E-has the potential to supply the energy requirements to meet the optimal

energy demands of the brain,  in turn potentially improving cognitive performance

(Dauncey, 2014; Loughrey et al., 2017).

The MedDiet dietary pattern has been studied in many countries, both around the

Mediterranean  and  around  the  world  with  inherent  heterogeneity  associated  with

cultural differences, food practices and choices leading to differences in definitions.

This  has  resulted  in  challenges  in  research  around  different  methodologies  and
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reported outcomes. In essence, there is limited standardisation of assessments with the

evaluation based on the cohort of people under investigation.

To assess an individual's dietary pattern, food intake can be assessed by recording all

food intake in a food diary, or via a food frequency assessment that analyses the food

consumed over a period of time prior to the assessment. The various food groups are

then categorised to  create a score (Buscemi et al., 2015).  This is referred to as the

Mediterranean Diet Score (MedDiets). These scores are of course dependent on the

food  groups  that  relate  to  the  cohort  being  investigated  that  further  complicates

comparison across studies; a factor that is discussed in Chapter 2.

There is a growing body of evidence demonstrating that adherence to a MedDiet may

be protective against many chronic conditions. For instance, adherence to a MedDiet

has been linked to lower risk of mortality and vascular events (Klonizakis et al., 2013).

More recently, a MedDiet has been puaported to support healthy brain ageing (Knoops

et al.,  2004;  Gardener et al.,  2012;  Vandewoude  et al.,  2016).  In  one  study,  older,

dementia-free people following a MedDiet exhibited a slower rate of global cognitive

decline over seven years that did those not adhering to a MedDiet (Tangney et al.,

2011). Similarly, nutrient components of a MedDiet have been correlated with better

performance on individual measures of memory in people aged 55-80 years (Valls-

Pedret et al., 2012). However, it is important to note that the majority of these studies

are observational and a causal link has not been confirmed (Hardman et al., 2016;

Petersson  and  Philippou,   2016).   Nonetheless,   cohort   studies   completed   in  the

Mediterranean region have had more cohesive outcomes with respect to the positive

benefits of a MedDiet on cognitive function, demonstrating that a MedDiet may have

a major role in maintaining global cognitive health and the risk of AD and dementia

(Aridi et al., 2017; Loughrey et al., 2017). Despite this evidence, it is important to note

that diet is only one modifiable risk factor; it is also important to consider whether

combining dietary change with other lifestyle interventions that may be beneficial for

cognitive function, such as exercise, would have an enhanced effect on the reduction

of cognitive decline.
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1.4 Exercise as a Means to Reduce Risk Factors and its Effects on

Cognition

Increasing  one's  exercise  as  a  lifestyle  change  is  potentially  an  effective,  non-

pharmacological intervention that may reduce the effects of ageing on the brain and

reduce the effect of cognitive decline (Barha et al., 2017).

Exercise has been demonstrated to reduce cardiovascular disease and consequently the

risk of cognitive decline; it is proposed that this effect occurs via reducing vascular

dysfunction (Picano et al., 2014). This is important because with increasing age there

is  an increased risk of stiffening  of central  arteries  due to  structural  changes.  For

instance,  recent  studies  have  identified  a  relationship  between  arterial  stiffness,

cerebral  small  vessel  damage  and  cognitive  performance  (Singer et  al.,  2014;  van

Sloten et al., 2015).

Many studies have investigated the effect of different modes of exercise on cognitive

function and neuroplasticity, with promising findings. In particular, aerobic exercise

such as walking and running and resistance exercise such as lifting weights has been

found  to  be  potentially  beneficial,  with  aerobic  exercise  considered  a  means  to

attenuate the progression of neurodegenerative processes. This may be related, in part,

to exercise-related benefits for cardiovascular health and fitness (Ahlskog et al., 2011 ).

Further,  exercise is a means by which risk factors  such as obesity associated with

cognitive  decline  may be reduced,  and  a number of studies  have  investigated the

relationship between exercise and cognition (Colcombe et al., 2004).

The results  from the IVcz/z.o#cz/ Long rer777  Ccrre S#ri;e); indicate that exercise has  a

favourable effect on cognition and lowers the risk of dementia (Jedrziewski et al.,

2010). It was reported that participants who were involved in at least four physical

activities, such as walking, riding a bike, jogging and gymnastics, over a two-week

period reduced their risk of dementia relative to those who  engaged in one  or no

activities (Jedrziewski et al., 2010). This study suggests that the exercise session must

be at least 20 minutes long and occur at least three times per week. The most common

form of exercise was aerobic walking (Miller et al., 2012).

21



Another  key  mechanism  may  be  an  exercise-induced  improvement  in  vascular

function, reduced stress and inflammation, along with improved insulin sensitivity. In

animal studies, the mechanisms by which exercise seems to improve cognition include

neurogenesis,   synaptogenesis  and   synaptic  plasticity  (Garcia  et  al.,   2012).   For

example, brain-derived neurotrophic factor (BDNF), which is a molecule implicated

in  leaming  and memory,  is  considered  to  be  upregulated  by  exercise  and  has  an

important  role  in  synaptic  plasticity,  cell  genesis,  growth  and  cellular  survival,

particularly in the hippocampus, dentate gyrus and perirhinal cortex (Rea, 2017). The

action of exercise may  also  have  an effect on epigenetic  regulation  such as  DNA

methylation of gene  expression,  which has  a central  influence  on long-term  brain

function (Femandes et al., 2017).  However,  further longitudinal  studies need to be

conducted to substantiate this (Bherer et al., 2006; van Praag, 2009; Kennedy et al.,

2017).

1.5 Cognitive Effect of Medications in an Ageing Population

With an ageing population in Australia, and other westemised countries, maintaining

health   status   is   critical.   The   use   of  prescription   medications   is   key   in   the

armamentarium of the medical practitioner to maintain and normalise health status for

an ageing individual. It is not uncommon for ageing persons to be prescribed a variety

of different medications to maintain their current life.  For instance, blood pressure

medications, cholesterol-lowering medications, blood thinners, pain medications and

antidepressant  medications  are  commonly  prescribed  in  older  individuals.  This  is

generally referred to as poly-pharmacy (Rosenblat et al., 2016).

Many types of medications are prescribed to manage comorbidities and risk factors

already associated with potential cognitive decline. Medications prescribed may have

an effect on cognitive maintenance over the lifetime by either enhancing or stabilising

cognitive processes in the brain (Kovshoff et al., 2016).

Blood pressure medications are one example of medications that are used to reduce

the incidence of high blood pressure (hypertension).  High blood pressure results in

vascular  restriction  in  the  brain.  which  has  been  linked  to  the  onset  of vascular
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dementia. However, the level of medication to potentially prevent dementia and the

class of antihypertensive that may achieve this requires further randomised controlled

clinical trials to confirm (Majeski et al., 2004; Hajjar et al., 2005; Yasar et al., 2008).

Similarly,  there  is  a  substantial  literature  investigating  the  relationship  between

cognitive function and statin medication used for lowering cholesterol, but no studies

have shown a significant cognitive benefit of statin medication in the elderly. Further

studies need to be conducted to provide evidence of their benefit for the treatment of

cognitive  decline  and  dementia  (MCGuinness  et  al.,  2013;  Steenland  et  al.,  2013;

Gauthier and Massicotte,  2015;  Ott et al.,  2015;  Power et al.,  2015).  Moreover,  in

assessing the effects of lifestyle on cognitive health in older cohorts in which there is

an  inherently high prevalence  of prescription medication  usage,  it  is  important to

consider the potential confounding effects of these medications on these relationships.

In  essence,  it  is  not  clear  that  prescribed  medications  will  enhance,  protect  or

compromise cognitive performance.  Research to date appears to  support,  for some

classes of medications,  a positive effect with respect to  cognitive outcomes, while

others  may  be  potentially  detrimental  to  cognitive  performance  (Johnson,  2013;

Obermann et al., 2013). Despite these mixed findings, it is important to consider the

effect of medications that is prevalent in cognitively healthy older populations.

1.6 The Current Thesis

The key rationale for conducting this research was that few studies have investigated

the  effect  of diet  and  exercise  on  cognitive  function  within  a non-clinical  ageing

population. This may, in part, be due to the perceived complications of conducting a

randomised  controlled  trial   in   such  an  age   group  with  a  high  prevalence  of

comorbidities and prescription medication usage.  Specifically, very few trials have

assessed the effect of a MedDiet and exercise on cognition, in a randomly controlled

setting.  The  participants  in  this  research  represented  a  typical  group  of  ageing

individuals between the ages of 60 and 90 years. The participants were screened and

deemed cognitively healthy at the beginning of the trial and were not excluded as a

result of the medications they were taking.

The focus of the study presented in this thesis was the effects of lifestyle changes such

as taking up a MedDiet and improving exercise on cognitive performance in older
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adults who are living independently in aged care facilities. It was hypothesised that

measures of cognitive performance would be  improved with dietary interventions,

relative to the controls, and that the combination of diet and exercise would be the

most effective intervention over that of a control group.

A  secondary  aim  of  this  research  was  to  investigate  the  relationships  between

cognitive function, blood biomarkers and cardiovascular function, which have been

proposed as mechanisms that may influence the rate of cognitive decline in an ageing

population. The effects on mood, quality of life, cardiovascular function and overall

perceived wellness in these cohorts were also investigated as potential mechanisms by

which exercise and dietary change may have an influence on cognition.

By investigating these variables, the study aimed to identify and target modiflable risk

factors,  as  well  as  identifying  objective  biological  indicators  of the  efficacy  of

interventions that are aimed at ameliorating the rate of cognitive ageing.

1.7 Aims and Hypothesis

The primary aim of the current study was to examine the 6-month effects of  change

to  a MedDiet,  increased  exercise  through walking,  and  a combination  of both on

cognitive  performance  in  an  older  population  living  independently  in  aged  care

facilities. It was hypothesised that measures of cognitive performance would improve

in both the exercise and dietary intervention groups relative to the controls and that

the combined diet and exercise intervention would show the greatest improvement of

all groups.

As a secondary aim, this study also investigated the associations between cognitive

function,  blood-based  biomarkers  and  cardiovascular  function,  which  have  been

proposed as mechanisms, or indicators of mechanisms, that may influence the rate of

cognitive ageing. By investigating these variables, the current study aimed to identify

and target modifiable risk factors, as well as identifying objective biological indicators

of the efficacy of interventions that are aimed at ameliorating the rate of cognitive

ageing.
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1.8 Thesis Structure

The structure of this thesis is displayed graphically in Figure 1. These chapters outline

and examine the association between vascular health and cognition, and the evaluation

of participants in a randomised controlled trial living in independent aged care. Whilst

exercise is included in this thesis as a co-intervention with diet in the clinical trial

lifestyle approach, MedDiet is the focus in this thesis and features in both Chapter 2,

the  literature  review  and  Chapter  4,  investigating  associations  with  cognition  and

medications.

Chapter 2 is devoted specifically to how diet may influence cognition, with a particular

focus on the MedDiet and its associated benefits. The chapter comprises the first paper

(Hardman et al. 2016), which is a systematic review of longitudinal and prospective

studies conducted in the period 2000-2015 and that investigated the cognitive effects

of adherence to a MedDiet. The purpose of this paper was to establish that there are

substantial differences in cognitive outcomes that can be achieved pending adherence

to a MedDiet. The paper sets the scene for the thesis and highlights that there is a lack

of randomised  controlled  studies  associated  with  a MedDiet  and  cognition  in the

literature, particularly in those that are cognitively healthy.

Chapter 3  provides an overview of the research design material and methods for a

randomised controlled trial conducted at 15 sites around Melbourne, Australia. These

sites were all independent living aged care facilities. The hypotheses, materials and

methods  are  outlined  in  the  second  paper  (Hardman  et  al.,   2015)  entitled   `A

randomised controlled trial investigating the effect of Mediterranean diet and aerobic

exercise on cognition in cognitively healthy older adults living independently within

aged  care  facilities:  The  Lifestyle  Intervention  in  Independent  Living  Aged  Care

(LIILAC) study protocol' .

Chapter 4 focuses on the outcomes of the cognitive ageing assessment at baseline in

the LIILAC trial. The chapter consists of the third paper (Hardman et al., 2017), which

assesses the effect of the prescribed medications, the adherence to a MedDiet, and

these  two  factors  together  on  cognitive  response  times  in  cognitively  healthy

individuals.
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Chapter 5 focuses on the overall 6-month analysis of the research interventions and

the cognitive outcomes following the randomisation of participants into four groups:

a diet group,  an exercise group, a diet and exercise group and a control group (no

intervention).  This is the fourth research paper (Hardman et al.,  in review), which

provides results pertaining to the original hypothesis, as well as both the primary and

secondary  outcomes,  and  is  entitled  `Results  of a controlled trial  investigating the

effects of Mediterranean diet and aerobic exercise on cognition in cognitively healthy

older   people   living   independently   within   aged   care   facilities:   The   Lifestyle

Intervention in Independent Living Aged Care (LIILAC) trial' .

Chapter  6  provides  a general  discussion  of the  findings  together with the  study's

limitations and its implication for future development in the area of the MedDiet and

cognition.
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Figure 1: Thesis Structure
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Chapter 2: Diet and Cognition

This chapter focuses on the literature review published as Hardman et al.  (2016) in

Fro7?/J.erg I.77 IVc4/rztz.o72. The objective of the literature review was to assess published

work evaluating adherence to a Mediterranean style of diet and the effects this form

of diet has on cognition in adults over time. This qualitative evaluation and systematic

review  considers   18  longitudinal  and  prospective  trials  that  fulfilled  set  criteria

between the years 2000 and 2016. The rationale for this evaluation was that the result

of this assessment would form. the basis of the method used to evaluate the adherence

to a MedDiet and effect on cognition for the research outlined in this thesis.

A  number  of cross-sectional  studies  have  examined  the  effect  of a  MedDiet  on

cognition and have yielded largely positive results. The studies evaluated, which were

often broader in scope, were aimed at improving cognition or minimising cognitive

decline. However, there was some difficulty in interpreting the data because of the

heterogeneous analytical methods used in the evaluation of a MedDiet and because

many of the studies used more clinical measures for evaluating cognition, limiting the

conclusions that could be drawn about cognitive effects in healthier cohorts. Studies

that measured  specific  cognitive  domains were  heterogeneous and the relationship

between the adherence to a MedDiet and cognition indicated that some domains are

potentially more sensitive to change than others.

Within the papers reviewed, Hardman et al. (2016) found that the foundation of over

60% of the methodologies was the work of Trichopoulou et al. (2003), who prescribed

the original approach for calculating the MedDiets. First, some studies used the mean,

and others the median, for calculating a threshold for scoring food groups. There were

also significant variations among dietary assessments, with some using food frequency

questionnaires (FFQs) and others, food diaries, as well as large variation in the number

of  food  groups  and  the  definition  of  these.   Second,  the  studies  used  different

approaches in the measurement of cognition. The majority used the Mini Mental State

Examination (MMSE), a scale traditionally used to review for cognitive impairment

and that is not sensitive to variation in non-clinical, age-associated cognitive decline.

Moreover,  the  trials  varied  in  design  and  outcomes  of tests  for  either  cognitive

enhancement, reduction of cognitive decline or coincidence of AD.
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From  the  research  evaluated  it  appears  that  a  higher  adherence  to  a  MedDiet  is

associated  with  slower  rates  of cognitive  decline,  reduced  conversion to  AD  and

improvements in cognitive function. The specific cognitive domains identifled in the

evaluated research that were found to benefit with improved MedDiets were memory

(delayed recognition, and long-term and working memory),  executive function and

visual  constructs.  Interestingly,  the  research  that  demonstrated  cognitive  benefits

following   adherence   to   a   MedDiet   closely   followed   the   Trichopoulou   et   al.

approach-scoring  MedDiet  based  on  sex-derived  median   scores.   Additionally

research that included other more  sensitive  and  specific  computer-based  cognitive

assessments  (rather  than  the  MMSE)  more  often  than  not  demonstrated  positive

cognitive outcomes associated with MedDiet adherence.
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The  Mediterranean-style diet (MedDiet)  involves substantial  intake of fruits,  vegetables,

and fish , and a lower consumption of dairy, red meat, and sugars. Over the past 15 years,
much  empirical  evidence  supports  the  suggestion  that  a  MedDiet  may  be  beneficial
with  respect  to  reducing  the  incidence  of  cardiovascular  disease,  cancer,  metabolic
syndrome,  and dementia.  A number of cross-sectional studies that have examined the
impact  of  MedDiet  on  cognition  have  yielded  largely  positive  results.  The  objective  of

this  review  is  to  evaluate  longitudinal  and  prospective  trials  to  gain  an  understanding

of  how  a  MedDiet  may  impact  cognitive  processes  over  time.  The  included  studies
were aimed at improving cognition or minimizing of cognitive decline.  Studies reviewed

included assessments of dietary status using either a food frequency questionnaire or a
food diary assessment.  Eighteen  articles meeting our inclusion  criteria were subjected
to systematic review, These revealed that higher adherence to a MedDiet is associated
with  slower rates of cognitive decline,  reduced conversion to Alzheimer's disease,  and
improvements  in  cognitive function.  The specific cognitive domains that were found to
benefit  with  improved  Mediterranean  Diet  Score  were  memory  (delayed  recognition,
long-term, and working memory), executive function, and visual constructs. The current
review has also considered a number of methodological issues in making recommenda-
tions for future research. The utilization of a dietary pattern, such as the MedDiet, will be

essential as part of the armamentarium to maintain quality of life and reduce the potential
social and economic burden of dementia.

Keywords: nutrition, cognition, Mediterranean diet, clinical trials

NEUROCOGNITIVE AGING AND THE POTENTIAL
ASSOCIATED RISK FACTORS

An  aging  population  raises  the  potential  for  increased  incidence  of cognitive  impairinent  (1).
Preservation  of brain  function  and the reduction  of risk of neurological  disorders have become
key issues for society. In addition to the need to find treatments for disorders, such as Alzheimer's
disease  (AD),  it  is  becoming  increasingly  apparent  that  early  intervention   is  critical  for  the
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maintenance of brain health across the life span and reducing the
risk of accelerated neurocognitive decline  (2). There is mount-
ing evidence that risk factors for cardiovascular disease, stroke,
diabetes,  and  other  later-life  chronic  health  conditions  also
exacerbate  age-associated cognitive  decline,  which  can  lead to
AD (3). Research is increasingly focusing on understanding how
interventions, such as improving nutritional status and modify-
ing risk factors that may impinge directly and/or indirectly on
brain functioning, can reduce the risk of neurocognitive impair-
ment (4). Closer adherence to a traditional Mediterranean-style
diet  (MedDiet)  may be  beneficial  and protective  with  respect
to  addressing such  risk factors, ultimately reducing the rate  of
cognitive decline  (5).

Neurocognitive  decline  across  the  life  span  is  well  docu-
mented.  In particular, cognitive faculties that involve speed of

processing and memory steadily decline from the third decade
of life  (6).  For  example,  the  speed  of retrieval  of previously
learned spatial locations from  short-term  memory is reduced
by  around  50%  from  the  third  to  the  eighth  decade  of life
(7). While this slowing of memory retrieval is observed in  all
individuals,  there  is  considerable  intersubject  variability  in
cognitive trajectories  across the life span, particularly in  later
life (8). Individuals who are still cognitively intact, but who have
shown  accelerated  cognitive  decline,  are potentially at  risk  of
dementia and AD (9). It has been suggested that our individual
cognitive trajectories relate to our overall health, and, as such,
are potentially modifiable (10).

Aging affects multiple biological systems and organs, includ-
ing the brain ( 11 ). Much research has focused on the investigation
of gross neuroanatomical changes with age. In recent years, this
area has advanced through the adoption of high-resolution volu-
metric techniques, such as magnetic resonance imaging (MRI).
Such methods reveal brain volume reduction at a rate of 5% per
decade after the age of 40 years, with the rate of reduction possibly
increasing after the age of 70 years (12).  Other areas  of investi-

gation  include  structural and functional changes at the cellular
level.  Neurocognitive  aging is related to  a lifelong incidence  of
molecular damage, with progressive destruction of both biomo-
lecular and cellular components (6). There are also neurochemi-
cal  changes.  For example, levels  of brain-derived neurotrophic
factor (BDNF) are known to reduce, which can impact synaptic

plasticity and neurogenesis in the aging adult brain ( 13). Amyloid
plaques  and  neurofibrfllary tangles, the hallmarks  of AD, have
been  extensively researched  and  occur commonly with  age in
cognitively intact individuals  (12).  Given the relevance of these
neuropathological changes to AD, the origin of these changes and
the potential risk for accelerated neurocognitive decline is being
widely researched (14,15).

The cardiovascular system offers prime examples of the rela-
tionship between lifestyle, health, and aging. As we age, our arter-
ies  stiffen,  and there is increased risk of cardiovascular disease,
which has  been  associated with  poor  diet  and lack of exercise
( 16). Stiffening of the arteries and increased blood pressure also
increases  the  risk  of  stroke  and  neurodegeneration.  Elevated
systolic blood pressure has been shown to increase gray matter
volume loss, which may eventually result in cognitive dysfunction
( 17). In addition to the consideration of increasing cardiovascular
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risks,  it  is  important  to  also  consider the  important  relation-
ship between blood pressure, high cholesterol,  and obesity (3).
These three factors are associated with what is referred to as the
metabolic  syndrome,  a cluster of conditions typically including
increased blood pressure and elevated blood sugar levels that can
be associated with excess body fat around the waist and abnormal
cholesterollevels.Whencombined,theseconditionsmayincrease
the risk of heart disease, stroke, and diabetes (18).

Investigation  of physiological changes at the molecular level
has helped to  elucidate possible mechanisms  of action  for the
aforementioned  changes  in   neural   and  cardiovascular  func-
tioning.  Inflammatory  processes  often  increase  with  age  and
contribute to chronic  disorders,  such  as arthritis,  diabetes,  and
cardiovascular disease, as well as to neurodegenerative disorders,
such as AD (19). It has also been proposed that age is associated
with  increased  oxidative  stress  and  free  radical  damage  (20).
Inflammation  and oxidative stress may therefore be critical tar-

gets for the amelioration of declining health and brain function
across the life span, which can potentially be addressed through
improved nutrition and increased physical activity (21 ). However,
as  discussed below, there are very few controlled clinical trials
that have utilized these simple interventions to investigate their
effects on cognition in older individuals.

NUTRITION AND COGNITIVE STATUS

The variability between individuals' cognitive abilities in later life
has been well documented (11,12, 22, 23). The source of this vari-
ability has been related to both non-modifiable factors, such as
age, gender, and genetics, as well as modifiable risk factors, such
as stress, education, psychological well-being, and exercise (24).

Another  particularly  important  modifiable  risk  factor  for
cognitive decline is dietary status. There is a wealth of literature,
from both animal studies and human health research, indicating
that diet can exert profound effects on biological aging (25-35).
Diet can also affect other risk factors, such as inflammation and
oxidation.  Diets that  are low in  energy and that  act to  reduce
oxidative stress may be protective  against cognitive decline (25,
36). Conversely, a diet that is high in energy and acts to increase
oxidative  stress  may  be  considered  a  risk  factor  for  impaired
cognitive functioning (37).

Additionally,  there   are   neurotrophic   and  neuroendocrine
factors that may play a role in the cognitive responses that relate
to food intake (38). Increasing consumption of fish and seafood
by as little as one portion per month may be protective against
stroke (39). Along with a healthy diet, there is evidence that low
or  moderate  intake  of alcohol  may  reduce  cardiovascular  and
neurocognitive risk, with heavy drinkers tending to suffer more
coronary infarcts and dementia (40, 41 ).

The dietary B-complex vitamins, which include 81 (thiamine),
82 (riboflavin), 83 (niacin), 85 (pantothenate), 86 (biotin, folate),
and  812  (cobalamin),  are  important  regulators  of neurotrans-
mitter function  (42).  Vitamin 86, in particular, is an important
co factor for the enzymes that synthesize the  neurotransmitters
serotonin,   epinephrine,   and   norepinephrine,   and   gamma-
aminobutyric acid (43).  8 vitamins may therefore affect central
metabolism, brain function, and the modulation of mood, given

`july2C)16   I   Volume3    I   Artit,le22



Hardrnan et al Mediterranean  Diet and Ck)griition

their role in neurotransmitter production (44-47). A lack of basic
8 vitamins (folic acid, 86, and 812) in the diet is also proposed to
impact on the rate of brain atrophy associated with mild cognitive
impairment (MCI) and with healthy aging (15).

Ithasalsobeenproposedthatahighintakeofseafoodandother
sources of long-chain omega-3 polyunsaturated fats (LC-n3-FA)
may have long-term beneficial effects on cognitive function (43,
48, 49). For example, energy balance and LC-n3-FA act vz.a BDNF,
and insulin-like growth factor-1  (IGF-1) can alter the expression
of a number of protein pathways that are involved in  neuronal
function, plasticity, and neurogenesis (50). The addition of regu-
lar fish consumption in one's diet has also been shown to maintain

gray matter volumes in the hippocampus, precuneus, posterior
cingulate, and orbital cortex (51). As shown in Figure 1, these are
examples of the many factors that can potentially modulate the
action of nutrition on brain function.

THE MEDITERFIANEAN DIET

The MedDiet was initially investigated in studies that described
the food consumption in countries in Southern Europe. In par-
ticular, the dietary intake of the Mediterranean countries of Italy,
Yugoslavia,  and Greece were investigated,  as these populations
demonstrated a higher than average life expectancy, lower rates
of cardiovascular  disease,  cancer,  and  other  chronic  disorders
(52-54).  The key components of a MedDiet  are  abundant con-
sumption  of plant  foods,  such  as  leafy greens,  fresh  fruit  and
vegetables, cereals, beans, seeds, nuts, and legumes. The MedDiet
is also low in dairy, has minimal red meats, and uses olive oil as
its major source of fat (14).

Leafy  vegetables  are   an   important   source   of  folate   aiid
other  8 vitamins  (55,  56).  The MedDiet has been  reported to
be protective  against  diseases  associat-ed with  chronic  inflam-
mation,  cancer,  diabetes,  obesity,  pulmonary  disease,  cardio-
vascular  disease, and cognitive  disorders  (57).  A diet with the
nutritional qualities of the MedDiet has been shown to reduce
homocysteine levels, considered a risk factor for age-associated
cognitive decline  (58,  59). The MedDiet pattern is largely void
of refined sugar, cholesterol, and trams fats, aspects of diet that
are considerfed to be associated with poor cognitive outcomes in
older age  (60, 61); with  saturated fats impacting negatively on
learning and memory and the potential for increasing metabolic
distress (62). The effects of poor diet may be overcome by chang-
ing nutritional consumption, suggesting that a diet high in fruit
and vegetables may assist in improving brain functioning over
time (4, 43, 63-66).

There   have   been   a   substantial   number   of  population/
epidemiological  studies that have  investigated  adherence to  a
MedDiet and health outcomes, such as the population of 22,043
adults in Greece who completed extensive food frequency ques-
tionnaires (FFQs) (26). Although this study did not review the
effect of the MedDiet on cognition, it did indicate that adherence
resulted in reduced mortality after 44 months of follow-up (26).
Adherence  to  the  MedDiet was  also  found to  reduce  the  risk
of myocardial  infarction  (27).  The  Italian  Longitudinal  Study
on  Aging,  which  was  designed  to  assess  the  prevalence  and
incidence of certain chronic conditions in an older population,

had a sample size of 5,632 subjects aged 65-68 years and found
that an intake of 46 g per day or more of monounsaturated fatty
acids, primarily from olive  oil,  as a part of the basic MedDiet,
appeared to be protective against age-related changes in cogni-
tive  function  (67).  In  the  Chicago  Health  and  Aging  Project
(CHAPS) longitudinal study that assessed the incidence of AD
and the habitual  diet  of 6.158  participants,  it  was  found  that

greater  adherence to  all three healthy dietary styles that were
assessed, including the MedDiet, was associated with a reduced
incidence  of AD.  In  a cross-sectional analysis  of an Australian
study, it was found that MedDiet adherence was not related to
cognitive  function.  However,  the  consumption  of plant  foods
associated with  the  MedDiet  had  a positive  relationship  with
improving  physical  function  and  general  health,  while  being
negatively  associated  with  anxiety,  depression,  and  perceived
stress  (68).

These studies have provided evidence that the MedDiet may
be protective against cognitive decline. However, there are poten-
tial confounding issues associated with both cross-sectional and
longitudinal population  studies that may not take into  account
minor reactive and biological changes that cannot be identified
by observation.

THE MEDITERRANEAN DIET AND
COGNITION -EVIDENCE FROM
LONGITUDINAL AND PROSPECTIVE
TRIALS?

Over the past  15 years, there has been substantial research into
the impact of adherence to the MedDiet pattern with respect to
overall cardiovascular health, cognitive health, and the potential
to reduce the onset of dementia and AD. The understanding of
what a MedDiet is and the potential biological markers and nutri-
tional requirements of this diet have also been investigated. It is
also important to segment the studies with clinical interventions
from those that are considered observational studies.

This  review  focuses  on  studies  that  evaluate  longitudinal
and prospective trials in accordance with the specified criteria.
rlhe  review  explores  our  understanding  of  how   a  MedDiet

may  impact  cognitive  processes  to  gain  an  understanding  of
the  cognitive  endpoints  following  adherence  to  a  MedDiet.
Moreover, this review examines the various methodologies by
which the MedDiet has been assessed and the assessment tools
used to evaluate cognitive  outcomes as well  as identifying the
key cognitive domains that that have been shown to be altered
by adherence to the MedDiet.

METHODS

Study Selection
Thefollowingkeywordsweresearched:cognition,cognitivemeas-
ures,  control  group,  non-interventional  group,  Mediterranean
diet patterns,  and Mediterranean  diet.  In  addition  to these key
words, for inclusion, the following conditions had to be met: the
study must be a randomized or non-randomized trial, longitudi-
nal, or a prospective cohort study.
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FIGURE 1  I Proposed mechanisms that link nutrition to changes in brain function. Adapted from Dauncey (23), with permission to reprint from Cambridge
Press and authority to alter.

Articles were excluded if they were focused on dementia only,
depression  only,  child or  adolescent  depression  only,  AD  only,
Parkinson's  disease  only,  stroke  or  cardiovascular  disease  only,
diabetes only, or a review of published work.

A  literature   search   was   carried   out   with   the   focus   on
articles  published  between  the  years  from  2000  to  2015.  The
following search engines were used:  Directory of Open Access
Journals,    EBSCO    Host   Academic    Search    Complete    Gale
Cengage Academic One File, Google Scholar,  Health  Reference
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Center  Academic,  Health  Reference  Center  (Gale),  Highway
Free Press, Journals @ Ovid, Journal reports, Medline, PubMed,
Science Direct Freedom Collection, Scopus, Springer Link, Web
of science, Wiley Online Library, and Taylor & Frances Journal
Complete.

The  data extraction  was carried out by one researcher, who
completed the assessment in cooperation with the other authors
to ensure that the capture  of the information was relevant  and
consistent with the selection and exclusion criteria.
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The data extracted from each  article included (1) character-
istics  of the trial participants  (number  of participants,  gender,
and age); (2) study title, with respect to relevance and terminol-
ogy used;  (3) year of publication;  (4) study design  and country
of origin; (5) sample size;  (6) FFQ; (7) MedDiet assessment;  (8)
cognitive assessments used; (9) cognitive sub-measures; and (10)
study outcomes.

A study was included in  the review if it had a measure of a
MedDiet,  a  Mediterranean  Diet  Score  (MedDiets)  based  on  a
numeric point scale  as a result  of any form  of food frequency
assessment,  or total  food intake.  In  addition,  studies were  also
included  if they used  a  MedDiet  intervention  with  other key
dietary components.

RESULTS

Included Studies
Independent  searches utilizing the  selection  criteria  identified
173  trials,   and  after  adjustment  for  duplicates,   129   articles

remained  for  assessment.  Of these,  79  were  discarded  after
reviewing the abstracts and article content as they did not meet
the criteria. This left the full text of 50 articles for general review.
After  allowing  for  the  inclusion  criteria  and  more  extensive
examination,18 studies met the inclusion criteria. The selection

procedure  and the total number of eligible trials  reviewed  are
shown in Figure 2.

Table  1  shows  the  data  extracted  from  each  of the  trials.
In summary, the age range of the participants that were included
in this selection varied considerably, with two studies including

younger adults (19-40 years), three studies looking at middle age
(45-65 years), nine in the range (65-75 years),  and four in the
range (75+ years).

These trials including a number of different study designs are

presented in Table 1.

Nutritional Intake Assessments
One  of the  key  elements  required  to  assess  the  adherence  to
the MedDiet is to gain an understanding of the volume of food
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intake and the particular food groups used for assessment. The
common  approach to  achieve this  outcome  is to have partici-

pants complete a food diary (FD) or an assessment of their food
consumption  through  the  use  of a  FFQ  at time points  as part
of the trial protocol.  In all of the original research  studies that
met the selection criteria for this analysis, the participants had
completed either an FFQ or an FD. Of the 18 studies identified,
14 utilized an FFQ, 3 utilized an FD, and 1 had a food program.
The total number of categories  of foods varied from a limited
20 groups through to 250 different food groups, with data being
collected over a range of time frames.

Mediterranean Diet Scores
The  assessment  of the  MedDiets  has  been  discussed  in  the
literature  since  2003.  This  initial  research  identified  150  food

groups  and  placed  these  into   14  inclusive  food  groups  (26).
A  sex-specific  median  calculation  was  used  to  determine  the
baseline value to assess the MedDiets with the 14 inclusive food

groups, or nutrients were considered, where some groups were
combined to eventually calculate  a  score ranging from  0 to  9.
The  sex-specific median  allows for a comparative cut off to be
made  between  genders  on  food  consumption  (26).  Beneficial
foods, such as vegetables,legumes, fruits, nuts, cereals, and fish,
were assigned a value of 0, if a person's consumption was below
the median, and a score of 1, if it was above the median. With
food components considered to be detrimental to health, such
as  meat,  poultry,  and  dairy,  consumption  above  the  median
was scored as 0,  and intake below the median was scored as  1.
For alcohol, a score of 1 was given, provided consumption was
within a specified range. When considering fat intake, the ratio
of monounsaturated lipids to polyunsaturated lipids was evalu-
ated with  a higher ratio being more acceptable  and a  score  of
allocated accordingly.

Of the research included in this review,10 papers referenced
the  Trichopoulou  et  al.   (26)  study  to  calculate  a  MedDiets,
while  5  created  a  MedDiets  utilizing  a  mean  score.  There  are
three papers that did not produce  a MedDiets.  When  making
an  assessment of the MedDiets, 6 studies used mean  scores,11
used median  scores,  and  I  used  a regression  residual method.
Three studies used a direct or total food amount. Although many
studies utilized the original method to analyze the data, only four
followed the sex-specific median approach. These were Articles
I, 3, 4, and 9 in Table 1.

Cognitive Assessments
Generally,  cognitive  assessments  utilize  the  mini-mental  state
examination  (MMSE)  (92).  Of the  18  original  research  papers
shown  in  Table  1,  6  utilized  this  tool  in  combination  with
other tests.  Another  seven  studies  used  cognitive  assessments
administered  as  part  of neuropsychological  test  batteries  and
other scales. These included the East Boston tests of immediate
and  delayed  recall,  the  clinical  dementia  rating  scale,  6-item
screeners,  telephone  interviews,  category  fluency,  Stroop  tests,
clock-drawing, and others. All of which were used as paper-based
assessments. Two studies used a computer-based assessment for

cognition  -  the  computerized  mental performance  assessment
(COMPASS)  (74, 90). The cognitive domains that were assessed
included  measures  of  attention,  working  memory,  long-term
memory, and executive function.

Cognitive Results
Due to the heterogeneity of the selected studies that included a
variety of experimental designs, cohorts, sampling times, as well
as very diverse dietary and cognitive measures, it was not possible
to pool data sets (102,  103). Instead, we used the dietary assess-
ment approach as a framework to report the cognitive outcomes
from each study and discuss consistencies/inconsistencies more

qualitatively.
Of the research that completed their assessment using a mean

score to  determine their MedDiets  (Studies 6,  10,  and  11), two
found that higher adherence to the MedDiet resulted in slow rate
of cognitive  decline  or  improvements  in  cognition,  including
memory and immediate and delayed recall.

For those studies that used a median score for their MedDiets
(Studies 2, 7, 8,12,13,14, and 16), three showed that adherence
to the MedDiet improved cognitive scores utilizing assessments
of recognition memory, delayed rec ognition memory, or that this
diet reduced the rate of cognitive decline utilizing assessments
of working memory.  In  one  study  (Study  12),  no  relationship
was  found  between  the  MedDiet  intervention  and  cognitive
decline;  however,  the  authors  did  suggest that  a  specific  food
category, whole grains, merits further investigation with regard
to cognition  (81).

Four of the studies (Studies I, 3, 4, and 9) also used a median
score  (sex-derived)  to  calculate  the  MedDiets.  These  studies
analyzed the median score separately for men and women, as was
done in the original study by Trichopoulou et al.  (26).  In three
of these  studies  (Studies  1, 3,  and 4),  it was  demonstrated that
a higher adherence to a MedDiet was associated with a trend to
reducing the risk of developing MCI  (72), as measured using a

global assessment and memory cognitive domains.
One study that did not use a mean or median calculation used

a regression residual analysis method (Study 15).  In this study, it
was concluded that greater adherence to a MedDiet was associ-
ated with better cognitive function and a strong correlation with
improvement in cognitive reserves when  using MMSE, relatillg
these outcomes to the cognitive domains of memory and atten-
tion  (87).

In three  studies, the  absolute  amount  of food consumed in
each  category was  used to  assess  adherence to  a  MedDiet.  All
reported high adherence to  a MedDiet  (Studies 5,  17,  and  18).
These studies demonstrated that a MedDiet supplemented with
olive off or nuts was associated with improved cognitive function
and also that the MedDiet had the potential to enhance aspects
of mood and cardiovascular function (74, 90, 91).

Finally,  these  trials  were  conducted  in  countries  around
the world  with  positive  outcomes  demonstrated both  within
and outside the Mediterranean region. There were six studies
reporting positive cognitive  outcomes in the  USA,  one  study
in  France,  three  in  Spain,  one  study  in  Sweden,  and two  in
Australia.
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DISCUssloN

This  review has explored the contention  that the MedDiet has
a  long-term  positive  effect  on  cognitive  function.  The  results
of the dietary pattern, cognitive decline, and dementia reviews
also  support the proposition that adherence to  a MedDiet pat-
tern  is  associated with less cognitive decline,  dementia,  or AD
[69] . The primary aim of this review was to determine if adher-
ence to  a MedDiet produces  favorable  outcomes  in  relation  to
improved  cognition  or  minimization  of cognitive  decline.  Of
the  18 research articles examined,13 demonstrated that higher
adherence to a MedDiet was related to either slowing the rate of
cognitive decline, minimizing the conversion to AD or improving
the cognitive function. Five of the 18 studies did not demonstrate
that MedDiet  adherence had  a  protective  effect  against  cogni-
tive  decline  or  did  not  improve  cognition.  Irrespective  of the
study design, the studies that demonstrated improved cognitive
outcomes  examined the  broad cognitive  domains  of attention,
memory, and language. The studies that focused on the cognitive
domains of motor or action  did not report favorable outcomes
when related to MedDiet adherence. The more specific cognitive
domains that improved with  MedDiets were  memory,  delayed
recognition, executive function, long-term working memory, and
visual constructs. These are mainly tests of fluid intelligence that
decline with age (7).  Interestingly, benefits to cognition afforded
by the MedDiet were not exclusively in older individuals. The two
studies included that were in younger adults both found improve-
ments in cognition using computerized assessments.

It  is  noted that  although  there  are  several  different  designs
within  the  studies  examined,  including  randomized  or  non-
randomized, that were longitudinal or prospective, and that may
or may not have been interventional, it was difficult to assess if
one or more particular designs reported more favorable outcomes
with respect to adherence to a MedDiet and cognitive outcomes.
It  was  also  difficult to  assess whether  or  not  the calculation  of
the  MedDiets,  based  on  the  original  analysis  of Trichopoulou
et  al.  (26),  yielded  more  favorable  cognitive  outcomes.  More
specific  approaches  utilizing  a  median,  mean,  or  sex-derived
determination of MedDiets were similarly difficult to conclude
if one approach was better than the other with respect to cogni-
tive outcomes, given the smau number of studies and the mixed
approaches for assessing cognition.

Six studies used the MMSE to examine a global measure  of
cognition.  This  measure  was  used  mainly  in  trials  examining
cognitive decline and conversion to AD over a longer period of
time. This seems reasonable given that the MMSE is a course tool
for measuring cognition and is recommended mainly to identify
accelerated aging and neurocognitive disorders, such as MCI and
AD  (93).  Of the trials that  used the  MMSE to  assess cognitive
decline, three  of the  six trials showed either reduced cognitive
decline  or reduced conversion to MCI  or AD.  MMSE was also
used  to  assess  cognitive  improvement  -  three  out  of six trials
showed improvement  in  relation  to  adherence to  a  MedDiets.
A  higher  rate  of positive  cognitive  outcomes  may  have  been
realized if a more sensitive cognitive assessment tool was used.
The  studies  that  used  the  MMSE  as  their  primary  source  of
cognitive  assessment  measured  cognitive  decline  as  compared
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with the computer-based assessments that focused on cognitive
improvement.  The majority of the studies that used the MMSE
also  included  cognitive  assessments  that  measured  memory,
attention, language, and mood, such as the COMPASS, delayed
recall from the Boston memory tests, the telephone interview of
cognitive status (TICS)  10-word list, Stroop tests, verbal fluency
measures>  lexical   semantic   memory  assessments,   and  clock-
drawing  tests.  Only  two  of the  trials  used  a  computer-based
assessment for cognition, the COMPASS, both showing evidence
of improved cognitive  functioning in  a  short-term  study with
a  10-day  intervention.  The  non-computer-based  neuropsycho-
1ogical assessments in  general  showed improved cognition  or a
reduced cognitive decline in relation to a MedDiets. There were
10 studies using these other neuropsychological assessments with
6 showing cognitive change with regard to a MedDiets.

The  studies  examined  used  a  range  of methods  to  derive  a
MedDiets. Some studies used an FD, while others used various
FFQ assessments. An FFQ is a way to estimate the food consumed
overanextendedperiod6-12months.AnFDisamorespecificand
detailed assessment conducted over a number of days to quantify
what one actually eats. There is no standardized pattern or agreed
types offoods included in these forms of dietary assessments. The
foods consumed can be considered specific to a region or country
of origin, and the foods vary between studies, as they have been
conducted in different countries and geographic areas. Generally,
the food intake is recorded as it is relevant to the specific cohort
under investigation. The FFQ has been found to be reproducible
and have good comparative validity. The FFQ has demonstrated
dietary  intervention  effects  to  be  relatively  accurate  (94-96).
When converted to different languages, the validity of the FFQ
was also reproducible,  such as with the Brazilian, Chinese, and
Italian populations (97-100).

Across the 18 studies, there was no standardization of the most

appropriate FFQ. There was a large variation in the FFQs adopted,
and the selection of food groups ranged from 70 to 250 different

groups.  It  is  also  important to  consider portion  sizes,  as some
studies  used  food  frequency  alone.  It  is  more  appropriate  for
comparison to include portion size by food groups with respect to

gender and ethnicity (101). Portion size needs to be determined
based  on  the  norms  for  the  country  under  investigation  and
reported in  grams per day for equivalence.  The  adherence to  a
standardized pattern of a MedDiet as demonstrated in the initial
research conducted in 2003, Trichopoulou et al. (26) also needs to
be assessed. This original research, which forms the focus of many
of the studies conducted to date, used 14 au-inclusive food groups
that were evaluated in grams per day, and consequently prospec-
tive studies need to adhere to this specific pattern of evaluation to
ensure valid comparisons can be made.

To ensure that direct correlations can be made between stud-
ies, it would be of value to have a standardized computer-based
FFQ that is easy to administer and simple to review. The use of
a standardized FFQ that utilizes 14 all-inclusive food groups all
evaluated to grams per day, and this would enable more accurate

portions of food taken (grams per day) to be evaluated to obtain
a MedDiets.

Interestingly, positive cognitive effects were found in countries
around the world, including those outside of the Mediterranean
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region. Many of these positive studies used an approach where a
mean or median is determined for each food category, and adher-
ence for the individual is scored relative to this mean or median.
In this way, habitual dietary habits are normalized with respect to
the local region. Change over time is assessed relative to baseline
scores to assess whether or not greater adherence supports better
cognitive health. While this makes it difficult to compare absolute
measures of dietary adherence in relation to a inore traditional
Mediterranean diet (26), it is encouraging that measurable shifts
in adherence within a local population are effective in improving
cognition or retarding cogiiitive decline. An important challenge
will be to demonstrate a sustainable long-term shift in diet within
a population that also confers cognitive benefits.

CONCLUS.ON AND FUTUFtE DIRECTIONS

This review has analyzed longitudinal and prospective trials in
accordance with the specified criteria to gain an understanding
of how  a  MedDiet  may  impact  cognitive  processes.  The  level
of adherence to the  MedDiet has  subsequently been  evaluated
against  various  cognitive  domains  to  ascertain  the  potential

protective nature of this diet pattern with respect to minimizing
cognitive decline, improving cognitive  decline,  or reducing the
incidence of conversion of MCI to AD.

The  overall outcome from this review indicates that there is
encouraging evidence that  a higher adherence to  a MedDiet  is
associated with improving cognition, slowing cognitive decline,
or reducing the conversion to AD.

With  few studies  available  to  assess  benefits  of a  MedDiet
intervention in a healthy older population, it is recommended
that further randomized controlled trials need to be conducted.
These  trials  need  to  include  a  standard  food  consumption
assessment  that  can  be validated  to  determihe  the  impact  of
cognitive changes over time. It is also recommended that future
RCTs utilize validated computer-based cognitive batteries that
are  sensitive  to  cognitive  faculties,  which  are  compromised

REFERENCES

1.    Katsiardanis  K> Diamantaras AA, Dess}Tris N, Michelakos T, Anastasiou A,
Katsiardani   KP,   et  al.   Cognitive  impairment  and   dietary  habits  among
elders:  the  Velestino  Study.  JMed  Food  (2013)   16(4):343-50.  doi:10.1089/

jmf.2012.0225
2.   Carter  CS,  Hofer  T.  Seo  AY.  Leeuwenburgh  C.  Molecular  mechanisms  of

life-and health-span extension: role of calctrie restriction and exercise inter-
vention. AppJ Pkysg.oJ N#fr Mefaz7 (2007) 32(5):954-66.  doi:10.1139/h07-085

3.    de   Lorgeril   M>   Salen   P,   Martin   JL,   Monjaud   I,   Delaye   J,   Mamelle   N.

Mediterranean  diet,  traditional  risk  factors, and  the  rate  of cardiovascular
complications  after  myocardial  infarction  -  final  report  of the  Lyon  Diet
Heart Study.  a.rc#jclfzorl  (1999) 99(6):779-85. doi:10.1161/01.CIR.99.6.779

4.    Parrott  MD`  Greenwood  CE.  In:  Weller  NJ,  Rattan  SIS,  editors.  Djefar};
Influences on Cognitive Function with Aging: From High-Fat Diets to Healthful
Ecifjrzg. Oxen England: Blackwell publishing (2007).

5.    Trichopoulou   A,   Kyrozis   A,   Rossi   M,   Katsoulis   M,   Trichopoulos   D,
La  Vecchia  C, et al.  Mediterranean diet and cognitive  decline over time in
an   elderly  Mediterranean   population.   E#r  JN#fr   (2015)   54(8):1311-21.

doi: 10.1007/s00394-014 -0 811 -z

6.    Peters R. Ageing and the brain. PosfgrocJ Med J (2006)  82:84-8. doi:10,1136/

pgmj.2005.036665

Frontiers  in  Nijtritiori   I   \^M/w frc]Htierslri.t]rg io

with age  and potentially amenable to  interventio.ns, such  as  a
MedDiet. Future studies should also consider the use of blood,
cardio,  and  fecal  biomarkers  that  will  allow  for  mechanisms
of  action   to   be   evaluated.   Biomarkers   will   provide   more
direct measures of dietary status and will potentially elucidate
important biological changes that relate to brain function  and
modifiable risk factors.

Further focused research in this area is important due to the
expected extensive population aging over the next 20-30 years.
The utilization of such a dietary pattern will be essential as part
of the armamentarium to maintain quality of life and reduce the
potential social and economic burden of dementia.

AUTHOR CONTRIBUTIONS

There have been substantial contributions to the conception and
design  of this review by all authors,  and all authors have been
involved in revising the work critically for important intellectual
content. The final approval of the version to be published has been
agreed by all authors, and an agreement to be accountable for all
aspects of the work in ensuring that questions related to the accu-
racy or integrity of any part of the work has been appropriately
investigated and resolved.

ACKNOWLEDGMENTS

The   resources   of  Centre   for   Human   Psychopharmacology,
Swinburne University of Technology, Melbourne, Australia and
the Centre for Physical Activity and Nutrition Research, Deakin
University, Melbourne, Australia have been utilized to produce
this review, and their contribution is extremely appreciated.

FUNDING

There have been no funding sources provided to any author in the
development and final submission for this review.

7.    Pipingas A> Harris E> Tournier E, King R, Kras M, Stough CK. Assessing the

efficacy of nutraceutical interventions on cognitive functioning in the elderly.
Curr Top Nutraceutical Res (2010) 8(2-3)..79-87.

8.    ChristensenH,Kumar R. Cognitivechangesandtheageingbrain.In:  Sachdev
PS,  editor.  'Ihe  Ageing  Brain:  The  Neurobiological  and  Neuro|)sychiatry  Of
Agej#g,  Netherlands: Swets & Zeiylinger (2003). p. 75-97.

9.    Otsuka   M,   Yamaguchi   K,  Ueki  A.   Similarities  and  differences  between
Alzheimer's  disease  and  vascular  dementia  from  the  viewpoint  of  nutri-
tion.  Arlrl  N  y .4cod  Scj  (2002)  977:155-61.  doi:10.I lil/j.1749-6632.2002.

tb04811.x

10.    Finch  CE.  Neurons,  glia,  and  plasticity  in  normal  brain  aging.  N€#roz7joJ

Agj#g (2003) 24:S123-7.  doi:10.1016/s0197-4580(03)00051 -4

11.    Anderson  MF,  Aberg  MA,  Nilsson  M,  Eriksson  PS.  Insulin-like  growth
factor-I and neurogenesis in the adult mammalian brain. Brtzjrl Reis Dcv Br¢jrz
Res (2002)  134(1-2): 115~22.  dc)i: 10.1016/s0165-3 806(02)00277-8

12.    Scahill RI, Frost C, ]enkins R, Whitwell ]L, Rossor MN, Fox NC. A longitu-
dinal study of brain volume changes in normal aging using serial registered
magnetic resonance imaging. Arc/1 Nf?#roz (2003) 60(7):989-94. doi: 10.1001/

archneur.60.7.989

13.    Mattson  MP,  Maudsley  S,  Martin  8.  BDNF  and  5-HT:  a  dynamic  duo  in
age-related   neuronal   plasticity  and   neurodegenerative   disorders.   Trer7ds
Ne%roscz`  (2004)  27(10):589-94. doi: 10.1016/j.tins.2004.08.001

`Ju!y2016   I   V()lurne3   I   Ar{icle22



Hardman et al. Mediterranean  Diet anc] Cognition

14.    Feart C, Samieri C, Alle§ 8> Barberger-Gateau P.  Potential benefits of adher-
ence  to  the  Mediterranean  diet  on  cognitive  health.  Proc N#fr  Soc  (2013)
72( I) :140-52.  doi:10.1017/s0029665112002959

15.    Mathers JC.  Nutrition and ageing:  knowledge, gaps and research  priorities.

36.   Budge M, ]ohnston C, Hogervorst E, De lager C. Milwain E, Iversen SD, et al.
Plasma tcital homocysteine and cognitive performance in a volunteer elderly

population.  In:  Kalaria  RN,  Ince  P,  editors.  Vascz4jczr Fclcfors  jr}  Ajzfrcjmer§
Dzseczse. New York: New York Acad Science (2000). p. 407-10.

ProcN%fr sac (2013) 72(2):246-50. doi:10.1017/s0029665112003023                              37.    Butter field DA, Castegna A, Pocernich cB, Drake I, Scapagnini G, Calabrese
16.    Kempermann  G,  Wiskott  L,  Gage  FH.  Functional   significance   of  adult

neurogenesis,    Cz4rr   apjrz   Nez4robjo/   (2004)    14(2):186-91.    doi:10.1016/j.

conb.2004.03.001

17.    Goldstein 18, Bartzokis G, Guthrie D, Shapiro D, Ambulatory blood pressure
and  brain  atrophy  in  the  healthy  elderly.  Nez{roJogy  (2002)   59(5):713-9.
doi:10.1212/WNL.59.5.713

18.    Babio N, Toledo E, Estruch R, Ros E, Martinez-Gonzalez MA, Castaner 0,
et al. Mediterranean diets and metabolic syndrome status in the PREDIMED
randomized  trial.  Cart  Med  Assoc J  (2014)   186(17):E649-57.  doi:10.1503/

cmaj.140764

19.    Garcia-Arellano A, Ramallal  R, Ruiz-Canela  M,  Salas-Salvado J, Corella  D,

Shivappa  N,  et  al.  Dietary  inflammatory  index  and  incidence  of cardio-
vascular  disease  in  the  PREDIMED  Study.  N#rrzcjtfs  (2015)  7(6):4124-38.
doi:10.3390/nu7064124

20.    Salthouse TA. Does the level at which cognitive change occurs change with
age? PsychoJ Scj  (2012)  23 ( 1) : 18-23.  doi: 10.1177/0956797611421615

21.    Warnberg  I,  Gomez-Martinez  S>  Romeo  J,  Diaz LE,  Marcos  A.  Nutrition,
inflammation, and cognitive function, In: Savino W, Silva PO, Besedovsky H,
editors.  Neuroimmunomedulation:  From  Funda,mental  Biology  to  Therapy.
Malden, MA: Wiley-Blackwell (2009). p.164-75.

22.    Kirtwood   TBL.   Understanding   the   odd   science   of  aging.   CeJJ   (2005)
120(4):437-47.doi:10.1016/j.cell.2005.01.027

23.    Dauncey MJ. New insights into  nutrition and cognitive neuroscience.  Proc
N#fr soc (2009) 68(4):408-15.  doi: 10.1017/s0029665109990188

24.    Dauncey MJ. Nutrition, the brain and  c`ognitive decline:  insights  from  epi-

genetics. E#r J CJjr! N%fr (2014)  68(11 ): 1179-8 5.  doi: 10.1038/ejcn.2014.173
25.    Mattson  MP.  Chan  SL,  Duan  W.  Modification  of brain  aging  and  neuro-

degenerative   disorders  by  genes,   diet,   and  behavior.   Pkys7oJ  RetJ   (2002)
82(3) :637-72.  doi: 10.1152/physrev.00004.2002

26.    Trichc]poulou  A.  Costacou  T,  Bamia  C,  Trichopoulcis  D.  Adherence  to  a
Mediterranean diet and survival in a Greek population. N Er!gj J Mad (2003)
348(26):2599-608.  doi:10.1056/NEJMoa025039

27.    Martinez-Gonzalez MA, Fernandez-Jarne E. Serrano-Martinez M, Wright M,
Gomez-Gracia  E.  Development  of a  short  dietary intake  questionnaire  for
the quantitative estimation of adherence to a cardioprotective Mediterranean
diet. E%r J CJj# Nz+fr (2004)  58( 11 ): 1550-2.  doi: 10.1038/sj .ejcn.1602004

28.    Mattson MP> Maudsley S, Martin 8. A neural signaling triumvirate that in flu-
ences  ageing and  age-related  disease:  insulin/IGF-1,  BDNF  and  serotonin.

V. Nutritional approaches to combat oxidative stress in Alzheimer's disease.

JN%fr Bjocheffl (2002)  13(8):444-61.  doi:10.1016/s0955-2863(02)00205-x
38.   Molteni   R,   Wu   A,   Vaynman  S,   Ying  Z,  Barnard   RJ,  G6mez-Pinilla   F.

Exercise  reverses  the  harmful effects  of consumption  of a  high-fat  diet  on
synaptic  and behavioral plasticity associated  to  the action  of brain-derived
neurotrophic    factor.   Nea6roscjer!ce    (2004)    123(2):429-40.    doi:10.1016/j.

neuroscience.2003.09.020

39.    He K, Song YQ, Daviglus ML, Liu K, Van Horn L, Dyer AR, et al. Fish con-
sumption and incidence of stroke - a meta-analysis of cohort studies. Stroke

(2004)35(7):1538-42.doi:10.1161/01.str.0000130856.31468.47
40.    Mukamal  K],  Kuller  LH,  Fitzpatrick  AL,  Longstreth  WT, Mittleman  MA,

Siscovick DS. Prospective-study of alcohol consumption and risk of dementia
inolderadults,JAMA(2003)289(11):1405~13.doi:10.100l/jama.289.11.1405

41.    denHeijer T,Vermeer sE,vanDijkE],PrinsND, Koudstaal pJ,vanDuijncM,
et al. Alcohol intake in relation to brain magnetic resonance imaging findings
in older persons without dementia. Am J CJjri Nz{fr (2004) 80(4):992-7.

42.   Kennedy DO. 8 vitamins and the brain: mechanisms, dose and efficacy -a
review. N%frje71fs (2016)  8(2):68.  doi: 10.3390/nu8020068

43.    Gomez-Pinilla F, Brain foods:  the effects of nutrients on brain function. Nc!f
Rev Ne#roscj (2008) 9(7):568-78.  doi:10.1038/nrn2421

44.   Gesch CB, Hammond SM, Hampson SE, Eves A, Crowder MJ. Influenc.e of
supplementary vitamins, minerals and essential fatty acids on the antisocial
behaviour  of young  adult  prisoners.  Randomised, placebo-controlled  trial.
Br/Psychz.citry(2oo2)i8i(JULY):22-8.doi:io.iig2fojp.181.1.22

45.    Morris MC. Symposium 1: vitamins and cognitive development and per for-
mance nutritional determinants of cognitive aging and dementia. Proc Nztfr
Sac (2012)  71 ( I ): +13.  doi :10.1017/s0029665111003296

46.    Morley JE. Cognition and nutrition. C#rr Opj"  CJjrz IV#fr Mcft2Z7 Cczre (2014)

17( 1) :1 -4.  doi: 10.1097/MCO.0000000000000005

47,    Rathod R, Kale A, ]oshi S. Novel insights into the effect of vitamin a-12 and
omega-3 fatty acids on brain function. J Bjo777ed sc7 (2016) 23: 17, doi: 10,1186/

s 1 2929-016 -0241 -8

48.    Fotuhi M, Mohassel P> Yaffe K. Fish consumption, long-chain omega-3 fatty
acids and risk of cognitive decline or Alzheimer disease: a complex associa-
tion. Nc}f CJjri Prflct Nez4roJ (2009)  5(3) :140~52.  doi:10.1038/ncpneurol044

49.    Witte VA, Kerti L, Hermannstaedter HM, Fiebach JB. Schuchardt JP, Hahn A,
et al. Effects of omega-3 supplementatic]n on brain structure and function in
healthy elderly subjects. J PsycJtapJt/sjoJ (2013) 27:45-45.

Agez#g Res RetJ (2004) 3(4):445-64. doi:10.1016/j.arr.2004.08,001                                       50.    Gomez-Pinilla F. The influences ofdietand exercise on mental health through

29.    Panza  F,  Solfrizzi  V,  Colacicco  AM,  D'Introno  A,  Capurso  C,  Torres  F,
et  al.  Mediterranean  diet  and  cognitive  decline.  Pz!Z7/jc HeflJrJi N#fr  (2()04)

7(7):959-63.doi:10.1079/phn2004561

30.    Vaynman S, Gomez-Pinilla F. Revenge of the "sit'': how lifestyle impacts neu-
ronal and cognitive health through molecular systems that interface energy
metabctlism  with  neuronal  plasticity.  JNez4roscz  Res  (2006)  84(4):699-715.

doi:10.1002/jnr.20979

31.    Wengreen HJ, Neilson C, Munger R, Corcoran C. Diet quality is associated
with better cognitive test performance among aging men and women. J Nz4rr

(2009)  139(10):1944-9.  doi:10.3945/jn.109.106427
32.    Feart C,  Samieri  C, Barberger-Gateau  P.  Mediterranean  diet and cognitive

function in older adults. Cz4rr apjri CJ;ji N#fr Mefoz7 Care (2010)  13(1):14-8.
doi: 10.1097/MCO.Ob013e32 83 331 fe4

33.    Pistell PJ, Morrison CD, Gupta  S,  Knight AG.  Keller  }N,  Ingram DK, et al.

Cognitive impairment fcillc]wing high fat diet consumption is associated with
brain inflammation. J Ne#rojmffl#r!oJ  (2010)  219(1-2):25-32.  doi:10.1016/j.

jneuroim.2009.11.010
34.   Tangney  CC,   Kwasny   MJ,   Li   H,   Wilson   RS,   Evans   DA,   Morris   MC.

Adherence to a Mediterranean-type dietary pattern and cognitive decline in
a community population.  Am J C17.#  Nzjfr (2011)  93(3):601-7.  doi:10.3945/

ajcn.110.007369

35.   Cherbuin N, Anstey KJ. The Mediterranean diet is not related to cognitive
change in a large prospective investigation: the PATH through life study. Am
JGerjcitrps}Jchjcifry(2012)20(7):635-9.doi:10.1097/JGP.Ob013e31823032a9

hormesis. Agej#g RGs Jicv (2008)  7(I):49~62.  doi:10.1016/j.arr.2007.04.003

51.    Raji CA, Erickson KI, Lopez OL, Kuller LH, Gach HM, Thompson PM, et al.
Regular fish consumption and age-related brain gray matter loss. Am J PretJ
MecJ (2014)  47(4):444~51.  doi:10.1016/j.amepre.2014.05.037

52.    Keys A, Menotti A, Karvc]nen  MJ,  Aravanis C, Blackburn H,  Buzina  R, et
al. The diet and  15-year  death  rate in the 7 countries study. Am JEpzd€mjoJ

(1986)  124(6):903-15.
53.    Feart C,  Lorrain  S,  Coupez VG>  Samieri  C,  Letenneur  L,  Paineau  D,  et  al.

Adherence to a Mediterranean diet and risk of fractures in French older per-
sons.  Osfeaporos Jrif (2013) 24( 12):3031-41.  doi: 10.1007/soo l98-013-242 I -7

54.    Lourida    I,    Soni    M,    Thompson-Coon    J,    Purandare    N,    Lang    IA,
Ukoumunne OC> et al. Mediterranean diet, cognitive function, and  demen-
tia:   a   systematic.  review.  Epjder#;o/og};  {2013)   24(4):479-89.   doi:10.1097/

EDE.Ob013e3182944410

55.    Wang HX; Wahlin A, Basun H, Fastbom I, Winblad 8, Fratiglioni L. Vitamin
8-12   and   folate  in   relation  to   the  development   of  Alzheimer's   disease.
Nez4roJogy  (2001)  56(9):1188-94.  doi:10.1212/WNL.56.9.1188

56.    Ramos  MI,  Allen  LH, Mungas  DM,  Jagust  WJ, Haan MN, Green  R,  et  al.
Low folate status is associated with impaired cognitive function and demen-
tia  in  the  Sacramento  Area  Latino  Study  c]n  aging.  Am J CJj#  N"fr  (2005)
82(6):1346-52.

57.    Gotsis  E,  Anagnostis  P,  Mariolis  A,  Vlachou  A,  Katsiki  N,  Karagiannis  A.
Health  benefits  of the  Mediterranean  diet:  an  update  of research  over  the
last 5 years. ArigzoJogy (2015) 66(4) :304-18.  doi: 10.1177/0003319714532169

Frontiers  i:1  Nijtr;tion   I   VAM\/.fron{iersin  olg iE `jii!y2016   I   V(]luine3    I   Article22



Hardrna'i et al Mediterranean  Diet and  Cognition

58.    Seshadri s, Beiser A, Selhub J. Jacques pF> RosenberglH, D'Agostino RB,et al`
Plasma homocysteine as a risk factor for dementia and Alzheimer's disease. N
Erig7J Med (2002)  346(7):476-83.  doi:10.1056/NE]Moao11613

59.    Elias MF.  Sullivan LM,  D'Agostino RB, Elias PK,  ]acques PF, Selhub I, et al.
Homocysteine  and  cognitive  performance  in  the  Framingham  Offspring
Study: age is important. Arr! JEpjdemjoJ (2005)  162(7):644-53.  doi:10.1093/

aje/kwi259

60.   Van Dyk K,  Sano  M.  The  impact  of nutrition  on  cognition  in  the elderly.
Np%rocheon Res (2007)  32(4-5):893-904.  doi:10.1007/sll064-006-9241-5

61.    Ordovas  ]M.  Nutrition  and  cognitive  health.  In:  Science  T.G.O.f,  editor.
Foresight  Mental  Capital  and  Wellbeing  Project.  Londc>n.. The Gc>vernment
Office of science (2008). p. 314.

62`    Kesse-Guyot  E>  Andreeva  VA,  Lassale  C.  Ferry  M,  Jeandel  C,  Hercberg  S,
et al. Mediterranean  diet and  cognitive function: a  French  study. Af71 J CJzr?

N#fr {2013) 97(2):369-76.  doi:10.3945/ajcn.112.047993

63.   von  Arnim  CAF,  Cola  U,  Biesalski  HK.  More  than  the  sum  of its  parts?
Nutrition    in    Alzheimer's    disease.    IV#frjfzo#    (2010)    26(7-8):694-700.

doi:10.1016/j.nut.2009.11.009

64.    Ferry M, Roussel AM. Micronutrient status and cognitive decline in ageing.
E#r Gerjcifr Mod (2011)  2( 1): 15-21.  doi: 10.1016/j.eurger.2010.11.014

65.    Freeman  LR,  Haley-Zitlin  V,  Rosenberger  DS,  Granholm  A-C.  Damaging
effects  of a  high-fat diet to  the brain  and  cognition:  a  review  of proposed
mechanisms.   N%fr   Nc#roscj   (2014)    17(6):241-51.    doi:10.1179/14768305

13y.0000000092
66.    Otaegui-Arrazola  A,  Amiano  P,  Elbusto  A,  Urdaneta  E>  Martinez-Lage  P.

Diet, cognition, and Alzheimer's disease: food for thought. Ez# JNz4fr (2014)
53( 1 ) :1 -23.  doi: 10.1007/s00394-013-0561 -3

67.    Maggi S, Zucchetto M, Grigoletto F, Baldereschi M, Candelise L, Scarpini E,
et al.  The  Italian  longitudinal-study on aging (ILSA):  design and  methods.
Ag7'#g fMjJc}rjoJ (1994) 6(6):464-73.  doi: 10.1007/BF03324279

68.   Crichton GE. Bryan J, Hodgson JM, Murphy KJ. Mediterranean diet adher-
ence  and  self-reported  psychctlogical  functioning in an  Australian  sample.
Appefjfe (2013)  70:53~9.  doi:10.1016/j.appet.2013.06.088

69.    Scarmeas   N,   Stern   Y,   Mayeux   R,   Luchsinger   JA.   Mediterranean   diet,
Alzheimer disease, and vascular mediation. Arch Nez/roj (2006) 63 ( 12): 1709-
17.  doi: 10 .1001 /archneur.63 .12 .noc60109

70.    Willett WC, Sacks F, Trichopoulou A, Drescher G, Ferro-Luzzi A, Helsing E,
et al.  Mediterranean diet pyramid:  a  cultural mc]del for healthy eating.  Am

J CJj# jvz/fr ( 1995)  61 (6 Suppl): 1402S-6S.
71.    F6art  C,  Samieri  C,  Rondeau  V,  Amieva  H,  Portet  F,  Dartigues  }F,  et  al.

Adherence to a Mediterranean diet, cognitive decline> and risk of dementia,

JAMA (2009) 302(6):638-48. doi:10.1001/jama.2009.1146
72.    Scarmeas   N,   Stern   Y,   Mayeux   R,   Manly   JJ,   Schupf  N,  Luchsinger   JA.

Mediterranean  diet  and  mild  cognitive  impairment.  Arcfo  Nee/roJ  (2009)
66(2):216-25.doi:10,100l/archneurol.2008.536

73.    Gu Y, Luchsinger JA. Stern Y, Scarmeas N. Mediterranean diet, inflammatory
and metabolic biomarkers, and risk of Alzheimer's disease. JAJ2J[cz.Hiers D;s

(2010)  22(2):483-92.  doi:10.3233/jad-2010-100897
74.    MCMillan  L,  Owen  L,  Kras  M,  Scholey  A.  Behavioural  effects  of a  10-day

Mediterranean  diet.  Results  from  a  pilot  study  evaluating mood  and  cog-
nitive  performance`  APpefjfe  (2011)  56(1):143-7.  doi:10.1016/j.appet.2010.

1 1 . 1 49

75.    Panagiotakos  DB,  Pitsavos  C,  Arvaniti  F,  Stefanadis  C.  Adherence  to  the
Mediterranean   food   pattern   predicts   the   prevalence   of  hypertension,
hypercholesterolemia,   diabetes   and   obesity,   among   healthy   adults;   the
accuracy of the MedDietscore. PrE'v ME'd (2007)  44(4):335-40. dot: 10.1016/j.

ypmed.2006.12.009
76.    Vercambre  MN,  Grodstein  F,  Berr  C>  Kang  JH.  Mediterranean  diet  and

cognitive dec.line in women with cardiovascular disease or risk factors. J Accld
N%tr Djef.(2012)  112(6): 816-23 .  doi: 10.1016/j .jand.2012.02.023

77.    Rumawas  ME, Dwryer  JT,  MCKeown  NM, Meigs  JB,  Rogers  G,  Jacques  PF.
The  development  of the Mediterranean-style  dietary pattern  score  and  its
application  to  the  American  diet  in  the  Framingham  Offspring  Cohort.

J N#fr (2009)  139(6):1150-6. doi:10.3945/jn.109.103424
78.    Martinez-Lapiscina   EH,  Clavero   P.  Toledo   E,   Estruch   R,   Salas-Salvad6

J,    San    Julian   8,   et   al.    Mediterranean   diet   improves    cognition:    the

Frontiers,  in  Nijtrition   I   v\M/w.frootiersin.erg 12

PREDIMED-NAVARRA  randomised   trial.  J Nez4roJ  Ne#rosz4rg  PsychzczfrjJ

(2013)  84(12):1318-25.  doi:10.1136/jnnp-2012-304792
79.    Fernandez-Ballarth   ]D,   Lluis   Pinol   J,   Zazpe   1>   Corella   D,   Carrasco   P,

Toledo E, et al. Relative validity of a semi-quantitative food-frequency ques-
tionnaire in an elderly Mediterranean population of Spain. Br JNz4fr (2010)
103 ( 12): 1808-16,  doi: 10.1017/s0007114509993837

80,    Samieri C, Okereke 01, Devore EE, Grodstein F. Long-term adherence to the
Mediterraneandietisassociatedwithoverallcognitivestatus,butnotcognitive
decline, in women. J ^rz4fr (2013)  143(4):493-9. doi:10.3945/jn.112.169896

81.    Samieri  C, Grodstein  F, Rosner  BA.  Rang JH, Cook  NR,  Manson  JE,  et  al.
Mediterranean diet and cognitive function in older age. Epzdemz.a/ogy (2013)
24(4) :490-9.  doi: 10.1097/EDE.Ob013e318294a065

82.    Rimm EB, Giovannucci EL, Stampfer MJ, Colditz GA. Litin LB. Willett WC.
Reproducibility and validity  of an  expanded  self-administered  semquanti-
tative  food  frequency  questionnaire among male  health-professionals.  Am

J EpjdemjoJ (1992)  135(10):1114-26.
83.   Fung  TT,  Rexrode  KM,  Mantzoros  CS,  Manson  }E,  Willett  WC.  Hu  FB.

Mediterranean diet and incidence of and mortality from coronary heart dis-
ease and stroke in women. Cjrca/jczfjo#  (2009)  119(8):1093-loo, doi:10.1161/

circulationaha.108.816736

84,    Titova  OE,  Ax  E,  Brooks  S},  Sj6gren  P,  Cederholm  T,  Kilander  L,  et  al.
Mediterranean  diet habits  in  older  individuals:  associations  with  cognitive
functioning   and   brain   volumes.    Exp    GerojifoJ    (2013)    48(12):1443-8.
doi:10.1016/j.exger,2013.10.002

85.    Tsivgoulis  G,  Judd  S,  Letter  AJ,  Alexandrov AV,  Howard  G,  Nahab  F,  et  al.
Adherence to a Mediterranean diet and risk of incident cognitive impairment.
Ne#rojogy(2013)80(18):1684-92.doi:10.1212/WNL.Ob013e3182904f69

86.   Callahan  CM,  Unverzagt  FW,  Hui  SL,  Perkins  A},  Hendrie  HC.  Six-item
screener  to  identify  cognitive  impairment  among  potential   subjects  for
clinical    research.    MecJ    Ccire    (2002)    40(9):771-81.    doi:10.1097/Ol.mlr.

0000024610 .33213 .c8

87.    Ye X,  Scott T. Gao  X.  Maras  JE, Bakun  PJ, Tucker KL.  Mediterranean  diet,
healthy eating index 2005, and cognitive function in middle-aged and older
Puerto  Rican  adults. JAcad  Nz4fr  D/ct  (2013)  113(2):276-81.  doi:10.1016/j.

jand.2012.10.014
88.    Galbete  C,  Toledo  E,  Toledo  }8,  Bes-Rastrollo  M,  Bull-Cosiales  P>  Marti

A, et al.  Mediterranean  diet and  cognitive function:  the  sun project. JNzjfr
HeoJffrAgjfig(2015)19(3):305-12.doi:10.1007/sl2603-015-0441-z

89.    Bowman  SA,  Friday  ]E,  Moshfegh  A,  MypjJrc}mjcz  Eq#jvc]/er7fs  Dczrc}-Z7ase

2.a /or  USDA   Sz4rtJey  Foods  2003-2004  /Of7/jrz€J.  Beltsville:  Food  Surveys

Research Group, Beltsville Human Nutrition Research Centre (2010).
90.    Lee  J,   Pase   M,   Pipingas   A.   Raubenheimer  I,  Thurgood   M,  Villalon  L,

et  al.  Switching to a  lo-day Mediterranean-style  diet  improves mood  and
cardiovascular  function  in  a  controlled  crossover  study.  N#frjfjoj1  (2015)

31(5):647-52.doi:10.1016/j.nut.2014.10.008

91.    Valls-Pedret C, Sala-Vila A, Serra-Mir M, Corella D, de la Torre R, Martinez-
Gonzalez MA,  et  al.  Mediterranean  diet  and age-related  cogniti`re  decline:
a   randomized   clinical  trial.  JAMA   Jjir€rr!   Mecz   (2015)   175(7):1094-103.
doi:10.100l/jamainternmed.2015.1668

92.    Folstein MF, Folstein SE. MCHugh PR. Mini-mental state-practical methods
for  grading  cognitive  state  of patients  for  clinician.  J Ps}Jcfezczfr  Res  (1975)

12(3) :189-98.  doi:10.1016/0022-3956(75)90026-6

93.    Chapman KR, Bing-Canar H, Alosco ML, Steinberg EG, Martin 8, Chaisson
C, et al. Mini mental state examination and logical memory scores for entry
into  Alzheimer's  disease  trials.  Aj2J7ezmers Res  T7ier (2016)  8:9.  doi:10.1186/

s I 3195 -016 -0176-z

94.    Watson P. Nutrition, the brain and prolonged exercise. Eztr J Sport Scj (2008)
8(2):87-96.doi:10.1080/17461390801919086

95.    Biltofi-Jensen  A,   Damsgaard  CT>  Andersen  R,   Ygil  KH,   Andersen  EW,
Ege M, et al.  Accuracy of self-reported intake of signature foods in a school
meal   intervention   study:  comparison  between  control  and  intervention

period. BrJ N#fr (2015)  114(4):635-44, doi: 10.1017/s0007114515002020
96.    Shatenstein  8,  Payette  H.  Evaluation  of  the  relative  validity  of the  short

diet  questionnaire  for  assessing  usual consumption  frequencies  of selected
nutrients   and   foods.   N%frje#ts   (2015)    7(8):6362-74.    doi:10.3390/nu70

85282

`jij!y2r)16   i   Vol!`jme3    I   Ar{ic!e22



Hardman et al Mediterraneari  Diet and  C()gnition

97.    Buscemi  S>  Rosafio  G>  Vasto  S,  Massenti  FM,  Grosso  G,  Galvano  F,  et  al.
Validation of a food frequency questionnaire for use in Italian adults living
in  Sicily.  Jrif JFood  Scj  N#fr  (2015)  66{4):426-38.  doi:10.3109/09637486.20

15.1025718

98.    Liu XD, Wang XR, Lin  SH, Song QK, Lao XQ, Yu ITS. Reproducibility and
validity of a food frequency questionnaire for assessing dietary consumption
via  the  dietary  pattern  method  in  a  Chinese  rural  population.  PLoS  Olle

(2015)  10(7):e0134627.  doi:10.137l/journal.pone.0134627
99.    Pedraza DF, de Menezes TN. Food Frequency Questionnaire developed and

validated for the Brazilian population: a review of the literature.  Cjer}  S¢#de
CoJef (2015) 20(9):2697-720.  doi: 10 .1590/1413 -81232015209.12602014

loo.   Tabacchi   G,   Filippi  AR,  Breda   J,  Censi  L,  Amodio   E,  Napoli   G,  et  al.
Comparative  validity  of the  ASSO-Foctd  Frequency  Questionnaire  for  the
web-based assessment of food and nutrients intake in adolesc€nts. Food N#fr
Res (2015)  59:26216.  doi: 10.3402/fnr.v59.26216

101.   Fatihah  F,  Ng  BK,  Hazwanie  H,  Norimah  AK,  Shanita  SN,  Ruzita  AT,
et  al.  Development  and  validation  of a  food  frequency  questionnaire
for dietary intake assessment among multi-ethnic primary school-aged

children.     Sjrlgapore    Med    J    (2015)     56(12):687-94.     doi:10.11622/

smedj.2015190

102.   Higgins JPT,  Thompson SG.  Quantifying heterogeneity in  a  meta-analysis.
Sfof Met (2oo2) 21 (I 1 ): I 539-58.  doi: 1o.I oo2/sim.1186

103.   Higgins  ]PT,  Thompson  SG,  Deeks  JJ,  Altman  DG.  Measuring  inconsis-
tency  in  meta-analyses.  Br  MecJ  J  (2003)  327(7414):557-60.  doi:10.1136/

bmj,327.7414.557

Conflict  of Interest Statement:  The authors  declare  that the  research  was  cc>n-
ducted in the absence ctf any commercial  or financial relationships that could be
construed as a potential conflict of interest.

Cc]|)yrighi  ©  2016  Hardman,  Kennedy,  Macpherson,  Scholey  and  Pit)ingas.  'Ihis
is  an  open-access  article  distributed  under  the  terms  Of the  Creative  Commons
AItribution I,icense (CC BY). 'Ihe use> distribution or re|)roduction in other forans
is permitted, |jrovided the original author(s)  or licensor are credited and that the
original Publication in this journal is cited,  in accordance with acce|]ted academic

Practice.  No use,  distribution  or re|)roduction  is I)ermitted which  does  not  com|)ly
with these terrms.

Frt]r`tiers  in  Nutrition   i    v`^^/`w.fr(jrit!ersin.t)rg 13 Ju!y2016   I   Volllme3   i   Article22



Chapter 3: Original Research

This chapter consists of the published experimental protocol presented in Hardman et

al. (2015) in IVc4/rz./z.o7? Jo#r72cI/. The published systematic review outlined in Chapter

2 guided the development of the experimental protocol.

The  published  protocol  formed  the  basis  for  two  separate  studies  and  associated

publications of which the PhD candidate was the primary author and to each of which
he made a significant (80%) contribution. The first is presented in Chapter 4 and the

other in Chapter 5. The baseline assessment in Chapter 4 focuses on the assessment of

participants as a total group prior to any interventions with respect to adherence to a

MedDiet and cognition, and the effect of medications.

The aim of the baseline paper was to investigate the association between adherence to

a Mediterranean-style  diet,  cognition  and  medication usage  in  cognitively healthy

older individuals 60-90 years of age,living independently in aged care facilities prior

to  any intervention.  It was hypothesised that those participants  who  had  a higher

adherence to a MedDiet would demonstrate a faster cognitive reaction time.

Although the evaluation of exercise is not the focus of this thesis, a separate evaluation

for which the PhD candidate was a co-author is included in the additional contributions

section of this thesis. This additional evaluation of the literature relating to exercise

and  cognition  further helped  to  inform  the  current  experimental  approach,  which

included both diet and exercise intervention arms.

The second experimental paper, included in Chapter 5, considered the effects of 6-

month diet, exercise and combined diet and exercise interventions on cognition in the

same cohort. A substantial number of observational studies have reported the positive

effects that aerobic exercise and a MedDiet appear to have on improving cognitive

ability. However, the ability of such interventions to improve cognitive ability, or even

reduce  the  rate  of cognitive  ageing,  have  not  been  fully  examined  in  substantial

interventional studies of a healthy ageing population.

The primary aim of this research was to examine the 6-month effects of increased

exercise  through  walking,  change  to  a  MedDiet,  and  a  combination  of both,  on
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cognitive  performance  in  an  elderly population  living  independently  in  aged  care

facilities. A secondary aim of this study was to investigate the associations between

cognitive function and blood-based biomarkers and cardiovascular function, which

have been proposed as  mechanisms or indicators  of mechanisms,  and which may

influence the rate of cognitive ageing.

It was hypothesised that exercise and MedDiet interventions, both independently and

in combination, would result in improvements in cognitive performance compared

with controls. Specifically, it was hypothesised that:

H1 : Lifestyle changes as a result of participating in aerobic exercise (2-3 times per

week)  and  adherence  to  a MedDiet will  improve  cognitive  abilities,  mood  and

perceived wellness of elderly persons living independently in aged care facilities.

H2: Benefits will be greatest for those assigned to the combined diet and exercise

intervention.

H3 : Those allocated to both the diet and exercise interventions will exhibit increases

in  a  circulating  biomarker  reflecting  brain  plasticity  (BDNF),  decreases  in  a

measure of longer-term blood glucose levels (HbAlc), and decreases in oxidative

stress as measured by levels of the C-reactive protein (CRP) inflammatory marker.

H4:  Cognitive  improvements will  be  related to  improvements  in  cardiovascular

functioning including reduction of central pressures and reduced arterial stiffness.

This four-arm trial (2 x 2 factorial) investigated the cognitive changes associated with

the introduction of a MedDiet and/or aerobic exercise into individuals' 1ifestyles, as

well as the mechanisms by which these changes may be occuring. All participants

were  tested  at  baseline  and  after  6  months  utilising  a  battery  of computer-based

cognitive assessments, together with cardiovascular and blood biomarker assessments.

The  cardiovascular measures  assessed the  changes  in  arterial  stiffness  and  central

pulse pressures, while the blood measures examined the changes in metabolic proflles
including that of BDNF, inflammatory factors and insulin sensitivity.

The protocol paper that follows includes the more specific methodologies relating to

both baseline and interventional studies.
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A randomised  controlled trial  investigating the
effects of Mediterranean diet and aerobic
exercise on  cognition  in cognitively healthy
older people  living  independently within aged
care facilities: the  Lifestyle  Intervention  in
Independent Living Aged  Care  (LllLAC)  study

protocol  [ACTRNl 2614001133628]
Roy J.  Hardman]t,  Greg  KennedyTxt,  Helen  Macpherson]'2,  Andrew  8.  ScholeyT  and  Andrew  PipingasT

Abstract

Background: The  rapid  ageing  of the  population  is  becoming  an  area  of great  concern,  both  globally  and  in
Australia.  On  a  societal  level,  the  cost  of supporting  an  ageing  demographic,  particularly with  their  associated

medical  requirements,  is  becoming  an  ever  increasing  burden  that  is  only  predicted  to  rise  in  the  foreseeable
future.  The  progressive  decline  in  individuals'  cognitive  ability  as  they  age,  particularly with  respect  to  the  ever

increasing  incidence  of Alzheimer's  Disease  (AD)  and  other  cognitive  complications,  is  in  many  respects  one  of the
foundation  stones  of these concerns. There  have  been  numerous  observational  studies  reporting  on  the  positive
effects  that  aerobic  exercise  and  the  Mediterranean  diet  appear to  have on  improving  cognitive ability.  However,
the  ability  of such  interventions  to  improve  cognitive  ability,  or  even  reduce  the  rate of cognitive  ageing,  has  not
been  fully  examined  by  substantial  interventional  studies  within  an  ageing  population.

Methods: The  LllLAC  trial  will  investigate the  potential  for cognitive  change  in  a  cohort  of cognitively  healthy
individuals,  between  the  ages  of 60  and  90 years,  living  in  independent  accommodation  within  Australian  aged
care facHities. This four-arm  trial will  investigate the cognitive changes which  may occur as a  result of the introduction  of

aerobic exercise and/or Mediterranean  diet into  individuals' lifestyles, as well  as the  mechanisms by which these changes
may be occurring. Participants will  be tested at baseline and 6  months  on  a  battery  of computer  based  cognitive
assessments, together with  cardiovascular  and  blood  biomarker  assessments. The  cardiovascular  measures  will
assess  changes  in  arterial  stiffness  and  central  pulse  pressures, while  the  blood  measures  will  examine  changes  in
metabolic  profiles,  including  brain  derived  neurotrophic factor  (BDNF),  inflammatory  factors  and  insulin  sensitivity.
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Conclusion:  lt  is  hypothesised  that  exercise  and  Mediterranean  diet  interventions,  both  individually  and  in
combination, will  result  in  improvements  in  cognitive  performance  compared  with  controls.  Positive findings  in
this  research  will  have  potential  implications  for the  management  of aged  care,  particularly  in  respect  to  reducing
the  rate of cognitive decline  and  the associated  impacts  both  on  the  individual  and  the  broader community.

Trial  registration:  Australia  New Zealand  Clinical  Trial  Registry-ACTRN12614001133628

Keywords:  Exercise,  Diet,  Mediterranean, Cognitive, Cognition, Ageing,  Aged  Care

Background and rationale
The  decline  in  cognitive  ability with  increasing age  has
been  well  established  [1-4]  and  is associated with  a  re~
duction of functioning in areas such as attention regula-
tion,  processing  speed  and  memory  capacity  [5].  This
phenomenon of cognitive decline is of considerable con~
cern on an individual level. In ageing and elderly popula~
tions  significant  concerns   exist  regarding  the  loss  of
mental  faculties  and independence  of living, which  is  a
cause of considerable psychological distress  [1].

On a societal level this phenomenon is also of substan~
tial concern, particularly with the current rapid ageing of
the population. The over 60s are the fastest growing age
demographic on Earth [6]. It is predicted, that almost one
third  of the  total  population  of the  planet will  be  aged
60 years  or  older  by 2100  [7],  with  this  percentage  pre~
dicted to  be reached by just 2025  in the  Pacific/Oceanic
region [8]. In Australia alone, the combined financial cost
of formal  and  informal  care  of those with  cognitive  im
pairment   and   dementia   was   estimated   to   be   around
AU$8.2 bflhon in 2010 [9]. This cost is expected to rise to
over  AU$28  billion  by  2040,  causing  considerable  strain
on the economy. It has also been predicted that a reduc-
tion  of just two years  in  the  onset of care  requirements
due to these age related cognitive issues could result in a
10 %  reduction in the overall financial burden  [9].  Given
the  societal  and personal  consequences,  understanding
the mechanisms behind the differential rates of cognitive
ageing, and designing strategies to prevent or reduce the
rate of cognitive decline that are simple and cost effective
to implement, are of critical importance.

What is cognitive ageing?
While there  are  multiple ways to  characterise  cognitive
ability, it is commonly divided into crystalhsed intenigence
and fluid intelhgence. Crystallised intelligence refers to the
knowledge and skins that are accumulated over a lifetime
[10,  11].  This  includes  mental  functions  such  as  verbal
ability, general knowledge and some numerical abilities
[2].  Fluid intelligence, often highly associated with cog~
nitive speed [12], refers to the ability to process informa-
tion,  think  abstractly  and  solve  problems.  This  includes
aspects  of memory,  executive  functioning  and  reason~
ing, and is considered to be largely innately determined

[2,  13].  There is general consensus that while crystalhsed
inteuigence remains intact until late old age, fluid abilities
decline progressively from middle adulthood onwards [14,
15];  and this decline appears  to  affect a number of fluid
cognitive  functions  simultaneously.  However,  while  the
average  performance  on  most  fluid  cognitive  tasks  have
been found to decline with age, many studies have shown
that some older people display comparatively little change,
whereas others deteriorate quite rapidly [16,  17]  and that
this variability increases with increasing age [5].

Earlier  research  on  the  relationship  between  age  and
cognitive decline  indicates  that an  individual's  cognitive
performance increases up until adolescence or early adult-
hood and then progressively declines. However, the age at
which decline begins and the extent of decline varies for
different abilities [18]. It is the ageing brain and the conse-
quences  of long  term  effects  on  the  brain  that result  in
speed and memory performance decline [10,14]. The age-
ing of the brain may be considered as  a progressive and
inevitable process potentially related to inflammation, the
accumulation  of oxidative  stress  and the related damage
to cellular structures of the brain [19]. During normal age~
ing the  brain  may suffer  morphological  and functional
deterioration  that win  potential  affect  neurotransmission
and  the  alteration  of motor  and  sensory  systems,  sleep,
memory and potential learning [19-22].

A  comprehensive  review  of earlier  studies  concluded
that a slower rate of cognitive ageing could be predicted
to  a  certain  degree  (along  with  other  factors  such  as
more years of education and an absence of the APOE 84
allele)   by  an  active  lifestyle  and  better  cardiovascular
health  [10]. This apparent effect of cardiovascular health
on the  rate of cognitive decline  associated with increas-
ing age has also been found by numerous recent studies
[23-25]. More specifically, along with avoidance of smok~
ing and limited alcohol consumption, optimisation of car-
diovascular health can be  most readily achieved through
regular exercise and an anti-inflammatory diet focused on
fruits and vegetables, such as the Mediterranean diet [26] .

Cognition and exercise
Numerous studies have identified benefits of exercise train~
ing  for  the  cognitive  functioning  of older  adults  [27].  A
meta~analysis, published in 2012,  of 29 studies  in older
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adults  free  from  dementia,  demonstrated  that  aerobic
exercise interventions, ranging from 8 to 72 weeks, im~
proved cognitive  faculties including  attention, processing
speed,  executive  function,  and  memory  [28]  In  a  recent
Australian study, older participants  engaged in moderate
aerobic  exercise  for  50  min  three  times  per  week  for
6 months [29]. At the end of the study period, individuals
in  the exercise  condition  showed enhanced cognition  in
comparison to those not engaged in the exercise regime.

The  cognitive  benefits  of exercise  appear  to  increase
with frequency of exercise [30], and are greatest for mod~
erate  (31-45 min)  duration exercise sessions  [27]. Whilst
it has been suggested that the greatest cognitive improve-
ments may occur when aerobic exercise is combined with
strength training [28], there is evidence that walking pro~
grams may also be effective to improve cognitive function
[31].  In  a recent  study conducted in  seniors,  half of the
participants took part in a 90 min weekly walking program
and half served as  a  control group  [32]. After  3  months
there was a significant improvement in word fluency, so-
cial interaction and motor function in those who partici-
pated in the walking program.

Several  mechanisms  of action  have  been  proposed  to
account for the cognitive benefits of exercise in older adults.
Long term effects of exercise may have indirect effects upon
neurocognitive functioning by reducing diabetes, hyperten~
sion and cardiovascular disease [33]. Exercise may also have
direct  effects  on  brain  physiology.  There  is  increasing
evidence  that extended periods of exercise leads  to  in~
creased volume of the hippocampus,  a brain region vital
for memory function, as well as reducing the rate of cere~
bral grey matter shrinkage [34]. Shorter term mechanisms
have  also  been  proposed,  due  to  the  identification  of
cognitive  improvements  fonowing  exercise  interventions
of several months [28]. For example, exercise may protect
against inflammatory processes and regulate growth factor
signalling  in  the  brain  [33].  Furthermore  it  has  been
suggested  that  exercise  may   interact  with  BDNF,   a
neurochemical which  modulates  brain  plasticity,  neuritic
outgrowth, synaptic function, and can stimulate adult hip~
pocampal neurogenesis [34].

Cognition and diet
Dietary  factors  are  considered  to  have  a  powerful  influ~
ence on brain function on a daily basis  [35]. With respect
to the type of diet that may be of long term benefit, it has
been found that people who adhere to a Mediterranean-
style diet could reduce the potential for progression from
healthy  cognitive  function  to  mild  cognitive  impairment
(MCI)  and subsequently to  dementia  [36-39].  Addition~
ally,  a  diet  higher  in  components  of the  Mediterranean
diet has been  found to  correlate positively with reduced
changes  in  Mini  Mental  State  Examination  (MMSE)
scores  over  five  or  more  years  in  cognitively  healthy
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people over the age of 65  [40-42].  The Mediterranean
diet refers to the dietary practices of populations from
the Mediterranean regions.  This diet consists predom~
inantly of fruits, vegetables, nuts, cereals, legumes, fish
and olive off, with a moderate intake of alcohol and lower
consumption of red meat and poultry. Adherence to the
Mediterranean diet has also  been linked to  lower risk of
mortahty and vascular events  [43], as well a reduction in
the incidence of MCI [38].

It has  also  been  found that  specific  nutritional  intake
has an impact on overau mental health and function [44].
Antioxidant-rich  and  flavonol containing  components  of
the  Mediterranean  diet have  been correlated with better
performance  on  spatial  working  memory  in  younger
women,  aged 19 to 30 years, in as little as  10 days  [45].
This correlation was also found across multiple measures
of memory in people aged 55 to 80 years [46].

Similar to exercise interventions, it is likely that vascu-
lar processes and inflammatory pathways may also medi~
ate the relationship between the Mediterranean diet and
cognition.  An  eight  week  Mediterranean  diet  interven-
tion  has  been  showed  to  reduce  circulatory  markers  of
inflammation  [47, 48]. This may be due to the combined
effects  of a range  of components  of the  Mediterranean
diet. A higher intake of fruit and vegetables has been as-
sociated with higher blood nutrient levels, lower oxidative
stress and better cognitive function [49]. A high consump-
tion of fruit and vegetables, or a diet that is full of antioxi~
dants, carotenoids, vitamins, fibre and magnesium,  has
been shown to be beneficial in reducing C-reactive protein
(CRP)  levels,  a  marker  of inflammation  closely  linked
to cognition  [50].  In  addition, flavonoids found in  fruit
and  vegetables,  and  omega~3  polyunsaturated fatty acids
found  in  high  quantities  in  fish,  have  demonstrated
ahti~inflammatory, cardio-protective and neuro ~protective
properties [51, 52].

The cardio~protective nature of the Mediterranean diet
has been investigated through an intervention study in-
volving 342 participants.  This  study found that on  a  10
point Mediterranean diet adherence scale, even a 1 point
increase in adherence to this type of diet resulted in an
18  %  reduction  in  the relative  associated risk of a myo~
cardial infarction  [53]. It has also been found that the in~
creased consumption  of olive  oil  and whole grains,  that
are part of a Mediterranean diet, are both independently
associated with a decrease in systolic and diastolic blood
pressure  [54]. Additionally, another major component of
the Mediterranean diet, the increased intake of fish, has
also been found to reduce both blood pressure and blood
lipids  [37,  55].  Finally,  it been suggested that the Medi~
terranean diet may benefit insulin sensitivity and subse-
quently have a positive effect on decreasing cardiovascular
disease [56] . This is further supported by reviews of Medi-
terranean food patterns and prevention of chronic disease,
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which have found that greater adherence to the Mediter~
ranean style of diet was associated with a reduction in cor-
onary heart disease [53, 57].

To  date, very few studies have conducted randomised
controlled based  assessment of the effect of Mediterra-
nean  diet  on  health  or  cognitive  outcomes.  Recently  a
3-arm control randomised study was undertaken using
a  Mediterranean  diet  pattern  and  nuts.  The  results  of
this  study indicated  that the  Mediterranean  diet  has  a
protective effect on cardiovascular health and also cog~
nitive function  [58].  However,  the  mechanisms  by which
Mediterranean  diet  may  actually  achieve  the  observed
improvements in cognitive performance or improved car~
diovascular health have not yet been fuuy investigated. In
particular the effect of this diet on the combination of
arterial  stiffness,  central  pulse  pressures,  circulatory
biomarkers  of  inflammation  and  changes  in  BDNF.
Additionally,  while  there  have  been  numerous  obser-
vational studies,  to  date  no  clinical  trial of the  effects
of a  Mediterranean  diet,  in  elderly populations,  using
sensitive tests of specific cognitive functions, has been
found.

Cognition and combined exercise and diet
Exercise  can  potentially overcome  the  effects  of a  poor
diet [59]  and, in animal trials, exercise has been found to
improve  cognitive  performance and  increase hippocam~
pal  BDNF  in  rats  with  diet  induced  cognitive  decline
[60].  Conversely,  it has been  suggested that diet high in
fruit  and vegetables,  combined with  exercise,  can  assist
the brain to cope with several types of insults and ultim~
ately benefit brain function over time [59].

Healthy diet and exercise are associated with a reduced
risk of cognitive decline and may provide opportunities to
reduce  the  threat  of  cognitive  decline  more  effectively
than that which is currently understood [61]. With the in~
creasing understanding of molecular  biology it has  been
shown that diet and exercise can affect analogous molecu~
lar systems and that this can help lead us to understand a
mechanism  by  which  lifestyle,  such  as  exercise  and  diet
may positively influence brain plasticity [59]. Additionauy,
endothelial dysfunction has been associated with reduced
cognitive  performance  [62],  and,  in  a  recent  study  of
healthy older people, a combined Mediterranean diet and
exercise intervention was found to provide enduring im-
provement in vascular endothelial function [63].

However, while there is support for the idea that Medi-
terranean diet and exercise will combine synergistically to
reduce the  rate of cognitive  decline,  there  are  two  main
aspects which require further investigation.  Firstly, while
there is an acknowledged need for a chnical trial of the ef~
fects  of exercise and  diet on  cognitive  function  [61,  64],
no  such  trial  has  been  undertaken  as  yet.  Secondly,  the
mechanisms  by  which  Mediterranean  diet  and  exercise
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may affect cognition have yet to be fully investigated. The
current study aims to address both of these issues.

Aims and study hypotheses
The primary aim of the current study is to examine the
6~month  effects  of increased  exercise  through  walking,
change  to  a  Mediterranean  diet,  and  a  combination  of
both, on cognitive performance in an elderly population
living independently in aged care facilities. It is hypothe-
sised that measures of cognitive performance will be im-
proved  in  both  the  exercise  and  dietary  interventions,
relative to the controls, and that the combined diet and
exercise intervention win show the greatest improvement
of all groups.

As a secondary aim, this study will also investigate the
associations between cognitive function and blood based
biomarkers and cardiovascular function, which have been
proposed  as  mechanisms,  or  indicators  of mechanisms,
that may influence the rate of cognitive ageing. By investi~
gating these variables,  the current study aims  to identify
and  target  modifiable  risk  factors,  as  well  as  identifying
objective biological indicators of the efficacy of interven~
tions that are aimed at ameliorating the rate of cognitive
ageing.

Design and methodology
Design
This is a randomised, controlled, four~arm parallel groups
design.  However,  given`  the  nature  of the  interventions,
this study is not blinded as both investigators and partici-
pants will clearly know what the intervention is, as partici-
pants in the lifestyle arms will be actively working towards
maintaining the lifestyle change.  Participants will be ran-
domly allocated to one of the following four groups:

(1)Control
(2)Exercise intervention
(3) Dietary intervention
(4)Combined dietary and exercise intervention

The randomisation sequence will be created by permut~
ing  into  blocks  of 4.  While  auocation  of participants  to
these groups will be randomised, for reasons of practical~
ity, and to avoid cross contamination between the requlre-
ments of each group, when cohabiting couples participate,
one person will be randomly auocated to a group and the
other will be allocated to the same group.

Participants
ln total,  148 participants who live independently in aged
care facilities across a minimum of 15 sites, and who are
aged  between  60  and  90  years,  will  participate  in  this
study.  These  residents  live  in  their  own  unit or  similar
accommodation, and are generauy physically and mentally
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capable of caring for themselves in all aspects of daily liv~
ing.  The independent aged care resident population was
selected  due  the  generally  greater  homogeneity  of  the
population and hving conditions  than that found in  the
broader  community.  Furthermore,  by  focusing  on  inde~
pendent living in aged care facihties, this research aims to
examine  the  efficacy  of programs  aimed  at  minimising
cognitive decline and reducing the rate of transfer to low
and high care accommodation.

Eligibility criteria

To  be  eligible  to  participate  in  the  study,  participants
must be  able to  speak and read  English  fluently.  Those
who  are  not  taking  vitamins  or  herbal  supplements  as
part of a regular regime will be asked to discontinue their
use for the duration of the trial, while those who regularly
take such vitamins or supplements will be asked to con~
tinue  taking them in the same manner for the  length of
the  trial.  Finally,  participants  win  be  required to  get the
approval of their General Practitioner before random allo-
cation and commencement.

Ineligibility criteria
Participants  will  be  unable  to  participate  in  the  trial  if
they  have  any  signiflcant visual  impairment that would
prevent  them  from   reading  or  performing  computer
based tasks, have a significant neurological or psychiatric
disorder, or are unable to walk independently and safely.
Additionally,  study  participants  will  not  be  eligible  if
taking illicit drugs or cognitive enhancing medications.
Finany, those with suspected cognitive impairment (defined
as  a  score<24  on  the  MMSE),  or  a  significant  level  of
symptoms  of depression  (a  score> 9  on  the  Geriatric
Depression Scale (GDS)), will also be excluded.

This  study  was  ethically  approved  by  the  Swinburne
University  Human  Research  Ethics  Committee  (project
number 2013/057) and all participants win provide written
consent  from  both  themselves  and  their  general  practi~
tioner before commencement in the trial.

Sample size
To date no studies using specific measures of cognition
more  sensitive  than  the  MMSE  have  investigated  the
cognitive effects of a Mediterranean dietary intervention
in the elderly. However, numerous  trials have examined
the  effects  of exercise  fitness  interventions.  In  a  meta-
analysis conducted to investigate the potential for fitness
training to improve cognition in sedentary, but otherwise
healthy,  older  adults,  fltness  training increased  cognitive
performance 0.5  SD on average, regardless of the type of
cognitive task or the training method [27]. Using Cohen's
effect size criteria, this represents a medium effect size
[65].  Although  there  are  no  relevant  trials  which  have
focussed  on  the  Mediterranean  diet,  from  which  to
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determine  an  effect  size,  we  have  previously identified
slightly larger effect sizes on SUCCAB memory measures
following several  months  combined  micronutrient,  min~
eral and herbal supplementation in older people with risk
factors for cognitive decline [66, 67]. We would anticipate
the dietary change condition may exert many of the same
benefits as micronutrient dietary supplementation, there~
fore  a  comparable  effect  size may be anticipated.  Power
analysis was conducted using GPower 3.1.3 to determine
the sample size required for a four armed intervention
(exercise  change  only,  diet  change  only,  exercise  and
diet  change;  no  change)  using  an  analysis  of variance
(ANOVA)  design.  It was  indicated  that  a  total  sample
of 128 participants would be required to detect a moder~
ate effect size gr= 0.30), power of 80 % and a significance
level  of 5  %.  Based  on  previous  trials  conducted  by the
Swinburne University Centre for Human Psychopharma~
cology,  an auowance  for a  15  %  drop out  from  the  trial
has been factored in. Therefore, a total sample of 148 par~
ticipants will be recruited for this trial, with 37 individuals
randomised to each arm of the study.

Ihterventions
Mediterranean diet
Those allocated to one of the diet change groups will be
required  to  record  their  estimate  of  their  percentage
adherence  to  the  Mediterranean  diet  programme  each
day, with the goal of reaching and maintaining an 85 %
adherence  rate  over  the  duration  of  the  study.   This
programme  has  been  produced  in  association  with  a
specialist  nutritional  organisation,  and  includes  a  struc~
tuned four week programme with meal ideas and recipes.
Additionally,  these  participants  will  be  supplied  with  a
standard high-quality extra virgin olive  oil to use for the
duration of the trial.

Exercise
While there are a number of types of exercise which are
potentially  cognitively  beneficial,  walking  has  been  se~
lected for  this  study.  Regular walking,  in  particular,  has
been  shown  to  have  cognitive  benefits  in  older  cohorts
[31,  32]. Additionally, walking does not require  supervi~
sion  or  training  from  a  health  professional  and  may  be
suitable for frail elders or those with some functional limi-
tations.  For these  reasons  a  walking program  is  deemed
suitable  for  older  participants  and  will  be  practical  and
cost effective to implement.

Those allocated to a group which includes exercise will
be required to walk 4 to 5 times a week. They will follow
a  graduated  program  with  the  aim  of walking  at  least
35-40  min  as  their  aerobic  exercise.  Any  participants
who already walk this amount regularly will be asked to
increase the amount of walking they do. Participants will
be provided with pedometers and will be asked to record
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the  number  of minutes  walked,  distance  travelled  and
the number of steps taken for each walking session.

Procedure
Eligible  participants  will  be  assessed  over  four  sessions
at  their  living  facility.  An  overview  of these  sessions  is
provided  in  the  trial  flow  diagram  (Fig.  1).  During  the
first session, which takes place in the participant?s home,
participants are screened for eligibility and assessed with
the MMSE and the GDS. Ehgible participants are requested
to  visit  their  doctor  to  obtain  consent  to  participate  and
then to have blood taken for biomarker analysis. Session 2,
conducted in a central treatment room in that participants
living facility,  is  undertaken  once doctor's  consent  and
blood biomarkers have been obtained. During this visit
baseline assessment of all measures are undertaken and
participants  are  informed of the group  they have  been
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randomly  allocated  to.  The  third  session,  an  in  home
visit at the 3 month time point, will collect participant
recorded  diet  and/or  exercise  data  where  appropriate,
and any adherence issues will be discussed. Mood, exer~
cise and sleep questionnaires will also be undertaken at
this session. As shown in Fig.  1, the final session will be
a full assessment visit,  assessing all measures.  This will
be conducted in a central treatment room of the facility
at the 6 month time point. Participant recorded exercise
and diet data will also be  collected during this session,
enabling the investigators to estimate adherence to  the
intervention.

Primary outcome
The primary area of interest in this study is the effect of
the dietary and exercise interventions on performance in
a battery of cognitive measures. The Swinburne University

Interested  participants from Independent  Lrvlng Facillties
screened at recruitment presentations or over the phone

Control  (n=37)

Fig.1   LIILAC  protocol  flow  diagram

Visit 1  (Screening): l'n participant.s home

- Potential participants  screened and detailed history taken

- MMSE and GDS exclusion  screening undertaken

• Eligible  participants  provided with documentation to obtain

doctor's consent and blood biomarker testing

Visit 2 (Baseline): ln treatment room of participant's
living Iacility

- Participants undergo baseline assessment and complete all
cognitive`  cardiovascular`  hea Ih. dietary.  mood and exercise

assesments

-Participants randomised into one offour arms and

commence lifestyle intenention

--------------------Z<---------.-------I

Exercise  intervention

(n=37)
Mediterranean Diet
intervention (n=37)

Visit 3 (3 months): In participant's home

• Particlpant recorded diet/exercise data collected and any
adherence issues addressed

-Mood. exercise and sleep questionnaires completed

Visit 4 (6 months): ln treaiiiient room of participant's
living facility

-Full cognitive`  cardiovascular.  health.  dietary.  mood  and

exercise assesment

• Participant recorded diet/exercise data collected

• Participant sent for blood biomarkeT assessment

Mediterranean Diet and
Exercise Intervention

(n=37)
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Computerised  Cognitive  Assessment  Battery  (SUCCAB)
will be undertaken at baseline and at 6 months post base~
line. The SUCCAB has been used to assess cognitive per-
formance  in  previous studies  [15,  66,  68].  Reliability and
validity  assessment  has  demonstrated  that  SUCCAB  is
sensitive  to ageing and correlates strongly with  memory
subtests in the WAIS~IV  [15].  The primary outcome will
be memory response time calculated as a composite meas~
ure from the SUCCAB memory sub-tests.

Additionally, the MMSE will be used to screen for de~
mentia  as well as  assessing any global effects  of the  in-
terventions after 6 months.

Secondary outcomes
Potential mechanisms of action of improvement in cog~
nition through changes in inflammation, glucoregulation,
oxidative stress  and  more direct brain  measures  such  as
BDNF, will be examined.

The effects on mood, quahty of life, cardiovascular func~
tion and overall perceived wellness in these cohorts will
also  be  investigated as  potential  mechanisms  by which
exercise  and  dietary change  may  have  an  influence  on
cognition.

Measures
Every participant  in  the  study will  undertake  the  same
measures, regardless of the intervention they are assigned
to.

Screening
Mini Mental State Examination
Participants  will  be  screened  for  cognitive  impairment
using the MMSE. Scores 24 or lower may indicate cogni-
tive impairment. Participants scoring 24 or lower will not
be eligible for participation.

Geriatric Depression Scale
The 30 item version of the GDS  [69]  will be used to en~
sure  participants  are  free  from  depression  as  late  onset
depression can be associated with cognitive impairment.
Participants  scoring  above  9  will  not  be  eligible  for
participation.

Cognitive assessment
Swinburne University Computerised Cognitive Assessment
Battery
The  SUCCAB  is  a  validated  computer  based  cognitive
battery consisting of eight measures that were developed,
based on cognitive and neuroimaging literature,  to focus
on cognitive domains that were most likely to decline with
increasing  age  [15].  This  battery uses  a  simple  5  button
interface and has been validated in other studies involving
the elderly [70, 71]. The eight measures of cognitive func-
tioning  assessed  by  the  SUCCAB  consist  of Simple  and

Page 7 Of 1 0

Choice Reaction Times, Immediate and Delayed Recog-
nition, Congruent and lncongruent Stroop colour-words,
Spatial Working Memory and Contextual Memory. Com
puterised  measures  provide  consistency in  measurement
across  participants,  and  a  more  automated  approach  in
analysis.   The  primary  outcome  will  be  a  composite
measure comprised of spatial working memory, imme~
diate,  delayed  and contextual  recognition response  time.
Secondary outcomes will be response time and accuracy
on the individual SUCCAB measures, with the exception
of the Congruent Stroop and Reaction Time tasks, as ceil~
ing effects for accuracy are anticipated, response times will
be the sole outcome for these tasks.

Cardiovascular assessment
The  effect of the  intervention  on  cardiovascular  factors
will  focus  on  peripheral  and  central  blood  pressures  as
well as arterial stiffness. These measures will be conducted
using applanation tonometry with the Sphygmocor XCEL
system. Aortic blood pressure and pulse pressure will be
derived  automatically, via  a  brachial blood pressure  cuff.
Standard  brachial  blood  pressure  will  also  be  measured
during  this  process,  using an average  taken  over  three
recordings.  Pulse wave velocity will  be  derived  using a
femoral cuff to capture the femoral wave form and tonom~
eter pressure sensor to capture the carotid wave form.

Biomarker assessment
The blood tests to be undertaken are: BDNF, Cholesterol,
Triglycerides,  Liver  Function  Test  (LET),  Glucose,  Urea,
C~Reactive Protein (CRP), Red Cell Folate, Homocysteine,
Haemoglobin Alc (HbAlc), Insulin-Like Growth Factor 1
(IGF-1/Somatomedin  C)  and  Vitamins  86,  812  and  D.
Participants will be asked to fast before these blood tests.

Bloods will be taken  by a commercial pathology com~
pany or the participant's medical practitioner. The blood
assessment,  with  the  exception  of BDNF,  is  in  accord-
ance  with  a  regular  medical  assessment  and  represents
fairly  standard  6  month  monitoring  conducted  by  the
residents' medical practitioners.

Mood and wellness assessment
Depression Anxiety Stress Scale (DASS), Profiiile of Mood
States (POMS) and General Health Questionnaire (GHQ)
These  self-report  mood  scales  will  be  used  to  assess
changes  in mood across the study.  The DASS  measures
the three related negative emotional states of depression,
anxiety and stress  [72]. The POMS used to assess transi~
ent, fluctuating feelings and enduring affect states allow~
ing participants to report their mood over the past week
[73]. The GHQ comprises 60 items and assesses changes
in  the  ability  to  carry  out normal  daily  functions,  som~
atic symptoms and insomnia, and feelings of anxiety and
depression  [74].
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Perceived Wellness Survey
The perceived wellness survey is a set of statements that
are designed to provide information about a person's well-
ness perceptions [75].

Sleep assessment
This  study  will   include  the   Pittsburgh   Sleep   Quality
Index  [76].  This measure  assesses  `components'  of sleep
such as disturbances, latency, duration, efficiency, use of
sleep medication and daytime dysfunction.

Dietary assessment
Mediterranean diet scale
Adherence to the Mediterranean diet will be assessed by
a 10-point Mediterranean-diet scale that incorporated the
salient characteristics of this diet. Scores range from 0 to
9, with higher scores indicating greater adherence [77].

Food frequency assessment
The Cancer Council Food Frequency Questionnaire [78]
will be used to collect additional dietary information. They
will also  form the basis for nutritional evaluation and to
assess adherence to the Mediterranean Diet.

Exercise assessment
The 6 min walk test
The 6 min Walk test will be utilised to indicate baseline
fitness as well as  improvement in fitness over the study
[79].  In  this  assessment  participants  will  between  two
markers placed  10 in apart.  The objective of this  test is
to walk for as far as possible in 6 min.

Borg assessment
The Modified Borg Scale [80] will be used to rate degree
of breathlessness and/or difficult, uncomfortable or laboured
breathing as well as fatigue level. Participants win complete
the Borg Scale after their 6 min walk test.

Community Healthy Activities Model Program for Seniors

(CHAMPS) questionnaire
The CHAMPS will be used to the assess baseline physical
activity of participants [81] . It will also form part of the as~
sessment of change in overall physical activity across the
duration of the trial.

Demographic and morphometric measures
Age,  gender,  education  and  smoking status  will  be  re~
corded  at  the  commencement  of  the  study.  Height,
weight, hip and waist circumference will be assessed at
baseline and the six month time point, while medication
and nutritional supplement information will be collected
at all three time points. Additionally, information regard~
ing personal and first degree relative (parents, siblings and
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children) history of cardiac, stroke or dementia issues will
also be recorded.

Analysis
Primary outcome
The primary outcome will be response time on the SUC-
CAB memory measures.  Previously benefits to  response
time  on  SUCCAB  memory  measures  has  been  demon-
strated following multivitamin  [67]  and other nutraceut~
ical  intervention  [68].  Mixed  design,  repeated  measures
analysis of co~variance (ANCOVA) will be used to assess
treatment~related changes in cognitive performance over
the study. Relevant covariates may include group differ-
ences in cognitive performance or biomarkers at baseline
and co-habitation of participants, where couples are tak~
ing part in the intervention trial.

Secondary outcomes
All other cognitive, biomarker, mood, wellness and exer-
cise  measures  will  be  treated  as  secondary  outcomes.
Mixed design, repeated measures analysis of covariance
(ANCOVA)   will  be   rised  to   assess   treatment~related
changes in all secondary outcomes over the study. Hier-
archical regression will be used to establish the relationship
between  change  in  biomarkers  and  changes  in  cognitive
function.  Secondary  analysis  will  examine  the  pooled  ef-
fects of the two intervention arms involving the Mediterra~
nean diet versus the control arm and the two intervention
arms involving exercise versus the control arm.

Conclusion
With the  rapid ageing of the  global population  and the
commensurate increase in  age related  cognitive decline,
there is an exigent need for broadly available and easily
implemented public health interventions that are aimed
at  ameliorating this  issue.  There  is  support for  the  effi~
cacy of both the Mediterranean style of diet and aerobic
exercise  interventions  in  positively  affecting  cognitive
performance in older adults. However, at present, much
of the evidence  is  observational or  not  balanced  by the
use of control groups. Additionally, there has been little
use of sensitive cognitive measures, covering multiple, spe~
cific cognitive domains. Finally, also lacking in the current
literature is investigation into the possible mechanisms by
which  the  observed  improvements  in  cognition  through
diet  and  exercise,  either  individually  or  in  combination,
may  be  being  achieved.  The  current  trial  aims  to  use
clinical  trial  methodology  to  test  the  hypothesis  that
both  Mediterranean  diet  and  walking  based  aerobic
exercise,  both  independently  and  in  combination,  will
improve  cognitive  performance  in  older  people  living
independently in aged care facilities. Additionally, through
blood biomarker, cardiovascular and psychological assess~
ments, this study aims to investigate possible mechanisms
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by which such improvements may be being achieved. The
potential  to  ameliorate  the  rate  of cognitive  decline  in
older people through achievable lifestyle change may be of
substantial importance to pubhc health in an increasingly
ageing society.
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Chapter 4: Mediterranean diet and cognition and the

effects of medication use: assessment at baseline

This chapter consists of the published (in press) findings in Hardman et al. (2017) in

the joumal  C/I.7%.c¢/ IVw/rz.rz.o#.  The objective  of this research was to  investigate the

association  between  adherence  to  a  Mediterranean-style  diet,  cognition  and  the

potential   effect   of  prescription  medication  usage   in  cognitively  healthy   older

individuals  living  independently  in  aged  care  facilities  in  and  around  Melboume,

Australia.   The  research  outlined  is  this  chapter  reports  on  the  cross-sectional

association at baseline  of habitual  adherence to  a MedDiet and cognitive  function

(reaction time) from a larger clinical trial investigating the 6-month effects of dietary

and exercise interventions in the same group.

Recent reviews indicate that adherence to a MedDiet may be associated with better

cognitive functioning. In assessing these relationships in older individuals, previous

studies  have   not  evaluated  healthier  independently   living   individuals   and  the

medications  they  are  prescribed,  which  may  support  or  compromise  cognitive

functioning; thereby potentially confounding results. Further, very few studies have

utilised   age-sensitive   computer-based   cognitive   assessments   in   these   healthier

individuals. Hardman et al.  (2017) did not exclude participants taking medications,

and as such, to our knowledge this is the first study that has investigated relationships

between  a  MedDiet,  cognition  and  the  effect  of  medications  in  healthy  older

independently living individuals.

Cognition   was   measured   using   age-sensitive   domain-specific   tasks   from   the

Swinbume  University  Computerised  Cognitive  Assessment  Battery  (SUCCAB).

Prescribed medications were recorded and analysed using binary measures. Diet was

assessed  using  the  Cancer  Council  of Victoria  Dietary  Questionnaire  [Food  181

Frequency Questionnaire (FFQ) for Epidemiological Studies Version 2 (DQES v2)

November 2014].  The output was utilised to produce a MedDiets  as described by

Trichopoulou et al. (2003). The sex-specific median allowed for a comparative cut-off

to be made between genders on food consumption. To evaluate the outcomes, a cluster

analyses  was  used  to   group  participants   in  terms   of  cognitive  measures  and

55



medications taken.  The analysis controlled for age,  gender, average daily kilojoule

intake and medication.

The results of the research indicated that a greater adherence to a MedDiet resulted in

a  trend  of improvement  in  reaction  time;  however,  it  was  not  until  prescription

medications were controlled for that the analysis revealed that a higher MedDiets was

associated with  a  faster  response  on  cognitive  function tests.  Moreover,  for  each

additional  kilojoule  of average  daily  intake,  the  odds  of belonging  to  the  slower

reaction time cluster increased by 53% and for every additional unit in MedDiets, the

odds of belonging to the slower reaction time cluster declined by 43%.

These  findings  indicate  that  when  assessing  the  cognitive  abilities  of an  ageing

population  it  is  pertinent to  take  into  account medication  use  when  investigating

relationships between dietary status and cognitive performance.
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SUMMARY

Backgrour]d..  Recent  reviews  indicate  that  adherence  to  a  Mediterranean  diet  may be  associated  with
better cognitive functioning. In assessing these relationships in older individuals, previous studies have
not taken into account medication usage that may support or compromise cognitive functioning.
Objecft.v€.-  To investigate the association between adherence to a Mediterranean style diet, cognition and
medication usage in cognitively healthy older individuals.
D€sl.gn..  Data were assessed from individuals aged 60-90 years (mean =  77.8 years, SD = 6.7) from  15
independent  living  aged  care  villages  around  Melbourne,  Australia.  Participants'  diets  were  assessed
using  a  food  frequency  questionnaire  (FFQ).  Cognition  was  assessed  using  reaction  times  from  the
Swinburne  University  Computerised  Cognitive  Assessment  Battery  (SUCCAB).  Prescribed  medications
were recorded and analysed using binary measures. Cluster analyses were used to group participants in
terms of cognitive measures and medications taken. Analyses controlled for age, gender, average daily
kilojoule (kj) intake and medication cluster.
R€sujts..  The relationship between cognitive speed clusters and medication clusters was significant (Chi-
squared = 10.63, df = 3, p = 0.014). The odds ratio of 1.533 for average daily food intake suggested that
for each additional I(ilojoule of average daily intake, the odds of belonging to the slower reaction time
cluster increased by 53% and odds ratio of 0.573  for Mediterranean diet score suggested that for every
additional  unit.  the  odds  of belonging  to the  slower  reaction  time  cluster  declined  by 43%. The  rela-
tionship between Mediterranean diet score and cognition was only significant when medication use was
taken into account.
C`onclus!.on..  These data demonstrate that when medications are considered. a higher Mediterranean diet
score is associated with a faster response on cognitive function tests. The present findings also indicate
that it is pertinent to take into account medication use when investigating relationships between dietary
status and cognitive performance.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

1.  Introduction

Diet  is  considered  to  be  one  of the  greatest  contributors  to
overall  health. The term  `Western diet' is used to describe a diet
containing large amounts of red meat, refined sugars, grains, and
high fat foods that is common in Western countries. The high levels
of saturated  fat and trans-fatty acids consumed in this diet have

*  Corresponding author. Faculty of Health, Arts and Design, Swinburne University
of Technology, Mail H98, Hawthorn, Victoria 3122, Australia.

I-rna..Jaddr€ss ..-.--:ti~,.      .  i,     ``     ~:_   `  t  (R.I.Hardman).

contributed to the obesity epidemic in these countries : -i. Obesity
has been linked with impaired cognitive function and an elevated
risk of late-onset dementia, such as Alzheimer's disease ; tn_  =t I.

A Western diet and a sedentary lifestyle impacts general health,
including increasing the rate of obesity, high blood pressure, high
blood  triglycerides,   high  levels  of  LDL  and  low  levels  of  HDL
cholesterol   and   insulin   resistance.   These   comorbidities   have
resulted in an increased incidence of coronary artery disease, dia-
betes, chronic pain syndrome, inflammatory disease, cardiovascu-
lar  disease,  respiratory  disease  and  end  organ  damage    -`,'`.  The
comorbidities including high blood pressure, high cholesterol, in-
sulin   resistance   and   obesity   are   classified   as   the   metabolic
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Abbreviations

ANOVA    analysis of variance
x2 test     chi-squared test
r               coefficient of correlation samplme
R               coefficient of multiple regression
CI               confidence intervals
DF            degrees of freedom
FFQ          food frequency questionnaire
kj              kilojoules
MedDiet Mediterranean diet
MedDiets  Mediterranean Diet Score
NS             not significant
rl               number of observations
SD             standard deviation
SUCCAB   Swinbume University Computerised Cognitive

Assessment Battery
F               variance ratio

syndrome,  and  can  lead  to  cognitive  impairment  j=  ;.  Metabolic
syndrome may impair cognition in the elderly, especially in those
with  inflammation.  Metabolic  syndrome,  particularly  in  ageing
populations, is treated pharmacologically, to reduce blood pressure
and cholesterol levels    .-``j.

The  Mediterranean-  diet  (MedDiet)  is  considered  a  healthier
alternative  to  the  Western  diet.  The  MedDiet  is  a  diet  with  an
abundance of plant foods in the form of fruits, vegetables, breads,
other forms of cereals, beans, nuts, seeds. fish and olive oil as its
main source of monounsaturated fats; while dairy foods, red meat
and  chicken  are  consumed  in  lower quantities,  and  red wine  is
consumed  moderately  with  meals.  These  foods  provide  a  high
intake of B-carotene, vitamin C, tocopherols, omega-3 fatty acids,
various  minerals  and  other  beneficial  substances  such  as  poly-
phenols  and  anthocyanins  . rn ``=;,i.  Adherence  to  the  MedDiet  was
initially considered relevant to health when it was demonstrated
that mortality was reduced within the populations located in the
areas of Southern Europe  . `:` ` 3 .i.

Two recent systematic reviews have indicated that the MedDiet
may  be  neuroprotective  as  well  as  cognition-enhancing  in  the
shorter term ~ _ `   .    . Additionally this diet is likely to be protechve
against  accelerated  cognitive  decline  and  the  transition  to  mild
cognitive impairment and  dementia. Medications taken by older
participants, and how medications may impact the protective ef-
fects of a MedDiet had not been assessed.

Within a Western society the use of medications is part of the
primary armamentarium  to reduce the  impact of comorbidities,
such as the metabolic syndrome. To this end, in Australia, as in the
rest of the developed world, there has been a substantial increase in
the use of blood pressure medications and statins to alleviate the
effects of the metabolic syndrome. The use of medications and the
impact of comorbidities may provide further understanding of the
effects of cognitive changes within an ageing population ; i „-: i.

The primary aim of this study was to investigate the as;ociation
of adherence  to  a  Mediterranean  style  of diet  with  respect  to
cognition, while taking into consideration the use of medications.
This study utilised the baseline data from a randomised controlled
trial  investigating  the  effects  of  the  MedDiet  on  cognition  in
cognitively healthy older people living independently within aged
care  facilities:  the  Lifestyle  Intervention  in  Independent  Living
Aged Care (LIILAC) study [ACTRN12614001133628]  i   :'t _..

2.  Methods

2.1.  Recruitment and approval

Participants were aged 60-90 years and living independently in
15  aged  care  and  retirement villages  in  and  around  Melbourne,
Australia. Recruitment took place between 1 April 2014 and 30June
2015.

2.2.  Eligibility criteria

Participants were fluent in written and spoken English. Partici-
pants had to obtain the approval of their medical practitioner to be
involved in the trial.

2.3.  Ineligibility criteria

Participants were unable to participate if they had a significant
visual impairment, had a neurological or uncontrolled psychiatric
disorder, were unable to walk independently and safely, or used
illicit drugs or cognitive enhancing medications. Finally, those who
had suspected cognitive impairment (defined as a score <24 on the
Mini Mental State Examination) or depression (a score >9 on the
Geriatric Depression Scale) were also excluded.

2.4.   Ethical clearance

This study was approved by the Swinburne University Human
Research Ethics Committee (project number 2013/057).

Selection  criteria were  followed  in  accordance with the  pub-
lished protocol    _,-, ~.

T=,_€` tt ,:   `  outlines the recruitment profile of the 105 Participants

who entered the trial. Five participants left prior to initiation of any
assessment. The 100 remaining participants, 28 males and 72 fe-
males,  were  assessed,  of whom  93  responded  to  the  question
regarding their use of prescription medications. Among these 93
participants, 75% were prescribed more than two medications, 24%
more than five medications, and 9% more than seven medications
(mean 4.16, SD = 2.17).

2.5.  Diet assessment

Diet was assessed using the Cancer Council of Victoria Dietary
Questionnaire (Food Frequency Questionnaire [FFQ] for Epidemio-
logical  Studies  Version  2  [DQES  v2],  November  2014)  ,+ ` `-   .  The
output was utilised to produce a Mediterranean diet score (Med-
Diets) in accordance with Trichopoulou et al., 2003  : i I -. The sex-
specific median allows for a comparative cut-off to be made be-
tween genders on food consumption   i = i. Beneficial foods, such as
vegetables, legumes, fruits, nuts, cereals, and fish, were assigned a
value of 0 if a person's consumption was below the median, and a
score of 1 if it was equal to, or above, the median. Food components
detrimental to health, such as meat, poultry, and dairy, consump-
tion above the median was scored as 0, and intake below the me-
dian was scored as 1. For alcohol, a score of 1  was given provided
consumption was within a specified range. When considering fat
intake.  the  ratio  of monounsaturated  lipids  to  polyunsaturated
lipids was evaluated, with a higher ratio being more acceptable and
a score  of 1  allocated accordingly. Kilojoules  consumed was also
reported  within  the  FFQ. Thus,  the  total  MedDiets  ranged  from
0 (minimal adherence to the traditional MedDiet) to 9 (maximal
adherence)  ;I : =`, 1.
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Number of participants
(n = 93 across 15 sites)

Allocated for assessment

(n = 65 females)

Analysed (n = 65 females)

40.6% > 2 Medications

26. I % > 5 Medications

20.3% > 7 Medications

AIlocated for assessment

(n = 28 males)

Analysed (n = 28 males)

53.6% > 2 Medications

29.6% >5 Medications

7% > 7 Medications

Fig. 1.  Profile of participants.

2.6.   Cognitive assessment

Assessment  of cognitive  performance  utilised  the  Swinburne
University Computerised Cognitive Assessment Battery (SUCCAB).
The SUCCAB is a validated computer-based cognitive battery con-
sisting of eight measures that focus on the cognitive domains that
decline with increasing age and includes simple and choice reac-
tion  times,  immediate  and  delayed  recognition,  congruent  and
incongruent  Stroop  colour-words,  spatial  working  memory  and
contextual memory   _r=`,``. Speed of response to correctly performed
trials was recorded for each of these measures. The analysis was
focussed on response time to correctly performed trials; we have
argued  previously  that  response  time  is  a  particularly  sensitive
measure of cognitive ageing    . " ,.

2.7.   Medication assessment

All  participants  assessed  at  baseline  had  been  evaluated  as
cognitively healthy, and during screening, usage of prescription and
non-prescription medications was recorded. The medication data
were recorded using a binary (Yes/No) measure.

2.8.  Demographic and morphometric measures

Age, gender,  education and  smoking status were recorded  as
part  of  the  study  requirements.  Height.  weight.  hip  and  waist
circumference were measured and recorded.

2.9.  Covariates and preliminary analysis

All food groups were calculated in grams per day and the total
daily  kilojoules  consumed  per  day  was  also  calculated.  Age  (in
years)  was  calculated  from  self-reported  birth  date.  Speed  of
response to each cognitive task was converted into a Z-score. Age,
sex (gender), and  daily energy intake were the control variables.

_:`.,   i     shows the variable assessment process.

2.10.   Statistical analysis

Cluster analyses were used to group 93 participants in terms of
their cognitive measures and medications taken. Clustering allows
the assignment of participants to groups with similar data patterns
for the variables  considered.  Clustering enables  structures  to  be
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Fig. 2.  The variable assessment stages.

identified within  the  data and  relies  on discriminant analysis to
check if the group's differences are statistically significant and if all
variables significantly discriminate between groups i Jj`T -.

Participants were clustered in terms of their cognitive outcomes.
as  measured by the SUCCAB reaction time Z-scores  for correctly
performed  trials,  utilising  Ward`s  method  for  hierarchical  clus-
tering.  The  resulting  dendrogram  suggested  two  clear  SUCCAB

Distance between clusters

-\14

:         r--

Fig. 3.  Medication clustering. *M1 (Relatively healthy), M2 (Reflux concerns) M3 (Bone
concerns) and M4 (Cardio-compromised) are the respective clusters.

cognitive clusters, which were compared in terms of average daily
energy intake (kilojoules), MedDiets and age using ANOVA tests,
while  a  comparison  in terms  of gender was  carried  out using a
crosstab test.

Similarly.  participants  were  clustered  in  terms  of  their  pre-
scribed medications, again using Ward's method but allowing for
the binary nature of these data. The dendrogram suggested four
clear clusters (see :-.i :i  =j). The relationship between the medication
and SUCCAB clusters was investigated using a crosstab test. Finally,
hierarchical binary logistic regression analysis was used to deter-
mine the importance of MedDiet as a determinant of the cognition
clusters, when controlling for medication cluster, age, gender, and
average  daily energy  intake.  All  analyses  were  conducted  using
SPSS Statistics Version 23.

3.  Results

This study investigated the cognitive capabilities of an Austra-
lian cohort living in independent living aged care in relation to their
adherence to a MedDiet and medication use.-: ~+3_-,i:i.   :   shows  that  the  mean  age  of the  combined  group  of

participants was 78 years, with a relatively high mean BMI of 28.6, a
high  mean  hip-to-waist  ratio  of  1.06,  and  a  moderate  level  of
consumption of alcohol and fats  ~ -- ::J ~

The  cluster analysis  for the  SUCCAB  measures  suggested  two
clusters; the first containing 76 people with faster reaction times,
while the second contained 17 people with relatively slow reaction
times  (see   --i,,_  i.`r+I    ` .,:-).

=`

The  cognitive  assessments  for  the  two  SUCCAB  clusters  are
depicted  in  i"`:L~_-:-`^'  ... A significant difference was  evident between
the clusters for all the SUCCAB tasks. Mean performance accuracy is
included in i-==€;., :``-u`  .„  for illustrative purposes.

-`_.,= `.i+ =' shows the comparison of the SUCCAB clusters in terms of

age. total MedDiets. and average daily energy intake. These vari-
ables were used in subsequent analyses. Both clusters had a similar
average age and there was no significant difference in MedDiets
and daily energy intake (kJ) between the clusters. A cross tabulation
test (Chi-squared = 4.65, df = 1, p = 0.031 ) showed a significantly
higher percentage of females in the slower reaction time cluster
(91%) than the faster reaction time cluster (67%).

Cluster analysis  of medications  prescribed,  using  binary  data
suggested four clusters (see i ` `::  i``). Fewer medications were taken
by those in Cluster Ml than those in the other clusters (tt89) = 7.82,
p < 0.001). Seventy-five percent of participants were using more
than  two  medications,  and  24%  were  taking  more  than  five
medications.

Details of the four clusters are explained in ni .` =ti `~.`  ri . The major
medication groups within each group are shown as percentages.

Cluster Ml was a relatively healthy group, of whom 41.4% took
blood pressure medication and 27.6% took omega-3 long chain fatty
acids.  With  13.8%  on  blood  thinners  and  3.4%  taking  cholesterol
lowering drugs, it may suggest that general practitioners are taking
precautionary measures for this group.

Table 1
Characteristics of the sample.

Participants                                                                                        Mean (SD)

Age (years)
BMI (kg/cm)
Years of education
Blood pressure (sys/dias)
Alcohol g/day
Mono/saturated fats (g/day)

77.8 (6.73)
28.6 (4.45)
12.8  (3.52)
138|72 (\6|10)
116.78 (163)
1.01  (0.13)
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Table 2
Nonparametric (Mann-Whitney U) test comparison of scores for cognition clusters.

SUCCAB task Mean I-eaction time Z-score (SD)

Faster reaction                     Slower reaction
tiine (N= 76)                        time (N= 17)

Mean performance accuracy, % (SD)

Z-test                          Faster reaction                     Slower reaction                    Z-test
time(N= 76)                        time(N= 17)

Simple I-eaction time
Choice reaction time
Immediate recognition
Delayed recognition
Congruent stroop
lncongruent stroop
Spatial working memory
Contextual memory

-0.24 (0.61 )
-0.25 (0.59)
-0.36 (0.62)
-0.23 (0.82)
-0.23 (0.86)
-0.12 (0.77)
-0.34 (0.71 )
-0.19 (0.62)

1.09 (1.59)

1.26 (1.42)
1.12  (1.13)

0.84 (0.93)
1.00 ( 1.07)
0.57 (1.71 )
1.39 (0.99)
0.74 ( 1.67)

100 (0)
95.1  (5.3)
76.1  (9.9)
71.3  (10.6)

97.3  (4.3)
96.4 (5.6)
66.8 (9.6)
79.9 ( 14.4)

100 (0)
97.6  (4.1 )
75.7 (10.4)
73.1  (12.8)

98.2 (2.6)
94.3  (11.4)
64.8  (7.9)
75.0  (19.2)

Table 3
Comparison of SUCCAB clusters.

F stat                             p-Value                             Mean (SD) Faster reaction time                             Mean (SD) Slower reaction time
(N=76)                                                                    (N--17)

Age                                                                                          1.94                                  0.167                                     77.26 (7.25)                                                                         78.94 (6.02)
Total Mediterranean diet score                               1.13                                  0.286                                    4.8 (1.53)                                                                            4.24 (1.79)
Energy intake,  kj (1000)/day                                      1.64                                   0.203                                     6.357 (1.876)                                                                       7.14 (2.91 )

Table 4
Percentage of participants on each medication.

Medications                                Medication clusters

Relatively healthy, n = 29           Reflux concerns, n =  18           Bone concerns, n =  18           Cardio-compromised. ii = 28           Overall. N = 93

An8ina
Antidepressants
Arrhythmias
Blood pressure
Blood thinners
Cholesterol drugs
Pain
Sleeping drugs
Ulcerations/reflux Ppls
Vitamin D
Vitamin 8
Omega-3 fatty acids
Calcium
Glucosamine
COQI O
Vitamin E
Magnesium
Women per group

Cluster M2, the group with reflux concerns had a moderate-to-
high number of blood pressure medications, at 66.7%, pain medi-
cations, at 72.2%, and ulcer`reflux;protein pump inhibitors (83.3%).
The high prescription of anti-ulcer drugs (H2 agonists) and protein
pump  inhibitors  (Ppls)  suggests  that  these  patients  are  being
treated for gastro-oesophageal reflux disease. This condition may
lead to physical complications or symptoms that impact on well-
being  and  quality  of life;  hence  the  substantial  pain  medication
usage of 72.2%.

Cluster   M3,   the   group   with   bone   concerns.   This   group
comprised mainly women, and had a moderate-to-high number of
blood   pressure   medication   (77.8%),   omega-3   supplementation
(44.4%),  calcium supplements  (55.6%), and vitamin  D (100%). This
was a very clear indication that they are being treated for osteo-
penia or osteoporosis.

Cluster   M4,   the   cardio-compromised   group,  who   had   the
highest  number  of  blood  pressure  medication,  at  89.3%,  blood
thinners, at 53.6%, and cholesterol lowering medication, at 96.4%,

indicating that they are potentially being treated for coronary heart
disease  and/or  metabolic  syndrome.  Although  the  medications
taken    by   this    cluster   suggest   that   this    group    is    cardio-
compromised,  iY-t``',   -.   shows  that they demonstrate  a much  faster
cognitive reaction speed, which may be due in part to their medi-
cations potentially being cognitively protective.

The  relationship  between  the  cognitive  speed  clusters  and
medication     clusters     was     found     to     be     significant     (Chi-
squared = 10.63, df = 3, p = 0.014). As shown in i-!-,.   ~`, overall 18.3%
of participants were assigned to the slow reaction time cluster, with
the    lowest    percentage    (3.6%)    of   these    from    the    cardio-
compromised   medication   cluster,   a   relatively   low   percentage
(13.8%)  from  the  relatively  healthy  medication  cluster,  rising  to
27.8% for the reflux concern cluster and 38.9% for the bone concern
medication cluster.

It is  notable that Cluster M4, the group with the highest pro-
portional use of blood pressure medications (angiotensin blocking
drugs),  and  highest  use  of  statins  and  blood  thinners  is  well
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Re!at!ve!y Heaitiiy           Ref!ux ccincem               Bone concern         Cardio €omprom!sed                  TQta!

Medifa!  C!usf~ers

SUCCABZ    scores   Fast Reacti{3nTime                   SuCCAB Z   scores slow Reactic!nTimE.

Fig. 4.  Medication Cross tabulation clusters demonstrating reaction times.

represented in the fastest reaction time cluster (96.4%), while the
relatively healthy cluster is less well represented in this cluster.

3.1.   Binary logistic regression analysis for the SUCCAB clusters

The use of binary logistic regression is appropriate for predicting
cognitive clusters as only two SUCCAB clusters were used, enabling
us to explain the relationship between the SUCCAB clusters and the
other variables of interest.

The assessment is staged. The control variables entered at Stage
1.  The   results  given   in   ~1~.~-:+1:.`;   =a   represent  the   control  variables
entered at Stage  1  and  demonstrate no significant difference be-
tween the SUCCAB clusters in daily energy consumption, age and
gender.

Stage 2 analyses are shown in  i-,,i,,it' `'  ` 1, indicating that when the
MedDiets is included, the average daily energy intake is significant
with respect to the cognition clusters. The odds ratio of 1.33 suggests
that for every additional kilojoule of average daily intake, the odds of
belonging to the slower reaction time cluster increase by 33% on
average when age, gender and MedDiets are controlled for. Although

Table 5
Stage 1  binary logistic regression analysis.

the MedDiets is trending to significance, average daily energy intake
is the only significant predictor of SUCCAB cluster at Stage 2.

Stage 3 analysis included the medication clusters. `-~ :.~.ii-_  -~ shows
that when the medication clusters are included in the regression
with the Cardio-Compromised (M4) cluster as the reference cluster,
average daily energy intake and MedDiets are significant predictors
for   the   SUCCAB   clusters.   In   -r-,-.`:=``.=      .   Cluster   M4   (the   cardio-
compromised  cluster)  is  regarded  as  the  reference  category  as
this was the fastest reaction time group and it allowed for ease of
interpretation.  The  odds  ratio  of  1.533  for  average  daily  intake
suggests that for every additional kilojoule, the odds of belonging to
the slower reaction time cluster increase by 53% on average when
age, gender,  MedDiets  and  medication  cluster are  controlled  for.
The odds  ratio of 0.573  for the  MedDiets suggests  that for every
additional unit on the MedDiets the odds of belonging to the slower
reaction time cluster decline by 43% on average when age, gender,
average daily intake and medication cluster are controlled for. The
odds ratio of 11.87 for the reflux concern cluster (M2) suggests that
participants in this cluster are on average 11.87 times more likely
than participants in the cardio-compromised cluster to fall into the

8                             SE                       Wald (df=  1)
cluster, Exp(B)

Daily energy intake (kj  x  l03)                  0.191                      0.127                  2.271                                     0.132                       1.21
Age (years)                                                        0.049                     0.043                  1.309                                   0.253                      1.05
Male                                                                  -1,497                 0.809                 3.422                                 0.064                     0.224
Constant                                                            ~6.297                 3.562                 3.126                                  0.077

Note: no control variables are significant at stage 1.

Table 6
Stage 2 binary logistic regression analysis.

Wald (df =  1 )                p-Value

Average daily energy intake (k]  x  103)                 0.285                    0.14                   4.168
0.061                      0.046                  1.781
-1.4                      0.82                   2.914
-0.371                  0.208                 3.191
-6.227                 3.715                 2.808
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Table 7
Stage 3 binary logistics regression analysis.

Step 3 variables Wald (df= 1)                p-Value Odds ratio for                 95% Cl for odds ratio
slower cluster

Lower limit               Upper limit

Average daily energy intake (kj x  |o3)
Age
Male
Total Med score
Relatively healthy (M1 )
Reflux concerns (M2)
Bone concerns (M3)
Constant

0.010                       1.533
0.294                      1.053
0.349                     0.433
0.023                      0.573
0.211                       4.605
0.048                       11.865
0.005                     33.248
0.072                     0.000

slower reaction time cluster when age, gender, average daily intake
and MedDiets are controlled for. Similarly, the odds ratio of 33.25
for the bone concern cluster (M3) suggests that participants in this
cluster are on average 33.25 times more likely than participants in
the cardio-compromised cluster (M4), to fall in the slower reaction
time cluster when these variables are controlled for.

The  summary  of these  results  is  shown  in   i -t`,i`5T`!=~   i ,  suggesting
that the effect of age and gender are not significant, while it appears
that the effect of the MedDiet was suppressed until Stage 3 when
medications  were  controlled  for.  Interestingly  if the  medication
cluster is not taken into consideration, we do not see a significant
effect of the MedDiets on cognitive outcomes.

The summary of results in i :`i~,SI„  ;='  demonstrates that when the
medication use is taken  into  consideration.  a higher MedDiets  is
associated  with  a  faster  response  during  the  performance  of
cognitive tasks. particularly with respect to immediate recognition
and spatial working memory, which are the major discriminating
variables for the two cognitive clusters. In addition, it was found
that the cardio-compromised participants in Cluster 4, who were
taking higher levels of blood pressure and statin medications, are
more  likely  to  have  faster  response  times  than  participants  in
medication  clusters  M2  and  M3,  the  reflux  concerns  and  bone
concerns  clusters,  but  similar  response  times  to  participants  in
cluster M1, the relatively healthy cluster. The Hosmer Lemeshow
test  indicates  that  the  final  model  describes  the  data well  (Chi-
square = 4.44, df = 8, p = 0.816), confirming that medication cluster
needs to be accounted for when considering the relationship be-
tween MedDiets and cognition.

4.  Discussion

Previous research has suggested that adherence to a Mediter-
ranean diet has the potential to improve cognition, reduce cogni-
tive impairment and cognitive decline and reduce the incidence of
dementia `  ' i.`€ Lu P-_; i`. However, a high prevalence of medication use in

Table 8
Summary of binary logistic regression analysis for the SUCCAB clusters.

Odds ratios for slower reaction
time cluster

Average daily energy intake (kj  x  |o3)
Age
Gender
Mediterranean diet score
Cardio-compromised cluster (M4)
Relatively healthy cluster (M1 )
Reflux concern cluster (M2)
Bone concern cluster (M3)

older individuals may also act to enhance, and preserve cognitive
function in the  longer term.  Conversely medications may under-
mine cognitive function and any benefits afforded by adherence to
a  healthier diet.  Previous  studies  have  not considered  these  po-
tential confounding effects of medications on MedDiet-cognition
relationships.

The aim of this study was to investigate the association between
adherence to a Mediterranean style diet and cognition in cognitive
intact  older  adults  living  independently,  and  to  determine  the
impact of medication use on cognitive outcomes. Based on previous
findings  it was  expected  that those with  higher adherence  to  a
MedDiet would show faster reaction times on the cognitive tasks
performed  i=`:~:3 i. As  the  MedDiets  values  only showed  a  trend  to
significance,  we  further  investigated,  potential  confounding  in-
fluences of medication use. It was postulated that the medications
taken by the participants may influence their MedDiets, and sub-
sequently,   their   cognitive   reaction   time   assessments.   In   fact,
without taking into consideration the impact of medications, we
were unable to demonstrate the association between adherence to
a MedDiet and cognitive outcomes.

All the participants in the present study had been assessed as
cognitively healthy and were living independently in aged care and
retirement villages. At the time of assessment their potential un-
derlying medical  conditions  had been  managed by their medical
practitioner and where required, prescribed particular medications
to  normalise  their conditions  in  order to  control  the  underlying
identified comorbidities.

A  large  proportion  of the  participants  in  our  trial  had  been
prescribed  various  antihypertensive  drugs  such  as,  angiotensin
-converting enzyme inhibitors (ACE), diuretics (D). beta-blockers

(88),  and  angiotensin  receptor  blockers  (ARB).  In  the  "cardio-
compromised group." 89% of participants were using an ACE. ARB,
D or 88 medications. Interestingly, this cardio-compromised group
had the fastest response times as compared with the other medi-
cation clusters and were comparatively similar to the "Relatively
healthy" cluster. A recent network meta-amlysis compared anti-
hypertensive drugs with respect to the incidence of dementia and
cognitive function, demonstrating that all antihypertensive drugs
may to some extent be cognitively protective; in particular ARB's
showed significant benefits to cognitive functioning compared with
placebo : i-_--~ i Further studies need to be conducted to substantiate
our  current  results  with  regard  to  antihypertensive  drugs  and
cognitive performance.

High  levels  of midlife  total  cholesterol  have  been  associated
with compromised late life episodic memory, slower psychomotor
speed   =`. +: ---- _ I n  i and a higher risk of Alzheimer's disease (AD) r i ::;i. It
would   therefbre  be  expected  that  the  maintenance   of  lower
cholesterol levels through statin use  (44% overall  and  96%  in the
cardio-compromised group), would also confer ongoing benefits to
cognitive health i_ .-.``'  i:qf.-i L However, a number of studies also indicate
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that  statin   medications   may  themselves   impact  adversely  on
cognition. possibly through side effects including increased phys-
ical and mental fatigue i i-    .-~ :: :. While prescribed medications are
criticalforongoingpatiehtmedicalcare.theseotherfactorsmayact
to  confound  the  understanding  of diet-cognition  relationships.
Clearly more research is needed to better understand positive and
negative impacts on cognitive health of both antihypertensive and
statins medications: dosage, duration and different drug classes.

A relatively large proportion (25%) of participants in the cardio-
compromised cluster were also taking antidepressant medications.
Research suggests that these medications have a significant posi-
tive effect on psychomotor speed and delayed memory recall   :I:-_`
and no adverse impact on the risk of cognitive decline leading to
dementia :i:.j [t-: .. Pain medication usage was high within the reflux
group (72%) and may explain the slower reaction times observed
in this cluster. Previous studies that have evaluated pain experi-
ences,  such  as  radicular  or  neuropathic  pain.  reported  a  basic
slowing of reaction times. For example, slowing was observed in
relation to incongruent and congruent Stroop stimuli trials, irre-
spective   of  other   comorbidities   and   pain   medication   i ``.=j`  . I  -.
Research within this area is complex and further focused cognitiv:
clinical  research needs to be conducted to gain a clearer under-
standing of pain and related pain therapy and relationships with
cognition  ( -.,.:a:-? ,,.

Overall  this  study  has  found  that  when  medication  use  was
taken into consideration, that a higher adherence to a MedDiet is
associated  with  faster cognitive  reaction  times.  Interestingly the
cardio-compromised   group  was   the   cluster  with   the   fastest
response  times;  suggesting  that  the  medications  also  acted  to
normalise  cognitive  function.  However,  there  may  be  other  in-
stances where medication use may have adversely affected cogni-
tion; this premise requires further investigation.

The  participants  in  this  study  were  screened  as  cognitively
healthy - a key inclusion criterion for entry into the present study.
Through  analysis  of medication  clusters  it  has  become  apparent
that cognitive status may also depend on medication use and that
this is an important factor to take into account when considering
the impact of diet on cognitive status. The alternative is to exclude
all individuals that are taking medications from similar studies. As
observed in our sample, there is a very high prevalence of medi-
cation  use  in  older,  independently  living  Australians.  Excluding
individuals taking medications would result in a sample that is not
representative of the general population. Instead, we suggest that
medication  use  be  recorded  and  included  in  statistical  analysis.
Moreover, we suggest that previous studies in older cohorts that
were not able to establish a relationship between MedDiet adher-
ence and cognition may have been confounded by medication use.

4.1.  Strengths and limitations

A key strength of this study is that the population of participants
recruited  were  cognitively  healthy  and  living  in  a  homogenous
environment, yet the profile of medications was  diverse. All par-
ticipants were tested within their own independent living facilities
reducing potential confounding effects of travel time and assess-
ment within an unfamiliar University setting. Age-sensitive com-
puterised  cognitive assessments were used to  investigate dietary
influences of a MedDiet, taking medications into account.

A  limitation  of the  study  is  the  disproportionate  sampling  of
women (70%) compared with men, a characteristic that is typical of
independent living and aged care facilities in Australia `i _:`:', - ;. Gender
was considered as a control variable in our statistical analysis but
did  not significantly impact on  relationships.  Nevertheless.  future
studies should aim to achieve a gender balance in their cohorts. A
further limitation of the current study is that medication dosage and

duration was not assessed;  only type of medication was recorded
given that this was a secondary outcome of the study. Future studies
may consider more specific aspects of medication usage. including
the class of drug, dosage and length of medication use.

5.  Summary and conclusion

This  study of a  random  selection  of participants  living  inde-
pendently within aged care facilities has demonstrated that those
who have a higher MedDiets perform faster on cognitive assess-
ments  only when  medication  use  has  been  taken  into  account.
Previous research has suggested that medications act to normalise
health  and  potentially  stabilize  cognitive  function,  however,  no
previous   studies  have  taken  medications   into   account  when
considering the association between adherence to a MedDiet and
cognitive  performance.  Larger  cross  sectional  and  longitudinal
studies need to be conducted to properly evaluate this proposition.
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Chapter 5: Lifestyle Intervention in Independent Living

Aged Care (LIILACLA Randomised, Controlled Trial

This chapter focuses on a manuscript submitted on 7 June 2018 by Hardman et al. to

F7'o#/z.erg   z.#   4gz.#g   Ivewroscz.e#ce:   `Findings   of  a   randomised   controlled   trial

investigating the effects of MedDiet and aerobic exercise on cognition in cognitively

healthy older people living independently within aged care facilities:  The Lifestyle

Intervention in Independent Living Aged Care (LIILAC) study', which is currently

under review.

The rapid ageing of the population is becoming an area of great concern, both globally

and in Australia. At a societal level, the cost of supporting an ageing demographic,

particularly  with  their  associated  medical  requirements,   is  becoming  an  ever-

increasing  burden  that  is  only  predicted  to  rise  in  the  foreseeable  future.  The

progressive decline in an individual's cognitive ability as they age, particularly with

respect to the ever-increasing incidence of AD and other cognitive complications, is

in many respects one  of the  foundations of these  concerns.  Very  few randomised

controlled research trials have focused on the effect of diet and exercise and how these

interventions  may  reduce  the  risk  factors  associated  with  cognitive  decline  in  an

ageing  population.  Therefore,  how  adherence  to  a  MedDiet  and  exercise  may

influence cognition was the focus of this research.

The  objective  was  to  investigate  the  effects  of a  6-month randomised  controlled,

evidence-based diet and exercise program on cognitive abilities, mood, general health

and perceived wellness in elderly persons 60-90 years of age, living independently in

aged care facilities. This paper follows the protocol outlined in Chapter 3 of this thesis.

It was hypothesised that measures of cognitive performance would be improved in

both  the  exercise  and  dietary  interventions  relative  to  the  control,  and  that  the

combined diet and exercise intervention group would show the greatest improvement

of all groups.

The research utilised a factorial design with 102 participants (aged 60-90 years) from

15  independent living aged care villages around Melbourne.  The participants were
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allocated  to  one  of four  intervention  groups:  exercise  (an  unsupervised  walking

program),  a diet intervention (adherence to  a MedDiet),  a diet and  exercise  group

(combined diet and exercise group) and a no intervention group (control). The primary

outcome was a composite memory measure to assess cognitive performance using the

SUCCAB. Secondary outcomes included other SUCCAB measures, mood, perceived

wellness, peripheral and central blood pressure, systemic markers of inflammation,

gluco-regulation and nutrient status.

The scores on the composite memory measure did not differ significantly between any

of the  intervention  groups  and the  control  group.  However,  analysis  of the  other

cognitive measures revealed that a combination of exercise and diet was associated

with a significant improvement in performance for spatial working memory compared

with  the  control   group.   The  exercise  group   and  the  exercise  and  diet  group

demonstrated a significantly lower score on the total Depression Anxiety Stress Scale

(DASS) compared with the control group. However, no significant differences were

found  between  the  intervention  groups  and  the  control  group  when  comparing

cardiovascular outcomes. Further, there were no significant differences between the

intervention groups and the control group when comparing cardiovascular outcomes

and a number of mixed findings between the groups with respect to biomarkers.

This research  supports the proposition that modification to  diet and exercise may

potentially improve cognitive and mood outcomes in an ageing population.
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Cognitive decline and  Alzheimer's disease are  becoming more prevalent in  our  aging population. Modifiable risk factors, such as
diet and sedentary lifestyle, have been proposed as key to potentially ameliorating cognitive  decline.  There  has  been  substantial
research confirming the benefits of the Mediterranean diet (MedDiet) with respect to improvements in cardiovascular disease and
other comorbidities. Many studies have also identified that a higher adherence to a MedDiet can be cognitively  protective.
Whether increasing exercise,  in addition to following a MedDiet, can maintain or further improve ones cognitive ability has not been
explored.
This study investigated the effects of a six-month diet and exercise program on cognition, mood, general health, and perceived
wellness in older persons living independently in aged care communities.  It was hypothesized that measures  of  cognitive
performance would be improved in both the  exercise and  dietary interventions relative to  the  control, and  that the  combined
diet and exercise intervention group would  show the greatest improvement of all groups.
Using a factorial design,102 participants (age 60-90 years) from  15  independent living aged care villages around Melbourne,
Australia, were allocated to one of four intervention groups: exercise (an unsupervised walking program), a diet intervention
(adherence to a Mediterranean diet), a diet and exercise group (combined diet and exercise group) and a no intervention group
(control). The primary outcome was  a  composite memory measure to  assess cognitive performance using the  Swinburne
University Computerised Cognitive Assessment Battery (SUCCAB). Secondary outcomes included other  SUCCAB  measures,   mood,
wellness,  peripheral  and  central  blood  pressure,  and  systemic  markers  of inflammation,  glucoregulation,  and  nutrient  status.
The composite memory measure did not identify  any  significant  differences  between  any  of  the  intervention  groups  and  the
control group.  However, when analyzing the other cognitive measures,  a  combination  of  exercise  and  diet  demonstrated  a
significant improvement in  performance for spatial working memory (p  <   0.05) compared to  the control group. The exercise
group and the exercise and diet group demonstrated a significantly lower score on the total Depression Anxiety Stress Scale (DASS)
compared  to  the  control  group.  However,  no  significant  differences  were  found  between  the  intervention  groups  and  the  control
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Abstract

Cognitive decline and Alzheimer's disease are becoming more prevalent in our aging
population. Modifiable risk factors, such as diet and sedentary lifestyle, have been
proposed as key to potentially ameliorating cognitive decline. There has been substantial
research confirming the benefits of the Mediterranean diet (MedDiet) with respect to
improvements in cardiovascular disease and other comorbidities. Many studies have also
identified that a higher adherence to a MedDiet can be cognitively protective. Whether
increasing exercise, in addition to following a MedDiet, can maintain or further improve
one's cognitive ability has not been explored.

This study investigated the effects of a six-month diet and exercise program on cognition,
mood, general health, and perceived wellness in older persons living independently in
aged care communities. It was hypothesized that measures of cognitive performance
would be improved in both the exercise and dietary interventions relative to the control,
and that the combined diet and exercise intervention group would show the greatest
improvement of all groups.

Using a factorial design,102 participants (age 60-90 years) from 15 independent living
aged care villages around Melbourne, Australia, were allocated to one of four
intervention groups: exercise (an unsupervised walking progran), a diet intervention
(adherence to a Mediterranean diet), a diet and exercise group (combined diet and
exercise group) and a no intervention group (control). The primary outcome was a
composite memory measure to assess cognitive performance using the Swinbume
University Computerised Cognitive Assessment Battery (SUCCAB). Secondary
outcomes included other SUCCAB measures, mood, wellness, peripheral and central
blood pressure, and systemic markers of inflammation, glucoregulation, and nutrient
status.

The composite memory measure did not identify any significant differences between any
of the intervention groups and the control group. However, when analyzing the other
cognitive measures, a combination of exercise and diet demonstrated a signiflcant
improvement in performance for spatial working memory ® < 0.05) compared to the
control group. The exercise group and the exercise and diet group demonstrated a
significantly lower score on the total Depression Anxiety Stress Scale (DASS) compared
to the control group. However, no significant differences were found between the
intervention groups and the control group when comparing cardiovascular outcomes and
there were a number of mixed findings for biomarkers between the groups.

In summary, this research has supported the proposition that by changing diet and
exercise there is potential to improve cognitive and mood outcomes in an aging
population. Further larger randomized controlled trials are required to substantiate the
introduction of diet and exercise programs into independent living facilities to target
cognitive health.

Keywords: Aging population, Impact of diet, Elderly, Cognition, Mediterranean diet,
Exercise, Blood markers
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Introduction

In Australia, as in the rest of the Western world, the average life expectancy has
increased (Australian Bureau of Statistics, 2015). Progressive aging of the population has
led to an increase in the number of people living with age-related neurological disorders,
such as Alzheimer's disease (AD), characterized by cognitive deficits (Government,
2017; Rakesh et al., 2017). It has been estimated that in 2015, 47 million people around
the world were living with various forms of dementia, and this is expected to increase to
75 million by 2030 and potentially 135 million by 2050 (Prince et al., 2016). Curently
there are no effective medical treatments to alleviate the accelerated cognitive decline
leading to AD. The increased incidence of AD has placed substantial financial demands
on health and other related services. Of note, the aged care sector in Australia is
experiencing an increasing demand for permanent residential aged care, with greater than
50% of permanent residential aged care residents living with dementia (Care, 2017)

Cognitive aging research indicates that there is a general increase in intellectual and
cognitive abilities in infancy and adolescence, and a decline thereafter throughout the
adult lifespan (Pipingas et al., 2010). The extent to which cognitive faculties decline in
adulthood is variable and partly attributable to modifiable factors such as diet and
exercise (Gunstad et al., 2006; Pipingas et al., 2010). Preventative strategies utilizing
simple behavioural and lifestyle changes may provide an effective means to improve
cognitive function in the short term and to potentially influence cognitive trajectories
longer-temi (Scholey, 2018).

Modifiable risk factors for cognitive decline parallel those for cardiovascular and
metabolic disorders (Trichopoulou et al., 2006). Risk factors such as high blood pressure,
elevated cholesterol and obesity are prevalent in Western society and are the result of
poor dietary habits and a sedentary lifestyle (Kanoski and Davidson, 2011). A Western
diet high in saturated fats and sugar, with high levels of processed food, can result in
chronic inflammation that can adversely influence cardiovascular and metabolic function
(Romaguera et al., 2009). Furthermore, a diet high in processed foods can lead to higher
oxidative stress, leading to chronic disorders such as diabetes that in turn can also affect
cognitive function and decline (Gotsis et al., 2015).

The Mediterranean style diet (MedDiet) is rich in fresh fruit and vegetables, wholegrains,
and uses olive oil as the primary source of fat. This is combined with low consumption of
red meat and moderate alcohol consumption with meals (Feart et al., 2013; Trichopoulou
et al., 2015). This dietary profile has been shown to be associated with better health
outcomes, including reduced incidence of cancer and cardiovascular disease (Keys et al.,
1986; Feart et al., 2013). The MedDiet is considered to possess anti-inflammatory

properties that can reduce the risk of cardiovascular disease and other chronic diseases
such as diabetes and metabolic syndrome (Hardman et al., 2016; Phillippou, 2016;
Loughrey et al., 2017). Similar risk factors have been described for cognitive aging and
chronic endpoints of aging, such as AD. More recent converging literature has shown
that adherence to a MedDiet may improve cognition or reduce the risk of cognitive
decline leading to AD (Hardman et al., 2016; Petersson and Philippou, 2016; Loughrey et
al.' 2017).
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Converging literature has also considered relationships with cognitive performance and
cognitive decline, with findings understandably positive given the overlap between
cognitive health and cardiovascular and metabolic health. A recent meta-analysis
demonstrated that physical exercise is effective in improving cognitive function in older
adults, independently of their cognitive status prior to initiating an exercise program
(Northey JM et al., 2017). Improvements in cognition have also been attributed to a
number of other modifiable risk factors, as identified in a recent review (Kennedy et al.,
2017).

Two major lifestyle factors, diet and exercise, may consequently have both separate and
synergistic actions on cognition and cognitive decline. Within the literature there have
been a number of lifestyle studies that have evaluated how diet and exercise have been
successfully utilized for cardiovascular risk reduction, yet very few controlled trials have
evaluated the effects of both diet and exercise as a lifestyle intervention aimed at
improving cognitive functioning and/or reducing the rate of cognitive decline as outlined
in a number of reviews (Pinilla, 2006; Nash, 2007; Psaltopoulou et al., 2008).

The primary aim of this research was to examine the six-month cognitive effects on
older, independently living individuals adhering to a Mediterranean diet, and or aerobic
exercise through walking, or a combination of both. These interventions were measured
against a non-interventional control group. It was hypothesized that speed of memory
would improve in the exercise and dietary intervention groups relative to the control
group, and that the combined diet and exercise intervention would show the greatest
improvement.

The secondary outcomes of this study were mood, wellness, cardiovascular function and
blood measures that have been proposed as potential mechanisms or markers of cognitive
aging.

Methods

Subjects

Participants were aged 60-90 years and living independently in retirement and
independent living facilities in and around Melbourne, Australia. Written informed
consent was obtained from all the participants in the study prior to their participation.

Ethical clearance and registrations

Ethical approval was granted by Swinbume University under SUHREC 2013/057
Swinbume University of Technology. The Australia and New Zealand Trial Register
number is [ACTRN12614001133628]. The universal trial number is U1111-1161-5364.
http://ww.anzctrorg.au.

Inclusion criteria

To be included in the study, participants indicated that they spoke and read fluent
English. Those who were taking vitamins, minerals and/or herbal supplements as part of
their dietary regime were asked to continue their use for the duration of the trial, while
those who were not taking any such supplements were requested to refrain from
consuming these during the trial. Participants were required to obtain approval from their
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general practitioner conflrming that they were medically fit to participate in the trial and
to continue taking any medications prescribed by their doctors during the trial.

Exclusion criteria

Participants were excluded from the trial if they had any significant visual impairment
that would preclude them from reading a computer screen, a significant neurological or
psychiatric disorder, or were unable to walk independently and safely. Individuals were
not eligible if they were using illicit drugs or cognitive enhancing medications. Those
participants with a suspected cognitive impairment (defined as a score < 24 on the Mini
Mental State Examination [MMSE], or a significant level of symptoms of depression
based on a score > 9 on the Geriatric Depression Scale [GDS]), were also excluded.

Group allocation

This was a randomized, controlled, 2 x 2 factorial parallel groups study. The
randomization sequence was created by permuting into blocks of four. For reasons of
practicality, and to avoid cross-contamination between the requirements of each group,
cohabiting couples were allocated to the same group. Due to the nature of the
interventions this study was not blinded; both investigators and participants knew which
intervention group they were allocated to, as participants were required to be actively
working toward maintaining the lifestyle change, or maintaining their current lifestyle in
the case of the control group, for a period of six months. Participants were randomly
allocated to one of the following four groups:

( 1 ) Walking intervention (exercise)

(2) Adherence to a MedDiet intervention (diet)

(3) Combined walking and diet intervention (exercise and diet)

(4) Control: Maintenance of their current lifestyle

Intervention

The exercise group was requested to walk 3040 minutes per day following a lead-in of
15 mins per day that was gradually increased over the first month. The distance covered
was monitored via a pedometer. Participants also kept a log of their steps and the
distance covered, which served to ensure compliance and was used as a motivational
tool.

The diet groups received a collection of recipes to assist with preparing meals in keeping
with a Mediterranean dietary style, which incorporates extra virgin olive oil (EVOO) as
the primary source of fat. The recipes for breakfast, moming tea, lunch, afternoon tea,
dinner, and dessert, were included in a printed six-week MedDiet meal plan that was
prepared for the trial with the assistance of dietary consultants from Health Care 2 U.
While it was recommended that participants follow the six-week plan, they could also
choose speciflc recipes as per their preference. Participants were counselled on the use of
this dietary plan by the researchers at baseline and then at the follow-up interview at
three months, to ensure they were on track. To assist with daily meal preparation,
participants received EVOO provided gratis by Cobram Estate Participants were
requested to only use this EVOO and not to use any other cooking or baking oils.
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Participants were asked to score their adherence to a Mediterranean style diet as
described in the recipe book; at the end of each day; they provided a score from 1 to 4
indicating their adherence to the dietary intervention. These scores enabled the
assessment the compliance to a Mediterranean Diet (see chart in Appendix 1).

The exercise and diet group were requested to follow the interventions of both the
exercise and diet groups as described above.

The control group were requested to maintain their lifestyle over the six-month trial
period.

Diet assessment/Mediterranean diet score

Habitual diet was assessed using the Cancer Council of victoria Dietary Questionnaire
(Food Frequency Questionnaire [FFQ] for Epidemiological Studies Version 2 [DQES
v2], November 2014) (Victoria, 2014), both at baseline and following the six-month
intervention period. The output of the FFQ was utilized to produce a Mediterranean diet
score (MedDiets) in accordance with Trichopoulou et al. (2003). The sex-specific
median allows for a comparative cut-off to be made for each gender on food
consumption (Trichopoulou et al., 2003). Foods classed as belonging to the MedDiet,
such as vegetables, legumes, fruits, nuts, cereals, and fish, were assigned a value of 0 if a
person's consumption was below the median, and a score of 1 if it was equal to, or
above, the median. For non-MedDiet food components, such as meat, poultry, and dairy,
consumption above the median was scored as 0, and intake below the median was scored
as 1. For alcohol, a score of 1 was given, provided consumption was within 10 and 50

g/day for men and 5 and 25 g/day for women. When considering fat intake, the ratio of
monounsaturated to polyunsaturated lipids was evaluated, with a ratio above the median
being allocated a 1 and below the median, 0. The total MedDiets ranged from 0 (minimal
adherence to the traditional MedDiet) to 9 (maximal adherence).

Assessment of walking ability

The 6 Min Walk Test (6MWT) was used to determine how far an individual could walk
in six minutes. This was conducted at baseline and at six months. The 6MWT has been
shown to be a valid and reliable test of physical walking ability that has been related to
aerobic fltness (Troosters et al., 1999). The 6MWT was performed along a flat, straight,
hard surface inside or outside the testing facility. The walking course was 10 in in length.
The objective of this test is to walk back and forth along the course as far possible in six
minutes.

Cognitive assessment

The assessment of cognitive performance utilized the SUCCAB. The SUCCAB is a
validated computer-based cognitive battery consisting of eight measures that focus on the
cognitive domains that decline with advancing age: simple and choice reaction times,
immediate and delayed recognition, congruent and incongruent Stroop color-words,
spatial working memory, and contextual memory (Pipingas et al., 2010). Performance on
each task was assessed by calculating percent accuracy score and the mean response time
in milliseconds for correctly performed trials. This calculation serves to reduce the
number of measures, as well as accounting for any speed/accuracy trade off in
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performance present in this older group (Brebion, 2001 ; Thome, 2006; Jakobsen et al.,
2011 ; van Ede et al., 2012) The primary cognitive outcome measure was a composite
memory measure. This composite measure was calculated as the averaged response time
from the immediate, delayed, and contextual recognition and spatial working memory
subtests.

Primary outcome

The aim of this study was to determine the effect of the dietary and exercise interventions
on cognitive performance. The primary outcome was memory response time calculated
as a composite memory measure of subtests from the SUCCAB. It was hypothesized that
this score would improve in the exercise and dietary intervention groups relative to
controls, and that the combined diet and exercise intervention would show the greatest
improvement of all groups.

Secondary outcomes

These included the effects on the extended SUCCAB cognitive measures, mood,
wellness, peripheral and central blood pressure, arterial stiffness, and blood biomarkers
of inflammation, glucoregulation, cholesterol, brain-derived neurotropic factor (BDNF)
and homocysteine, as well as the levels of vitamins D, 86, and 812.

Demographic and morphometric measures

Age, gender, and education status were recorded. Age (in years) was calculated from
self-reported birth date. Highest education level completed was reported as school,
tertiary, or postgraduate. Height, weight, hip, and waist circumference were measured
and recorded. Body mass index (BMI, weight in kg/height in meters) was computed. The
hip-to-waist ratio (HWR) was computed using physical measurements of both the hips
and waist.

Mood and wellness assessment

The Depression Anxiety Stress Scale (DASS) was used to assess changes in mood across
the study. The DASS has three related negative emotional states of depression, anxiety
and stress and a total composite score is also calculated (Brown et al.,1997).  A lower
Total DASS score represents fewer combined negative symptoms.

The Profile of Mood States (POMS) was used to assess transient, fluctuating feelings and
enduring affect states over the past week (MCNair DM,1992). It produces scores for six
dimensions of mood (anger, anxiety, confusion, vigour, fatigue and depression). A total
`mood disturbance' score was derived.

The perceived wellness survey is a set of statements that are designed to provide
information about a person's wellness perceptions. The survey is a multidimensional
measure of sublevels that consider perceived wellness perceptions in relation to an
individual' s physical, spiritual, psychological, social, emotional, and intellectual
dimensions. These scores can be evaluated separately. In this research we report a
composite (perceived wellness score) PWS, with higher scores indicating greater
perceived wellness (Adams et al.,1997).
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Cardiovascular assessment measures

Peripheral and central blood pressures, as well as measures of arterial stiffness, were
assessed using the Sphygmocor ® device (Model XCEL, Atcor Medical, Sydney,
Australia).

Each participant was in the supine position lying on their back with the left arm placed in
line with the height of the heart (a pillow or support was used to achieve this).
Participants were requested to remain in the supine position for five minutes prior to
measurement. For the last two minutes of the resting period and during the blood
pressure assessment, the participant was instructed not to talk as this may have affected
the reading. Standard brachial blood pressure was measured by taking three brachial
pressure cuff assessments over the left arm. The first recording was discarded and the
average of the second and third recordings were used. Secondly, the Sphygmocor device
was used to calculate central (aortic) blood pressure and measures of arterial stiffness,
augmentation pressure (AP) and augmentation index (Aix) using central arterial pressure
wave form analysis (Pase et al., 2010). Central pulse pressure was derived as the ratio of
central systolic to central diastolic blood pressure.

Pulse wave velocity (PWV) is considered to be the gold standard measure of arterial
stiffness and is derived using a femoral cuff to capture the femoral wave form and
tonometer pressure sensor to capture the carotid wave form. PWV is calculated as the
distance between the carotid and femoral measurement sites divided by the transit time
(Mattace-Raso et al., 2010; Butlin et al., 2013).

Blood biomarker assessments

During the consultation with their medical practitioner, each participant was given a
pathology request to attend Dorevitch Pathology for blood collection. Blood results were
accessed by researchers and the medical practitioner via a secure web-based portal
organized by Dorevitch Pathology. The blood markers analyzed were cholesterol,
glucose, high sensitivity C-reactive protein (hscRP), vitamins 812, 86, and D,
homocysteine, Haemoglobin Alc (HbAlc), BDNF and IGF1 (somatomedin C). All
blood samples were evaluated using automated pathology equipment by Dorevitch
Pathology, except BDNF, which was assessed in Swinbume University laboratories
using a sandwich ELISA kit (Cat. No. CYT306).

Statistical analysis

Gender, age, and education were predicted to be associated with cognition,
cardiovascular variables, mood and biomarkers, and were therefore used as control
variable in Tables 2-5 in all group comparisons (van Hooren et al., 2007; Guerrero-
Berroa et al., 2014).

Baseline comparisons of the groups (using the control group as the reference category)
were conducted using ANOVA tests. Next, using age, gender (with female as the
reference category), highest education level (with postgraduate education as the reference
category) and any baseline measures that differed significantly between the groups as
control variables, ANCOVA analyses were conducted to test for significant differences
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between the groups in terms of the above outcome measures at six months, with the
control group regarded as the reference category in all cases.

All analyses were conducted using SPSS Statistics Version 24, and p values of less than
5% were regarded as significant. Effect sizes (Ti2) of between 0.06 and 0.14 were
regarded as moderate effects, with effect sizes of Ti2 > 0.14 regarded as large effects.

Profile of participants

Figure 1 illustrates the number of participants, their gender, and the breakdown of groups
within the trial from initial recruitment to assessment at six months.

-Figure 1 around here-

Results

As shown in Table 1, on average, participants in all groups were slightly overweight as
determined by their BMI at baseline. The mean HWR demonstrated a ratio of greater
than 0.85 for women and greater than 0.9 for men, suggesting abdominal obesity
(Organisation, 2011 ).

Table  1 around here-

There were no significant differences between the groups in terms of mean age (F(3,98)
= .25, p = .861) or gender (Chi-square = 2.243, df = 3, p = 0.523).

A table of complete baseline results including cognitive, mood, and wellness measures,
cardiovascular measures and biomarkers, can be found in the Appendix 2. This table
shows no signiflcant difference between the groups for any measure at baseline (T1 )
except for homocysteine, which was particularly low for the diet group. Homocysteine is
therefore included in the ANCOVA analyses as a covariate.

Figure 1 shows the number of participants tested at baseline and then at six months at the
end of the trial. There was a 23% attrition in the exercise group, 28% within the diet
group, and 25% within the exercise and diet group, and a 7% loss within the control
group between the time of initial recruitment and the six-month assessment. However,
there was no significant difference in attrition rates between the groups (Chi-square =
3.26, df = 3, p = 0.353). The loss of participants was the result of individuals not being
able to maintain a commitment to the trial and changes in personal circumstances.

The groups were compared in terms of the outcome measures at six months while
controlling for the baseline values for each outcome measure, age, gender, highest
education level, and baseline homocysteine. The reference categories were female in the
case of gender, postgraduate in the case of education level and the control group in the
case of group analysis. Parameter estimates are shown in all of the ANCOVA tables with
effect sizes (n2) displayed only in the case of the group effect.

Table 2 shows the ANCOVA results for the composite memory measure reaction time as
well as the secondary measures of cognitive performance (accuracy [%]/reaction time
[s]).
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Table 2 around here-

There were no significant group effects for the primary composite memory measure.

For the extended SUCCAB cognitive measures, the exercise and diet intervention group
demonstrated significantly better spatial working memory performance a < 0.05, n2 =
0.06) than the control group after six months.

In addition to cognitive changes for the groups, there were a number of significant
associations with control variables. There was a significant decline in delayed
recognition memory with advancing age (p < 0.05, n2 = 0.06). Males performed better
than females in relation to choice reaction time (p < 0.01, T\2 = 0.10) and congruent
Stroop (p < 0.05, Ti2 = 0.10).

Table 3 around here-

Table 3 shows the ANCOVA results for depression, anxiety, and stress from the DASS,
the Total DASS, total POMS and PWS. The exercise group and the exercise and diet
group demonstrated a significantly lower Total DASS score than the control group ® <
0.05 and Ti2 = 0.10 and p < 0.05 and Ti2 = 0.09) at six months. However, the exercise and
diet group showed significantly reduced PWS as compared with the control group (p <
0.05, T12 -0.07).

Table 4 around here-

Table 4 demonstrates that there were no significant differences between the groups and
the control group with regard to cardiovascular assessments. Higher homocysteine levels
were associated with signiflcantly higher pulse wave velocity (p < 0.05, Ti2 = 0.07) and
there was significantly lower augmented pressure for males than females (p < 0.05, Ti2 =
0.10).

Table 5 around here-

Table 5 results indicate that the exercise and diet group had significantly higher levels of
vitamin 812 than the control group (p < 0.05, n2 = 0.07). In the exercise group vitamin
86 was significantly lower than for the control group (p < 0.05, n2 = 0.07).

In addition to biomarker differences between the groups, there were a number of
significant associations with control variables. Individuals with school and tertiary
education as opposed to postgraduate education had significantly lower levels of CRP ®
< 0.001, n2 = 0.17 and 0.15 respectively). In addition higher homocysteine levels were
associated with lower levels of CRP (p<.05, T|2 = 0.09).

Compliance

From the initiation of the trial, every person allocated to the MedDiet group was
requested to complete a daily assessment of how well they believed they had complied
with the Mediterranean diet plan by placing a number in a chart each day. Each number
represented a compliance percentage with 1 = < 50%, 2 = 50-75%, 3 = 75-90% and 4 =
90%+. For participants who completed six months on the Mediterranean diet,13.9% had
an average of 1, 44.4% an average of 2, 33.4% an average of 3 and 8.3% an average of 4.
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There was a median value of 2 (SD = 0.83), suggesting a 50-75 % compliance rate on
average.

Discussion

The primary aim of the current study was to examine the six-month cognitive
performance effects of change to a MedDiet or increased exercise through walking, or a
combination of both, in an elderly population living independently in aged care facilities
(Hardman et al., 2015b).

The primary outcome was calculated as a composite measure from the SUCCAB
memory subtest reaction time scores. We hypothesized that this composite measure of
memory performance would improve in the diet and exercise groups when compared to
the control, and that a combination of diet and exercise would show an enhanced
performance.

As reported in Table 2, the composite memory measure did not show any signiflcant
differences between any of the intervention groups and the control group. However,
when analyzing the other cognitive measures, a combination of exercise and diet
demonstrated a significant improvement in performance for spatial working memory as
compared with the control group.

Neither the MedDiet or exercise interventions alone were associated with improvements
in cognition. Potentially there was a lack of power for detecting significant changes in
these subgroups, particularly given the attrition rates, as shown in Figure 1. Secondly, the
individual lifestyle interventions may not have been sufficiently effective for altering
modifiable risk factors. The results found with the combination of diet and exercise may
be due to the additive and or synergistic aspects of the individual interventions impacting
on the mechanistic pathways to improve spatial working memory.

Spatial working memory may be associated with a number of lifestyle factors. The neural
underpinnings of spatial working memory involve a network of regions including the
medial prefrontal cortex and the hippocampus (Wift and Hyman, 2017). These regions,
particularly the hippocampus, are vulnerable to age-associated cognitive decline, and in
particular, neurological disorders such as AD (Parizkova et al., 2018). Modifiable risk
factors such as cardiovascular function and oxidative stress are targets for lifestyle
interventions. These risk factors have been shown to impact on both cognitive function
and the structural integrity of the brain. (Zainuddin and Thuret, 2012) Through a regimen
of improved lifestyle it is possible that influencing these modifiable risk factors may in
turn have altered brain structure and or function, ultimately influencing spatial working
memory. More speculatively, these lifestyle factors may have influenced brain plasticity.
A comprehensive review has shown that diet modulation has functional implications,
resulting in improved adult hippocampal neurogenesis (Zainuddin and Thuret, 2012).

For all cognitive assessments other than spatial working memory, once the effects of the
control variables were taken into account, there were no significant differences between
the control group and any of the intervention groups. This is consistent with many
previous studies using the SUCCAB cognitive test battery in older individuals,
identifying spatial working memory as the most sensitive cognitive domain relevant to
age-associated decline (Pipingas et al., 2010) and interventions (Macpherson et al.,
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2012). The lack of change in other cognitive domains may also indicate that these
domains may require a longer intervention period or that greater compliance to lifestyle
change is necessary.

In our secondary outcomes we assessed the effects on mood, quality of life, and overall
perceived wellness in these groups (Table 3). We identified that both the exercise group
and exercise and diet groups showed a significant reduction in total DASS score,
indicating improvement in mood, specifically on a combined depression, anxiety, and
stress score. This finding is consistent with numerous studies in the literature with
finding an improvement in mental health associated with diet and exercise (Crombie et
al., 2018; Crush et al., 2018; Murri et al., 2018).

We also assessed wellness using the perceived wellness assessment. A composite
measure was reported as the Perceived Wellness Score (PWS).The exercise and diet
intervention group demonstrated a lower wellness score compared with the control
group. It is not clear why self-reported wellness was reduced in the exercise and diet
intervention group, particularly given that spatial working memory and DASS improved
in this group. It may be that participants become more aware of their wellness through
participation in the trial with a lower score at 6 month reflecting a realization that health
and self-management of health could be better. Future studies will also need to consider
the components of the PWS to determine if there is any element that demonstrates a more
positive result over that of the control. Only the composite score was analyzed in the
present paper; the sub-scores may produce different results.

Given the shared risk factors between cardiovascular and cognitive health, we predicted
that lifestyle changes would also impact on aspects of cardiovascular health, particularly
peripheral and central blood pressure and arterial stiffness. After controlling for age,
gender, and education, there were no significant differences between any of the
intervention groups and the control group (Table 4). As there appears to be an
improvement in spatial working memory (Table 2) the lack of change in blood pressure
measures suggests that the improvement is due to non-vascular changes. It may be that
there was a lack of power to detect the predicted cardiovascular changes over the six
months in these relatively small intervention groups. Another potential reason for the lack
of significant cardiovascular change may be the normalization due to medications that
participants had been taking (Hardman et al.)

As secondary outcomes of our study, fasting blood samples were collected at baseline
and again at six months to evaluate other biological effects associated with the
interventions and potential mechanisms for cognitive change (Table 5). Our findings
indicate that exercise alone, and in combination with diet, produces significant changes
in fasting blood levels of vitamins 86 and 812. At six months the exercise and diet group
had a higher level of vitamin 812 in their blood. This may be due to the diet-speciflc
components of the intervention, although in the present paper specific food group
analysis was not investigated. Vitamin 86 showed a decrease in the exercise-only group;
the inteapretation of which is not clear.
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Limitations

The overall results of this study, particularly regarding spatial working memory and other
significant results, should be treated with some level of caution, due to the multiple tests
performed at the 5% significance level. In addition, no transformations have been
applied. This is appropriate in the case of cognitive variables as this allows for easier
interpretation. Furthermore, we have not considered medication use, as medications were
held constant during the trial period. However, controlling for these at baseline may have
allowed health factors to be controlled for, together with both the positive and the
negative effects of medication use (Hardman et al., 2015a) However, the relatively small
sample size meant that there was limited scope to also control for a large number of
medications.

Compliance with exercise was also difficult due to the inability to have an exercise
monitoring system that would ensure compliance. Participants used their pedometer as a
way to encourage them to maintain and then increase their walking but ultimately the
only measure we have for walking is their performance on the 6 minute walk test at
baseline and 6 months. Measuring specific walking distances and compliance was
beyond the scope of this trial given the limited resources.

Another limitation was the low numbers of participants.

Initially when the protocols were established.(Hardman et al 2015) A power analysis was

conducted in the current study using GPower 3.1.3 to determine the sample size required

for a four-armed intervention (exercise change only, diet change only, exercise and diet

change,  no  change)  using  an  analysis  of  variance  (ANOVA)  design.  This  analysis

indicated that a total sample of 128 participants would be required to detect a moderate

effect size with power of 80% and significance level of 5%.  However, at the 6-month
®

assessment there were only 81 participants remaining from the 102 successfully recruited

at baseline.

Understanding that the recruitment process sought participants between 60 and 90 years

of age with an average age of 77 years of age, the reasons participants gave for leaving

the trial varied from their inability to maintain the intervention, the incapacity and illness

of a partner or loved one, family commitments and a reduction in their health status. With

such a reduction in numbers it is perhaps not surprising that the predicted outcomes of

the intervention with respect to cognitive changes were not observed.

The research demonstrated a moderate effect size for the change in SWM.  SWM is an

age-sensitive measure of the effect of interventions, which may be why this change was

observed. The attrition rate and small numbers of participants in the intervention groups

may  be  the  reason  for  the  lack  of effects  observed.  In  essence,  it  would  have  been

13  I  P  a  8 e



necessary  to  double  the  number  of  study  sites  from  15  to  30  or  achieve  a  higher

recruitment from each site allowing for maintenance of numbers to enable changes from

the interventions to be observed and cognitive changes to be effective.

Future directions

As this research was conducted with limited financial support, there were limited
resources to support participants with education and motivation in order to maintain their
interventional compliance. Future studies should consider the inclusion of specialist
support for both the dietary and exercise regimens throughout the intervention period.
This would enhance adherence and long-term compliance and help to reduce attrition
rates. It may also be of value to consider randomized cluster trials as a way to reduce
contamination between groups.

Summary and conclusion

We hypothesized that a greater adherence to a MedDiet and/or increased walking over
six months would improve cognitive performance and mood, potentially demonstrating
changes to biomarkers in a group of 60-90-year-olds. The primary outcome score, the
composite memory measure reaction time score, did not show a significant change in any
of the three intervention groups relative to the control group; however, there was a
significant improvement in spatial working memory (p < 0.05) in the combined diet and
exercise group relative to the control group. A larger study is needed to test the
hypothesis that a combined MedDiet and walking intervention improves spatial working
memory.

The reduction in the Total DASS score with exercise and with the combination of
exercise and diet is consistent with previous research suggesting that these interventions
may also improve mental wellbeing. There were no cardiovascular effects and few
significant results when examining blood biomarker changes. Given the number of
measures assessed and the small sample size, any interpretation of potential mechanisms
would be speculative and therefore requires further investigation in a larger study,
alongside cognitive and mood measures.

The participants in this trial are typical residents of 15 independent living aged care
facilities around Melbourne, Victoria, Australia, and were assessed as cognitively normal
on initiation of the trial. With the proliferation of aged care facilities within Australia,
strategies to keep residents both physically and cognitively healthy are of paramount
importance. It is critical to have more evidence-based research to substantiate efficacy,
thereby supporting such intervention programs.
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Table 1: Characteristics of the baseline sample

Mean (standard deviation)

Group N Age (years) BMI (kg/cm) HWR(cm/cm) Systolic BP Diastolic BP

Exercise 26 77.50(7.44) 29.10(4.69) 1.07(0.09) 138.04(17.40) 71.60(11.08)

Diet 25 77.68(7.38) 28.26(5.37) 1.07(0.08) 134.76(16.83) 69.32(11.03)

Exercise &diet
24 7 6 .S4(7 .37) 26.64(3.39) 1.07(0.10) 133.00(12.17) 68.21(8.17)

Control 27 78.22(5.81) 29.01(4.90) 1.06(0.07) 136.89(16.92) 72.04(10.56)
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Table 3: ANCOVA analyses for mood and wellness assessment (unstandardized
coefficients)

Outcomes              Depression       Anxiety          Stress      TotalDASS  pTo°#'s        PWS

Baseline

Age

ender            Male

Ompleted
School

Tertiary

aseline          Homocysteine

roup              Exerc i se

Diet

Exercise & diet

T12

0.19***              0.15***            0.48***            0.95***        0.71***           0.08

0.03                    0.00                  0.00

-0.42                   -0.36                 0.23

-0.20                    0.02                 -0.33

0.61                      -0.25                   0.19

0.07                   -0.03                  -06

-0.17                    0.24                   0.75

0.37                      0.17                   -0.31

-0.31                     -0.38                  -0.57

0.09               0.32              0.12

0.59               3.01              -1.24

-0.66              6.55             -2.05

-0.78               1.91              -2.30

-0.03             -0.57            -0.13

-2.76*a           -7.19            -1.65

-1.13              -0.74             -1.24

•2.63*b           -8.80          -2.64*C

0.03                     0.04                  0.04                  0.13               0.08              0.07

PWS= Perceived Wellness Score; POMS=Profile of mood states; DASS=Depression Anxiety, Stress total
scores.   * p < 0.05, **p < 0.01, ***p < 0.001   Significant effect sizes; a: Ti2 = 0.10; b: Ti2 = 0.09; c: ti2 = 0.07
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Table 4: ANCOVA analyses for cardiovascular assessment (unstandardized
coefficients)

Outcomes

Baseline

Age

Gender          Male
Education
completed School

Tertiary

Baseline        Homocysteine

Group           Exercise

Diet

Exercise & diet

n2

Systo]ic        Diasto]ic          PWV

0.57***           0.44***           0.70***

0.30                 0.00                 0.02

-2.11                   0.32                   0.62

1.91                    2.22                    0.17

3.09                  4.14                  0.09

-0.04                 0.17                0.08*a

-1.55                  -0.32                   0.19

-6.78                 -3.56                  0.51

2.17                   0.58                   0.48

0.07                  0.05                  0.03

PPAP
0.59***           0.32***

0.25                  0.20

-3.07              -4.43*b

0.65                  0.45

0.62                  0.03

-0.25                 -0.19

1.40                         1.11

-1.73                 -2.79

3.48                  2.38

0.05                   0.10

Alx
0.86

0.99

-5.69

2.91

-6.97

-1.62

2.70

15.14

2.77

0.02

Systolic= peripheral systolic blood pressure, Diastolic = peripheral diastolic blood pressure PWV = Pulse
wave velocity, PP = central pulse pressure, AP = augmentation pressure, Alx = augmentation index (Alx
AP/PP xl00) * p < 0.05, **p < 0.01, ***p < 0.001  Significant effect sizes: a: T|2 = 0.07; b: Ti2 = 0.10
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Figure 1 : Profile of participants

Interested participants from
independent living facilities screened
at recruitment presentations or in
their home:  169

Number of participants recruited at
15 sites across Melbourne
Australia:  102

Random allocation to one of four
groups

Exercise: M 8 F  18

26

Exercise: M 7 F  13

20

Diet: M 5 F 20

25

Diet: M 3 F  15

18

Number who declined,
were ineligible or withdrew
after screening:  67
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1

2      Appendix2

3       Appendix 2 combination table.

4      All measures are mean (standard deviation) at Baseline

Variables Exercise Diet Diet &exercise Control P values u2

Cognitive measures(performance)

Simple reactiontime
33.89(5.27) 34.57(6.72) 34.49(5.05) 34.17(5.44) 0.97 0.002

Choice reactiontime
19.73(3.11) 21.32(2.94) 20.25(2.28) 19.82(3.22) 0.20 0.46

Immediaterecognition
6.08(1.86) 6.45(1.97) 6.54(1.65) 6.62(1.59) 0.74 0.14

Delayedrecognition
6.02(1.51) 6.50(1.41) 6.36(1.52) 6.46(1.37) 0.63 0.18

Congruent Stroop 10.91(1.54) 11.83(1.65) 12.09(2.27) 1 1.21 ( 1.60) 0.75 0.68

IncongruentStroop
8.12(2.01) 9.03(2.02) 8.67(2.73) 7.94(2.09) 0.27 0.39

Spatial workingmemory
4.88 (1.37) 4.80(1.13) 5.71(2.02) 4.73(1.49) 0.09 0.62

Contextualmemory
6.17(2.37) 6.59(1.90) 6.25(1.91) 6.42(1.99) 0.89 0.006

Mood & wellness
Depression 4.0(5.13) 1.49(2.19) 2.2(3.21) 2.3(3.3) 0.107 0.07

Anxiety 3.7(5.2) 1.1(1.6) 2.8(3.7) 2.0(2.86) 0 . 1 02 0.07

Stress 2.5(3.6) 1.3(1.9) 1.5(1.9) 1.8(2.6) 0.44 0.03

Total DASS 7.6(8.5) 5.8(3.1) 6.7(4.9) 3.8(2.5) 0.067 0.08

PWS 12.1(2.0) 12.2(2.0) 12.0(2.2) 12.7(1.8) 0.54 0.024

Total Mood 12.4(34.9) 2.7(13.1) 6.1(23.6) 0.22(13.7) 0.29 0.41

Cardiovascular
Systolic 138(17.4) 134(16.8) 133(12.2) 137(16.9) 0.70 0.015

Diastolic 71.6(11.1 ) 69.3(11.0) 68.2(8.2) 72.0(10.6) 0.50 0.024

PWV 12.0(2.4) 11.4(1.83) 11.3(1.68) 11.3(1.74) 0.52 0.024

AP 15.7(7.3) 14.76.28) 15.3(6.26) 16.7(7.54) 0.779 0.011

Alx 30.4(10.5) 28.1(7.34) 29.8(10.1) 31.6(11.4) 0.64 0.17
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PP 53  (11.7) 49.5 (10.6) 50.1  (11.3) 50 (10.1) 0.75 0.016
Biomarkers
Total cholesterol 4.84(1.28) 5.05(1.12) 4.72(0.73) 4.60(0.79) 0.44 0.29
mmol/L
Glucose fasting 5.85(1.78) 5.36(0.52) 5.87(1.12) 5.66(0.86) 0.53 0.026
nmol/L
CRP 2.58(3.46) 3.09(4.65) 5.25(8.31) 2.19(4.29) 0.24 0.046
mg/L
Vitamin 812(xl00)

2.99(1.28) 3.53(1.83) 3.39(1.71) 3.14(1.28) 0.61 0.020

pmol/L
Vitamin D 59.2(16.2) 62.5(22.4) 61.9(21.7) 66.0(22.4) 0.71 0.015

nmol/L
Vitamin 86 32.3(25.2) 48.9(54.5) 63.4(50.9) 62.5(72.8) 0.17 0.055

pmol/L
Homocysteine 17.3(6.36) 12.3(4.19) 15.2(5.59) 15.3(3.81) 0.009 0.12

umol/L
HBAlc 5.76(0.64) 5.7(0.42) 5.8(0.49) 5.6(0.42) 0.59 0.021

mmol/mol
IGF1 14.1(6.0) 15.5(4.1) 18.3(5.6) 16.2(5.3) 0.83 0.071

nmol/L
BDNF (xl000) 2;J .5(7 5) 27.7(11.21 ) 30.4(13.0) 29.5(11.2) 0.77 0.013

pg/ml
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Chapter 6: Discussion

This thesis  seeks  to  understand  the  effects  of a  6-month evidence-based  diet  and

exercise  intervention  on  cognitive  abilities,  mood,  general  health  and  perceived

wellness   in   cognitively   healthy   elderly   persons   60-90   years   of  age,   living

independently in aged care facilities in and around Melbourne.

This chapter summarises the key experimental  findings from the published papers

presented in this thesis. This is followed by a critical assessment of flndings, strengths

of  the   research,   contribution   to   the   literature   and   study   limitations.   Finally,

implications of the research and recommendations for future directions are discussed

and the thesis is concluded.

6.1 Summary of Findings

6.I.I Effects of Mediterranean Diet on Cognition

The first published article `Adherence to a Mediterranean-style Diet (MedDiet) and

effects on Cognition in Adults: A Qualitative evaluation and Systematic Review of

Longitudinal and Prospective Trials' aimed to evaluate longitudinal and prospective

trials to gain an understanding of how a MedDiet may affect cognitive processes over

time.  The  included  studies  were  published  between  2000  and  2015  and  included

assessments of dietary status using either a FFQ or a food diary assessment. Eighteen

articles meeting the inclusion criteria were subjected to systematic review. The review

revealed  that  higher  adherence  to  a  MedDiet  is  associated  with  slower  rates  of

cognitive decline, reduced conversion to AD and improvements in cognitive function.

The specific cognitive domains that were found to benefit, with improved MedDiets,

were memory (delayed recognition, and long-term and working memory), executive

function and visual constructs.

Irrespective of the study design, the studies that demonstrated improved cognitive

outcomes examined a broad range of cognitive domains of attention, memory and

language. The studies that focused on the cognitive domains of motor or action did not

report favourable outcomes in relation to MedDiet adherence. This may be because of

the insensitive nature of the cognitive assessments used. The more speciflc cognitive
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domains  that  improved  with  a  MedDiets   were  memory,  delayed  recognition,

executive function, long-term working memory and visual constructs. It appeared that

more positive  relationships  between a  MedDiet  and  cognitive  improvement  were

reported for studies that utilised a computer-based sensitive cognitive assessment.

With few studies available to assess the benefits of a MedDiet intervention in a healthy

older population,  it was recommended that further randomised controlled trials be

conducted. Trials that focus on the assessment of a MedDiet need to include a standard

food frequency/dietary assessment. It was also recommended that future randomised

controlled studies utilise validated computer-based cognitive tests that are sensitive to

cognitive faculties, which are potentially compromised with age.

6.I.2 Mediterranean Diet Adherence and its Effect on Cognition in a Cognitively

Healthy Ageing Population

Previous studies investigating the effects of medications on cognition have suggested

that medications act to normalise health and potentially stabilise cognitive function.

Conversely,  other  areas  of research  have  suggested that  medications  may  impair

cognitive function. However, it appears that no previous studies have taken medication

use into account when considering the association between adherence to a MedDiet

and cognitive performance.

Thus,   the   third   published   article   `the   association   between   adherence   to   a

Mediterranean style diet and cognition in older people:  The impact of medication'

aimed to investigate the association between adherence to a Mediterranean-style diet,

cognition and medication usage in cognitively healthy older individuals.

In  this  study,  the  relationship  between  two  cognitive  speed  clusters  and  four

medication clusters was investigated by categorising the 93 participants with respect

to their cognitive measures and medications taken. The clustering allowed assignment

of participants to groups with similar data patterns for the variables considered.

The  findings  suggested  that  when  medications  are  taken  into  account,  a  higher

MedDiets  is  associated  with  a  faster response  in  cognitive  function tests.  It  was

concluded that larger cross-sectional and longitudinal studies are needed to properly

evaluate this proposition.
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6.I.3 Six-month Adherence to a Mediterranean Diet and Aerobic Exercise on

Cognition in an Ageing Population

The fourth article presented in this thesis, `Findings of a randomised controlled trial

investigating the effects of Mediterranean diet and aerobic exercise on cognition in

coghitively healthy older people living independently within aged care facilities: The

Lifestyle Intervention in Independent Living Aged Care (LIILAC) study'  (currently

under review),  aimed to  investigate the  effects  of 6-month  MedDiet and  exercise

interventions  on  cognition,  mood,  general  health  and perceived  wellness  in  older

persons  living  independently  in  aged  care  communities.  It was  hypothesised that
measures of cognitive perfomance would be improved in both the exercise and dietary

interventions  relative  to  the  control,  and  that  the  combined  diet  and  exercise

intervention group would show the greatest improvement of all groups with respect to

cognitive outcomes.

This study used a 2 x 2 factorial design of 102 participants (age 60-90 years) from 15

independent living aged care villages that were allocated to one of four intervention

groups: exercise (an unsupervised walking program), a diet intervention (adherence to

a MedDiet), a diet and exercise group (combined diet and exercise group) and a no

intervention group (control). The primary outcome was a composite memory measure

to  assess  cognitive  performance  using  the  SUCCAB.  The  secondary  outcomes

included  other  SUCCAB  measures,  mood,  wellness,  peripheral  and  central  blood

pressure, and systemic markers of inflammation, glucoregulation and nutrient status.

The findings regarding the composite memory measure did not include any significant

differences between any of the intervention groups and the control group. However,

when the other cognitive measures were considered, a combination of exercise and

diet  was  associated  with  a  significant  improvement  over  the  control  group  in

performance for spatial working memory. The exercise alone, and exereise and diet

groups demonstrated significantly lower scores on the total DASS compared with the
control   group.   However,   no   significant   differences   were   found   between   the

intervention groups and the control group when comparing cardiovascular outcomes.

There were a number of mixed findings for blood biomarkers between the groups.
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The summary of this 6-month clinical trial research supports the proposition that by

changing  diet  (to  a  Mediterranean  style)  and  exercise  (aerobic  walking)  there  is

potential to improve cognitive and mood outcomes in a cognitively healthy ageing

population.

6.2 A Critical Assessment of Study Findings

6.2.1 The Assessment of an older Cohort-The Hffect of Medications

The participants in the study were all screened as being cognitively healthy and were

all aged between 60 and 90 years. However, unlike in the majority of previous trials

assessing the effects of diet on cognition, individuals taking medications were not

excluded. Rather than exclude individuals that take medications, Hardman et al 2018

recorded  their  medication  use  (which  may  have  been  cognitively  enhancing  or

compromising) and took this into account in statistical analyses.

There was a high prevalence of medication use in the demographic investigated in the

study: 91% of all participants in the study were taking some form of medication and

30%  were  considered  `cardio  compromised'   with  96.4°/o  of  this  cluster  taking

cholesterol-lowing medications and 89.3% taking blood pressure medications. This

group seems to have been representative of the broader population in that there was a

high prevalence of medication use in the general community, with 87% of women and

83% of men over the age of 60 taking at least one medication (Elliott, 2006). Previous

studies  investigating  diet  and  cognition  interactions  in  healthy  participants  have

excluded participants taking medications;  the  results  of those  studies  are thus not

generalisable to the demographic being investigated.

The analysis outlined in Chapter 4 of this thesis suggested that cognitive status may

depend on medication use and that this is an important factor to take into account when

considering the relationship between dietary status and cognitive outcomes.

The 6-month analysis did not control for medication use as this remained constant for

each individual. Participants maintained their medication regimen over the 6-month

intervention period. Moreover, the 6-month analysis controlled for numerous variables

including age,  gender,  level of education completed and homocysteine.  Given the

sample size it was not statistically feasible to also control for medication clusters.
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However, it is acknowledged that medication use measured at baseline may have had

some bearing on cognition outcomes at 6 months across the four groups; this is a

limitation of the current study. Future studies involving more participants, and thus

with the ability to control for more variables,  should also consider controlling for

medication use when analysing the interaction of interventions over time.

At baseline,  the  results  showed  that there  was  an  important relationship  between

medication and cognition. Broad medication classes such as antihypertensive drugs,

cholesterol-lowering   drugs,   anti-depressants,   blood   thinning   drugs   and   pain

medications were measured. Future studies should consider specific medications as

there may be differential effects of these medications and their actions on cognition

and  interactions  when  considering  the  relationship  between  diet  and  cognition.

Further, dose and duration of medication use may have some bearing on dietrfognition

relationships and should be considered.

6.2.2 Cognitive Findings and Sensitivity of Cognitive Testing

The systematic review in Chapter 2 identified that the majority of studies evaluated

cognitive  changes  using  a  global  assessment  tool,  the  MMSE.  This  paper-based

assessment tool is open to interpretation. The MMSE is primarily used for clinical

assessment  and to  screen  for  cognitive  impairment;  it  is  not  intended  for  use  in

cognitively healthy individuals. This may be why numerous studies examined in the

review did not identify a relationship between a MedDiet and the intervention of a

MedDiet.

The outcome of the systematic review in Chapter 2 included identifying that greater

adherence to a MedDiet demonstrated improved cognitive outcomes when specific

cognitive domains in addition to the MMSE were used and/or the participants in the

trial were cognitively assessed via a computer-based cognitive assessment battery. The

review identified that the specific cognitive domains found to benefit with improved

MedDiets were memory (delayed recognition, and long-term and working memory),

executive function and visual constructs.  Previous research utilising the  SUCCAB

battery of tests with an elderly population also found that the sensitivity of a series of

computerised cognitive tasks demonstrated improvement in memory-based cognitive

assessments  (Pipingas  et  al.,  2010b).  The  Pipingas  et  al.  study  emphasised  the
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importance of memory-based tasks such as spatial working memory and contextual

memory. It was reported in the paper that the sensitivity of a computer-based cognitive

assessment of older people may offer the capacity to detect the subtle changes that

occur in response to pharmaceutical or other interventions (Pase et al., 2010; Pipingas

et al., 2010a; Macpherson et al., 2012).

Based on the literature showing significant changes in cognition as a result of age-

specific cognitive domains and the use of computer-based assessments, combined with

knowledge provided by previous research utilising the SUCCAB, it was expected that

changes would be observed to be associated with memory-based cognitive assessment

such as spatial working memory and contextual memory.

In both the baseline assessment outlined in the published article in Chapter 4 and the

6-month assessment in Chapter 5 of this thesis, the SUCCAB battery was utilised. The

baseline study data analysis demonstrated that when medications are considered, a

higher MedDiets is associated with a faster response on cognitive function tests.

In the 6-month trial outlined in Chapter 5, although the primary outcome-which was

a composite measure of reaction time did not demonstrate any significant differences

between the intervention groups and control, it was discovered that a higher adherence

to  a  MedDiet  combined  with  exercise  resulted  in  a  significant  improvement  in

performance in the SUCCAB spatial working memory task compared with the control

group.  The  other  cognitive  domains  tested  did  not  demonstrate  any  significant

improvement  over  the  6  months  of the  intervention  compared  with the  controls.

Consistent with these results, previous studies utilising the SUCCAB have identifled

similar sensitivity with spatial working memory (SWM).

Other studies  utilising  computerised cognitive  tasks  have  demonstrated  sensitivity

using measures of both speed and accuracy (MCMillan et al., 2011 ; Lee et al., 2015).

Computer-based testing provides millisecond sensitivity that has enabled the detection

of subtler  changes  that  may  occur  early  in  the  course  of cognitive  decline  or  in

response to  a therapy or intervention  (Macpherson  et al.,  2012;  Pase  et  al.,  2010;

Pipingas et al.,  2010).  It is  suggested that this  ability to  measure  subtle  cognitive

changes is central to the observation of the outcomes in this thesis.
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It is of value to understand why only significant changes were found in SWM. SWM

is an important component of working memory, and has an essential role in high-level

cognitive  abilities.  SWM is involved in the temporary maintenance, updating and

integration of visuospatial information and is essential for the accurate localisation and

tracking of external stimuli during the performance of a cognitive task (Baddeley,

2002). SWM declines with age as it is a test of fluid intelligence (Yankner et al., 2008).

Using  various  neuroimaging  task-based  studies  it  has  been  shown  that  regional

activation  of brain  areas  such  as  the  lateral  prefrontal  and  parietal  cortices  are

associated  with  SWM  capacity,  suggesting  that  widely  distributed  brain  regions

underlie individual SWM processing and this may be affected with age (Nash, 2007;

Liu et al., 2017).

The possible reasons for not observing changes in other cognitive domains include

that these domains are less sensitive to the interventional change, and the small number

of participants  included  in  the  analysis  may  have  provided  insufficient  statistical

power to observe such changes. Moreover, it was difficult to actively encourage better

adherence with the dietary and exercise interventions because of limited resources;

this  may  have  led  to  a  stronger  effect  of the  interventions  and  consequently  the

observation   of   additional   cognitive   benefits   in   other   domains.   With   larger

interventional  changes  there  may  be  greater  cognitive  change  and  more  speciflc

cognitive change in other domains.

To  investigate  potential  mechanisms  for  cognitive  improvement,  various  blood

biomarkers  and  measures  of cardiovascular  function  were  assessed  as  secondary

measures  in  the  trial.  These  measures  represent  potential  modifiable  risk  factors

worthy of investigation that may be responsible for cognitive changes in response to

the interventions. These biomarkers were chosen to assess mechanisms represented in

the  literature that appear to change with age and that are potentially amenable to

interventions such as diet and exercise.

Numerous studies have investigated the effect of diet and/or exercise on cognition and

a limited number of trials has also explored potential mechanisms of action through

the  measurement  of blood  biomarkers.  The  current  study  included  measures  of

inflammation, glucoregulation, lipids, cardiovascular risk, specific nutrient levels and

BDNF to complement cognitive outcomes. However, with the exception of vitamins
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86 and 812, none of these measures showed any significant change in association

with any of the interventions. There are a number of potential reasons for this. Again,

sample size may have been inadequate and adherence may not have been high enough

to produce  changes  in biomarker measures.  An altemative explanation is that the

changes in cognition may have been more directly influenced by the interventions

effecting change in neurotransmitter levels that in turn affected cognition and mood.

Interestingly, BDNF, a marker of brain plasticity, did not change with interventions.

Previous studies have suggested that BDNF increases with exercise whereas diet is

not as prominent in its effect on BDNF (Maass et al., 2016).

Vitamins 86 and 812 showed changes that were significantly related to exercise, and

exercise and diet, interventions respectively. The level of 86 was significantly lower

in the exercise group than in the control group after 6 months. The reason for this is

unclear but one possible explanation is that 86 is important for aerobic exercise-

being principally required for amino acid metabolism and glycogen breakdown-and

is a co-factor for the enzymes involved in protein transamination and deamination

reactions (Woolf and Manore, 2006). Protein synthesis is also required to produce the

synaptic modification needed for long-term memory storage (Hemandez and Abel,

2008) and is a co-factor for the production of serotonin. Vitamin 86 has been shown

to be an important nutrient for cognition (Pipingas et al., 2008), hence the inclusion of

this biomarker in the current study. As 86 is indeed required for healthy cognitive

function  and  decreased  in the  exercise  group,  potentially  as  a result of increased

metabolic processes, this may have limited the cognitive benefit in this group. This

underscores the importance of a lifestyle approach through optimal dietary nutrient

intake complemented by exercise.

It was identified that within the exercise and diet group, there was an increase in 812

levels that was greater than that of the control group. Vitamin 812 is a coenzyme that

assists in DNA synthesis and is necessary for the formation of red blood cells and for

brain health, being one of the coenzymes for protein synthesis (Manore et al., 2000).

8 vitalnins act as coenzymes within enzymatic processes responsible for all cellular

physiological   functions   and   are   a  rate-limiting   co-factor   in  the   synthesis   of
neurotransmitters such as dopamine, serotonin, noradrenalin and GABA (Kennedy,

2016a). The synthesis of neurotransmitters is sanative to 8 vitamin levels and potential
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effects on cognition (Pipingas et al., 2014; Kennedy, 2016a). Thus, the improvement

in SWM observed in the exercise and diet group may be related in part to increased

amounts of 812 brought about by dietary change. Although this is speculative, one

previous study reported that when 8 12 was increased through supplementation, there
was a significant (9.63%) improvement in global cognitive scores in older individuals

(Chauhan and Agarwal, 2016).

The shared risk factors in cardiovascular and cognitive health have been previously

noted. Hardman et al. (in review) predicted that lifestyle changes of diet and exercise

would  also  influence  aspects  of cardiovascular health,  particularly peripheral  and

central  blood pressure and arterial  stiffness.  After controlling  for age,  gender and

education,  there  were  no  significant  differences  in  these  cardiovascular  indices

between any of the intervention groups and the control group. As there appears to be

a moderate  improvement  in  SWM  the  lack  of change  in cardiovascular  function

suggests that the improvement may be due to non-vascular mechanisms. Significant

changes may not have  been observed because  of the  lack of power to  detect the

predicted  cardiovascular  changes  over  the  6  months  in  these  relatively  small

intervention  groups.  Another potential  reason  is  that  cardiovascular function was

already  largely normalised through medications that participants had been taking,

providing limited scope for further change. Medication use certainly needs to be taken
into consideration in larger longitudinal trials to potentially gain further understanding

of the  effect  of normalising  an  ageing  population  with  medications that  may  be

masking underlying pathology.

As part of the suite of secondary measures in the 6-month LIILAC trial significant

changes  in  mood  were  recorded.  This  improvement  may  indicate  shared  neural

pathways with cognition and implicate the involvement of neurotransmitter systems
such as serotonin and dopamine in these processes (Qiu et al., 2018; Weger and Sandi,

2018). Although this is speculative, the lack of change in blood biomarkers and the

observation of both cognitive and mood change may indicate that exercise and diet

interventions have more direct effects on neural function through neurotransmitters.

With the exception of BDNF, which was measured in the current study, there were no

other biomarkers that help to  elucidate these neural  underpinnings.  Future  studies

utilising neuroimaging methods such as magnetic resonance spectroscopy (MRS), a
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technique used to assess brain chemistry ;.# w.vo, may help to shed light on potential

neurochemical changes in response to these lifestyle interventions.

6.2.3 Mood and Mental Health

Mood and perceived wellness were self-reported assessments conducted at baseline

and 6 months. One of the assessments utilised the overall score of the DASS scale, a

validated tool that was used to measure changes in mood over the 6-month intervention

period. As reported, the exercise group and the exercise and diet group demonstrated
a significantly lower score on the DASS, indicating improved mood after 6 months,

compared with the control group.  Further, there were a number of mixed findings

between  the  groups  for  biomarkers.  This  finding  is  also  consistent  with  other

previously reported outcomes. It is thought that this stress reduction occurs through
the activation of the noradrenaline, serotonin and GABA neurotransmitter systems

(Kemedy et al., 2017).

Although the results indicate that the participants in the exercise, and diet and exercise

groups  demonstrated  less  depression,  anxiety  and  stress,  there  is  a  dichotomy  of
findings, in that the Perceived Wellness Assessment was lower at 6 months in the

exercise and diet group compared with the control group. This contrasted with our

hypothesis  that  perceived  wellness  would  improve  in  this  intervention  group.

However, as the participants in this study over 6 months have become more aware of

their health and our interventions they may have perceived they are not as well as they

think, and thus were able to complete a more comprehensive self-assessment about

their wellbeing. Further studies in this age group are required.

6.3 Strengths  of the  Research  and  the  Quality  and  Effect  of the

Resulting Publications

There are a number of key positive outcomes with regard to the current research that

are worthy of reflection and may provide useful knowledge to guide future research.

The trial  was  challenging as  it was conducted with  limited  financial  support and

resources: unlike previous trials conducted in the laboratories at the Centre for Human

Psychopharmacology (CHP) at Swinbume University of Technology, the current trial

was conducted in independently living aged care facilities, requiring substantial daily
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travel by the researchers. However, this did provide an opportunity to test participants

in their natural environment, negating the need for them to make their own way to the

university  facilities,  which  potentially  affects  their  mental  state  because  of the

associated logistical and mental challenges. This on-site testing resulted in efficiency

in testing and allowed for a consistent location, time and pattern of behaviour to be

established, giving consistency to testing processes. The more usual approach would

have also limited overall compliance, with a greater attrition rate predicted due to the

inconvenience and challenges associated with travel.

The trial benefited from the cooperation of facility managers in all 1 5 facilities, which

provided private rooms for testing. This resulted in the standardisation of testing by
day and time, which was essential for consistency in evaluation of the participants.

A key to the recruitment success was the facilitation by staff to speck with all residents

in an open forum to  inform them about the trial, the requirements and what was

expected.  Harmonising with facilities to  conduct  such meetings  was essential  and

helped to negate any concerns of the participants; it also demonstrated support from

facility  management.   Moreover,  with  respect  to  participants  who  required  the

confidence and comfort of their own facility to participate there was a more positive

outcome in terms of recruitment and ongoing compliance.

Notwithstanding the limited resources~lack of financial support and staffing-.that

limited the number of participants tested and the scope for facilitating compliance with

interventions, the trial does provide data and a model for future studies greater in depth

and breadth. The study combined in a novel way for the first time a factorial design

investigating diet and exercise interventions on cognitive functioning and health in

older independently  living individuals.  This novel preventative approach provided

insights  into  the  manipulation  of modifiable  risk  factors  in  at-risk  individuals  to

improve health and potentially influence cognitive trajectories in the longer term. A

number of recent studies have produced similarly encouraging data:  a prospective

study by Morris et al.  (2015) demonstrated a positive influence of dietary style on

cognitive decline and the incidence of AD in older Chicago residents; and the FINGER

trial (Rosenberg et al., 2018) showed that multimodal lifestyle and cognitive training

interventions can modify cognitive trajectories.
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The  current  research  has  produced encouraging  results  from the  application of a

combined approach of a MedDiet adherence and exercise change in independently

living  individuals  capable  of modifying their lifestyle.  The  improvements  in both

memory and mood over 6 months provide a basis for future research to confirm and

extend   these   findings.   Moreover,   the   research   was   conducted   in   individuals

representing the general population. There was no restriction of medications that were

being  taken  to  normalise  health.  The  published  papers,  the  review,  protocol  and

baseline  empirical  study  have  already  received  favourable  acknowledgement  and

citation.

The first paper in this thesis is a systematic review: `Adherence to a Mediterranean-

style diet and the effects on cognition in adults: A qualitative evaluation and systematic

review  of  longitudinal   and  prospective  trials'.   This  publication  highlights  the

candidate's  knowledge  and  contribution to  this  area  of research  as  it  involved  a

systematic review of all research between 2000 and 2016 on the effects of a MedDiet

on cognition. The review was published in Fro#/7.err z.» IVwfrztz.o#, which has an impact

factor of 3.51 and is one of the most highly cited joumals in this area of research. This

article has had over 36,000 views (ranking in the top 1 % of all Frontiers articles), more

than 2,400 downloads (top 2%, Frontiers), and over 70 media releases (Altmetric of

544) and 20 citations top 10%, Frontiers.

The  second  paper  describing  the  protocol  was  published  in  IVwf7.I.fz.o#  /o#r#cz/,  a

quintile 2 journal in nutrition and dietetics. The paper was submitted to substantiate
the quality of the research design and to date has 12 citations in Scopus.

The third paper was published in C/I.#z.ccr/ IV#frjfz.o7c, which has a ranking of quintile 1

in nutrition and dietetics. This is the first published study to consider the effect of

medications on the relationship between a MedDiet and cognitive outcomes.

The fourth paper has been submitted to Fro#/z.era j.# ,4gej.ng IVcwroscz.e#ce, a quintile

1 journal. This paper is cunently under review.
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6.4 Limitations of This Research

This research has identified a number of limitations that have influenced its outcomes.

Understanding these imitations will assist in the design of future studies.

A substantial limitation was the number of participants and the attrition rate between

the time of the baseline assessment and following 6 months of intervention.

Initially when the protocols were established, it was understood from previous trials

exaniining the effects of exercise fitness interventions that there was the potential for

fitness training to improve cognition in sedentary but otherwise healthy older adults.

In  one  study,  fitness  training  increased  cognitive  performance  by  0.5  standard

deviations on average, regardless of the type of cognitive task or the training method

(Colcombe  and  Kramer,  2003).  According  to  Cohen's  effect  size  criteria,  this
represents a medium effect size (Cohen, 1992). A power analysis was thus conducted

in the current study using GPower 3.1.3 to determine the sample size required for a

four-armed intervention (exercise change only, diet change only, exercise and diet

change, no change) using an analysis of variance (ANOVA) design.  This analysis

indicated that a total saniple of 128 participants would be required to detect a moderate

effect size with power of 80% and significance level of 5%. Based on previous trials

conducted by the Swinbume University CHP, an allowance for a 15°/o dropout from

the trial was factored in. Therefore, a total recruited sample of 148 participants would

have been required for this trial, with 37 individuals randomised to each arm of the

study. However, at the 6-month assessment there were only 81 paticipants remaining

from the 102 successfully recruited at baseline: 20 in the exercise group, 18 in the diet

group, 18 in the exercise and diet group, and 25 in the control. This represents a 23%

attrition rate for the exercise group, 28% for the diet group, 25% for the exercise and

diet group, and 7% loss for the control group between the time of initial recruitment

and the 6-month assessment. However, there was no significant difference in attrition

rates between the groups. Overall the final numbers represent a significantly smaller

number of participants than was required to meet the objectives of the power analysis.

Understanding that the recruitment process sought participants between 60 and 90

years of age with an average age of 77 years of age, the reasons participants gave for
leaving the trial varied from their inability to maintain the intervention, the incapacity
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and illness of a partner or loved one, fanily commitments and a reduction in their

health status. With such a reduction in numbers it is perhaps not surprising that the

predicted outcomes of the intervention with respect to cognitive changes were not
observed. The research demonstrated a moderate effect size for the change in SWM.

SWM is an age-sensitive measure of the effect of interventions, which may be why

this change was observed. The attrition rate and small numbers of participants in the

intervention groups may be the reason for the lack of effects observed. In essence it

would have been necessary to double the number of study sites from 15 to 30 allowing

for maintenance of numbers to enable changes from the interventions to be observed

and cognitive changes to be effective.

For a research study to be effective, the interventions initiated to potentially bring

about  change  over  a  6-month  period  must  be  adhered  to.  Without  compliance

outcomes for the intervention groups are difficult to substantiate. In this study there

were two major interventions. One was the change to a MedDiet and the other was

improving aerobic exercise by walking. Within the MedDiet groups every participant

was issued with a diet guide publication and a self-assessment chart that was used as

a guide to facilitate their own evaluation of how they were maintaining or achieving a

conversion to an improved MedDiet. From the initiation of the trial, a daily assessment

was made by placing a number on a chart. Each number in the chart represented a

compliance percentage, with 1 = < 50%, 2 = 50-75%, 3 = 75-90% and 4 = 90%+. Of

participants who completed 6 months on a MedDiet, 13 .9% recorded an average of 1,

44.4%  an  average  of 2,  33.4%  an  average  of 3  and  8.3%  an  average  of 4.  This

represented an average compliance of around 50°/o.

This medium to low compliance with the  MedDiet among participants may have

influenced the outcomes observed for these groups, and may have occured for several

reasons. Not only was the study dealing with older people with established dietary

habits, it was also attempting to influence participants to try new foods including extra

virgin olive oil and reduce their reliance on high-fat and sugar-rich foods. The use of

Mediterranean food hampers, regular discussions between a dieticians and the diet

groups and regular dietary counselling may have improved compliance and outcomes.
As there was only limited time and resources to commit to this, a regular monthly visit

may have improved the participants'  knowledge of the benefits of a MedDiet and
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conversion to a MedDiet, and hence improved compliance and effects on cognitive

assessment tests.

There   were   similar   difficulties   with   assessing   compliance   with   the   exercise

intervention. Every participant allocated to exercise was given a pedometer to record

the steps they took and a chart to record their times walked and distance covered. ch

explanatory booklet was also supplied for them to self-assess and complete. It was

almost impossible to assess compliance from the available data because of a lack of

consistency in recording, loss of data, loss of pedometers, inconsistencies associated

with the steps recorded and problems associated with partners in the same groups

swapping pedometers. This resulted records lacking any accuracy. The only way of

assessing the improvement in walking was via a 6-minute walk test that demonstrated

whether walking ability, some of the vital signs of body mass index and weight had

improved.  This certainly influenced the outcome of the study: if a way to demonstrate

accurate compliance could have been identified, the intervention may have been more

successful and hence led to an improved cognitive outcome and potential associated

biomarker assessment.

To improve and assess compliance in future studies for an aerobic walking group it

may be possible to set walking times for particular days and provide digital body-worn

devices that record the distance walked, time taken and number of steps, and digitally

feed these data back to the researchers for every participant to ensure accuracy in

compliance assessments. In addition, the ability to counsel participants on a monthly

basis by including an exercise physiologist on the research teani would ensure greater

compliance  and  understanding  of the  requirements.  Improved  compliance  would

enable future studies to more accurately identify the effect of an exercise intervention.

This study, as with any study, relied on particular resources to initiate, implement and

maintain the interventions through to the finish. The study was initiated without any

allocation of equipment, finances or the ability to utilise testing facilities. As the study

was not funded it had available only the internal resources of the CHP; the assistance

of supervisors and other personnel; allocated student funds; the initiative to borrow

and   acquire   resources   from   other   departments   within  the   university;   in-kind

cooperation from industry; and a donation in kind from Cobram Estate of extra virgin

olive oil, which made this study possible.
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The lack of funding meant that substantial amounts of the candidate's time that may

have been allocated to the project was taken up with activities that could have been

outsourced with the assistance that funding would have allowed.  Despite the very

limited overall resources, a substantial study was able to be completed. The limited

resources also potentially contributed to the low numbers eventually assessed within

the trial, which affected the overall outcomes as it reduced the power to demonstrate

an effect of the interventions on cognitive test results.

The way to overcome this in the future is to use this experience to understand the

complexity of such a large trial and the intricate nature of working on site within an

aged care facility, and ensure that both equipment and financial support for internal

assistance  is  available  within  the  university  so  that  more  time  is  available  for

recruitment and testing to ensure a more positive outcome.

This research was conducted at 15 sites around Melbourne with a travel range of up to

80 kilometres. All travel was undertaken by car and a portable laboratory was carried

and established at every facility on the day of participant testing. Duplicating the test

laboratory facility based at a university is no easy task and requires the duplication of

testing devices. On occasion, working around an active aged care facility with fixed

regimes of staff at times resulted in delays and/or cancellation by the participants,

requiring re-booking. As the sites were a significant distance apart, the time delays

were significant as a whole day might be lost to assess one or two participants at an

on-site  facility.  This  resulted  in limited  contact at the respective testing  sites  and

became difficult to manage. The time taken to travel and set up the equipment limited

the number of visits that could be undertaken to facilities and in turn limited the

number of participants that could be assessed during the study.

The complications associated with the distances travelled resulted in limited numbers

or frequent visits required to the same site, which allowed no time to explore the

possibility of recruiting more participants at each site. This restriction in exposure to
a site may have also contributed to the low numbers eventually recruited to the study

and once again reduced the ability to properly explore the intervention and increase

numbers  of participants  in the  intervention groups  or ameliorate the  attrition rate

experienced.
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In the future, it would be preferable to involve only aged care facilities within 30

minutes  of the  university  so  that  more  frequent  visits  could  be  undertaken  and

reliability of contact could be assured. Utilising large aged care facilities would allow

the flexibility of having more participants at one site and enable several consecutive

days of testing at one site rather than having to move equipment to a different site

every day.  A greater focus on numbers per site would enable greater cooperation,

reduce travel times and improve communication within facilities to increase group

numbers,  potentially reduce  attrition and  improve  overall  interventional  outcomes

with cognitive testing.

6.5 Implications and Future Directions

ln  Australia,  as  in  the  rest  of the  Western  world,  the  progressive  ageing  of the

population has resulted in an increase in the number of people living with age-related

neurological disorders,  such as AD, characterised by cognitive deficits (Australian

Government, 2017;  Rckesh et al., 2017).  It was estimated that in 2015, 47 million

people  around the  world were  living  with various  forms of dementia,  and this  is

expected to increase to million by 2030 and potentially 135 million by 2050 (Prince et

al.,  2016).  Currently  there  are  no  effective  medical  treatments  to  alleviate  the

accelerated cognitive decline leading to AD. The increased incidence of AD has placed

substantial  financial  demands  on health and  other related services.  The  aged care

sector in Australia is experiencing an increasing demand for permanent residential

aged care, with greater than 50% of such residents living with dementia (Care, 2017).

This research initially asked the following question: What are the effects of greater

adherence to a MedDiet, increased exercise through walking, and a combination of

both, over a 6-month period on cognitive performance in an elderly population living

independently in aged care facilities?

The significance of this research and the positive implications it has a pilot study,

together with the understanding of its limitations and how they might be overcome,

provides the basis for a larger longitudinal study. The health and economic burden
associated with the potential avalanche of expected dementia in our ageing population

now needs to be addressed. If we do not initiate and focus now on lifestyle intervention

such as a MedDiet or similar, along with an increase in exercise, then the expected

113



dementia burden will be a reality and not a prediction. This study has indicated that

even  with   small  numbers  of  participants  there  can  be   a  change  in  memory

improvement such as SWM. There is also the possibility that cognitive decline can be

minimised and the incidence of MCI and possible conversion to AD reduced. If we

can implement and encourage lifestyle change programs much earlier prior to the age

of 60 years we will potentially see positive cognitive outcomes.

This  research  not  only  forms  the  basis  of  further,  larger  studies;   it  also  has

demonstrated  that  with  dedication  and  the  implementation  of  simple  lifestyle

interventions, everyone can maintain cognitive health throughout their life.

6.6 Conclusions

In summary, this research has supported the proposition that by changing diet and

exercise, there is the potential to improve cognitive and mood outcomes in an ageing

population. Further larger randomised controlled trials are required to substantiate the

benefits of the introduction of diet and exercise programs  into  independent living

facilities  to  target  cognitive  health.  The  data  demonstrated  that  when  combining

aerobic exercise with a MedDiet there was a significant improvement performance in

SWM. This study has demonstrated that the use of a MedDiet pattern with the addition

of  aerobic  exercise  can  be  of  benefit  with  respect  to  cognition  together  with

improvement in blood biomarkers.

With the growth in the age sector in Australia and the concomitant use of medications,

it is important that further work considers how diet and medications may affect both

the mind and body of ageing Australians. It is imperative that the future cost burden

of sickness and cognitive decline be reduced within our population and that people

can live a healthier longer life, both physically and mentally.

The studies evaluated in this thesis have suggested that when assessing an ageing

population, it is important for evaluation to record and consider the medications that
are being prescribed. Another important finding from this research is the considerable

need  for  more  preventative  programs  for  people  in  their  mid-40s  to  consider  a

Mediterranean  style  of diet  with  weekly moderate  exercise  activity to  potentially

reduce the onset of the potential dementia epidemic that is facing the world. In addition
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to this, a progranl within aged care facilities to maintain a cognitively healthy ageing

population could involve the introduction of tuition in a healthy diet and a moderate

exercise program.

The focus of this thesis was to understand the effects of a 6-month evidence-based diet

and  exercise  program  on  cognitive  abilities,  mood,  general  health  and  perceived

wellness   in   cognitively   healthy   elderly   persons   60-90   years   of  age,   living

independently in aged care facilities in and around Melbourne, Victoria, Australia.

The outcomes have demonstrated that through adherence to a Mediterranean style of

diet combined with improvements in exercise through walking, not only can one's

memory be improved, but mood and overall health can also be improved.  This is

potentially the way to ensure a cognitively healthy ageing population.

Further  longitudinal  diet and  aerobic  exercise programs need to  be  considered  to

substantiate this proposition.
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Abstract. The rate of age-associated cognitive decline varies considerably between individuals. It is important, both on a
societal and individual level,  to investigate factors that underlie these differences in order to  identify those which might
realistically slow cognitive decline. Physical activity is one such factor with substantial support in the literature. Regular
exercise can positively influence cognitive ability, reduce the rate of cognitive aging, and even reduce the risk of Alzheimer's
disease  (AD)  and other dementias.  However,  while there is  substantial evidence  in the extant literature for the effect of
exercise on cognition, the processes that mediate this relationship are less clear. This review examines cardiovascular health,

production of brain derived neurotrophic factor (BDNF), insulin sensitivity, stress, and inflammation as potential pathways,
via which exercise may maintain or improve cognitive functioning, and may be particularly pertinent in the context of the
aging brain. A greater understanding of these mechanisms and their potential relationships with exercise and cognition will
be invaluable in providing biomarkers for investigating the efficacy of differing exercise regimes on cognitive outcomes.

Keywords: BDNF, cognition, cognitive aging, exercise, inflammation, insulin, stress, vascular

INTRODUCTION

Throughout the vast majority of human history, a
physically  active  lifestyle has  been  integral  to  our
existence. However, the progressively industrialized
and technological nature of modern societies has led
to an ever-increasing degree of physical inactivity [1 ] .
While reduced physical  activity is  endemic,  across
almost  all  countries,  it  is  particularly  prevalent  in
middle aged and older adults [2]. Numerous studies
have found that inactivity and lower physical fitness

*Correspondence to:  Greg  Kennedy,  Centre  for  Human  Psy-

chopharmacology,   Swinburne   University  of  Technology,   400
Burwcod Rd,  Hawthorn 3122, Australia. Tel.:  +613 9214 4922;
E-mail : greg.kennedy@ optusnet.com.au.

are associated with poorer health outcomes, such as
an  increase  in  the  risk  of  many  chronic  diseases,
lowered functional capacity,  and reduced longevity
[3-6]. Conversely, greater levels of regular exercise
has been found to ameliorate these negative conse-
quences associated with a more sedentary lifestyle [4,
7]. In particular, exercise appears not only to protect
the brain against the structural and functional effects
of aging,  but also to  assist in repairing  or restoring
the  aged brain  [8-10].  This  neuro-protective effect
translates  all the way to  the pathological endpoints
commonly  associated  with  cognitive  decline,  with
regular aerobic exercise linked to a drastic reduction
in  the  lifetime risk  of clinical  Alzheimer's  disease
(AD) and other dementias [11].

While there is considerable support in the extant
literature  for  the  beneficial  effect  of  exercise  on

ISSN 1387-2877/17rs35.00 © 2017 -IOS Press and the authors. All rights reserved
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cognitive performance in both general and older pop-
ulation,  there is  a paucity  of research  investigating
the  mechanisms  which  may  serve  to  mediate  this
relationship  [12-14].  Proposed mechanisms  for the
observed  effects  of  exercise  on  cognition  include
increased neurogenesis and neuroplasticity, particu-
larly that associated with brain derived neurotrophic
factor (BDNF) [15-18], improvements in cardiovas-
cular  function  and  the  associated  influence  on  the
cerebrovascular system  [19-21], reduction in  stress
and anxiety [22-24], reduced inflammation [25-27],
and improved insulin sensitivity [28-30] . This review
will  first  provide  a  brief  overview  of the  associa-
tion between exercise and cognitive decline, and then
examine  each  of  these  proposed  mechanisms  and
their relationship to cognitive aging.

EXERCISE AND COGNITIVE DECLINH

There is a substantial and ever-increasing body of
evidence  that  exercise  can  promote  the health  and
functionality  of the central  nervous  system  (CNS),
reduce  the  cognitive  decline  associated  with  aging
[31-33],  and  reduce  the  risk  of  cognitive  impair-
ment  and  dementia  [34-36].  A  recent  systematic
and meta-analytic review of 37 longitudinal studies,
found that there was a negative relationship between

physical  activity  and  both  dementia  and  cognitive
decline  [37].  Specifically,  those  with  higher  levels
of physical activity showed less cognitive decline in
comparison with those who engaged in lower levels
of physical activity. Additionally, the risk of demen-
tia was found to be  14% lower in those with higher
levels  of physical  activity  when  compared  to  less

physically  active  cohorts.  Importantly,  all  but  one
these  studies  accounted  for  age,  which  is  particu-
larly important as older age is often associated with
reduced regular exercise. This supports the findings
of an earlier systematic review of nearly 34,000 cog-
nitively  healthy  participants  across  15  longitudinal
studies, which found that even a low to moderate level
of activity was associated with a 35% lower risk of
cognitive  decline  when  compared  to  the  sedentary
cohort  [38].  A  specific  study by Weuve  et  al.  [39]
clearly highlighted the effect that that exercise has on
cognitive aging. In this study of older women aged 71
to 80 years, regular physical activity, such as walking,
was  associated  with  reduced  cognitive  decline  and
better  overall  cognitive  performance.  Specifically,
women  who were in  the highest quintile of overall
physical activity demonstrated a mean difference in

cognitiveperformanceequivalenttobeing2to3years

younger in age than those in the lowest quintile, while
also having a 20% lower chance of global cognitive
impairment [39].

Data  from  clinical  trials  is  also  predominantly
supportive  of  the  beneficial  effect  of  exercise  on
cognition. Van Uffelen et al. [13] conducted a meta-
analysis   of  23   randomized   controlled   trials   that
involved  older adults  with healthy and/or impaired
cognition. They found cognitive benefits from aero-
bic and strength exercise intervention for participants
in  one  third  of  the  studies  involving  cognitively
healthy participants, and two thirds of studies focused
on cognitively impaired participants; while no study
found any negative cognitive effects associated with
exercise intervention.  While these findings  suggest
a  benefit  of  exercise  on  cognition,  regardless  of
whether  participants  were  cognitively  impaired  or
not  [13],  the  authors  reported  that  many  of these
studies were of poor quality and hampered by small
sample sizes, limiting the ability to demonstrate sig-
nificant between-group  differences.  A  more recent
meta-analysis  [40]  was able to address these issues,

particularly via the inclusion of a number of larger,
higher quality trials that had recently been completed.
This review found that aerobic exercise interventions
were associated with modest cognitive improvements
in  older people  in  almost  all  areas  except,  surpris-
ingly, working memory, which tends to show a strong
association  with  cognitive  aging  [41].  However,  a
combination  of  aerobic  and  strength  training  pro-
duced  greater  improvements  than  aerobic  exercise
alone in a number of areas including attention, pro-
cessing  speed,  and  working  memory.  The  authors
also reported preliminary evidence that exercise may,
in  fact, be associated with greater improvements in
memory for people with mild cognitive impairment
(MCI) than for cognitively healthy individuals  [40].
Overall, while there is debate as to the effect size and
degree of efficacy in subjects  of differing cognitive
statuses, these analyses broadly agree with the con-
clusions drawn from other reviews of controlled trials
in this area [31]  [4247], that exercise interventions
are associated with better cognitive outcomes in older
cohorts.

POTENTIAL MECIIANISMS

While it is well established that exercise generally
improves cognitive health and reduces the rate of cog-
nitive decline, very few studies have directly explored
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the specific mechanisms associated with these cogni-
tivechanges.Thissectionrepresentsthemainbodyof
thisreview,coveringinturneachofthemainpotential
mechanisms that may mediate this relationship.

Cardiovascular

It is evident that the neural and vascular systems
are inextricably intertwined. The "vascular hypothe-
sis" [48-51] proposes that vascular dysfunction, and
associated risk factors,  a.ffect not only the heart but
the brain as well; and that this effect on the brain has
a consequential impact on cognitive functionality. It
has been proposed that the risk of cognitive decline
and dementia are reduced as a result of the protec-
tive influence that physical activity has on reducing
vascular dysfunction and risk factors [52]. However,
there is still contention as to whether cognitive decline
(particularly in dementias such as AD) is a disorder of
the vascular system, with consequential degeneration
of the neurological system;  or if neurodegeneration
results in cerebral vascular dysfunction [53].

Central arterial stif frless
Increasing age is  accompanied by a stiffening  of

the central  arteries  due to structural  and  functional
changes [54]. These vessels lose their elasticity over
time due to the repeated cycles of distension and elas-
tic recoil of the arterial walls that occurs with each

pulse, approximately 30 million times per year [55].
The billions of cardiac cycles over a lifetime take their
toll  eventually,  resulting  in  a  slow continuous pro-
cess of rupture and fragmentation of the elastin fibers
and deposit of more inflexible tissue such as collagen
and calcium [56] , causing the arteries to progressively
dilate and stiffen  [57, 58].

The large, elastic central cardiothoracic arteries-
principally  the  aorta-buffer  the  pulsatile  output
from the heart, reducing peak pressure, and providing
a  continuous  flow  to  the  smaller  peripheral  blood
vessels  [20,  59,  60].  The brain  and the kidneys  are
unique in their requirement for continual high flow
per fusion throughout the cardiac cycle, and as such
have lower resistance than other vascular beds  [61].
This leaves the microvascular structures within these
organs  much  more  vulnerable  to  increases  in  pul-
satile energy than other tissues, which are protected
by more robust upstream vasoconstriction  [60,  62].
A  recent  review   of  potential  mechanical  causes
of  age-related  dementias   [55]  concluded  that  the
destructive effects of pulse pressure, which increases
with age, is likely to be a significant contributor to the

3

development of dementia. They suggest that microb-
leeds occur in the small vessels of the brain because
of  prolonged  exposure  to  the  stress  of  increased
pulse  intensity  that  results  from  the  stiffening  of
the larger vessels;  and that the loss  of neurons is  a
secondary result of damage to the microvasculature.

Recent   systematic   and   meta-analytic   reviews
have examined the proposed three-way relationship
between arterial stiffness, cerebral small vessel dam-
age,  and  cognitive  performance  [63,  64].  Both  of
these  reviews  found  a  strong  positive  association
between  greater  arterial  stiffness  and cerebral  vas-
cular  disease  as  assessed  by  magnetic  resonance
imaging  (MRI)  detection  of  white  matter  hyper-
intensities,  cerebral  infarcts,  1acunar  infarcts,  and
silent brain infarcts. Both reviews also found inverse
relationships  between  arterial  stiffness  and  cogni-
tive performance in cross-sectional studies, and that
arterial stiffness also predicted the rate of cognitive
decline in longitudinal studies. However, these cogni-
tive relationships still require further research as they
were considered  statistically  weak  [63]  and  overly
reliant on the Mini-Mental State Examination as the
measure of cognition [64].

The degree to which progressively reduced elas-
ticity   in   the   central   arteries   can   be   considered
"biological"  as  opposed  to  "pathological"  is  still

a  subject  for  debate  and  further  investigation  [57].
However regular exercise appears to be one of the best
methods for reducing the rate at which such decline
occurs. During  exercise  the heart rate is  increased;
however as a result of longer term exercise the heart
rate remains lower at rest, thus reducing the overall
number  of  cardiac  cycles  and  the  degree  of  pul-
satile  stress  on  these  arteries  [65].  A  broad  range
of research has found that, in middle-aged and older
people, those who engaged in regular aerobic exercise
had generally lower central arterial stiffness [66-71].
Conversely,  there  is  some  evidence  that  resistance
type training, particularly at high intensities, actually
has the opposite effect and increases central arterial
stiffness  [72],  although it is currently unclear as  to
whether this is a long-term detrimental effect or a nec-
essary  short-term  functional/mechanical  adaptation
[68,  73]. Finally,  although not well researched,  one
recent small study has demonstrated that when com-
pared to a sedentary cohort, middle-aged adults who
regularly engaged in moderate-to- vigorous  aerobic
exercise not only had lower stiffness  of the central
arteries but also correspondingly better performance
across  a  range  of memory  and  attention-executive
function assessments [20].
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Endothelial dy sf unction
Due to its high energy demand and relative lack of

glycogen fuel reserves, the brain is highly dependent
on a continuous and adequate supply of glucose from
the cardiovascular  system for the survival  and effi-
cient functioning of neural tissue [74, 75].The brain
employs a number of mechanisms to ensure adequate
per fusion is maintained. One mechanism, autoregu-
lation, attempts to maintain stable cerebral per fusion
despite the fluctuations in arterial pressure that occur
during  the  cardiac  cycle.  In  this  case  the  cerebral
arteries relax when arterial blood pressure falls and
constrict.when  arterial  pressure rises  [76].  Another
mechanism  is  the  regulation  of the  distribution  of
cerebral  blood  flow  (CBF)  according  to  the  func-
tional  requirements  of different  areas  of the brain.
This mechanism-functional hyperemia-increases
blood  flow  to  regions  of  the  brain  when  activity
in  those  areas  increases.  As  functional  hyperemia
controls  the delivery of substrates  (such  as  glucose
and oxygen) and the removal of the by-products of
metabolism (such  as carbon dioxide),  it is essential
for the maintenance of homeostasis  in  the cerebral
cellular environment [74].

Endothelial reactivity,  the ability  of the vascula-
ture to  adjust flow in response to both  internal and
external stimuli, is another measure of vascular func-
tion that is distinct from central arterial stiffness. The
endothelium is the layer of cells that lines the inner
surface  of all  blood  vessels.  Its  main  purpose is  to
maintain  adequate blood circulation,  vascular tone,
and the integrity of the blood vessels. These roles are
achieved by the release of vasoactive compounds in
response to metabolic conditions  (e.g., hypercapnia
or hypocapnia), chemical agonists (e.g., glutamate or
acetylcholine), or the shear stress that results from a
change of blood flow in the vessel [74, 77].

While  the  endothelium  produces  a  number  of
vasoactive   factors   (for   a   full   review,   see   [78]),
nitric  oxide  (NO)  is  regarded  as  the  most  impor-
tant endothelium-associated vasodilator. Synthesized
and released by the endothelium, NO causes cerebral
vasodilation, resulting in a decrease in cerebrovascu-
lar resistance and therefore an increase in CBF [79].
Reductions in NO have been associated with impaired
endothelial  reactivity,  resulting  in  the  impairment
of  autoregulation   and  functional  hyperemia   [80].
The  endothelium  also  releases  factors  that  reduce
the   accumulation   and   adhesion   of  platelets   and
macrophages,  and  the  build-up  of  smooth  muscle
cells.  Therefore,  impaired  endothelial  function  can
result in narrowing of the arteries and a reduction of

capillary density, which can chronically impede CBF
[77], known as atherosclerosis.

The cerebral endothelium can therefore be seen as
central to CBF autoregulation and functional hyper-
emia  on  both  a  structural  and  functional  level.  A
reduction in endothelial functionality, particularly in
its ability to adequately produce NO, can result in a
reduced capability to respond efficiently to changes
in  the blood  flow  demands  of the brain  as  well  as
reduced overall blood flow. As with aortic stiffening,
dysfunction of the vascular endothelium is regarded
as  a  primary  aspect  of  normal  human  aging  and
is considered the most likely underlying reason for
the increased risk  of cardiovascular disease associ-
ated  with  age  [81].  Specifically,  it  is  the  capacity
of the  vascular  endothelium  to  produce  and  react
to vasodilators, particularly NO, that declines most
with increasing age; thereby reducing overall CBF as
well  as  the capacity of the endothelium to respond
efficiently to changing conditions and demands [82].
Interestingly, general arterial function has been found
to  peak  at  around  30  years  of  age  and  then  pro-
gressively decline  [65],  which directly parallels the
age profile of cognitive decline. Additionally, even in
the  absence of cerebrovascular  disease, recent  sys-
tematic  analysis  concluded  that  impairment  of the
vascular  endothelium  was  associated  with  poorer
cognitive  performance,  particularly  in  the  areas  of
executive control and spatial working memory [83].
There  is  also  evidence  that  loss  of NO  causes  the
increased expression of the amyloid-P precursor pro-
tein  (APPP)  as  well  as  the  P-site  APPP-cleaving
enzyme  1  (BACE1),  which  results  in  the increased

production  of cytotoxic  amyloid-P  (AP)  peptides,
both  in  the  cerebral  microvessels  and  in  the  brain
itself [84], a process highly associated with AD.

Regular  exercise  has  been  found  to  both  pre-
vent decline of, and restore function to, the vascular
endothelium in middle aged and older healthy males
[85] . Recent meta-analytic analysis of 51 randomized
controlled trials, primarily involving middle-aged or
older participants, found that aerobic and resistance
exercise, both individually and in combination, sig-
nificantly improved endothelial function [86] . Across
these  studies,  higher  intensity  of  aerobic  exercise
resulted in the most improvement, with a significant
dose-response relationship. However, with resistance
training, it was greater frequency, rather than inten-
sity, which was associated with enhanced endothelial
function   [86].  These  conclusions  mirror  those  of
an   earlier   systematic   review   of  intervention   tri-
als   [87]   and  are  also  supported  by  findings  that
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overall  cardiorespiratory  fitness  is  positively  asso-
ciated   with   better   functioning   of   the   vascular
endothelium  [88].  There are a number of proposed
mechanisms for this exercise resilience to age-related
endothelial dysfunction, including stimulation of the
endothelial cells through temporarily increased shear
stress and increased localized blood flow, increased
levels of circulating catecholamines during exercise
and  lower  resting  heart  rate  reducing  mechanical
stress  (for review  see  [89]  and  [19]).  Additionally,
it  has  recently  been  proposed  that  exercise  may
also  maintain  or  increase  the number  and  function
of endothelial progenitor cells. These bone marrow
derived endothelial precursors, which decline in cir-
culating  concentration  and  efficacy  with  age,  have
been  found  in  both  animal  and  human  studies,  to
repair endothelial damage [90].

BDNF: Neural plasti,city and neurogenesis

Neurogenesis,  the  production   of  new  neurons,
occurs throughout life in a number of brain areas, par-
ticularly the hippocampus and cortex [91, 92], regions
critically   associated   with   memory,   learning   and
overall  cognitive  performance  [93-96].  Therefore,
another  focus  of  the  extant  literature  surrounding
the  effects  of physical  activity  on  cognition  is  the
capacity  for  exercise  to  promote  neurogenesis  and
plasticity  [97,  98].  Physical  activity  is  believed  to
upregulate neurotrophins, a family of essential pro-
teins that influence the development, differentiation
and maintenance of neurons across the lifespan [99],
and these are likely mediators of this beneficial effect
of exercise on cognition [91].

Over  the  past 20  years  there has  been  an  accu-
mulation  of  evidence,  based  primarily  on  animal
investigations, that neurotrophins  not only promote
neuronal resilience  and protect  them  from damage
[ 100], but are also central mediating factors for struc-
tural and functional plasticity [98,100,101]. Of these
neurotrophins, BDNF has emerged as a key mediator
of cognition as it is highly expressed in the regions of
the brain, such as the hippocampus and cortex, that
exhibit the greatest degree of plasticity [99].

BDNF is the most pervasive of the neurotrophins
in  the  developed  adult  brain,  and  affects  its  influ-
ence on  neurons  through binding  with  the tyrosine
receptor  kinase  8  (TrkB)  receptor  [102].  It  is  now
commonly  agreed  that,  in  the  adult  brain,  BDNF
regulates   structural   and   functional   neuronal  pro-
cesses, in both the short and long term. Additionally,
many  of its  effects  are  also  regulated  by  neuronal
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activity,  and  it is  this  synergistic interplay between
neurological   activity   and   plasticity   that  underlie
its   essential   role  in   the  cognitive  process   [103].
BDNF has been demonstrated in  numerous  animal
experiments  to  be  intimately  involved  in  memory
and learning processes  through  the use  of deletion

paradigms.  Focusing  mainly  on  the  hippocampus,
multiple  studies  using  BDNF  and/or  TrkB  knock-
out  mice  have  demonstrated  that  reduced  BDNF,
or  BDNF  binding,  resulted  in  significant  impair-
ment  of hippocampal  long-term potentiation  (LTP)
[104-107],  which  results  in  consequential  impair-
ment of memory  [108]. Conversely, introduction of
exogenous BDNF facilitated LTP in BDNF-KO mice
[105].  Importantly,  heterozygous  and  homozygous
BDNF-KO animal models both displayed near iden-
tical  degrees  of LTP  impairment,  indicating  that  a
particular threshold of BDNF availability is required
for effective hippocampal functioning [104].

Research has demonstrated that a brief period of
exercise resulted in improved cognitive performance
in terms of both learning and recalling platform loca-
tion  in  the Morris  water  maze  [109].  On  the  other
hand, when the action of BDNF was blocked in the
hippocampus, the cognitive performance in these ani-
mals  following  a  period  of exercise  was  found  to
be  no  different  than  sedentary  controls.  Addition-
ally, animal model experimentation has consistently
found that exercise, in the form of running, not only
increases neurotrophin levels, but also neuronal spine
density and the number of neurons produced in the
hippocampus, which in turn correlates with increased
spatial   memory   performance   (for   review   see
[110]).

Investigation  of  the  impact  of  BDNF  levels  on
humans is considerably more difficult,  as fine mor-

phological   changes   cannot   be   measured   at   the
neuronal  level  [95].  However  a  reduction  of both
BDNF gene expression (mENA) and BDNF protein
is found in neurodegenerative disorders such as fron-
totemporal lobar degeneration, Huntington's disease,
and AD [111-114] . Other human studies have exam-
ined effects of the Val66Met polymorphism, which
disrupts  the  secretion,  transport,  and  processing  of
BDNF  [115].  This  polymorphism has  been  associ-
ated  with  increased  susceptibility  for  white  matter
hyperintensities   [116,117],  reduced  hippocampal
volume  [118-120],  reduced  cortical  volume  [118,
121],  reduced  hippocampal  response  during  both
the encoding  and retrieval  stages  of memory based
tasks  [122],  and  poorer  performance  in  cognitive
tasks  [120,  123].  Additionally,  levels  of BDNF  in
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cerebrospinal   fluid   (CSF)   have   been   found   to
decrease  across  the  adult  lifespan  and  lower  CSF
concentrations are significantly and strongly associ-
atedwithreducedcognitiveperformance,particularly
with regard to memory and, to a lesser degree, exec-
utive function [124].

BDNF  can  also  bidirectionally  cross  the  blood-
brain  barrier  (888)   [125].  The  brain  contributes
around  75%  of circulating  BDNF  [126],  while  the
remainder is produced in the peripheral nervous sys-
tem as well as in  other tissues  such  as the immune
cells, lungs, heart, vascular endothelium and smooth
muscle  cells.  Contributing   significantly  to   serum
levels,  platelets  contain  (but do  not produce)  large

quantities of BDNF, which has been hypothesized to
play  a potential  role  in  storage  for  later  release  in
times  of increased requirement  [99,  127]. A recent
cross-sectional  study  of 4,463  older  people  found
that,  while  generally  higher  in  women  than  men,
reduced serum levels of BDNF were associated with
poorer  cognitive performance,  once  age,  sex,  edu-
cation,  and smoking  status were adjusted for. Even
more interestingly, levels  1.5 SD below the age- and
sex-adjusted mean were associated with significantly
higher risk of MCI [128].

While the brain produces the majority of resting
state BDNF levels,  a study of younger  adult males
found that there was a 200 to 300% increase in cir-
culating BDNF levels during aerobic exercise, with
an  equivalent  increase  in  the  amount produced  by
the brain. However, this percentage contribution did
decrease  following  1  hour  of recovery  [126].  As  a
corollary to these finding, a review of previous stud-
ies  concluded  that  peripheral  BDNF  may  actually
be transported back to,  and used in,  the brain  after
exercise [129].

Meta-analytic examination of 14 studies found that
that a single aerobic exercise session increased circu-
lating BDNF levels,  and that the magnitude of this
effect was greater in those who exercised regularly
in  comparison  to  those  engaging  in  acute  exercise
only. However, sex moderated this effect, with men
showing a significantly greater increase in BDNF lev-
els than women  [109].  This pattern  of a short-lived
increase in circulating BDNF following acute aerobic
exercise has been  found in numerous  other studies,
although similar effects have not been reliably found
for strength/resistance based exercise [130]. An ear-
lier review found that the increase in circulating levels
of BDNF following exercise was transitory, and that
levels  returned  to  base  line  within  a  short  period
[129]. Conversely, more recent meta-analysis across

13  studies  has  demonstrated  that  regular  exercise
significantly increases resting BDNF levels, although
this  finding  was  not  considered  to  be  as  robust  as
those regarding acute level increases  [109]. Overall,
there  is  reliable  evidence,  in  humans,  to  advocate
that  each  episode  of aerobic  exercise results  in  an
acute increase in BDNF and that this response can
be improved by regular physical exercise. However,
the relative importance of the acute increase verses
the smaller resting increase that results from regular
exercise, as well as the difference in effect between
males and females, is yet to be determined.

Stress

Exposure to  stressors results  in  the activation  of
two distinct systems, the sympathetic nervous system
(SNS)andthehypothalamus-pituitary-adrenal(HIA)
axis. While the rapidly acting SNS primarily releases
catecholamines  (adrenaline  and  noradrenaline),  the
slower  HPA  axis  releases  glucocorticoids  (primar-
ily  cortisol)   [131].  The  glucocorticoids  can  cross
the 888 and enter the brain, where they bind with
receptors,  particularly  in  the  frontal  lobes,  amyg-
dala, and hippocampus, which have higher receptor
density   and   are   also   central   to   cognition   [132].
However,  the  catecholomines  are  unable  to  cross
the 888,  and  influence the brain  via activation  of
intermediate signaling pathways,  such  as the vagus
nerve,  that stimulate noradrenergic pathways  [133].
The interaction  between  these  systems  is  responsi-
ble for facilitating a wide variety of stress mediated
actions on cognition [134]. This process is generally

positively  adaptive in  nature,  promoting  the cogni-
tive  processing  and  storage  of salient  information;
however it can become maladaptive under certain cir-
cumstances  and, conversely, interfere with memory
and cognition  [135].

While  stress  is  a  significant  factor  in  cognitive

performance, the defining factor in the influence of
stress is its intensity and duration. Mild acute stress
facilitates cognition, particularly when the cognitive
load of the task is not too high. However, when the
level  of stress  is  high  and/or chronically  sustained,
fluid cognitive performance is  noticeably impaired,
particularly in cognitive processes that are primarily
dependent on the hippocampal or pre-frontal cortex
(for comprehensive overview see [134]). When sub-
jected to chronic physical, social, or pharmacological
stressors,  animal  models,  both rodent  and primate,
have   demonstrated   structural   adult   hippocampal
changes including reduced neurogenesis, shortening
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of dendrites,  and  a  loss  of synapses,  even  at  what
was  considered  mild  stress  levels  [136,  137].  The

glucocorticoid  hypothesis  proposes  that  prolonged
stress  results  in  reduced  negative  feedback of cor-
tisol, causing elevated glucocorticoids  and eventual
damage from prolonged exposure, particularly in the
hippocampus [138]. Conversely, longitudinal human
studies have found that the use of medical interven-
tions (such as SSRls, lithium, and electro-convulsive
therapy) in treating either stress or depression disor-
ders, have been linked to an increase in hippocampal
volume following the course of treatment [ 139-142] .
These  findings  indicate  that  the  stress-related  neu-
rodegenerative process is somewhat reversible. Addi-
tionally, animal studies in this area have demonstrated
that the effect of increased neurogenesis  associated
with  antidepressants  only occurs when the subjects
are stressed [137], suggesting that it is the ameliora-
tion of stress that improves hippocampal neurogene-
sis, rather than a direct effect of the treatments.

Recent  studies  have  demonstrated  a relationship
between  anxiety (which is  strongly associated both
psychologically and physiologically with stress [143,
144])  and  reduced  cognitive  performance  in  areas
such verbal fluency, executive functioning, and mem-
ory  in  older  people  without  dementia  [145-147].
Again, as with the findings related to neurogenesis,
amelioration of anxiety in older individuals through
pharmacological   intervention  has  been   shown  to
improve  executive  function  and  episodic  memory
[148].  However,  sex  differences  have  been  found,
with   cognitive  impairment  associated   with   anxi-
ety  to  a  greater  degree in  men  than  women  [146].
Additionally,  in  patients  with  MCI,  higher  levels
of  self-reported  stress  are  associated  with  a  more
rapid  decline  in  cognitive  performance  than  their
counterparts  who  reported  low  stress  levels  [149].
Furthermore, higher levels  of stress have also been
related to an increased risk of developing dementia
[13' 52].

In both humans  and  animals,  those  who  engage
in regular aerobic exercise have a significantly lower
likelihood of suffering from stress associated disor-
ders  [150,   151].  Specifically,  earlier  meta-analytic
reviews  found that regular,  moderate-to-high  inten-
sity,  aerobic  exercise  of  20  minutes   or  more  in
duration  was  anxiolytic,  while  shorter  duration  or
non-aerobic exercise appeared to have little to no sig-
nificant effect  [152]. Additionally, duration  appears
to be important, with the greatest anxiety reduction
occurring  in  exercise  programs  which  last  at  least
15 weeks  [153]. A more recent meta-analysis of 49
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clinical trials also found that, across all age groups,
exercise interventions were associated with a reduc-
tion  in  anxiety  [154].  However,  it  also  found  that
any duration or intensity of aerobic exercise reduced
symptoms  of anxiety,  although  there  still  appeared
to be a dose-response relationship. Additionally, this
review found that exercise was equally as effective in
reducing anxiety as psychological intervention,  and
almost as effective as pharmacological interventions
[154].

It has been proposed that voluntary exercise may
ameliorate  the  impacts   or  effects   of  stress   in   a
number  of ways,  both  psychologically  and  physi-
ologically  [155].  Physiologically,  exercise  appears
to  reduce  reaction  to  stress  through  mechanisms
such  as  adaptations  in  the noradrenaline,  serotonin
and gamma-aminobutyric acid (GABA) neurotrans-
mitter  systems,  although  the  majority  of evidence
in  this  area  has  been  derived  from  rodent  models
[151,   156,   157].   Psychologically,  effects   such   as
improved self-esteem and sense of wellbeing related
to  improvement or maintenance  of physical  fitness
and  achievement  of fitness  goals,  and  the  placebo
effect  of  expected  improvement  in  mental  health,
may  also  alleviate  chronic  stress  and  sensitivity  to
stressors (see [155] and [158] for reviews). However,
while there is evidence that regular exercise does pos-
itively affect the pathophysiological effects of stress,
no single mechanism appears to completely account
for the  observed effects.  It is  more probable that a
combination of some or all of these proposed path-
ways  are involved  in  stress  attenuation,  warranting
further research in this area, particularly in humans.

Ir[flanunation

Chronic inflammation is associated with increased
risk  of developing  many  chronic  diseases  such  as
cardiovascular disease [159], type 2 diabetes  [160],
and several types of cancer [161]. Infection or injury
begins  a  cascade  of  local  and  systemic  response
events, including the production of pro-inflammatory
cytokines. Interleukin-1 beta (IL-1 P) plays a central
role  in  these  responses  by  increasing  the  produc-
tion of lymphocytes and initiating the elimination of
damaged cells  or pathogens by natural  killer cells.
IL-1P  also  stimulates  the  production  of additional
cytokines  such  as  interleukin-6  (IL-6)  and  tumor
necrosis  factor-alpha (TNF-er), which in turn affect
other cells  [162].  There is extensive intercommuni-
cation  between  the peripheral  immune  system  and
the  CNS,  through  both  neural  pathways  and  via
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active transport across the 888. As a result of this
communication, challenge to the peripheral immune
system   stimulates   immune  responses   within   the
brain, which is primarily mediated by microglial cells
[163] . Conversely, neurological damage also induces
cytokine production peripherally [164,165].

Microglia,  the primary mediators  of the immune
response in the CNS, are normally quiescent unless
the immune  system perceives  a threat  [166].  Once
activated,   they   multiply,   undergo   morphological
changes,  and  produce  pro-inflammatory  cytokines
until the threat is resolved [167] ; whereupon they pro-
duce anti-inflammatory cytokines and other factors to
re-establish homeostasis [166]. Animal studies have
shown that this neuroinflammatory response becomes
sensitized  in  normal  aging,  with  the  hippocampus
demonstrating a more exaggerated immune response
to  challenge,  with  this  elevated production  of pro-
inflammatory cytokines occurring for a longer period
of time once the challenge has passed [168,169] . This
is  supported  by  human  studies  demonstrating  that
aging is associated with a two- to four-fold increase
in circulating systemic levels of inflammatory medi-
ators across the lifespan [170].

There is  an  increasing  accumulation  of evidence
that  supports  the  contention  that  activation  of  the
peripheral immune system is associated with cogni-
tive  dysfunction  [162,  171]  and,  more  specifically,
that  neurogenesis  is  impaired  by  neuroinflamma-
tion,  leading  to  poorer  cognitive  functioning  [27].
In  their  seminal  paper,  Monje,  Toda,  and  Palmer
[172]  found that inflammation alone, following cra-
nial radiation therapy, inhibited neurogenesis, leading
to progressive cognitive decline; and that preventing
inflammation   through   the   use   of  pharmacologi-
cal  anti-inflammatories  restored  neurogenesis  and
ameliorated  further cognitive deterioration. Animal
research has demonstrated that memory impairment
resulting  from  orthopedic  surgery  was  associated
with  increased  levels  of  not  only  circulating,  but
also  hippocampally-produced  inflammatory  factors
[173]. Furthermore, inhibition of IL-1 P ameliorated
both the hippocampal inflammation and the cognitive
dysfunction [174]. Additionally, on a structural level,
circulating levels of IL-6 have been found to inversely
co-vary   with   hippocampal   grey   matter   volume
[171].

These  findings  have  been  supported  by  analy-
ses  of  data  from  several  large  prospective  cohort
studies [175-177], which have found that higher lev-
els  of systemic  markers  of inflammation  (IL-6  and
C-Reactive Protein; CRP) were associated with both

lower  initial  cognitive  function  and  greater  risk  of
cognitive decline at follow-up.  Interestingly,  not all
studies  in  this  area  have  found  consistent  results,
with  a couple of similarly sized  studies  finding lit-
tle to no evidence to support these contentions [178,
179].  However,  one  of these  studies  [178]  did  not
assess cognition at baseline or inflammatory markers
at follow-up; and the other [ 179] used a relatively low
sensitivity assay  for IL-6,  which they acknowledge
may have influenced the results.

Additionally, findings from dementia research also
supporttheroleofinflammationincognitivedysfunc-
tion,  with higher circulatory CRP at midlife shown
to  be  associated  with  significantly  greater  risk  for
dementia 25 years  later in  a large sample  of 1,000
people  [180].  This relationship was independent  of
potential confounding variables, except for a partially
mediated relationship with subclinical atherosclero-
sis,  and the temporal distance between assessments
significantly  reduces  the  likelihood  that  inflamma-
tion  was  symptomatic  of  pre-clinical  AD,  rather
than  a  causative  factor.  Additionally,  genetic poly-
morphisms  that  reduce  circulating  IL-6  have  been
associated with both delayed initial onset and reduced
incidence of AD [181], indicating that inflammation
may  play  a  key  role  in  the  development  of  neu-
rodegenerative  disease.  Interestingly,  however,  the
use of pharmacological  anti-inflammatories  to slow
or prevent neurodegenerative disease has produced
varied results  [182]. It has been suggested that neu-
rodegeneration may also be slowed down by certain
aspects  of inflammation,  particularly by increasing
the  recruitment  of systemic  immune cells,  such  as
T-cells and monocytes, across the 888, which may
modify the potentially destructive effects of localized
CNS inflammation  [182].

Physical  activity has become increasingly recog-
nized  as  a potential  intervention  to reduce chronic
inflammation [ 161,183,184] . Numerous large cohort
studies have consistently found lower levels of sys-
temic inflammatory biomarkers in those who either
subjectively reported higher levels of physical activ-
ity or objectively demonstrated greater aerobic fitness
[185-190]. Additionally, one small intervention trial
found resistance training moderately reduced mark-
ers of inflammation in overweight women  [191]. A
similar result was  also found  for  sedentary partici-

pants following a trial that used a combined aerobic
and resistance training intervention  [192]. However,
intervention studies in general have produced incon-
sistent results, although this is likely to be related to
a number of methodological reasons, such as being
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underpowered,  lacking  a  control  group  and  incon-
sistency  of  exercise  interventions  used  (see  [193]
for review  of both  cohort  and  aerobic  intervention
studies). While the mechanisms underlying this anti-
inflammatory  effect  are  still  far  from  clear,  it  is
currently postulated that IL-6 production from skele-
tal muscles during exercise is a significant mediating
factor.  At rest,  most of the circulating  IL-6  is pro-
duced from adipose tissue and leucocytes, with very
little  produced  from  skeletal  muscles,  but  during
moderate (equivalent'to vigorous walking) to intense
exercise, circulating IL-6 can increase up to 100-fold
[183].

However,  while  usually  considered  to  be  pro-
inflammatory, the IL-6 produced by skeletal muscles
during   exercise   appears   unique   in   that   it   sup-
presses  the  production  of  other  pro-inflammatory
cytokines,   such   as   TNF-er   and   IL-1P.   Further-
more,  exercise-induced  IL-6  stimulates  the release
of anti-inflammatory cytokines, which may result in
an  overall  lowering  of  chronic  inflammation  over
time.  Muscle-derived  IL-6  is  also  proposed  to  be
involved in stimulating the production of cortisol and
adrenaline during exercise, which have strong, acute
anti-inflammatory properties  [194,195].  Additional
exercise-induced  anti-inflammatory  mediators  have
also been postulated, although they have not been as
well studied to date (see [195] for review). Overall, it
is this reduction in systemic inflammation that is pro-

posed to reduce the  associated neuro-inflammatory
processes  and  the  associated negative  influence  on
cognitive function.

Insulin regulation

Insulin, produced by pancreatic beta cells,  is  the
hormone  central  to  regulating  the  level  of  blood
glucose in the body. When bound to an insulin recep-
tor  (IR)  it  regulates  the  cellular uptake  of glucose
by  the  activation  of glucose  transporters,  which  is
then used as either fuel for energy or stored. Insulin
also plays a role in uptake of amino acids and their
incorporation  into proteins,  as well  as reducing  the
rate  of catabolism  [196].  Although  it  was  initially
believed  that  the  brain  was  insensitive  to  insulin,
animal experiments  in the  1960s demonstrated that
insulin also promoted the uptake of glucose in CNS
tissue [197,198]. Following these observations, sub-
sequent researchers suggested that insulin in the brain
may work solely  as  it does in peripheral  tissue, by
mediating  the uptake  of glucose  into  the cells  and
thus regulating their production of energy. Therefore,
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reduced IR sensitivity would lead to starving the neu-
ronsofglucoseandsubsequentneuronaldysfunction,
effectively  "diabetes  of the brain"  [199].  However,
more recent research  has  demonstrated that only  a
small  percentage  of the  glucose  used  by  the  brain
is  actually  obtained via insulin-dependent transport
mechanisms  [200],  with the insulin-insensitive glu-
cose transporters, being the main ones expressed in
the CNS [201 ] . Furthermore, there is an uneven distri-
bution of IRs throughout the brain, indicating specific
CNS functionality in addition to the overall supply of
glucose [200].

Primarily based on animal studies, IRs in the brain
have  been  found  to  be  concentrated  in  a  number
of  neural  regions  highly  associated  with  memory,
learning,  and cognition:  specifically  the hippocam-
pus, amygdala, and cerebral cortex [202-207] . While
not as well investigated, these findings have also been
supported by a few small postmortem human studies
[200, 208]. Given the role of insulin in peripheral glu-
cose regulation, and the distributions of the receptors,
insulin may exert its effect on memory and cognition
in a similar way in the CNS. However, it is also likely
to affect cognitive functioning through a number of
other non-metabolic mechanisms.

Insulin is also an important neuromodulator [209],
affecting  both  synaptic  and  post-synaptic  activity,
particularly through its ability to modulate signaling
by potentiating NMDA, AMIIA, and GABA receptors
[210]. These receptors are known to play important
roles  in  synaptic  plasticity,  learning,  and  memory
[211,  212].  Insulin  and  IRs  have  also  been  found
to  influence numerous  other processes  in  the brain
which  are  likely  to  affect  cognitive  performance,
such as neuronal proliferation  [213] and differentia-
tion [214-21.6] , protection from apoptosis [213, 217],
and both inhibition and excitation of neuronal firing
through effects on ion channels [212, 218] (see [196]
for review of the functions of insulin in the brain).

While there is limited evidence for the idea of dc
rovcJ  synthesis of insulin in the brain  [219-221], to
date this has not been conclusively demonstrated in
humans or higher order animals, and is particularly
inconclusive  in  adult  brains   [222-224].  However,
although  lipid insoluble, insulin readily crosses the
888  from the peripheral circulatory system via an
IR-mediated  saturable  transport  system  [223,  225,
226].  CSF  insulin  levels  have  been  demonstrated
to  increase  following  acute  elevation  of  circulat-
ing insulin  [227], highlighting this  interrelationship
between peripheral and central insulin. Overall then,
the  brain   appears   to   rely  predominantly,   if  not
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completely,  on peripherally produced insulin for its
insulin dependent functions.

Although  acute high  levels  of insulin have been
shown to benefit cognition [228, 229], chronic hyper-
insulinemia  is  likely  to  negatively  affect  cognitive
functioning. Persistently high levels of insulin reduce
the sensitivity of peripheral IRs, including those in the
888. This reduces the amount of insulin transported
to the brain from the peripheral system [230], result-
ing in a reduction in overall availability of insulin in
the brain [231 ] . Additionally, peripheral insulin resis-
tance has also been linked to insulin resistance in the
brain [232, 233]. Significantly reduced sensitivity to
insulin is  the central  aspect of type 2  diabetes, but
increased  insulin  resistance  is  also  associated  with
both obesity and aging [234, 235].

Numerous  investigations  have  found  an  associa-
tion between insulin resistance and both faster rates
of cognitive decline and increased risk of cognitive
impairment in older populations  [236-238]. Several
studies also indicate that cognitive functions may be
impaired  before the  dysfunction  of the  glucoregu-
latory  system reaches  the threshold  for a diagnosis
of type  2  diabetes  [239,  240].  Insulin  resistance  is
also associated with increased risk of AD as well as
age-associated memory dysfunction  [231]. Reduced
IR  density and insulin  sensitivity  in  the brain have
been  found  to  be  related  to  the  two  major patho-
logical  mechanisms  currently  associated  with  AD:
increased accumulation of AP and tau protein hyper-
phosphorylation  (see  [241]  and  [30]  for reviews  on
insulin and AD). Conversely, intranasal administra-
tion (enabling the bypassing of the 888) of a long
lasting insulin  analogue has actually been shown to
improve  cognitive  functioning  in  participants  with
MCI  and  those  with  mild  to  moderate  AD  [242].
Additionally, this relationship between insulin resis-
tance  and  cognitive  decline  is  further  highlighted
by  conditions  commonly  associated  with  dysfunc-
tional   insulin   sensitivity,   such   as,   hyperglycemia
[241], dyslipidemia, hypertension, and obesity [29].
These  conditions  are  all  considered  insulin  resis-
tance related disorders and, particularly when present
in   middle   age,   each  represents   an   elevated  risk
for   accelerated   cognitive   decline   and   dementia
[29' 241].

A  sedentary  lifestyle  is  very  likely  to  be  a  cru-
cial aspect in the ever-increasing incidence of insulin
resistance  in  the population  [30].  A  study  of male
endurance  trained  athletes,  predominantly  cyclists
and runners,  found that they had better insulin sen-
sitivity than sedentary men,  and, remarkably,  there

was no difference in insulin sensitivity between those
in their 20s and those in their 60s. However, seden-
tary older men in this study had significantly lower
insulin sensitivity than younger sedentary men [243].
This study provides evidence that exercise-at least
long-term,  regular,  intensive exerciseutan prevent
the  reduction  in  insulin  sensitivity  associated  with
increasing  age.  Additionally,  when  compared  to  a
stretching-only  control  group,  six  months  of  reg-
ular  aerobic  exercise  in  a  glucose-intolerant  older
cohort  was  found  to  improve  multiple  aspects  of
cognition, while concurrently improving insulin sen-
sitivity and reducing circulating levels of AP [28]. A
recent review covering 40 years of research examin-
ing exercise biomarkers in participants with MCI and
dementia found only two studies had assessed insulin
sensitivity [244]. Both of these studies found better
cognitive outcomes for the exercise groups compared
to control. However, while one study, which involved
six months of regular high intensity exercise, found
improvements in insulin  sensitivity  [245], the other
study  used  a  less  vigorous  intervention  of  tai-chi
over  only  12  weeks  and  found  no  such  improve-
ment  [246]. Despite limited research in this  area,  it
appears that exercise may improve insulin sensitivity
and cognitive outcomes for those with MCI or early
dementia, but that the exercise must be sufficiently
aerobic and intensive to be effective. However, it is
evident that more research is required to draw firm
conclusions.

Overall,  specific research  examining insulin  sen-
sitivity  as  a  mechanism  involved  in  the  interplay
between exercise and cognition is quite limited, with
relatively  few  studies  and  small  cohorts.  However,
while  not  looking  explicitly  at  cognition,  physical
activity in general appears to be an important, if not an
essential, element in the reduction and prevention of
insensitivity to insulin [247]. More specifically, Mann
et al. [248] systematically reviewed the interventional
research  into  the responses  of insulin  sensitivity to
different modalities of exercise. They concluded that
both  aerobic  exercise  and  resistance  training  were
effective  in  improving  insulin  sensitivity,  and  that
combining the two was the most efficient strategy. It
is worth noting that, at present, although the overall
evidence  is  quite  strong,  there  have  been  consid-
erably  more  investigations  conducted  with  aerobic
interventions than resistance or combination training;
and more research is warranted in these areas. This
conclusion matches closely with the overall evidence
available from research into the exercise-cognition-
insulin axis.
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There is  a large body of evidence indicating that
physical exercise has a beneficial effect on cognitive
performance and the rate of cognitive aging. More
specifically, the extant literature suggests that all of
the reviewed mechanisms are likely to play a role in
mediating the relationship between exercise and cog-
nition. However, at present, the majority of research
in these areas has focused on aerobic exercise. There-
fore, while the weight of evidence suggests benefits
from aerobic exercise, further research into the effect
of resistance or combined exercise on these mecha-
nisms and cognition is warranted.

The intensity and duration of exercise are also pro-
posed to have a dose effect on both the mechanisms
and  positive  cognitive  outcomes.  While  increasing
levels of physical exercise have been reported to exert
greater impacts  on  cognition,  the evidence  for this
dose-response is  not comprehensive;  as  to  date,  no
study has established a strong case for a precise rela-
tionship. Additionally, the mechanisms reviewed do
not  exist  in  isolation,  with  each  one  affecting  the
other  to  some  degree  (e.g.,  [160,   196,  249,  250]).
Again, considerations of these relationships in future
research are highly recommended in order to develop
a more comprehensive understanding of the relation-
ship between exercise and cognitive aging.

Overall,  the current research  supports the poten-
tial  for exercise to improve cognitive outcomes  via
increased BDNF-facilitated neurogenesis and neuro-
plasticity, improvement in vascular function, reduced
stress and inflammation, and improved insulin sensi-
tivity. However, at present the relative contribution of
exercise to these mechanisms has not been specified.
Neither have the relative strengths of the influence of
these mechanisms on cognition, as current research in
the area typically isolates one specific potential medi-
ator at  a time.  Exercise,  as  opposed to  many  other
potential cognitive interventions,  is extremely cost-
effective  and has  no intrinsic negative  side effects,
which  makes  it  a  promising  candidate  for  amelio-
rating  the  rate  of  cognitive  decline  in  our  aging
population. Furthermore,  as each  of these potential
mechanisms  has  established,  quantifiable biomark-
ers,  future  research  would  benefit  by  establishing
the relative  strengths  of these mechanisms,  and the
consistency  of  their  effect  on  cognition.  Research
of this  type is  needed  to  help inform investigation
into  the  efficacy  of  various  exercise  intervention
programs   and   their  potential   to   affect   cognitive
outcomes.
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Abstract.
Background:  Greater physical fitness is associated wit
mechanisms by  which  this  occurs  are  still  unclear.  On
resulting in higher pulsatile pressures reaching the br
evidence that those who regularly exercise may have lo
Objective:  To investigate whether greater fitness
people and, if so, whether aortic stiffness mediat
Methods:  Residents  of independent living  faci]
included a computerized cognitive assessment b€
Minute Walk test to assess fitness. Based on hief
the mediation hypothesis.
Results: Both fitness and aortic stiffness independen
no mediating relationship was found.  A
BMI and sex, fitness and aortic stiffness
any variation.
Conclusions: Greater fitness and lower aortic s
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rates of cognitive decline in older people; however, the
otential  mechanism  is  aortic  stiffness,  with increased  stiffness

p®gsibly causing progressive micro-damage. There is limited
Qrtic stiffness.

er aortic stiffness predict better cognitive performance in  older
a£1onship between fitness and cognition.

aged  60-90,  participated in  the  study  (N= 102).  Primary  measures
lse wave velocity analysis to measure aortic stiffness, and the Six-
regression analyses, structural equation modelling was used to test

y predicted Spatial Working Memory (SWM) performance, however
the derived structural  equation model  shows that, in conjunction with
of the overall variation in SWM, with age no longer directly predicting

both independently predict better SWM in older people. The strong
effect of age on cognitive performance is totally mediated by fitness and aortic stiffness. This suggests that addressing both
physical fitness and aortic stiffness may be important to reduce the rate of age associated cognitive decline.

Keywords: Aging, aortic Lstiffness, arterial stiffness, cognition, fitness, working memory

INTRODUCTION                                                                     Nations  report  estimating  a doubling  of this  older
population  to  over  two  billion  by  the  middle  of

People  over  the  age  of  65  are  now  the  fastest            the  twenty-first  century  [1].  This  rapid  rise  will
growing demographic globally, with a recent united            subsequently   lead   to   an   associated   rise  in   age-
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which has been attributed in part to modifiab]e risk
factors such as lifestyle. It is estimated that reducing
cognitive ageing so as to delay the onset of demen-
tia by  even  1  year could  reduce  the  prevalence  of
dementia  by  more  than  11%  [2].  Given  the  wide-
ranging personal and societal burdens associated with
age-related cognitive impairment [3], it is imperative
that potential interventions that may assist in reduc-
ing the rate of cognitive aging are investigated and
understood.

The extant literature indicates that physical activ-
ity and fitness are positively associated with cognitive

performance  [4-7]  and  reduced  risk  for  dementia
[8-11].  Specifically,  a number of large population-
attributable  risk  (PAR)   studies   have   found   that,
across  the  Western  world,  physical  inactivity  and
associated  low  levels  of physical  fitness  are  asso-
ciated  with  a  larger  proportion  of dementia  cases
than  any  other  lifestyle  factor,  including  obesity,
smoking, diabetes mellitus, midlife hypertension and
depression  [12,  13]. However,  the mechanisms that
underlie  this  relationship  between  physical  fitness
and the trajectory of cognitive aging are still unclear
[14-16].

There  are  numerous  lnechanisms   proposed   to
underlie  the  relationship  between  physical  fitnes
and age-associated cognitive decline. These inclu
inflammation, insulin regulation, stress resilience a
changes  to  neurogenesis  [16].  One  other  propose
mechanism is increased stiffness of the large
arteries.  Arterial  stiffness,  or  the  reduced  ap
ance/elasticity of the arteries, is proposed to
brain through a reduction in the ability
cardio-thoracic arteries, primarily the a
the peak pressure from the heart [17].
particularly vulnerable to higher pulsatile
as it requires continuous high flow pe
facilitated by the lack of the more robus
arterial systems afforded to other organs.

ggures'

rmediate
as been

proposed  that the  prolonged higher peak pressures
projected by stiffer central arteries may lead to small
vessel damage and micro-bleeds [18,19]. This dam-
age to the cerebral microvasculature may contribute
to  neuronal  loss  and  an  associated  decline in  cog-
nitive function [20-22]. Aortic stiffness, particularly
as assessed with pulse wave velocity, is suggested to
be an early marker of broader vascular health issues
[23, 24] , with central arterial degradation potentially
negatively influencing cognitive performance before
peripheral aspects of vascular health issues are evi-
dent,  such  as  those  assessed  by  standard  brachial
blood pressure tests [25] . This therefore makes aortic

stiffness an important potential target for the reduc-
tion of vascular influences on cognitive decline and
dementia prevention.

While there is a clear effect of aging on the major
central elastic arteries, research has demonstrated that
those who engage in regular exercise behavior tend
to have lower arterial stiffness for their age [26] . This
effect is  possibly  due to  a reduction  in  the  overall
accumulated number of cardiac cycles and degree of
pulsatile stress affecting these arteries [27] . However,
to  date,  research  in  this  area  is  still  far from con-
clusive, with same studies finding that certain forms
of exercise
fact increa
studies
aged adults

resistance exercise, may in
tiffness [28, 29] (although these

redominantly  in  young  and  middle-
recent study involving healthy older
d that cognition (i.e., executive func-

lasticity  and  fitness  all  declined  with
hermore, the study found that increased

ness and reduced fitness were both directly
elated with poorer cognitive performance in older

S+ However,  they were unable to demonstrate
aortic stiffness mediated the relationship between

ffiSss and cognitive performance, possibly due to the
ssessment of only a single cognitive domain and the

usion of a particularly healthy older cohort.
The current  study  examined the effect of physi-

al fitness on cognitive function in older, cognitively
intact  individuals.  Participants  were  living  in  self-
care   accommodation   in   retirement   communities,
where there is a focus on maintaining independence,
maintaining  cognitive  faculties,  and  delaying  any
requirement for moving to supported levels of care.
The aim of this study was to examine the relationships
between physical fitness, arterial stiffness and cogni-
tive function in older people. We hypothesized that
both greater physical  fitness  and lower aortic  stiff-
ness would predict better cognitive function in older
people. Furthermore, this study aimed to investigate
whether  arterial  stiffness  mediated  the relationship
between fitness and cognition in healthy older people
and whether the relationship between age and cogni-
tion was partially mediated by arterial stiffness and
fitness,  as illustrated in the conceptual  (theoretical)
model outlined in Fig.  1.

METHODS

This   study   examined  the  cross-sectional   asso-
ciation  between  physical  fitness,  arterial  stiffness
and cognitive performance. These relationships were
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Fig. I .  Conceptual model of the relationships between age, fitness,
aortic stiffness, and cognition.

explored using baseline data from the Lifestyle Inter-
vention in Independent Living Aged Care (LIILAC)
clinical trial [31].

Participants

Residents living independently in aged care com-
munities,   aged  between  60  and  90  years,  were
recruited across  15  sites in and around Melbourne,
Australia, as part of the LIELAC trial [31]. One hun-
dred and two participants (73 females and 29 males)
were recruited for the LIILAC trial, all of whom were
able to live independently, without the need for out-
side support for their daily living activities. This stud
involved all LIILAC trial participants.

Those with any uncorrected visual impairment
hindered  their reading,  with  significant psycho
ical  or  neurological  disorders,  suspected  co
impairment (scoring  <24  on  the MMSE)  or
icant  levels  of  depressive  symptoms  (scoril
on  the  Geriatric  Depression  Scale)  were  6x
from the study. Participation was predicate
ability to read and speak fluent English,
ity  to walk independently  and  safely.  A
prospective participants  were  not elig±b
illicit drugs or cognitive enhancing
ever, to properly reflect the aging population, use of
other prescribed medications was not an exclusion,
as long as  the dose had been  stable for at least six
months.

This study was approved by the Swinbume Uni-
versity Human Research Ethics Committee (project
number  2013/057),   and  all  participants  provided
informed  consent  that  was  counter-signed by  their
general practitioner, confirming that they were med-
ically fit to participate in the LIILAC trial. The trial
was also registered with the Australian New Zealand
Clinical Trials Registry -ACTRN12614001133628.
All procedures were conducted in  accordance with
the Declaration of Helsinki (as revised in 2004).
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Fitness assessment

Fitness was assessed with the Six-Minute Walk test
(6 MW), which  involved participants  walking back
and  forth  between  two  markers  placed  10m  apart
on  an  unimpeded  level  surface.  Participants  were
encouraged to walk as far as possible in six minutes,
with the total distance recorded [32] . Multiple studies
have demonstrated that this test is a simple, but reli-
able  means  of assessing  physical  fitness/functional
capacity, particularly in cohorts with potential limi-
tations [33,
full six minute

Arterial

captured

Only participants who completed the
re included in the analysis.

ss assessment

al  pulse  wave  velocity  (CFPWV)
sing  a  femoral  cuff  to  capture  the

and tonometer (pressure sensor)
e  carotid  wave form.  CFPWV  was  then

calculated as  the  distance between  the  carotid and
feriond  measurement  sites  divided  by  the  transit
ime. This method is well validated [35], and is con-

&red  the  gold  standard  of assessment of central
rterial stiffness [36].

eripheral  and  central  blood  pressures,  as  well
measures   of  arterial   stiffness   were   assessed

sing applanation tonometry with the Sphygmocor®
device (Model XCEL, Atcor Medical, Sydney, Aus-
tralia). Following a 5-minute rest period in a supine

position, standard brachial blood pressure was mea-
sured  using  a  brachial  blood  pressure  cuff on  the
left. Three recordings were made, with the first being
discarded and the average taken of the second and
third  recordings.  Aortic  blood  pressures,  augmen-
tation pressure (AP) and augmentation index (Alx)
were also analyzed by the device using a mathemat-
ical transfer function to derive the aortic wave form.
The AP was calculated as the difference between the
first and second systolic peck, with the Alx calculated
as the percentage contribution that the AP makes to
the overall pulse pressure (PP). Alx and AP, consid-
ered to be surrogate measures of peripheral arterial
stiffness, were included in the variable set, as were
the standard blood pressure measurements, given that
there is  extensive literature linking  these measures
with cognition [37].

Cognitive assessment

Cognitive  performance  was  assessed  using  the
Swinburne    University    Computerised    Cognitive
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Assessment  Battery  (SUCCAB).  The  SUCCAB  is
a well-validated computerized test battery utilizing
tests of cognition that are sensitive to age-associated
cognitive decline [38]. The battery comprised eight
tests,  each  preceded  by  a  brief  practice  task  to
familiarise  the  participant  with  the  procedure  and
task  requirements.  The  tests  were  administered  in
the  following  order:  Simple Reaction Time  (SRT),
Choice Reaction Time (CRT), Immediate Recogni-
tion (IRec), Congruent Stroop (Cstrp), Incongruent
Stroop  (Istrp),  Spatial  Working  Memory  (SWM),
Contextual Memory (CMem), and Delayed Recog-
nition  (DRec).  The  tasks  were  participant  paced,
with no maximum time to respond. Participants were
instructed to respond as quickly and as accurately as
possible.  More detailed descriptions  of the compo-
nent tasks of the SUCCAB and their application are
available [3841 ] .

Testing was undertaken  onsite at the community
facilities.  Stimulus presentation  was  via a 23-inch
monitor attached to a laptop, to ensure clear task vis-
ibility. Pre-testing validation found no differences in
stimulus  presentation  time  between  the  native  lap-
top screen and the extemal monitor. All participant
responses  were  via  a  4-button  response  box.  The
SUCCAB  took approximately  30  minutes  to  cc
plete.

Percentage accuracy and the mean response-ti
to  correctly  performed  trials  were  calculated  fG
each task. The percentage accuracy was divi
the  mean  response  time  to  give  an  overa]]
mance  score.  Higher performance  scores  iri
faster reaction times and/or a greater
This  ratio  also  assisted in  accounting
of the speed for accuracy trade-off pr
cognitive  assessment  of older individua
As  has  been  done  previously  with
[45],  cognitive task performances fro

8  SU€CAB
ch of the

eight  tests  were  napped  into  four  broa c08ni-
tive  ability  domains,  Reaction  and Decision  Speed
(RDS),  Cognitive  Processing  (Cogp),  Short  Temi
Memory (STM) and Visual Processing (Vlsp), based
on  the  Cattell-Horn-Carroll  Broad  Abilities  model
[46]. Since the STM domain is represented with just
one cognitive task from the SUCCAB battery, namely
SWM,  this  domain  will  be  referred  as  SWM  for
clarity  and accuracy  of interpretation.  Overall,  this
mapping into four cognitive domains enables a more
standardized approach to the cognitive data analysis
and reduced the chance of type 1 error.

Each  performance  variable  was  converted  to  a
Z  score  to  ensure  each  variable  contributed  equal

weighting to the applicable domain ability score. The
resultant cognitive ability domain scores were calcu-
lated as follows:

Reaction and Decision Speed (RDS)
(Z_SRT Performance + Z~CRTperformance)/2
Cognitive Processing (Cogp)
Z_(Istxpperformance -Cstrpperformance)

Spatial Working Memory (SWM)
Z_SW.Mperformance

Visual Pr\
(ZJRe

sing (Visp)

gpance + ZDRecJ'erformance +

the dcapendent cognitive variables were screened
rmality  and  for  outliers,  with  outliers  being

efined as lying further than 2.2 times the interquar-
nge below quartile  1  or above quartile 3  [47,

8].  Only  RDS   was  found  to  have  a  univariate
lier,  which  was  removed  from further  analysis.

dditionally,  Cogp  was  found  to  have  mild  stan-
ardized  negative  skewness  of  0.765.  However  it

was  decided  that,  in  order  to  maintain  consistency
of interpretation with the other cognitive variables,
not  to  transfomi  this  variable  because  regression
analyses   are  fairly  robust  to  this  violation   [49].
Multivariate  outliers  were  identified  using  Mcha-
lanobis Distances and were removed from analysis.
Plots  of the residuals  obtained from the regression
analyses  described  below  (e.g.,  QQ-plots  and  pre-
dicted  value  plots)   suggested  that  the  regression
assumptions of normality and homoscedasticity were
supported.

Regression  analyses  were conducted  to  describe
the relationship of cognition with fitness and arterial
stiffness, independently and together, while control-
ling for the effects of age, sex and education. Based
on the regression analyses, structural equation mod-
elling was then used to test for significant mediation
relationships.  Goodness of fit statistics used for the
structural equation modelling included the chi-square
statistic,  the normed  chi-square  and  the root mean
square  error  of approximation  (RMSEA).  As  rec-
ommended by Hu and Bentler [50], adequate model
fit requires RMSEA < 0.06 and normed chi-square
between I  and 2.
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Table  1
Demographic, cardiovascular, and exercise characteristics

Total(77=102)     Men(rz=29)    Women(»=73)

Demographics & Morphometrics
Age, y                      77.5 (6.9)             78.4 (7.3)              77.2 (6.8)
Education, y          12.7 (3.5)              13.3 (3.4)               12.4 (3.5)
MMSE                  28.48 (1.34)        28.41  (1.55)          28.52(1.26)
BMI,kg/m2       28.29(4.70)        28.78(4.44)         28.10(4.81)

Cardiovascular
SBP, mmHg     135.72 (15.90)
DBP,mmHg    70.35 (10.27)
PP, mmHg         65.38 (12.63)
AP, mmHg          15.63 (6.82)
Alx, %                 30.00 (9.93)
CFPWV,in/s      11.51  (1.94)

Fitness

136.38  (17.66)     135.46 (15.26)
70.66(10.30)       70.22(10.33)
65.72(]5.18)        65.24(11.56)

13.03  (6.86)          16.68  (6.57)
25.31  (9.55)          31.89 (9.50)
12.52  (2.03)           11.12 (1.76)

6MW, in            356.16 (75.57)   365.54 (73.71)    365.01  (76.88)

Mean  (SD)  reported.  MMSE,  Mini-Mental  State  Examination;
BMI,  body  mass  index;  SBP,  brachial  systolic  blood  pressure;
DBP, diastolic blood pressure; PP, brachial pulse pressure; AP, aug-
mented pressure; AI, augmented index; CFPWV, carotid-femoral

pulse wave velocity; 6MW, six-minute walk test.

RESUIJTS

Means     and     standard     deviations     for     the
demographic,   cardiovascular   and   exercise   vari-
ables/measures are presented in Table  1.  Cognitiv
performance   and   the   derived   cognitive   doma
performance   means   and   standard   deviations
shown in Table 2.

Initial analysis examined the associations o
the exercise and cardiovascular measures wi
cognitive  domain  score.  However,  as  age,
education are known to be significant pre
cognition,  each relationship  was  adjusted fG
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factors  in  the hierarchical  regression  analyses.  The
regression  coefficient  and  standard  error  for  each
analysis are shown in Table 3.

As  can  be  seen  in  Table  3,  higher  6MW  dis-
tance significantly predicted better Spatial Working
Memory (SWM) after age, sex, and education were
taken into account. The hierarchical regression model
analysis  revealed  that,  in  total,  the  predictor  vari-
ables  explained  27%  of the  variance  in  SWM  (F
(4,94)=8.55,  p<0.001).   6MW   significantly  pre-
dicted  6%  additional  variance  in  SW.h4  over  and
above that ex'giv,*,,aimed by  age,  sex  and  education  (F
change(1:
walked pr

dicted bees
the effeffl
cal regressi

p = 0.009), with greater distance
tter SWM performance.

lower CFPWV also significantly pre-
WM performance, after controlling for

e, sex and education. The hierarchi-
model analysis revealed that, in total,
ariables explained 25% of the variance

F (4,92)=7.70, p<0.001).  CFPWV  sig-
redicted 6% additional variance in SW'h4

above that predicted by age,  sex and edu-
ation alone (F change ( 1,92) = 7.13, p = 0.009), with

bar pulse wave velocity predicting poorer SWM
erformance.

imilar, results were also found for diastolic blood
ressure  (DBP).  The hierarchical  regression  model
nalysis  revealed  that,  in  total,  the  predictor  vari-

ables  explained  24%  of  the  variance  in  SWM  (F
(4,96) = 8.63, p < 0.001 ). DBP significantly predicted
3% additional variance in Spatial Working Memory
over and above that predicted by age, sex and edu-
cation alone (F change ( 1,95) = 4.11, p = 0.046), with
higher DBP predicting poorer SWM performance.

Table 2
itive characteristics of study sample

Whole sample (#= ]02)              Men (#=29)              Women (#=73)

Assessments
Simple Reaction Time
Choice Reaction Time
Immediate Recognition
Congruent Stroop
Incongruent Stroop
Spatial Working Memory
Contextual Memory
Delayed Recognition

Derived Ability Domains
Reaction & Decision Speed
Cognitive Processing
Spatial Working Memory
Visual Processing

342.75  (54.39)
202.65 (29.53)
64.26 ( 17.64)
115.13  (18.17)

83.99 (22.35)
50.17  (15.61)

63.58 (22.32)
63.35  (14.47)

0.00 (0.83)
0.00 ( 1.00)
0.00 ( 1.00)
0.00 (0.86)

360.63 (37.30)
207.04 (32.24)
64.07 ( 14.81 )

116.34 (19.10)

82.60 (22.84)
56.02 (18.34)
62.13 (19.28)
61.23  (13.37)

0.24 (0.65)
ro. 14 (o.95)
0.37  (1.17)

ro.08 (0.72)

332.65 (58.56)
200.90 (28.43)
64.07 ( 14.81 )

114.64 (17.89)
84.55 (22.29)
47.85  (13.85)
64.15 (20.83)
64.19 (14.89)

ro.09 (0.87)
0.06 (1.02)

ro.15 (o.89)
0.03 (0.92)

Mean (SD) reported.
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Table 3
Association of exercise and cardiovascular measures with cogni-

tive domain performance - standardized weights

Reaction &    Cognitive        Spatial           Visual
Decision     Processing     Working     Processing

Speed                               Memory

6MW.                          0.151              0.022             0.260*             0.069
SBP, mmHg           ro.139          ro.101           ro.132            0.054
DBP, mmHg          ro.116          ro.022         -0.186^          0.019
PP, mmHg             ro.100          I).128          ro.022           0.063
AP, mmHg             ro.146            0.089             0.057             0.081
AI, %                        ro.055             0.138              0.120             0.081
CFPWV, in/sec     +).161            0.014          -0.296*         ro.147

Model adjusted for age, sex, and education. 6MW, six-minute walk
test;  SBP, brachial systolic blood pressure; DBP, diastolic blood

pressure; PP, brachial pulse pressure; AP, augmented pressure; AI,
augmented index; CFPWV, carotid-femoral pulse wave velocity.
^p = 0.05, *p s 0.01.

The model, as displayed in Fig. 2, was developed
to explore these relationships with SWM as well as
the contributing effects of age and sex; education was
not included as it did not correlate with cognitive out-
comes at any stage of analysis. BMI was also added
to the model, given its known strong relationship with

fitness and exercise. The model showed a good fit, x2
(7) = 7.14, p = 0.41, normed chi-square = 1.020,  and
RMSEA = 0.014.

This model explains 33% of the variation in SWM.
Contrary to expectation,  adding a link from  6MW
to CFPWV produced no significant improvement in
model  fit  (x2  (1)= 1.25, p=0.264),  indicating  that
CFPWV does not mediate the relationship between
6 MW and CFPWV when age, BMI and sex are con-
trolled.  This  model  suggests  the effect  of BMI  on
SWM is partially mediated by 6MW, the effect of
sex on s" 3i
the effect Of,,
and CFP

a non-Sl

artially mediated by CFPWV, and
completely mediated by 6 MW
ast result was confirmed  when

t  link  from  age  to  SWM  produced
improvement in the model  fit (x2

2). DBP was not included as it did
nificangtly contribute to SWM in the model.

direct, indirect and total effect sizes
fog the model are shown in Table 4. Both 6 MW and

ave a large direct effect on SWM, with the
he 6 MW being 33% stronger than that of

Fig. 2.  Final model for the physical fitness and arterial stiffness contribution to the variability in SWM. Standardized regression coefficients
(¢) are shown for each path and the percentage of variation explained is shown for each dependant variable. BMI, body mass index; 6MW,
six-minute walk test; CFPWV, carotid-femoral pulse wave velocity; SWM, spatial working memory.
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Table 4
Standardized effect sizes from Fig. 2

Direct                      In direc t                       Total

6MW                            0.423                         0.000
CFPWV                     -0.317                       0.coo
Age                              0.000                       ro.254
Sex                              i).321                        0.096
BMI                                0.178                         ro.145

0.423
-0.317

ro.254
-0.225
0.034

6MW,  six-minute  walk  test  distance;  CFPWV,  carotid-femoral
pulse wave velocity; BMI, body mass index.

DISCUSSION

This  study investigated the effects of both phys-
ical  fitness  and  arterial  stiffness  on  cognition  in
cognitively intact older adults. In partial  support of
the  hypothesis,  both  higher  fitness  and  lower cen-
tral  arterial  stiffness  significantly  explained  better
SWM performance, and these relationships remained
significant  once  the  effects  of age,  sex,  and  BMI
were  adjusted  for.  However,  no  such  relationships
were  found  for  the  other  measures  of  cognition.
Contrary  to  expectations,  there was  no  direct rela-
tionship between fitness and central arterial `stiffness,
with  both  predicting  cognitive  performance  inde-
pendently.  The  non-significant  direct  effect  of ag
on  cognition  and the  significant indirect effect si
(+).254) for the relationship between age and co
nition  suggests  full  mediation  of  this  relationsfi
by   fitness   and   CFPWV,   and   a  possible
nism/process  for the  relationship  between  age
cognition. This means that the reduction in S
formance with increasing age, in thiscohort of
people, may be fully explained by a com
reduction in physical fitness and poorer
central thoracic arteries, that commonly
time.

These results are partially in line
of the study by Tarumi et al.  [51]  inves

e results
ting the

differences between endurance trained and sedentary
middle-aged adults. Specifically, they also found that
fitter older adults had better cognitive performance,
as did those with lower arterial stiffness. Conversely,
their study found a negative relationship between fit-
ness and arterial stiffness, which was not supported
by  our  findings.  However,  it  should  be  noted  that
Tarumi  and colleagues looked at highly  fit middle-
aged adults (aged 51 -53), as opposed to older adults,
in their endurance trained group, and they excluded
participants with a broader range of medication use
and health issues than our study. The lack of a direct
relationship between fitness and arterial stiffness in
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older adults  is  supported by other studies  [52,  53],
however these studies did not examine cognition.

The SWM task is the measure in the SUCCAB cog-
nitive battery that has consistently shown the greatest
sensitivity  to  age-associated  cognitive  decline  [37,
38]  and  following  intervention  [40,  45].  This  sen-
sitivity  may  well  explain  the  specific  findings  for
this  cognitive  domain  in  this  study.  Similar  stud-
ies  with  larger  sample  sizes  would  be  required  to
establish whether the cognitive relationships  of fit-
ness and central arterial stiffness are domain specific
toswM,orw#'£therabroaderrangeofcognitivepro-

cross-secti
tlcularly
a history

The study is also limited by the
e of the data. Current fitness, par-

er people, does not necessarily reflect
tness across the lifespan. It is probable

iffness of the central arterial system
ally the product of fitness and exercise

term, rather than at a singular time point

he  fi#dings  from  this  study  support  the  well-
liSried contention that a focus on maintenance

nd,  where  possible,  improvement  of fitness  is  an
Pftftant factor when attempting to ameliorate the
te of cognitive decline in older people. However,

results  also  indicate  that  it  may  be  of  simi-
r  importance  for  practitioners  to  investigate  the
iffness of an individual's central thoracic arteries.

Given the recent advances in comparatively low-cost,
non-invasive measurement techniques, consideration
should  be  given  to  including  assessment  of aortic
health as a central part of health focused interventions
to reduce cognitive decline trajectories in older peo-
ple. While fitness had no direct effect on aortic health
in this study, pharmacological treatments have been
found to reduce aortic stif`fness beyond the effects of
blood pressure mitigation [55], and could potentially
play a role in a multi-faceted approach to cognitive
preservation.

Strengths of this study include the use of older peo-
ple residing in similar independent living aged care
environments. This consequently reduced the poten-
tial  influence of social  isolation  and environmental
living  conditions which may  also  impact cognitive
trajectory. Furthermore, all testing of participants was
conductedattheirfacilityofresidence,enablingmore
people to participate in the study. In particular, this
meant that participants who are traditionally omitted
from laboratory-based studies, such as those who are
unwilling or unable to travel, were recruited, result-
ing in a sample more representative of independent
living  retirement  village  community.  Additionally,
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participants were not excluded from the study on the
basis of their medication, so long as the medication
dosage was stable for at least six months. The major-
ity of older adults in developed countries take some
form of prescription medication [56-58]; this study
therefore reflects a more typical aging population, and
indicates that a focus on physical fitness for cognitive
health in older people may be an important adjunct
to pharmacological interventions.

The   structural  model   derived  from  this   study
explains  a third  of the variation  in  performance in
SWM in older people. Thi s model provides a platfomi
for future research in the area of cognitive aging, and
future studies should be conducted to supplement and
refine the model. In particular, other potential media-
tors of the relationship between fitness and cognitive
ageing  should be investigated,  such  as insulin  sen-
sitivity, stress, neurogenesis, and inflammation [16].
Further studies in this area would also benefit from
a  greater  sample  size,  to  determine  whether  other
cognitive domains are also influenced by fitness and
central  arterial  stiffness.  Additionally,  longitudinal
studies in this area are recommended to examine the
effects that changes in fitness will have on cognitive

performance in this age group.
This  study demonstrated that both higher fitnes

(measured with  the  6MW)  and lower central  art
rial stiffness (measured with CFPWV) predict bett
spatial working memory in older people. Importanti
in combination these two factors completely rm

the effect of age. The effect of age on short term
ory perfomance can be explained by the redu
physical fitness and increasing central arterial
ness associated with increasing age in ol
This provides a potential physiologic
for  the  reduction  in  cognitive  perf(
monly observed with increasing chrG#p&qgi€al age.
Additionally, we have elucidated that cefflgral arterial
stiffness  appears  to  work  independently  Of current
fitness,  rather  than  being  a  mediating  mechanism.
Limiting the stiffening of the central arterial system
that occurs with age, in combination with increased
fitness may help to ameliorate cognitive decline in
older people and assist in protecting from cognitive
impairment and dementias.
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