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Abstract 

Clarice Antonia Ryan 

Investigations into the Impact of Modifiable Dietary Components on Cognition 

Fish, the Vegan Diet and Lifestyle Factors 
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The burden of neurocognitive diseases, such as Alzheimer’s, is of global concern and 

points to an urgent need for accurate detection and prevention strategies.  This 

thesis investigated dietary components, in particular those that affect vitamin B 

levels, such as white fish consumption and veganism, which have the potential to 

alter cognitive outcomes in the population.  Also investigated were external factors, 

significantly caffeine consumption, time of day, and quantity of sleep, not associated 

with age-related impairment, that can alter neuropsychological test performance.  

The literature reveals that short, multi-domain cognitive tests are commonly used 

for dementia screening; this study has focused exclusively on cognitive domains 

associated with the early stages of Alzheimer’s disease.  Cognitively healthy adults 

were assessed using a cognitive test battery that focused on memory and processing 

speed. 

 

Memory test scores improved by 0.03 points for every gram of white fish consumed, 

whilst participants following a vegan diet scored significantly worse on tests of 

composite memory than their omnivorous counterparts.  Interaction tests showed 

that prior caffeine consumption improved short-term memory test scores up to age 

70.  Participants of all ages performed best at their age-optimal times and further 

improved for immediate word recall tests with prior caffeine consumption.  

Processing speed scores increased linearly with hours of sleep.  



 ii 

The results of this thesis suggest that nutrition and external factors have a significant 

impact on cognitive test performance.  These novel findings have implications for 

research, diagnosis and prevention of chronic neurological disease, and public health 

guidance relating to cognitive function, for all ages. 
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Chapter 1: Thesis overview 

 

1.1.  Introduction and aims 

Improvement in average life expectancy, a key indicator of public health, has been 

noted for several decades (Office for National Statistics, 2019a) but regrettably, 

this improvement has been accompanied by a similar increase in the incidence of 

age-related chronic diseases.  One of the most intractable of these is Alzheimer’s 

disease (AD).  The public health burden subsequently created is now of global 

concern (World Health Organisation, 2017; Alzheimer’s Disease International, 

2015).  Despite much research since its discovery in 1906, both successful 

treatment and reliable diagnosis remain elusive, not least because of its 

symptomatic similarity to other dementias, which cannot be conclusively excluded 

until post-mortem.  It is clear that effective strategies for the accurate detection, 

diagnosis, treatment and prevention of AD are now urgent.  

 

The research that will be discussed, summarised below, highlights the limitations 

of approaches to AD diagnosis and cognitive assessment, and the possible 

influence of external factors on the development and progression of disease.  The 

experimental chapters focus on possible modifiable lifestyle changes that have 

implications for future cognitive health and suggest possible improvements to 

testing procedures.   

 

This thesis contributes to the literature on approaches to assessing age-related 

cognitive decline and potential strategies for cognitive maintenance through 
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dietary and other behavioural modifications.  The investigations described here 

extend earlier work on the impact of diurnal factors and intake of stimulants on the 

reliability of diagnostic tests, and, for the first time, investigates the effects of 

specific dietary choices on cognitive outcomes.  The studies on white fish and 

vegan diets are novel contributions to the AD literature.  The thesis concludes with 

a general discussion of the main findings and suggestions for further work. 

 

1.2.  Chapter Summaries 

Chapter two outlines the effects of AD on the brain, as distinct from changes 

associated with healthy ageing, by describing gross brain changes, pathological 

hallmarks of plaques and tangles, and associated neurochemical alterations.  The 

chapter concludes by considering the current methods of diagnosis and treatment 

of AD, and in particular, those that rely on an understanding of the disease 

morphology and factors affecting its development.   

 

Chapter three reflects on the links between the indicative pathological changes 

described in Chapter two and the features identified in the literature as implicated 

in cognitive health and cognitive impairment.  The primary focus here is on 

modifiable lifestyle factors that have the potential to delay, or contribute to, the 

progression of AD.  The risk factors investigated include genetic predispositions, 

indirect factors such as neuroinflammation, and modifiable risks such as poor diet, 

before then examining how previous research has measured the occurrence and 

effects of these factors on cognitive performance. 
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Chapter four first presents a brief description of the cognitive testing methods 

commonly used in research for measuring cognitive function, and in clinical 

settings for AD diagnosis.  A review of these methods includes evaluation of these 

screening instruments and an explanation of why they lack the sensitivity needed 

for the studies presented in this research.  In order to provide a test capable of 

detecting subtle discrepancies between testing scores, a novel cognitive test 

battery was designed.  Tests chosen for inclusion focused on evaluating domains 

known to be associated with early cognitive impairment.  To address the second 

methodological consideration, that of quantifying and recording factors under 

investigation, a variety of methods used by clinicians and researchers to investigate 

dietary components on disease outcomes were evaluated.  No single approach was 

deemed able to accurately accommodate the research needs of reliability, time 

and resource constraints simultaneously.  The methods chosen for the studies 

reported here aimed to create a balance between these practical constraints and 

achieve greater applicability for evaluation of the findings with regards to the 

target population.  Having established through the literature the current 

methodological limitations, and the range of external factors previously 

investigated in relation to the study of AD development, the following 

experimental chapters focus on possible modifiable lifestyle changes that have 

implications for future cognitive health and suggest possible improvements to 

testing procedures that may be applicable to future research on AD and other 

cognitive disorders. 

 

Chapter five is the first of four experimental chapters.  It explains how this research 

builds on the preliminary findings of Walters and Lesk (unpublished), which 

indicated an association between tinned tuna consumption and improved 
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performance on a word recall memory portion of the Mini-Mental State 

Examination (MMSE).  This research extends the previous study by concentrating 

on the impact of non-oily fish consumption, including tinned tuna, on participant 

performance using an extensive memory test battery.  A three-week weighed food 

diary was explicitly designed for this study, to gather data on fish consumption and 

its place in overall diet.  It was found that composite memory scores significantly 

improved with fish consumption, and white fish specifically was responsible for 

driving the overall significance.  The results indicate that fish oils are unlikely to be 

the primary source of cognitive protection and that other nutrients, such as B-

vitamins, may be implicated. 

 

Chapter six, the second experimental chapter, begins by describing the 

neuroinflammatory processes involved in AD.  Attention is given to the potential 

role of harmful homocysteine (Hcy) build-up in the creation of plaques and tangles, 

thought to be associated with AD development.  Considering the findings discussed 

in Chapter five, here is explained the role of dietary vitamin B12 in Hcy breakdown 

during normal protein metabolism.  This research investigated, for the first time, 

the impact of removing vitamin B12 from the diet, on AD-specific cognitive 

domains, in a non-impaired adult population.  A food frequency questionnaire 

(FFQ), modified to elicit information on vitamin B12 consumption through diet and 

supplementation, was used.  Results were definitive in showing that those 

adhering to a vegan diet performed significantly worse on three of the six memory 

tests when compared to others in the study.  The chapter goes on to discuss the 

potential implications of these findings for the increasing numbers of people that 

follow a vegan diet and looks at the possible impact on future AD prevention 

strategies for populations more generally.  Additional dietary factors (caffeine, 
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coffee and tea) were chosen for subsequent investigations, reported in Chapter 

seven, because of their extensively researched neurological impact.  Caffeinated 

drinks, therefore, represent another dietary component, widely consumed by the 

UK population with the potential to influence cognition.  Furthermore, as caffeine 

can modulate information processing at the neuropharmacological level, this was 

investigated not just as habitual intake but also acute consumption prior to 

cognitive testing. 

 

Chapter seven looks in detail at caffeine consumption, both habitual and acute, 

and its influence on cognitive score outcomes.  Age-associated interactions were 

also considered as the literature review revealed that caffeine’s effects varied 

across the lifespan and highlighted the need for further investigation explicitly 

related to memory tests because of their use in the assessment of AD in the early 

stages.  Data sets from Chapters five and six were used to analyse the influence of 

caffeine ingestion on test scores for those in the 20 to 86 age range.  Higher 

habitual coffee consumption showed an age interaction trend towards significance, 

with caffeine providing a more beneficial effect for those between the ages of 65 

and 75 compared to those over 75.  Caffeine consumption (either tea or coffee) 

prior to testing produced significant age interactions for two tests of short-term 

memory.  Caffeine is known to influence attention and so may confound the 

reliability of neurocognitive testing outcomes for the purposes of AD diagnosis, 

which is especially relevant to older adults.  The findings from these caffeine 

studies confirmed the potential for external factors to interfere with screening test 

scores, and point to age-related variations in test performance.  Investigation was 

extended further to include other factors that are revealed in the literature to be 
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relevant to cognitive test performance.  These investigations are described in the 

next chapter. 

 

Chapter eight is the final experimental chapter.  It considers other extraneous 

variables, which are often present during typical screening sessions, and that have 

the potential to influence the accuracy of cognitive tests.  The factors analysed 

included, time of day (TOD) that testing took place and hours of sleep the previous 

night.  Further research combined these factors with both caffeine and age to 

determine the presence of any additional interaction effects.  Analysis showed that 

TOD produced a main effect for three of the six tests.  A positive linear regression 

was shown for hours of sleep and processing speed scores.  Lastly, three-way 

interactions were produced for age x caffeine x TOD on all tests of word recall.  

Previous research has demonstrated a positive effect of caffeine intake on 

attention, and this study seeks to investigate this link further, specifically in 

relation to cognitive abilities such as memory.  

 

Chapter nine provides a summary of the key findings discussed in this research 

paper.  It highlights how the results found apply generally to the field of cognitive 

neuropsychology and to AD research specifically.  The chapter concludes with the 

possible wider implications of the findings to public health practice and guidance, 

and suggestions for future studies.    
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Chapter 2: Alzheimer’s disease summary 

 

2.1.  Introduction 

Over 30 million people globally are affected by AD and other neurodegenerative 

diseases, putting considerable strain on medical resources because of the need for 

extended hospital stays and round-the-clock care (Wimo et al., 2007).  The effects 

of AD, and its associated dementia, are not only taxing on public resources and 

devastating for the individual but, given the long duration of illness, place a 

substantial psychological and economic burden on carers (Brodaty and Donkin, 

2009).  This dependence for AD management, on both the state and caregivers, 

contributes significantly to the public health impact of AD (Gustavsson et al., 2011; 

Ottoboni et al., 2019).  

 

Dementia is defined as a heterogeneous syndrome that impairs multiple areas of 

function including memory, language, problem-solving and other cognitive skills to 

such a degree that everyday living is significantly compromised (Haan and Wallace, 

2004; Hugo and Ganguli, 2014).  This decline occurs because neurons in the brain 

have been either damaged or destroyed (Alzheimer’s Association, 2018).  

Dementia is expressed in numerous forms, each with its own cause and 

symptomology, however, over 60% of all dementia cases are the result of AD 

(Public Health England, 2017; Duong et al., 2017).  

 

Alois Alzheimer first documented AD over 100 years ago (Grøntvedt et al., 2018; 

Hippius and Neundörfer, 2003), and though research has progressed our 

knowledge of the disease substantially since then, there is still no known cure, and 
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many questions surrounding the disease remain to be fully elucidated.  How can 

we better distinguish AD from other dementias? What are the exact biological 

changes that result in AD?  What are all the risk factors?  How can the disease be 

prevented, slowed, or cured?  

 

Alzheimer’s disease is recognised as a complex multifactorial disorder, 

characterised by progressive neuronal deterioration of cognitive functions (Denver 

and McClean, 2018; Ferri et al., 2005; Hardy and Selkoe, 2002).  The destruction of 

neurons eventually affects multiple brain regions, including those responsible for 

emotions (the amygdala), and those needed for a person to carry out basic bodily 

functions, such as walking and swallowing (the sensory and motor cortices) 

(Buchman and Bennett, 2011; Dehaghani et al., 2016; Klein-Koerkamp et al., 2012).  

Initially, the brain is able to compensate for the changes brought on by AD, and 

affected individuals can perform and live relatively normally (Beason-Held et al., 

2013).  However, as the damage spreads, it becomes increasingly difficult for the 

brains’ compensatory mechanisms to counteract the effects, it is at this point when 

symptoms begin to show (Alzheimer’s Association, 2014).  More frequent memory 

failures become apparent, often accompanied by several other symptoms; 

confusion, aggression, impaired judgment, difficulties with communication, 

agitation, delusion, social isolation, irritability and impulsivity among them 

(Capucho and Brucki, 2011; Keszycki et al., 2019).  The pattern of decline, the 

speed of disease progression, and the extent of neuronal loss in different domains 

can vary quite significantly from person to person; nevertheless, AD is ultimately 

fatal (Alzheimer’s Association, 2016).  
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2.2.  Alzheimer's disease types 

Epidemiologically speaking, the disease can generally be grouped into two 

categories, early-onset (familial), and late-onset (sporadic) (Bekris et al., 2010).  

Symptoms usually begin to show before the age of 60 in familial AD, and after 60 in 

sporadic AD (Bekris et al., 2010; Foidl and Humpel, 2020).  Research has identified 

that familial AD accounts for only a small percentage of total AD cases (one to five 

percent), which arises from genetic mutations in single genes that are inherited in 

an autosomal dominant manner (Bekris et al., 2010).  Whereas, sporadic AD has no 

direct identifiable causes and is hence considered multifactorial, though some 

genetic links have been suggested (Guerreiro et al., 2012).  The genetic risk factors 

for both sporadic and familial AD will be discussed further in Chapter three.   

 

2.3.  Clinical progression 

The distinction between the pathology of AD and the pathology of ageing can be 

problematic (Nelson et al., 2009).  As previously mentioned, cognitive deficits 

reach a stage when daily living becomes significantly compromised; it is only at this 

stage when dementia is diagnosed (Haan and Wallace, 2004; Hugo and Ganguli, 

2014).  Because dementia can have several non-AD causes (vascular dementia, 

dementia with Lewy bodies, frontotemporal dementia or progressive aphasia, to 

name a few) the diagnosis of AD itself is far more challenging to obtain, with 

probable AD only being determined once other possible conditions are excluded 

(Sabbagh et al., 2017).  

 

At the point of probable AD diagnosis, the disease is likely to have been present for 

many years, and pathological changes have already occurred (Mayeux and Stern, 
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2012).  It is believed that the initial asymptomatic phase may begin even decades 

before clinical diagnosis (Bateman et al., 2012; Jack et al., 2013; Niemantsverdriet 

et al., 2017).  In the time preceding diagnosis, most complaints concern minor 

memory difficulties and problems with executive functioning (Tarawneh and 

Holtzman, 2012).  As these impairments are below the standard diagnostic 

threshold, this phase is considered a pre-symptomatic stage of AD pathology.  

 

2.3.1.  Mild cognitive impairment  

As the disease progresses, and the first cognitive symptoms become more evident, 

individuals are then classified as having Mild Cognitive Impairment (MCI) (Albert et 

al., 2011).  Whilst a single definition of MCI remains elusive, it is generally accepted 

that at this stage subjective memory complaints and objective deficits in one or 

more cognitive domains can be detected (Ritchie, 2004; Zhang et al., 2019a).  

However, global cognition remains relatively intact, and daily functioning is 

predominantly unaffected (Roberts and Knopman, 2013; Zhang et al., 2019a).  As 

with AD, MCI is heterogeneous in its aetiology.  Some individuals with MCI progress 

to dementia, some remain stable, and some even recover (Koepsell and Monsell, 

2012; Roberts et al., 2014).  In the majority of studies, the conversion rate to AD 

has been estimated at 10-15% per year (Davatzikos et al., 2011; McGuinness et al., 

2015; Risacher et al., 2009), though some studies have reported conversion rates 

as high as 30-41% (Geslani et al., 2005; Ottoy et al., 2019).  Given the strong 

correlation between MCI and progression to AD, it is considered to be a prodromal 

phase of AD development (Breton et al., 2019; Mufson et al., 2012).  
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2.3.2.  Stages of Alzheimer’s disease 

Table 2.1. 

The stages of AD progression   

Severity of 

progression 
Common symptoms 

Mild AD 

(early-stage) 

• Frequent memory lapses for newly learned information 

• Difficulty remembering the correct word 

• Problems recalling details about familiar topics 

• Abstract thinking, such as planning, becomes more difficult 

• Objects regularly misplaced or lost 

Moderate AD 

(mid-stage) 

• Organisation and planning skills greatly impaired 

• Mood swings  

• Withdrawal from social situations  

• Personality changes  

• Biographical memories become difficult to recall 

• Confusion about where they are/what day it is  

• Prone to wandering 

• Sleep pattern disturbances 

Severe AD 

(late-stage) 

• Loss of almost all cognitive functions 

• Physical capabilities drastically diminished 

• Responsiveness to the environment completely lost 

• Requires round-the-clock assistance for daily activities and 

personal care  

• Psychotic symptoms are common, including hallucinations, 

paranoia and aggressive behaviour 

Note.  Data obtained from Alzheimer’s Association (2020)  
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2.4.  Histopathological hallmarks of Alzheimer’s disease 

In order to find an effective treatment for AD, it is first of the utmost importance to 

acquire a better understanding of both the disease aetiology and the 

pathophysiological mechanisms that underlie the disease progression.   

 

2.4.1.  Overview of brain changes 

Autopsies have revealed significant degenerative changes in the brains of AD 

patients (Gomez-Nicola and Boche, 2015).  General cortical mass reduction can be 

observed, along with widened ventricles, shrinkage of the gyri and expanded sulci 

(Apostolova et al., 2012; Iverson et al., 2019).  Formation of three distinct brain 

abnormalities in the neocortex of the brain constitute the pathological hallmarks of 

AD – the build-up of intracellular neurofibrillary tangles (NFTs) composed of 

hyperphosphorylated tau protein, along with amyloid angiopathy in the form of 

extracellular insoluble neuritic amyloid plaques, and finally soluble cerebrovascular 

β-amyloid (Aβ) deposits (Choi et al., 2014; Lloret et al., 2015; Matsuda et al., 2019).  

Collectively, these brain alterations are thought to either cause or contribute to the 

damage of neuronal cells that result in atrophy and subsequent memory loss 

(Lloret et al., 2015; Niikura et al., 2006).   

 

2.4.2.  Neuritic amyloid plaques 

Plaques in AD patients form as extracellular deposits between neurons (Selkoe, 

2001).  Under normal conditions, these plaques are deposited in non-aggregated 

forms, but in demented individuals, a transformation occurs and these innocuous 
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plaques become AD-associated neuritic plaques (DeTure and Dickson, 2019).  

Amyloid plaque build-up inhibits vital mitochondrial enzyme functions in the brain 

(Pagani and Eckert, 2011); healthy neurons begin to function less efficiently, losing 

their ability to communicate, consequently altering several crucial processes (Chen 

et al., 2017).  Electron transport, adenine triphosphate (ATP) production, oxygen 

consumption, glutamate transport, and synaptic communication are all affected as 

a result (Lauderback et al., 2001; Pagani and Eckert, 2011).   

 

However, the presence of insoluble plaques and the degree of memory 

impairment provides a relatively weak correlation (Morris et al., 2014), and some 

cognitively normal individuals have been documented to possess large amounts of 

insoluble Aβ plaque build-up (Delaère et al., 1990; Iacono et al., 2009).  Together 

this information supports the conclusion that insoluble Aβ alone cannot produce 

the cognitive deficits or degeneration seen in AD.  

 

2.4.3.  β-amyloid oligomers  

It is hypothesised that not only do oligomers instigate plaque formation but may, 

in actuality, actively contribute to the neuronal toxicity seen in AD (Haass and 

Selkoe, 2007; Larson and Lesné, 2012).  β-amyloid oligomers, found both intra- and 

extracellularly (Benilova et al., 2012), are capable of inhibiting long-term 

potentiation (LTP) and disrupting cognitive function in vivo (Ferreira and Klein, 

2011; Shankar et al., 2008; Townsend et al., 2006). 

 

Strong correlations between soluble Aβ and the degree of synaptic loss have been 

found (Shankar and Walsh, 2009; Wilcox et al., 2011).  In one study, human-
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derived Aβ oligomers were injected directly into rat ventricles, resulting in reduced 

LTP in the rat hippocampus (Walsh et al., 2002).  In another study, after injection of 

Aβ oligomers, a decline of the rats’ cognitive abilities was also reported (Cleary et 

al., 2005).  Moreover, oligomer levels have been shown to correlate with both the 

loss of synaptic proteins (Pham et al., 2010) and a decrease in cognitive function, 

as measured with the MMSE (Tomic et al., 2009).  These findings indicate that Aβ 

oligomers interact with synaptic components in AD brains, strongly implicating 

them as the dominant synaptotoxic amyloid species involved in the instigation of 

AD. 

 

2.4.4.  Neurofibrillary tangles 

Ordinarily, tau proteins operate to maintain the structural stability of microtubules, 

which are essential for the passage of nutrients that are required for a variety of 

cellular processes (Hervy and Bicout, 2019).  In AD brains, these proteins undergo 

abnormal hyperphosphorylation.  Twisted tau protein strands composed of 

numerous paired helical filaments are formed and consequently aggregate into 

NFTs inside the cell (Iqbal et al., 2013).  The resulting tangle formation causes 

dissociation from microtubules, disrupting the structure and function of the 

neuron and ultimately destroys the nutrient supply (Ding and Johnson, 2008).  

Without nutrients and other essential substances, the cell eventually dies.  Tau 

hyperphosphorylation is an early stage of disease progression, first affecting the 

transentorhinal region, before spreading in the more advanced stages to the 

hippocampus and amygdala, and later to neocortical regions, including the primary 

motor and sensory cortices (Braak et al., 2006). 
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2.4.5.  Atrophy 

Synaptic loss in the brain is recognised as a valid marker of AD-related 

neurodegeneration (Smailovic and Jelic, 2019).  The hippocampal region is severely 

affected early in disease progression due to its extreme susceptibility to plaque 

and tangle formation (Anand and Dhikav et al., 2012; Furcila et al., 2019).  

Hippocampal volume has been examined in a number of MRI studies; Vijayakumar 

and Vijayakumar (2012) reported that hippocampal volume was reduced by 25% in 

AD patients compared to controls.  Additionally, diminished volume has been 

associated with severity of decline and episodic memory deficits in both MCI and 

AD patients (Caillaud et al., 2019; Ma et al., 2016).  Longitudinal MRI studies have 

shown that global brain atrophy increases with disease severity, as demonstrated 

by positive correlations between the degree of global cerebral atrophy and the 

degree of cognitive decline (Brickman et al., 2008).  

 

2.5.  Neurochemical changes  

Another consistent feature of AD is progressive synaptic dysfunction resulting in 

neurochemical alterations (Lepeta et al., 2016).  Neurotransmitter-specific 

subcortical nuclei that project to the neocortex, including regions innervated with 

cholinergic, glutamatergic, serotonergic, and noradrenergic neurotransmitter 

receptors are particularly affected (Kandimalla and Reddy, 2017; Murley and Rowe, 

2018; Revett et al., 2013).  
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2.5.1.  The cholinergic system  

Some studies have expounded the importance of acetylcholine (ACh) in a variety of 

cognitive processes (Davies and Maloney, 1976; Newman et al., 2012).  

Observations initially supported the role of cholinergic basal forebrain neuron 

involvement in memory and attention, and showed that blocking central 

cholinergic activity with the anticholinergic drug scopolamine (a muscarinic 

receptor agonist) had amnestic results that replicated memory deficits similar to 

those found in individuals with memory disorders (Bartus et al., 1985).  This 

outcome was reversible by treatment with physostigmine (a cholinergic agonist) 

(Christie et al., 1981).  These findings suggest a direct relationship between central 

cholinergic receptor activity and cognitive functioning.   

 

Based on research contributions during the 1970s and ‘80s, a robust empirical 

foundation was established for the theory that a disturbance in neurotransmitter 

function was associated with neuropathological disorders (Choudhury et al., 2018; 

Kandimalla and Reddy, 2017; Murley and Rowe, 2018).  Accordingly, as a primary 

symptom of AD is memory impairment, application of cholinergic stimulation 

techniques were applied to individuals diagnosed with neurodegenerative 

diseases, resulting in the formation of the cholinergic treatment of memory 

dysfunction (Bartus et al., 1982).  The underlying premise for this therapeutic 

technique is based on the theory that much of the short-term memory loss seen in 

AD is the result of progressive degeneration of cholinergic neurons in several 

cortical regions, including the basal forebrain and the nucleus basalis of Meynert 

(Davies and Maloney, 1976), along with a reduction in transmission to both the 

hippocampus and cerebral cortex (Ferreira-Vieira et al., 2016; Mufson et al., 2008).  
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Enzymatic activity of choline acetyltransferase (ChAT), which catalyses the 

synthesis of ACh from choline and acetyl coenzyme A, was found to be significantly 

lower in post-mortem hippocampal tissue samples of AD patients (Davies and 

Maloney, 1976).  Support for the cholinergic theory has been further strengthened 

by reports that an increase in senile plaque burden in autoptic brains positively 

correlated with basal forebrain cholinergic system damage (Wilcock et al., 1982).  

After detailed quantitative analysis, profound loss of cholinergic fibres in brain 

regions associated with memory (namely the hippocampus and temporal regions) 

was noted in AD brain samples (Geula and Mesulam, 1996; Hampel et al., 2018).  

Activity of an essential enzyme for ACh synthesis, the pyruvate dehydrogenase 

complex, which is highly active in the cholinergic neurons of the nucleus basalis of 

Meynert, was similarly reduced in post-mortem brain tissue of AD patients (Sheu 

et al., 1985). 

 

Histochemical evidence for cholinergic deficiency in post-mortem AD brains, along 

with data illustrating that disruption to cholinergic transmission resulted in 

cognitive impairments, led to the creation of acetylcholinesterase inhibitors 

(AChEIs) as a treatment for AD (Giacobini, 2000; Liu et al., 2019).  AChEIs act by 

inhibiting acetylcholinesterase from degrading ACh, thereby enhancing cholinergic 

neurotransmission with the aim to subsequently improve cognitive function 

(Čolović et al., 2013; Krall et al., 1999).  Whilst administration of AChEIs have 

resulted in positive therapeutic outcomes for AD patients, including observable 

improvements in attention for a time (Bentley et al., 2008); unfortunately, AChEIs 

only work to alleviate AD symptoms but appear unable to counteract or cure the 

disease (Anand and Singh, 2013; Sharma, 2019).  Furthermore, though a loss of 
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cholinergic cells is apparent in late-stage AD, evidence for cholinergic deficiency in 

early-stage AD or MCI is inconsistent (Richter et al., 2018; Russ and Morling, 2012).  

DeKosky et al. (2002) showed ChAT levels to be unchanged in those with mild AD 

and were, in fact, raised in MCI patients.  Collectively these studies dispute the 

assumption that neuronal cholinergic lesions alone are the cause of the cognitive 

deficits seen in AD.   

 

However, as the amyloid cascade hypothesis has gained momentum, possible 

interactions between the cholinergic mechanisms and Aβ deposition have been 

investigated.  In recent years, there has been a considerable rise in experimental 

evidence to suggest that elements of the cholinergic system influence the 

metabolism of amyloid precursor protein (APP) and consequent Aβ accretion, 

potentially modifying disease progression (Pákáski and Kálmán, 2008; Takada-

Takatori et al., 2019).   

 

2.5.2.  The glutamatergic system  

Glutamate transmission dysfunction, mediated by Aβ oligomers, has been linked 

with the pathophysiological processes that underlie AD (Danysz and Parsons, 

2012).  The neurotransmitter glutamate is the most abundant in the brain, acting 

as a principal excitatory neurotransmitter to pyramidal neurons (Alexander, 2009; 

Rotaru et al., 2011; Wang and Reddy, 2017).  Pyramidal neurons are located in 

several forebrain structures, including the neocortex, hippocampus, and amygdala; 

structures involved in higher cognitive functions such as learning and memory 

(Fonnum, 1984; Marín-Padilla, 2014). 
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Glutamate receptors fall into two leading families, ionotropic (voltage-sensitive) 

and metabotropic (ligand-sensitive) (Reiner and Levitz, 2018).  Under normal 

conditions, the glutamate receptor N-methyl D-aspartate (NMDA) responds to 

glutamate concentrations in the synaptic cleft and regulates its release (Blanke et 

al., 2009).  Concentrations are maintained at low levels and are strictly controlled 

by several mechanisms at the synapse (Fremeau Jr et al., 2001).  Once in the 

synapse, glutamate either binds to post-synaptic receptors or excess glutamate is 

taken up by glial cells and transformed into glutamine to be transported back to 

presynaptic terminals (Kew and Kemp, 2005).  Glutamatergic binding to NMDA 

receptors instigates conformational change, opening the ion channels and allowing 

an influx of extracellular sodium and calcium ions, and an efflux of potassium ions. 

The resulting neuronal depolarisation of the post-synaptic cell sufficient to reach 

threshold potential and induce firing (Esposito et al., 2013).  Signal cascades 

triggered by post-synaptic NMDA receptor activation is central to LTP induction, 

and hence, for neuronal plasticity (Abraham et al., 2019).  The role of glutamate 

receptors in the excitation of hippocampal pyramidal cells is consequently 

theorised to aid learning and memory via LTP (Takeuchi et al., 2014).  

 

Early in AD instigation, Aβ peptides stimulate synaptic transmission mechanisms 

encouraging the release of glutamate at the presynaptic neuron (Parihar and 

Brewer, 2010).  This chronic excitotoxic state leads to increased glutamate levels in 

the synapse and over-activation of NMDA receptors, in turn causing an influx of 

calcium ions and the production of reactive species (RS) (Carvajal et al., 2016).  The 

final result of chronic excitation is apoptotic cell death (Bieschke et al., 2011; 

Butterfield and Pocernich, 2003; Carvajal et al., 2016).  Dysregulation of this 

system, specifically with regard to glutamate release in the hippocampus, has been 
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shown to have deleterious effects and appears to be a key component in AD 

pathogenesis (Findley et al., 2019).   

 

Plaque deposition, synaptic disruption by soluble Aβ oligomers, NFT formation, 

oxidative stress, mitochondrial dysfunction, and neuronal inflammation have all 

been associated with increased activity of the glutamatergic system (Findley et al., 

2019; Haroon et al., 2017; Ovsepian et al., 2019).  Circumstantial evidence based 

on the pervasiveness of glutamatergic pathways in structures such as the 

hippocampus provides some support for the role of glutamate transmission 

disruption in AD pathogenesis.  Cortices from AD patient brain samples show 

substantial temporal, frontal and parietal lobe reductions (Du et al., 2007; Cotta 

Ramusino et al., 2019; Risacher and Saykin, 2013).  The notable shrinkage to 

regions known to contain the majority of pyramidal neurons, alongside a widening 

to the sulci and ventricles in these areas, indicates that excess endogenous 

glutamate may be responsible for atrophic consequences.   

 

2.5.3.  The serotonergic system 

Serotonin, 5-hydroxytryptamine (5-HT), is a monoamine neurotransmitter.  It 

performs numerous functions in the brain, which include (amongst others) an 

involvement in cognition, locomotor functions, emotion, and the regulation of 

circadian rhythms (Miyamoto et al., 2012; Sławińska et al., 2014; Švob Štrac et al., 

2016).  

 

The body of evidence from both animal and clinical studies support the role of 5-

HT and its receptors in different aspects of cognitive dysfunction (Banik and Lahiri, 
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2005).  Reduction in serotonergic system activity resulting from the degradation of 

5-HT neurons in the raphe nuclei (Grinberg et al., 2009; Huang et al., 2019), is 

accompanied by a decrease in 5-HT neurotransmitter levels in brain regions that 

are heavily involved in high-order functioning, such as the frontal and temporal 

cortices and hippocampus (Jenkins et al., 2016).  These regions contain profuse 5-

HT innervation and widespread expression of 5-HT receptor subtypes (Celada et al., 

2013).  As mentioned previously, because a key symptom of AD is the progressive 

decline in aptitude of these functional areas (Cavedo et al., 2014; Du et al., 2007), it 

follows that reductions in neurotransmitter projections observed in these same 

regions following AD diagnosis are somehow associated (Garcia-Alloza et al., 2005).  

 

A reduced dietary intake of L-tryptophan (the 5-HT precursor) has been shown to 

result in altered object memory in rodents (Lieben et al., 2004).  Likewise, L-

tryptophan deficient diets tested on both cognitively healthy and AD volunteers 

produced a detrimental effect on memory, with reports of problems with 

encoding, consolidation and storage (Roiser et al., 2007; see Mendelsohn et al., 

2009 for a review).  Concomitant lesions of 5-HT and ACh neurons triggered severe 

deficits in learning (Xu et al., 2012) and spatial memory (Jeltsch-David et al., 2008), 

further supporting the association of 5-HT abnormalities in AD-associated brain 

regions.   

 

2.5.4.  The noradrenergic system 

Noradrenaline, like serotonin, is largely considered to be a monoamine 

neurotransmitter and is distributed throughout the brain via noradrenergic 

neurons, predominantly located in the locus coeruleus (Nakamori et al., 2019; 
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Swanson and Hartman, 1975).  Tau tangles have previously been observed in 

noradrenergic neurons within the locus coeruleus during the early stages of AD, 

with acute neuronal loss to this area at advanced stages of the disease (Giorgi et 

al., 2017; Kelly et al., 2017; Peterson and Li, 2018).  As the noradrenergic system is 

heavily involved both in cognition and neuroinflammation, noradrenergic 

dysfunction in AD may be responsible for promoting the progression of disease.  

 

Research involving animal models have reported subsequent deficits to working 

memory following noradrenaline depletion (Coradazzi et al., 2016).  A neurotoxin, 

which served to selectively remove noradrenergic neurons, increased Aβ 

deposition and impaired spatial memory in AD transgenic mice (Jardanhazi-Kurutz 

et al., 2010).  Whereas, an increase in noradrenaline has been shown to 

significantly improve spatial memory (Gannon et al., 2015).  Additionally, AD mice 

expressing a mutated APP gene had restored spatial memory abilities, decreased 

Aβ plaque burden and enhanced Aβ clearance rates after treatment with the 

noradrenaline precursor L-threo-3,4-dihydroxyphenylserine (Heneka et al., 2010; 

Heneka et al., 2015).   

 

Despite a loss of the noradrenergic neurons seen in AD, reports are inconsistent 

with regards to noradrenaline levels in the brain and cerebrospinal fluid (CSF) 

(Matthews et al., 2002; Tohgi et al., 1992).  It may be the case that, in the early 

stages of AD, compensatory mechanisms are able to offset the loss of 

noradrenergic neurons without displaying signs of depletion in noradrenaline levels 

(Gannon et al., 2015).  Yet, as the disease progresses and more reuptake sites are 

destroyed, it may become impossible for the remaining neurons to compensate 

entirely (Hussain and Maani, 2019).  This eventual diminution of noradrenaline in 



 23 

cortical projection areas may promote pro-inflammatory events evoked by Aβ 

deposition and plaque formation. 

 

2.6.  Current diagnosis and treatment practices 

2.6.1.  Alzheimer’s diagnosis 

Single specific diagnostic tests for AD are not yet available.  Instead, a combination 

of tools and approaches are used in order to establish possible and probable AD 

diagnoses (Alzheimer’s Association, 2019).  First, physicians obtain a medical and 

family history of cognitive, behavioural and psychiatric disorders.  This often 

involves asking a family member to provide input about any observed changes in 

thinking skills and behaviour (Alzheimer’s Association, 2019).  Then a brief 

cognitive assessment takes place which focuses on the identification of cognitive 

function disturbances, the MMSE and Mini-Cog being the most commonly used 

assessment tools (Alzheimer's Association, 2020; Judge et al., 2019).  In some 

instances, brain-imaging instruments are also used to detect biological AD 

hallmarks, such as Aβ deposition (Alzheimer’s Association, 2019). 

 

Whilst a dementia diagnosis is not challenging to obtain, the tools currently used 

are not specific enough to distinguish AD dementia from other forms in every 

instance, and many people exhibiting dementia have brain changes associated with 

more than one cause (Karantzoulis and Galvin, 2011; Simonsen et al., 2017).  

Establishing early and accurate diagnosis is paramount; it enables the individuals 

diagnosed to plan whilst they are still able to make crucial decisions concerning 

their future care needs and to put in order any financial arrangements.  Diagnosis 

also determines the form of treatment that patients are likely to receive. 
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2.6.2.  Treatment interventions  

Treatment is currently targeted toward symptomatic therapy, and only two classes 

of drugs are approved for patients with AD (Briggs et al., 2016).  Cholinesterase 

inhibitors (Donepezil, Rivastigmine and Galantamine) are recommended for 

patients with mild, moderate or severe AD-associated dementia (Kumar and 

Sharma, 2020).  Donepezil is the most widely prescribed form of AChEIs, those on 

this medication are usually instructed to take an initial dose of five milligrams in 

the evening, increased to ten after one month if necessary (Alzheimer’s 

Association, 2019).  Treatment efficacy is determined by an improved rating of 

memory function or behaviour by either the patient or carer (Briggs et al., 2016).  

Common side effects include gastrointestinal problems, insomnia, muscle cramps, 

fatigue and anorexia; though these side effects are usually mild and tend to 

subside or resolve within a few weeks (Kumar and Sharma, 2020).  The beneficial 

effects of AChEIs on cognitive functioning are fairly modest, and response rates are 

variable, affecting only a minority of patients.  Though in cases where treatment is 

effective, users report significant improvements (Schneider, 2000).  

 

Memantine is a non-competitive NMDA receptor antagonist approved for use in 

cases of moderate and severe AD (McShane et al., 2019).  Memantine is initially 

prescribed at doses of five milligrams a day, which increases weekly to 2 x 5 

mg/day, with a maximum of 20 mg in two separate doses of ten milligrams per day 

(Biggs et al., 2016; National Institute on Aging, 2018).  Memantine has relatively 

few side effects compared to cholinesterase inhibitors (Valis et al., 2019).  The 

most common adverse side effects associated with Memantine are dizziness, 
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headache, confusion, and constipation (Iraqi and Hughes, 2009).  Memantine has 

been shown to produce modest improvements of clinical symptoms in those with 

moderate to severe AD (Briggs et al., 2016). 

 

While these medications represent the most effective treatments currently 

available for AD patients, they have relatively small to average overall effect and 

do not alter the course of the underlying neurodegenerative process.  

 

2.7.  Chapter summary 

This chapter has outlined the hallmarks and neurological changes associated with 

AD and MCI described in the literature, and summarised current diagnostic and 

therapeutic practices.  It is apparent that AD is a complex multifactorial disorder, 

with numerous biological mechanisms implicated in its pathology.  The large 

quantity of evidential support for the causative role of dysfunction to different 

systems makes detection and treatment interventions extremely challenging.  

Additionally, as an accurate diagnosis cannot be established until the symptoms of 

the disease are more advanced, and current treatment interventions are unable to 

reverse impairment, it is clear that preventative techniques must be determined if 

these detrimental changes are to be avoided.  The following chapter will discuss 

the risk factors that have been associated with AD onset and progression. 
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Chapter 3: Factors associated with the development and prevention of 

Alzheimer’s disease and cognitive impairment 

 

3.1.  Introduction 

Several risk and preventative factors have been identified which may affect the 

onset or progression of AD and cognitive impairment (Daviglus et al., 2010).  Table 

3.1 presents some of these, which will be discussed in more detail throughout this 

chapter.   

 

Table 3.1.  

Genetic and modifiable factors associated with AD risk or prevention  

Risk factors Protective factors 

Age 

Genetic  

− Amyloid precursor protein A B 

− Presenilin-1 A 

− Presenilin-2 A 

− Apolipoprotein ε4 A B 

Vascular and metabolic  

− Hypertension A 

− Heart conditions A 

− Type II diabetes A 

Lifestyle  

Genetic  

− Apolipoprotein ε2 A  

Psychosocial factors  

− High education and 

socioeconomic status A 

− Frequent social and cognitive 

engagement B 

− Mentally stimulating activities A 

Lifestyle  

− Physical activity C 

− Mediterranean diet C 
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− Smoking A C 

− Mid-life obesity B 

− Western diet C 

− Sedentary behaviours B 

Others  

− Depression B 

− Traumatic brain injury A B 

− Antioxidant intake C 

− B-vitamin intake C 

Drugs  

− Anti-hypertensive drugs B 

− Statins B C 

− Hormone replacement therapy C 

A  Alzheimer’s Association (2019) 

B  Edwards III et al. (2019)  

C  Mangialasche et al. (2014) 

 

3.2.  Genetic risk factors 

The impact that genes have on developing AD varies considerably – from familial 

AD, which has a clear genetic component, to sporadic that is associated with a 

number of indirect risk factors.  Three specific genes are currently implicated in 

familial AD, either mutations to the APP gene on the 21st chromosome (Gao et al., 

2019; O’Brien and Wong, 2011), or the presenilin-1 (PSEN1) or presenilin-2 (PSEN2) 

protein genes on the 14th and first chromosomes respectively (Bekris et al., 2010; 

Lanoiselée et al., 2017).  Sporadic AD, on the other hand, accounts for 

approximately 95% of cases (Masters et al., 2015), which, despite its frequency, is 

not fully understood.   

 

The pathology of both familial and sporadic forms of AD have many similarities.  A 

leading theory for sporadic AD pathology suggests that Aβ in some form is a 

primary cause of inflammation, oxidative stress and impaired neurogenesis (Du et 

al., 2018; Hamilton and Holscher, 2012).  This theory garnered support after 
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studies were conducted with those suffering from familial AD.  Whilst Aβ formation 

appears in all AD patients, only a small proportion of individuals have genetic 

mutations that promote its production (Hatami et al., 2017).  Hence, the order of 

disease progression (Aβ deposition, inflammation, oxidative damage), and how 

they contribute to the aetiology of the disease has been widely disputed.   

 

3.2.1.  Amyloid precursor protein 

β-amyloid is derived from the proteolytic cleavage of the transmembrane region 

on the APP (Hatami et al., 2017; Zhang et al., 2011), found in both outer cell 

membranes and in intracellular organelles such as mitochondria (LaFerla et al., 

2007).  Whole APP is synthesised primarily in the endoplasmic reticulum, then via 

the Golgi apparatus and onto the trans-Golgi-network (Bi et al., 2019).  From this 

point, two cleavage pathways occur – the amyloidogenic pathway and the non-

amyloidogenic pathway (See Figure 3.1).  The product of the non-amyloidogenic 

pathway is harmless and even considered to be neuroprotective (Gralle et al., 

2009).  The cleavage by α-secretase occurs within the Aβ peptide domain, thus 

preventing the formation of a toxic peptide (Siegenthaler et al., 2016).  C-terminal 

fragment-α is then cleaved by γ-secretase into a P3 fragment, a substance that has 

no known toxic effect and is not prone to aggregation (Thinakaran and Koo, 2008).  

 

The amyloidogenic pathway, on the other hand, initiates a pathogenic cascade that 

results in extracellular plaque formation (Hardy and Selkoe, 2002; Zhou et al., 

2018a).  Amyloid precursor protein is cleaved first by β-secretase and further by γ-

secretase, releasing extracellular fragments of Aβ40 and Aβ42, which have low 

potency cellular toxic properties (O’Brien and Wong, 2011).  Both Aβ40 and Aβ42 
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contain a hydrophobic motif that enables them to bind to proteins, facilitating 

oligomerisation (Rauk, 2009).   

 

 

 

 

 

 

 

 

 

 

Figure 3.1.  A simplified illustration of APP proteolytic pathways.  The 

amyloidogenic pathway involves APP cleavage by β-secretase, followed by γ-

secretase forming Aβ peptides.  The non-amyloidogenic pathway involves cleavage 

first by α-secretase followed by γ-secretase to form non-toxic P3 fragment.   

 

Although extracellular amyloid plaques are hallmarks of AD, intracellular 

accumulation of Aβ, especially in neurites and synapses, are potentially more toxic.  

Multiple pathogenic mechanisms of soluble Aβ have been implicated.  Some 

suggest these oligomers contribute more to AD pathology than fibrillar forms and 

have a direct causative relationship to neuronal cell death (Carter and Lippa, 2001; 

Lecanu et al., 2006).  Others, in contrast, indicate that they may destroy electrical 



 30 

signalling and cause synaptic dysfunction (Bayer and Wirths, 2010; Demuro et al., 

2010; Tampellini and Gouras, 2010) or disrupt the respiratory chain within the 

mitochondria (Pagani and Eckert, 2011; Spuch et al., 2012).   

 

In cognitively healthy individuals, Aβ is degraded by enzymes (Pacheco-Quinto et 

al., 2016) and cleared by receptor-mediated transcytosis across the blood-brain 

barrier (BBB) (Deane et al., 2010), or via microglia phagocytosis (Lee and Landreth, 

2010).  However, if a cleavage pathway imbalance occurs, or the clearance rate is 

reduced, a multi-step polymerisation then takes place.  The fragments adhere to 

each other, aggregating into oligomers, which cluster to form fibrils, further 

adhering into sheets and finally resulting in plaque formation (Shin et al., 2019; 

Wei et al., 2017).  In familial AD, several point mutations affect the processing of 

APP and lead to these fibrillar neurotoxic forms of Aβ (Kukreja et al., 2014; Sadigh-

Eteghad et al., 2015).   

 

3.2.2.  Presenilin-1 and presenilin-2 

Over 150 forms of mutation in genes encoding for PSEN1 and PSEN2 have been 

identified since their discovery in the 1990s (Levy-Lahad et al., 1995; Sherrington et 

al., 1996; Strooper, 2007).  Presenilin encompasses the catalytic section of γ-

secretase, responsible for the cleavage of type I transmembrane proteins, including 

APP (Li et al., 2000).  The vast majority of mutations to PSEN1 and PSEN2 initiate 

familial AD pathogenesis by changing a single amino acid (known as missense 

mutations).  These mutations disrupt the processing of APP, leading to the 

overproduction of Aβ42 (Hardy and Selkoe, 2002).   
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Early genetic mice models demonstrated that presenilin is essential for learning 

and memory (Saura et al., 2004), though the precise mechanism by which this 

occurs remains unresolved.  Individuals diagnosed with familial AD carrying PSEN1 

or PSEN2 mutations have been shown to develop the disease at a significantly 

earlier age compared to those with APP mutations (Ryman et al., 2014).  Though 

mutations to the PSEN1 and PSEN2 genes do contribute to disease progression, 

alone they are seemingly insufficient to result in disease instigation.  

 

3.2.3.  Apolipoprotein E  

The identification of dominant gene mutations has been instrumental for the 

understanding of biological mechanisms involved in AD.  In contrast with familial 

AD, the causative factors of Aβ accumulations in sporadic AD are still mostly 

unclear.  The complex genetic model of sporadic AD indicates that several genes 

may converge on the pathological processes that underlie the disease (Hu et al., 

2017).  

 

The dominant genetic component associated with sporadic AD concerns the 

apolipoprotein E (APOE) allele, a lipid-binding protein involved in cholesterol 

metabolism and lipid transportation (Altman and Rutledge 2010; Avramopoulos, 

2009; Fernandez et al., 2019).  As the brain is the most lipid-rich organ of the body, 

researchers have proposed that lipid dysfunction could initiate disease 

pathogenesis (Altman and Rutledge, 2010; Liao et al., 2017).  

 

The APOE gene has three major isoforms in humans, ε2, ε3 and ε4.  These isoforms 

differ from each another in single amino acid protein sequences, thereby changing 
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the lipid and receptor binding capacity of APOE (Cedazo-Mínguez and Cowburn, 

2001; Gong et al., 2002; Hatters et al., 2006).  The APOE ε4 (APOE4) allele has been 

shown to modulate the permeability of the BBB in vitro (Nishitsuji et al., 2011).  

Disturbances in BBB transport affecting Aβ clearance could be responsible for 

disease onset in sporadic AD (Safieh et al., 2019).  

 

Initial histopathological evidence found a positive correlation between senile 

plaque density and APOE4 gene expression (Rebeck et al., 1993; Schmechel et al., 

1993).  Support for the role of APOE4 in sporadic AD is confirmed by the finding 

that heterozygous ε4 allele carriers have a three-fold increased risk for AD 

development, whilst homozygous carriers are at least ten times more likely to 

develop the disease (Gandy and DeKosky, 2012).  However, as the overall action of 

APOE4 is that it accelerates Aβ plaque deposition, mid-life plaque burden in ‘at-

risk’ populations (i.e., those with at least one APOE4 gene) should exhibit higher 

plaque load.  In fact, a large study of cognitively healthy middle-aged participants 

revealed that CSF Aβ levels were not significantly different between those with and 

without APOE4 alleles (Sunderland et al., 2004).  This finding suggests that the 

presence of this gene is neither required nor sufficient on its own to cause the 

plaque deposition seen in sporadic AD. 

 

3.3.  Indirect risk factors 

Unlike genetic causes of AD, there are some risk factors that are not typically 

considered to be causal on their own but are rather the consequence of one or 

more other AD pathologies or risk factors associated with AD, which serve to 

increase the severity of the disease by exacerbating Aβ and tau pathologies. 
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3.3.1.  Neuroinflammation 

Neuroinflammation is the brain’s natural response to infection and injury, playing a 

pivotal role in neurodegenerative disease (Hensley, 2010).  However, the 

discussion is still ongoing as to whether its role in disease progression is harmful or 

protective.  In the case of AD, microglial inflammatory response to pathological Aβ 

accumulation is intended to aid its clearance and re-establish a state of equilibrium 

(Mandrekar and Landreth, 2010).  However, if the inflammatory response becomes 

chronic, it can result in the neuronal degeneration of healthy tissue. 

 

3.3.2.  The role of glial cells  

Microglia are able to recognise Aβ42 as an injurious substance and launch an 

immune response, with the number of microglia and their size proportionally 

increasing with the extent of plaque distribution (Serrano-Pozo et al., 2013).  An 

intracellular signalling cascade begins and engages the phagocytic cell mechanism, 

which destroys fibrillar Aβ.  In AD, however, this inflammatory response 

mechanism is altered.  Despite the microglia’s ability to phagocytise these deposits, 

it appears as though, in the AD brain, they are unable to degrade the fibrillar forms 

of Aβ (Mandrekar and Landreth, 2010).  Sustained exposure to Aβ and other 

inflammatory facilitators are seemingly responsible for the continuous functional 

malfunction of glial cells observed at plaque sites.  Animal and in vitro studies 

support the notion that this sustained exposure negatively impacts the microglia’s 

ability to clear Aβ plaque deposits (Koenigsknecht-Talboo and Landreth, 2005; 

Yamamoto et al., 2007). 
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3.3.3.  Oxidative stress 

Oxygen is needed for the cells in living organisms to function, but paradoxically, a 

by-product of mitochondrial oxygen metabolism is the production of RS, which can 

be neurotoxic (Barnham et al., 2004).  The brain is the most metabolically active 

organ, representing only two percent of total body weight, but accounting for 20% 

of total energy expenditure (Schönfeld and Reiser, 2013).  This, alongside its 

relatively small capacity for cellular regeneration, makes it acutely sensitive to the 

damaging effects of RS (Huang et al., 2016; Guglielmotto et al., 2010).   

 

All living organisms are somewhat able to counteract an excess of RS molecules by 

utilising an effectual assortment of antioxidants, thereby maintaining the low levels 

required to function normally (Camejo et al., 2016; Lobo et al., 2010).  However, 

the ability to combat the effects of these molecules is limited (Pizzino et al., 2017).  

In disorders such as AD, an imbalance of free radicals occurs to such a degree that 

it exceeds cellular antioxidant defences; this is known as oxidative stress (Smith et 

al., 2000; Tan et al., 2018).  In AD brains, oxidative stress manifests as a result of 

increased protein oxidation, lipid peroxidation, nucleic acid oxidation, and 

glycoxidation (Moldogazieva et al., 2019).  Cumulative oxidative stress can lead to 

permanent and irreversible neuronal damage (Rekatsina et al., 2020).   

 

Oxidative damage has been observed in the brains of patients with both MCI and 

AD (Butterfield et al., 2018; Praticò et al., 2002).  Ansari and Scheff (2010) 

investigated oxidative damage in 31 human post-mortem brain tissue samples.  

Eight individuals were put into the category of MCI, four were classed as having 

mild AD, and nine were classed as late-stage AD, the remaining ten displayed no 
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significant cognitive impairment.  Their findings verified the results that many 

others have found; enhanced oxidative damage correlated with both MCI and AD, 

with a moderate elevation in the AD group (Ansari and Scheff, 2010).  Despite 

consistent support for this theory, there is still no absolute proof that this oxidative 

damage instigates neurodegeneration, or if it is merely a secondary consequence 

of disease progression (Liguori et al., 2018).   

 

The precise mechanisms underlying the overproduction of RS in diseases such as 

AD still remain unclear, though evidence supports its involvement in mitochondrial 

dysfunction (Wang et al., 2014).  β-amyloid has deleterious effects on the function 

of cell mitochondria, contributing to energy production failure (Landau et al., 

2011), neuronal apoptosis (Han et al., 2017) and creation of RS (Hardy and Selkoe, 

2002).   

 

Normal mitochondrial functioning is reliant on its structural integrity to uphold the 

electrochemical gradient (Hirai et al., 2001).  When the structure is compromised, a 

prominent feature in AD, dysfunction occurs (Zhu et al., 2013).  Support for 

mitochondrial dysfunction in AD progression is evidenced by previous 

investigations demonstrating significant alterations in the expression of almost all 

mitochondrial fission and fusion proteins in AD brains (Wang et al., 2009).  In one 

such study, mitochondrial Dynamin-like protein 1 (DLP1), a key regulator critical for 

mitochondrial fission, was shown to be significantly expressed in AD brain samples 

(Wang et al., 2009).  In addition, tissue samples have shown DLP1 to interact with 

Aβ and tau proteins (Manczak and Reddy, 2012; Manczak et al., 2010).  While it 

remains to be determined whether an increase in DLP1 fission causes structural 

damage to mitochondria in AD, it has been linked to an increase in oxidative stress, 
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which in turn can lead to mitochondrial fragmentation (Jiang et al., 2018; Wu et al., 

2011).   

 

Yu et al. (2006) reported mitochondrial division and a simultaneous increase in 

reactive oxygen species (ROS) production following exposure to high glucose 

concentrations.  Inhibition of mitochondrial pyruvate uptake impeded ROS 

production but was unable to prevent mitochondrial fragmentation, suggesting 

that fragmentation is intrinsically linked with ROS overproduction (Yu et al., 2006).  

In turn, this increase in ROS can directly impair mitochondrial fission and fusion 

balance, leading to subsequent dysfunction.  This cycle of dysfunction and ROS 

production could explain the oxidative stress damage seen in AD. 

 

Taken together, results of these studies support the possibility of an association 

between Aβ, mitochondrial dysfunction, oxidative stress and AD progression.  

However, these results cannot provide conclusive evidence as the findings are from 

isolated mitochondria in vitro, it is yet to be determined if Aβ would interact the 

same way in vivo. 

 

3.3.4.  The role of homocysteine 

Homocysteine is a non-proteinogenic sulfur-containing amino acid, formed in the 

metabolism of methionine, which enters the body within dietary proteins (Medina 

et al., 2001).  Under standard conditions, Hcy is metabolised either via the 

transmethylation pathway or via the remethylation pathway (Bhatia and Singh, 

2015; Blom and Smulders, 2011).  Homocysteine is primarily formed at the 

biochemical junction in the methionine metabolic cycle between S-adenosyl 
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methionine (SAM), and vitamin B12 and folate (Medina, 2001).  Figure 3.2 

illustrates a simplified Hcy metabolism through the methionine cycle.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.  In the transmethylation pathway, Hcy is formed from methionine.  The 

transsulfuration pathway breaks down Hcy to form cysteine.  The remethylation 

pathway recycles Hcy by supplying a carboxyl group created in the folate cycle (not 

pictured), converting Hcy back into the original starting material, methionine. 

 

Methionine is a base component for numerous biochemical substances, acting as a 

methyl donor via its metabolite SAM (Gao et al., 2018).  After the donation of its 

methyl group, SAM is subsequently converted to S-adenosyl Hcy (SAH), which is 

further hydrolysed back to Hcy (Joseph and Loscalzo, 2013).  From here, Hcy is 

either recycled back into the system, a process which requires two water-soluble 

vitamins – vitamin B12 as a cofactor, and 5-methyltetrahydrofolate (the 
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predominant form of dietary folate) as a methyl donor for the enzyme methionine 

synthase (Froese et al., 2018).  Homocysteine can also enter the transsulfuration 

pathway, where it is converted into cysteine and catalysed by pyridoxal 5’-

phosphate (the active form of vitamin B6) (Hullo et al., 2007); this process 

mediates the clearance of Hcy.  If this metabolic cycle is disrupted, either because 

the biochemical cofactors involved are not present in sufficient amounts, or if 

other biochemical problems are interfering with their production, transport or 

utilisation, then unusually high levels of Hcy remain in the blood plasma (Kumar et 

al., 2017).  This accumulation of Hcy is known as hyperhomocysteinemia (hHcy) 

(Škovierová et al., 2016).   

 

In large amounts, Hcy is toxic to neuronal cells (Folstein et al., 2007; Hasan et al., 

2019), potentially attributable to its function as an endogenous glutamate receptor 

agonist on the glutamate-binding site of N-methyl-D-aspartate (NMDA) 

(Choudhury and Borah, 2015; Sibarov et al., 2016).  This NMDA receptor binding 

initiates glutamatergic neurotransmission causing neuronal excitation, which 

subsequently damages cells via excessive calcium ion (Ca2+) influx into neurons 

(Poddar and Paul, 2009).   

 

Whilst innocuous blood plasma Hcy levels have not been clearly defined (Moretti 

and Caruso, 2019; Zhuo et al., 2011), it is nevertheless recommended that total 

plasma Hcy concentration be maintained below 10 μmol/L (Stanger et al., 2004).  

Most definitions of ‘normal’ blood levels of Hcy are in the range of five to 15 

μmol/L (Moretti and Caruso, 2019).  However, total Hcy concentrations above 11.9 

μmol/L have been significantly associated with an increase in white matter lesion 

volumes compared to levels below 8.6 μmol/L (Wright et al., 2005).  A reading 
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between 15 and 25 μmol/L is considered mild hHcy (Brattström and Wilcken, 2000) 

and anything greater than 100 μmol/L indicates severe hHcy (Awan et al., 2014).  

 

In 2009, Zhang et al. reported that following two weeks of Hcy injections directly 

into rat brains, levels of Aβ production increased significantly.  A later study by 

Ataie et al. (2010) aiming to establish an animal model of oxidative stress revealed 

that Hcy induced selective neuronal loss in the dorsal blade of the dentate gyrus of 

rats' hippocampi.  These studies support the role of Hcy as a neurotoxin capable of 

instigating oxidative stress.   

 

High Hcy levels are increasingly recognised as a risk factor for age-related decline 

(Faux et al., 2011; Price et al., 2018; Stanger et al., 2009).  Prospective studies have 

found hHcy to be correlated with an increased risk of decline and AD (Annerbo et 

al., 2009; McCaddon et al., 2001; Seshadri et al., 2002; Zylberstein et al., 2011).  

Seshadri et al. (2002) assessed baseline plasma Hcy in 1,092 cognitively healthy 

older adults and again eight years later.  They found that an increase in the plasma 

Hcy level of five μmol/L increased the risk of AD by 40% (Seshadri et al., 2002).  

Retrospective studies have also corroborated that Hcy levels are higher in 

confirmed AD patients (Clarke et al., 1998).  In some cases those with Hcy serum 

levels as small as three μmol/L higher had a four and a half times greater risk of 

developing AD, revealing that even a slight rise in Hcy levels can have a profound 

impact (Clarke et al., 1998).  

 

Hyperhomocysteinemia has also been found to correlate with poorer recall in 

elderly participants.  The third National Health and Nutrition Examination Survey 
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determined an inverse relationship between Hcy concentrations and performance 

on a delayed recall test in the over-60s (Morris et al., 2001).  The hypotheses that 

hHcy is a risk factor for AD onset and general cognitive shortfalls are still viable.  

Although, due to the interconnected nature of the methionine cycle, other factors 

must also be investigated.  

 

Disruption to the Hcy-methionine cycle not only leads to an increase in Hcy 

remaining in plasma but also increases SAH levels (Miller et al., 2015).  S-adenosyl 

Hcy binds with a higher affinity than SAM to the catalytic region of most SAM-

dependent methyltransferase enzymes, causing potent enzymatic inhibition 

(Barroso et al., 2017; James et al. 2002).  This inhibition can affect a number of 

biochemical processes and disrupt methylation homeostasis.  It has been 

postulated that SAH may contribute to the molecular basis of Hcy-induced vascular 

toxicity (Barroso et al., 2017; Sheshadri, 2006).   

 

Despite evidence indicating that Hcy alone may be instrumental in the 

manifestation of cognitive disease, it nevertheless remains undecided whether Hcy 

causes AD or if it is a biomarker for other aberrant biochemical processes.  

Additionally, since there are several cofactors involved in the Hcy-methionine 

metabolic cycle, it is entirely plausible that alterations or deficiencies in any 

number of these other substances could affect how Hcy is reprocessed.  Some 

evidence, in fact, points to the possibility that these cofactor nutrients are 

themselves independent modifiers of cognitive function, this will be discussed in 

more detail in section 3.4.2.3 of this chapter. 
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3.4.  Modifiable factors 

Genetics alone are not responsible for the development of sporadic AD.  Though 

the identification of genetic factors provide a good insight into disease aetiology, 

the identification of modifiable lifestyle risk factors involved in either the cause or 

exacerbation of the disease has the ability to impact both at an individual and 

population level.   

 

As AD appears to have a long preclinical phase lasting several decades, the extent 

to which lifestyle actions during this stage affect future disease outcomes are 

essential to consider.  Risk-reducing choices may serve as components of a primary 

prevention strategy for AD that is relatively straightforward to adopt.  

 

3.4.1.  Risk factors 

3.4.1.1.  Hypertension 

Despite the previously held belief that AD has a non-vascular origin, a growing 

body of epidemiological evidence compellingly advocates for the pivotal role of the 

vascular network in AD pathology (Carnevale et al., 2016).  Alterations to the 

vascular system, including systemic conditions that affect global cerebral perfusion, 

lead to brain dysfunction and subsequent impairment (Iadecola, 2013).  

 

Hypertension is defined as a chronic elevation in blood pressure above 140/90 

mmHg (Messerli et al., 2007).  Chronic hypertension brings about structural and 

functional modifications causing the breakdown of cerebral vasculature and plaque 

development in arteries and arterioles (Pires et al., 2013).  Damage to the 
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cerebrovascular network is hypothesised to cause a pronounced increase in 

permeability of the BBB (Sweeney et al., 2018).  Blood-brain barrier dysfunction 

and diminished brain perfusion allow circulating substances, that would usually be 

excluded, access to the brain; a common feature in neuroinflammatory disorders 

(Biancardi and Stern, 2015).  

 

A history of mid-life hypertension has been shown to increase the risk of 

developing dementia in late-life (Gottesman et al., 2017; Launer et al., 2000).  

Launer et al. (2000) uncovered a strong relationship between elevated diastolic 

mid-life blood pressure and risk of AD.  Hypertensive participants showed an 

increased frequency of Aβ plaques and NFTs in the brain (Launer et al., 2000).  

Furthermore, among those who did not report taking anti-hypertensive 

medication, 27% of the dementia cases could be attributed to high systolic blood 

pressure (Launer et al., 2000).  On the other hand, in a prospective study, both 

mid-life and late-life hypertension were shown to correlate with vascular 

dementia, but this effect was not observed in those diagnosed with AD (Ninomiya 

et al., 2011). 

 

Findings have been further confounded with research into anti-hypertensive drugs.  

Randomised trials have produced mixed results, with some reporting significant 

reductions in the rate of cognitive decline following drug treatments (Bosch et al., 

2002), and others reporting no effect of treatment on dementia risk (Diener et al., 

2008; Lithell et al., 2003; Peters et al., 2008).  Though, studies that reported non-

significance all have a fundamental limitation in that the follow-up period was 

short (usually weeks) after the initial treatment intervention.  As the dementia 

process spans decades, the length of study duration may have limited the studies’ 
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abilities to detect a genuine effect.  Hypertension could be a significant risk factor 

for AD development or the result of a build-up of Aβ rather than a cause in itself. 

 

3.4.1.2.  Heart conditions 

The brain depends on an adequate blood supply in order to maintain proper 

functioning (Rink and Khanna, 2011).  The shared symptomology of heart 

conditions is that they all result in hypoperfusion, reducing the brain’s supply of 

oxygen and glucose, and forming a hypoxic environment (Park et al., 2019).  

Evidence now suggests that under hypoxic conditions there is a significant increase 

in the splicing activities of β‐ and γ‐secretases and a decrease in α‐secretase 

activity (Pluta et al., 2013; Salminen et al., 2016).  The increase in β‐secretases 

splicing facilitates fibrillar Aβ deposition.  Thus, Aβ not only promotes 

dysregulation of the vascular system but hypoperfusion also upregulates Aβ 

cleavage and accretion. 

 

Clinical studies have supported the hypoperfusion hypothesis of AD.  Early-onset 

AD patients exhibited pronounced hypoperfusion in the parietal lobes, the 

precuneus, the right posterior cingulate cortex and frontal lobes (Verclytte et al., 

2016).  In a 2012 study by Roher et al. total cerebral blood flow was reported to be 

approximately 20% lower in the AD group compared with non-demented controls, 

indicating that there is an association between hypoperfusion and AD progression 

(Roher et al., 2012).  Additionally, decreased blood flow in the frontal lobe has also 

been shown to correlate with reduced cognitive function and rapid disease 

progression (Nishimura et al., 2007).   
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Some studies have also identified reduced cerebral blood flow in the temporal and 

parietal regions in those diagnosed with MCI (Alexopoulos et al., 2012; Wirth et al., 

2017).  However, atrophy in these regions was not significantly different compared 

to healthy controls, this is an interesting distinction as it indicates that initial 

dysfunction of neurovascular mechanisms can be observed before other 

pathological hallmarks of in AD. 

 

3.4.1.3.  Type II diabetes 

Insulin-independent diabetes, or type II diabetes (T2D), is a metabolic condition 

characterised by chronic hyperglycaemia resulting from relative insulin deficiency 

and resistance (Hameed et al., 2015).  Insulin resistance occurs as a result of a 

decrease in insulin sensitivity of the muscle, liver and fat cells to the point where 

normal insulin concentrations fail to provoke a normal metabolic response 

(Bugianesi et al., 2005; Taniguchi et al., 2006).  This triggers the pancreas to 

produces more insulin to compensate for the rise in blood glucose 

(hyperinsulinemia).  

 

Mounting evidence now supports the hypothesis that defective insulin signalling, 

as a result of insulin resistance, contributes to AD pathogenesis (Mullins et al., 

2017; Stanley et al., 2016).  Brain regions that support working memory, such as 

the hippocampus, temporal lobes and dorsolateral prefrontal cortices, have high 

concentrations of insulin receptors (Grillo et al., 2009; Rubin et al., 2014).  

Operational insulin and insulin-like growth factor signalling systems are needed for 

cognitive development and maintenance (Lewitt and Boyd, 2019).  It is believed 

that those with T2D enter an insulin-resistant state that compromises these 
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signalling pathways, directly promoting the development of Aβ oligomers and 

hyperphosphorylated tau (Gonçalves et al., 2019).   

  

The Rotterdam Study, which aimed to determine the influence of T2D on the risk 

of dementia and AD, found that AD risk was twice as high in individuals with T2D 

(Ott et al., 1999).  This result was echoed in a large cohort study by Huang et al. 

(2014).  Over an 11-year follow-up, those newly diagnosed with T2D at the start of 

the study had a statistically higher rate of AD incidence compared to non-diabetic 

patients (0.48% versus 0.37%) (Huang et al., 2014). 

 

Brain insulin resistance has also been associated with poorer cognitive test 

performance in cognitively healthy individuals (Laws et al., 2017); a result 

supported by magnetic resonance imaging (MRI) scans of cortical thickness 

(Wennberg et al., 2016).  In a study involving a total of 233 cognitively healthy 

participants assessed for fasting blood glucose and cortical thickness, it was 

determined that glucose levels that fell within the diabetic range were associated 

with reduced cortical thickness in regions susceptible to AD damage (Wennberg et 

al., 2016). 

 

There is ample experimental evidence supporting the role of hyperinsulinemia in 

Aβ and tau pathology.  If high blood insulin is present before early AD alterations, 

then hyperinsulinemia could be responsible for both AD pathology and insulin 

resistance.  Alternatively, initial Aβ accumulation could itself instigate neuronal 

insulin resistance, causing hyperinsulinemia to occur as a secondary consequence 

of the underlying pathology and further exacerbating AD progression.  Seeing as Aβ 
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and NFT deposition begins long before visible symptoms, interpreting the 

sequence of events is challenging.  

 

3.4.1.4.  Obesity  

Obesity has clearly been linked to changes in cerebral vascularisation and, as 

previously discussed, this decrease in blood flow to vulnerable brain areas is 

believed to be a source of memory loss proliferation (Kivipelto et al., 2005).  

However, obesity has also been suggested to affect other systems that may trigger 

the cascade of inflammation observed in AD. 

 

The satiating hormone leptin is mainly produced by adipose tissue in proportion to 

its mass (Fried et al., 2000).  It acts as a mediator of the immune system and 

metabolism and is also implicated in cognition (Francisco et al., 2018; McGregor 

and Harvey, 2018).  It follows that, in more overweight individuals, levels of leptin 

are higher.  Interestingly, leptin is considered neuroprotective as it is able to both 

lower Aβ production (Niedowicz et al., 2013) and promote its clearance by 

activating the insulin-degrading enzyme (Lloret et al., 2019).  In addition, it has 

been shown to protect hippocampal neurons from oxidative insults (Guo et al., 

2008).  Though this would seemingly point to a protective effect of obesity, the 

higher quantities of circulating leptin actually signify the body’s resistance to it 

over time (Myers Jr et al., 2010).   

 

The effect of obesity on cognitive outcomes, particularly relating to AD and 

dementia, has been well documented and is becoming more apparent (Barrett-

Connor, 2007; Bischof and Park, 2015; Chan et al., 2013; Shalev and Arbuckle, 
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2017).  Bonda et al. (2014) observed notable upsurges in leptin levels in both the 

CSF and hippocampal tissue of individuals diagnosed with AD, comparative to age-

matched controls.  They concurrently noted a decrease in leptin receptor proteins, 

suggesting damage to the leptin signalling pathway (Bonda et al., 2014).  

 

Whilst studies concur that obesity is associated with the development of AD, a 

distinction should be made between the impacts of mid-life compared to late-life 

obesity.  Several longitudinal studies have shown that mid-life obesity is associated 

with up to 74% greater risk of developing AD and dementia in older age 

(Gustafson, 2006; Kivipelto et al., 2005; Whitmer et al., 2005).  Whilst higher body 

mass index (BMI) in mid-life has been linked to increased dementia risk, this is 

seemingly reversed in late-life, with a higher BMI posited to have potentially 

protective effects (Kivimäki et al., 2018).  Therefore, it is crucial to note that it is 

mid-life obesity and weight loss in the preclinical stage of AD that characterises 

future risk (Singh-Manoux et al., 2018).  

 

Conclusively, it is also essential to call attention to the fact that investigating the 

association between obesity and cognition is not clear-cut.  Whilst obesity is 

generally defined as an excess of adiposity, there is considerable heterogeneity 

within this classification.  Individuals matched based on BMI calculations or waist 

to hip ratio, may differ significantly in terms of insulin and leptin resistance or 

quantity of inflammation (Hayes et al., 2010; Ruderman et al., 1998; Sokol et al., 

2016).  As there are many potential mechanisms for obesity to affect cognition, it is 

difficult to pinpoint which of these processes are the most impactful.  
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3.4.1.5.  Western diet patterns 

A number of studies have investigated the association between different eating 

patterns, consumption of individual food items or nutrients, and AD incidence 

(Barnard et al., 2014; Koch and Jensen, 2017).  The Western diet is characterised in 

the literature as a diet high in processed foods, saturated fats, refined sugars, red 

meat, alcohol and dairy; and low in fruit, vegetables, fish, fibre and complex 

carbohydrates (Francis and Stevenson, 2013; Hu, 2002; Kanoski and Davidson, 

2011; Popkin et al., 2012).   

 

The commercialisation of food types resulted from the agricultural development at 

the end of the 20th century (Pingali, 2012).  This ‘green revolution’ was 

characterised by huge upsurges both in methods of productivity and in technology; 

the result was high-yielding cereal cultivars, alongside improved methods of 

cultivation, irrigation, and the use of chemical fertilisers and pesticides 

(International Food Policy Research Institute, 2002).  The primary aim of the green 

revolution was to combat hunger by improving crop harvests.  The monocropping 

technique that was developed involved production of only one particular crop 

variety at any one time (Jacques and Jacques, 2012), this contrasted considerably 

with traditional farming methods, in which multiple species of fauna and flora 

occupied one area and grew simultaneously.  Whilst this had the desired effect of 

improving production and increasing energy consumption in populations across 

the globe, by doubling or sometimes tripling the harvests yielded via traditional 

methods, it also had the unintended consequence of reducing dietary diversity 

(Brockerhoff et al., 2013; Pawson et al., 2013).  Though fewer people today are 

affected by extreme hunger or die from starvation, other forms of malnourishment 

affect many and the ‘obesity epidemic’ is of major concern for a growing number 
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of countries (Afzal, 2017; GBD 2015 Obesity Collaborators, 2017; Templin et al., 

2019).  

 

Malnutrition now encompasses three forms: (i) undernutrition, when a diet lacks 

sufficient energy in the form of calories; (ii) micronutrient malnutrition, when a 

diet does not reach the threshold for healthy micronutrient intake in the form of, 

for example, vitamins and minerals; and (iii) overnutrition, when there is an excess 

caloric quantity resulting in obesity (Cederholm et al., 2017).  These categories of 

malnutrition are not mutually exclusive; in fact, they can co-exist in societies and 

even in individuals.  More recent urbanisation and a shift from local food sources 

to global supermarket outlets have seen ultra-processed foods dominate the food 

supply in Western countries, a phenomenon now spreading rapidly in other 

growing economies (Kearney, 2010; Monteiro et al., 2013).  The availability of 

these food types is positively associated with an increased incidence of obesity 

(Monteiro et al., 2018) and as a result, levels of associated chronic diseases are 

now at an all-time high in societies where highly processed foods are readily 

available (Bray and Popkin, 1998; Gross et al., 2004; Ng et al., 2014).  

 

In Western societies, the diet may not only be exerting harmful effects because of 

increased consumption of the types of foods considered to impact negatively on 

health but may also be detrimental in terms of what the diet is lacking (Bird et al., 

2017).  For example, it is estimated that at least half the US population fails to 

meet the recommended dietary allowance (RDA) for vitamin A, vitamin B6, 

magnesium, calcium, and zinc (Alzheimer’s Disease International, 2014).  The foods 

we do or do not consume have the ability to alter neuronal pathways in the brain, 

affecting how certain substances in our diet are processed, in addition to 
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interfering with the body’s ability to mediate levels of undesirable substances in 

vivo.  This is of particular note considering that more than two billion people are 

estimated to be micronutrient deficient (Food and Agriculture Organisation of the 

United Nations, 2013).  In Western societies up to 70% of hospitalised older 

people, 30% of those living in care homes, and 10% of older people living at home 

are malnourished (Alzheimer's Disease International, 2014).  

 

3.4.2.  Potential preventative factors 

3.4.2.1.  Physical activity and a reduction in sedentary behaviours 

A general description of physical activity (PA) still used today is “any bodily 

movement produced by skeletal muscle that requires energy expenditure” 

(Caspersen et al., 1985).  A higher amount of PA has been suggested to modify AD 

risk (Buchman et al., 2012; Kramer et al., 2006) and may improve cognitive 

outcomes by increasing cerebral blood flow leading to increased oxygen saturation 

and glucose delivery (Barnes and Corkery, 2018).   

 

A recent meta-analysis concluded that individuals who were at risk of late-life 

cognitive impairment (e.g., those diagnosed with MCI, those with a genetic 

predisposition or biological parents diagnosed with AD) had significantly reduced 

rates of decline after aerobic exercise interventions compared to controls (Panza et 

al., 2018).  Their findings indicated that an average of 45 minutes of moderate‐

intensity exercise three to four days a week was able to delay cognitive decline, as 

measured by the MMSE  (p < .001) (Panza et al., 2018).   
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The positive benefits of exercise have also been noted in healthy older adults 

immediately prior to cognitive testing.  A 2017 study by O’Brien et al. aimed to 

investigate whether a single exercise session could improve multisensory 

perception and immediate memory.  Three groups of older adults, classed by usual 

activity (open skill exercise, closed skill exercise or sedentary) were tested before 

and after a single session of regular activity.  Results indicated that participants in 

the exercise groups (open skill and closed skill) performed better on a test of 

immediate memory after an exercise session compared to sedentary controls 

(O’Brien et al., 2017).  The results suggest that PA is a viable method of sustaining 

immediate memory functions in cognitively healthy individuals.  These findings also 

imply that a reduction in sedentary behaviours (SB) may also aid memory 

performance.  

 

Increasing PA alone has not always resulted in cognitive improvements (Kim et al., 

2016).  The World Health Organisation (2010) recommends that adults between 

the ages of 18 and 64 should perform a minimum of 150 minutes of moderate-

intensity or 75 minutes of vigorous-intensity PA each week.  These 

recommendations likely afford some cognitive benefits, though no indication is 

provided as to how the rest of the day should be structured.  Indeed, an individual 

may meet these criteria and still spend the majority of their day seated (Craft et al., 

2012).  Targeting a reduction in SBs could offer another intervention option for 

prevention of cognitive decline, though far less is known about the association 

between SB and cognition.   

 

There are currently two similar, but distinct definitions of SB.  Hamilton et al. 

(2008) stated that SB involves all activities with low levels of metabolic energy 
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expenditure and highlighted specifically that too much time spent sitting as an 

important factor which can lead to negative alterations in health outcomes.  

Another definition is that SB constitutes any waking behaviour with any energy 

expenditure below 1.5 metabolic equivalents (Pate et al., 2008).   

 

Numerous studies have indicated that more time spent sitting is associated with 

risk for metabolic syndrome (MetS), conditions such as obesity (Gupta et al., 2016; 

Owen et al., 2010; Patel et al., 2018).  The relationship between SB and these 

conditions suggests that SB could be related to cognitive decline by analogy, as AD 

is also linked to MetS (Alzheimer’s Association, 2019).  Few studies to date have 

reported on how SBs differ between cognitively healthy and cognitively impaired 

individuals.  Though findings of observational studies suggest that higher SBs are 

associated with cognitive decline (Hamer and Stamatakis, 2014), particularly within 

the executive function domain (Steinberg et al., 2014).  However, reports of 

improvements are not consistent (Maasakkers et al., 2020).  This may be the result 

of a lack of agreement as to what constitutes SB, the difference in measurements 

(subjective or objective) or differences in the cognitive assessment methods used.   

 

As this is a developing area of research, initial findings may not reflect the true 

benefits of limiting SB on cognitive health.  Further research using a variety of 

testing methods and clarification of the definition of SBs are required to deduce 

the association between SB and cognitive impairment. 
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3.4.2.2.  Mediterranean diet patterns 

In contrast to the Western diet, other diets have garnered a reputation for making 

a positive contribution to disease prevention.  One such diet is the Mediterranean 

diet (MeDi) (Petersson and Philippou, 2016; Widmer et al., 2015).  The MeDi is not 

strictly speaking an exact diet, but rather a combination of traditional eating habits 

followed by people in countries that border the Mediterranean Sea (NHS, 2017).  

Key aspects of the MeDi include a high intake of fish, vegetables, legumes, fruits, 

cereals and unsaturated fatty acids (Davis et al., 2015).  It features a moderate 

intake of dairy products and moderate but regular intake of alcohol 

(predominantly wine); whilst consumption of saturated fatty acids, red meat, and 

poultry are kept to a minimum (Tong et al., 2018; Trichopoulou et al., 2014; Willett 

et al., 1995).   

 

Examination of scientific literature over the past 30 years has evinced that the 

eating habits of many individuals in Mediterranean countries have slowly evolved 

to a more Westernised diet pattern (Balanza et al., 2007; Kearney, 2010; Tyrovolas 

and Polychronopoulos, 2011).  The comparison of obesity rates between former 

and current Mediterranean older adult populations as demonstrated by Keys 

(1980) in the Seven Countries Study, and a more recent analysis by Ferro-Luzzi et 

al. (2002), shows a drastic incline in obesity rates.  Although no direct association 

has been drawn to prove that adoption of Western dietary habits is solely 

responsible for the dramatic rise in obesity among current Mediterranean 

populations, the fact that several past epidemiological studies found the traditional 

MeDi to be inversely related to obesity provides some level of support for this 

concept (Schröder et al., 2004).   
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Numerous studies have found increased adherence to a traditional MeDi to be 

significantly associated with improvements on a range of cognitive outcomes 

(Gardener et al., 2012; Gu et al., 2010; Hardman et al., 2016; Morris et al., 2015; 

Samieri et al., 2013), as well as reduced cognitive decline over time (Scarmeas et 

al., 2006; Tangney et al., 2011).  Scarmeas et al. (2006; 2007; 2009) published 

several papers on the MeDi and AD.  In these studies, higher adherence to the 

MeDi (based on FFQ reports) was associated with a lower risk for AD, alongside 

slower rates of cognitive decline.  After investigations into the MeDi and MCI, they 

also reported that higher adherence was associated with both a lower risk of 

developing MCI and MCI conversion to AD (Scarmeas et al., 2009).  In the 2009 

study, participants in the lowest MeDi adherence tertile had a reported risk of 

developing MCI that was 28% higher than those who had adhered more to the 

traditional MeDi patterns (Scarmeas et al., 2009).  At the four-year follow-up, 106 

participants developed AD from the original 482 with MCI, with those in the 

highest MeDi adherence tertile noted as having a 48% less risk of progressing to 

AD.  Associations remained even when adjusting for age, gender, level of 

education, ethnicity, APOE genotype, caloric intake and BMI (Scarmeas et al., 

2009).   

 

By contrast, Cherbuin and Anstey (2012) observed no link between greater 

adherence to MeDi and protection against cognitive decline.  In their longitudinal 

intervention study of an Australian over-60s cohort, participants were analysed at 

two time points four years apart.  Logistic regression analysis showed no significant 

difference between those who more strongly conformed to traditional MeDi 

patterns and those who did not (Cherbuin and Anstey, 2012).  This null finding has 
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been reported a number of times in following studies that have failed to detect a 

link between higher adherence to a MeDi pattern and age-related cognitive 

performance and decline (Corley et al., 2013; Samieri et al., 2013).  However, all of 

these studies used FFQs as their method of dietary data collection.  Though this 

technique has its merits, particularly with regard to the study of specific food 

items, this technique can be unreliable when it comes to over- or under-reporting 

food intake (Schaefer at al., 2000).  In addition, FFQs may not reliably convey 

information about diet patterns, which encompasses much more than what foods 

have been eaten over a defined period.  

 

Several recent studies (Abbatecola et al., 2018; Berti et al., 2018) have shown that 

adherence to the MeDi improves age-related cognitive outcomes, but it remains 

poorly understood why this particular diet appears to exert beneficial effects for 

some studies but not others.  Examining some of the key components of the MeDi 

independently may assist in arriving at a clearer picture of how the 

neuroprotective properties that are often reported might arise.  For example, the 

regular consumption of fish forms an essential component of the MeDi, which 

recommends a fish-based meal at least twice-weekly (Davis et al., 2015).  Further 

details on fish consumption will be discussed in more detail in Chapter five – 

‘White Fish and cognitive function in the over-60s’. 

 

3.4.2.3.  B-vitamins 

In general, B-vitamins are primarily synthesised by plants (Smith et al., 2007), 

where they perform the same basic cellular functions as they do within animal cells 
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(an exception being vitamin B12 which is synthesised by bacteria predominantly 

found in the digestive system of animals) (Danchin and Braham, 2017).  

 

B-vitamins play critical roles in the majority of cellular functions.  The mere fact 

that B-vitamins have specific transport systems allowing them to cross the BBB 

signifies their importance in biological systems (Pardridge, 2005).  In the brain, 

precise cellular uptake mechanisms direct their distribution, and levels are 

stringently regulated by a multitude of homeostatic systems (Spector and 

Johanson, 2007).  Just one of the many consequences of a deficiency in these 

vitamins is the hampering of the natural breakdown and recycling of Hcy, which (as 

previously discussed in section 3.3.4) has a number of potentially negative 

ramifications.   

 

The role of vitamin B6 in the transsulfuration pathway is not only key in terms of 

Hcy clearance but also in the indirect manufacturing of the powerful antioxidant 

cysteine (Cheng et al., 2016).  Cysteine is a precursor of glutathione, which 

promotes cellular defence against oxidative damage by free radicals (Ighodaro and 

Akinloye, 2018; Matschke et al., 2019).  Due to the direct effect that a decrease in 

cysteine has on oxidative stress, it may be reasonable to suggest that low B6 status 

is a core factor in both the manifestation and exacerbation of oxidative stress.  

 

Folate (vitamin B9) is another B-vitamin that operates as a cofactor for 

demethylation in the methionine cycle (Abbasi et al., 2018).  Results from animal 

studies support the theory that a deficiency in folic acid (a synthetic form of 

vitamin B9) and Hcy are directly related to Aβ toxicity by impairing neuronal DNA 
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repair and increasing sensitivity to oxidative damage (Kruman et al., 2002).  

Furthermore, higher intakes of folate have similarly been shown to be associated 

with reduced risk of AD incidence.  In a study by Corrada et al. (2005), the risk of 

AD for participants at or above the RDA has been measured at nearly 60% 

reduction in risk compared with participants below the RDA.  Though it should be 

noted that relatively few participants converted to AD over the 14-year follow-up 

and so the power of the analysis to detect other associations may have been 

limited (Corrada et al., 2005). 

 

Vitamin B12 is the generic name given for a group of compounds based on a corrin 

ring.  It has the largest and most complex chemical structure of the B-vitamins 

(Watanabe, 2007) (Figure 3.3). 

    

 

 

 

 

 

 

 

Figure 3.3. The chemical structure of vitamin B12.  ‘R’ represents the β-axial 

position (sixth coordination point), which changes depending on the form of 

vitamin B12.  The primary forms of cobalamin include methylcobalamin, 

hydroxycobalamin, 5'-deoxyadenosylcobalamin, and cyanocobalamin.   

R 
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Note. Drawn by the researcher in ChemDoodle (2020) 

 

Several biologically active and biologically inactive forms of B12 occur (Mahmood, 

2014; Zhou et al., 2018b).  The specific R group attached to the cobalt element 

(Figure 3.3) can make a considerable difference biologically.  For example, 

hydroxocobalamin (HOCbl), which has an OH group occupying the R position 

(Prentice et al., 2013), requires activation before the body is able to utilise it.  It can 

either undergo methylation in the cytosol to generate methylcobalamin (MeCbl), 

or a reduction reaction in the mitochondria to generate deoxy-5′-

adenosylcobalamin (AdoCbl) (Engelking, 2015).   

 

A cyanide (CN) group in the R position, on the other hand, forms the biologically 

inactive cyanocobalamin (CNCbl).  This CN group substitutes methyl and adenosyl 

during the extraction process to enhance the molecule’s stability, making this form 

suited for commercial production as a supplement (Smith et al., 2016).  CNCbl is 

the most structurally stable form of cobalamin, which, in vivo, is converted from a 

biologically inactive state into an active form (Schnellbaecher et al., 2019).  The 

two isomers, MeCbl and CNCbl, are structurally indistinguishable from each other 

in vivo and so their activity as coenzymes remain unchanged.  However, CNCbl is 

the least biologically active of the cobalamins as it must first be converted in the 

liver to remove the CN from the CNCbl molecule, a process which is reliant on the 

availability of a methyl group (Paul and Brady, 2017; Waife et al., 1963). 

 

An early study linking vitamin B12 and dementia was demonstrated in 1959 when 

Droller and Dossett investigated the serum B12 levels of those with “confusional 
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states” and senile dementias compared with a sample of cognitively healthy 

elderly.  They found lower levels of vitamin B12 in individuals with senile dementia 

compared to controls, which they initially believed to be the result of malnutrition 

(Droller and Dossett, 1959).  However, the similarities in BMI indicated that 

malnutrition was an unlikely cause of the vitamin deficiency.  The publication of 

these results prompted numerous studies to examine the connection between B12 

deficiency and dementia; these will be discussed in more detail in Chapter six – 

‘Veganism and cognitive function’.  

 

3.5.  Chapter summary 

In sporadic AD research, several genetic and modifiable factors converge with each 

other, seemingly influencing disease onset.  As a result of the insidious onset of 

dementia-related disorders, it is challenging to establish causal relationships 

between risk factors and outcomes, and establishing a non-arguable criterion is 

extremely challenging.  Although more is known today about factors that 

contribute to disease to some extent, what is still unknown is precisely how they 

interact or which risk factors account for what proportion of cases.  These issues, 

which are inherent to chronic disease research, justify the need for further study 

on potential risk and prevention factors and their relationship to AD and cognition 

generally. 
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Chapter 4: Methodological considerations 

 

4.1.  Neuropsychological testing 

Research has identified six cognitive domains most commonly affected in AD 

sufferers.  These are problems with memory, executive functioning, language, 

visuospatial cognition, attention and social cognition (Duong et al., 2017).  Memory 

is negatively impacted in the earliest stages of AD progression, beginning with 

short-term memory errors (Gold and Budson, 2008).  Since memory impairment is 

observed so early in the development of clinical symptoms, tests that assess 

memory function must be done as soon as possible to establish any deficits and 

provide a baseline for future comparison.  

 

Milne et al. (2008) carried out a primary care practice survey to ascertain which 

screening instruments were most commonly used in the UK.  They identified that 

79% of practitioners used a minimum of one cognitive screening tool out of the 

MMSE, the Abbreviated Mental Test (AMT) and the Clock Drawing Test (CDT) 

(Milne et al., 2008).  The strategies employed by clinicians for detecting moderate 

or severe dementia are reasonably accurate, but they do not sensitively detect 

initial signs of memory deficits (Alzheimer's Association, 2019; Hwang et al., 2019; 

Storey et al., 2002).  This lack of sensitivity occurs because those with MCI 

experience more subtle memory issues, which, though more pronounced than 

those expected with normal ageing, do not tend to extend to other spheres 

associated with AD symptomology (Mitchell, 2009).  The difficulty in detecting MCI 

is primarily due to the insensitivity of the screening tests (O’Caoimh and Molloy, 

2019).   
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4.1.1.  The Mini-Mental State Examination 

The MMSE is a short test of 30 questions, with a score of 24 or less representing 

cognitive impairment (Tombaugh and McIntyre, 1992).  The test centres around 

ten sub-domains – orientation, registration, attention, calculation, recall, naming, 

repetition, comprehension, writing and construction (Guerrero-Berroa et al., 

2019).  Of these, orientation and attention are given the highest point values 

(Ramirez et al., 2010).   

  

The MMSE appears to be a valuable first phase in the evaluation of an individual’s 

cognitive status (Palsetia et al., 2018).  The score obtained gives an indication of 

the severity of cognitive impairment and is useful for documenting change over 

time, provided that the test is performed on individuals who do not display 

symptoms of depression, as this has previously been shown to reduce reliability 

(Rajji et al., 2009).  The MMSE can provide useful information for recommending 

treatment interventions, or for identifying potential sufferers who display early 

signs of decline that may require follow-up (Jo et al., 2018).  This is partially due to 

the MMSE’s proven strong test-retest and inter-rater reliability, and good criterion 

and construct validity with regards to dementia follow-up (Baek et al., 2016). 

  

However, the MMSE has several drawbacks.  For instance, patients with high pre-

morbid levels of education often experience the ceiling effect, resulting in false-

negative diagnoses (Olson et al., 2011; Toglia et al., 2011).  False positives are also 

common if the person being tested is of a greater age, has a limited educational 

background, is of low socioeconomic status, is a non-native English speaker, or has 
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an uncorrected visual or audio impairment (Aggarwal and Kean, 2010).  When 

taken together, these factors result in an estimated variance of approximately 12% 

(Bravo and Hérbert, 1997).  Consequently, total MMSE score requires adjustments 

for age, education and ethnicity for accurate diagnosis (Espino et al., 2001; Shim et 

al., 2017).  A 2009 study found that illiterate older adults and those in a lower 

income bracket are more likely to be misclassified following cognitive testing 

(Scazufca et al., 2009).  The results of this study have important implications for 

clinicians in populations where levels of illiteracy are high, or there is a larger 

proportion of people of low socioeconomic status.   

  

Importantly, studies have failed to verify the usefulness of the MMSE in making a 

diagnosis of MCI compared to cognitively healthy controls (Mitchell, 2009).  In a 

review of 34 dementia studies and five MCI studies, Mitchell (2009) determined 

that in 89% of cases the MMSE was most valuable for ruling out a dementia 

diagnosis (Mitchell, 2009).  It could, therefore, be concluded that the MMSE is 

neither sensitive nor specific enough in its detection of cognitive impairment.  

Nevertheless, the MMSE does have the potential to differentiate between typical 

age-associated memory decline and MCI in some cases, and it has continued to be 

used in clinical settings for over 25 years (Petersen et al., 2001).  However, 

alternative methods are worth considering.  For instance, National Institute for 

Health and Care Excellence (NICE) guidelines relating to cognitive assessments 

recommend a “validated brief structured cognitive instrument” such as the Mini-

Cog (NICE, 2018) (discussed in more detail below).   
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4.1.2.  The Abbreviated Mental Test  

The AMT is recommended as a brief test of cognitive function that assesses 

orientation, attention, and memory (Hodkinson, 1972).  Scoring lower than seven 

out of ten denotes abnormal cognition, with a sensitivity of 81% and a specificity of 

84% in relation to dementia diagnosis (Antonelli Incalziet al., 2003).  The AMT is 

popular as a screening test, due to its brevity and ease of use, though its use as a 

practical universal assessment poses several complications.  Firstly, in today’s 

society, questions concerning knowledge about, for example, the start date of the 

world wars, may not be as pertinent as they once were.  As scoring is out of ten, a 

lack of knowledge on some questions, unrelated to dementia, could result in a 

false-positive diagnosis.  Secondly, the AMT has been shown to be susceptible to a 

ceiling effect, and therefore insensitive to milder impairment (Pendlebury et al., 

2015).   

 

4.1.3.  The Clock Drawing Test and Mini-Cog 

The CDT was initially used by neurologists to examine parietal lobe function 

(Critchley, 1966).  Since its inception, it has become a commonly administered 

dementia-screening tool (Talwar et al., 2019).  Its usefulness as a screening 

instrument stems from the requirement placed on the individual for a wide range 

of cognitive abilities.  The domains associated with the CDT include visual long-

term memory, planning, visuospatial cognition, motor ability and concentration 

(Beber et al., 2016).  The exam consists of a pre-drawn circle, in which participants 

are required to draw a clock face after being given the following instruction – “This 

is a clock face.  Please fill in the numbers and then set the time to ten past 11” 

(Eknoyan et al., 2012).  Often this standard instruction is given in order to avoid 
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giving participants any hints as to what the clock should include (i.e., hands), which 

can be valuable for identifying abstract impairment (Shulman, 2000). 

  

For the CDT, a 15, ten, or four-point scoring system is usually employed, where an 

intact clock awards a score of zero and denotes no impairment, and score 

increases the more errors are made (Wiechmann et al., 2010).  Trained examiners 

can accredit marks to preservation, planning and conceptual abilities, so scores are 

based on the assessment of multiple cognitive domains, and provides an accessible 

visual record of functioning over time (Kim et al., 2011).  Additionally, the brevity 

of the CDT (around one minute) is a distinct advantage in a busy clinical setting, 

where administration of other longer tests is prohibitive (Müller et al., 2017).   

 

However, due to its multi-layered and somewhat subjective nature, there comes 

with it the challenge of interpretation and consequent scoring.  Furthermore, 

though the CDT relies less heavily on language than the MMSE, for instance, it is 

nevertheless not immune to confounding by education and language (Shulman, 

2000).  If the CDT were to be used as a stand-alone screening tool, it exhibits 

limitations similar to the MMSE in terms of its sensitivity to early impairment 

(Charernboon, 2017; Seigerschmidt et al., 2002).   

 

In a study consisting of 253 hospital patients with questionable dementia, 

participants were screened for cognitive impairment using numerous screening 

tools (Seigerschmidt et al., 2002).  Notable differences among the scoring methods 

were observed.  Though the CDT scores correlated significantly with the MMSE, for 

the Syndrome Short Test (which consists of nine sub-tests used to test memory, 
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attention and processing speed (Lehfeld and Erzigkeit, 1997)) and tests of verbal 

fluency, the correlation coefficients were low (r = 0.13-0.32).  Moreover, scores 

were influenced by age, gender, and education (Seigerschmidt et al., 2002).  The 

researchers concluded that concurrent validity with other standard cognitive tests 

was unsatisfactory and that the CDT lacked both sensitivity and specificity for 

usage as a single screening tool (Seigerschmidt et al., 2002). 

 

The CDT has since been incorporated into a screening battery, termed the ‘Mini-

Cog’, in order to assuage the concern that it could not be used as a stand-alone 

screening tool (Steenland et al., 2008).  The Mini-Cog includes a simple delayed 

three-word recall test in addition to the CDT (Borson et al., 2000).  In 2003, a 

population-based validation study found the Mini-Cog to be as effective as longer 

screening tools at accurately detecting dementia (Borson et al., 2003).  The Mini-

Cog had a reported sensitivity of 76% (versus 79% for the MMSE) and a specificity 

of 89% (versus 88% for the MMSE) (Borson et al., 2003).  A follow-up cross-

sectional study in 2005 demonstrated that the Mini-Cog was as good or better than 

the MMSE in detecting dementia in a heterogeneous multi-ethnic cohort (Borson 

et al., 2005).  However, as of yet, the Mini-Cog does not have enough evidential 

support to validate its use as a single screening tool in a clinical setting.  Whilst 

initial results are promising, additional studies are still required (Li et al., 2018; 

Neville, 2015). 

 

4.1.4.  The Montreal Cognitive Assessment  

The Montreal Cognitive Assessment (MoCA) was originally developed to help 

screen for MCI (Nasreddine et al., 2005).  The MoCA assesses attention, executive 



 66 

functions, memory, language, visuospatial cognition, abstract thinking, calculation 

and orientation.  A score of 25 or lower (from a maximum of 30 marks) is 

considered significant cognitive impairment (Damian et al., 2011).  In the majority 

of studies, the MoCA performs at least as well as the MMSE.  One study, in 

particular, demonstrated the MoCA’s exceptional sensitivity in identifying MCI 

(90%) and AD (100%), whilst the MMSE was only able to detect 18% of MCI cases 

and 78% of AD cases (Julayanont et al., 2013).  Conversely, the MMSE had superior 

specificity, correctly identifying 100% of the cognitively healthy controls, whilst the 

MoCA had a specificity of 87%.  However, 73% of those classified as having MCI 

were charted in the abnormal range for the MoCA but normal on the MMSE 

(Julayanont et al., 2013).  These results indicate that the MoCA is more attuned to 

the initial signs of cognitive impairment.  Furthermore, in a 2019 review, the MoCA 

was reported as the most common tool used for detecting MCI and had the highest 

sensitivity and specificity ranges (81-97% and 60-86%, respectively) of all tests 

assessed (Abd Razak et al., 2019).  

 

4.1.5.  Current test battery  

Review of the literature indicates that for the diagnosis of moderate AD an 

assessment that includes short, multi-domain cognitive tests is usually sufficient.  

However, in cases where any deficits are below what is clinically classified as 

moderate AD, these are more challenging to identify.  Options that are available to 

verify impairment below this threshold, such as in-depth neuropsychological 

assessment, biomarker analysis, structural and functional brain imaging, require 

referral and are often costly (Brown et al., 2017).  Some brief cognitive tests used 

in clinical practice, such as the MoCA, are useful for discerning minor memory 
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discrepancies but these tests do not test some key characteristics of mild AD, such 

as visual recall, into account.  Additionally, the duration of the assessment makes it 

generally unsuitable for clinical settings. 

 

The clinical assessments listed above tend to assume that memory is a single entity 

and results are extrapolated to give an indication of global memory function even if 

only one aspect is measured (e.g., immediate recall, delayed recall, recognition, 

visual memory test, spatial memory or verbal memory).  The tests selected for 

inclusion in this research were subdivided to incorporate as many aspects of 

memory as possible, and were designed to include different stages of processing 

(i.e., free recall and recognition).  As the neuropsychological profiles of AD show 

that poor recall of recently learnt visual and verbal material is a characteristic 

feature of the prodromal phase of AD, it was considered necessary for the current 

study to assess these aspects of cognition, though not for diagnostic purposes.   

 

All tests were standardised to certify that as many procedural elements as possible 

were kept consistent for all participants.  Therefore, increasing the probability that 

the methods used to assess performance were sensitive to performance variations.  

Each test was timed using the slideshow timer feature in Microsoft PowerPoint, 

doing so ensured that all participants were tested under the same conditions and 

mitigated the requirement for technological proficiency.  In addition, the current 

study elected to follow the same procedures currently used in memory clinics (i.e., 

standardised as opposed to randomised), furthering the ecological validity of the 

study.  The cognitive test battery was programmed to take approximately 45 

minutes in total to complete, with the option of breaks factored in in cases of 

fatigue.  
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Immediate Word Recall (IWR) (Gavett and Horwitz, 2012) 

Episodic memory functions are typically assessed with tests of recall (Collie and 

Maruff, 2000).  In studies of normal ageing, recall performance shows a more 

considerable age-related decline compared to recognition (Craik and McDowd, 

1987).  In free recall tests, participants demonstrate an ability to recall studied 

items without any external retrieval cues.  Recall performance exhibits regularities 

across multiple trials and between encoding and retrieval (Tulving, 1962).  Tests of 

IWR engage the superior temporal cortices (Buchsbaum et al., 2005).  Employing 

IWR tests that contain more items than can be retained by the short‐term memory 

can be applied to examine the memory function of those with MCI compared to 

cognitively healthy individuals (Gavett and Horwitz, 2012).  

 

Conditional Discrimination Procedure (CDP) (Arntzen et al., 2011) 

The CDP used in this study is similar to a computer-based delayed matching-to-

sample (Cubicciotti et al., 2019).  In the present study, a single stimulus is 

presented during a sample period, this then disappears and is followed by a delay 

period of several seconds, and the comparison stimuli appear after the offset of 

the sample.  Presenting both the previously viewed sample stimulus and three 

novel lures at the same time during the test period tests recognition memory.  

Participants are required to generate a response indicating which stimuli (target 

stimulus) was previously presented and which stimuli (lures) were not previously 

presented.  This task engages the hippocampus and parahippocampal structures 

are for recollection and familiarity (Wixted, 2007).  
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Paired Associates Learning (PAL) (Gould et al., 2005)  

The PAL consists of multiple trials wherein the participant is required to learn the 

location of one or more shapes shown on-screen.  Accumulating evidence 

demonstrates that impaired performance on the PAL task, which is a cued recall 

test of memory, may be sensitive enough for the early detection of cognitive 

impairment (Blackwell et al., 2004; Swainson et al., 2001).  Memorising objects in 

space is a function established to be dependent on the entorhinal and 

transentorhinal cortex, and the hippocampus (Connor and Knierim, 2017; Maass et 

al., 2014), regions implicated in the prodromal phase of AD (Tward et al., 2017).  

 

Digit Span (DS) (Wechsler, 1981)  

Digit span may be related to many cognitive domains, including attention, short-

term verbal memory and executive functions (Tripathi et al., 2019; Sair et al., 2006; 

Woods et al., 2011).  Multiple items have been put forward to assess attention.  

The Digit Span Forward (DSF) task involves presenting each participant with a 

series of five numbers; the participant is then asked to repeat the numbers back to 

the examiner in the order in which they were given.  Another sequence of equal 

length is then presented and after the correct recall in both trials, sequences with 

one extra number are presented.  This process continues until the participant 

recalls the numbers incorrectly on both of the equal length sequences, or reaches 

the end of the task (Nouwens et al., 2017).  The sum of correct digits makes up the 

total DSF score (Wechsler, 1981).  

 

The cognitive domains involved in DSF recall are markedly different from those 

involved in backward recall (Yang et al., 2015).  The DSF task is hypothesised to tax 
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chiefly the short-term auditory memory (Hale et al., 2002), though is also 

frequently used as a measure of the phonological loop of Baddeley’s (1992) model 

of working memory.   

 

Immediate Nonsense Word Recall (INR) (Kimura and Seal, 2003)  

Vitevitch and Luce (1998) described two levels of word processing, lexical and 

sublexical.  The results of their study suggest that proper words are mostly 

processed at the lexical level, whilst nonsense words are processed at the 

sublexical level.  The lexical processing involves identification of the word 

meanings, whereas the sublexical involves identifying phonetic structure (Vitevitch 

and Luce, 1998).  Therefore, using nonsense-word tasks, in theory, removes the 

semantic associations of words, which in turn reduces the influence of an 

individual’s lexical knowledge or personal associations, allowing for a more direct 

measurement of word memory (Ellis Weismer et al., 2000).  

 

Nonsense-word recall and encoding engages the temporal gyrus, which is widely 

involved in language perception and processing (Parrachione et al., 2017; Peters et 

al., 2009).  Transcranial magnetic stimulation applied to left posterior superior 

temporal gyrus (STG) has also been shown to interfere in the maintenance of non-

words in short-term memory (Parrachione et al., 2017).  Brain tissue examinations 

have revealed that that STG region displays significant transcriptional 

abnormalities in those diagnosed with AD (Haroutunian et al., 2009).  

 

Delayed Word Recall (DWR) (Strauss et al., 2006) 

Delayed memory recall is one of the most widely used and sensitive tests for early 
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AD and MCI conversion to AD (Takayama, 2010).  Delayed recall is dependent on 

the functioning of the entorhinal and hippocampal areas, as these areas are 

primary target lesions in AD, the DWR is believed to be sensitive to the early signs 

of cognitive impairment (Reitz et al., 2009).  Those diagnosed with very early stages 

of AD are particularly impaired on tasks of delayed recall, as they have been shown 

to demonstrate abnormally rapid forgetting (Salmon and Bondi, 2009).   

 

Pattern Comparison Speed (PCS) and Letter Comparison Speed (LCS) (Salthouse, 

1994)  

The PCS and LCS tasks both assess the amount of time required to complete a task 

(Salthouse, 1994).  This plays a significant role in multiple areas of cognition and is 

believed to serve as the foundation for other cognitive processes (Clay et al., 2009).  

For example, deficits in comparison speed are associated with subsequent deficits 

in working memory (Chiaravalloti et al., 2003), attention (Mayes and Calhoun, 

2007), executive functioning (Baudouin et al., 2009), and episodic memory 

(Baudouin et al., 2009).  Given the importance of comparison speed as a 

foundation for other cognitive processes, it was considered an important cognitive 

construct to include in the test battery. 

 

4.2. Dietary assessment methods 

Diet is a major lifestyle factor associated with risk for a wide range of chronic 

disease outcomes (Micha et al., 2017).  To investigate the relationship between 

diet and disease, several assessment methods have been implemented and 

evaluated (Freedman et al., 2006; Ishii et al., 2017; Moghames et al., 2016; Shim et 

al., 2014).  Dietary information obtained from individuals, using a variety of 
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assessment methods, have proven to be invaluable tools for predicting factors 

affecting disease (Ahmad et al., 2016).  However, unlike other lifestyle factors, such 

as smoking, dietary exposure outcomes are far more challenging to measure.  The 

additional complexities of different dietary patterns, varying dietary habits and the 

quantity of food eaten, which differ significantly from individual to individual, 

coupled with variations in biochemistry that can affect how food is processed and 

absorbed, all contribute to a complicated analytical process.  Aside from these 

individual differences, people are often unreliable in estimating what they eat and 

how much (Black and Cole, 2001; Walker et al., 2018).  It is unsurprising, therefore, 

that all methods of dietary assessment are associated with some inconsistencies in 

reporting and discrepancies in results.  Inaccurate dietary assessment may be a 

fundamental obstacle to surmount before coming to a true understanding of the 

impact of dietary factors on disease.  

  

4.2.1.  Blood biomarkers 

Specific biological markers have been used to measure the amount of various 

dietary components in several epidemiological studies (Bingham, 2002; Prentice, 

2018; Wild et al., 2001).  Dietary biomarkers provide accurate measures of intake, 

noted to be highly correlated with corresponding reports from food records and 

questionnaires (Fraser et al., 2016; Ostan et al., 2018).  A clear advantage of 

biomarker data is that the estimates are objective measures, free from social 

desirability bias, which often causes reporting issues in nutritional research (Picó et 

al., 2019).  Likewise, the measurements obtained do not rely on the participant’s 

memory or their ability to describe each meal with sufficient detail (Frobisher and 

Maxwell, 2003).  For these reasons, biomarkers could be regarded as providing 
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more accurate measurements of dietary intake than other food recording 

methods.   

 

On the other hand, they are often too expensive to employ, and whilst there are 

several validated biomarkers of food intake, there are more food constituents that 

remain unknown or are not a direct measure of cellular uptake (Dragsted et al., 

2018; O’Gorman et al., 2013).  It is worth noting, for instance, that vitamin B12 

serum levels assess total circulating B12 but are unable to reliably determine 

cellular status (Hannibal et al., 2016; Obeid et al., 2004).   Furthermore, as there 

are components in the foods we eat that do not yet have an associated biomarker, 

using this tool to make judgments about disease risk related to single dietary 

constituents may be problematic.  In these instances, food records may be more 

informative than biomarkers (Potischman, 2003).  On a similar note, if there are 

components in food that do not as yet have a corresponding reliable biomarker, 

these measurements cannot easily be translated back into dietary intake.  

Therefore, the results based on biomarker readings are unable to provide 

comprehensive dietary recommendations, and again, dietary records may be more 

useful if this is the aim.  

 

4.2.2.  Food frequency questionnaires  

Food frequency questionnaires have been widely used in a large number of 

epidemiological studies as a method of assessing dietary intake (Mulligan et al., 

2014).  The FFQ is a checklist consisting of a finite list of foods and beverages which 

is used to estimate an individual’s dietary intake, typically over a one year period 

(Cade et al., 2004).  The number of items included in the FFQ varies considerably 
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depending on what is being investigated, but as a standard, around 100 items are 

usually presented (Cade et al., 2004).  The FFQ is a useful tool for assessing diet as 

it enables the researcher to examine long-term dietary intake in a time-efficient 

manner, making it less burdensome to participants than other methods (Almajwal 

et al., 2018; Kanehara et al., 2019).  Some FFQs, developed for specific research 

purposes that have been altered to accommodate questions surrounding particular 

foods of interest, or adapted for different cultures or ethnicities, are now widely 

used (Almiron-Roig et al., 2017; Horiuchi et al., 2019; El Kinany et al., 2018).   

 

The primary drawback of using FFQs to assess diet arises from issues with reporting 

(Mertens et al., 2019).  Usually, FFQs take the form of either food-based (logging 

individual food items) or dish based FFQs (logging whole meals).  Oftentimes, foods 

eaten come in the form of mixed dishes that are cooked with individual ingredients 

combined with a variety of seasonings, condiments and cooking fats.  The large 

number of variables that need to be considered when filling in the questionnaire 

may increase response error, particularly if the participants are not typically 

responsible for cooking their own meals.  This effect is amplified further with food-

based FFQs as often cooking fats and seasonings are omitted entirely (Yun et al., 

2009).   However, the validity of FFQs in assessing diet has been illustrated using 

appropriate biomarkers and dietary records for direct comparison (Vioque et al., 

2019; Watanabe et al., 2019).  In a recent study by Watanabe et al. (2019), dietary 

records were used to validate an FFQ on participants’ energy intake.  In their study, 

109 Japanese older adults (59 men and 50 women) were recruited to take part.  

Energy intake correlation coefficients estimated by the dietary records were not 

significantly different from the FFQ scores (p = .46), indicating that the FFQ is a 

reliable tool for obtaining dietary information (Watanabe et al., 2019). 
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4.2.3.  Twenty-four-hour recall 

The 24-hour dietary recall (24HR) usually comes in the form of an open-ended 

survey (Shim et al., 2014).  A trained researcher documents the participant’s 

reports during an in-depth interview, in which they obtain detailed information 

regarding the foods eaten, preparation methods and any particular brands used 

over a single day (Gibson and Ferguson, 2008).  The amounts of each food 

consumed are estimated in reference to a standard size container or visual aids, 

such as photographs (Jayawardena and Herath, 2017).  This method of procuring 

dietary intake does not inconvenience participants to the same degree as other 

methods as participants are only required to remember which foods they ate in a 

single day and interviews are typically less than 30 minutes in length. 

 

The 24HR is a flexible tool that can be adapted to a variety of situations, making it 

suitable for addressing numerous research questions (Wark et al., 2018).  However, 

a fundamental limitation of the 24HR is that the onus is placed on the respondent’s 

memory.  Whilst the burden placed on memory may be less for this method than 

that of the FFQ, this is still a particular disadvantage when using this form of 

assessment to draw conclusions surrounding the effects of diet on diseases that 

can impact memory, such as AD.  Additionally, 24HR only focuses on short-term 

intake.  Even accurate reports cannot represent long-term habitual intake of 

individuals, a key disadvantage considering that it is long-term dietary exposure 

that is significant when investigating the prevention of chronic diseases.  If this is 

the goal, multiple follow-ups would be required to obtain a more accurate 

representation of long-term diet. 
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4.2.4.  Food diaries 

Like the 24HR, the food diary uses open-ended questions to obtain detailed 

information about an individuals diet.  Food diaries can be easily adapted to 

accommodate various and diverse groups with differing eating habits as there is no 

set selection of food or beverage items.   

  

Food diaries or food records are often considered to be the ‘gold standard’ for 

dietary assessment (Budiningsari et al., 2016; Hamer et al., 2010; Steinemann et 

al., 2017).  Generally, food diaries require participants to record all foods and 

beverages at the time of consumption over a specified time period, usually three to 

seven days (Ishii et al., 2017).  Compared to FFQs and 24HRs, the prospective 

nature of the food diary means there is no reliance on memory as participants 

document foods eaten at the time of consumption.  As the weighed food diary 

requires participants to weigh all food items prior to consumption (Ortega et al., 

2015), this ensures that valuable and accurate information about the exact portion 

size is obtained.  Thus, recorded readings are a more precise measure for 

estimating usual food intake.  It is for these reasons that the food record is a 

method used in many national investigations of dietary intakes (Henderson, 2002).  

  

The key disadvantage to the food diary relates to participant burden.  Respondents 

must be briefed thoroughly before participating to ensure they record accurate 

data.  This method is considered burdensome for participants due to the necessity 

to weigh and record all food items (Satija et al., 2015); therefore, a high level of 

motivation is required.  Previous studies have found that, in some cases, eating 
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habits were deliberately modified to avoid the burden of recording, rendering the 

data atypical of usual intake (Shim et al., 2014).  Such modifications can affect not 

only the quantities consumed but also which food items are selected for 

consumption.  Even so, diet records have been found to correlate reasonably well 

with those from multiple 24HR accounts (Yuan et al., 2017).  

 

4.2.5.  Dietary recordings – the present research 

The dietary assessment methods utilised in this thesis included a weighed food 

diary and an adjusted FFQ.  The weighed food diary was selected for the study 

described in Chapter five – ‘White fish and cognitive function in the over-60s’.  This 

method was chosen on the basis that the sample group consisted of highly 

motivated individuals who already actively volunteered for a participant scheme at 

the University of Bradford.  The weighed food diary is considered valuable and 

accurate as it provides precise information about exact portion size, cooking 

methods, seasonings and any relevant variations resulting from place of purchase, 

or branding.  Thus, recorded readings are regarded as a more accurate measure for 

estimating usual food intake. 

 

For the study described in Chapter six – ‘Veganism and cognitive function’, the 

weighed food diary was not selected as the diet assessment tool.  Though this 

instrument produces more descriptive data, it also places a high burden on 

participants, and so, instead, the FFQ was used.  As vegan volunteers were 

relatively scarce and previously unknown to the researcher, the primary rationale 

for selecting this method was to decrease the amount of time that participants 

would be required to sacrifice.  Consequently, the researcher was able to obtain a 
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greater number of participants and limit the dropout rate.  In addition, the FFQ is 

typically employed to ascertain information about historical dietary intake (Zang et 

al., 2019).  As one of the study aims was to investigate how the length of time 

adhering to a vegan diet influenced memory outcomes, this method was most 

useful for achieving this aim.   

 

4.3.  Chapter summary 

This chapter has provided a brief description of the tests most commonly used in 

clinical settings for AD and MCI evaluations.  The tests currently employed in 

clinical practice in most cases examine one or more broad cognitive domains that 

involve multifaceted aspects.  For instance, tests of ‘memory’ frequently analyse 

one subsection of memory (e.g., short-term visual memory) but are generalised to 

form the global cognitive domain of memory.  

 

In order for tests to be valuable in AD research, they must be sensitive enough to 

identify the initial signs of cognitive deterioration.  When considering what test 

instruments to include in a research study, several factors should be considered, 

including length, ease of administration, participant burden and generalisability to 

the population under study.  The test instruments selected for this research were 

selected with these criteria in mind so that findings would be reliable and as 

relevant as possible to the population under examination. 

 

Dietary intake is always challenging to measure; no single method as yet can assess 

diet perfectly.  Whilst biomarkers are able to provide valid objective estimates of 

an individual’s intake, which is appropriate for clinical assessment, it cannot 
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identify all components that make up a person’s diet.  Food diaries are potentially 

burdensome, thus requiring smaller, highly motivated sample groups.  Food 

frequency questionnaires, on the other hand, are ideal for large-scale studies as 

they are relatively quick and cheap, but they place a high reliance on the 

participant’s memory, which can lead to over- or underreporting of certain foods.  

As every recording method has its own advantages and disadvantages, each 

technique should be carefully considered prior to study onset.  The dietary 

recording methods selected for the current research were based on the research 

objectives, the sample group and the resources available.    
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Chapter 5: White fish and cognitive function in the over-60s 

 

5.1.  Literature review 

The impact of lifestyle on cognitive protection is of relatively recent interest, 

arising from the growing body of epidemiological verification (Clare et al., 2017; 

Kirk-Sanchez and McGough, 2014).  Diet is one of only a few modifiable factors, 

applicable to all individuals, that has the potential to positively influence future 

cognitive functioning (Spencer et al., 2017).  Whilst dietary patterns, such as the 

MeDi, are generally regarded as protective against the risk of AD and cognitive 

impairment, there is still a lack of consistency in results.  This chapter will firstly 

review existing literature regarding the effects of fish consumption on cognitive 

outcomes and AD risk before addressing the gaps in knowledge and providing a 

rationale for the present research aims.   

 

5.1.1.  Fish consumption 

Fish are characterised by a low fat content and contain a wide variety of essential 

micronutrients (Strobel et al., 2012).  The majority of edible fish species are rich 

sources of vitamins A, B and D, as well as polyunsaturated fatty acids (PUFAs), 

especially in the form of omega-3 PUFAs (ω-3PUFAs) eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) (Dhaneesh et al., 2012; Hixson, 2014).  The 

human body, whilst able to synthesise a number of unsaturated fatty acids, 

through an enzymatic process known as endogenous lipogenesis (Sanz et al., 

2000), cannot manufacture some fatty acids that are uniquely found in fish, making 

dietary intake an important nutritional aspect (Ameur et al., 2012).   
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In order to meet the body’s nutrient requirements, a person's diet should not only 

incorporate an adequate supply of nutrients, but these substances should also 

come in a form that can be readily metabolised (Gaboon, 2011; Mutch et al., 

2018).  Nutrient bioavailability denotes the proportion of a particular nutrient that 

is absorbed through the gastrointestinal tract after ingestion (Rein et al., 2013), 

and how bioavailable a nutrient is depends on its chemical composition (Hansen 

and Sams, 2018).  Consumption of fish provides the body with a valuable source of 

nutrients that are highly bioavailable compared with plant-based food sources 

(Barré et al., 2018; de Gavelle et al., 2018; Hurrell and Egli, 2010).  For example, 

Hurrell and Egli (2010) found iron bioavailability from mixed diets to be between 

14 and 18% compared to plant-based diets of between five and 12%.  Though the 

precise nutritional analyses of individual fish species are so far incomplete and do 

not fully reflect the broad diversity of edible fish (Bogard et al., 2018), consumption 

is likely to increase nutrient availability and help prevent deficiencies of essential 

PUFAs.   

 

Most true marine fish, as opposed to shellfish, are divided into white and oil-rich 

fish (Bord Bia, 2020).  Oily fish are so called because their oils are distributed 

throughout the flesh; they are often referred to as fatty owing to their higher fat 

content.  White fish, in contrast, are ascribed the term lean fish as their oils are 

predominantly confined to the liver.  Tables 5.1 and 5.2 illustrate some of the more 

commonly consumed fish in the UK.  
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Table 5.1. 

Commonly consumed oily fish species in the UK 

Oily Fish 

Salmon 

Trout 

Mackerel 

Herring 

Pilchards 

Sprats 

Sardines 

Anchovies 

Whitebait 

 

Table 5.2. 

Commonly consumed white fish species in the UK 

White Fish 

Haddock 

Cod 
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Plaice 

Sole 

Hake 

Halibut 

Seabass 

Sea bream 

Pollack 

Tinned tuna 

Note. Data obtained from European Market Observatory for Fisheries and 

Aquaculture products (2018) 

 

5.1.2.  Oily fish 

Fish that fall into the oily category contain higher levels of calcium on average, 

particularly if eaten with the bones intact, as is often the case with smaller fish like 

sardines and whitebait (International Osteoporosis Foundation, 2017; Malde et al., 

2010).  Calcium intake from fish has been well-documented to result in skeletal 

improvements (O’Keefe et al., 2016).  In addition, cardiovascular protection via 

blood-pressure-lowering mechanisms (Chan et al., 2013b) and an inverse 

relationship between higher calcium intake and obesity have also been reported 

(Samadi et al., 2012; Zhang et al., 2019b).  It is hypothesised that the calcium-

derived products found in fish form complexes with fatty acids, thereby preventing 
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their absorption in the gastrointestinal tract (Alomaim et al., 2019). 

 

5.1.2.1.  Omega-3 fatty acids 

Another well-documented quality of fish, particularly with reference to oily fish, is 

their high ω-3PUFA content (Clarkson and Strain, 2003).  Lately, medical and public 

health communities have shown an increased interest in the fatty acid composition 

of fish, in particular, the beneficial activity of omega-3 oils (Lehner et al., 2019; 

Stephenson et al., 2013; Yessoufou et al., 2015).  Two of the most biologically 

relevant PUFAs for brain health are DHA and EPA (Figure 5.1), both of which are 

required for the development and maintenance of healthy brain function (Dyall, 

2015; Reimers and Ljung, 2019).   

 

 

 

 

 

 

Figure 5.1.  The chemical structures of eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA). 

Note. Drawn by the researcher 

 

Alpha-linolenic acid (ALA) is another essential ω-3PUFA, synthesised in plants and 

present in the human diet primarily as a component of vegetable oils, nuts 

(particularly walnuts), seeds and some green leafy vegetables (Rajaram, 2014).  In 
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the body, ALA can be converted into EPA and DHA via a series of enzyme-catalysed 

desaturation and elongation reactions (Domenichiello et al., 2015) (Figure 5.2).  

However, human capacity for the conversion of ALA to EPA and DHA is rate-

determined by enzyme availability, as the same enzymes are utilised in the 

transformation of omega-6 fatty acids to linoleic acid, arachidonic acid and 

docosapentaenoic acid.  Hence, there is competition between the conversion of all 

omega-6 and omega-3 fatty acids.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.  The conversion pathways from ALA to EPA and DHA.  

Note. Drawn by the researcher 
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Only between five and ten percent of available ALA can be converted into EPA 

(Anderson and Ma, 2009), and between zero and five percent is converted to DHA 

(Anderson and Ma, 2009; Gillingham et al., 2013).  For this reason, humans must 

obtain direct sources either from the diet or forms of supplementation (Forsyth et 

al., 2016; Saunders et al., 2012).  Fish oils contain an abundance of ω-3PUFAs (DHA 

and EPA) (Mohanty et al., 2016; Saunders et al., 2012).  Table 5.3 shows the most 

commonly consumed fish in the UK alongside average DHA and EPA levels. 

 

Table 5.3.  

The DHA and EPA content of different fish species  

Fish species 

 

DHA(g) amount 

per 100 g 

EPA(g) amount 

per 100 g 

 

DHA + EPA per 

recommended 

portion (140g) 

Herring 1.11 0.91 2.83 

Salmon 1.08 0.66 2.44 

Sardines (tinned) 0.87 0.53 1.96 

Mackerel 0.70 0.50 1.68 

Trout 0.67 0.45 1.57 

Halibut 0.37 0.09 0.64 
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Tuna (tinned) 0.22 0.05 0.38 

Haddock 0.16 0.08 0.34 

Cod 0.15 0.01 0.22 

Note.  Data based on reports by the British Nutrition Foundation (2013), and Uauy 

and Valenzuela (1992). 

 

Docosahexaenoic acid is the most abundant ω-3PUFA in the brain, concentrated in 

the membrane phospholipids (Hashimoto and Hossain, 2011).  In a healthy adult 

brain, approximately 10-20% of the fatty acids within the cortical grey matter are 

composed of DHA (McNamara, 2015).  In healthy ageing, levels of ω-3PUFAs in the 

brain gradually decrease, either as a result of poor passage rates across the BBB or 

a reduced capacity to convert short-chain fatty acids to longer chain fatty acids 

(Cutuli, 2017; Kitajka et al., 2004; Mohajeri et al., 2015).  However, reduced levels 

of DHA brain composition can also indicate cognitive impairment and AD (Weiser 

et al., 2016).  Lower levels of plasma EPA and DHA have previously been reported 

in those diagnosed with the disease (Astarita et al., 2010; Hashimoto and Hossain, 

2011).  Compared to controls, significantly reduced DHA levels have been observed 

in the temporal cortex, mid-frontal cortex and cerebellum of AD patients (Astarita 

et al., 2010).   

 

Observational studies are generally supportive of the preventative role that dietary 

ω-3PUFAs play in relation to risk reduction of AD incidence (Lopez et al., 2011; 

Morris et al., 2003; Shatenstein et al., 2007; Yamagishi et al., 2017).  For example, 

participant data from the Chicago Health and Aging Project by Morris et al. (2003), 
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revealed that consumption of ω-3PUFAs reduced the risk of AD.  Diet was assessed 

using a modified version of the Harvard self-administered FFQ, and AD was 

diagnosed based on the results of clinical evaluations, which included a medical 

history check, neurological examination, neuropsychological testing and interviews 

(Morris et al., 2003).  A diagnosis of ‘probable AD’ was determined by the criteria 

set by the National Institute of Neurological and Communicative Disorders and 

Stroke, and the Alzheimer's Disease and Associated Disorders Association.  The 

results of the study found that those who ate fish at least once a week had a 60% 

decrease in risk of AD compared to those who ate fewer than one fish meal each 

week.  Total PUFA intake was also a determinant of lower AD risk.  However, only 

DHA was considered to be protective against AD for all participants, whilst ALA was 

protective in those who also had the APOE4 gene (Morris et al., 2003).   

 

5.1.2.2.  Therapeutic interventions with fish oils 

Despite the fact that the majority of observational studies have supported a 

causative link between low ω-3PUFAs and incidence of AD or cognitive decline, 

randomised control trials (RCTs) have produced mixed results for ω-3PUFA 

supplementation on cognitive measures (Cederholm et al., 2013; Daiello et al., 

2015; Quinn et al., 2010; van de Rest et al., 2008; Yassine et al., 2017).  In support 

of the positive role of fish oils, the Neuroimaging Initiative trial assessed the 

efficacy of supplementation on brain atrophy in 229 cognitively healthy individuals 

alongside 397 MCI and 193 AD patients (Daiello et al., 2015).  Over a two-year 

period, significant inverse correlations were observed for higher frequency of fish 

oil supplementation and lower brain atrophy in the hippocampus and cortical grey-

matter regions (Daiello et al., 2015).  Similarly, over a six-month period, Sinn et al. 
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(2012) administered high daily doses of various PUFAs (1670 mg EPA, 1550 mg DHA 

or 2200 mg ALA) to older adults diagnosed with MCI.  Improvements were 

detected for the high DHA group, particularly with regards to fluid thinking ability 

(assessed using the Initial Letter Fluency test).  Significance was not detected 

following treatment with EPA or ALA (Sinn et al., 2012).   

 

Not all studies have reported a positive result following ω-3PUFA therapy.  Freund-

Levi et al. (2006) supplemented 174 older adults diagnosed with mild-to-moderate 

AD.  The experimental group were given a one-gram capsule, containing a 

combination of DHA and EPA, for six months, whilst the placebo group received a 

corn oil capsule.  Both groups then received an additional six-months of open 

treatment with ω-3PUFA supplementation.  No significant differences in 

performance on the AD Assessment Scale (ADAS), MMSE, or Alzheimer’s 

Prevention Initiative tests were found between the experimental and control 

groups after six or 12 months of supplementation (Freund-Levi et al., 2006).  

Furthermore, a large study reported by Quinn et al. (2010), which assessed 402 

individuals that were randomly assigned into two groups, also failed to report a 

beneficial effect of treatment.  The experimental group received two-grams of 

algal-derived DHA, while the placebo group received corn or soy oil for 18 months.  

They found no differences in ADAS scores or clinical dementia rating in mild-to-

moderate AD patients (Quinn et al., 2010).  

 

The reported inconsistencies between the results of some observational studies 

and those of the RCTs are not unusual in clinical research.  There are a number of 

possibilities for these discrepancies: (i) in some instances, the null findings of RCTs 

may result from supplementation beginning too late.  If treatment interventions 
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commence after participants are already diagnosed with some form of cognitive 

impairment, the advantageous effects of the fish oils may not be sufficient to 

combat existing damage; (ii) as dietary supplementation in the RCTs was carried 

out over a relatively short time, compared with the course of the disease, they are 

more useful for establishing the effect of intervention on slowing disease 

progression.  Whereas, observational studies are more suited for investigations 

into the preventive effects as they are able to reflect life-long exposure; (iii) the 

micronutrients in fish likely do not act in an isolated capacity, and without the 

interaction with other nutrients, the resulting benefits from the fish oils may not 

have been as effective.  This is particularly pertinent with regards to Quinn et al.’s 

(2010) study as the DHA supplement was an algal-derived form.  Cases have been 

made emphasising that fatty acids, when obtained from whole fish, may be more 

efficacious than consumed as equivalent amounts in supplemental forms (Visioli et 

al., 2003); (iv) lastly, unwanted substances found in isolated fish oil may have 

deleterious effects that mitigate other beneficial qualities awarded from the 

consumption of whole fish (discussed further in section 5.1.2.3). 

 

In summary, the nutritional value of fish relating to public health is three-fold.  First 

of all, fish provide rich sources of essential nutrients that are highly bioavailable 

(Barré et al., 2018; de Gavelle et al., 2018; Malde et al., 2010; Tilami and Sampels, 

2017).  Secondly, the nutrients in fish have an enhancing effect on the absorption 

of iron and zinc from other food sources in the diet (Hunt, 2003; Lim et al., 2013).  

Finally, studies suggest that whole fish consumption may be more beneficial than 

taking supplements (Visioli et al., 2003). 
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5.1.2.3.  Potential drawbacks of oily fish consumption  

Higher fish consumption has clearly been associated with many positive health 

benefits, such as protection against cardiovascular disorders and all-cause 

mortality (all deaths, regardless of cause) (Mozaffarian and Rimm, 2006; Zhao et 

al., 2016).  Several studies have, however, reported that diets high in ω-3PUFA 

intake may have some adverse effects on human health by causing oxidative 

damage to various tissues (Alagawany et al., 2019).  Cole and Frautschy (2010) 

argued strongly for the use of antioxidants alongside DHA supplementation in 

some instances, due to the risk of oxidative damage.  The foundation of this 

argument is that DHA is more susceptible to oxidation, attributable to its carbon 

double bonds (Shahidi and Zhong, 2010).  The breakdown of these lipids can be 

damaging because it results in the simultaneous creation of lipid peroxidation 

products.  These products cause an uncontrollable spread of ROS, which react with 

proteins, and in doing so, impair critical enzyme and receptor functions (Shahidi 

and Zhong, 2010).  Consequently, a high PUFA content may foster the oxidative 

stress of biological systems.  Considering that the muscle tissue of oily fish has a 

higher overall fat content, fish that fall into this category are, as a result, more 

susceptible to lipid peroxidation (Cameron-Smith et al., 2015). 

 

5.1.2.3.1.  Mercury 

Another critical aspect of concern for human health is the risk derived from 

exposure to chemical pollutants that are sometimes found in fish, such as mercury 

(Driscoll et al., 2013; Junaidi et al., 2019).  Contamination of aquatic species is both 

a local and a global issue as mercury vapour can be easily transported in the 

atmosphere over a great distance (Gworeck et al., 2017).  In its gaseous form, 

mercury has an atmospheric lifespan of between six and 18 months (Gworeck et 
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al., 2017; Ren et al., 2016).  Through a series of reactions, gaseous mercury is 

converted into divalent mercury; after which it is deposited on land and into water 

(Figure 5.3) (Ghoshdastidar and Ariya, 2019).  Small quantities of mercury are 

soluble in water, where residing bacteria transform it into methylmercury (MeHg), 

a potent neurotoxin and oxidative stressor (Chen et al., 2019; World Health 

Organisation, 2003). 

 

 

 

 

 

 

 

 

Figure 5.3.  Step 1.  Elemental mercury Hg(0) is released by natural and 

anthropogenic sources.  Due to its neutral charge, it does not readily dissolve in 

water so is predominately found in the air.   

Step 2.  The cation Hg(II) is deposited on land and into water, this form is far more 

soluble in water. 

Step 3.  In the water, Hg(II) is converted to MeHg by the aquatic life and 

bioaccumulates up the food chain.  

Step 4.  Consumption of seafood is the primary source of human MeHg exposure. 

Note.  Picture drawn by the researcher. 
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Mercury is released from a variety of sources, both anthropogenic and natural 

(Sundseth et al., 2017).  The devastating impact that environmental mercury 

accretion can have on health was observed for the first time in the 1950s, in 

Minamata, Japan (Grandjean et al., 2010).  Investigation into the so-called 

Minamata disease revealed that mercury, dumped by a chemical plant that used it 

as a catalyst for acetaldehyde production, had accumulated in the aquatic 

organisms that inhabited the local bay.  These organisms were subsequently eaten 

by the local population; the result of ingestion was ataxia, sensory disturbances, 

dysarthria, visual field constriction, auditory disturbances and tremors (Grandjean 

et al., 2010; Kim and Kim, 2012; Takaoka et al., 2018).  Though this case was 

extreme, witnessing the effects at this magnitude elucidated the mechanisms by 

which MeHg is processed in the body.  

 

The chemical uptake of MeHg in wild fish arises from aqueous absorption across 

the gills and through the skin, and from dietary uptake via the gastrointestinal tract 

(Bradley et al., 2017).  Dietary uptake is the primary pathway by which fish 

assimilate MeHg (Bradley et al., 2017).  Reactive mercury is transported through 

the atmosphere in the form of complexes and suspended in the ocean where its 

methylation occurs (Gworek et al., 2016), often facilitated by microorganisms in 

the water under anaerobic conditions (Azad et al., 2019; Ma et al., 2019).   

 

High concentrations of MeHg in fish are reached through the biomagnification 

process in the food chain (Figure 5.4).  Bioaccumulation occurs when the rate of 

uptake for a particular substance exceeds an organism’s capacity for whole-body 

elimination (Petersen et al., 2019).  Methylmercury tightly binds to fish proteins, 

including the muscle tissue, which is most commonly consumed by humans and 
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which cannot be removed by skinning or cooking (Department of Environmental 

Conservation, 2020).  Nearly all fish contain trace amounts of MeHg, though some 

fish species contain greater quantities than others (Food and Drug Administration, 

2019).  This bioaccumulation results in varying concentrations of mercury in fish 

tissue, dependent on both the size of the fish, the particular species and the water 

region that the fish inhabits and forages (Department of Environmental 

Conservation, 2020; Rajeshkumar and Li, 2018). 

 

 

 

 

Figure 5.4.  The biomagnification process of MeHg.  Mercury biomagnifies from the 

bottom of the food chain up to higher-level predators.  Even at low exposure 

levels, the impact of bioaccumulation can result in escalated MeHg levels in 

humans.   

Note.  Figure drawn by the researcher.  

 

Mercury exposure and any associated risk to health that accompanies fish 

consumption are difficult to assess fully as mercury concentrations are highly 

variable, both between and within species.  In the ocean, the mesopelagic zones 

contain higher levels of toxic MeHg (Chouvelon et al., 2012; Choy et al., 2009; 

Lamborg et al., 2002).  This toxic mercury is readily concentrated by the 

zooplankton that live there, leading to biomagnification along the food chain in fish 

occupying that region, such as swordfish and Atlantic bluefin tuna (Olafsdottir et 

al., 2016; Stefanoudis et al., 2019).  Though the relative importance of MeHg 
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bioaccumulation from demersal, benthic and pelagic sources is not well 

understood, it is clear that mercury bioaccumulation may vary as a result of 

differences in diet and feeding ecology.  Hajeb et al. (2009, 2010) reported the 

highest levels of mercury in longtail tuna and short-bodied mackerel, both of which 

inhabit and feed in the pelagic water column.  These results suggest that aqueous 

concentrations of MeHg could be more impactful than sediment concentrations in 

determining MeHg bioavailability (Chen et al., 2009).  It follows, therefore, that 

some pelagic fish species would contain higher levels of MeHg when compared 

with white fish of equivalent sizes and trophic levels, which live predominantly in 

the benthic or demersal zones, close to the seabed (Chen et al., 2009; Naccari et 

al., 2015).  However, it should be noted that the potential role of organic matter in 

controlling MeHg bioavailability in the water column and sediments is complex, as 

exemplified by the results of Hollweg et al. (2009).  They discovered that the 

highest concentrations of MeHg were in the organic-rich clays of the mid-Atlantic 

slope in quantities that varied substantially across the study region.   

 

The bioaccumulating ability of MeHg in food webs is a continuing concern with 

regards to human exposure (Kershaw and Hall, 2019).  Fish consumption is the 

most common way for MeHg contaminants to be introduced into the human food 

chain (Sheehan et al., 2014).  Once in the body, MeHg can easily enter the brain 

across the BBB (Creed et al., 2019; Lohren et al., 2016), where it is readily 

converted to an inorganic form that can remain for a prolonged period (Park and 

Zheng, 2012; Rooney, 2014).  The CNS is a primary target of toxicity, where 

mercury can cause irreversible damage (Posin and Sharma, 2020).  Within the 

brain, MeHg produces injury characterised by atrophy to areas of the cerebral 

cortex and cerebellum (Ni et al., 2012), the same biochemical aberrancies noted in 
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AD.  As described in Chapter three, AD brain tissue suffers from greater oxidative 

stress in all cellular components compared to the brains of healthy controls.  Even 

low levels of this toxic substance have been shown to decrease glutathione levels 

and increase oxidative stress (Khan et al., 2012; Nogueira et al., 2019; Unsal, 2018).  

 

Direct examinations of MeHg hair concentrations have similarly supported the link 

between mercury and adverse effects on brain health.  Trasande et al. (2005) 

found that between 316,588 and 637,233 children each year had blood mercury 

concentrations that exceeded 5.8 μg/L; a degree associated with a decline in IQ 

scores.  Furthermore, the Faroe Islands study revealed that many cognitive tests, 

including tests of language, attention and memory, and to a lesser extent, 

visuospatial and motor functions, were adversely affected by prenatal MeHg 

exposure (Grandjean et al., 1997).   

 

Despite the neurotoxic properties of MeHg, an investigation by Myers et al. (2000) 

of 779 mother-infant pairs in the Seychelles found no link between MeHg exposure 

from fish and neuropsychological outcomes.  However, the beneficial properties 

awarded by other fish nutrients, such as ω-3PUFAs and vitamin B12, may have had 

an obfuscating effect on the harmful influences of MeHg.  It is also worth noting 

that mercury concentrations in the Indian Ocean (surrounding the Seychelles) 

averages 1.2 picomoles (pM) of mercury (Laurier et al., 2004), whereas, higher 

concentrations have been recorded in the Mediterranean Sea at 2.5 pM (Cossa et 

al., 1997) and the Atlantic Ocean (surrounding the Faroe Islands) at 2.3-2.4 pM 

(Mason et al. 1998), which is an important factor to consider.  
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Given the complex biological mechanisms involved in the transfer of mercury 

suspended in the ocean to aquatic life and then to humans, it may be that it is not 

so much a decision about which fish are beneficial or detrimental to health 

outcomes, but more of a balancing of advantageous and deleterious effects that 

are likely to be afforded by different fish species.  

 

5.1.2.3.2. Polychlorinated biphenyls and dioxins  

A further potential downside that accompanies a high intake of oil-rich fish is the 

risk of ingestion of industrial chemicals and by-products, such as polychlorinated 

biphenyls (PCBs) and dioxins (Arvanitoyannis et al., 2014).  Polychlorinated 

biphenyls are synthetic organochlorine chemicals that make up a group of 

persistent organic pollutants (Olatunji, 2019).  Due to their chemical stability, high 

boiling point, resistance to degradation and insulating properties, PCBs were used 

in the commercial manufacture of a number of materials, including plasticisers, 

adhesives, lubricating oils, inks, paints and insulators to name a few (International 

Agency for Research on Cancer, 2016).  The total amount of PCBs produced 

worldwide, since their introduction to the manufacturing industry in 1929, has 

been estimated to be as high as 1.3 million tons (Breivik et al., 2002).  In the late 

1970s, any manufacturing processes that utilised PCBs were officially banned in the 

United States (Markowitz and Rosner, 2018).  However, despite PCB usage being 

phased out in most parts of the world by the end of the 1970s, environmental 

levels remain high (Stuart-Smith and Jepson, 2017).  Paradoxically, the many 

attributes that made the compound appealing for commercial manufacturing are 

the same ones that make them so persistent in the environment.   
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As a result of their chemical stability, PCBs do not break down readily and, similar 

to mercury, atmospheric transport of gaseous PCBs is a key pathway for global 

distribution (Burkow and Kallenborn, 2000).  Additionally, permafrost has acted as 

a sink for PCBs, and now, a thawing of these regions has triggered their release 

(Arctic Monitoring and Assessment Programme, 2011; Eickmeyer et al., 2016).  In 

the oceans, phytoplankton, zooplankton, algae and other flora and fauna take up 

these pollutants, introducing them into the food chain (Galbán-Malagón et al., 

2013; Tiano et al., 2014).  These species are then in turn consumed by fish, which 

results in the biomagnification and bioconcentration of these toxic substances 

(Nelms et al., 2018; Perga et al., 2017; Walters et al., 2011).   

 

There are many commonalities between the bioaccumulation characteristics of 

Mercury and PCBs.  Similar to mercury, not all fish are equal in terms of their level 

of contaminants (Walters et al., 2011).  Generally speaking, higher quantities of 

PCBs increase with trophic levels; so large predatory fish such as tuna, sharks and 

swordfish or those just below them in the food chain, such as cod and salmon, all 

contain a more substantial amount (Alava et al., 2018).  However, this does not 

mean that these fish all contain the same amount of toxins.  The semi-volatile and 

lipophilic nature of PCBs means that they tend to bioaccumulate predominantly in 

fatty tissue (Louis et al., 2016).  Cod and other white fish have a low lipid content in 

their flesh, with most of it confined to the liver (Tørris et al., 2017).  Therefore, 

adjusting for lipid content by assuming uniform distribution would reveal levels of 

PCBs to be very high in cod, for instance, as they have lower quantities of total 

lipids, resulting in higher concentration readings of PCBs per gram of lipids.  

Whereas, fish such as salmon would show the opposite, as they have much higher 

overall lipid content (Piskorska-Pliszczynska et al., 2012). 
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Polychlorinated biphenyls have been associated with a range of neurological 

effects in humans (Faroon et al., 2000; Gupta et al., 2018), alongside evidence of 

neurochemical alterations in laboratory animals (Ribas-Fitó et al., 2001; Bemis and 

Seegal, 2004).  Looking at these substances from a toxicology standpoint, they 

possess several features that could potentially make them risk factor candidates 

for AD.  Interestingly, a consistent finding that has been reported in both in vitro 

and in vivo studies, is that acute PCB exposure leads to a significant reduction in 

dopamine concentrations in the striatal tissue, a neurotransmitter well-

documented to be altered following the onset of AD (Colloby et al., 2012; Hatcher-

Martin et al., 2012; Nobili et al., 2017).  Though it should be noted that dopamine 

exerts widespread effects on neuronal tissues and the dopaminergic system is 

involved in a variety of neurological and psychiatric disturbances. 

 

Given the long prodromal phase of AD and the chemical stability of PCBs, exposure 

at an earlier age may have a significant impact on the development of neurological 

conditions, even with the continued decline in environmental levels of the 

chemicals.  Further study is required in order to determine the extent to which PCB 

exposure from fish contributes to the burden in humans and the associated 

adverse effects on health.  

 

5.1.2.4.  Oily fish summary 

The literature surrounding the benefits of oily fish is vast and conflicting.  Whilst 

biological mechanisms theoretically support the beneficial effects of ω-3PUFAs on 

the risk of AD and dementia, as they form major components of neuronal 
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membranes and possess anti-inflammatory properties, research has not always 

emulated this predicted advantage.  A 2010 study by Quinn et al. reported that 

supplementation with DHA did not slow cognitive decline compared with the 

placebo group.  However, a significant effect was found for the highest tertial 

group pertaining to total fish intake (Quinn et al., 2010).  Furthermore, in Cherbuin 

and Anstey’s PATH study (2012), they observed that not only did higher adherence 

to a MeDi pattern provide no cognitive protection in their sample but, even more 

surprisingly, higher fish consumption was actually associated with an increased risk 

of cognitive disorders.  However, they did note that a diet rich in fish was 

associated with improved cognition in healthy participants (Cherbuin and Anstey, 

2012).  

 

The seemingly contradictory results further highlight the need to better 

understand precisely which fish are providing the cognitive protection.  In the 

above cases, varieties of fish were not divided into separate categories.  It is 

entirely possible that a higher proportion of, for example, oily fish produced a 

more negative influence as a result of either lipid peroxidation or ingestion of 

harmful pollutants such as mercury and PCBs.  These adverse effects would likely 

worsen over time with continued consumption, perhaps indicating why benefits 

were observed in healthy controls but not in later life after disease has been 

diagnosed.  

 

5.1.3.  The potential benefits of white fish 

The health benefits of white fish have not been as thoroughly investigated as oily 

fish, though as discussed in section 5.1.2, it is clear that white fish species possess 
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many benefits which are oftentimes negated in oily fish (Tørris et al., 2017).  White 

fish are considered a superior source of protein and have been noted to stave off 

MetS conditions in vivo (Tørris et al., 2017).  In a cross-sectional study, Tørris et al. 

(2016) observed that higher fish consumption was associated with a lower risk of 

MetS.  When oily and white fish were investigated separately, significant results 

only remained for white fish consumption (Tørris et al., 2016).  On a related note, 

Parra et al. (2007) conducted an intervention study with the aim to investigate the 

antioxidant capacity of fish diets and their effect on weight loss.  Positive effects of 

weight loss were noted for all three experimental diets analysed (DHA and EPA 

supplementation, cod based, and salmon based), pertinently however, the cod-

based intervention was the only one to statistically decrease levels of oxidative 

stress (Parra et al., 2007).  

 

A pilot study by Walters and Lesk (unpublished) reported on the association 

between white fish and MMSE scores.  Total monthly fish intake was studied in 41 

participants with a mean age of 73.40 years (SD ± 6.55).  Both total fish intake and 

non-oily fish intake were found to be significant predictors of performance in the 

MMSE.  Interestingly, monthly tinned tuna intake was associated with better 

performance on the word recall portion of the test, an assessment of short-term 

episodic memory.  The present study investigates this further. 

 

5.1.4.  The present study 

Ascertaining knowledge surrounding the health contribution that commonly 

consumed foods can afford with regard to disease outcomes is invaluable.  Despite 

the global popularity of fish in diets, existing data do not reflect the broad 
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spectrum of fish available for consumption.  This study extends the preliminary 

findings of Walters and Lesk (unpublished).  Their conclusion that tinned tuna 

consumption was a predictor of performance in the recall portion of the MMSE 

clearly warrants further study to determine the effect of tinned tuna intake on 

other assessments of memory and recall.  The present study will investigate 

whether white fish consumption, including tinned tuna, is a dietary factor that 

influences cognitive performance in the elderly using a thorough memory test 

battery.   

 

It is hypothesised that, based on Walters and Lesk’s (unpublished) findings, white 

fish consumption will significantly predict better performance in all portions of the 

cognitive test battery.  Furthermore, it is hypothesised that tinned tuna 

consumption will significantly predict better performance in the short-term 

memory portions. 

 

5.2.  Methodology  

5.2.1.  Participants 

A total of 40 participants from the University of Bradford’s ‘over 60’s participant 

pool’ took part in this study.  The sample group consisted of seven males and 33 

females with a mean age of 74.98 (SD ± 5.16). 

 

5.2.2.  Exclusion criteria 

Volunteers were excluded from the study if they were unable to speak or write in 

English or had any history of cognitive impairment including, but not limited to, 
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dementia and AD.  

 

5.2.3.  Ethical approval 

This research was granted ethical approval by the Humanities Social and Health 

Sciences Research Ethics Committee at the University of Bradford.  All participants 

were provided with an information sheet (Appendix one) alongside a consent form 

(Appendix two) that detailed all procedures and background information.  

Participants were given the opportunity to ask the researcher any questions about 

the study, after which the researcher obtained signed informed consent before the 

commencement of data collection. 

 

5.2.4.  Design 

The study utilised an observational dietary assessment followed by experimental 

neuropsychological testing in order to determine a relationship between fish 

consumption and cognitive outcomes.    

 

5.2.5.  Materials 

Weighed food diary: 

A food diary was created to record fish intake over a three-week period (Appendix 

three).  The diary was provided in the form of a 20-page A4 booklet containing a 

copy of the information sheet, a detailed instruction section, a one-day example of 

a completed diary entry and a simple diary template for participants to fill in.  The 

blank diary template included one row for each day of the week and four columns, 
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one for each of breakfast, lunch, dinner and snacks.  A small section for the 

recording of supplements was also provided. 

 

Participants were instructed to record the consumption of any meal or snack that 

contained any fish and/or shellfish.  They were asked to state the type of seafood, 

the weight (either as stated on the packet or self-weighed), how it was cooked, the 

brand or location of purchase and any other foods eaten alongside (including 

condiments and seasoning).  

 

Neuropsychological assessments:  

This section gives a brief description of each of the eight tests used to assess 

cognition.  Further information on all tests is located in Chapter four –

‘Methodological considerations’.  Examples of tests shown can be seen in Appendix 

four.  

 

Immediate word recall (Gavett and Horwitz, 2012) 

This test was used to assess short-term episodic memory.   

Each participant was required to recall as many words as they could from a list of 

24 common nouns.  All words were matched for length, frequency and 

imaginability using the MRC Psycholinguistics database (Coltheart, 1981).  Words 

were displayed for a total of 90 seconds and participants were required to read the 

words themselves so as to remove any potential bias that may have been caused 

by tonal oscillations when read by the researcher.  Participants then had up to two 

minutes to record the words from the list in any order they wished on a blank 
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piece of paper.  Score was determined by adding the total number of words out of 

24 that the participant correctly recalled. 

 

Conditional Discrimination Procedure (Arntzen et al., 2011) 

This test was used to assess short-term visual memory.   

This test consisted of a series of eight trials.  Each trial started with the 

presentation of a complex initial image that was displayed for 30 seconds; this was 

followed by a brief delay before the participant was presented with four boxes of 

comparison stimuli.  The participant was then asked which box contained the 

image matching the one that had been displayed on the previous screen.  Score 

was determined by totalling the number of boxes correctly identified throughout 

all eight trials. 

 

Paired Associates Learning (Gould et al., 2005)  

This test was used to assess visuospatial associative memory. 

Participants were shown six boxes on-screen, all of which ‘opened’ individually.  To 

begin with, only one of the boxes contained a basic shape (e.g., a circle).  With 

each test stage, the number of shapes in boxes increased by an increment of one 

until, finally, all six boxes contained different images.  At the end of each test level, 

participants were shown a target shape/s  (not necessarily in the order in which 

they were presented on-screen) and asked to point to the box/es that had 

contained the shape/s shown.  Score was determined by totalling the number of 

boxes correctly matched with their appropriate shapes. 
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Digit Span Forward (Wechsler, 1981)  

This test was used to assess aspects of attention and short-term verbal memory.   

A series of numbers were shown on-screen, starting with a sequence length of five 

numbers.  Participants were shown two strings of numbers of the same length, 

which then increased incrementally by one up to a series of ten numbers.  The test 

ended when the participant was unable to recall two sets of numbers of the same 

length consecutively, or alternatively when they reached the end of the task.  The 

score was determined by counting the number of full strings a participant correctly 

recorded.  

 

Immediate Nonsense Word Recall (Kimura and Seal, 2003)  

This test was used to assess short-term episodic and phonological memory.   

Participants were required to recall as many words as they could from a list of 24 

nonsense words.  The words used in this test all had similar digraph frequencies 

and number of orthographic neighbours (either 0 or 1).  Words were displayed for 

90 seconds and participants were required to read the words themselves so as to, 

again, remove any bias caused by differences in tone or intonation by the 

researcher.  Each participant then had up to two minutes to record the words from 

the list in any order they wished on a blank piece of paper.  Score was determined 

by adding the total number of words out of 24 that the participant correctly 

recalled. 

 

Delayed Word Recall (Strauss et al., 2006) 

This test was used to assess long-term episodic memory.   
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After participants had completed the previous tests (approximately 40-50 

minutes), they were given two minutes to record as many words as they could 

remember from the first word list that was presented to them.  Score was 

determined by totalling the number of words correctly recalled from the IWR list. 

 

Pattern Comparison Speed  (Salthouse, 1994) 

This test was used to assess processing speed.   

Participants were asked to state whether two patterns were the same as each 

other or different.  Participants had 20 seconds to complete one full page and were 

required to voice out-loud if the pattern in the left-hand column matched the 

pattern in the right-hand column.  The researcher recorded the answers.  Score 

was determined by adding the number of pattern pairs correctly identified as 

matching or not matching.  

 

Letter Comparison Speed (Salthouse, 1994)  

This test was another assessment of processing speed.   

For this test, participants were asked to state whether two letter sequences were 

the same as or different from each other.  Length of letter strings varied between 

three, six, and nine.  Once again, participants had 20 seconds to complete a full 

page with the researcher recording their answers.  Score was determined by 

adding the number of letter sequences correctly identified as matching or not 

matching.  

 

All memory tests were presented on a computer screen, whilst all processing 
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speed tests were presented on paper.  Neuropsychological tests were presented to 

each participant in the order listed above.   

 

5.2.6.  Procedure 

An envelope enclosing an invitation letter and information sheet (Appendix one) 

was posted to everyone in the University of Bradford, Division of Psychology, over-

60s participant pool.  Approximately one week later, potential participants were 

contacted by telephone to inquire as to whether they were interested in taking 

part in the study.  Those who were both interested in participating and met the 

inclusion criteria were allocated timeslots for meeting the researcher over the 

following two weeks.   

 

Upon each participant’s arrival to the first of two appointments, the researcher 

clarified what the study would involve and invited participants to ask any 

questions.  Once participants had been made fully aware of the study 

requirements and had the opportunity to ask any questions, they were given a 

consent form to read and sign (Appendix two) and were presented with a three-

week food diary (Appendix three).  During the session, verbal and written 

instructions detailing the logging of the three-week weighed food diaries were 

stipulated to the participants.  The researcher explained how the diary was to be 

completed and stated that dietary records must be logged only during a typical 

three-week period (e.g., not when away on holiday).  Each participant was 

requested to record the weight of all fish meals and any beverages consumed 

during the three-weeks, this applied to meals prepared at home and any eaten 

away from home.  They were also asked to record any brand names/place of 
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purchase, methods of food preparation, any other foods eaten alongside the fish, 

meal, as well as any supplements.  The participants were given a copy of the food 

diary to take away with them and told that they would be contacted within a 

month to arrange the next meeting with the researcher when cognitive testing 

would take place.  

 

Three to four weeks later, participants were telephoned again to book a follow-up 

appointment.  Upon arrival at the testing session, participants were first asked to 

return their completed food diary, then, once the participant felt comfortable to 

proceed with the study, a comprehensive battery of neuropsychological tests (as 

described in section 5.2.5) commenced.  Tests were administered to each 

participant within a set time period, in the same order and under the same testing 

conditions.  

 

5.3.  Results 

This chapter aimed to investigate the impact of fish intake on cognitive test results, 

focusing primarily on memory domains.  For the purposes of this investigation, fish 

were divided into three sub-categories – oily, white and tinned tuna.  Tinned tuna 

was assessed separately as the canning process strips out a large quantity of the 

tuna’s oils, making ω-3PUFA levels more consistent with those of white fish (Burger 

and Gochfeld, 2004).  This is an important distinction as it has previously been 

reported that the ω-3PUFAs, found principally in fatty fish, boost cognition (Cutuli, 

2017).  It should also be noted that all seafood was initially included in the analysis, 

but of the non-fish items, prawns alone met the threshold for inclusion; no 

significant effects were identified so these results will not be discussed further. 
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The data from the food diaries supplied by each participant, along with the 

cognitive test results, were analysed using IBM SPSS Statistics 23.  A p-value of 0.05 

or smaller was deemed to be a statistically significant result, whilst p-values 

between 0.05 and 0.10 were considered as a trend toward significance.  As these 

analyses were considered exploratory in nature, adjustments were not made for 

multiple comparisons. 

 

5.3.1.  Patterns of consumption over the study period 

Firstly, the researcher calculated the mean consumption (in grams) of each fish 

type that had been consumed over the three-weeks (Figure 5.5).  These were then 

examined further by breaking down each group by species to see which fish were 

consumed the most over the study period (Figure 5.6).  Reports were consistent 

with previous findings concerning UK eating habits.  Fish consumption was 

dominated by salmon, tuna, cod, and haddock (Seafood Choices Alliance, 2007). 

 

 

 

 

 

 

 

 

Figure 5.5.  The total mean amount of fish eaten (in grams) for each type of fish 

(oily, white, tinned tuna) over the three-week study period.   
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Figure 5.6. A further breakdown of recorded consumption showing mean amounts 

of each fish species eaten over the same three-week time period.  

 

Note. The term ‘species’ used here is a loose definition meaning an animal 

belonging to a particular fish genus – hence, the term ‘salmon’ may include several 

different species of fish, for example, Atlantic or Sockeye.  Additionally, tinned tuna 

sold in supermarkets is most commonly Skipjack though may include others, such 

as Yellowfin or Albacore.   
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5.3.2.  Main effects on composite scores 

In order to investigate the primary hypothesis and determine whether there were 

any main effects for fish on memory test scores, six different memory tests were 

included in the analysis (IWR, CDP, PAL, DSF, INR, DWR).  Total raw scores were 

then combined from these tests, all of which assessed memory.  Recorded 

consumption of each fish category (total, oily, white, white + tuna) were all 

analysed separately to determine if any group was able to predict scores on 

composite memory tests.  In the present study’s sample, there were very few 

participants who did not eat any fish.  However, there was considerable variation 

between individuals pertaining to the amounts of fish eaten over the three-weeks, 

which allowed investigation into the dose-dependent relationship between total 

intake and cognitive outcomes.  Total memory scores were entered into regression 

models as the dependent variable, whilst fish types (in grams) were entered as the 

independent variables (Figure 5.7).  
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Figure 5.7. Comparison of memory test scores organised by fish type using simple 
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linear regressions.  A – All fish, B – Oily fish, C – White fish (only), D – White fish 

with tinned tuna.  For graphs A, C and D, participants’ memory scores increased as 

fish intake increased. 

 

The results of the regression indicated that composite memory test scores 

improved with increasing intake of fish when all fish types were included [R2 = 

0.535, F(1,31) = 35.72, p < .001].  Participants’ predicted memory test scores 

increased by 0.02 points for every gram of fish eaten.  However, when the data 

was split by fish type in a multiple regression model, significant results were no 

longer displayed for oily fish (Figure 5.7B) (p > .05).  Analysis of white fish produced 

a significant regression equation  [β = 0.03, (F(1,31) = 25.92, p < .001)], with an R2 

value of 0.46.  The predicted score increase per gram of white fish for this test was 

equal to 0.03 (Figure 5.7C).  White fish was further analysed a second time, but this 

time results were combined to include tinned tuna [β = 0.03, (F(1,31) = 36.37, p < 

.001)], with an R2 value of 0.54, indicating that 54% of the variation explained by 

the model can be attributed to consumption of white fish including tinned tuna.  

Predicted memory scores increased by 0.03 points per gram of fish (Figure 5.7D).  

Analysis of processing speed did not yield significant results for either the PCS or 

LCS tasks. 

 

5.3.3.  Analysis of individual cognitive tests  

To determine whether the fish type affected performance on any of the individual 

cognitive assessments, a multiple analysis of covariance (MANCOVA) was carried 

out.  All test scores were entered as dependent variables, and total white fish 

(including tinned tuna) and total oily fish in grams were entered into the model as 
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covariates.  

 

The results indicated that oily fish did not significantly impact scores on any 

individual tests for either the memory portion of the assessment or the processing 

speed portion.  White fish consumption proved to be a significant predictor for all 

individual memory tests up to the .001 significance level (see Table 5.4).  

 

Table 5.4. 

Results of the MANCOVA by fish type for each test and the cognitive domain that 

each test represents 

Cognitive domain 
Neuropsychological 

test 
Oily fish White fish 

Short-term episodic 

memory 

Immediate word 

recall 
n.s. 

F(8, 24) = 27.47, 

p < .001 

Short-term visual 

memory 

Conditional 

discrimination 

procedure 

n.s. 
F(8, 24) = 22.14, 

p < .001 

Visuospatial 

associative 

memory 

Paired associates 

learning 
n.s. 

F(8, 24) = 20.87, 

p < .001 
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Short-term verbal 

memory 
Digit span forward n.s. 

F(8, 24) = 13.96, 

p < .001 

Short-term episodic 

and phonological 

memory  

Immediate 

nonsense word 

recall 

n.s. 
F(8, 24) = 40.56, 

p < .001 

Long-term episodic 

memory 
Delayed word recall n.s. 

F(8, 24) = 19.04, 

p < .001 

Processing speed Pattern comparison n.s. n.s. 

Processing speed Letter comparison n.s. n.s. 

 

5.3.4.  Assessment of individual fish species 

Further tests were carried out to investigate any associations between 

consumption of specific fish species and cognitive test performance.  Another 

MANCOVA was conducted with composite tests scores entered into the analysis as 

the dependent variables and fish species entered as the covariates.  No significant 

effect was seen for any particular fish.  A follow-up MANCOVA was performed, this 

time with individual tests entered as the dependent variables, again no significance 
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was detected.  

 

5.3.5.  Impact of other factors 

In addition to analysis of fish, cooking methods, foods eaten alongside the fish item 

(including any seasoning) and supplementation recorded during the three-week 

period were included as categorical variables in analysis of both total test scores 

and individual tests.  There was no difference observed between tuna canned in oil 

or brine.  Analysis of total memory score and total processing speed score 

produced no significant results.  Individual tests did not produce significant results 

with the exception of DSF which was positively influenced by the consumption of 

lettuce (p = .05), bread (p = .02), butter (p = .03), rapeseed oil (p = .02), onion (p = 

.03), tea (p = .05), coffee (p = .02) and semi-skimmed milk (p = .05), though none 

reached the .001 significance level seen with white fish.  Additionally, due to the 

number of seemingly significant impactful dietary factors on this single test, it is 

probable that the positive results seen for DSF are reflective of a type I error.  

 

To summarise, the results presented in this chapter indicate a clear link between 

higher intake of fish, particularly white fish and tinned tuna, and significantly 

better performance on a number of memory tests.  No relationship was found for 

the consumption of oily fish on any of the cognitive sub-domains measured.  

 

5.4.  Discussion 

Lifestyle factors such as diet have the potential to impact our brain health and 

function.  It is becoming increasingly clear that certain nutrients can alter cognitive 
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abilities by their actions within molecular systems or via their roles in cellular 

processes.  The results of this research contribute to the body of literature 

exploring the exciting potential that dietary manipulations can have as viable 

strategies both for improving cognitive abilities and maintaining brain health into 

older age.   

 

A previous study by Walters and Lesk (unpublished) identified a significant main 

effect for non-oily fish consumption on MMSE score.  Further to this, they found 

that tinned tuna specifically was a significant predictor for the word recall portion 

of the MMSE.  The objective of the present study was to further investigations into 

fish intake and cognitive test scores in an extensive test battery that focused 

primarily on memory.  The present study is one of few to examine prospective 

associations between white fish consumption and cognitive factors.  Our findings in 

this sample of cognitively-healthy over 60-year-olds support the hypothesis that 

higher white fish intake is associated with better memory function.   

 

When assessing the relationship between the consumption of different fish types 

and cognition, findings indicated that: (i) higher total fish consumption in grams 

was positively associated with better overall memory test performance; (ii) fish 

consumption was not associated with improvements in processing speed scores; 

(iii) when divided by fish type and analysed separately, significant results only 

remained for white fish (including tinned tuna).  These findings have implications 

for the role of white fish in the diet as a method of sustaining the brain’s ability for 

information retention, as well as offering possible decelerating or preventative 

strategies for neurodegenerative diseases such as AD.  More generally, the results 

of the present study have implications for dietary advice for the general population 
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as a relatively cheap and simple mechanism to improve nutrition and help maintain 

cognitive abilities into later life.  This could, in turn, translate into a reduction in the 

global disease burden.  

 

5.4.1.  Fish consumption as a predictor of memory test scores 

Participants who consumed more fish scored, on average, 0.03 points higher on 

the memory tests per gram of fish.  Building on the results of Walters and Lesk 

(unpublished), the current study looked to examine whether the type of fish eaten 

(oily or non-oily) significantly predicted test scores.  Though many studies have 

previously linked fish consumption with the prevention of AD, few have focused on 

the benefits of white fish, and fewer still have examined any effect on cognition 

pre-MCI diagnosis (Raji et al., 2014).   

 

Previous reports have indicated that those who adopt traditional MeDi patterns 

have a lower incidence of AD compared with those who follow a more Western 

diet pattern (Aridi et al., 2017; Trichopoulou et al., 2014).  It was formerly 

hypothesised that the beneficial outcomes produced by adherence to the MeDi 

were the result of a high consumption of fish oils (de Lorgeril and Salen, 2008, 

Panza et al., 2004).  Omega-3 oils such as DHA and EPA, found in abundance in 

fatty fish, were hypothesised to exert beneficial effects on cognitive maintenance 

due to their ability to reduce inflammation and oxidative stress in vitro (Aikawa et 

al., 2017).  Previous investigations have noted an inverse relationship between 

intake of oily fish and cognitive impairment among late middle-aged adults 

(Kalmijn et al., 2004) and dementia risk in the elderly (Yanai, 2017).  However, RCTs 

involving fish oil supplement intervention have yielded inconclusive results 
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(Cederholm et al., 2013; Daiello et al., 2015; Dangour et al., 2010; Freund-Levi et 

al., 2006; Quinn et al., 2010; van de Rest et al., 2008; Yassine et al., 2017).  

 

The findings of the current study and those by Walters and Lesk (unpublished) 

reveal a main effect for white fish, but not oily fish, and supports the theory that 

fish oils in isolation are not the only source of cognitive protection.  Fish containing 

greater quantities of ω-3PUFAs (i.e., oily fish) did not produce an overall cognitive 

advantage.  Instead, results suggest that it is a combination of nutrients in the 

whole fish (particularly white fish) that are more beneficial for cognition.  These 

benefits afforded by the consumption of fish for improving cognitive outcomes 

might be due to the nutrient interactions beyond their fatty acid content, such as 

vitamins B and D, magnesium and selenium (Jacobs et al., 2009; Gribble et al., 

2016).  

 

Following the discovery that tinned tuna was a predictor of the number of words 

correctly recalled on a sub-section of the MMSE in Walters and Lesk’s 

(unpublished) study, it was suggested that tinned tuna consumption could be 

positively associated with short-term memory abilities.  This in itself was a novel 

finding, however, was considered to be a pilot.  Furthermore, the recall sub-section 

of the MMSE simply requires recollection of three words (apple, table and penny); 

therefore, the present study looked to explore this link in more detail.  Short-term 

memory was assessed extensively, with tests explicitly designed to tax the 

participants in these domains.  The results of the present study replicated those 

found by Walters and Lesk (unpublished); tinned tuna intake was indeed a 

predictor for better memory scores, and interestingly, the results emulated those 

that were produced by white fish rather than oily.  White fish and tinned tuna were 



 122 

then combined, as the regression analyses revealed a similar pattern of linearity, 

and this outcome was in keeping with the classification of tinned tuna as a non-oily 

fish.  Combining the outcomes of tinned tuna and white fish consumption further 

strengthened the effect on memory outcomes.  This is a particularly notable 

finding because of the early deterioration of short-term memory abilities years 

before clinical AD diagnosis (Aurtenetxe et al., 2016; Jahn, 2013; Sapkota et al., 

2017), and so may provide possible routes of enquiry for future disease prevention 

studies. 

 

The null findings reported for oily fish consumption may be due to the 

unfavourable impact of the neurotoxic contaminants in fish, such as MeHg or PCBs 

(Driscoll et al., 2013; Markowitz and Rosner, 2018).  This theory is strengthened 

when considering that tinned tuna was able to elicit beneficial effects in addition to 

white fish.  This is notable as tuna are carnivorous, feeding on other smaller fish in 

the pelagic zone.  The tuna’s feeding habits should result in the bioaccumulation of 

pollutants (Alava et al., 2018; Rajeshkumar and Li, 2018) and, therefore, its 

consumption should not afford any cognitive benefits.  However, as previously 

noted, the tuna’s natural oils are heavily stripped during the canning process 

(Burger and Gochfeld, 2004), this could indicate that the oils comprise the primary 

target site for the storage of contaminants.  As participants in the cohort were over 

the age of 65, it is possible that they had an increased sensitivity to these 

contaminants (Weiss, 2010).  Hence, ingestion of these contaminants in the oily 

fish may have masked any beneficial effects, although this is speculative.  

 

The positive effects of consuming white fish extended to all memory domains 

assessed.  Little research has investigated lean fish intake in relation to specific 
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aspects of memory in a cognitively healthy elderly population.  A previous study by 

Kim et al. (2013) utilised a cohort of 5,988 women (mean age = 72 years) to analyse 

the effects of fish consumption on tests of verbal memory and global cognition.  

Participants were provided with FFQs and asked to report how often they 

consumed dark-meat fish (oily fish such as mackerel and salmon), light-meat fish 

(lean fish such as cod and haddock), tinned tuna, and other seafoods (such as 

lobster and mussels).  Results showed that neither lean fish consumption nor 

consumption of other shellfish produced significant improvements for any 

cognitive test.  Interestingly, however, a significant positive linear result was 

identified for mean verbal memory scores and higher reported intake of tuna and 

dark-meat fish (Kim et al., 2013).  This is particularly interesting as, even though 

tinned tuna was entered as a separate category in the FFQ, tuna results were later 

combined with dark-meat fish.  It is possible that tinned tuna drove the significance 

on this occasion resulting in reports of a positive oily fish effect.  This differs from 

the present study, where tinned tuna was first analysed separately before being 

combined with white fish. 

 

One study described the positive effect of eating fatty fish on processing speed 

(Kalmijn et al., 2004).  Though the results of the present study did not verify this 

finding, it should be noted that the null findings do not necessarily signify an 

absence of benefit of fish consumption for this domain.  One potential explanation 

is that the results may simply indicate that decline in this particular region is less 

pronounced than memory, and therefore the tests used have a diminished 

capability to detect any cognitive disparities at this stage.  Alternatively, due to the 

standardised testing order, tests of processing speed always occurred that the end 

of the test battery.  Null findings may, therefore, be the result of cognitive fatigue. 
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Though studies have assessed the relationship between fatty fish consumption on 

global cognition (predominantly utilising the MMSE) (van de Rest et al., 2008), to 

the best of the researcher’s knowledge, no attempts have been made to analyse 

the impact of white fish on AD-sensitive memory domains.  

 

5.4.2.  Study limitations 

This chapter has reported novel associations between lean fish intake and 

improved performance in a number of memory domains.  However, the findings 

should be interpreted within the context of the study and its limitations.   

 

It has previously been cited that survey participants have a tendency to over-report 

their intake of healthy foods and under-report consumption of foods which are 

perceived as unhealthy (Macdiarmid and Blundell, 1998).  However, as the primary 

aim of this study was to analyse the cognitive outcomes associated with the 

consumption of white fish versus oily fish, this was not considered to be a 

significant issue.  The researcher identified no reason to suggest that lean fish is 

perceived as more or less healthy than oily fish.  Therefore the reporting accuracy 

should be equivalent across each sub-set. 

 

Another consideration to take into account concerning the methodology is how 

consumption itself was recorded.  For the purposes of the current study, a form of 

weighed food diary was utilised to record dietary information.  The recording tool 

has previously been criticised for being too burdensome for participants due to the 
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necessity to weigh and record all food items prior to consumption (Thompson and 

Subar, 2017), potentially impacting the dietary behaviours of respondents (Satija et 

al., 2015).  Some investigations have found that, in some cases, eating habits were 

deliberately modified to avoid the burden of recording, rendering the data atypical 

of usual intake (Shim et al., 2014).  This can affect not only the quantities 

consumed but also which food items participants decide to eat.  An attempt to 

control this potential behavioural change was implemented to some extent; the 

information sheet provided explicitly stated that participants were required to 

maintain a typical diet during the three-week study period.  In providing written 

consent, participants agreed to the stipulated terms.  Furthermore, it is the belief 

of the researcher that the participants used in this study were motivated 

individuals, as they were long-standing volunteers of a dementia research group, 

and there was no financial incentive.  It has been stated that highly motivated 

participants are required for this methodology to be successful (Thompson and 

Subar, 2017).  Motivated individuals provide valuable and accurate information 

about portion sizes and food items (Carlsen et al., 2010).  Thus, the researcher 

believes the data from the food diaries to be a precise measure for estimating 

usual food intake.  

 

Gersovitz (1978) cautioned the potential decline in accuracy of recordings when 

food diaries are used over periods greater than four days.  Although, failure to 

sufficiently sample both full weekdays and weekends may too result in inaccurate 

estimates of what is considered an individuals ‘normal diet’.  To ensure that 

accuracy of recording was maintained throughout, participants in the current study 

were told only to record details of meals which included seafood, thus enabling a 

more extended period of study without sacrificing accuracy.   
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Dietary intake is always challenging to measure, no single method can as yet assess 

diet perfectly, and so, even with its aforementioned limitations, the weighed food 

diary method was considered to be the most reliable technique available for 

estimating usual food and nutrient intakes of individuals in this study (Carlsen et 

al., 2010; Ishii et al., 2017; Sambell et al., 2019).  As highly motivated participants 

were used, many of the limitations of this technique should be mitigated.   

 

Finally, despite the strong association between higher fish intake and better 

cognitive performance, as with all studies of this nature, causality cannot be 

ascertained.  Whilst adjustments for a number of extraneous variables were found 

to have negligible impacts on significance, as with all observational studies, there is 

a chance that some residual or unmeasured confounding factor may provide an 

alternative explanation for the results.  It is possible that participants who 

consumed more fish during the study period also conformed to other lifestyle 

practices that resulted in the beneficial outcomes (Supartini et al., 2018). 

 

5.4.3.  Future research directions 

For future study, implementation of a longitudinal methodology with an increased 

sample size should be employed to explore whether there is a link between higher 

white fish consumption and memory test performances over time, prior to MCI 

diagnosis.  A longitudinal design would consequently allow for the inclusion of data 

collected from follow-up assessments, and thereby, the examination of a larger 

number of individuals shifting from healthy controls to MCI or AD diagnosis.  

Continued investigation of this cohort would provide additional information on the 
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association of diet and diagnostic conversion rate.   

 

Further to the previous point, it would also be beneficial to determine whether this 

finding can be reproduced again with a larger male cohort, as the number of male 

volunteers in this sample group is not sufficient to generalise conclusions.  Though 

the mechanisms remain elusive, gender-specific discrepancies are observed for 

both MCI and AD incidence, with women at an increased risk (Seshadri et al., 

2006).  Interestingly, in a 2014 study conducted by Danthiir et al., higher 

concentrations of EPA produced significantly poorer reasoning speed and 

perceptual scores in females but not for males (Danthiir et al., 2014).  This may be 

due to physiological differences in lipid profiles or the biological processing of 

PUFAs.  These initial findings may offer some explanation for the higher incidence 

of AD in women.  Conversely, however, previous studies have also indicated that 

women tend to outperform men in verbal memory task performance (Sundermann 

et al., 2016).  This is particularly noteworthy as a recent study observed a 

significant volume reduction in brain regions including the hippocampus, 

entorhinal cortex, fusiform gyrus and medial temporal lobe in females with 

memory complaints; despite the fact that their performance on verbal episodic 

memory tests was better compared to their male counterparts (Wang and Tian, 

2018).  Multiple tests, such as the ones presented here, which include a variety of 

cognitive sub-domains, would be useful in determining which associated brain 

regions benefit from fish consumption and whether the effect is gender-specific.  

 

Our data indicate that a high white fish diet is a predictor of better performance on 

memory tests.  However, information is limited regarding the effect of intake of 

different fish species on risk of dementia and AD.  In future, research should focus 
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on evaluating more precisely whether the advantageous effects observed relate to 

benefits awarded by particular types of fish or specific nutrient interactions.  

Studies may opt to investigate the relationship between blood mercury and plasma 

ω-3PUFA concentrations alongside food diary records to further examine the 

possibility that the negative consequences produced by the mercury alters 

cognitive performance.  

 

If a well-designed RCT could be implemented with the aim of identifying specific 

mechanisms of fish intake and AD risk, this has the potential to alter public advice 

and intervention strategies.  An RCT tailored to target specific trial groups, for 

example, young adults genetically predisposed to develop AD in future, may also 

enable elucidation as to which aspects of the diet are likely to be most beneficial 

for cognitive health.  As an objective measure of AD inception, future studies 

should also include appropriate serum biomarker measures.  Measurements of Aβ 

and tau proteins, as well as markers of oxidative stress and inflammation, would 

ideally be incorporated.  In addition, new peptidome technology has been 

developed that is worth further investigation (Abe et al., 2020).  

 

Finally, as the MMSE has been heavily criticised for lacking sensitivity for cognitive 

deficiency prior to AD onset (Mitchell, 2009), the development of a new cognitive 

testing tool that can be used at the first sign of memory complaints is greatly 

needed.  Given that the results shown here demonstrated significant divergences 

for all sub-divisions of memory that were assessed, future research should focus on 

short- and long-term memory deficits as a method of early detection of cognitive 

shortfalls.  
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5.4.4.  Wider implications and conclusions 

Some epidemiologists advocate for the analysis of dietary patterns as opposed to 

examining specific food items or nutrients (Nanri et al., 2017).  This approach has 

many merits; it takes into account the interaction between all nutrients in an 

individual’s diet and assesses how these interactions result in disease instigation 

and progression.  This method of dietary analysis does, however, have its flaws.  

Unlike assessments of single food items, dietary patterns are socially and culturally 

determined (Higgs and Thomas, 2016; Pestoni et al., 2019).  If a country's cultural 

environment directs consumption of both favourable and damaging food items, 

the result may be an overall risk reduction but that is not to say that certain 

substances are not harmful.  It is for this reason that the current study employed 

an observational design examining a single food grouping (fish) as a factor.  The 

significant results shown here provide broader implications for the future study of 

diet, providing a balance between the reductionist investigations of individual 

nutrients and the holistic dietary patterns.  As foodstuffs are predominantly 

consumed as whole items rather than constituent parts, this method of 

investigation allows for the creation of cross-cultural dietary advice. 

 

Opposing the majority of studies, which employed the MMSE as the primary 

method of neuropsychological assessment, a major strength of this study was the 

use of multiple assessment methods to evaluate memory that are appropriate for a 

cognitively healthy ageing population.  The researcher was, therefore, able to 

assess cognitive performance prospectively with the use of multiple analytic 

models.  This is an important advantage over the use of general cognitive tests 
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such as the MMSE, the primary function of which is its use as a dementia screening 

tool, rather than a measure of pre-symptomatic memory decline (Hwang et al., 

2019).  Instead, in this study, attempts were made to develop a more sensitive 

assessment of cognition with a focus on memory specifically.  This has 

connotations for future investigations as the current studies findings strongly 

advocate for the inclusion of multiple memory sub-domains in future cognitive 

testing scenarios.   

 

In conclusion, the findings of this study contribute to the current body of literature 

investigating the impact of modifiable lifestyle factors on cognitive performance in 

the elderly.  The results support a favourable role of white fish consumption, 

including tinned tuna, in cognitive processing, with potential implications for 

cognitive decline.  The results indicate that higher fish consumption may influence 

certain memory domains, and that lean fish consumption seems to have a greater 

beneficial effect compared to fatty fish.   

 

The information reported here may be useful for the general public in helping 

them to make rational decisions about fish consumption, as well as what can be 

done to avoid possible health risks.  Advocating for higher fish consumption as a 

method of aiding cognition and potentially avoiding memory complaints is both 

relatively inexpensive and simple to implement.  Tinned tuna has the added 

benefit that it is easy to store, has a long shelf life and as such, can be easily 

integrated into an eating regime.  However, more research is needed into fish 

consumption in both the general population and those clinically diagnosed with 

cognitive decline to confirm these findings.   
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5.5.  Chapter Summary 

• Dietary impacts on neurological functions and disease outcomes continue 

to be an essential research consideration. 

• The UK fish market is dominated by the consumption of salmon, tuna, cod, 

and haddock. 

• Fish contains beneficial nutrients that are associated with improvements in 

numerous cognitive domains. 

• The current study builds on the findings by Walters and Lesk (unpublished) 

who reported a significant main effect for lean fish consumption on total 

MMSE score, and tinned tuna consumption for a test of word recall. 

• The weighed food diary was implemented to enable participants to record 

all fish meals.  All meals were weighed in grams, providing a more accurate 

account of consumption. 

• Participants were assessed using a cognitive test battery that focused 

predominantly on memory in order to expand on the findings by Walters 

and Lesk (unpublished) and to see if results could be replicated using a 

more stringent test of memory.  

• Linear regression models illustrated a positive trend for higher total fish 

intake and composite memory scores.  

• Oily fish consumption was not associated with performance improvements 

for any cognitive measures.  

• A MANCOVA revealed a significant association between white fish and 

tinned tuna consumption on memory test scores.   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• The results of this study indicate that fish contain other beneficial 

substances that may aid cognitive maintenance, such as B-vitamins. 

• The following study will investigate the impact of an absence of B-vitamins 

in the diet. 
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Chapter 6: Veganism and cognitive function 

 

6.1.  Literature review 

The classification of what constitutes a vegetarian diet tends to vary in the 

literature (Kjeldsen-Kragh, 1999; Marsh et al., 2011; Sebastiani et al., 2019).  

Vegetarianism is an inexact term that embodies a range of dietary practices, 

though it is generally agreed that a vegetarian diet must exclude the consumption 

of all animal flesh including red meat, poultry and seafoods (Agnoli et al., 2017; 

Pawlak, 2017).  Vegetarian diets may then fall into one of four additional 

categories: (i) lacto-ovo-vegetarianism, which excludes all meat and seafoods but 

includes both dairy products and eggs; (ii) ovo-vegetarianism, if eggs are consumed 

alongside the plant1 components; (iii) lacto-vegetarianism, if the vegetarian diet 

incorporates dairy products or (iv) vegan, which entirely excludes the consumption 

of any animal-derived products or those whose production involves animal 

exploitation (Agnoli et al., 2017; Alvaro, 2017).  Whilst vegetarian diets are popular 

the world over, in the majority of countries vegetarians make up only a small 

percentage of the population, India is a notable exception with over 30% of its 

residents estimated to follow a traditional vegetarian diet (Key et al., 2006; Mehta, 

2017).   

 

In the UK, the proportion of citizens who identify as vegetarians and in particular, 

vegans, is estimated to have increased significantly over the last 30 years (Draper, 

1991; The Vegan Society, 2016).  Most notably, in 2004 the number of vegans in 

 
1 For the purposes of discussion, the term ‘plant’ also refers to fungi and algae 
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the UK was estimated at 250,000 (Gold, 2004), today this number has risen to 

between 400,000 and 3,500,000 (Compare the Market, 2019; European Food 

Standards Agency, 2016).  The reports of a rise in people adopting this lifestyle 

have been mirrored online, as evidenced by the increase in worldwide Google 

searches containing the word ‘vegan’ (Figure 6.1). 

Figure 6.1. Popularity of the topic of veganism in the form of the number of related 

searches in the UK from 1st January 2009 – 1st January 2019.  Y-axis represents the 

percentage increase of interest relative to the highest point on the chart (January 

2019).   

Note. Data source – Google Trends. 

 

Though a general upward trend is agreed upon, the precise figure for vegetarians 

and vegans in the UK is still unknown, as estimates tend to differ drastically.  For 

example, one survey of 2,251 UK based citizens reported that five percent 

identified as either vegetarian or vegan (Henderson et al. 2002), whilst another 

stated that approximately two percent of the population now identify as 

vegetarian and less than one percent as vegan (The Vegan Society, 2016).   

 

https://www.google.com/trends
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6.1.1.  Key aspects of the vegetarian diet 

Research informs us that the reasons cited by people for adopting vegetarian or 

vegan diets are manifold (Christopher et al., 2018; Rosenfeld and Burrow, 2017).  

These reasons may include, but are not limited to, health (Cramer et al., 2017), 

spiritual or religious motives (Mehta, 2017), those regarding animal welfare 

(Christopher et al., 2018; Hölker et al., 2019), and environmental concerns 

(Carlsson-Kanyama and González, 2009; Sanchez-Sabate and Sabaté, 2019).   

 

Information has been made more accessible in recent years, with the ability to 

share both instantly and globally.  Those adopting a vegetarian or vegan diet for 

health reasons are often influenced by public perceptions of health advantages, 

guided by research papers and media outlets (Ha and de Souza, 2015; Petter, 

2020).  Accessibility to data has also made it more difficult for people to claim 

ignorance relating to animal rights, as well as making it easier for those wishing to 

adopt a plant-based lifestyle to do so.  Additionally, the abundance of online blogs, 

magazines, cookbooks and restaurant menus with a vegetarian theme, has altered 

the public’s perception of this lifestyle to the point where there has been a 

perceptual shift from viewing veganism as a counterculture to mainstream 

(Gorman, 2016). 

 

As discussed, the reported prevalence rates of this diet have been highly variable.  

While cultural and religious factors can strongly influence these statistics, 

methodological issues may also be a contributing factor.  For instance, both the 

definition and measurement of vegetarian diets have come into contention.  A 

general description of what defines each sub-category of vegetarian diets has been 
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identified in the research (European Vegetarian Union, 2015); however, these 

definitions are subject to change from individual to individual.  As with the 

classification of ‘omnivores’, ‘vegetarians’ are not a homogeneous or well-defined 

group.  For instance, an individual can self-identify as a vegan but may, in reality, 

consume some animal-derived products (Allès et al., 2017; Vinnari et al., 2009).  In 

2013, Gilsing et al. reported that in their Netherlands Cohort Study, 50% of those 

self-identifying as vegetarians reported some meat consumption in their FFQs.  

Furthermore, much of the research is older than a decade, even though plant-

based forms of nutrition have gained increasing popularity in more recent years 

(Craig, 2009; Key et al., 1999; Waldmann et al., 2003).  These issues highlight the 

need for more contemporary, robust and generalisable data. 

 

The vegetarian diet is classed as restrictive in the literature, due to the exclusion of 

meats and other protein sources, which are high in essential nutrients, such as 

iron, zinc, calcium, vitamin A and vitamin B12 (Brown, 2018; Enahoro et al., 2018).  

However, this is not to say that a vegetarian diet is unable to provide the body with 

the necessary nutrients, only that extra care must be taken to safeguard against 

deficiencies.  This is particularly pertinent in cases when a vegan diet is adopted, as 

no products of animal origin are consumed (Brown, 2018; Elorinne et al., 2016). 

 

6.1.2.  Benefits of a vegetarian diet 

In Westernised civilisations, the adoption of a vegetarian diet arises typically for 

one of two main reasons, either ethical or health (Christopher, 2018).  In 2016, the 

Academy of Nutrition and Dietetics published a review article on vegetarian and 

vegan nutrition.  Researchers concluded that well-planned vegetarian diets, 
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including vegan diets, were nutritionally adequate and may even be beneficial in 

some regards (Melina et al., 2016).   

  

Vegetarian diets have gained much interest and support in recent years due to the 

links found between consumption of plant-based foods and a decreased risk of 

cardiovascular diseases (CVD) (Kim et al., 2019).  Vegetarianism has been cited as 

being protective against coronary artery disease, which until recently was the 

leading cause of death in the UK (Office for National Statistics, 2019a), due to its 

favourable lipid profile when compared with a standard Western diet (Craig, 2009).  

In addition, mortality from ischemic heart disease has also been shown to be lower 

in non-meat eaters compared to omnivores (Appleby et al., 1999; Dinu et al., 2017; 

Key et al., 1999).  

  

Several mechanisms have been proposed to explain the decrease in risk rates 

exhibited by vegetarians and vegans for some diseases.  Current research suggests 

that a vegetarian diet might be associated with reductions in body weight, a major 

risk factor for conditions such as MetS, T2D and ischemic heart disease (Alpert et 

al., 2014; Lavie et al., 2009; De Schutter et al., 2013).  Lower BMI may also be a 

critical factor in lowering CVD mortality rates (Mensah et al., 2017).  Similarly, 

adoption of a vegetarian diet has been shown to correlate with a reduction in total 

plasma cholesterol and low-density lipoprotein cholesterol due to the quantity of 

dietary fibres, phytochemicals and folate present in their diet (Olfert and Wattick, 

2018; Yokoyama et al., 2017).   

 

As a result of the reported associated benefits, many people have adopted more 
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plant-centric eating habits, and consequently, the availability of vegan and 

vegetarian foods in both supermarkets and restaurants has increased (Plant Based 

News Academy, 2018; Ginsberg, 2019).  However, it must be considered that 

vegetarians often differ from the general population in terms of other life choices, 

which may confound the data.  For example, there is a lower smoking rate (Allès et 

al., 2017), as well as a trend towards a more active lifestyle and health-conscious 

mindset in this group (Bedford and Barr, 2005).  Any combination of these factors 

may lead to an exaggeration of the purported health benefits, which have been 

solely attributed to dietary preference.   

 

The potential benefits of a vegetarian lifestyle may also be offset by more 

detrimental aspects such as the depletion of micronutrients, vitamin B12 

deficiency being of particular significance (Naik et al., 2018; Wolffenbuttel et al., 

2019).  Most influential vegan groups, such as The Vegan Society, advocate that 

those adopting this lifestyle should also consider the inclusion of crucial nutrient 

supplements.  The recommended supplements that should be taken to overcome 

possible deficiencies include cobalamin (vitamin B12), ω-3PUFAs, vitamin D, iodine 

and selenium (The Vegan Society, 2019).  The recommendations by societies form 

the basis for what is considered to be a well-planned, healthy and adequate diet 

that provides the required quantities of all vital nutrients.   

 

6.1.3.  Causes of Vitamin B12 deficiency 

Vitamin B12 deficiency is caused either by inadequate consumption, inadequate 

absorption or, in some cases, both (Sukumar and Saravanan, 2019).  Vitamin B12 is 

absent from most plant foods, and can only be synthesised by a limited number of 
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bacteria and archaea (Obeid et al., 2019; Watanabe and Bito, 2018; Zeuschner et 

al., 2013).  A deficiency occurs if an individual’s intake does not meet the required 

needs long enough for bodily reserves to diminish (Gilsing et al., 2010).  

 

In its natural form, vitamin B12 is bound to the proteins in food, which prevent its 

degradation as it passes through the digestive system (Green, 2017).  In the 

stomach, B12 undergoes proteolytic cleavage, where it adheres to an R-binder 

protein before entering the duodenum.  Once in the duodenum, B12 is unbound by 

the actions of pepsin before forming a complex with intrinsic factor (IF), essential 

for absorption (Rowley and Kendall, 2019).  This is the usual route, although, in the 

presence of large amounts of B12, such as with supplement ingestion, a small 

quantity (around one percent) of free vitamin B12 is absorbed via simple diffusion 

across the intestinal epithelial cells (Kolber and Houle, 2014). 

 

Several gastrointestinal disorders that prevent the effective absorption of B12 from 

the diet can result in deficiency (O’Leary and Samman, 2010).  One such disorder, 

atrophic gastritis, gives rise to chronic inflammation of the stomach mucosa, 

causing impaired production of several essential gastric glandular substances, 

including IF (Hall et al., 2019).  This condition is more common amongst geriatric 

populations (Sipponen and Maaroos, 2015).  Another common cause of deficiency 

amongst the older adult population is pernicious anaemia, an autoimmune disease, 

which atrophies the fundus of the stomach and again leads to a decrease in the 

numbers of parietal cells that produce IF (Kulnigg-Dabsch, 2016).  Approximately 

1.4 µg of B12 is secreted in the bile each day, at which point, with IF to facilitate, 

much of the secreted B12 can be reabsorbed (Doets et al., 2013).  Whilst there is 

an absorption route that bypasses the need for IF, this route of simple diffusion 
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only occurs when the concentration gradient of B12 is much higher than is 

naturally found in food (Carmel, 2008; Paul and Brady, 2017).  Hence, IF is hugely 

important for proper absorption. 

 

In the UK, the prevalence of B12 deficiency may be close to 20% among the over-

60s population (Allen, 2008; Clarke et al., 2007; Hunt et al., 2014; Wolters et al., 

2004).  This level of deficiency is potentially an important factor with regards to the 

development of AD among this population.  As discussed in Chapter three, a lack of 

B12 is associated with the build-up of Hcy (Hasan et al., 2019; Medina, 2001).  In 

the presence of optimum B12 levels, more of the reduced form is converted into 

other non-toxic compounds, and the risk of neurological damage is consequently 

reduced (Cho et al., 2018).   

 

6.1.4.  Vitamin intake requirements 

The amount of vitamin B12 required to maintain adequate serum levels is believed 

to be approximately 1.5 µg/d (Allen, 2008; NHS, 2017).  Nevertheless, as additional 

B12 has not previously been associated with detrimental side effects, the RDA for 

vitamin B12 is listed as between 1.5 (NHS, 2017) and 2.4 µg/d (National Institutes 

of Health, 2018).  This second figure assumes a 50% absorption rate from foods to 

allow for any loss during cooking, storage and preparation.  However, a 2010 study 

by Bor et al. explored the association between B12 intake and B12 biomarker 

status.  They concluded that in healthy individuals (i.e., those with normal 

absorption) an intake of four to seven micrograms of vitamin B12 was needed each 

day for an adequate status reading.  This finding indicates that the current RDA 

might be an underestimate, even for a healthy adult population (Bor et al., 2010).   
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Adequate vitamin B12 levels have been shown to be of vital importance for proper 

brain development.  Bhate et al. (2008) investigated the relationship between 

maternal plasma B12 during pregnancy and the child’s cognitive functioning at age 

nine.  Those children whose mothers were deemed to have low plasma B12 during 

pregnancy had significantly slower responses to the Colour Trail A test of sustained 

attention and the Digit Span Backward test (Bhate et al., 2008). 

 

Vegan diets are typically high in folic acid content, which can mask haematological 

symptoms of B12 deficiency (Craig, 2009).  This masking effect occurs due to the 

synergistic relationship between B12 and folate within biological systems.  When 

an individual becomes B12 deficient, disruption to both the methionine and folate 

cycle occurs (Abbasi et al., 2018).  Rather than being transformed into methylene-

tetrahydrofolate, folate instead remains stuck as methylfolate (Green, 2017).  This 

‘folate trap’ causes cells to suffer from a pseudo folate deficiency, resulting in 

anaemia and other negative health outcomes (Guzzo et al., 2016).  Administering 

folic acid to a B12 deficient individual can alleviate anaemia by reducing folic acid 

to dihydrofolate and then tetrahydrofolate, temporarily concealing the underlying 

B12 deficiency (Green, 2017).  However, the deficiency of B12 continues to damage 

neurological systems (Malouf et al., 2003), and there is evidence to suggest that 

B12 deficiency in the presence of high serum folate levels may, in fact, worsen 

cognitive symptoms (Johnson, 2008; Morris et al., 2007). 

 

Several studies have examined vitamin B12 levels in vegetarians and found a large 

number to be below the subclinical deficiency level (Barr and Broughton, 2000; 

Gallego-Narbón et al., 2019; Lederer et al., 2019).  In one recent study conducted 

by Gallego-Narbón et al. (2019), vitamin B12 and folate status of Spanish 
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vegetarians were assessed with the use of several biomarkers (serum B12, Hcy, 

methylmalonic acid [MMA], erythrocyte folate).  All participants were cognitively-

healthy lacto-ovo vegetarians (49 participants) or vegans (54 participants) who 

were categorised based on FFQ reports.  They discovered elevated MMA levels in 

11% of participants and hHcy in 33%.  Though serum B12 status was found to be 

within the normal range for everyone in the sample, the more sensitive indicators 

(MMA and Hcy) indicated subclinical deficiency (Gallego-Narbón et al., 2019).  

Furthermore, other studies have confirmed the finding that vegetarian/vegan 

groups have elevated Hcy levels (above 10 μmol/L) (Herrmann et al., 2003; 

Krajcovicová-Kudlácková et al., 2000).  This is of particular significance as elevated 

Hcy levels and hHcy is associated with cognitive dysfunction (Ji et al., 2019; Price et 

al., 2018; Zylberstein et al., 2011). 

 

6.1.5.  Vitamin B12 availability 

Cobalamin is created in nature predominantly by vitamin B12-producing 

microorganisms in aquatic environments and soil (Bertrand et al., 2015; Lu et al., 

2020), and proliferates in the intestinal tracts of animals (Xu et al., 2018).  

Herbivores acquire vitamin B12 largely from the consumption of leguminous plants 

contaminated with faecal matter or from the occasional consumption of B12-

producing bacteria in the soil (Antony, 2003).  Secondary consumers receive their 

vitamin B12 by eating other animals, often insects, and via coprophagia (Danchin 

and Braham, 2017), while tertiary consumers obtain their B12 mainly from the 

consumption of flesh (Danchin and Braham, 2017).  Animal products from 

ruminant mammals are excellent sources of cobalamin as their rumen is colonised 

with an abundance of cobalamin-producing microbes (Degnan et al., 2014; Girard 
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et al., 2009; Martínez-Fernández et al., 2015).   

 

In humans, B12-producing microorganisms inhabit the colon, but these are remote 

from the ilium (the sole absorption site), and so instead of being taken-up, the B12 

is lost in the faeces (Rowley and Kendall, 2019).  Humans must, therefore, obtain 

their B12 either in the diet or via supplementation.  Lacto-ovo-vegetarians usually 

have a dependable source of vitamin B12 so long as they have an adequate intake 

of eggs and dairy products (Zeuschner et al., 2013).  However, without fortification, 

no plant food contains sufficient amounts of active B12 to meet the body’s 

requirements (Obeid et al., 2019).  As most plants do not require B12, they have no 

active mechanisms for synthesis or storage (Roth et al., 1996).  Whilst some 

naturally vegan foodstuffs contain vitamin B12 analogues, discussed below, in 

most cases these are not biologically dependable sources (Donaldson, 2000).   

 

Low levels of vitamin B12 have been found in black trumpet mushrooms and 

golden chanterelles (1.09–2.65 μg/100 g dry weight) (Watanabe et al., 2012).  

Shiitake mushrooms have also been known to produce varying amounts, analysis 

from one study reported B12 quantities between 1.28 and 12.71 μg/100g dry 

weight (RDA = 1.5–2.4 μg) (Bito et al., 2014).  Mushroom compost analysis 

revealed that the B12 levels were similar to those found in the mushrooms 

themselves, suggesting that the vitamin was not synthesised within the 

mushrooms themselves but either absorbed directly from the compost following 

prolonged contact with B12-synthesising bacteria that inhabit the soil or by 

bacteria on the mushroom surface (Koyyalamudi et al., 2009).   
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An average serving of fresh mushrooms contains approximately five percent of the 

recommended daily quantity of B12 (Zeuschner et al., 2013).  In order to ensure an 

adequate biologically active supply of B12 solely from mushrooms, an individual 

would be required to eat more than a kilogram of fresh mushrooms each day.  It 

would be unrealistic to expect the majority of people to ingest such large 

quantities daily.  Some mushroom species, such as the lion’s mane mushroom, do 

in fact contain considerable amounts of B12 but the form in which it appears (B12 

[c-lactone]) is unsuitable as a reliable supply since it is unable to bind efficiently to 

IF (Teng et al., 2014).  These results together suggest that mushrooms alone are 

not adequate sources of B12 for vegetarians due to their low content and the 

possible occurrence of inactive B12 [c-lactone] forms.  

 

Studies have demonstrated that heterotrophic microorganisms can supply 

microalgae with B12 (Wagner-Döbler et al., 2010).  In aquatic environments, 

interactions between B12 producing bacteria and phytoplankton play essential 

roles in algal growth (Behringer et al., 2018; Tang et al., 2010).  Microalgae utilise 

vitamin B12 as a cofactor in methionine synthase reactions (Tandon et al., 2017).  

However, the predominant cyanobacterium in marine environments synthesises a 

form of B12 that has adenine in its R-ligand position, known as pseudocobalamine 

(Helliwell et al., 2016).  Human IF has 500 times lower binding affinity for 

pseudocobalamin; this reduces the overall bioavailability of the compound 

(Helliwell et al., 2016).  Pseudocobalamin is, therefore, not considered bioavailable 

to humans, and the efficacy of vitamin supplements produced from cyanobacteria, 

such as Spirulina, has been questioned. 

 

Organic fertilisers, such as animal manure, have been suggested as another 
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method that can increase the B12 content of leafy greens, such as spinach, by 

approximately 1.78 μg/100g (Mozafar, 1994).  However, the use of animal-derived 

fertiliser varies significantly from region to region (Shober and Maguire, 2018), and 

B12 content is also affected by the treatment of foods prior to their consumption 

(Repossi et al., 2017).  Forms of B12 that have been detected in other plant foods 

are usually in the form of inactive analogues, which the body is unable to process 

and, in some cases, may interfere with the absorption of an active B12 compound 

(Rizzo et al., 2016).  

 

6.1.5.1. Supplementation 

In a vegan diet, consuming fortified foods or incorporating supplements is the only 

way to maintain adequate levels of vitamin B12 (Sebastiani et al., 2019).  Because 

the human body has a limited absorptive capacity for B12 at any one time 

consuming smaller doses more regularly, as opposed to large doses less frequently, 

is advisable (Zeuschner et al., 2013).  Parenteral B12 administration results in the 

vitamins rapid expulsion and, depending on the dose given (usually 100 μg or 1000 

μg), at least 50% of the B12 is lost in the urine 48 hours after injection (Vidal-

Alaball et al., 2005).   

 

The pharmaceutical B12 market has traditionally been dominated by CNCbl and 

HOCbl, though reports have indicated that CNCbl is potentially harmful, particularly 

for smokers (due to pre-existing cyanide exposure) and those with impaired renal 

function (Hankey et al., 2018; Mahernia et al., 2015).  Cyanocobalamin is a stable 

and inexpensive synthetic form of B12 that is commonly used for intramuscular 

injections (Paul and Brady, 2017).  In the USA, B12 deficiency treatment usually 
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takes the form of 1000 μg CNCbl injections daily for one week.  This is followed by 

weekly injections the following month, after which time injections are given 

indefinitely every month (Green, 2017).  In the UK, intramuscular HOCbl is usually 

recommended in place of CNCbl, as it binds more firmly to plasma proteins and is 

retained in the body for longer (NHS, 2019).  The UK guidelines suggest 

intramuscular injections of 1000 μg HOCbl three times a week for two weeks, and 

consecutive treatments need only be given once every three months (Sukumar and 

Saravanan, 2019).  However, the concept of replacing CNCbl and HOCbl with B12’s 

active forms (MeCbl and AdoCbl) has recently emerged (Thakkar and Billa, 2015). 

 

Though oral supplementation has a safe and effective track record compared to 

parenteral administration (Andrès et al., 2010; Bahadir et al., 2014), oral vitamin 

B12 prescriptions in the UK are still relatively rare, even though the majority of 

individuals have been shown to prefer this method (Nyholm et al., 2003).  Blacher 

et al. (2007) investigated absorption rates following ingestion of CNCbl on a dose 

basis.  Sixty-seven participants over the age of 70 were randomly assigned to one 

of six groups, each receiving different oral doses of vitamin B12 (either 2.5, five, 

ten, 20, 40, or 80 μg) daily for 30 days.  They concluded that low oral doses were 

sufficient to increase serum B12 concentrations in participants with a subclinical 

deficiency (Blacher et al., 2007).  Furthermore, Herbert’s (1987) findings revealed 

that, when doses were small (between 0.1 and 0.5 µg), absorption rates were 

between 52% and 97%.  Increasing the dose to more than ten micrograms resulted 

in a drop in absorption to less than 16% (Herbert, 1987).  

 

Investigations of MeCbl and AdoCbl in supplemental forms found no difference in 

absorption rates compared to CNCbl (Paul and Brady, 2017).  This is an interesting 
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finding as MeCbl and AdoCbl are biologically active forms and therefore should be 

absorbed more readily.  Though, there was still evidence to suggest that CNCbl is 

inferior to other forms in terms of bodily retention (Paul and Brady, 2017).   

 

Unlike dietary B12, B12 in the form of oral supplements are not bound to protein.  

Some investigations have indicated that this restricts the absorption of B12 and 

that the consumption of fortified foods, where protein binding is more typical, is 

preferable. 

 

6.1.5.2.  Fortification 

The general purpose of fortification is to correct or prevent population-based 

nutrient deficiencies and balance the total nutrient profile of a country (Keats et 

al., 2019).  In the United States, the government issues mandatory fortification of 

certain food items (Institute of Medicine (US), 2003), whilst the UK government 

permits the fortification of foods, it is not mandatory (Department of Health and 

Social Care, 2019).  Widely available and frequently consumed foods have been 

employed as mediums to deliver B12.  Products commonly fortified in the UK 

including yeast spreads, some cereals, health bars, energy drinks and vegetarian 

meat-substitutes, have proven to be successful in improving B12 absorption (Zhang 

et al., 2015). 

 

In the Framingham Study, fortified cereals were significantly associated with 

improvements in plasma vitamin B12 levels (Tucker et al., 2000).  Furthermore, a 

recent pilot study reported a similar absorptive capacity from fortified bread as 

that from meat and fish.  As inadequate dietary intake represents a considerable 
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risk for vegetarians and vegans, confirmation of these findings would be beneficial 

as fortification may be a possible future preventative approach.  Emerging 

concerns about widespread vitamin B12 deficiency and a desire to lessen the 

possible risk of neurologic complications posed by high folate intake in those with 

undiagnosed B12 deficiency has led to considerations as to whether enforced B12 

fortification is warranted.  

 

6.1.6.  Plant-based diets and later-life cognitive function 

Only limited evidence exists for how the adoption of a plant-centric diet impacts 

future cognition and results are often inconclusive (Cheung et al., 2014; Hever and 

Cronise, 2017; Medawar et al., 2019).  Whilst studies have tended to examine 

vegans and vegetarians in terms of their B12 status (Rizzo et al., 2016; Zeuschner et 

al., 2013), or B12 status in relation to AD (Cho et al., 2018; Refsum and Smith, 

2003; Smith et al., 2018), the researcher found very few studies that combine the 

two (Giem et al., 1993).  

 

A 1993 study by Giem et al., involving 272 participants, found that omnivores were 

more than twice as likely to develop dementia compared to the vegetarian and 

vegan groups (relative risk 2.18, p = .07).  This divergence was strengthened when 

the researchers took into account historical reports of participants’ past meat 

consumption (relative risk 2.99, p = .05).  However, they observed no significant 

difference in the incidence of dementia between vegetarians and meat-eaters once 

a larger group of 2,984 participants was included (Giem et al., 1993).  Additionally, 

in a 2002 prospective review, Appleby and Key compared the mortality of British 

vegetarians and non-vegetarians and found significantly higher mortality from 
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mental and neurological diseases for vegetarians compared with non-vegetarians 

(2.46, p = .01).  

 

Improving dietary B12 intake by optimising food choices could potentially play a 

vital role in the maintenance of cognitive functions, particularly with regards to 

those at risk of developing a deficiency.  This may be achieved via supplement 

interventions or fortification strategies; however, therapy would need to begin 

before the onset of neuronal damage in order to be effective.   

 

6.1.7.  The present study 

The increasing number of Westernised peoples eating more plant-based diets is 

now greater than ever before (The Vegan Society, 2016) and so, more widespread 

scientific interest in this lifestyle choice, as opposed to the view of it as a 

somewhat uncommon or radical diet, is now surfacing.  However, there is still an 

inclination in the literature to classify aspects of this diet as either dangerous or 

beneficial, although the scientific and epidemiological evidence of the many claims 

remain sparse.  In fact, relatively little is known about the potential disparities in 

health outcomes between vegans, vegetarians and omnivores, particularly 

concerning long-term cognitive maintenance (Appleby and Key, 2016).    

 

Despite an increase in scientific attention, studies focusing exclusively on those 

following a vegan diet are still relatively rare (Timko et al., 2012).  Vegan 

participants, in particular, tend to be overlooked in the literature, especially where 

the research centres on dietary assessment (Forestell et al., 2012; Perry et al., 

2001).  Given the increasing popularity of this diet choice and the scarceness of 
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literature concerning the impact of vegan and vegetarian diets on cognitive 

outcomes, acquiring an improved understanding of the interrelationships between 

diet and disease is evidently important.  This study aims to contribute to our 

understanding by comparing vegan, vegetarian and omnivorous diets across a 

number of cognitive test outcomes.  

 

Findings from the EPIC-Oxford cohort study indicated that 52% of vegans and 

seven percent of vegetarians were classed as vitamin B12-deficient, compared to 

less than 0.5 percent of omnivores (Gilsing et al., 2010).  As bodily stores of B12 

can last between two and four years (NHS, 2019), it is expected that the 

occurrence of deficiency would be directly related to the duration of adherence to 

a solely plant-based diet.  Hence, in theory, vegans and strict vegetarians (i.e., 

individuals who rarely consume any animal products), and those whose diets do 

not include supplemented or fortified foodstuffs will eventually develop deficiency.  

 

In older adults, low vitamin B12 status has been shown to correlate strongly with 

rapid cognitive decline (Clarke et al., 2007).  In a study by Tangney et al. (2009), 

serum vitamin B12 concentration was a more significant risk factor for cognitive 

decline compared to serum Hcy concentrations, particularly in older populations, 

with the combination of the two showing the greatest predictive effect on decline 

in cognitive function.  Nutrition is a vast and complex subject, and therefore, only 

cognitive outcome variables will be examined, with the focus placed on nutrients 

relevant to a vegan diet. 

 

In this study, it is hypothesised that a sustained vegan diet, without adequate 
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vitamin B12 supplementation or fortification, will have a pronounced negative 

impact on cognitive outcomes.  In addition, as bodily stores of B12 can last 

between two and four years (NHS, 2019), it is further hypothesised that the 

occurrence of deficiency would be linearly related to cognitive test performance.   

 

6.2.  Study one (pilot) 

 

6.2.1.  Methodology 

6.2.1.1.  Participants 

A total of 45 participants took part in this study, and of these, 12 participants were 

subsequently excluded due to incomplete surveys or test sheets.  The final sample 

group consisted of 33 participants (seven males and 26 females) with a mean age 

of 33.52 (SD ± 13.16).   

 

6.2.1.2.  Exclusion criteria 

Volunteers were excluded from the study if they were under 18, were unable to 

read or write in English, or had any history of uncorrectable visual or cognitive 

impairment.   

 

6.2.1.3.  Ethical approval 

This research was granted ethical approval by the Humanities Social and Health 

Sciences Research Ethics Committee at the University of Bradford.  
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6.2.1.4.  Design 

The study utilised a semi-quantitative questionnaire followed by online 

neuropsychological testing. 

 

6.2.1.5.  Materials 

An adaption of Willett’s semi-quantitative FFQ (Willett et al., 1985) was created to 

record dietary estimates of food and drink intake spanning one year.  The FFQ was 

presented online as an embedded questionnaire using Qualtrics (Qualtrics, Provo, 

UT, 2020).  Participants were asked how often they consumed specific foods 

containing vitamin B12; they were also required to list all vitamins and 

supplements that they had taken over the past year (including lifetime usage, 

frequency of use and quantity per dose).  

 

Neuropsychological assessments: 

This section gives a brief description of each of the five tests used to assess 

cognition.   

 

Immediate word recall (Gavett and Horwitz, 2012) 

Twenty-four common nouns were displayed on-screen for a total of 90 seconds 

only.  All words were matched for length, frequency and imaginability using the 

MRC Psycholinguistics database (Coltheart, 1981).  On the following blank screen, 

participants were asked to record as many words as they could remember from 
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the list, in any order they wished.  Score was determined by adding the total 

number of words out of 24 that the participant correctly recorded on the following 

page.  

 

Conditional Discrimination Procedure (Arntzen et al., 2011) 

This test consisted of a series of eight trials; each trial started with the presentation 

of an intricate initial image that was displayed for 30 seconds.  There was then a 

brief delay before the participant was presented with four boxes of comparison 

stimuli.  The participant was then asked to click on the picture that matched the 

image displayed on the previous screen.  Score was determined by totalling the 

number of boxes correctly identified out of the eight trials.  

 

Spatial Memory Task (Sanada et al., 2015) 

Each participant was presented with a seven by seven grid, in which had been 

placed a number of Xs (ranging from one to seven).  After 30 seconds, the grid was 

removed and a new numbered seven by seven grid was shown on the screen.  

Participants were asked to type in the cell number that corresponded to the X 

location/s on the previous screen.  Total score was equal to the number of X 

locations correctly recalled. 

 

Digit Span (Wechsler, 1981)  

A series of numbers were shown on-screen, starting with a sequence length of six 

numbers then increasing incrementally by one up to a series of ten numbers.  

Participants were asked to recall the numbers presented, sometimes in the order 
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in which they had appeared and sometimes backwards.  The DS score comprised of 

the sum of correctly placed digits in the set.  Score was determined by counting the 

number of full strings a participant correctly typed in until two sets were recorded 

incorrectly.  

 

Immediate Nonsense Word Recall (Kimura and Seal, 2003)  

Participants were required to recall as many words as they could from a list of 24 

nonsense words.  Words were displayed for 90 seconds before being replaced by a 

blank screen.  Participants were asked to record as many words as they could 

remember from the list, in any order they wished.  As with the previous word recall 

test, score was determined by totalling the number of words correctly recorded. 

 

All memory tests were embedded in Qualtrics (Qualtrics, Provo, UT) and were 

presented to each participant in the order listed above.  

 

6.2.1.6.  Procedure 

Participants were recruited via several vegan societies’ Facebook pages, which 

advertised for participation in the study.  The social media adverts included a link 

to the study’s information sheet posted on the Bradford Cognition and Brain Group 

web page.  This information sheet detailed all of the procedures and background 

information about the study.  Participants were then informed that by clicking the 

link at the bottom of the page, they would be consenting to take part, 

acknowledging that they fully understood the study aims and were aware of their 

right to withdraw.  
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Participants wishing to take part were directed to click the link at the bottom of the 

information sheet which took them to the Qualtrics website (Qualtrics, Provo, UT).  

Once they had been transferred to the website, they were asked to create a unique 

participation code, which would be needed in the event that they wished to 

withdraw their data at a later date.  Participants were then notified that they 

would be required to complete two short questionnaires and a series of short 

neuropsychological tests.  The first questionnaire pertained to the participant’s 

eating history and usual diet, how long they had been a vegan (if applicable) and 

whether they regularly took any additional dietary supplements.  The second 

questionnaire had questions relating to TOD, current mood and feelings of 

tiredness.  Finally, the five cognitive tests (as described above) were presented on-

screen. 

 

6.2.2.  Results 

The aim of the pilot study was to investigate whether adherence to a vegan diet 

had any impact on cognitive test scores compared to those following other diets 

(i.e., vegetarian or omnivore).  Table 6.1 outlines the participant demographics 

following separation into two sub-categories (vegan and non-vegan). 

 

 

 

 

 



 156 

Table 6.1. 

Descriptive characteristics of the participants by dietary preference (pilot) 

Dietary preference 
No. 

participants 

Mean 

age 

Gender 

(M/F) 

B12 

supplement/day 

(μg) 

Omnivore/vegetarian 25 

35.76 

(SD ± 

13.70) 

5/20 

6.28 (SD ± 12.82) 

Vegan 8 

25.50 

(SD ± 

8.57) 

2/6 

2.38 (SD ± 3.70) 

 

In order to assess any influence of dietary habits on test scores, a MANOVA was 

performed, with test scores entered as the dependent variables and vegan status 

as the independent variable.  A significant main effect of vegan status was 

identified for the tasks of CDP – F(1,31) = 17.76, p < .001, DS – F(1,31) = 9.25, p = 

.05 and INR – F(1,31) = 9.30, p < .05.  To determine the direction of this effect, 

correlation analysis revealed a linear decrease in performance for all three tasks 

(see Figure 6.2).  The effect remained the same following the inclusion of vitamin B 

supplement intake and age as covariates.   
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Figure 6.2.  Mean scores for all significant tests divided by dietary preference 

(vegan and non-vegan). 

 

6.2.3.  Discussion 

The aim of the pilot study was to evaluate whether adherence to a vegan diet had 

any influence on neurocognitive test scores.  The results indicated that those 

following a vegan diet performed significantly worse on three tests of cognition, 

namely the CDP, DS and INR.  This is particularly significant to the field of dementia 

investigation as these tests assess the neurocognitive realms that are altered early 

on in the progression of AD (Bilgel et al., 2017; Gaynor et al., 2019; Liang et al., 

2012).  Furthermore, if deficits in these areas are the result of a disruption to the 

methionine cycle, this could have implications for future cognitive health in those 

following a vegan diet.  
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Results of this pilot study should be interpreted with caution, as only a small 

number of individuals were classed as vegan, potentially limiting the statistical 

power of the study.  However, the results produced provide promising early 

findings warranting further investigation.  

 

6.3.  Study two – A comparison between plant-based and omnivorous diets on 

cognitive test scores   

 

6.3.1.  Methodology 

6.3.1.1.  Participants  

A total number of 51 participants took part in this study.  The sample group 

consisted of four males and 47 females with a mean age of 29 (SD ± 8.97).  All 

participants were recruited from vegetarian and vegan restaurants in the Sussex 

area. 

 

6.3.1.2.  Exclusion criteria 

Volunteers were excluded from the study if they were under the age of 18 or had 

any history of cognitive impairment, including but not limited to, dementia and AD.  

 

6.3.1.3.  Ethical approval 

This research was granted ethical approval by the Chair of the Biomedical, Natural, 



 159 

Physical and Health Sciences Research Ethics Panel at the University of Bradford.  

All participants were provided with a consent form along with an information sheet 

detailing the requirements of the study and study rationale.  Participants were 

made aware that they could ask the researcher any questions about the study prior 

to participation (information sheet Appendix five, consent form Appendix six).  

 

6.3.1.4.  Design 

The study employed a semi-quantitative questionnaire, followed by experimental 

neuropsychological testing in order to determine a relationship between veganism 

and cognitive outcomes.    

 

6.3.1.5.  Materials 

Semi-quantitative FFQ: 

An FFQ was used to establish each participant’s diet history and current dietary 

patterns (Appendix seven).  The questionnaire was presented on-screen as a five-

page Word document.  Answers were presented in the form of checkboxes, drop-

down menus or, for those questions requiring extra information or clarification, 

open-ended text boxes.  Section one of the FFQ required participants to answer 

questions about their diet in order to establish how closely they adhered to vegan 

practices.  The second section included questions on other factors that have 

previously been reported to influence cognitive test performance, such as 

supplement use, hours of sleep, mood and caffeine consumption. 

 

Neuropsychological assessments: 
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Memory tests were presented on a computer screen, whilst all processing speed 

tests were presented on paper.  All neuropsychological tests were completed in 

the same order.  Further information on all tests is located in Chapter four – 

‘Methodological considerations’.   

 

The tests used for this study were the same as those used in Chapter five – ‘White 

fish and cognitive function in the over-60s’.  However, some tests differed in terms 

of length and difficulty.  Tests were made shorter to reduce the time commitment 

required for participation, and the difficulty was increased to adjust for younger 

age groups who, on average, are expected to have better memory capacity.  Six 

tests were used in this study, three of which were modified (see below). 

 

Conditional Discrimination Procedure (Arntzen et al., 2011) 

This test was used to assess short-term visual memory.   

This test consisted of a series of six trials.  Each trial started with the presentation 

of a complex initial image that was displayed for 30 seconds; this was followed by a 

brief delay before the participant was presented with four boxes of comparison 

stimuli.  The participant was then asked which box contained the image matching 

the one that had been displayed on the previous screen.  Score was determined by 

totalling the number of boxes correctly identified throughout all six trials. 

 

Paired Associates Learning (Gould et al., 2005)  

This test was used to assess visuospatial associative memory. 

Participants were shown seven boxes on-screen, all of which ‘opened’ individually.  
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Participants were given a brief demonstration to check their understanding.  In the 

demonstration, one of the boxes was ‘opened’ and shown to contain a basic shape 

(e.g., a circle).  The researcher then asked participants to identify which of the 

closed boxes contained the shape.  When testing commenced, the initial trial had 

three boxes that contained shapes.  With each test stage, the number of shapes in 

boxes increased by an increment of one until, finally, all seven boxes contained 

different shapes.  At the end of each test level, participants were shown a target 

shape/s and asked to point to the box/es that had contained the shape/s shown.  

Score was determined by totalling the number of boxes correctly matched with 

their appropriate shapes.  

 

Digit Span Forward  (Wechsler, 1981)  

This test was used to assess aspects of attention and short-term verbal memory.   

A series of numbers were shown on-screen, starting with a sequence length of six 

numbers.  Participants were shown two strings of numbers of the same length, 

which then increased incrementally by one up to a series of ten numbers.  The test 

ended when the participant was unable to recall two sets of numbers of the same 

length consecutively, or alternatively when they reached the end of the task.  Score 

was determined by counting the number of full strings the participant recalled 

correctly.   

 

6.3.1.6.  Procedure 

All participants were recruited through eateries in the Sussex region.  Several 

copies of the information sheet were handed out to vegetarian- and vegan-friendly 

restaurants in Sussex.  Individuals wanting to participate were able to contact the 
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researcher via the contact details provided on the information sheet, at which 

point a timeslot was agreed upon for participation in the testing session. 

 

Participants wishing to take part met with the researcher at The South Wing 

Community Base, Brighton, East Sussex.  At the testing session, participants were 

again presented with a copy of the information sheet.  The researcher further 

clarified what the study would involve and reminded participants that they may 

withdraw themselves or their data at any time, without needing to provide a 

reason, until the data had been analysed and written up.  Once participants felt 

ready to continue, they were provided with a consent form to read and sign.  The 

participants were then required to fill out a short FFQ (Appendix seven), which 

they completed on-screen before commencing a comprehensive battery of 

neuropsychological tests.  The tests were administered to each participant within a 

set time period, in the same order and under the same testing conditions, while 

the researcher recorded responses.  

 

6.3.2.  Results 

6.3.2.1.  Main effects by diet type 

For the purposes of this investigation dietary preferences were separated into 

omnivores (who ate meat and/or fish), vegetarians (who ate eggs and/or dairy 

products but abstained from the consumption of meat or fish), and vegans (who 

totally abstained from eating any animal-based products).  Table 6.2 displays the 

descriptive statistics of the study’s participants.   
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Table 6.2.  

Descriptive characteristics of the participants organised by dietary preference 

 

 

 

 

 

 

 

 

 

Initial analysis utilised a one-way analysis of variance (ANOVA) test in order to 

investigate whether dietary preference had an overall effect on memory 

performance.  Total raw scores were added together to produce a composite 

memory score, which was entered into the analysis as the dependent variable, and 

dietary preference (as nominal data) was entered as the independent.  Results of 

the ANOVA were significant [F(2, 46) = 6.90, p < .005] indicating that diet 

preferences had a significant impact on composite memory scores.  Post-hoc 

analysis revealed significant differences were found between the vegan and 

omnivore groups (Table 6.3).  

 

 

 No. 

participants 
Mean age Gender (M/F) 

Omnivore 17 
31.29 (SD ± 

11.72)8 
3/14 

Vegetarian 8 
30.00 (SD ± 

9.26) 
0/8 

Vegan 26 
27.65 (SD ± 

6.58) 
1/14 
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Table 6.3.  

Post-hoc analysis of interactions by diet type 

Dietary preference  Significance 

  Omnivore 

  Vegetarian   .333 

  Vegan   .002 

  Vegetarian 

  Omnivore   .333 

  Vegan   .546 

  Vegan 

  Omnivore   .002 

  Vegetarian   .546 

 

To ascertain whether the significant effect was mirrored for all cognitive domains 

tested, a MANOVA was conducted with individual tests entered as the dependent 

variables and dietary preferences (omnivore, vegetarian and vegan) as the 

independent variables.  Results were significant for the IWR – F(1, 49) = 14.77, p < 

.001, the CDP – F(1,49) = 5.80, p < .05, the INR – F(1,49) = 7.13, p = .01 and the 

DWR – F(1,49) = 5.29, p < .05, whilst a trend was noted for the DSF task – F(1,49) = 

3.92, p = .064.  Significance remained following adjustments for age and 

supplementation.   

 



 165 

6.3.2.2.  Main effects by B12 estimates 

As diet type was recorded in the form of nominal data, and also to confirm 

whether B12 dietary records corresponded with each participants self-classification 

into these categories, an error bar graph was created (Figure 6.3).  Cases were 

separated by diet type (omnivore, vegetarian and vegan) and a mean estimated 

quantity of B12 from food (as logged in the FFQs) was calculated.  A confidence 

interval of 95% was applied, and a simple error bar was created showing dietary 

preference on the x-axis and estimated daily B12 from food on the y-axis. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3.  Error bar graph to show the reported estimated consumption of B12 

from foods (in µg) categorised by self-reported dietary adherence.  

 

To confirm this difference, a one-way ANOVA was conducted to compare B12 

intake in the omnivore, vegetarian and vegan groups.  Estimated vitamin B12 
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intake significantly differed based on dietary preference [F(2, 48) = 18.53, p < .001].  

Post-hoc analysis determined there was a significant difference between 

omnivores and vegans (p < .001), and omnivores and vegetarians (p < .05).  As 

these results suggest that B12 intake is directly related to how omnivorous an 

individual’s diet is, B12 estimates could be used as a continuous variable in all 

further assessments.   

 

Vitamin B12 supplement intake was also analysed by self-classified diet type.  

Figure 6.4 shows mean estimations of daily B12 intake (in micrograms) from both 

food and supplements.  The highest intake of estimated vitamin B12 came from 

supplements, followed by animal-derived products, with the highest sources 

coming from dairy products followed by meat and then fish.  It is possible that 

there was a higher intake of foods containing eggs that went unreported, which 

may provide an explanation as to why ‘eggs’ alone were low in the list of reported 

sources. 
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Figure 6.4.  Estimated B12 intake in micrograms for each diet group.  B12-

containing supplements were identified according to intake from either individual 

B12 supplements or multivitamins.  Dotted lines indicate the recommended range 

of B12 that should be consumed each day (1.5–2.4 μg). 

 

A simple linear regression was calculated to predict total memory score based on 

the estimated daily amount of B12 consumed from food (Figure 6.5).  The results 

of the regression indicated that composite memory scores significantly improved 

with increasing intake of B12 from food [β = 0.98, (F(1,47) = 9.49, p < .005)], with 

an R2 value of 0.17.  The same analysis was run for estimated daily B12 from 

supplements; however, the results were not significant. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5.  Prediction of memory test scores by estimated B12 intake.  Participants’ 

memory test scores increased as estimated B12 intake increased. 
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6.3.2.3.  Analysis of individual cognitive tests 

Further investigation was carried out to assess whether B12 intake affected any of 

the individual cognitive assessments.  A MANCOVA test was performed with 

memory scores entered as dependent variables and B12 estimates (in micrograms) 

added to the model as the covariate (Table 6.4).  The results presented suggest a 

clear link between lower estimated dietary B12 intake and a decrease in 

performance on several memory tests.  

 

Table 6.4.  

MANCOVA results examining the effect of estimated vitamin B12 on cognitive test 

performance and the domains they represent 

Cognitive 

domain 

Neuropsychological 

test 

MANCOVA 

results for 

B12 

estimates 

Direction of 

effect 

Short-term 

episodic 

memory 

Immediate word 

recall 

F(1, 49) = 

9.71, p < 

.005 

Low B12 

predicted lower 

scores 

Short-term 

visual memory 

Conditional 

discrimination 

procedure 

F(1, 49) = 

3.48, p = 

0.06 

Low B12 

produced a 

trend of 

predicted lower 

scores 
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Visuospatial 

associative 

memory 

Paired associates 

learning 

F(1, 49) = 

0.23, p > .05 
Not applicable 

Attention and 

short-term 

verbal memory 

Digit span forward 

F(1, 

49)=0.84, p > 

.05 

Not applicable 

Short-term 

episodic and 

phonological 

memory  

Immediate 

nonsense word 

recall 

F(1, 49) = 

6.72,  p < .01 

Low B12 

predicted lower 

scores 

Long-term 

episodic 

memory 

Delayed word recall 
F(1, 49) = 

1.78, p > .05  
Not applicable 

 

Finally, the data obtained from participants regarding the duration of adherence to 

the vegan diet was analysed.  A one-way ANOVA was conducted with total memory 

score inserted as the dependent variable and the numbers of year’s vegan as the 

independent; these results were not statistically significant.  

 

6.4.  Discussion  

The increasing popularity of the vegan diet, particularly in Westernised 

civilisations, and the potential implications that adoption of this lifestyle could 

have on the health and well-being of a significant number of people, indicates that 
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a better understanding of this diet’s impact is needed.  To the best of the 

researcher’s knowledge, this study is the first of its kind to investigate the 

association between adherence to a vegan diet and specific memory test 

outcomes, associated with MCI and AD, in a cognitively healthy adult population.  

Few studies to date have made attempts to identify milder neurological symptoms 

in relation to vegan dietary practices.  The findings from this study contribute to 

research in the area of diet and cognitive disease outcomes and have the potential 

to help inform improvements to clinical practice, health policy and public health 

interventions. 

 

6.4.1.  Main effects of dietary preference on memory test performance 

In the current study, investigation into dietary preference, when separated into 

omnivorous, vegetarian and vegan diets, revealed a significant impact of diet on 

composite memory scores.  Specifically, those adhering to a vegan diet scored 

significantly lower on three memory tests in particular (IWR, CDP and INR).  The 

findings are especially noteworthy given that these tests all involve working 

memory, a domain associated with temporal and frontal lobe functions, shown to 

be compromised very early in AD progression (Cotta Ramusino et al., 2019; Gold 

and Budson, 2008).   

 

Short-term episodic memory function was assessed using IWR.  Previous studies 

have indicated that people exhibiting MCI have difficulties in the acquisition and 

consolidation of episodic memories beyond the immediate span (Bäckman et al., 

2001; Karrasch et al., 2005).  Bäckman et al. (2001) studied preclinical episodic 

memory deficits with a recall task of 12 words and a recognition task of 24 words 
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(12 targets, 12 distracters) and found that both measures were equally sensitive to 

preclinical AD six years before diagnosis.  Similar to the present study, Bäckman et 

al. (2001) presented participants with a word list that exceeded the supraspan.  

This form of memory assessment has previously demonstrated higher levels of 

sensitivity and specificity when assessing disorders that cause memory 

dysfunction, compared to the word list used in the MMSE (Gavett and Howitz, 

2012).  The current study’s finding suggests that those who follow a vegan diet 

perform worse on immediate tests of free recall that exceed the supraspan.  As the 

medial temporal lobes and hippocampus are responsible for episodic memory 

function, a part of the brain that is heavily impacted early in the course of AD 

(Cavedo et al., 2014), this is a particularly important finding.  

 

The significant result produced for the INR was expected based on the significant 

findings for the first test of word recall.  This test was designed to remove the 

semantic associations of words, in order to confirm that the results seen in the first 

test were a true representation short-term episodic memory shortfalls as opposed 

to problems with semantic memory (Ellis Weismer et al., 2000).  Deficits in 

semantic language processing are usually impacted in moderate to severe stages of 

AD (Ferris and Farlow, 2013).  The similarity of test results for the IWR and INR 

tests indicate that there were no prominent issues with semantic processing.  

 

6.4.2.  Main effects of estimated dietary B12 intake on memory test 

performance 

When mean estimated dietary B12 intake was analysed, the results showed a 

similar pattern of association between estimated dietary intake and test scores.  
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Two tests of short-term memory remained significant (IWR and INR), whilst a trend 

was noted for CDP results.  Results for the DWR were no longer significant.   

 

For the CDP task, participants were required to retain a visual image of the 

stimulus seen previously across a delay.  Tasks of this nature have been shown to 

involve activation of working memory regions, such as the dorsolateral prefrontal 

cortex and posterior parietal cortex (Daniel et al., 2017).  Changes to these regions 

associated with the visual working memory have been shown to be an effective 

indicator for early signs of cognitive change (Sapkota et al., 2017).  The negative 

trend produced for the CDP task when lower levels of dietary B12 were reported is 

an important point of consideration for those who regularly do not meet their RDA 

of B12 from food sources, such as vegans. 

 

An unanticipated finding was the null result for DSF.  Though the DSF task shares 

several similarities with the IWR task, there are some key differences.  For DSF, 

participants are presented with digits of increasing length that they are required to 

memorise before recalling them in order.  These numbers are common nouns 

heard on a regular basis in day-to-day life, they are also mostly monosyllabic 

(number seven being the only exception).  For these reasons, although the words 

featured in the IWR list were also common nouns, they were still drawn from a 

much larger vocabulary body (Cherry et al., 2001).  Another explanation may be 

that, by nature, a number string is only able to increase to nine numbers in length 

without repetition, compared to the 25 used in the supraspan word recall task; this 

puts it within the range of a normal short-term span (seven ± two items).  

Therefore, any effect of diet may have been too subtle to detect, as the number 

string would fall within this normal range.   
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It is also possible that methodological issues resulted in the loss of significance.  

Under-reporting of food items containing B12 is possible (Takachi et al., 2011).  As 

mentioned previously, many products contain eggs, which may not have been 

included in the FFQ reports.  The basis for this theory is that when assessing which 

products contributed the most to dietary B12 intakes, eggs made up a significantly 

lower proportion of total intake.  Alternatively, variations in actual B12 content 

within food items that are at lower levels than standard estimates may provide an 

explanation for this null finding.  However, without biomarker evidence to confirm 

this, these justifications remain speculative. 

 

6.4.3.  The impact of supplementation on memory test performance 

Whilst obtaining adequate quantities of vitamins and minerals is vital for the 

maintenance of several physiological functions, establishing a balance of intake is 

equally critical for preventing adverse health outcomes.  A vitamin B12 deficiency, 

for example, can be masked if an individual has a disproportionate intake of 

supplemental folic acid (Datta and Vitolins, 2016).  Supplementation is usually 

recommended in cases of low or deficient levels being detected in order to bridge 

the gap between deficiency and adequate intake (Datta and Vitolins, 2016). 

 

Previous reports have indicated that vegetarians, and especially vegans, have lower 

levels of B12, and it is predicted that without supplementation they will eventually 

develop a deficiency (Sebastiani et al., 2019; Zeuschner et al., 2013).  As a result of 

the scarcity of naturally occurring B12 sources in plants, those who do not 

consume adequate amounts of dairy products or eggs daily are currently 
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recommended to accompany their diet with vitamin B12 from fortified foods or 

supplements (NHS, 2019).  In the current study, supplement intake was recorded 

to be several degrees of magnitude greater than the total amount of B12 obtained 

from food.  The vegan sample group had an estimated daily B12 intake that was 

significantly higher than omnivores, primarily in supplemental form.  However, no 

association was found between supplemental B12 intake and improvements in 

memory scores.   

 

Serum B12 was not recorded in the current study, which instead utilised 

participant accounts.  However, a previous UK report, that assessed the plasma 

concentrations of 231 vegetarian and 232 vegan men, found that B12 levels were 

low in the vegetarian sample group and clinically deficient in the majority of the 

vegan group (Gilsing et al., 2010).  Seventy-three percent of vegans, 24% of 

vegetarians and one percent of omnivores had circulating concentrations of 

vitamin B12 indicative of depleted stores (<150 pmol/L) and of those, 52% of 

vegans and seven percent of vegetarians were deficient (<118 pmol/L) (Gilsing et 

al., 2010).  These results are in keeping with the results of the current study.  

Whilst deficiency was not assessed directly, the correlation between those who 

self-identified as vegan and the lower reports of B12 consumption from foods in 

the FFQs support this link.   

 

There is a possibility that supplement use was not accurately reported and, 

without confirmatory biomarker evidence, this can neither be confirmed nor 

refuted.  However, the findings do call into question the reliability of 

supplementation as a biologically adequate source of B12.  In this study cohort, the 

vegans’ consumption of B12, from a combination of diet and supplements, was far 
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higher than vegetarians and omnivores, which should have corresponded with a 

positive effect on memory test performance.  However, as this group performed 

significantly worse for several tests of short-term memory, previously linked to low 

levels of vitamin B12, this lends some support to the theory that B12 in 

supplement form may not be as readily absorbed by the body as animal-based 

food sources.  More research should be conducted to improve our understanding 

of the neurobiological mechanisms of vitamin B12 absorption. 

 

The results of one study, examining the impact of fortification and supplement use 

on biomarker status of vitamin B12, indicated that supplement use but not 

fortification was associated with higher concentrations (Hopkins et al., 2015).  

Though this is inconsistent with the results of the current study, it should be stated 

that concentrations of different B12 plasma markers have been incongruous and 

no single marker can be used for accurately diagnosing cellular deficiency (Carmel 

et al., 2001; Herrmann et al., 2005; Obeid et al., 2004).  The inconsistency of the 

findings give further support to the theory that extracellular markers do not 

accurately reflect intracellular B12 deficiency.  Obeid et al. (2004) administered 

folic acid, vitamin B6 and B12 intravenously to 38 dialysis patients displaying 

hHcy.  Despite baseline serum vitamin B12 registering as normal, severely elevated 

concentrations of MMA were significantly lowered following two weeks of 

supplementation.  A decrease in MMA concentrations following treatment reflects 

a metabolic sign of restored cellular B12 status (Obeid et al., 2004).   

 

Those who regularly consume fortified foods, such as cereals or yeast extracts, 

could be more likely to meet the necessary requirements for vitamin B12 (Craig, 

2009).  However, in this sample group, very few vegans reported regular 
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consumption of fortified foods, making a separate analysis impractical. 

 

6.4.4.  Analysis of duration adhering to a vegan diet on performance outcomes  

It is still unclear to what extent the length of time adhering to a vegetarian or 

vegan diet is associated with depletion in bodily B12 stores.  Interestingly, the 

results of this study did not support the theory that vitamin B12 concentrations 

decrease with increasing duration on a vegan diet, as length of time adhering to a 

vegan diet did not produce significant interactions with test scores.  This was an 

unexpected finding considering B12 stores are believed to be exhausted after 

approximately two years.  The results of a 2003 study reported an inverse 

correlation between B12 serum levels and time adhering to a vegan diet (r= -0.18, 

p < .05) (Waldmann et al., 2003).  On the other hand, an intervention study by 

Crane et al. (1994) showed that B12 serum concentrations fell by 119 pmol/L 

within just two months on a vegan diet (previously lacto-ovo vegetarian).  This 

finding could indicate that when B12 intake is reduced, bodily stores deplete faster 

than previously believed (Crane et al., 1994).  In this case, the body would rapidly 

reach low levels that would then remain relatively unchanged over time.  

 

The inconsistencies in findings may arise from the debate surrounding which 

sources of B12 provide the body with the most bioactive form, and as a result of 

differences in the methods used for testing.  A study by Watanabe (2007) used 

radioactively labelled B12 foods to identify which products contained the most 

biologically available forms of the vitamin.  Findings showed that meat and fish 

supplied the body with its primary vitamin source (Watanabe, 2007).  Vogiatzoglou 

et al. (2009) reported dietary B12 in relation to plasma B12 levels and concluded 
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that the best bioavailable sources were found in milk and fish.  Whilst Brouwer-

Brolsma et al. (2015) found that B12 intake from meat and dairy were most 

significantly associated with serum B12.  Lastly, Damayanti et al. (2018) measured 

serum vitamin B12 and holotranscobalamin concentrations to identify major 

sources.  Their report indicated that supplements and fortified milk substitutes 

were the most efficacious (Damayanti et al., 2018).  The discrepancy of study 

results that equate sources of vitamin B12 to plasma B12 might be due to 

differences in the bioavailability from various foods or arise from the difference in 

absorption among different populations (Rein et al., 2013; Wolffenbuttel et al., 

2019).  Results from this research show that supplement enrichment did not have 

a significant impact on test scores, which would also indicate that bioavailability of 

B12 in the diet is a factor that needs further investigation.    

 

6.4.5.  Study limitations 

With regards to the pilot study, a number of unforeseen methodological problems 

occurred.  Participant dropout rates were high, likely as a result of the time 

demands required by the online survey and a lack of incentive.  This, in addition to 

unrelated issues with the online survey system, resulted in only a small sample of 

participants producing analysable data.  The difficulties encountered led to the 

researcher adopting a different approach for the follow-up study in an attempt to 

minimise participant dropout and acquire more analysable data. 

 

Despite the fact that weighed food diaries are a preferred method of measuring 

dietary intake, as discussed in Chapter four – ‘Methodological considerations’, use 

of this resource places a high burden on participants, making this method 
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unsuitable for studies such as this.  Furthermore, the dietary recording period 

would have needed to be drastically reduced in order to limit the dropout 

rate.  Short-term records have been shown to be unrepresentative of typical 

dietary habits and therefore, inadequate for the assessment of dietary intake over 

the past two years.  The FFQ is the most widely used tool to assess past dietary 

intake, chiefly due to the low implementation costs and its ability to obtain 

accurate reports of typical dietary patterns (Zang et al., 2019).  Moreover, the FFQ 

is typically employed when the study aim is to ascertain information about 

historical dietary intake (Zang et al., 2019), as was the case in the present study.   

   

Examining the role of single nutrients has been criticised as they are often strongly 

correlated with other micro- and macronutrients, and there are many possible 

interactions that are challenging to estimate.  However, studies of dietary patterns 

have also been associated with unclear findings.  In a study of dietary habits and 

cognitive function, Eskelinen et al. (2011) reported that participants who were 

classed as having ‘healthy’ diets (high in plant-based foods, bread, fish, coffee, 

monounsaturated fats and PUFAs from milk products and spreads) in mid-life had a 

decreased risk of dementia and AD in later life, compared to people with 

‘unhealthy’ diets.  However, the methods employed for classifying diets introduced 

some uncertainties as to their usefulness.  The categorisation of foods into 

‘healthy’ and ‘unhealthy’ resulted in a mixture of plant and animal, processed and 

unprocessed types, within each category, making it impossible to determine the 

effect of a single macro- or micronutrient.  Underlying interactions between any 

combinations of foods could have been the foremost reason for the effects noted.  

Furthermore, many of the items classed as healthy or harmful have produced 

conflicting results in terms of their impact in staving off AD.  Hence, as widespread 
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vitamin B12 deficiency has been identified in vegans, older adults and those with 

AD, it was considered necessary for the current study to assess how this 

micronutrient alone could be impacting cognition.  

 

6.4.6.  Future research directions 

The findings presented here have given rise to numerous opportunities for future 

study.  Previous research analysing the B12 content of foods of non-animal origin 

that have been discussed in this chapter tended to focus on the analysis of B12 

analogues found within these foods (Bito et al., 2014; Watanabe et al., 

2012).  However, there are several issues with this method of assessment.  For 

instance, it does not provide a definitive answer as to where the B12 

originated.  The source could be from any number of places, via symbiosis with B12 

producing bacteria (Degnan et al., 2014), from contamination with animal faeces 

(Mozafar, 1994), or deriving from the food itself.  Future investigations must first 

attempt to identify conclusively the source of the B12 found in foods of non-animal 

origin.  Taking samples from a variety of locations and sources may go some way to 

forming conclusions on this topic. 

 

Secondly, the B12 analogues found may be biologically inactive forms, or worse 

yet, may interfere with active B12 absorption in vivo (Nakos et al., 2016).  Though 

some studies have identified food items that contain these biologically inactive 

analogues (Wagner-Döbler et al., 2010; Watannabe, 2015), more research is 

needed to confirm these findings.  In addition, expanding the study to a wider 

selection of food items, including newly manufactured meat-free alternatives, 

could provide vegans with better information about reliable B12 sources. 
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As most of the food eaten in the UK is purchased from supermarkets, it is 

necessary to know how the packaging and storage of these food items could 

impact their micronutrient composition (Rizzo et al., 2016).  Detailed analysis of 

different food items, both fresh and packaged, should be obtained.  Analysis 

should also attempt to confirm which forms of vitamin B12 are able to remain 

biologically stable for longest. 

 

Lastly, whether the consistent consumption of fortified foods alone is adequate to 

support the B12 status of individuals adhering to dietary patterns that are either 

devoid or low in animal food sources remains unknown.  However, the scale of the 

micronutrient deficiency amongst at-risk populations advocates for prompt 

investigation.  Longitudinal studies are necessary to investigate the relationship 

between vegan nutrition and cognitive impairment, and whether it is possible to 

delay the onset of MCI or dementia by the use of nutritional modifications, such as 

long-term consumption of fortified foods.  Future studies should examine vegan 

populations who consume their RDA of B12 solely from fortified foods, without the 

addition of supplements, in order to determine whether this is a viable method of 

mitigating the observed decrease in cognitive performance. 

 

Aside from improving overall nutrition, special considerations should also be made 

with regards to cognitive maintenance in older adults.  As the causes of cognitive 

impairment are multifaceted, with both modifiable and non-modifiable risk factors 

associated, focus should be concentrated on determining individualised strategies 

that have the potential to delay cognitive disease progression.  Any modifiable risk 
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factors, that have not only been associated with cognitive dysfunction in old age 

but which may also be implicated in the long-term, pre-dementia, should be 

considered for therapeutic intervention.  More research is required that 

concentrates on high-risk individuals, such as vegans, in order to establish the 

safest and most effective approaches for improving cellular B12 levels.  This study 

showed that, even though supplementation may improve serum B12 levels, 

cognitive deficits may still be present due to a paucity of cellular B12 availability.   

 

6.4.7.  Wider implications and conclusions 

Animal products are still generally regarded as valuable dietary sources of 

several essential micronutrients that are involved in overall health.  These 

substances include selenium, zinc, niacin, iron and B12 (Biesalski, 2005).  Whilst it is 

important to consider that levels of each nutrient can vary significantly from 

animal to animal (poultry, for instance, tends to be lower in several micronutrients 

compared to other meat counterparts), they still provide the body with good, 

bioavailable supplies (Valenzuela et al., 2009).  However, despite the evidence for 

efficacy, conversion to meat-eating is unlikely to be a valid option for those who 

have chosen to adopt a vegetarian or vegan lifestyle.   

 

As mentioned previously in this chapter, no naturally occurring, dependable source 

of vitamin B12 is currently available to the vegan population (Obeid et al., 2019; 

Watanabe et al., 2012).  Furthermore, confusion surrounding which, if any, non-

animal foods are reliable sources of B12 has arisen because of incongruencies in 

the methods used to assess vitamin B12 content (Gallego-Narbón et al., 2019; 

Herrmann et al., 2003; Obeid et al., 2004).  Though it has been suggested that 
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vegans may rely on unwashed, organic produce that has been fertilised with 

manure to provide them with the essential micronutrient (Mozafar, 1994), 

conclusive and reliable evidence for this proposition is at this time 

unavailable.  Due to the number of vegans reported to be deficient in B12 in the 

UK, where organic food is widely available, it seems unlikely that this method of 

intake is sufficient on its own.  In addition, as it is a primary goal of the vegan 

movement to reduce the numbers of livestock farms, thereby removing animal 

fertiliser for plants, this method is not sustainable as a long-term strategy (The 

Vegan Society, 2019).  For these reasons, vegans and other high-risk populations 

urgently need information and more reliable data on the bioavailability of vitamin 

B12 from fortified foods. 

   

An approach that centres on encouraging individuals to monitor their own vitamin 

B12 intake is both the most cost-effective and widely-accessible option.  Oral 

dietary supplements are currently recommended, in conjunction with dietary 

advice, if the needs for specific nutrients are unlikely to be met by an exclusively 

food-based approach (NHS, 2019).  Oral supplements are relatively low cost, 

provide a fixed-dose, and usually have a long shelf life making them an easily 

accessible option for a large portion of the population.  Conversely, if future 

studies confirm the current results, evidenced by the null findings that oral 

supplementation effectiveness is limited, it may be worth investigating whether 

injections of B12 are more successful in combating cognitive deficits.  

Intramuscular injections are expected to be safe when administered under the 

supervision and recommendation of a health care professional.  However, it is 

worth noting that the higher cost and invasive nature of this treatment method 

may narrow the proportion of individuals willing to adopt this strategy.   All of 
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these factors contribute to confounding any recommendation for what should be 

included in a vegan diet to provide the body with an adequate supply of vitamin 

B12.  

 

As both vitamin B12 and folate deficiency present as pernicious anaemia and 

present symptoms such as poor memory (Craig, 2009), it is vital that individuals 

and healthcare professionals are acutely aware of this parallel and can accurately 

distinguish between them.  Another major diagnostic challenge concerns 

individuals who develop subtle B12 deficiency without anaemia.  Nutrient status 

that borders on deficiency can be easily overlooked, as individuals often show no 

obvious symptoms.  Notwithstanding, the neurological damage caused by the 

deficiency may be irreversible if treatment is initiated too late, prior studies have 

indicated that an estimated 20% of people suffer neuropsychological 

consequences without exhibiting serum abnormalities (Quadros, 2009).  A major 

challenge facing healthcare professionals is the decision of whether or not to treat 

those whose clinical symptoms and serum test results appear conflicting.  

 

In summary, the impact of vegan diet adherence on memory outcomes warrants 

further research.  If the effects on cognitive function that have been seen in this 

study are replicated in larger-scale studies, then long-term intervention trials 

should be conducted to determine the most effective method by which high-risk 

groups can obtain adequate B12 to meet their health needs.  These strategies 

should also undergo extensive cost-effectiveness assessment to ensure that 

adherence to the preventative strategy is likely to be readily adopted and well 

maintained.   
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6.5.  Chapter Summary 

• Dietary impacts on neurological functions and disease outcomes continue 

to be an essential research consideration. 

• Vegans and, to a lesser extent, vegetarians are at risk of vitamin B12 

deficiency due to a lack of animal-product consumption.  

• Nutrient deficiencies have not only short-term implications for health but 

also potential long-term consequences. 

• Low B12 and the resulting elevated Hcy levels may increase chances of 

cognitive impairment in later life. 

• This study explicitly compared, for the first time, the effects of plant-based 

diets on cognitive test outcomes, particularly with regards to memory. 

• An extensive memory test battery was used, focusing primarily on domains 

affected early on in AD progression. 

• Those who consumed a vegan diet performed significantly worse on three 

tests of short-term memory. 

• More high-quality evidence on the strategies for remedying nutrient 

deficiencies in at-risk groups is urgently needed. 
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Chapter 7: Caffeine-containing foodstuffs and age interactions 

 

7.1.  Literature review 

Accurate and early diagnosis of cognitive deficits is urgently needed and, whilst 

neuropsychological testing should not be relied upon alone as a diagnostic tool, it 

remains a vital part of the screening process for classifying dementia (Battista et 

al., 2017; NICE, 2018; Panegyres et al., 2016).  It is therefore essential that any 

external factors that may influence test results be controlled for as thoroughly as 

possible.  

 

This study adds to the existing literature by closely examining the influence of 

caffeine consumption on the components of cognition that are initially affected in 

those with AD.  The chapter begins by providing an overview of caffeine in the diet, 

followed by a summary of its biological actions, before moving on to discuss the 

potential impact that caffeinated beverages could have on the development and 

progression of neurodegenerative diseases.  Finally, the effects of caffeinated 

beverage consumption on cognitive abilities in cognitively healthy adults will be 

considered. 

 

7.1.1.  Caffeine in the diet 

Caffeine is a widely consumed stimulant that is present in a variety of foods and 

beverages, including but not limited to coffee, tea, energy drinks, other soft drinks 

like cola, some foods such as chocolate, and certain medications (Ley, 2019; 

Muhammad et al., 2019).  It is estimated that approximately 80% of people 
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worldwide consume some form of caffeinated beverage each day (Heckman et al., 

2010).  Coffee, in particular, is one of the most commonly consumed beverages 

globally, with around 500 billion cups drank each year (Butt and Sultan, 2011).  

Caffeine is generally considered a functional or beneficial psychoactive stimulant 

(Ferré, 2016); acute ingestion increases extracellular levels of neurotransmitters 

involved in many higher cortical regions, which are engaged in cognitive processes 

(Avery and Krichmar, 2017; Buhot et al., 2000; Volkow et al., 2015).  For this 

reason, caffeine is able to produce short-term enhancements to alertness and 

arousal (via the cholinergic, noradrenergic, histaminergic and orexinergic systems) 

(Ferré, 2010).  It can also improve some cognitive realms, namely by promoting 

faster reaction times and increasing focus in attention tasks (Rahman, 2009).  It has 

also been postulated that caffeine is able to stimulate stomach acid production, 

thereby enhancing B12 absorption (Escott-Stump, 2008), which has been shown to 

result in cognitive improvements.  

 

Investigations into the impact of drinking caffeinated beverages have attracted 

interest from the medical community, due to the growing number of both 

epidemiological studies and meta-analyses linking their consumption to a 

reduction in the risk of developing conditions such as T2D (Ding et al., 2014; Jing et 

al., 2009; Yang et al., 2014) and CVD (Cai et al., 2012; Kishimoto et al., 2013).  

Studies have also indicated that caffeine consumption correlates with decreased 

mortality rates from inflammatory diseases (Lopez-Garcia et al., 2008), CVD (Crippa 

et al., 2014; Lopez-Garcia et al., 2008; Sugiyama et al., 2010), and a few acute and 

chronic neurological disorders including stroke, Parkinson’s disease (PD) and AD 

(Butt and Sultan, 2011; Chen et al., 2001; Xu et al., 2016).  
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7.1.2.  Biological effects of caffeine  

Caffeine is quickly absorbed into the circulatory system, with plasma 

concentrations peaking 30-60 minutes after consumption (Cappelletti et al., 2015).  

From a purely biological perspective, the cognitive benefits produced by the 

alkaloid caffeine (1,3,7-trimethylxanthine) (Figure 7.1) and its major metabolite 

(paraxanthine), in vivo, are attributed to its pharmacological properties (Coelho et 

al., 2015).  Caffeine is a non-selective antagonist of adenosine A1 and A2A receptors 

in the CNS (López-Cruz et al., 2018).  Due to its structural similarity, caffeine can 

bind to adenosine specific receptor sites, acting as a competitive inhibitor (Bello et 

al., 2019; Cao et al., 2015).  Once caffeine is bound to the receptor sites, adenosine 

can no longer bind and so is not able to cause its typical drowsiness response 

(Ribeiro and Sebastião, 2010).  Whilst caffeine can usually attenuate the 

consequences of sleep deprivation on arousal and attention in the short-term, it 

cannot act wholly as a substitute for sleep, and is practically ineffectual as a 

mechanism for alleviating the impact of severe sleep deprivation on higher 

cognitive functions (McLellan et al., 2016).  

 

 

 

 

 

Figure 7.1. The chemical structure of caffeine (1,3,7-trimethylxanthine). 

Note. Drawn by the researcher with ChemDoodle (2020) 
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Several pathways by which caffeine may affect cognitive performance have been 

proposed.  As adenosine has sedative effects within the body, caffeine’s affinity for 

A1 receptors and A2A receptors causes stimulatory effects believed to be primarily 

responsible for caffeine’s arousing properties (Ferré, 2010; Ribeiro and Sebastião, 

2010).  This suggests that caffeine may be able to enhance learning purely through 

its antagonism of adenosine. 

 

An alternative pathway proposed arises from experimental evidence supporting 

the essential role that caffeine plays in increasing dopamine signalling (Volkow et 

al., 2015).  Vast quantities of A2A receptors, located in the striatum of the brain, 

nucleus accumbens and olfactory bulb, are densely innervated by dopaminergic 

fibres and form functional heteromeric complexes with dopamine D2 receptors 

(Schiffmann et al., 2007).  By these means, A2A receptor binding allows control of 

the functioning of indirect efferent pathways (Roshan et al., 2016).  In the presence 

of high levels of adenosine, dopaminergic activity is diminished (Borea et al., 2017).  

Consequently, when caffeine blocks the ability of adenosine to bind to A2A receptor 

sites, oxygen metabolism is increased and various neurotransmitters are 

upregulated, indirectly promoting the stimulatory effects of dopamine (Griffeth et 

al., 2011).  

 

The activation of dopamine is linked to improvements in focus, attention and 

movement, adding further support for caffeine’s role in tasks that involve attention 

and reaction speeds.  Furthermore, once a heteromeric complex has been formed 

between A2A and D2 receptors, they become reciprocal antagonists, forming the 

basis of learning, motivation and psychological reward systems (Roshan et al., 

2016).  The complexity of interactions between different neurotransmitters means 
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that caffeine’s effects on cognition cannot easily be localised to any particular 

neurotransmitter pathway (Voiculescu et al., 2014; Yoshimura, 2005).   

 

Despite neurobiological evidence that suggests a mechanism for cognitive 

enhancement, the published literature on the impact of caffeine consumption in 

experimental human studies shows many inconsistencies.  One explanation for the 

discrepancies noted between theoretical biological mechanisms and human trials 

is that caffeine’s psychostimulatory effect is not exhibited as a general 

improvement in all cognitive domains, and its impact may not be the same in all 

phases of memory processing (Zhou et al., 2018c) (this will be discussed in more 

detail throughout the chapter).   

 

Alternatively, the examination of different caffeine sources could explain 

divergences in the findings.  For instance, in the majority of studies, the impact of 

tea or coffee was assessed separately (Eskelinen et al., 2009; Grosso et al., 2015; 

Noguchi-Shinohara et al., 2014), though in some cases they were combined (van 

Boxtel et al., 2003), while others included not only caffeinated drinks but also 

caffeine-containing foodstuffs (CCFS) (Lesk et al., 2009; Mahoney et al., 2019).  As 

roasted coffee contains more than 1000 different bioactive compounds, including a 

number with potentially therapeutic antioxidant or anti-inflammatory properties 

(Gaascht et al., 2015), this may explain the variances in outcomes.  These bioactive 

compounds may too have the potential to influence cognitive outcomes, either 

directly or indirectly, via their interactions with caffeine (Ito et al., 2007; Jeon et al., 

2019; Li et al., 2019).  
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7.1.3.  Caffeine and neurodegenerative disease 

7.1.3.1.  Parkinson’s disease  

Parkinson’s disease is characterised by rigidity, bradykinesia, postural instability 

and tremors (Magrinelli et al., 2016), alongside the presence of Lewy bodies and a 

loss of dopaminergic neurons in the substantia nigra (Tysnes and Storstein, 2017).  

The continuous depletion of dopamine caused by neuronal loss is responsible for 

the majority of the disease’s motor disturbances (Costa et al., 2010). 

 

Like AD, there is an extensive array of possible lifestyle factors associated with 

protection against PD development (Ball et al., 2019).  There is a credible rationale 

behind the proposed biological actions of caffeine for the inverse association 

between its consumption and PD development.  Multiple epidemiological studies 

and meta-analyses suggest that caffeine can, to some extent, award 

neuroprotection by acting against the underlying dopaminergic neuron depletion, 

ultimately delaying disease onset and progression (Costa et al., 2010; Roshan et al., 

2016; Xu et al., 2016).  An in vitro study by Nakaso et al. (2008) uncovered that 

caffeine exhibits neuroprotective effects via the activation of specific signalling 

pathways and prevents apoptotic cell death induced by PD-related toxins (Nakaso 

et al., 2008).  However, care must be taken in extrapolating these results to human 

PD patients.  The aforementioned study utilised dopaminergic neuroblastoma cells 

as PD tissue models and, whilst this allowed the direct examination of caffeine’s 

cytoprotective actions on systems involved in PD, it is unable to consider any 

interaction effects that may occur within whole organisms.  

 

Human studies have generally confirmed the results established from in vitro 
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studies.  One RCT involving 61 participants found that intervention treatment with 

100 mg caffeine twice daily for three weeks, followed by 200 mg twice daily for 

three weeks, improved total Unified PD Rating Scale score by 4.69 points (Postuma 

et al., 2012).  More recently, caffeine consumption and PD risk was analysed in 

those with mutations in the Leucine-rich repeat kinase 2 gene, a known cause of 

autosomal dominant PD (Kumar et al., 2015).  The discovery of an interaction 

between gene-carrier caffeine-consumers and a reduced risk of PD led the authors 

to conclude that caffeine intake is protective against development of the disease.  

Some limitations, however, must be considered.  Firstly, the number of gene-

carriers (28 total) in the sample size was far outweighed by the numbers of non-

carriers (338 total) and may be regarded as insufficient to provide a reliable result.  

Additionally, the action of caffeine in gene-carriers was left ambiguous.  The 

putative association of caffeine on PD progression is not yet clear and, thus far, 

studies have failed to identify any consistent relationship. 

 

7.1.3.2.  Alzheimer’s disease 

As discussed, caffeine and its metabolites act predominantly on adenosine A1 and 

A2A receptors.  Yet, how this translates to a protective effect produced by caffeine 

and its associated methylxanthines for AD are not fully understood.  An initial study 

conducted by Dall’Igna et al. (2003) revealed that caffeine had the ability to 

prevent neuronal cell death, and this neuroprotective effect was mimicked by 

another selective A2A antagonist (Dall’Igna et al., 2003).  The results of this study 

prompted follow-up investigations utilising animal models to test the effects of 

caffeine on memory impairment alongside any neurochemical alterations resulting 

from ingestion.   
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Arendash et al. (2006) treated a transgenic AD mice model with 1.5 mg of caffeine 

daily for five months (equivalent to five cups of coffee), improvements were 

reported in multiple cognitive domains, including working memory, spatial learning 

and recognition memory.  It was postulated that caffeine’s long-term protective 

effects result from its involvement in diminishing hippocampal cleavage of APP by 

γ and β-secretases, which consequently reduce Aβ production (Arendash et al., 

2006).  An additional mechanism proposed by Arendash et al. (2006) involves 

caffeine’s potential ability to generate dendritic spine formation and elongate 

existing spines within the hippocampus.  Though this study provides good 

evidential support for the protective role of caffeine, it should also be noted that 

equivalent quantities of caffeine for daily human consumption would represent a 

higher threshold than most individuals consume.  In addition, more than four cups 

a day of coffee has been associated with other detrimental side effects (Richards 

and Smith, 2015).  

 

A population-based cohort study of 1,409 individuals (average age 50 years at 

study onset), found that coffee drinking during mid-life substantially reduced AD 

risk at a 21-year follow-up (Eskelinen et al., 2009).  The lowest risk being found for 

those who consumed between three and five cups daily (65% decreased risk) 

(Eskelinen et al., 2009).  Likewise, Maia and Mendonça (2002) found that the daily 

caffeine intake of AD patients was 125 ± 38 mg lower than age-matched controls in 

the 20 years preceding diagnosis (Maia and Mendonça, 2002).   

 

A 2010 systematic review identified a positive correlation between coffee 
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consumption and dementia prevention (Santos et al., 2010).  Eleven studies 

fulfilled the inclusion criteria, these studies utilised cohort, case-controlled or 

cross-sectional designs that addressed the relationship between caffeine 

consumption (including intake from coffee and/or tea as well as other dietary 

sources of caffeine), and different forms of dementia, cognitive impairment or 

decline (Santos et al., 2010).  For this reason, it should be noted that due to the 

heterogeneity in both study design (immediate or delayed) and assessment 

methods (recall or recognition) of those reviewed, interpretation of the 

experimental results is made somewhat convoluted.  Furthermore, it has recently 

been suggested that chronic caffeine administration may exacerbate behavioural 

and psychological symptoms in dementia patients and therefore impede any 

potential benefit of consumption (Baeta-Corral et al., 2018). 

 

Not all research has verified the positive effects of caffeine consumption for 

reducing risk of cognitive decline.  A recent meta‐analysis found no significant 

relationship between caffeine intake, from either tea or coffee, and AD prevention 

(Kim et al., 2015).  Twenty studies were included in the final analysis, with the data 

from a total of 31,479 participants assessed.  An initial meta-analysis of 

observational studies showed coffee intake was associated with a decreased risk of 

cognitive disorders.  However, in a further subgroup meta-analysis of cohort and 

case-control studies, this preventative effect was no longer detected.  Significance 

was still seen for the cross-sectional studies; nevertheless, the authors concluded 

that this was insufficient to support a beneficial effect of caffeine as cohort studies 

provide a higher level of accuracy than cross-sectional studies (Kim et al., 2015).  

Although, by the authors’ own acknowledgements, there was a lack of consistency 

in the study designs of those included in the analysis.  The measures of caffeine 
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intake and cut-off points for cognitive assessments varied considerably between 

studies (Kim et al., 2015).  The lack of a significant relationship may be a reflection 

of these variations.  Furthermore, the significant result reported for the cross-

sectional studies cannot be totally overlooked. 

 

7.1.4.  Caffeine and age-associated cognitive decline in healthy individuals 

Early work by Swift and Tiplady (1988) utilised a mixed age cohort, comprised of six 

young and six elderly individuals, to assess the impact of prior caffeine 

consumption on psychomotor and cognitive test performance.  Participants were 

provided with 200 mg of caffeine (or a matching placebo) either one, two or three 

hours before testing.  The older adults showed improvements in attention, choice-

reaction time and greater body sway and appeared more sensitive to the 

observable effects of caffeine than the younger participants (Swift and Tiplady, 

1988).   

 

Lesk et al. (2009) conducted a study looking into age interactions for CCFS 

consumption before testing.  Findings indicated that those who had recently 

consumed CCFS showed a significant linear decrease in performance with 

increasing age.  A total of 89 participants were tested using assessment methods 

MMSE, CANTAB PAL, The Placing Test (TPT), DS, Graded Naming Test (GNT), Dual 

Task, Symbol-Digit Modalities Test (SDMT), Stroop Colour, Stroop Interference, PCS 

and LCS.  The sample cohort was aged between 67 and 95 (mean age 79.3), with no 

medical conditions affecting cognition.  Results of the tests CANTAB PAL, TPT, GNT, 

SDMT, Stroop Colour, PCS and LCS, all showed significant interactions between age 

and CCFS ingestion, but the other tests did not produce significant findings (Lesk et 
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al., 2009). 

 

A follow-up study conducted by Walters and Lesk (2016) used 40 cognitively 

healthy individuals, all aged over 60, to determine if there was an age interaction 

effect with caffeine consumption.  In this study, the researchers used a double-

blind placebo design to assess performance in a number of cognitive domains 

including general functioning, processing speed, semantic memory, episodic 

memory, executive function, working memory and short-term memory.    

Significant interaction effects between caffeine consumption and age were found 

for tests of executive function (Dual Task, SDMT and Stroop Interference) and 

processing speed (PCS and LCS), with performance declining with increasing age in 

those who had consumed caffeine (Walters and Lesk, 2016).  However, only the 

impact of consumption immediately prior to testing was investigated, habitual 

intake was not taken into consideration. 

 

7.1.5.  The present study 

Diagnostic testing regimes are critical in establishing an accurate diagnosis and are 

instrumental in determining subsequent drug treatments post-diagnosis.  

However, due to the need for a brief screening instrument, these tests are often 

insensitive to minor impairments.  Though these tests are useful for diagnosing 

those with moderate or severe dementia, they are insufficiently sensitive with 

regards to the initial stages, for example, in detecting early decline in associative 

memory.  Furthermore, as episodic memory is the most common MCI complaint, 

the current study is designed to focus on those aspects of memory that are 

affected early in disease progression. 
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A fundamental weakness of the current testing approaches is that they often do 

not take sufficient account of the multiplicity of environmental and behavioural 

factors that can influence test scores.  One of these factors, which has been the 

subject of extensive research, is caffeine consumption.  Previous investigations into 

caffeine consumption have relied on measures of acute or habitual intake 

(recorded predominantly with the utilisation of FFQs) to estimate lifetime intake.  

These FFQs approximate total caffeine ingestion by combining scores from a wide 

variety of foodstuffs, which include such varied items as chocolate, medications 

and energy drinks, as well as more commonly consumed items such as tea and 

coffee.  The amount of caffeine in these products varies both between and within 

the items of consideration.   

 

A further complicating feature of FFQs regarding the assessment of habitual 

caffeine intake is the tendency to under-report foodstuffs like chocolate and 

sugary energy drinks (Steinemann et al., 2017).  For the reasons stated, the present 

study chose to use a three-week food diary, which captures consumption in real-

time rather than relying on recall from previous weeks, to examine lifetime 

habitual consumption in addition to acute consumption.  Participants were 

explicitly instructed only to make diary records during typical weeks, so avoiding 

abnormal event reporting.  The study also refined the range of foodstuffs taken 

into account in order to focus on beverages, as they represent the most common 

caffeine source items consumed in the UK and also exert their biological effects 

with the least delay.   
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Previous research by Lesk et al. (2009) and Walters and Lesk (2016) demonstrated 

that cognitive improvements were modulated by age.  The investigations, 

described below, extend these earlier works by studying both habitual and prior 

caffeine consumption x age interaction effects on memory functions in more 

detail.  Additionally, to safeguard against any ceiling effects of the testing 

methodology, more demanding tests of short- and long-term memory were 

implemented.  For example, using word lists designed to exceed the memory span.  

To the researcher’s knowledge, age x habitual caffeine effects on memory scores 

specific to domains associated with early AD progression have not been examined 

before.   

 

For Study one, it is hypothesised that (i) acute caffeine intake before testing will 

improve cognitive scores, and (ii) that improvements in those scores will be 

dependent on age, with a significant interaction effect shown for age x acute 

caffeine consumption.   

 

For Study two, it is hypothesised that (i) those who report more tea and coffee 

consumption during the three weeks prior to testing will score better on the 

cognitive tests, particularly with regards to assessments of long-term memory, and 

(ii) there will be an interaction effect of age, though the direction of this interaction 

is unknown as the researcher found no conclusive literature to support a positive 

or negative association with habitual consumption.  
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7.2.  Study one – Caffeinated beverage consumption and effects on cognitive 

performance (four hours prior) 

 

7.2.1.  Introduction 

The general consensus in the literature indicates that caffeine in doses ranging 

from 30–300 mg improves aspects of basic cognitive functions with minimal side 

effects, often by preventing decrements in alertness and attention arising from 

suboptimal arousal (Nehlig, 2010; Rahman, 2009).  However, caffeine has been 

shown to alter mood and performance even at very low doses.  Smit and Rogers 

(2000) found that an amount of caffeine as low as 12.5 mg (approximately a square 

of chocolate) was able to produce significant reductions in simple reaction-time 

tasks, wherein participants were required to press the space bar when a star 

appeared on-screen.  They concluded that the dose-response curve remains 

predominantly level between doses of 12.5 mg and 100 mg (approximately one 

cup of coffee) (Smit and Rogers, 2000).  Similarly, doses of caffeine ranging from 40 

mg to 100 mg improved performance in digit vigilance tasks (in which participants 

are required to respond only to a specific number) and reduced reaction times in 

well-rested participants (Haskell-Ramsay et al., 2018; Smith, 2009).  

Correspondingly, on a sustained attention task (where participants are required to 

respond only to a target letter and ignore peripheral distracters), rested 

participants given only 50 mg of caffeine had significantly reduced error rates (Foxe 

et al., 2012) and reacted faster following caffeine ingestion (Smith, 2009).  

 

Whilst simple tasks have consistently shown participants to benefit from doses as 
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low as 12.5 mg and up to 400 mg (Brunyé et al., 2010; Smit and Rogers, 2000), the 

results obtained from tests based on complex tasks are less uniform.  Previous 

reports suggest that caffeine can only facilitate performance in simple tasks, 

whereas high-load task performance is impaired by caffeine ingestion (Nehlig, 

2010).  Warburton et al. (2001) tested 42 regular coffee drinkers (those who drank 

two or more cups daily) on cognitive and mood measures following ingestion of an 

energy drink containing 80 mg of caffeine.  While prior consumption improved 

attention and verbal reasoning, no differences were seen for verbal or non-verbal 

memory (Warburton et al., 2001).  

 

Animal models have noted some improvements in recognition tasks.  Costa et al. 

(2008) conducted an investigation into the effects of prior caffeine administration 

on memory recall.  Adult mice were given an acute dose of caffeine (ten milligrams 

per kilo of body weight) for four consecutive days; the last administration of 

caffeine was given 45–60 minutes before the habituation session on the fifth day 

(Costa et al., 2008).  A training session was then completed 24 hours following the 

habituation period, in which the mice were presented with two identical objects.  A 

testing session then took place 15 minutes, 90 minutes or 24 hours after training.  

In the testing session, the mice were presented with a novel object and a familiar 

one from the training session; recognition of the familiar object was used as the 

method of memory assessment.  No difference was noted between controls (mice 

given saline solutions) or mice given caffeine in the object recognition task either 

90 minutes or 24 hours after training.  However, the mice given caffeine 

recognised familiar objects more effectively compared to controls when tested 15 

minutes after training, suggesting that acute caffeine administration may enhance 

short-term retention (Costa et al., 2008).  Nevertheless, the positive effect 



 200 

observed may still have been facilitated by caffeine’s influence on low-order 

functions such as attention.    

 

The extent to which caffeine alters performance is dose-dependent or contingent 

on the participant’s level of arousal before consumption.  Nehlig (2010) proposed 

that the Yerkes-Dodson inverted-U curve is partly capable of predicting caffeine-

dependent arousal.  If a severely fatigued individual is administered a large dose of 

caffeine, performance will likely improve as the caffeine will elevate arousal to a 

higher and more desirable level.  Conversely, the same amount given to a well-

rested individual (i.e., someone already highly aroused) may have the opposite 

effect of worsening performance by producing a state of over-arousal (Nehlig, 

2010).  For example, Mahoney et al. (2012) found an effect of caffeine on false 

recognition memories in non-habitual users with as little as a 100 mg dose, though 

effects peaked at 200 mg and a higher 400 mg dose did not result in any further 

increase (Mahoney et al., 2012).  This result suggests that an increase in caffeine 

dosage to 400 mg resulted in a state of over-arousal. 

 

Terry and Phifer (1986) used non-sleep-deprived college students to test the 

effects of 100 mg of caffeine on word recall.  Participants were administered with 

207 ml of the sports energy drink, Gatorade, which contained either 100 mg of 

caffeine or a small amount of table salt.  They found that students who were not 

given caffeine performed worse in the recall task than those who had been given 

caffeine, particularly with the words appearing in the middle or end of the 

memorised list (Terry and Phifer, 1986).  However, as Gatorade contains additional 

ingredients aside from those being assessed, this could have confounded the 

results.  For example, Gatorade contains large quantities of sugar, a substance that 
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has been noted to influence recognition outcomes (Beilharz et al., 2014).  In 

Beilharz et al.’s (2014) study investigating object location and object recognition 

memory, sucrose-fed rats showed impaired object location memory after five days 

(Beilharz et al., 2014).  Whilst sugar’s action on the brain is not entirely clear, it 

may impair aspects of cognition and behaviour, making it an important factor to 

consider when evaluating performance in tasks designed to assess cognitive 

domains.  

 

Previous research by Lesk et al. (2009) found an interaction effect for age and the 

consumption of CCFS four hours before testing.  Following CCFS ingestion, the 

older elderly (over 80 years old) performed significantly worse following 

consumption of CCFS in comparison with those who were caffeine-free.  

Conversely, the younger elderly performed significantly better following 

consumption of CCFS in six of the nine neuropsychological tests administered.  

Following this investigation, Walters and Lesk (2016) conducted a follow-up study, 

again considering the effects of caffeine consumption four hours before testing, 

but on this occasion, 200 mg of caffeine was directly administered to half of the 

participants.  Results confirmed earlier findings, namely, that those aged over 80 

years performed significantly worse on tests measuring executive function and 

processing speed after caffeine ingestion than those who had not consumed 

caffeine.   

 

This investigation furthers research by closely examining the influence of prior 

caffeine consumption on the components of cognition that are initially affected in 

those with AD.  
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7.2.2.  Methodology  

7.2.2.1.  Participants 

Data from a total of 91 participants were analysed for this study.  Participant data 

was obtained from the cohorts utilised in Chapters five and six.  The sample group 

consisted of 11 males and 80 females with a mean age of 49.37 years (SD ± 24).  

Volunteers were excluded from the study if they were under the age of 18, were 

unable to speak or write in English or had any history of cognitive impairment, 

including but not limited to, dementia and AD.   

 

7.2.2.2.  Materials 

All memory tests were presented on a computer screen, whilst all processing 

speed tests were presented on paper.  All neuropsychological tests were 

completed in the same order.  Detailed descriptions of each cognitive assessment 

that was administered can be found in Chapter four ‘Methodologicial 

considerations’.  A list of the tests and the domains they assess are given below for 

reference.  

 

• Immediate word recall (Gavett and Horwitz, 2012) 

This test was used to assess short-term episodic memory.   

 

• Conditional Discrimination Procedure (Arntzen et al., 2011) 

This test was used to assess short-term visual memory.   
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• Paired Associates Learning (Gould et al., 2005)  

This test was used to assess visuospatial associative memory. 

 

• Digit Span Forward (Wechsler, 1981)  

This test was used to assess aspects of attention and short-term verbal memory.   

 

• Immediate Nonsense Word Recall (Kimura and Seal, 2003)  

This test was used to assess short-term episodic and phonological memory.   

 

• Delayed Word Recall (Strauss et al., 2006) 

This test was used to assess long-term episodic memory.   

 

• Pattern Comparison Speed  (Salthouse, 1994) 

This test was used to assess processing speed.   

 

• Letter Comparison Speed (LCS) (Salthouse, 1994)  

This test was another assessment of processing speed.   

 

7.2.2.3.  Procedure 

Prior to testing, each participant was asked whether or not they had consumed a 

caffeinated beverage in the last four hours; they were then given a comprehensive 
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battery of cognitive tests (described above).   

 

7.2.3.  Results  

The current chapter aimed to investigate whether caffeine consumption had any 

impact on cognitive test scores when consumed four hours prior to testing.  The 

data provided by each participant, along with the cognitive test results, were 

analysed using IBM SPSS Statistics 23.  A p-value of .05 or smaller was deemed to 

be a statistically significant result, and p-values between .05 and .10 were 

considered as a trend toward significance. 

 

The initial analysis examined the impact of caffeine consumption prior to testing in 

participants over 60 years of age (see Table 7.1 for participant demographics).  Age 

was entered as a continuous variable to investigate the relationship between prior 

caffeine intake and cognitive performance as a function of age.  Age-adjusted 

comparisons of covariates and current caffeinated drink intake were performed 

with an ANOVA.  Other variables were evaluated and subsequently excluded as 

confounders.  Supplement use, prescribed medication and sedentary time were all 

excluded either because they did not meet the threshold level for inclusion or did 

not influence the significance of the findings when included.  Current caffeine 

status was entered as a discrete variable (“have you consumed any caffeinated 

drinks in the past four hours?” – yes or no) into the multivariate analyses.  For 

reference, an average 225 ml cup of brewed coffee contains around 95 mg of 

caffeine, and black tea contains approximately 47 mg (Mitchell et al., 2014).  

Preparation methods were not explored further since evidence did not indicate a 

substantial differential impact of brewing (McLellan et al., 2016). 
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Table 7.1. 

Participant demographics by prior caffeine consumption in the over-60s cohort 

 

For the over-60s cohort alone, caffeine consumption prior to testing as a function 

of age did not yield significant results for either processing speed (p = .28) or 

memory test scores, however, a trend was noted (p = .09).  When individual tests 

were analysed separately, a significant interaction was revealed for the IWR test 

with age and prior caffeine consumption [F(1,29) = 4.37,p < .05] (Figure 7.2), no 

other tests produced an interaction.   

 

 

 

 

 

 

Prior caffeine No. 

participants 

Mean age Gender (M/F) 

Yes 22 75.86 (SD ± 

6.62) 

4/18 

No 18 73.89 (SD ± 

4.44) 

3/15 
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Figure 7.2.  An age x prior caffeine interaction for the IWR test.  Tests scores 

improved with caffeine consumption until participants reached the age of 75, at 

which point prior caffeine consumption worsened test performance.   

 

These findings are surprising in light of earlier studies, which found that increasing 

age heightens sensitivity to the acute effects of caffeine by attenuating age-related 

decline (Harvanko et al., 2015; Walters and Lesk, 2016).  One possible explanation 

for the apparent inconsistency in the current findings is that caffeine is not thought 

to affect short-term memory specifically but rather provides a general enhancing 

effect on focus and attention.  Walters and Lesk (2016) utilised tests assessing 

cognitive domains more broadly but with a lower memory load.  It has previously 

been theorised that lower load tasks are more susceptible to the stimulatory 

effects of caffeine compared to higher memory load tasks such as the ones 

featured in the present study.  
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 To verify the findings of prior caffeine consumption on test results, a broader age 

range was considered.  Scores from the IWR, INR and DWR tests from the over-60s 

sample were combined with the scores from the cohort of participants, described 

in Chapter six – ‘Veganism and cognitive functioning’.  Other individual tests were 

not compared as they differed to some extent in either length or difficulty between 

the two cohorts.  The main demographics of the combined sample set are 

displayed in Table 7.2. 

 

Table 7.2. 

Participant demographics of the combined sample group by prior caffeine 

consumption 

 

 

 

 

 

 

 

Analysis was then carried out on the new data set.  In order to determine any main 

effects of age or caffeine consumption on cognitive outcomes, a MANCOVA was 

performed.  Word recall scores (IWR, INR and DWR) were entered as the 

dependent variable (DV), prior caffeine consumption (in the form of discrete 

variables) was entered as the independent variable (IV), and age was entered as a 

Prior caffeine No. 

participants 

Mean age Gender (M/F) 

Yes 52 47 (SD ± 26) 5/36 

No 39 49.83 (SD ± 

22.99) 

3/32 
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covariate.  The main effect of age was significant for all tests, with test scores 

decreasing with advancing age: IWR – F(1,83) = 13.53, p < .001, INR – F(1,83) = 

15.25, p < .001, and DWR – F(1,83) = 10.74, p < .005.  The main effect of caffeine 

was also significant for two of the three tests, the IWR – F(1,83) = 6.41, p < .05, and 

INR – F(1,83) = 6.16, p < .05.  No main effect of caffeine was shown for DWR 

[F(1,83) = 0.61, p = .81]. 

 

The analysis also aimed to assess the interaction between caffeine and age on 

cognitive performance.  Significance tests revealed that the interaction was 

significant for two of the three tests assessed: IWR – F(1,83) = 4.01, p < .05, INR – 

F(1,83) = 4.00, p < .05, no significance was found for DWR [F(1,83) = 0.24, p = .62].  

Figure 7.3 shows caffeine x age interaction plots for test scores.  These results 

indicate that there is a relationship between age and prior caffeine consumption 

on short-term memory domains as the scores for both tests of immediate recall 

showed significant age interactions following consumption. 

A)  
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B) 

 

 

 

 

 

 

 

 

 

 

C) 

 

 

 

 

 

 

 

 

 

Figure 7.3. Caffeine consumption prior to testing had an effect on test scores for 
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the immediate recall portions of the cognitive test battery (A – IWR and B – INR), 

up until participants reached above age 75, at which point caffeine no longer 

improved test scores.  Plot C (DWR) showed no interaction between age and 

caffeine consumption.  

 

7.2.4.  Discussion 

Initial analysis with the over-60s cohort alone showed the surprising finding that 

age and caffeine did not produce significant interaction effects for composite 

memory or processing speed tests.  Additionally, when analysed as individual tests, 

only one test (IWR) produced an interaction.  This was an unexpected result as Lesk 

et al. (2009) previously reported an interaction effect for prior caffeine x age on 

test scores for the PAL, TPT, GNT, SDMT, Stroop Colour, PCS and LCS tasks.  

Furthermore, Walters and Lesk (2016) found caffeine x age interactions for Dual 

Task, SDMT, Stroop Colour-Word Interference, PCS and LCS.  However, the results 

for a number of short-term memory tests also used in this study (DSF, PAL, IWR) 

did not display interaction effects.  The null findings for tests of short-term 

memory go some way to explaining the results seen in the present study, as many 

of the tests used focused on short-term memory domains.  Nevertheless, this does 

not explain the difference in findings for tests of processing speed.  It is theorised 

that, as the placement of processing speeds in the current study were featured at 

the end of the testing session, many of the benefits afforded by caffeine on 

improving attention and reaction speeds may have diminished by the time 

participants reached the endpoint.  Alternatively, it is possible that this result was 

more generally reflective of cognitive fatigue. 
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In the current study, a MANCOVA, performed using the combined sample group 

(ages 20-86 years), revealed significant main effects for both age and caffeine 

consumption on all tests analysed apart from the DWR.  With scores decreasing 

with increasing age and generally improving with caffeine consumption.  An 

interaction effect for caffeinated beverages and age was also displayed for two 

tests of short-term memory (IWR and INR).  Findings revealed that caffeine 

continued to improve the participants’ performance up to the age of 

approximately 75, at which point prior caffeine intake no longer produced 

additional positive benefits.  

 

The results of the current study reflect and build upon those of Lesk et al. (2009), 

who investigated the impact of prior caffeine intake on neuropsychological test 

scores in an elderly volunteer sample (ages 67-95).  In that study, a questionnaire 

was used to determine caffeine intake from CCFS four hours before testing.  An 

interaction between age and prior intake of CCFS was revealed for six of the nine 

cognitive assessments.  The older elderly (over the age of 80) performed 

significantly worse following CCFS consumption, whereas the younger elderly 

performed significantly better following CCFS consumption (Lesk et al., 2009).  

Though the age at which caffeine no longer exerted beneficial effects was lower in 

the current study (75 versus 80), this may simply be due to the larger age range 

employed in the present study.  Shortfalls in performance would therefore appear 

more pronounced in older adults comparative to younger adults.  Nevertheless, 

the findings presented here are in keeping with the discovery that the positive 

effects of caffeine are age-dependent. 

 

Based on the results of Lesk et al. (2009), Walters and Lesk (2016) examined 
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whether 200 mg of pure caffeine consumed just before testing could influence 

cognitive test scores in an over-40s cohort.  They found a significant interaction 

between the caffeine group with age on executive function scores, as well as tests 

of processing speed (specifically the LCS and PCS tasks).  In the caffeine group, 

scores decreased linearly with age, emulating the interactions of the present study 

and those of Lesk et al. (2009).   

 

Interestingly, in this study, prior caffeine consumption failed to produce an 

interaction effect for DWR task performance.  It is unclear precisely why, and this 

result may seem counterintuitive, since both coffee and tea have been shown to 

accelerate consolidation and memory retrieval (Rizwan et al., 2017; Sherman et al., 

2016).  However, in general, the effects of prior ingestion of caffeinated drinks on 

long-term memory have not been studied in as much detail compared with studies 

into the effects on short-term memory.  In one study, 12 participants with an equal 

gender split were given five milligrams of caffeine per kilo of body weight before 

both learning and retrieval sessions (Herz, 1999).  During the learning session, they 

were presented with a list of 16 words.  Memory was assessed based on the 

number of words correctly recalled at the retrieval session, which took place two 

days later.  Findings showed that although caffeine intake increased arousal, there 

was no impact on long-term memory specifically (Herz, 1999).  Similarly, in another 

study, long-term memory recall was measured 30 minutes after participants were 

presented with a 15-word list (Schmitt et al., 2003).  All participants were asked to 

abstain from consuming any caffeine the evening before.  Neither healthy middle-

aged participants (45-60 years old) nor healthy older adults (60-75 years old) 

showed any improvements in performance following a 100 mg caffeine dosage 

(Schmitt et al., 2003).  The observations from the current study, and those 
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mentioned above, support the theory that caffeine’s stimulatory properties do not 

directly affect performance in long-term memory tasks. 

 

The results presented here emphasise the importance of taking the effects of prior 

caffeine consumption into consideration before assessing short-term memory.  The 

findings also strengthen existing evidence indicating that caffeine consumption 

should be controlled for in any studies that investigate age-related cognitive 

decline.  This includes those used in a clinical setting for the purposes of diagnosis, 

for formulating drug treatment regimes (placebo-controlled) and for inclusion in 

clinical trials.  In such instances, it may be advisable to ask participants to abstain 

from drinking caffeinated drinks for a minimum of four hours before any 

neuropsychological assessment.   

 

The earlier studies of Walters and Lesk (2016) found an age x caffeine interaction 

in tests of executive function but did not investigate specifically the age x 

interaction effects on multiple memory mechanisms.  This study has provided an 

in-depth investigation of memory domains and, by extending the investigation 

across a wider age group, has raised the possibility that results from previous 

studies using only elderly cohorts, would have difficulty identifying interaction 

effects that are evident in this study from the inclusion of younger participants.    

 

7.3.  Study two – Coffee and tea effects on cognitive performance (habitual 

drinking) 

 

7.3.1.  Introduction 
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Most research on memory has focused on the effects of acute caffeine rather than 

the impact of regular caffeine consumption.  However, some research papers 

suggest that those who routinely consume higher amounts of caffeine are awarded 

beneficial results both in terms of overall brain health and cognitive outcomes 

(Cappelletti et al., 2015; Jarvis, 1993).   

 

Epidemiological reports have suggested a link between chronic caffeine 

consumption and a reduced risk of developing neurodegenerative diseases 

(Cappelletti et al., 2015).  Van Gelder et al. (2007) conducted a longitudinal study 

involving 676 cognitively healthy men, over the age of 65, from three European 

countries (Finland, Italy and The Netherlands).  Results displayed an inverse J-

shaped association between the number of cups of coffee consumed and the 

extent of cognitive decline.  Over the ten-year observation period, coffee drinkers 

showed a cognitive decline of 1.2 points, as measured using the MMSE (the 

equivalent of a four percent rate of decline), whilst non-consumers had a further 

decline of 4.7%.  The least cognitive decline seen was for those who reported 

drinking three cups of tea or coffee daily; this decline was 4.3 times smaller than 

that of non-consumers (p < .001) (van Gelder et al., 2007). 

 

The Three-City cohort study consisted of cognitively healthy older adult men (2,820 

total) and women (4,197 total) (Ritchie et al., 2007).  All queries relating to caffeine 

consumption were obtained via interview reports, which recorded tea and coffee 

in terms of numbers of cups normally consumed daily.  Results identified that, over 

a four year period, women who consumed more than three cups of caffeinated 

drinks daily showed less decline in verbal retrieval and visuospatial memory 

compared to women who consumed fewer than one cup a day.  This protective 
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effect increased with age until plateauing for women after the age of 80.  No 

relationship was found between caffeine and cognitive decline in men (Ritchie et 

al., 2007).   

 

The evidence supporting caffeine’s role in measures of cognitive decline among 

healthy participants suggests that its positive benefits are independently 

associated with cognitive improvements.  Between the ages of 25 and 64, domains 

of cognition associated with low-order functions (e.g., reaction speed), remain 

relatively stable (Arain et al., 2013; Cornelis et al., 2019).  After the age of 65, there 

is a noticeable general decline in cognitive functioning (Cornelis et al., 2019; 

Murman, 2015).  Studies indicate that caffeine may be able to compensate for this 

decline to some degree because of caffeine’s stimulatory effects on sustained 

attention and reaction times (Foxe et al., 2012; Lorist et al., 1996; Smith, 2009), 

which form the basis for many higher-order functions.   

 

In a cross-sectional survey involving a sample of 9,003 British adults (over age 18), 

a positive trend was revealed for the number of self-reported cups of coffee and 

tea intake (based on estimated average consumption) and performance in tests of 

simple reaction, choice reaction, verbal memory and visuospatial reasoning (Jarvis, 

1993).  A dose-response trend was produced for coffee for all four tests (p < .001), 

with tea producing similar but weaker associations in tests of reaction time and 

visuospatial reasoning.  Moreover, the positive relationship between both coffee 

and tea consumption and performance scores became stronger with increasing 

age, as older participants showed increased susceptibility to the performance-

enhancing effects of caffeine compared to younger participants (Jarvis, 1993). 
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Johnson-Kozlow et al. (2002) conducted a study comprising of 890 cognitively 

healthy women (mean age 72.6 years) and 638 cognitively healthy men (mean age 

73.3 years).  They found that women with a higher lifetime caffeine consumption 

performed significantly better on six out of 12 cognitive tests (p < .05), with a trend 

on two other assessments.  For women aged 80 or older, lifetime coffee intake was 

not significantly associated with improvements in performance on 11 of the 12 

tests.  Furthermore, no relationship was found between coffee intake and 

cognitive function in men of any age (Johnson-Kozlow et al., 2002).  The results 

provide some support for the notion that habitual caffeine consumption may 

improve the cognitive reserve of an individual, though this beneficial effect is 

potentially gender-specific and can only benefit those under the age of 80.   

 

A study of 1,875 adults, conducted by Hameleers et al. (2000), investigated the 

relationship between cognition and habitual caffeine intake in those aged 24 to 81.  

They identified significantly better performance results for tests of long-term 

memory and reaction speeds for moderate-to-high consumers.  However, they did 

not report an increase in caffeine sensitivity with increasing with age, indicating 

that habitual caffeine consumption is not able to counteract age-related decline 

but rather exerts only temporary effects on performance improvements 

(Hameleers et al., 2000).   

 

It should be considered that perhaps the positive memory effects noted in older 

adults following long-term caffeine use are the result of documented 

neuroprotective improvements (Fredholm, 1995).  Alternatively, they may simply 
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be because those with fewer health concerns, and therefore more cognitively 

intact older adults, choose to consume more caffeine than their counterparts.  

There is reasonable evidence to suggest that health concerns lead to the 

curtailment of caffeine consumption (McLellan et al., 2016).   

 

Salthouse (1988) suggested that the age-related decline in short-term memory 

capacity is a reflection of the decrease in available resources that come with 

advancing age.  Hence, improvements in older adults may be due to an increase in 

the availability of energy resources for task performance, in some ways reversing 

the effects of cognitive ageing.  Whilst it is believed that higher caffeine intake may 

attenuate cognitive decline in older adults, similar effects are not observed in 

younger participants, as energy resources are still readily available.  Indeed, 

Harvanko et al. (2015) discovered that there were no positive associations 

between usual caffeine consumption on tests of reaction time, vigilance, response 

inhibition or decision-making in participants aged 18–29.  

 

This study aims to assess whether habitual coffee or tea consumption has any 

effect on cognitive performance.  It is hypothesised that, in general, those who 

report higher tea and/or coffee consumption over the three-week dietary 

recording period will perform better than low or non-consumers, particularly in 

tests of delayed recall.  Based on the findings of the age-associated interaction 

with acute caffeine consumption, it is also hypothesised that interactions will be 

detected with habitual consumption.  However, as the researcher identified no 

literature conclusively reporting a direction of effect, this hypothesis is two-tailed.  
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7.3.2.  Methodology 

7.3.2.1.  Participants 

A total number of 40 participants took part in this study.  The sample group 

consisted of seven males and 33 females with a mean age of 74.98 (SD ± 5.16).  

Volunteers were excluded from the study if they were unable to speak or write in 

English or had any history of cognitive impairment, including but not limited to, 

dementia and AD.  

 

7.3.2.2.  Materials 

Weighed food diary: 

A food diary was provided to participants to record intake over a three-week 

period.  Details of the food diary can be found in Chapter five – ‘White fish and 

cognitive function in the over-60s’.  

 

Neuropsychological assessments:  

All memory tests were presented on a computer screen, whilst all processing 

speed tests were presented on paper.  All neuropsychological tests were 

completed in the same order.  See the section 7.2.2.2 of this chapter for the order 

of tests and the domains they assess.  

 

7.3.2.3.  Procedure  

Full details of the procedure can be found in Chapter five – ‘White fish and 

cognitive function in the over-60s’, with an example of the food diary in Appendix 
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three.  This chapter will only focus on the reports of caffeinated drinks 

consumption as reported in the food diaries.  

 

7.3.3.  Results 

To address the hypotheses of Study two, whether there is a relationship between 

habitual tea and/or coffee consumption on cognitive test scores, and whether or 

not there is an age-dependent relationship between regular consumption and 

cognitive test scores, further statistical investigation was carried out.  Data from 

the food diaries provided by each participant in the over-60s participant pool were 

analysed.  Tea and coffee alone were selected for analysis, as other caffeinated 

beverages, such as energy drinks, did not reach the threshold level needed for 

inclusion.  

 

Coffee intake over the three-week diary recording period was analysed.  In the 

over-60s cohort, there was no main effect of habitual coffee consumption on 

memory scores [F(1,33) = 1.05, p = .31] or processing speed scores [F(1,33) = 0.15, 

p = .70].  Higher habitual coffee consumption produced interaction graphs with age 

for both total memory scores and total processing speed scores (Figure 7.4).  

However, significance testing revealed the coffee x age interaction to be non-

significant on the two composite scores, though a trend was noted for tests of 

memory (p = .09).  
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Figure 7.4.  Interaction graphs show habitual coffee drinking with age on 

composite memory test scores (A) and composite processing speed scores (B).   
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As global cognitive function incorporates several domains, with each domain 

representing its own complex system, habitual coffee consumption may produce 

varied effects from one domain to another.  Hence, even though composite 

memory and processing speed scores were analysed, there is a possibility that 

there could have been some domain-specific variation.  For this reason, further 

regression analyses for individual tests were also conducted.   

 

For each cognitive test assessed, scores were entered as the DV, habitual coffee 

consumption as the IV and age as the covariate.  Significance tests revealed that no 

individual tests reached the threshold for significance, though trends were noted 

for tests of IWR (p = .07), PAL (p = .08) and DWR (p = .09).  Figure 7.5 shows 

caffeine x age interaction plots for scores displaying a trend towards significance. 
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Figure 7.5.  Interaction graphs displaying trends toward significance with age x 
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habitual coffee consumption (A – IWR, B – PAL, C – DWR). 

 

As research into tea has found some ingredients to be associated with cognitive 

benefits, primarily with regards to attention (De Bruin et al., 2011; Einöther and 

Martens, 2013), habitual tea consumption was analysed separately to determine 

whether there was a main effect on total memory or total processing speed scores.  

No significant main effects were identified for tea on either of the composite test 

scores.  

 

Given the findings of Li et al.’s (2019) study suggesting a positive contribution of 

tea drinking on brain structure, as well as a protective effect on age-related 

decline, cognitive test scores were again separated to analyse habitual tea drinking 

x age interaction effects on composite test scores.  Tea intake over the three-week 

period was entered into a regression analysis and, again, interactions were non-

significant.  

 

Similar to the coffee analysis, as habitual tea consumption may produce domain-

specific variation, individual tests were analysed separately.  Test scores were 

entered as the DV, habitual tea consumption as the IV and age as the covariate.  

There was an interaction effect of age and tea on performance in all tasks with the 

exception of PCS.  However, further analysis revealed that these interactions were 

not significant. 
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7.3.4.  Discussion 

In light of the findings that prior caffeine consumption was able to influence 

cognitive test results, this study elected to investigate whether there was a 

relationship between habitual tea and/or coffee consumption on scores.  A 

regression analysis was carried out to determine whether habitual caffeine intake 

produced an age interaction effect on cognitive test performance.  A trend was 

established for performances in three of the memory tasks (IWR, PAL and DWR).  

The older elderly who reported habitual consumption of coffee had lower scores 

when compared to the younger elderly who routinely consumed coffee, 

interestingly the age at which coffee’s beneficial effects diminished in tests of 

short-term memory was lower than that reported for prior consumption of 

caffeinated beverages (over 68 versus 75 years).  This result contradicts some 

studies that have suggested that the cognitive benefits produced by habitual 

consumption may be most pronounced in those over 80 years old.  

 

As previously established, learning and short-term memory have not typically been 

associated with a susceptibility to caffeine (Costa et al., 2008; Hameleers et al., 

2000).  It has been proposed that participants are more sensitive to caffeine’s 

effects in low arousal situations, which is expected in older elderly participants due 

to the decrements in energy resources (Nehlig, 2004).  However, the current 

findings are in line with an earlier study by Johnson-Kozlow et al. (2002) who 

established that the positive benefits of caffeine were no longer evident in women 

over 80 years old, as was the case in this investigation.  Arguments could be made 

for older participants being in a state of over-arousal due to the demand of the 

tests and a higher sensitivity to the effects of caffeine (Frozi et al., 2018).  

Alternatively, results could be the product of the documented increase in adverse 
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effects of caffeine as age increases (Polasek et al., 2013). 

 

The positive results noted from habitual coffee consumption in the younger elderly 

may be the result of caffeine’s effects on serum lipids within the brain (Shukitt-

Hale et al., 2013).  This is evidenced by the findings of another observational study, 

which took place over a ten-year period.  Vercambre et al. (2013) looked at 2,475 

women aged 65 and older with vascular disorders.  Telephone assessments were 

conducted evaluating global cognition, verbal memory and category fluency.  The 

primary outcome was a significant association between higher caffeinated coffee 

consumption and slower global cognitive decline.  Markedly, participants in their 

cohort whose baseline caffeine intake was not clearly related to cardiovascular 

health status still produced associations between caffeine and cognitive 

maintenance.  These results indicate a direct neuroprotective effect of caffeine, 

which is independent of its effect on CVD risk (Vercambre et al., 2013).  

 

An unforeseen finding was the null result for the INR task, as this test was designed 

to tax the short-term episodic memory, it was predicted that the findings would be 

consistent with those of the IWR.  However, a key distinction between these two 

tasks is the potential for the IWR task to have some propensities towards more 

semantic levels of processing.  Caffeine studies of semantic memory have shown 

that caffeine is able to improve the speed of retrieval of semantic information 

(Smith et al., 1999); this may explain why IWR task performance was able to reach 

significance whilst the INR task was not.  

 

It has previously been established (Lesk et al., 2009; Walters and Lesk, 2016) that 
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there is an interaction of caffeine x age in individuals with acute prior consumption 

of caffeine, a finding that warranted further investigation.  The present study 

builds upon this earlier work and is the first to investigate the interaction effect 

between habitual caffeine consumption and age on AD-associated memory 

domains. 

 

7.4.  General discussion 

The objectives of the present studies were to evaluate both the main effects of 

acute and chronic caffeine consumption on cognition, and their interactions as a 

function of age, in healthy participants.  The findings reported here are largely in 

line with existing literature on the reported effects of caffeine (Haskell et al., 2005).  

However, the experiments presented in this chapter have extended previous 

research and have investigated lifetime habitual consumption, in addition to acute 

consumption, using a methodology that captures intake in real-time.  This 

approach provides an accurate representation of usual intake without the reliance 

on recall.  The methodology utilised in this study also enables greater precision of 

findings by focusing data collection on the consumption of caffeine from beverages 

only, as they represent the most common caffeine source items consumed in the 

UK, and have the added benefit that they exert their biological effects with 

minimal delay (Institute of Medicine (US), 2001).   

 

Earlier studies by Lesk et al. (2009) and Walters and Lesk (2016) focused on 

investigating the effects of caffeine consumption on global cognitive function.  In 

contrast, this study has concentrated specifically on the impact of caffeine 

consumption on a variety of memory domains, with episodic memory as a 
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particular focal point.  Decrements in performance in this area represent an initial 

stage in decline for those with AD that is distinct from deficits observed in other 

age-related cognitive disorders (NICE, 2018).  

 

The findings documented here for caffeine consumption four hours prior to testing 

showed a significant interaction for age and caffeine on short-term word recall 

tasks, and a trend was noted for composite memory scores.  The specificity of the 

tests used in this study allowed the researcher to differentiate between the arousal 

effects of caffeine on attention from the arousal effects of caffeine on memory, 

which global testing regimes are not sufficiently sensitive enough to distinguish.  

Word list tests are commonly used to assess episodic memory (Gavett and Horwitz, 

2012), and lists that exceed an individual’s attention span are useful for examining 

both immediate and delayed recall, making them highly sensitive for identifying 

shortfalls in regions associated with the early progression of MCI and AD (Caillaud 

et al., 2019; Gavett and Howitz, 2012; Ma et al., 2016).   

 

Unexpectedly, however, the results reported here did not find any main effects for 

age on any of the cognitive tests in the over-60s cohort.  This may have 

implications for the generalisability of the findings.  There are several possible 

reasons for this occurrence; for example, it is possible that the memory tests were 

too easy for the participant cohort.  This explanation is unlikely as all tests were 

developed specifically with the aim of being challenging in order to force memory 

errors.  The word lists used contained 24 items, far more than the seven ± two 

items, which is the standard number that an average person of any age can hold in 

their short-term memory.  These test features differ from those found in the 

MMSE, for example, where participants are expected to remember only three 
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words.  Moreover, no individuals in this study achieved full marks on the cognitive 

test battery, indicating that the tests were an appropriate level of difficulty.   

 

Another possible explanation for the lack of a main effect of age could be that, by 

chance, the sample cohort was not typical for their age group.  This suggestion 

merits further investigation as test results revealed that scores of those over 80 

year-olds, whilst still within the normal range, were nonetheless unusually high for 

this age group generally.  Furthermore, when combined with a larger data set, the 

main effect of age was shown, indicating further that high scores by this small 

group of participants were able to skew the data in a smaller sample of 

participants.   

 

Other unmeasured factors, previously reported to result in cognitive 

improvements, such as those discussed in the introduction, may have confounded 

the results.  However, for the purposes of this investigation, we elected to focus on 

the influence of diet.  Though, in future, it may be helpful to take into account 

additional information, such as current or previous employment, to fully eliminate 

these as confounding variables.  

 

Findings from the investigation into the age interaction effects of habitual caffeine 

consumption have provided new information that may be useful when considering 

the efficacy of memory tests used for evaluating cognitive capacities.  Habitual 

coffee consumption was shown to produce an age-associated trend on three tests 

(IWR, PAL and DWR).   
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The current study examined caffeinated tea and coffee consumption as opposed to 

pure caffeine.  The reductionist approach to nutritional observations used in 

previous studies, where complex interactions are present between various 

constituents in whole food items, was considered to be inadequate to describe the 

multiplicity of metabolic effects that ‘coffee’ and ‘tea’ have on the body.  

Furthermore, it was felt that focussing on caffeine, as consumed in tea and coffee, 

more typically represented the most common forms of caffeine intake in the UK 

(Verster and Koenig, 2018).  Although the composition of tea and coffee differ 

from each other, both have been demonstrated to improve acute attention and 

reduce rates of cognitive decline (De Bruin et al., 2011; Quinlan et al., 2000).  

Additionally, though the composition of each varies depending on, for example, 

brewing techniques, prior studies have produced conflicting reports on the impact 

that these distinctions have, and therefore no conclusion could be verified (Corley 

et al., 2010; Poole et al., 2017).  For this reason, ‘tea’ and ‘coffee’ were entered 

into the analysis as discrete variables, and other factors (e.g., instant coffee or 

ground coffee) were not taken into consideration. 

 

Habitual coffee consumption (as recorded in the food diaries) and caffeinated 

beverage consumption four hours before testing (directly reported to the 

researcher) were shown to produce beneficial cognitive effects.  The action of 

caffeinated beverages within the body, as described earlier, indicates several 

possible theories as to why this positive effect may have been seen.  To take some 

of these theories in turn, caffeine blocks A1 and A2A receptors inhibiting 

adenosine’s drowsiness response and has the secondary effect of increasing 

oxygen metabolism to a variety of neurotransmitter systems, promoting their 

stimulatory effects (Ferré, 2010; Ribeiro and Sebastião, 2010; Volkow et al., 2015).  
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Such effects illustrate caffeine’s general ability to increase alertness and reaction 

time, which may explain some of the observed outcomes.  

 

Secondly, niacin, magnesium and several other antioxidants present in coffee (You 

et al., 2011), could have imparted neuroprotective properties, combatting 

mechanisms associated with cognitive decline (e.g., oxidative stress) (Ito et al., 

2007; Kim et al., 2012).  Though decaffeinated coffee has been shown to produce 

less favourable effects with regards to accuracy in sustained attention tasks 

compared to regular coffee (Camfield et al., 2013), studies have emphasised that 

other substances found in coffee, such as chlorogenic acid (CGA), play a potentially 

important role in modulating the effects of caffeinated coffee by increasing CGA 

content (Kim et al., 2012).   

 

Findings from these studies indicate that caffeine, particularly within coffee, can 

alter test performance in a number of memory sub-domains.  Further testing is 

needed to confirm the null findings for tea.  

 

7.4.1.  Study limitations 

Although learning and memory have not been established as being particularly 

susceptible to caffeine’s influences, the findings from the current study and those 

of Walters and Lesk (2016) indicate that caffeine is able to influence performance 

to some extent in these domains.  However, methodological issues should also be 

considered as an explanation for the findings.   
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Firstly, only coffee and tea as a source of caffeine intake were assessed.  Because 

other caffeinated foodstuffs did not reach the threshold level for inclusion in the 

food diary entries, to reduce the risk of a type I error, coffee and tea alone were 

considered.  Additionally, so as to maintain congruency and allow for comparisons 

to be made, self-reports of caffeine intake four hours prior to testing also only took 

into account coffee and tea.  Despite the rationale for this approach, it should be 

noted that it presents a limitation regarding the generalisation of our findings to 

the effect of caffeine intake from other food sources.   

 

Secondly, as is often the case with dietary studies, it was difficult both to measure 

and evaluate the exact amounts of caffeine intake as well as the contribution of 

other components found in tea and coffee.  For example, the amount of caffeine 

contained in a cup of coffee is approximately 95 mg, though this varies according 

to the serving size, bean type and preparation method.  Tea is generally 

categorised into three types, which differ by amount of fermentation (black tea, 

oolong and green tea).  The active ingredients consequently vary depending on tea 

type (Khokhar and Magnusdottir, 2002).  Though reports previously have not noted 

a significant difference in terms of how preparation methods, for example, impact 

cognitive test results, it should not be ruled out that they may have played a key 

role in our findings.  More evidence is needed to confirm or refute this theory.   

 

Regarding confounding factors, multivariate analyses were conducted, which 

included a number of potential confounders.  Variables such as age, medication, 

and supplement usage were initially included in the models as continuous variables 

in an attempt to provide a more accurate analysis; however, no significant changes 

resulted from these additions.  Analyses were also conducted to include sedentary 
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time and TOD (discussed in Chapter eight – ‘Interactions between caffeine, TOD 

and other factors on cognitive test outcomes’); still, the result remained significant.  

Nevertheless, uncontrolled confounding may have contributed to the associations 

between caffeine intake and cognitive decline observed in our study.  Adjustment 

for professional occupation (past or present) could provide some degree of control, 

but still, it would have been important to classify participants according to the 

mental activity involved in their present or former line of work.  

 

Furthermore, moderate-to-high habitual caffeine ingestion may render 

participants more sensitive to withdrawal effects.  Rogers et al. (2005) provided 

strong support for the withdrawal theory.  In their study, moderate-to-high 

caffeine consumers were split into two groups and were supplied with either 

caffeinated or decaffeinated tea or coffee for three weeks.  After the three weeks 

had elapsed, all participants were required to abstain from consuming caffeine for 

one night before cognitive testing.  The over-night withdrawn participants 

performed significantly worse on cognitive tests, including the focus of attention, 

reasoning and impulsivity tasks.  Their findings illustrate that cognitive 

performance is adversely affected by acute caffeine withdrawal (Rogers et al., 

2005).  The results of the present study somewhat support this notion.  For the 

DWR task, no significant difference in performance was noted for the younger 

adults with or without prior caffeine.  This is in keeping with the argument that 

caffeine does not provide net cognitive improvements but istead 

 returns levels to baseline following the negative effects caused by withdrawal.   

 

As the sample size of the current study was relatively small and included high-
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functioning older elderly participants, this may have masked some of the positive 

effects of the caffeinated beverages.  Support for this theory is evidenced by the 

fact that when the results were combined with those from the vegan cohort, 

thereby doubling the sample size, caffeine x age interactions were observed.   

 

7.4.2.  Future research directions 

The present study adds to previous research with regards to the positive impact of 

caffeine on multiple cognitive domains.  The consistency of the findings, despite 

the different categories of exposure to caffeine and diverse assessment 

techniques, strengthens the association.  Though tests of significance gave mixed 

results, the findings do not rule out an interaction between age and caffeine 

intake.  Our findings should be further investigated by large prospective cohort 

studies and RCTs.  

 

Caffeine at the usual dietary dose is believed to enhance general cognitive 

performance (Nehlig, 2010; Rahman, 2009).  However, controversy surrounds the 

potential confounding produced by both withdrawal effects and those of 

withdrawal reversal (Einöther and Giesbrecht, 2013; James and Rogers, 2005).  

Furthermore, as relatively few studies have examined the effects of caffeine 

poverty on cognitive outcomes, it is difficult to outline its precise effects based on 

current research.  The majority of studies do not consider long-term abstinence of 

caffeine, but rather short-term withdrawal (Hewlett and Smith, 2006; Killgore et 

al., 2007), although a few consider both (Rogers et al., 2005).   As withdrawal has 

been shown to produce its own associations with performance outcomes, this is 

insufficient to fully elucidate the effects seen.    
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In order to address the sources of contention surrounding withdrawal and reversal 

outcomes, some studies opted to enlist participants who were either caffeine-

naïve or only consumed small amounts of caffeine regularly, and therefore, not 

subject to withdrawal (Haskell et al., 2005, Hewlett and Smith, 2006).  Findings 

from studies where caffeine is totally eliminated from the diet have the potential 

to reveal novel effects of caffeine on cognition (Kaplan et al., 1989).  Previous 

investigations have been done, but all have shared a common methodological flaw.  

Placebo-controlled studies, which assess cognitive performance in healthy 

volunteers before and after double-blind administration of caffeine or placebo, 

have often reported positive outcomes following caffeine ingestion.  However, in 

order to rule out the potential impact of withdrawal and withdrawal reversal, the 

study participants would need to be totally ‘caffeine-naïve’ prior to study onset.  As 

caffeinated foodstuffs are so ubiquitous in modern society, the likelihood of 

obtaining a reasonable sample group of truly caffeine-free participants is slim 

(Heckman et al., 2010).  Future studies may choose to examine participants at 

different time-intervals in an attempt to classify when withdrawal effects no longer 

influence performance.  

  

A key issue in undertaking long-term caffeine studies relates to the challenges 

inherent in any long-term human research, primarily the demands on participants.  

For the majority of people, caffeine exposure begins at an early age and continues 

for a lifetime.  Hence, the practical definition of ‘long-term’ underpinning study 

design, though useful in terms of clarifying research aims, cannot be considered 

absolute.  Ultimately, future studies must examine the pharmacological and 

cognitive effects of caffeine not merely for a period of months but years in order to 
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establish (i) whether there are any long-term health benefits with regards to AD 

and dementia; (ii) whether high caffeine consumption can mask the effects of 

cognitive decline; (iii) whether those whose exposure to caffeine has been higher 

have benefitted or suffered any permanent alteration to their cognition.  To 

address these points, a longitudinal observational design must be utilised.  The 

target sample should include individuals below the age of 60, given that 

neuropathological processes of AD may begin 20 years before clinical 

manifestation.  A focus on amnestic memory and general cognitive decline would 

reveal any effect of caffeine for both maintaining memory abilities and/or 

protecting against decline in the form of MCI or AD.   

 

Future studies should also consider investigating further the impact of habitual 

caffeine x age interaction on memory.  For example, assessing different forms of 

caffeine sources, such as types of tea (green tea, black tea, oolong), alongside 

dosage.  As discussed, a priori matching of habitual and acute consumption would 

elucidate the specific properties awarded by tea and coffee on cognition.   

 

7.4.3.  Wider implications and conclusions 

Due to the prevalence of caffeinated foodstuffs as a daily component of the 

Western diet, it is essential to consider the impact that consumption of these items 

may have on cognitive test performance.  Cognitive testing is a vital part of the 

dementia screening process (Battista et al., 2017; NICE, 2018; Panegyres et al., 

2016) and the results of these assessments are essential for accurate and early 

diagnosis.  Early diagnosis enables the sufferers to access opportunities for 

remedial treatments, counselling, and future care and financial plans, while their 
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mental capacity is still intact.  Positive diagnosis also has a knock-on effect on 

which individuals who are assigned to clinical drug treatment programs.  Accurate 

assessments are essential for minimising false-positive diagnoses.  As it stands, 

early dementia screening can invoke a number of negative effects, for instance, 

inciting anxiety or depression in non-demented people.  Disclosing a positive 

diagnosis may also lead to the acquisition of a stigmatising label and social isolation 

(Panegyres et al., 2019).  

 

Due to the long preclinical phase of AD, the results of this study emphasise the 

importance of including a wider age range.  Investigations have typically focussed 

on the over-60s; however, in order to identify effective preventative measures 

aimed at the preclinical stages, testing must be conducted before neurological 

changes have occurred.  Finally, as test results have the potential to impact which 

individuals receive drug treatments, the results of the current study directly relate 

to the clinical setting.  It may be necessary for future screening practices to 

recommend that individuals abstain from consumption of any caffeinated 

beverage for a minimum of five hours before testing.  

 

7.5.  Chapter summary 

• Despite the inclusion of caffeine in the daily lives of most individuals in the 

UK, the existing data do not currently reflect typical patterns of 

consumption.  These discrepancies reduce the reliability of the testing 

regimes used. 

• The weighed food diary was chosen as the method of data recording as this 

does not rely on recall.  Records are more likely to provide a true snapshot 
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of lifetime consumption patterns. 

• Coffee and tea were analysed as whole products, rather than estimated 

caffeine intake based on reported consumption.  Examination of whole 

beverages better represents ‘real-world’ consumption, important when 

considering that these are the most common drinks consumed by the over-

60s.  

• As amnestic memory issues are the most common feature of MCI, and 

associative memory deteriorates during the initial stages of AD, this study 

elected to perform an in-depth investigation of these memory domains 

specifically rather than global cognition.  

• Results indicate that tea or coffee consumption prior to testing improved 

test scores for two tests of immediate recall up to age 75. 

• In light of the known effects of caffeine, this research highlights the age-

related effect between levels of caffeine consumption and age.   

• Findings provide opportunities for future studies into the effect of acute 

caffeine on those a priori matched for habitual consumption.   
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Chapter 8: Interactions between caffeine, TOD and other factors on 

cognitive test outcomes 

 

8.1.  Literature review 

As discussed in the previous chapter, earlier studies have examined individual 

variations in response to caffeine in cognitively healthy populations (Einöther and 

Giesbrecht, 2013; James and Rogers, 2005).  However, despite substantial evidence 

that caffeine is able to alter cognitive functions in both basic and higher-order 

domains, many studies still fail to adjust for its effects in neuropsychological testing 

scenarios.  Furthermore, research has indicated that many seemingly unrelated 

factors, such as the adoption of an active or sedentary lifestyle, may influence 

cognitive testing outcomes.  Other extraneous variables that are often present at the 

TOD can also exhibit their own main effects.  Factors such as the presence of 

medications (Mura et al., 2013), degree of fatigue (Alhola and Polo-Kantola, 2007) or 

TOD when testing takes place (Walters and Lesk, 2015), have all been implicated.  In 

addition, caffeine’s effect on an individual can be modified by the presence of such 

factors, any of which may contribute to a difference in cognitive test results.  The 

above-mentioned factors, together with their interactions, will now be discussed in 

more detail. 

 

8.1.1.  Sedentary time 

The beneficial effects awarded by greater amounts of PA have been stated in the 

literature (Kelly et al., 2014).  Reports confirm that regular PA facilitates healthy 

ageing by staving off chronic diseases and maintaining cognitive functions  (Gomez-

Pinilla and Hillman, 2013; McPhee et al., 2016; O’Brien et al., 2017).   
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The benefits of PA on cognitive functions are well-established (Ottoboni and Iacono, 

2013; Panza et al., 2018).  However, in today’s modern society it is common for an 

individual to be considered both active (if they reach the PA recommendations for 

their age group) and sedentary (if they spend a considerable portion of their day 

seated) (Thivel et al., 2018).  The dominance of office-based jobs has led to an 

unprecedented increase in daily sedentarity in recent years (Hill et al., 2003).  

Importantly, whilst hours spent sitting has been associated with a reduction in 

medial temporal lobe thickness, PA has not (Siddarth et al., 2018).  Whilst a 

physically active lifestyle is clearly beneficial, it would appear that sedentarity is a 

significant predictor for lobe thickness regardless, given that even high levels of PA 

were seemingly unable to counteract the harmful effects of sedentary time (Siddarth 

et al., 2018). 

 

The rise in SB has now been acknowledged as having a negative impact on health in 

both the short and long term, independent of PA (Young et al., 2016).  High 

sedentarity has been linked to an increased risk of CVD (Katzmarzyk et al., 2009), 

T2D (Joseph et al., 2016) and all-cause mortality (Chau et al., 2013; Katzmarzyk et al., 

2009).  A longitudinal investigation, monitoring 17,013 Canadian adults for an 

average of 12 years, found a significant dose-response relationship between daily 

sedentary time for both CVD risk and all-cause mortality (Chau et al., 2013).  

Markedly, when the results of those who sat for an average of ten hours a day were 

compared with those who reported sitting for fewer than three hours a day, the 

researchers found a 52% higher risk of all-cause mortality (Chau et al., 2013).  
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Few studies have examined SB and cognitive domain outcomes to date, though 

preliminary reports have found sedentarity to be associated with cognitive 

impairment later in life (Lee et al., 2015).  It has been proposed that SB could be 

related to decline by analogy, with findings of increased risk for other conditions.  

For instance, as mentioned in the previous paragraph, SBs have been associated with 

CVD risk, which has also been linked to cognitive impairment and AD (Lavie et al., 

2019).  Likewise, prolonged sedentary time impairs glucose metabolism, which has 

been connected with T2D development, another recognised risk factor for cognitive 

decline (Cheng et al., 2012; Wheeler et al., 2017).  

 

Examinations of test outcomes for specific cognitive domains have tended to be 

task-oriented, rather than regarding sedentarity as a whole.  For example, a large-

scale prospective study noted that watching television for more than three hours 

each day was associated with poorer cognitive performance as measured by the 

Digit Symbol Substitution Test (used for assessing processing speed and executive 

function), the Stroop test and the Rey Auditory Verbal Learning Test (used to assess 

verbal memory) (Hoang et al., 2016).  The focus on task-based SBs cannot 

differentiate between what outcomes are the result of the sitting behaviours and 

what is the result of watching television as opposed to reading, for example.  In 

addition, though correlational studies such as these provide preliminary support for 

the theory that sedentarity has a deleterious effect on cognition, they are, 

nevertheless, findings by association so a causal link cannot be asserted.  

 

8.1.2.  Medications 

All medicines contain ingredients that interact with the body in different ways, some 

of which result in cognitive alterations.  One commonly prescribed medication is 
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benzodiazepine (BZ) (Lechevallier et al., 2003), a type of sedative known to have 

anxiolytic, anticonvulsant, skeletal muscle relaxant, hypnotic and anaesthetic 

qualities (Davies et al., 2017).  The widespread and varied effects produced are the 

result of BZ’s actions in the limbic, thalamic and hypothalamic systems (Barker et al., 

2004).   

 

In recent times, there has been an accumulation of evidence that BZ use may impair 

cognition (Crowe and Stranks, 2018).  A meta-analysis of 13 independent studies 

revealed that current long-term BZ users were significantly impaired in all cognitive 

domains assessed (Barker et al., 2004).  The domains measured included attention, 

processing speed, psychomotor speed, sensory processing, verbal memory, non-

verbal memory, visuospatial memory, working memory, problem-solving, general 

intelligence, motor control and verbal reasoning.  All effect sizes ranged from 

moderate to large (Barker et al., 2004).   

 

Mura et al. (2013) conducted a large-scale longitudinal study, which aimed to 

investigate long-term BZ use and any associations with an accelerated decline in 

cognitive functioning (Mura et al., 2013).  Long-term BZ use did not significantly 

accelerate cognitive decline; however, their observations did indicate that chronic BZ 

use was associated with poorer cognitive performance as a function of age.  They 

concluded that the absence of a longitudinal effect should not refute the hypothesis 

that a cross-sectional cognitive effect could exist (Mura et al., 2013).  Though BZ use 

has not been associated with the development of AD directly, its use appears to 

produce deleterious cognitive outcomes.  The investigations into the 

pharmacodynamics of BZ, and the combined interactions with an age-related 

decrease in cognitive reserves, signify that the elderly are likely to be particularly 
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sensitive to its side effects.  These observations of a detrimental effect on cognition 

following prolonged usage of BZ, paired with the well-documented short-term 

deficits observed in domains of alertness and memory (Deckersbach et al., 2011), 

has several negative connotations, particularly with regards to cognitive testing as 

part of the dementia screening process. 

 

There are medications, commonly given to individuals with the aim to aid disease 

symptoms, which are known to result in cognitive alterations.  Such examples 

include drugs used to treat PD and antipsychotic medications (Müller, 2012; van de 

Vijver et al., 2002).  Negative associations have also been found for medications 

prescribed to those who suffer from ailments with a cognitive component that is not 

a fundamental part of the underlying syndrome.  Examples of these medications 

include antidiabetes medications and antihypertensives (Iadecola et al., 2016; Saedi 

et al., 2016).   

 

Whilst it is important to consider medications known to produce adverse outcomes 

regarding cognitive performance, perhaps more consequential are those 

medications that result in improvements in cognitive performance.  Ibuprofen, for 

instance, has been shown to have a significant association with cognitive 

enhancement (Loza et al., 2017).  The recognised anti-inflammatory properties of 

Ibuprofen are consistent with the well-documented role of inflammation in AD and 

could potentially have a protective effect against neurocognitive disease.  

Alternatively, given the anti-inflammatory properties of these medications, they may 

produce an independent beneficial effect on cognitive function. 
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Not all medications produce a direct effect on cognition, with some only resulting in 

alterations after interacting with other substances.  In fact, even a person’s diet can 

sometimes have a significant impact on drug outcomes.  A pharmacokinetic 

interaction between caffeine and certain medications, that may either increase or 

decrease the medication’s effect on the body, or produce an entirely new outcome, 

is an important aspect to consider.  Whilst there is a lack of evidence regarding the 

cognitive upshots produced by interactions between caffeine and commonly 

prescribed medications in the UK, pharmacological evidence supports an association.  

For instance, co-administration of fluvoxamine, a selective serotonin reuptake 

inhibitor, impairs the clearance of caffeine and prolongs its elimination half-life up to 

31 hours (Culm-Merdek et al., 2005).  What is more, Spigset (1998) proposed that 

many of the adverse drug reactions reported, that have previously been attributed 

directly to fluvoxamine may, in actuality, be a consequence of caffeine intoxication 

resulting from an impairment of caffeine metabolism by fluvoxamine.  

 

The brief summary of the evidence described above suggests that pharmacokinetic 

interactions are important to consider before cognitive testing.  Some mechanisms 

of action are still unclear, and the clinical importance of some interactions are yet to 

be established.  Nevertheless, due to caffeine’s pervasiveness, it was decided that 

the present work should record both caffeine consumption and any medications 

taken during the study period, in order to exclude any possible main or interactional 

confounding effects.  

 

8.1.3.  Tiredness and fatigue 

Sleep deprivation and fatigue are known to result in decrements to cognitive 

functions, including a reduction in attention and alertness, and a slowing of cognitive 
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and psychomotor reactions (Alhola and Polo-Kantola, 2007; Kahol et al., 2008).  

These shortfalls result from impairments in blood glucose levels in the prefrontal 

cortex, known to arise following sleep deprivation (Alkadhi et al., 2013).  However, 

though adequate sleep is considered to be a prerequisite for knowledge acquisition 

and performance of learned tasks, it is still unclear as to whether it is sleep in general 

or a particular sleep stage that is important for memory. 

 

Research is inconsistent in its definitions of tiredness and fatigue, often using these 

terms interchangeably.  In this study, fatigue is used in association with hours of 

sleep, whilst tiredness refers to the subjective feelings of sleepiness reported.  

Research has consistently found that subjective feelings of tiredness in the morning 

leads to an increase in caffeine consumption, which in turn has been linked to a cycle 

of disrupted sleep patterns (Malinauskas et al., 2007; Temple et al., 2015).  A 2013 

double-blind, placebo-controlled study by Drake et al. examined the effect of 400 mg 

of caffeine (approximately four cups of coffee) at different times of day on 

subsequent sleep quality.  This fixed-dose was administered six, three or zero hours 

before the participants’ usual bedtimes.  In-home monitors were provided to all 

participants in order to obtain objective recordings, and participants were also 

required to report on sleep quality in a diary the following morning.  Taking caffeine 

up to three hours before bedtime resulted in caffeine-induced sleep disturbances in 

both the self-reports and objective sleep measures.  Furthermore, objective 

measures detected fragmented sleep even when caffeine was ingested six hours 

prior to bedtime (Drake et al., 2013).  The long-lasting effects of caffeine on 

subsequent sleep supports the idea that caffeine drinkers may often feel compelled 

to drink more in the morning in order to combat the effects of sleep disturbances.   
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In a recent study, sleep quality and quantity were assessed in relation to energy 

drink consumption (Patrick et al., 2018).  In a sample of 667 American university 

students, subjective reports identified lower sleep quality on days with caffeine-

containing energy drink usage.  Moreover, the students who reported energy drink 

consumption the previous day were more likely to be tired the following morning 

compared to those who had not consumed energy drinks (Patrick et al., 2018).  

However, poorer sleep reports following stimulant ingestion have not always been 

replicated.  For instance, another 2018 study also involving university students did 

not find a relationship between caffeine and sleep quality (Kerpershoek et al., 2018).  

Self-reports were again used to acquire information about caffeine consumption and 

quality of sleep.  There was no association found for total weekly caffeine intake and 

sleep quality, though higher weekly caffeine consumption was related to poorer 

subjective sleep quality for non-evening drinkers.  This was an unanticipated result, 

particularly considering the similarities in study populations (university students), 

sample sizes (667 versus 880) and methodologies (observational designs using self-

reports).  However, a clear difference between these two studies is the form in 

which caffeine was consumed.  Whilst Patrick et al. (2018) looked solely at energy 

drinks containing caffeine, Kerpershoek et al. (2018) analysed caffeine intake 

through coffee, tea and cola in addition to energy drinks.  Therefore, the null finding 

in the latter study could be the result of the differences between the drinks included 

in each study, which in turn produced differential effects on sleep quality.  This is 

supported by the findings of Hindmarch et al. (2000) who reported that, even though 

tea-drinking produced alerting effects similar to coffee, tea was less likely to disrupt 

sleep.  
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Regarding cognitive outcomes expressly, although caffeine is generally considered a 

stimulant, the purported stimulatory effects have not always been noted in cognitive 

testing scenarios (Lara et al., 2019).  However, under conditions of fatigue, caffeine’s 

antagonistic effects on adenosine receptors may be more marked than usual, 

resulting in an exaggerated increase in alertness.   

 

Lieberman et al. (2002) examined Navy Seal trainees’ responses to caffeine after 

exposure to multiple stressors, including sleep deprivation.  Volunteers were almost 

totally deprived of sleep for 72 hours before administration of either 100, 220, or 

300 mg of caffeine (or an identical placebo) capsule.  Cognitive testing was 

conducted an hour after treatment and then again eight hours after treatment.  

Tests included scanning visual vigilance, four-choice visual reaction time, a matching-

to-sample working memory task, and a repeated acquisition test of motor learning 

and memory.  Results showed that sleep deprivation had a significant impact on 

performance, which improved following caffeine administration.  The effects were 

particularly pronounced for tests on vigilance, reaction time and alertness.  These 

significant results persisted even eight hours later (Lieberman et al., 2002).   

 

In summary, the majority of evidence corroborates the view that caffeine ingestion 

produces a positive influence on cognitive functioning, particularly in sleep-deprived 

individuals.  However, the notion that caffeine consumption may equally be the 

cause of fatigue, as well as its reliever, calls into question whether observed 

improvements in performance following consumption might be due to withdrawal 

reversal rather than an independent aid.  Regardless of the reason, hours of sleep 

and caffeine consumption should both be taken into account when administering 

cognitive tests.  
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8.1.4.  Time of Day 

In addition to subject variables, some extraneous factors often beyond the 

individual’s control, such as TOD and the nature of the task, can also play a part in 

modifying cognitive outcomes.  Individual and age-related variations in sleep and 

work preferences (chronotypes) may contribute to distinct neurocognitive 

presentations (Facer-Childs et al., 2018).   

 

Those who tend toward morningness usually perform activities better earlier in the 

day, whereas those categorised as evening-types generally perform better in the 

afternoon or evening (Adan et al., 2012).  Adan et al. (2012) surmised that an 

individual’s chronotype could be influenced by other elements, such as gender, 

noting that eveningness preferences are more common amongst men (Adan et al., 

2102); a finding that has recently been verified by a Swedish population-based study  

(Danielsson et al., 2019).  Similarly, age has been shown to have a relatively clear and 

well-observed association, with greater age being associated with higher 

morningness (Adan et al. 2012; Bliss and Hasher, 2012).  The ageing process itself has 

been shown to interact with morningness and eveningness preferences.  The 

majority of older adults fall into the morning-type category, whereas they represent 

only a minority in younger adults (Bliss and Hasher, 2012).  This shift towards 

morningness appears to begin after the age of 40 (Díaz-Morales and Parra-Robledo, 

2018).  

 

Whilst the performance of younger adults often improves as the day gets later, it 

usually deteriorates in older adults (Schmidt et al., 2012).  It has been suggested that 

this may be due to the synchrony effect between testing time and age-related 
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chronotype becoming more pronounced with age (Anderson et al., 2014), which 

means older adults are more sensitive to the effects of TOD than younger ones.  

Preferential adaptations as a consequence of age should, therefore, be considered 

before any cognitive assessment, particularly if the subject matter being assessed 

pertains to age-associated cognitive functioning.  

 

As discussed in Chapter seven – ‘Caffeine-containing foodstuffs and age 

interactions’, adenosine has been shown to play a key role in regulating sleep/wake 

behaviours because of its action in the basal forebrain (Ribeiro and Sebastião, 2010).  

Following an extended period of wakefulness, extracellular basal forebrain 

adenosine concentration rises, in turn, inhibiting excitatory glutamatergic inputs to 

cholinergic neurons (Yang et al., 2013).  As cholinergic neurons promote cortical 

activation, and therefore wakefulness, their inhibition promotes sleep (Zant et al., 

2016).  In addition to homeostatic sleep regulation, the basal forebrain region has 

been implicated in the control of sustained attention, a fundamental prerequisite for 

optimal performance in nearly all cognitive tasks (Tashakori-Sabzevar and Ward, 

2018).  Fittingly, prior studies involving tests of sustained attention have 

demonstrated that these are particularly sensitive to TOD effects (Barclay and 

Myachykov, 2017).  As caffeine is a potent adenosine receptor antagonist, this would 

explain its stimulatory effects (López-Cruz et al., 2018).   

 

Regarding the interaction of caffeine with TOD, the consumption of stimulant 

substances appears to be innately connected to circadian rhythms (Tran et al., 2014).  

It has been theorised that the association of eveningness with the consumption of 

stimulants is the consequence of ‘social jetlag’ (incongruity between biological and 

social demands) (Wittmann et al. 2006).  Hence, for an individual to meet the social 
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pressures required of them and combat lethargy, evening-type individuals may be 

more inclined to exploit stimulants such as caffeine on a temporary basis (Tran et al., 

2014).  However, Penolazzi et al. (2012) found that a preference for morningness 

was positively associated with caffeine consumption in the mornings and, similarly, 

participants with high eveningness preferences were more likely to consume 

caffeine in the evening/night.  Though this seemingly contradicts the hypothesis that 

evening-type individuals use caffeine to combat poor sleep and daytime feelings of 

tiredness, the effect found by Penolazzi et al. (2012) could merely be a reflection 

that morning people spend more hours awake earlier in the day and so have more 

opportunities for consuming caffeine at these times and vice versa for evening-types 

(Whittier et al., 2014).  

 

A three-way interaction involving TOD, caffeine and age may also exist.  A recent 

study, employing 60 university undergraduates, aimed to test implicit and explicit 

memory following caffeine consumption (Sherman et al., 2016).  During the morning, 

participants assigned to the caffeinated coffee group demonstrated marked 

improvements in explicit memory, though no significant differences were found 

between the caffeinated and decaffeinated coffee drinking groups in the afternoon 

(Sherman et al., 2016).  As this experiment consisted of university students alone, 

the majority of which are young adults, these results suggest that caffeinated coffee 

awards beneficial cognitive effects in the explicit memory domain at non-optimal 

TOD for younger adults.  Contrastingly, a study by Walters and Lesk (2015), which 

utilised 40 participants over the age of 65, found that caffeine consumption 

improved scores at age-associated optimal TOD, with scores depreciating as testing 

times got later.  All participants abstained from caffeine for 12 hours prior to the 

testing session, after which time the experimental group were given 200 mg of 
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caffeine 40 minutes before testing.  Participants who received caffeine performed 

worse as time spanned later into the afternoon (after 14:00 hours) (Walters and 

Lesk, 2015).  Unlike Sherman et al.’s (2016) study, caffeine worsened performance at 

non-optimal TOD in older adults.  The results of these studies indicate that 

synchronicity between optimal age-related TOD and the time at which testing takes 

place could be crucial in determining cognitive test outcomes.  Additional studies are 

needed to investigate these age-associated changes. 

 

8.1.5.  Current study aims and hypotheses 

The evidence reported above provides support for the concept that several external 

factors may contribute to cognitive testing outcomes.  These factors should all be 

carefully considered before carrying out neuropsychological assessments in clinical 

settings due to the potential for confounding effects on assessment outcomes. 

 

The present study aimed to investigate the complex relationships between cognitive 

test scores and a number of different factors that are known to influence participant 

performance.  Each of these will be considered in turn.  The factors under 

investigation in the current study include SB, medication, hours of sleep and TOD, as 

well as any interactional effects, on participant performance.  Whilst these factors 

were controlled for in previous chapters, they have previously been reported to 

produce their own main effects and so will be examined separately. 

 

Sedentary lifestyles, particularly the hours spent sitting, have been associated with 

poorer life outcomes and higher rates of incidence for a range of diseases, including 

CVD and T2D (Katzmarzyk et al., 2009).  It has also been shown that individuals who 

adopt more active lifestyles have lower rates of disease occurrence (Lavie et al., 
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2019).  This study examines the impact of hours spent sitting on participant test 

scores across a range of cognitive tests.  It is hypothesised that a greater number of 

hours spent sitting each day will result in lower test scores across all domains, 

particularly in those involving working memory, as this domain is associated with 

medial temporal lobe activation.  

 

The use of medications is more prevalent in older populations (Eurostat, 2019), and 

many of the medications commonly prescribed have notable impacts on cognitive 

performance.  The effects may be positive in nature, as seen, for example, with the 

use of Ibuprofen, where its anti-inflammatory action may benefit performance (Loza 

et al., 2017).  Other medications may show a more negative impact on cognitive 

abilities, either through their effect on cognitive processing speed or physical 

coordination (Petchey and Gentry, 2019).  The effects of medication may be further 

complicated through interaction effects, either with other medications being taken 

or with foodstuffs in the diet (Gessner et al., 2019; Koziolek et al., 2019).  This study 

considers the impact of medications, in use by participants, on their performance 

across a range of cognitive tests.  It is hypothesised that medication use will alter 

cognitive test scores and, if shown, that an interaction with caffeine consumption 

may further influence this effect. 

 

Tiredness and the effects of sleep deprivation on cognitive performance are well 

documented.  Sleep-deprived individuals score worse than rested individuals on 

tests of processing speed, and on memory tests in particular (Patrick et al., 2018).  

This study is designed to consider the interaction between hours of sleep and the 

effects of caffeine consumption on cognitive test scores, including memory test 

outcomes.  It is hypothesised that (i) individuals with the fewest hours of sleep will 



 252 

have the lowest test scores and (ii) that caffeine will have a counteracting effect on 

the debilitating impact of sleep deprivation.   

 

The effects of TOD on age-related performance have previously been investigated.  

Preliminary findings indicate that, in general, the over-40s perform better, both 

physically and cognitively, in the mornings.  The opposite is true for those below age 

40, with performance improving later in the day (Díaz-Morales and Parra-Robledo, 

2018).  It is also known that older cohort groups are more sensitive to caffeine’s 

effects and TOD fluctuations than their younger counterparts (Frozi et al., 2018).  As 

the memory tasks utilised in this study require high levels of controlled processing, it 

is predicted that participants will perform best at their optimal TOD, when attention 

and arousal are high.  Therefore, it is hypothesised that (i) in the over-60s cohort 

participants tested in the morning will perform better than those tested in the 

afternoon; (ii) all participants that have consumed caffeine in the four hours prior to 

testing will have added improved performance at their optimal TOD; (iii) that, in the 

mixed-age cohort, those under 40 will perform better in the afternoon and the over-

40s will perform better in the morning; (iv) a three-way interaction will be seen, 

those under 40 will perform better than they otherwise would at their suboptimal 

times if they have consumed caffeine in the four hours before testing.  

 

Any of the factors that have been discussed, or their interactions, have the potential 

to influence attention and other cognitive processes at different TOD.  This could 

have vital consequences for dementia screening.  For instance, if performance on a 

screening test battery is sensitive to TOD effects, significantly different conclusions 

could be drawn depending on whether a patient was tested at their optimal or 

suboptimal times.  For the purposes of diagnosis, implications are severe, as 
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differences in scores influenced by any of the above factors could lead to an increase 

in both false-positive and false-negative diagnoses.   

 

8.2.  Methodology  

8.2.1.  Participants 

The data sets from two previous chapters were utilised to investigate the current 

study aims. 

 

Data set one (participants from Chapter five of this thesis) – Data from 40 

participants were analysed for this study.  The sample group consisted of seven 

males and 33 females with a mean age of 74.98 (SD ± 5.16).  Volunteers were 

excluded from the study if they were under the age of 60, were unable to speak or 

write in English, or had any history of cognitive impairment, including but not limited 

to, dementia and AD.  

 

Data set two (participants from Chapter six of this thesis) – Data from 51 

participants were analysed for this study.  The sample group consisted of four males 

and 47 females with a mean age of 29 (SD ± 8.97).  Volunteers were excluded from 

the study if they were under the age of 18 or had any history of cognitive 

impairment, including but not limited to, dementia and AD.  

 

Data set three – For some analyses, data sets were combined.  In these instances, 

data from all 91 participants, obtained from the cohorts mentioned in Chapters five 

and six, were entered into the analysis.  This combined sample group consisted of 11 

males and 80 females with a mean age of 49.37 (SD ± 24).  
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8.2.2.  Materials 

All memory tests were presented on a computer screen, whilst all processing 

speed tests were presented on paper.  All neuropsychological tests were 

completed in the same order.  Detailed descriptions of each cognitive assessment 

that was administered can be found in Chapter four ‘Methodologicial 

considerations’.  A list of the tests and the domains they assess are given below for 

reference.  

 

• Immediate word recall (Gavett and Horwitz, 2012) 

This test was used to assess short-term episodic memory.   

 

• Conditional Discrimination Procedure (Arntzen et al., 2011) 

This test was used to assess short-term visual memory.   

 

• Paired Associates Learning (Gould et al., 2005)  

This test was used to assess visuospatial associative memory. 

 

• Digit Span Forward (Wechsler, 1981)  

This test was used to assess aspects of attention and short-term verbal memory.   

 

• Immediate Nonsense Word Recall (Kimura and Seal, 2003)  
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This test was used to assess short-term episodic and phonological memory.   

 

• Delayed Word Recall (Strauss et al., 2006) 

This test was used to assess long-term episodic memory.   

 

• Pattern Comparison Speed  (Salthouse, 1994) 

This test was used to assess processing speed.   

 

• Letter Comparison Speed (LCS) (Salthouse, 1994)  

This test was another assessment of processing speed.   

 

8.2.3.  Procedure 

After obtaining informed written consent, each participant was asked questions 

about their lifestyle, including how many hours they spent seated each day and 

whether or not they had consumed a caffeinated beverage in the last four hours.  

Participants then completed the neuropsychological tests, listed above, in the same 

order.  However, test length and difficulty varied for each data set (see Chapters five 

and six for a full description of the tests used in each case).  

 

Participants were given some choice as to when cognitive testing took place, but 

tests were confined within working hours (nine in the morning to five in the evening) 

and by the availability of the researcher.  Therefore, TOD was not explicitly 

controlled for in this study.  
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8.3.  Results 

The aim of this chapter was to examine the effect of TOD and other factors on 

neuropsychological test battery outcomes.   

 

8.3.1.  Data set one 

8.3.1.1.  Main effects of time of day on cognitive test scores  

In order to address one of the study’s primary aims, the influence of TOD on test 

scores, a MANCOVA was performed.  Composite memory test scores and composite 

processing speed scores were entered into the analysis as the dependent variables 

and TOD was entered as a covariate.  Significant main effects of TOD were found for 

the composite memory test scores [F(1,38) = 5.80, p < .05], though a significant 

effect was not detected for processing speed.  A regression analysis was performed 

to establish the direction of the effect.  The results displayed a linear decrease in 

performance on composite memory test scores as testing time progressed into the 

afternoon – [β = -0.36, (F(1,38) = 5.80, p < .05)], the overall model fit was R2 = 0.13 

(Figure 8.1).  
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Figure 8.1.  Graph displaying a linear decrease in memory test scores as time 

progresses.  

 

In order to identify if the significant effect displayed was driven by significance on 

any individual test specifically, a further MANCOVA was performed.  Significant main 

effects for TOD were found for the IWR, DSF and INR.  Regression analyses were 

again performed to establish the direction of effects.  All results displayed a linear 

decrease in performance on test scores as time progressed –  IWR [β = -0.48, (F(1,38) 

= 8.17, p < .05)], the overall model fit was R2 = 0.18.  DSF [β = -0.26, (F(1,38) = 4.13, p  

< .05)], the overall model fit was R2 = 0.10.  INR [β = -0.49, (F(1,38) = 11.55, p < .01)], 

the overall model fit was R2 = 0.23.  Scatter plots are displayed below (Figure 8.2).  

 

 



 258 

A)  

 

 

 

 

 

 

 

 

 

 

 

B)  

 

 

 

 

 

 

 

 

 

 

 



 259 

C)  

 

 

 

 

 

 

 

 

 

 

Figure 8.2.  Significant linear decreases in performance with time on cognitive 

assessments (A – IWR, B – DSF and C – INR). 

 

8.3.1.2.  Interaction effects of time of day x caffeine on cognitive test scores  

Building on previous research (Walters and Lesk, 2015), caffeine was included in the 

analysis to determine whether its consumption interacted with TOD effects on 

cognitive test performance.  A MANCOVA was conducted with composite memory 

test scores and composite processing speed scores entered as the dependent 

variables, prior caffeine consumption as the fixed factor, and TOD as the covariate.  

No significant interactions were identified.  

 

The main effect of medication was not assessed in this instance as it failed to meet 

the threshold for inclusion.   
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8.3.2.  Data set two 

8.3.2.1.  Main effects of time of day on cognitive test scores  

For the second data set, the main effect of TOD not was analysed immediately as the 

sample group consisted of mixed ages.  Instead, the data set was divided into two 

groups, those under the age of 40 and those 40 and above (Table 8.1), as previous 

research has demonstrated that TOD preferences tend to remain stable after this 

time (Randler et al., 2016).   

 

Table 8.1. 

Participant demographics split by age group (under 40 and 40 and above)  

 

No significant main effect was found for TOD in this sample for either composite 

tests or any tests individually.   

 

8.3.2.2.  Main effects of hours of sleep on cognitive test scores  

To address another study aim, the main effect of hours of sleep on composite test 

scores was assessed.  Composite memory test scores and composite processing 

speed scores were entered into the analysis as the dependent variables and amount 

of sleep (in hours) was entered as a covariate.  Significant main effects of hours of 

sleep were found for the composite processing speed scores [F(1,49) = 47.78, p < 

.001)] though a significant effect was not detected for composite memory scores.  A 

Age group No. participants Mean age 
Gender (M/F) 

Under 40 46 26.98 (SD ± 5.04) 3/43 

Over 40 5 50.60 (SD ± 9.07) 1/4 
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regression analysis was performed to establish the direction of the effect.  The 

results displayed a linear increase in performance on composite processing speed 

scores with the more hours slept the previous night – [β = -0.36, (F(1,47) = 44.90, p < 

.001)], the overall model fit was R2 = 0.49 (Figure 8.3).  

 

 

Figure 8.3.  Significant linear increase in processing speed scores with more hours of 

sleep. 

 

8.3.2.3.  Interaction effects of hours of sleep x caffeine on cognitive test scores  

To determine if there was an interaction effect for amount of sleep x caffeine 

consumption, a MANCOVA was conducted with composite memory test scores and 

composite processing speed scores entered as the dependent variables, caffeine 

consumption as the fixed factor and hours of sleep as the covariate.  A significant 

interaction was seen for amount of sleep x caffeine on processing speed scores 
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[F(10,38) = 4.63, p < .001].  No significant interactions were identified for memory 

scores.  A regression analysis was performed to show the direction of the effect for 

processing speed, displayed graphically below (Figure 8.4).    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4.  An interaction effect of caffeine x hours of sleep. 

 

As with data set one, medication was not analysed as it failed to meet the inclusion 

threshold.   

 

The main effect of daily sedentary time on cognitive outcomes was assessed with a 

MANCOVA.  Total processing speed scores and total memory scores were initially 

entered into the analysis as the dependent variable, and average daily sedentary 

time was entered into the analysis as the covariate.  No significant results were 
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identified for either composite score groups.  To verify this null finding, individual 

tests scores were analysed in a second MANCOVA; again, no significance was found.   

 

8.3.3.  Data set three (combined) 

8.3.3.1.  Main demographics  

The data sets from Chapters five and six were combined to provide a larger mixed-

aged sample group.  Table 8.2 outlines participant demographics of the new cohort.   

 

Table 8.2. 

Participant demographics for the combined data set 

Age group No. participants Mean age Gender (M/F) 

Under 40 46 27.26 (SD ± 5.33) 3/43 

Over 40 45 50.60 (SD ± 8.27) 8/37 

 

8.3.3.2.  Interaction effects of time of day x age on cognitive test scores  

For the combined data set, again, as the sample consisted of mixed ages, a new sub-

group was created assigning participants to the under- or over-40s age category.  In 

order to investigate TOD effects on this larger sample group (split by age), univariate 

general linear model tests were performed.  First the under-40s age group was 

entered into the model, TOD interactions were analysed for three tests of memory, 

one of which was found to be significant – IWR [β = 0.44, (F(1,38) = 18.39, p < .001)].  

The over-40s group produced significant TOD interaction effects for two of the three 

tests analysed – IWR [β = -0.46, (F(1,38) = 7.19, p < .05)], INR [β = -0.44, (F(1,38) = 
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10.9, p < .005)], and a trend was noted for the DWR [β = -0.29, (F(1,38) = 3.16, p = 

.08)].  Graphical displays of the data are shown as scatter plots in Figure 8.5.  
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Figure 8.5.  A linear decrease in performance observed on all three tests in the over-

40s age group as time progressed (A – IWR, B – INR, C – DWR).  A significant linear 

increase in performance was seen for the under-40s age group as time progressed 

into the afternoon for the IWR (A).  No significant improvements were observed for 

the under 40’s age range in INR or DWR (B and C).  

 

8.3.3.3.  Interaction effects of time of day x caffeine on cognitive test scores  

To assess prior caffeine consumption and any interaction with TOD on cognitive 

tests, a MANCOVA was performed, with the data set split by age range.  The three 

tests of memory (IWR, INR and DWR) were entered into the analysis as the 

dependent variables.  Prior caffeine intake, as a discrete variable (“have you had a 

caffeinated beverage in the last four hours?” - yes/no) was included as the fixed 

factor, and TOD was entered as a covariate.  For the under-40s age group, 

significance was shown for the IWR test with TOD x prior caffeine consumption [β = 
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0.45, (F(1,24) = 13.89, p < .005)].  For the over-40s group a significant result was 

shown for TOD x prior caffeine on the INR [β = -0.69, (F(1, 20) = 14.66, p < 0.005)].  

No significant effect was seen for the DWR with either age group.  Graphical displays 

of the significant interactions are shown in Figure 8.6. 
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Figure 8.6.  Graph A – the IWR, a significant linear increase is shown for the under-

40s age group as time progresses.  Caffeine consumption enhanced scores, with 

more significant improvements at age-associated optimal TOD.  Graph B – the INR, a 

significant linear decrease in performance for the over-40s age group.  Caffeine 

improved performance in the morning hours; however, a decline in performance is 

observed as time passes into the afternoon.  

 

8.3.3.4.  Interactions between time of day x age x caffeine on cognitive test 

scores 

Building on the findings of Walters and Lesk (2015), three-way interactions 

investigating caffeine, age and TOD were performed.  Using the combined data set, 

which incorporated a wide age range (ages 19 to 86), a MANCOVA was conducted.  

Caffeine consumption was entered into the analysis as a fixed factor, both age and 

TOD as covariates, and test scores were inputted as the dependent variables.  The 

MANCOVA produced significant three-way interactions for two of the three tests 

analysed – IWR [F(2,81) = 12.61, p < .001] and INR [F(2,81) = 4.97, p < .01].  The 

results of the MANCOVA demonstrate that for two tests of short-term memory, 

older adults who consumed caffeine performed significantly worse than younger 

adults consuming caffeine. 

 

As before, when creating a graphical representation of these interactions, the data 

set was divided into ‘over 40 years old’ and ‘under 40 years old’ (approximately the 

age when TOD preferences change).  Two sub-categories were then created for each 

new data set, those who had consumed caffeine in the last four hours and those 
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who had not.  Scatter plots of significant interactions are displayed below (Figure 

8.7).  
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Figure 8.7.  The combined data set displayed significant interactions between 

caffeine consumption x TOD x age on IWR and INR scores.  Graph A (IWR) showed a 

significant linear decrease in performance in the over-40s sample as time progressed 

later into the day.  Participants aged 40 and above who reported caffeine 

consumption prior to testing performed better than non-drinkers at optimal TOD.  

Caffeine negatively impacted scores after 13:00 hours compared to non-consumers.  

For the under-40s sample, a significant linear increase can be observed as time 

progresses.  Caffeine consumption did not significantly influence test scores at 

optimal TOD but did improve scores at non-optimal times compared to non-

consumers.  Graph B (INR), again a significant linear decrease can be seen for the 

over-40s sample as time progresses later into the day, with those reporting caffeine 

consumption prior to testing performing better than non-drinkers at optimal TOD 

and worse than non-consumers after 13:00.  The under-40s group who had not 

consumed caffeine prior to testing displayed improved scores as time progressed 

into the afternoon.  Those in the under-40s caffeine subgroup on average 

maintained performance from am to pm. 

 

8.3.4.  Results summary 

 Significant interactions were demonstrated for older adults (over-40s) for all 

memory tests, with better performance outcomes earlier in the day.  For younger 

adults (under-40s), age interactions were less linear, with performance generally 

improving as time got later in the day, though not always significantly so.  Caffeine 

consumption was seen to further improve test scores at age-associated optimal 

times for both the under- and over-40s age groups in tests of short-term memory.  

For all ages tested, a linear increase in processing speed occurred in correspondence 
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with hours of sleep, with additional improvements seen when caffeine was 

consumed in those who had more than six hours of sleep.   

 

8.4.  Discussion 

The present study aimed to assess extraneous factors that have the potential to 

influence cognitive test outcomes.  The factors chosen for assessment included 

presence of certain medications, sedentariness, hours of sleep and TOD when testing 

took place.  In addition to analyses of the main effects of these factors, interactions 

were also considered with the addition of prior caffeine.   

 

Wyatt et al. (2004) identified that studies examining caffeine’s neurobehavioural 

advantages following a lack of sleep conflated it with the impact of circadian 

influences.  Research failed to elucidate if caffeine’s capacity to combat the observed 

deficits in performance, resulting from sleep deprivation, was associated with any 

interactional effects of TOD (Wyatt et al., 2004).  It was therefore considered 

necessary that the current study analyse both of these factors independently in 

addition to their interactions. 

 

The inclusion of three-way interaction models was based on previous research 

findings showing some degree of cognitive alteration in various testing outcomes 

(Walters and Lesk, 2015).  The results of each factor analysed will now be discussed 

in further detail.  
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8.4.1.  Main effects of time of day 

Cognitive function domains range from simple attention to the more complex 

working memory and executive functioning (Harvey, 2019).  Whilst peaks and 

troughs in performance occur, they vary depending on the domain the task is 

designed to assess, and on the level of cognitive demand placed on the participant 

(task difficulty).  In addition, modulations of circadian rhythms over the course of the 

day can independently affect performance on a range of cognitive tasks (Valdez, 

2019).   

 

The majority of studies looking into circadian rhythm variances on cognition have 

focused on the more basic of the cognitive domains, namely, vigilance and attention 

(Schmidt et al., 2007).  The current study chose to examine processing speed as an 

operation of low-cognitive load.  Tests assessing processing speed were expected to 

be affected by TOD as Walters and Lesk (2015) reported that performance on these 

tests declined as the day progressed.  However, the TOD effect in this study was not 

modified by attention capacities, and the results from data set one showed no 

significant influence of TOD for either test of processing speed.  It is possible that this 

result was a consequence of cognitive fatigue.  In the current study, the two tests of 

processing speed were positioned at the end of the testing session.  As the testing 

session required participants to perform demanding cognitive activities for an 

extended period, this may have resulted in fatigue and a consequent decline in 

performance (Slimani et al., 2018).   

 

Few studies to date have elected to examine TOD effects in relation to higher-order 

cognitive functions, such as working-memory or executive function (Allen et al., 

2008; Facer-Childs et al., 2018; Walters and Lesk, 2015).  The studies that have 
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analysed this effect have reported these areas to be particularly sensitive to TOD 

modulations (Facer-Childs et al., 2018).  Given the strength of these initial findings, 

the current study chose to conduct further investigations into TOD on cognitive test 

performance.  The scores from data set one displayed a linear decrease on 

composite memory test scores the later into the day that testing took place.  This 

result was in line with the predicted outcome, as the sample group consisted of 

participants all over the age of 60, and people of this age have shown associations 

with higher morningness preferences (Adan et al., 2012).  It follows, therefore, that 

those tested earlier in the day would score higher than those tested later.   

 

To determine whether TOD influences affected cognitive performance in specific 

sub-domains, individual test results were analysed.  Significant differences were 

found for three memory tests (IWR, DSF, INR), indicating that TOD may modulate 

short-term recall.  All three of these tests involve working memory linked to 

temporal and frontal lobe areas (Gold and Budson, 2008; Jeneson and Squire, 2012; 

Zokaei et al., 2019).  This is a key finding, as these regions have been shown to have 

significantly reduced cortical thickness in those with MCI and AD when compared 

with cognitively healthy elderly individuals (Yang et al., 2019).  If future, if clinical 

assessments are to aid the diagnosis of impairment as early as possible, it is vital that 

TOD be taken into account.  As this study indicates, TOD is able to significantly 

influence performance outcomes in the domains that have been established as those 

most likely to be altered in the earliest stages of disease progression.  

 

No main effect of TOD was found for data set two.  As this sample group comprised 

of an overall younger demographic, the null finding reported may be an indication 

that older individuals are more sensitive to TOD modulations than their younger 
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counterparts; this is a finding that has been stipulated previously (Anderson et al., 

2014).  Again, this has important implications for clinical diagnostic practices, as it 

suggests that TOD becomes a mediating factor at the age of sporadic AD diagnosis.  

Such findings also raise the question as to whether different cognitive domains are 

differentially affected by age-related circadian fluctuations.    

 

8.4.2.  Time of day x age interactions 

Due to the differences observed between data sets one and two on the main effect 

of TOD, it is clear that variations in performance may additionally be contingent 

upon age-associated chronotypes (Valdez, 2019).  This study used a combined data 

set to investigate TOD and synchrony effects of age on memory test scores in 

younger adults and older adults.  

 

Older adults generally tend towards morningness, usually performing better earlier 

in the day as opposed to the afternoon or evening, whilst the opposite is observed 

for younger adults (Díaz-Morales and Parra-Robledo, 2018).  The results of the 

current study show that improvements can be seen in those who perform the 

cognitive test battery at times considered optimal according to their age-associated 

chronotype.  The implication of these results is that at optimal times, a circadian-

related increase in attention occurs, enabling individuals to process information 

much more effectively.  The significant outcomes from the present study persisted, 

even after controlling for the possible confounding effects of hours of sleep.   

 

It should be noted, however, that the significant TOD effect observed for the over-

40s age group, was not as evident in the under-40s sample.  This indicates that the 

effect seen may be more complex than a mere morning advantage for older adults.  
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In the present study, the tests chosen for analysis all exceeded the supraspan (seven 

± two items) in order to force memory errors, allowing the researcher to detect 

small differences in memory function even at different ages.  It may be that younger 

adults differ from older adults in their sensitivity to circadian modulation for 

different memory systems (Schmidt et al., 2007).  It is possible that cognitive tests 

that tax higher-order levels of processing are better performed at peak times when 

arousal is elevated (May et al., 2005).  It is unclear at this stage whether different 

tasks involving a range of cognitive processes, such as tests of executive function, 

would exhibit different effects for different age ranges.  Currently, few studies to 

date have examined this effect so conclusions from this study should be further 

investigated.  

 

8.4.3.  Interaction of age x time of day x caffeine 

Following on from the results of Walters and Lesk (2015), three-way interactions 

investigating caffeine, age and TOD were performed.  Using the combined data set, 

which included a wide age range, analyses were performed to identify any three-way 

interactions.  Prior consumption was entered into the analysis as a fixed factor, both 

age and TOD as covariates, and test scores were inputted as the dependent 

variables.  Significant three-way interactions were produced for two of the three 

tests analysed, the IWR and the INR.  The results indicated that there were age-

related TOD effects and that these effects were additionally modified by caffeine 

consumption.   

 

For the IWR test, the under-40s age group performed significantly better than the 

over-40s age group in the afternoon, and those who had consumed caffeine 

benefitted from further improvements at these times.  The over-40s age group 
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exhibited the same response to caffeine at their optimal times (i.e., those who had 

consumed caffeine in the morning prior to testing had better scores than those who 

had not).  However, at non-optimal times, caffeine actually had a detrimental impact 

on test scores.  This is an interesting finding considering that older adults have 

previously been reported as being more responsive to caffeine’s alerting properties.  

However, the results seen may be an indication that those who consumed caffeine in 

the afternoon did so in an attempt to combat feelings of tiredness.  In these 

instances, it could be that caffeine’s effects simply did not produce improvements 

with a great enough magnitude.   

 

For the second test of short-term memory (INR) analysed in the combined data set, 

caffeine again aided performance at optimal TOD and hindered performance at non-

optimal times in the over-40s cohort.  For the under-40s age group, caffeine instead 

improved performance outcomes at non-optimal times, whereas no significant effect 

was produced at optimal times.  This result has been replicated in other studies 

(Nehlig, 2010; Sherman et al., 2016), and is likely the result of a ‘circadian slump’, 

where the subsequent dip in arousal levels is combatted by caffeine intake.   

 

Lastly, this study did not find significant differences for the DWR test between the 

caffeine consumers and non-consumers in the under-40s age group.  These results 

are consistent with findings from previous studies which employed delayed recall 

tasks (Herz, 1999; Warburton et al., 2001).  The lack of significance observed for the 

over-40s age groups, in this case, may be due to a general lack of attentional 

resources in the older adults’ ability to encode list items in the afternoon, resulting 

in poorer delayed recall. 
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8.4.4.  Main effects of hours of sleep  

The current study’s findings correspond with results found in the literature, showing 

a significant linear relationship exists between hours of sleep and higher scores on 

tests of processing speed.  In humans, poor sleep quality or quantity can result in 

decrements in a number of cognitive realms.  These deficits can impact low-load 

cognition, such as attention and vigilance, to higher-order functions, like those of 

working memory and executive function (Alhola and Polo-Kantola, 2007; Kahol et al., 

2008; Wyatt et al., 2004).  However, the results of this study signify that the 

relationship between quantity of sleep and performance is not by any means clear-

cut for all cognitive domains.   

 

The seeming improvements in the vigilance domains did not translate to an effect in 

performance on tasks designed to assess memory.  This was a somewhat unexpected 

finding as lack of sleep has previously been demonstrated to have considerable 

adverse effects on numerous higher-order processes (Alhola et al., 2007), and sleep-

deprived individuals have been shown to rely more on automatic forms of cognitive 

processing (Kong et al., 2015).  However, the current study did not measure sleep 

deprivation, so the observation that only processing speed scores were improved 

with more hours of sleep indicates that the participants in the study cohort were not 

severely sleep-deprived to the point where higher-order memory domains were 

impacted.  

 

As stated previously in this chapter, other factors play a role in modifying the effects 

of sleep deprivation.  It was, therefore, considered important for the current study 

to analyse interaction effects for hours of sleep and prior caffeine consumption.   
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8.4.5.  Interaction of hours sleep x caffeine consumption 

Various studies have identified that sustained attention deficits are associated with 

sleep loss (Chua et al., 2014).  The effects of caffeine on sustained attention in 

humans have demonstrated an ability to reverse sleepiness to some extent 

(McLellan et al., 2016).   

 

The current study found that caffeine consumption significantly improved scores for 

those who slept for more than six hours.  This is in keeping with the majority of 

research surrounding the impact of caffeine on performance outcomes following a 

period of sleep deprivation.  Studies have tended to focus on measures of basic 

cognition, as opposed to higher-order processes such as memory and executive 

functions (Haskell-Ramsay et al., 2018; Nehlig, 2010).  However, as only aspects of 

memory were chosen for investigation in the current study, further research is 

warranted to identify any potential benefits of caffeine on other forms of higher-

order processing.  

 

8.4.6.  Study limitations 

A primary limitation of the current study was the small number of male volunteers, 

even after a wider study group was considered.  Adan et al. (2012) concluded that 

gender could have a direct effect on TOD preferences; therefore, any significant 

results discussed in this chapter should be re-tested in a more equally gender-split 

sample group.  In a 2004 study, Adan et al. reported that, after age adjustment, 

coffee consumption was inversely associated with PD mortality in men (p = .01) but 

not in women (p = .6).  The researchers described an association between the 

postmenopausal oestrogen use and caffeine intake with regards to PD risk.  Though 

the reason for this result is uncertain, it is a clear distinction that nonetheless may 
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have influenced the results of the current study.  This has additional implications 

when considering the effects of gender on chronotype.  Women have been reported 

to tend towards morningness (Fischer et al., 2017); this could potentially explain the 

lack of findings for the younger adult group (which was predominantly made up of 

women).   

 

Secondly, the factors that produced significant findings in the current study 

(caffeine, TOD and hours of sleep) were included based upon previous research 

findings that indicated these have potential influences on cognitive test 

performance.  However, some interactions (caffeine x TOD x age) were exploratory 

in nature and had not previously been examined in this particular population 

(younger and older adults).  There may have been other factors or interactions, not 

yet considered, that could have resulted in the effects shown.  As with any 

investigation surrounding multifaceted interactions, there is always a chance that 

uncontrolled confounding, such as the effects of blood glucose levels or non-

prescribed medications, may have occurred.  

 

Lastly, participants were not asked to rate how tired they felt before testing; instead, 

‘hours of sleep’ was used as an indicator of fatigue.  This was chosen deliberately as 

a more objective measure; however, some researchers have reported that feelings 

of tiredness can result in cognitive performance deficits (Paucke et al., 2018; Zavecz 

et al., 2019).  Additionally, subjective judgements of tiredness may give an indication 

of circadian cycles at the individual level, which could have been used to establish 

each participant’s peak TOD.  

 



 279 

8.4.7.  Future research directions 

The findings described in this chapter highlight the potential importance of TOD and 

hours of sleep, along with their interactions with both caffeine and age, on 

performance in a range of high- and low-demand cognitive tests.  Whilst the findings 

reported here provide a good starting point for determining which factors should be 

considered for assessment prior to cognitive testing, future investigations can 

strengthen these results.  For example, the present study elected to measure 

tiredness as fatigue in terms of hours slept, as this was regarded as a more objective 

measure that has previously been shown to be more reliable than subjective reports 

of sleepiness (Zavecz et al., 2019).  However, future studies should consider 

subjective sleepiness in addition to objective reports.  Particularly as subjective 

sleepiness has been associated with caffeine consumption, another factor found to 

alter testing performance (Malinauskas et al., 2007; Temple et al., 2015) 

 

Future research should also investigate the interactions of self-reported optimal TOD 

in addition to age-related chronotype.  Further investigations analysing TOD effects 

on low-load cognitive tasks and higher demand tests separately would provide some 

clarity as to which domains are most affected by circadian fluctuations and whether 

these are self-identified or can be generalised based on age.  Similarly, SB should be 

investigated in more detail.  Combining reports of PA, which have previously 

reported as producing beneficial cognitive effects (O’Brien et al., 2017), alongside SB 

would produce a more precise record of an individual’s total activity profile.  

Objective measures of sedentary time should also be considered for their potentially 

greater reliability as an indicator of movement.  
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8.4.8.  Wider implications and conclusions 

The information presented in this chapter confirms the theory that multiple factors 

are able to influence cognitive test performance.  Though significance was not 

reached for all elements examined in this study, they should not be ruled out of 

consideration for future research or discounted prior to testing sessions in clinical 

settings. 

 

The literature currently available is unable to conclusively determine whether 

chronotype is a determinant of stimulant intake or merely a reflection of behavioural 

modulations that have a consequential effect on dietary habits.  Nevertheless, the 

interaction effect between caffeine and TOD illustrated in this study should be 

considered more closely when embarking on any research that aims to measure 

cognitive outcomes.   

 

The results presented here have both practical and theoretical significance for 

clinical and research environments.  For instance, if neuropsychologists choose to 

use cognitive assessments as a part of their research, TOD effects could potentially 

skew data in comparison to previously established population norms.  Equally, for 

those scores that are to be used to determine whether an individual is to be included 

in a research trial or treatment intervention, TOD effects should be taken into 

consideration (Judge et al., 2019).  For clinical dementia screenings, a patient’s 

diagnosis, treatment and care options rely heavily on cognitive testing accuracy.  

Based on the findings of the current study, future screening practices must aim to 

test individuals at their optimal TOD. 
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Given that the amount of caffeine consumed by participants prior to the cognitive 

testing session is presumed to be in low enough doses that adenosine receptors 

alone are affected, and given that its primary function is altering the sleep-wake 

paradigms, the findings support the hypothesis that consumption of caffeine is able 

to produce neurobehavioral alterations (Wyatt et al., 2004).  The investigations 

described in this chapter highlight the need for further research into the impact of a 

range of external factors which could potentially have a significant impact on 

cognitive test performance.  The possible confounding effect of external factors has 

implications for those carrying out psychological research studies and for clinical 

screening practices where test results may be relied upon for study selection and 

cognitive diagnosis and treatment.  

 

8.5.  Chapter summary  

• Different life stages are associated with different chronotypes.  Younger 

adults show a preference for eveningness, whilst older adults tend towards 

morningness.  

• Findings from the current study illustrated that participants performed better 

at age-associated optimal TOD.  

• In the over-60s cohort, significant TOD effects were found in IWR, DSF and 

INR tests.  

• Older adults who were tested at age-optimal TOD showed further 

improvements with prior caffeine consumption.  

• Younger adults tended to perform better at age-associated optimal times, 

though the difference was less pronounced than in older adults.  

• Performance was further improved with caffeine consumption in the younger 

adult cohort at optimal times but only in the IWR test. 
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• Results also showed a positive linear relationship between hours of sleep and 

processing speed scores. 

•  Participants who had slept for at least 6 hours prior to testing, and had 

consumed caffeine, registered further improved scores for processing speed.   

 

 

 

Chapter 9: General discussion 

 

9.1.  Research incentive  

Improvements in the UK’s average life expectancy has led to a corresponding 

increase in the numbers affected by age-related chronic diseases such as AD (Zhao 

et al., 2018).  Alzheimer’s disease is the most common form of dementia, currently 

affecting almost 50 million people worldwide (Alzheimer’s Society, 2019).  At 

present, there is no cure available for AD and, given that cognitive impairment is a 

significant component of dementing syndromes that affect an individual’s ability to 

function independently (Duong et al., 2017), this increased incidence of AD puts 

substantial demands on medical resources and a considerable financial and 

emotional strain on carers (del-Pino-Casado et al., 2019; Kajiwara et al., 2020).  

Whilst treatment options are being explored, research interest has also been 

directed towards identifying causative agents and investigating prevention 

strategies, including any factors that have the potential to delay disease onset or 

slow its progression.  In addition, as a definitive diagnosis of AD cannot currently 

be established prior to autopsy (DeTure and Dickson, 2019), improving the 
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accuracy of diagnostic practices is also essential so that any appropriate strategies 

or treatment interventions can begin as early as possible.  

 

It has now been established that AD-associated neuropathological modifications 

can precede clinical symptomatic indicators by 20 years or more (Bateman et al., 

2012; Jack et al., 2013).  This interval before symptoms appear presents a limited 

time of opportunity in which the course of the disease may be altered.  If 

intervention during this time is to be successful, establishing which lifestyle factors 

may protect against, or contribute to, AD development is evidently important.  The 

identification of such factors allows individuals the possibility to delay or ideally 

prevent AD onset.  This thesis has examined several modifiable lifestyle factors that 

could potentially alter cognitive outcomes.  In particular, changes to the diet 

represents a possible intervention strategy that is applicable to all individuals, 

which is financially preferable to medical interventions and has a reduced potential 

for side effects that often accompany drug therapies.   

 

Over the decades, genetic and epidemiological research has demonstrated 

considerable heterogeneity in AD and emphasised the challenges with 

differentiating the condition from other chronic disorders and ‘healthy’ ageing.  

The current clinical diagnostic practices are too insensitive and variable to study 

mild AD and its prodromal phases.  Diagnostic errors that can occur, either as a 

result of fundamental incompatibilities with the subject matter under assessment 

or a failure to account for possible confounding variables, should be of primary 

concern for future research.  This thesis focused on assessing some of the external 

factors, common in daily life, which may alter participant performance in cognitive 

testing situations.  Tests were explicitly designed to be sensitive to detecting subtle 
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performance disparities in domains typically affected early in AD progression. 

 

All experimental research presented in this thesis followed a quantitative 

methodology that employed a carefully considered selection of neuropsychological 

tests, each chosen to target a specific domain.  This final chapter collates all of the 

findings from the preceding experimental chapters.  It considers the influence of 

white fish and tinned tuna consumption, veganism, caffeine consumption, TOD, 

and hours of sleep on test scores, before going on to discuss the wider implications 

that this research may have in relation to public health, diagnostic and treatment 

practices in clinical settings, as well as suggestions for future research. 

 

9.2.  Key findings  

As previously stated, diet is one of only a few lifestyle factors that has the potential 

to influence cognition which is applicable to everyone (Spencer et al., 2017).  

However, unlike many other lifestyle factors, dietary outcomes are extremely 

complex to measure due to the variability of dietary patterns, cooking methods 

employed, changes in personal eating habits and individual variations in 

biochemistry that affect how foods are processed in the body (Black and Cole, 

2001; Walker et al., 2018).  As yet, no single method for assessing dietary intake 

has proven sufficiently comprehensive to suit all research purposes.   

 

Following the evaluation of several different dietary assessment methods, the 

weighed food diary was selected for the investigation into white fish and cognitive 

function in the over-60s.  Chapter five examined fish consumption as a predictor of 

cognitive test scores, based on previous findings that reported higher white fish 
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intake was associated with improvements in some cognitive domains (Walters and 

Lesk, unpublished).  Using the weighed food diary to obtain information of 

participants’ fish consumption over the three-week experimental period enabled 

the researcher to gain more accurate data than would be possible with other 

approaches, as very detailed descriptions of foods, along with cooking methods, 

were recorded, and all items were weighed where possible.  This, in turn, reduced 

the possibility of estimation inaccuracies, which can occur if participants are 

required to rely on memory (Sukumar et al., 2019).  In addition, participants were 

recruited at different times of the year, which provided the researcher with food 

diary data that spanned multiple seasons, thereby mitigating the influence of any 

seasonal variations in food availability or preferences.  

 

Several prior studies have linked overall fish consumption with a reduced incidence 

of AD, however, few have explicitly concentrated on the benefits of white fish, and 

fewer still have examined its effect on cognition pre-MCI diagnosis (Morris et al., 

2003; Raji et al., 2014; Shatenstein et al., 2007).  This was regarded as a 

considerable shortfall, given that home consumption of fish in the UK is dominated 

by salmon, tuna, cod and haddock; two of which are white fish (cod and haddock), 

and one of which (tuna) is classed as a white fish because the quantity of ω-3PUFAs 

it contains is more consistent with those found in white fish (NHS, 2018).  The 

findings of Chapter five revealed that participants scored approximately 0.03 

points higher on composite memory scores for every gram of white fish consumed.  

Additionally, analysis of individual memory tests (IWR, CDP, PAL, DSF, INR and 

DWR) revealed that white fish was significantly associated with improved scores 

for all tests at the .001 significance level.  These results indicate a potentially 

greater positive effect on cognitive functioning following white fish consumption as 
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opposed to oily fish consumption, which has previously been championed as a 

cognitive enhancing food.   

 

Chapter six investigated the impact of diet preference on cognitive test battery 

performance.  For this study, an adjusted version of the FFQ was used to assess 

dietary intake, by asking participants to report the frequency of consumption of 66 

items (with options to add other foods where applicable) over the previous 12 

months.  Each item was categorised into a series of major food groups, with a focus 

on those containing B12: meat, poultry, fish, eggs, dairy products, fortified foods, 

vegetarian meat alternatives, vitamins and supplements, and miscellaneous.  As 

B12 is present in such a wide variety of foods, it was decided that a weighed food 

diary was too burdensome on this occasion, as participants may not be familiar 

with the experimental protocols required for successful data collection.  

Additionally, the use of the FFQ allowed participants to complete reports of their 

diet history and cognitive testing in the same session, further minimising the 

burden placed on participants.   

 

Based on their FFQ reports, participants’ diets were categorised as omnivorous, 

vegetarian or vegan.  A significant difference arose between participants’ diet and 

composite memory test scores; specifically, those adhering to a vegan diet scored 

significantly worse on composite memory scores than those in the other diet 

groups, which translated into poorer performance on four precise memory tests 

(IWR, CDP, INR and DWR).  Furthermore, the discovery that B12 supplement use 

was not associated with improved test scores, such as those seen when B12 was 

acquired from food, suggests that B12 in supplement form may not be as readily 

absorbed and utilised by the body.  These findings add to the published literature 
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investigating the use of dietary supplements as a method of maintaining or 

improving bodily supplies of vitamin B12 and extend the research evidence relied 

upon for dietary recommendations for healthy vegan populations. 

 

This is the first time in the published literature that dietary preferences have been 

investigated in relation to their impact on cognitive test performance.  The finding 

that vegan diets, in particular, both supplemented and not, have shown an 

association with potentially negative outcomes for memory domains affected in 

early AD progression.  The popularity of the vegan diet in all age groups is 

increasing (Compare the Market, 2019; Compassion in World Farming Trust, 2004; 

European Food Standards Agency, 2015).  The rise in this potentially at-risk 

population, when considered alongside the recognised deficiency levels of B12 in 

vegan populations (Rizzo et al., 2016), paired with the findings from this study, 

indicate that more research is urgently needed to clarify the long- and short-term 

effects of adopting a predominantly plant-based diet.  The findings from this study 

enhance the current literature and contribute to the body of knowledge on risk 

factors associated with cognitive health.  The potential impact on the future health 

of individuals who follow a largely plant-based diet, and for national health care 

policy and treatment more generally, should be carefully considered. 

 

Additional dietary factors that have the potential to influence cognitive 

performance were selected for further investigation.  Next investigated was 

caffeine, another widely consumed product that previous research has indicated to 

be neuropharmacologically active and, therefore, has the potential to influence 

cognitive performance.  As caffeine can modulate information processing at the 

neuropharmacological level prior to testing, both acute and habitual consumption 
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were investigated.  

 

Chapter seven was the first experimental chapter to address potential issues with 

the current clinical screening procedures by investigating external factors that may 

impact an individual’s test performance.  The experiments described in Chapter 

seven were designed to examine the influence of caffeine consumption, both 

habitual and acute, as well as any age interactions, on cognitive test scores.  Data 

on habitual caffeine consumption was gathered with the use of the food diary 

method, described in Chapter five, as this enabled the researcher to capture 

consumption in real-time and only during typical weeks.  For acute consumption, 

participants were asked if they had consumed a caffeinated beverage in the last 

four hours prior to testing, as per the methodology of Lesk et al. (2009).  Only 

caffeine from beverages were considered, this is because caffeinated beverages 

represent the most common source of caffeine consumed in the UK, and they 

exert their biological effects with minimal delay. 

 

A significant positive interaction between age and acute caffeine consumption was 

found for the over-60s cohort using the IWR test.  When this data set was 

combined with participant data described in Chapter six – ‘Veganism and cognitive 

function’, positive interactions between acute caffeine consumption and age was 

noted for two of the three tests assessed (IWR and INR).  This positive trend was 

observed until participants reached the age of 75, at which point caffeine intake no 

longer improved test scores.  The results from this study highlight the influence of 

prior caffeine consumption on short-term memory and strengthen existing 

evidence indicating that caffeine consumption should be controlled for in any 

studies that investigate age-related cognitive decline or screening procedures for 



 289 

AD.  

 

When analysing habitual consumption of caffeinated beverages, no individual tests 

or composite data sets, reached the threshold for significance for either tea or 

coffee.  However, though no significance was found, trends were noted for 

habitual coffee consumption on tests of IWR, PAL and DWR.  Furthermore, the 

older elderly who reported habitual consumption of coffee had lower scores when 

compared to the younger elderly who routinely consumed coffee.  If a larger 

sample group is used to establish this trend as significant, this could have 

implications both for screening tests and other neuropsychological research, as 

older adults who are regular coffee drinkers may perform disproportionately worse 

on cognitive tests than non-drinkers of the same age.  The findings discussed in 

Chapter seven add to the literature on confounding factors for cognitive testing 

and have implications for clinical and research settings, where there is a reliance 

on cognitive test outcomes for diagnostic and treatment purposes, or where scores 

may be used for selection criteria. 

 

Chapter eight, in common with Chapter seven, reviewed data sets from participant 

cohorts described in Chapters five and six.  The aim was to investigate the effects 

on test performance of other external factors that are common to the general 

population and are likely to be more subtle in their influence (TOD, hours of sleep, 

medication and sedentary time).   

 

Different life stages are known to be associated with different chronotypes.  In 

general, younger adults tend to perform better at later times of the day, whilst 
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older adults perform best earlier in the day.  The current study supported this 

recognised pattern, as findings showed that participants achieved better scores on 

average when performing tests at times corresponding to their age-associated 

chronotypes.  

  

In participants over age 60, significant TOD effects were found in IWR, DSF and INR 

tests.  These results indicate that TOD may alter performances outcomes for the 

domains associated with the temporal lobe.  Time of day also showed an age 

interaction moderated by acute caffeine consumption; confirming similar findings 

of Walters and Lesk (2015), showing significant three-way interactions for two 

tests of short-term word recall (IWR and INR).  Those under the age of 40 

performed significantly better in the afternoon than those aged 40 and above, with 

those who had consumed caffeine prior to testing displaying an additional increase 

in test scores.  The over-40s age group performed best in the mornings, and again, 

those who had consumed caffeine before the testing session scored better than 

those who did not.  However, at non-optimal times, caffeine produced a 

detrimental effect on test scores for the over-40s age group.  

 

For tests of processing speed, a significant linear relationship between hours of 

sleep and higher scores was observed, with caffeine consumption significantly 

improving scores for those who had slept for more than six hours.  These results 

are in agreement with those established by Wyatt et al. (2004) who studied the 

effects of caffeine on Psychomotor Vigilance Task performance during forced 

desynchrony.  Similar to this study, they found that administration of caffeine 

improved performance in tasks of basic cognition.  This study has extended earlier 

work by adjusting for age and caffeine on tests of both low- and high-load memory 



 291 

tasks.  

 

A thorough literature review indicated that the tests commonly used in clinical 

practice to assess cognition, particularly in relation to AD-associated decline, were 

not sensitive or specific enough to detect subtle differences in performance in 

cognitively healthy adults.  The tests used in the present studies were chosen 

based on length, specificity, sensitivity, ease of administration and generalisability 

to the population under study.  As neuropsychological profiles of AD show that 

poor recall of recently learnt visual and verbal material is a characteristic feature of 

early AD symptomology, the studies described in this thesis aimed to assesses 

these memory features explicitly.  In future, testing should be carried out that 

assesses other cognitive domains more extensively, with tests designed to force 

memory errors in order to determine any subtle disparities. 

 

9.3.  Wider implications  

The results of Chapter five have shown that diets which incorporate larger 

amounts of fish, specifically white fish and tinned tuna, are associated with 

improved memory task performance.  The tests described in this thesis were used 

on cognitively healthy adults and purposely designed to force memory errors, 

thereby removing the ceiling effects often noted in tests such as the MMSE.  

Neuropsychological profiles of AD show that a characteristic feature of early AD is 

poor recall of recently learnt visual and verbal material, which can be present for 

years pre-dementia (Bäckman et al., 2001), and is distinct from shortfalls seen in 

other cognitive disorders (NICE, 2018).  The current study aimed to assess these 

domains primarily.  
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The dose-dependent linear increase in memory scores with higher white fish 

consumption provides individuals with an incentive to include its consumption as 

part of their normal diet.  Participant awareness of the benefits and detriments of 

their personal food selections may be a useful strategy for bettering global health, 

as it has the potential to improve outcomes without costly and time-consuming 

interventions from healthcare professionals.  Currently, no disadvantageous effects 

of a high white fish diet has been alluded to (NHS, 2019), hence, advocating for 

higher fish consumption as a method of aiding cognition is both inexpensive and 

simple to implement.  Adjusting one’s diet to include more white fish appears 

relatively simple.  The inclusion of tinned tuna, for example, has the added benefit 

that it is easy to store and has a long shelf life. 

 

The findings of this thesis should encourage further investigation in this field of 

research, with an aim in future to review public health guidance and policy to 

ensure that dietary guidelines include a specific focus on the elderly.  Current 

advice recommends that adults consume two portions of fish per week, at least 

one portion of which should be oily fish (NHS, 2018).  However, no specific advice 

is given with regards to white fish intake.  This study may add to the available 

academic information on nutrition and food choices.  The public would benefit 

from an evidence-based review of current NHS guidelines to ensure that they can 

make informed decisions about fish consumption, and are aware of any potential 

benefits for the prevention of ill-health. 

 

In recent years, Western civilisations have seen an increasing number of individuals 
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curtailing or totally eliminating the consumption of foods of animal origin from 

their diet (Leahy et al., 2010).  However, to date, there have been very few studies 

investigating the impact of adopting this lifestyle on neurological health and 

cognitive outcomes specifically, particularly with regards to the consequent 

reduced B12 consumption for this population.  Vitamin B12 status is a relevant 

topic to those on a predominantly plant-based diet as well as for older adults, as 

clinical deficiency of this vitamin has well-established neurological outcomes (Rizzo 

et al., 2016).  The prevalence of B12 deficiency in older adults has been 

documented to be between five and 20% (Allen, 2008; Clarke et al., 2007; Wolters 

et al., 2004), which indicates that this segment of the population is especially 

vulnerable to deficiency.   

 

While classic symptoms of untreated B12 deficiency are either haematologic or 

neurologic (Ankar and Kumar, 2019), presentation of associated symptoms are not 

reliable alone for diagnosis because symptoms are not present in all cases of B12 

deficiency (Green, 2017).  Furthermore, serum B12 measurements have a generally 

poor sensitivity and specificity for reliable detection of B12 deficiency, despite their 

widespread use as the primary screening test (Green, 2017).  Even in the absence 

of classic deficiency symptoms, a shortage of vitamin B12 has been shown to be 

associated with the build-up of Hcy (Medina, 2001).  This is particularly relevant to 

the field of AD research as it is the reduced form of Hcy that is considered to be 

responsible for neuronal damage (Chambers et al., 2001).  If vegans and 

vegetarians do not acquire sufficient amounts of vitamin B12 from the diet, this 

may have long-term implications, particularly in later life, when the absorption of 

B12 is also reduced.   

 



 294 

It is common for vegetarians to consume large amounts of plant matter rich in folic 

acid and which, as a result of folate trapping, can bring about a subcellular 

deficiency of vitamin B12.  The folate trap can mask a possible silent functional 

deficiency of cobalamin, which then only becomes evident with late-stage 

neurological abnormalities (Guzzo et al., 2016).  For the reasons given, it is 

apparent that individuals whose lifestyle choices result in a reduced consumption 

of B12 may, therefore, be at greater risk of neurological damage should they 

develop a condition that further impacted their B12 stores.  

 

The results described in Chapter six, show associations between low vitamin B12 

diets (i.e., vegans and strict vegetarians) and lower cognitive test scores.  The data 

obtained in this study is unable to provide an indication of the threshold 

concentration of vitamin B12 below which these effects become apparent; rather, 

the association produced appears dose dependant.  For this reason, it would seem 

prudent to encourage people, especially those in at-risk populations, to maintain a 

vitamin B12 status above the RDA, and preferably to obtain their B12 from foods in 

the diet rather than through supplements, whose consumption does not appear to 

be sufficiently compensatory.  However, further and wider scale research should 

be conducted to confirm the findings of this study.  

 

Obtaining adequate amounts of B12 from food is currently very challenging for 

those adhering to a vegan diet (Danchin and Braham, 2017).  As Chapter six 

discussed, there are very few naturally occurring sources of B12 that are not of 

animal origin.  The only feasible food source obtainable for vegans, with sufficient 

levels of B12, is via the consumption of certain species of algae (Wagner-Döbler et 

al., 2010; Watannabe, 2015).  However, these algae obtain the vitamin via direct 
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interactions with cobalamin producers, one such producer is an abundant marine 

cyanobacterium, which studies have shown produce pseudocobalamin (Croft et al., 

2006; Heal et al., 2016).  Pseudocobalamin is several orders of magnitude less 

bioavailable to humans than cobalamin, as it does not bind as effectively to IF 

(Taga and Walker, 2007).  If future studies replicate the results of this thesis, these 

findings have important implications for vegans in terms of their cognitive 

maintenance.  Vegan societies and government guidelines may wish to consider 

that, although supplementation may be effective in cases of malabsorption, it may 

not be an effective way of staving off cognitive deficits resulting from a lack of 

dietary intake.  

 

Understandably, a primary focus of clinical practice is to try to detect and treat AD 

as soon as possible.  Currently, probable AD diagnosis is only given if an individual 

displays cognitive impairment in at least two domains, which are severe enough 

that they interfere with daily life (McKhann et al., 2011).  This late diagnosis 

hampers research, as it does not permit the identification of the initial mechanisms 

that trigger disease onset.  Additionally, any lifestyle prevention strategies to 

protect against AD would need to be implemented before damage has taken place 

in order to produce the greatest benefit.  The neurocognitive assessment is an 

essential part of the AD diagnosis procedure at the dementia phase, and it is 

therefore vital that tests are both sensitive and specific enough for accurate 

detection early on.   

 

Reliable gauges of pre-dementia would allow for differentiation between cognitive 

deficits as a result of AD-associated manifestations from those of healthy ageing, 

which is key to tracking disease progression.  It is during the pre-dementia phase 
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that early prevention strategies have the highest potential to alter the disease 

course.  Therefore, a primary aim of this thesis was to investigate some subtle 

external factors, often present during typical testing scenarios, which have the 

ability to influence neuropsychological testing outcomes.  Whilst here, the focus 

has been on the implications for AD and MCI research, the thesis findings raise 

important considerations for any investigation that uses cognitive assessment 

measures as part of its methodology.  

 

The findings described in Chapter seven and eight contribute to the body of 

research on caffeine and cognitive function.  The prevalence of caffeinated 

foodstuffs as a daily component of the Western diet (Mahoney et al., 2019), make 

it essential to consider the impact that consumption of these items may have on 

neuropsychological test performance.  The majority of research involving prior 

caffeine consumption has failed to address complex task performance, favouring 

the analysis of low-cognitive load tasks, such as those assessing reaction time or 

basic attention (Rahman, 2009; Saville et al., 2017).  The specificity of the tests 

used in this study enabled the researcher to distinguish between the basic arousal 

effects of caffeine on attention, from the arousal effects of caffeine on memory, 

which current global testing regimes are not sufficiently sensitive to discern.   

 

The findings that significant differences in scores were established on the word list 

portions of the test battery are particularly salient.  Word list tests are commonly 

used to assess episodic memory (Rabin et al., 2005), and lists that exceed an 

individual’s supraspan are useful for examining both immediate and delayed recall, 

making them highly sensitive for identifying disorders that affect memory such as 

MCI and AD (Gavett and Howitz, 2012).  These findings are especially significant in 
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relation to AD as the disease causes substantial damage to the episodic memory 

functions very early in disease onset (Caillaud et al., 2019; Ma et al., 2016).  Given 

that even small divergences in the scores determine possible dementia diagnosis in 

the MMSE, it may be prudent for future screening practices to recommend that 

individuals abstain from consumption of any caffeinated beverage for a minimum 

of four hours before testing.   

 

Time of day is a factor known to affect cognition differently across the ages, with 

younger adults performing better later in the day and older adults performing 

better earlier in the day (Allen et al., 2008; Hasher et al., 1999; Yoon et al., 1999).  

However, despite the number of studies examining the effects of circadian rhythms 

on memory, the influence of age-associated chronotype is not typically considered.  

Misalignment between age-associated chronotypes and timing of cognitive tasks 

can have significant implications in a number of spheres.  

 

Older adults tend to be morning-type individuals, performing better earlier in the 

day as opposed to the afternoon or evening (Mecacci et al., 1986).  The results of 

Chapter eight suggests that improvements are noted for those individuals who 

perform the cognitive test battery at times considered optimal according to their 

age-associated chronotype.  This implies that at optimal times there is a circadian 

increase in attention, when people are able to process information much more 

effectively.  It is, therefore, proposed that future studies should consider 

accounting for TOD variances, particularly when the topic focuses on cognitive 

ageing.  Both researchers and clinicians use neuropsychological tests as a measure 

of an individual’s cognitive aptitude; if this performance is skewed, it can severely 

impact diagnosis, treatment and social or lifestyle interventions (Zamrini et al., 
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2004).  If older adult participants are assessed later in the afternoon at their ‘off-

peak’ arousal time, their score may not accurately reflect their actual cognitive 

abilities, and as a result, the reliability of the findings may be negatively affected.  

Whilst it may not be reasonable to suggest that researchers or clinicians only 

administer assessments at peak times for every participant, it would nevertheless 

be useful to note the time the examination takes place and consider this when 

evaluating results. 

 

It is well known that performance across a spectrum of cognitive demands shows 

changes with TOD.  Thus, it is reasonable to hypothesise that different chronotypes 

vary accordingly in their cognitive abilities.  Biological changes arising in puberty 

shift the sleep/wake cycle, with adolescents reaching optimal performance 

outcomes later in the day (Roenneberg et al., 2004).  This shift is at its most 

pronounced at age 19, before returning to an earlier pattern in the mid-20s 

(Roenneberg et al., 2004).  However, secondary schools and universities continue 

to commence teaching and testing early in the morning.  This practice could 

significantly affect the grades of those who, by chance, take critical examinations 

earlier in the day compared to those who take them later in the day.  

 

Time of day effects are also an important consideration for several occupational 

groups in our society, including emergency medical staff and safety personnel.  

Working at non-optimal times poses a risk for a reduction in productivity and an 

increased likelihood for accidents (Raslear et al., 2011).  In this context, the current 

findings indicate that age-associated misalignment may justify perceived variations 

in cognitive aptitude, and provide a framework for the development of 

countermeasures against adverse cognitive effects in sub-sectors of the 
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population.  As non-traditional working hours (beyond the standard nine to five) 

are becoming more commonplace, it is increasingly important to establish who 

may be at risk of inadvertent cognitive underperformances in the workplace 

(Weinmann et al., 2018).  With this ascertained, employers and workers alike can 

create practical and effective coping strategies to manage any potential 

shortcomings.  

 

If an individual’s performance can be affected by the external factors described 

above, as demonstrated in this thesis, the implications are far-reaching.  External 

factors should be considered and investigated further so that they can be 

controlled for if necessary, particularly when assessing participants on 

neuropsychological tests or where there are other demands of intellectual 

performance.  

 

9.4.  Limitations  

The majority of limitations described in this chapter concern issues with sampling 

and data collection, previously discussed in Chapters five, six and eight.  A small 

number of other limitations have also been identified.  Firstly, as mentioned in 

Chapter five – ‘White fish and cognitive function in the over-60s’, the participation 

rate was higher for women in this study than for men, so men were 

underrepresented when compared with the general population.  The latest census 

reported that 49% of the population were men and 51% were women (Office for 

National Statistics, 2019b), compared to the current study’s data sets (one, two 

and combined) where the percentage of men equalled 18, nine and 12% 

respectively.   
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The heterogeneous results of comparable studies suggest that the nature of this 

topic may be impacted by factors relating to disparities in testing, such as 

experimental design.  Regarding the methods of dietary collection, some authors 

have suggested that RCTs are the only reliable way to circumvent the problems of 

observational research (Concato et al., 2000).  However, RCTs are far from faultless 

for investigations into diet and disease, and results can often be misrepresentative 

(Bondemark and Ruf, 2015; Temple, 2016).  Dietary intake is complex, with 

multiple non-linear interactions of nutritional components, which can be 

challenging to analyse with the use of a singular drug trial method (Temple, 2016). 

 

This thesis has presented novel findings of the associations between diet and 

several factors linked to the development of MCI and AD, though the results should 

be interpreted within the study confines.  As with all observational research, 

collinearity, bias and confounding must always be considered as possible 

explanations for any association identified (Willett, 2000).  For instance, the tools 

used to assess dietary intake have all been associated with some measurement 

error and, therefore, cannot be said to be perfect gauges of an individual’s diet 

(Naska et al., 2017).  It has been reported that participants tend to underreport 

certain items, particularly those regarded as ‘unhealthy’, such as sweets, sugary 

drinks and alcohol (Chatelan et al., 2019; Lafay et al., 2000).  However, as the 

objects of comparison in the present study related to white fish (as opposed to oily 

fish) and foods containing B12 (as opposed to foods that do not), this was not 

considered to be a significant issue, as traditionally neither of these are considered 

healthy or unhealthy compared to their counterparts.   
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Another issue to consider regarding the methods used in this thesis relate to 

dietary changes over time.  This can arise for a number of reasons, either (i) an 

individual decides to change their food choices based on cost, health, ethical, 

religious or other motives; (ii) the food supplier changes, so the macro- and 

micronutrient content of a seemingly similar product may differ completely; (iii) 

the food supplier may change where they source their products or make changes 

to commercial food items for the purposes of formula optimisation.  Any of these 

factors, plus many more, can lead to incomplete information in food and nutrient 

databases and contribute to inaccurate assessments of dietary exposures.  

 

The B12 content of foods can vary substantially depending on, for instance, brand 

or place of purchase, resulting in limited comparability across studies.  An attempt 

was made to counter this effect by researching the upper and lower limits of B12-

containing foodstuffs and establishing a mean amount.  Though this does not 

result in a completely reliable estimate, it is the most pragmatic solution without 

the risk of making the FFQ too time-consuming for the participants.    

 

The highly correlated nature of nutrients and different components in food adds to 

the complexity of interpreting dietary data.  Controlling for potential confounders 

was thoroughly considered in the study designs cited in this thesis.  For Chapter 

five, the confounding factors chosen for investigation, based on previous research, 

were foods eaten alongside the fish, all medications taken over the study period, 

and any vitamin supplements (Gu et al., 2010; Koziolek et al., 2019; Smith and 

Blumenthal, 2016; Wzgarda et al., 2017).  The aforementioned confounding factors 

were chosen for inclusion in the analysis, as all have been previously documented 

to have a direct effect on either nutrient content or nutrient interactions.  
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However, the researcher was unable to account for discrepancies arising from a 

lack of complete information concerning the nutrient content of foods, and 

variations in other sources (e.g., minerals found in tap water) in the geographically 

diverse cohorts. 

 

Though other confounders could have been considered (e.g., smoking history), the 

multivariate statistical models used to adjust for confounding could potentially 

result in an over-adjustment.  Whilst confounding variables are an important 

concern with regard to observational studies, especially when examining dietary 

factors and disease outcomes (Nørgaard et al., 2017), the selection of covariates is 

often subjective (Cai et al., 2005; Steiner et al., 2010).  This subjective selection 

makes it unclear whether the covariates chosen actually minimise confounding or 

whether the observed association is independent of dietary patterns.  

 

Selection bias in ageing research is of particular importance (Banack et al., 2019).  

This study recruited only those individuals who did not show signs of cognitive 

impairment, excluding those who were less cognitively robust.  However, in the 

over-60s cohort, AD has been associated with other medical conditions such as 

obesity, CVD and T2D, for instance (Lavie et al., 2019; Wheeler et al., 2017).  

Therefore, it is possible that the individuals within this study, who have maintained 

their cognitive capabilities, represent the healthiest group of individuals in the 

given population and as a consequence, the derived results might be less 

generalisable to the average elderly population.  

 

A particular weakness concerning the caffeine studies was that the potential effect 
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of withdrawal and withdrawal reversal were not taken into account, much more 

research into these effects is warranted.  It could be suggested that the beneficial 

effects of caffeine observed in some tests were the result of the alleviation of 

withdrawal symptoms, rather than an actual beneficial effect of caffeine 

consumption (James and Rogers, 2005).  Therefore, those who had not consumed 

caffeine prior to testing performed worse on tests as they were experiencing 

caffeine withdrawal symptoms, previously established to result in adverse effects.  

However, the importance of this distinction is offset by the benefit that this 

approach more closely represents real-life scenarios that would occur at screening 

sessions.  

 

The final issue with regards to limitations relates to the choice of observational 

study design over, for example, a RCT.  The RCT is regarded by some to be the 

soundest methodology, as it allows the researcher to draw causal inferences 

(Plotnikov and Guggenheim, 2019).  Nevertheless, diet and health outcomes 

cannot always be practically, or even ethically, evaluated with the use of RCTs.  For 

instance, dietary modifications for chronic diseases such as AD, which can begin to 

manifest decades before diagnosis, would require participant observations and 

tests to be conducted over a considerable time period.  Hence, the participant 

burden and expense of a RCT for such a study would be prohibitive.  Furthermore, 

the suitability of RCTs to effectively investigate all diet and disease associations has 

been challenged in recent years (Pham et al., 2016).  Dietary intake is complex, 

with multiple non-linear interactions of dietary components that can be difficult to 

study with the use of a linear drug trial approach.  It is largely accepted that 

inferences of causality established from well-conducted observational studies, and 

later confirmed by RCTs, provide the most solid evidence base for investigations of 
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diet and disease risk.  Though, in some instances, RCTs do in actuality test the 

validity of different questions to observational studies.  The second experimental 

chapter – ‘Veganism and cognitive function’, aimed to explore whether some 

persons in a population are at risk of cognitive impairment and what this may 

mean for future disease risk, whereas an RCT might answer the question “does 

adding more B12 to the whole population reduce AD risk?”.  The latter does not 

refute the former, though on occasion examples like this have been used to 

invalidate previous findings.  

 

Regardless of the limitations described, the results reported provide confidence in 

the findings and impart a reliable starting point for further investigation. 

 

9.5.  Future research 

All preliminary evidence concerning diet and AD incidence risk needs to be 

acknowledged.  Focus must be placed on the implementation of accurate dietary 

advice for the promotion of healthy ageing.  Prevention strategies require the early 

identification of people at risk of developing AD, plus an effective approach to 

prevent or delay disease onset.  Primary prevention techniques should involve 

practical changes to modifiable risk factors that have minimal adverse effects, such 

as a nutritional intervention.  As dietary intake is a long-term practice, associations 

between nutrition, cognitive function and AD may be more clearly determined in 

studies involving extended follow-ups.  To confirm the link found in the present 

study between higher white fish consumption and memory test performance, the 

implementation of a longitudinal methodology using a larger cohort would be 

beneficial.  A longitudinal design, which begins prior to any neuropathological 

changes to establish a baseline, followed by memory assessments at ten-year 
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intervals, would provide valuable additional information on the association of diet 

and diagnostic conversion rates.   

 

For a longitudinal study, the use of multiple 24-HR may be the most efficacious 

method of dietary data collection.  This methodology provides a balance between 

the demands placed on participants and the needs of the researcher to obtain data 

that accurately represents an individual’s ‘normal’ diet.  The 24-HR has been 

validated against established biomarkers and FFQs, without the disadvantage of 

relying too heavily on memory.  As a primary goal is to study cognitive decline, it 

would be preferable that a dependence on memory be reduced as much as 

possible. 

 

The current studies findings revealed that a diet higher in white fish intake was a 

predictor of better performance on memory tests.  However, the fish consumed by 

the participants in this study represent only a small number of edible fish species.  

Current data on the cognitive effects awarded by consumption of different fish is 

very limited.  Future studies may consider a cross-cultural design to elucidate 

whether the beneficial effects are related to particular geographical regions, or 

result from the innate differences in the nutrient composition of white fish as a 

whole. 

 

In addition to an observational study, a large RCT dietary intervention study would 

also be beneficial.  Supplying cognitively healthy older adults with portions of 

either oily or white fish at least three times a week, then assessing cognitive 

outcomes would establish a causal relationship.  Whilst it is unfeasible to remove 
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all confounding variables, stringently controlled experimental studies provide more 

conclusive results than observational studies alone.   

 

The study presented in Chapter six considered the impact of dietary B12 

consumption on the development of AD.  In a clinical setting, those whose diets are 

deficient in B12, but who acquire their RDA from supplementation, would be 

regarded as obtaining sufficient amounts of B12, according to their serum status.  

However, the current findings indicate that the supplementary form of B12 did not 

award participants the same benefits as dietary B12.  As a deficit of one nutritional 

compound can counteract the beneficial effects of other nutritional compounds or 

combinations thereof, future research should focus on establishing which form of 

B12, and which method of assimilation, is the most bioavailable.   

 

A longitudinal study design would be beneficial to establish whether a vegan diet, 

where vitamin B12 is obtained solely from fortified foods (without the use of 

supplements), is a viable method for the procurement of bioavailable B12.  Any 

long-term intervention trials conducted to determine the most effective strategy 

by which high-risk groups can obtain adequate B12 to meet their health needs 

should also undergo extensive cost-effectiveness assessments to ensure that the 

preventative approach can be easily adopted and maintained.  Safety is another 

important consideration.  As far as the researcher is aware, no cases of risks linked 

to an over-ingestion of B12 have been reported to date.  However, caution is still 

advised; any individuals wishing to make drastic changes to their vitamin intake 

should always consult their doctor beforehand.   
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All future studies should engage in periodic dietary assessments alongside rigorous 

covariate analyses as changes to the diet over time may confound any findings 

related to diet and disease outcomes.  

 

This thesis has established that some external factors can influence 

neuropsychological scores.  As discussed throughout, it is important to consider 

these factors before analysing the results of any cognitive tests and making 

comparisons with normative data.  The findings of Chapters seven and eight, on 

the impact of prior caffeine consumption and test scores, should be replicated and 

analysed in more detail using a cognitive test battery that assesses other domains 

(such as executive function).  Caffeine is the world’s most widely consumed 

stimulant, with established effects on attention and alertness (Butt and Sultan, 

2011; Ferré, 2013); a known process involved in executive functioning.  Executive 

functions describe a wide range of active cognitive processes, which enable 

appropriate responses to environmental stimuli.  These processes include 

sustained attention, verbal reasoning, planning, cognitive flexibility and the ability 

to cope with novelty (Guarino et al., 2019).  This is also a domain that has more 

recently been considered for inclusion in early AD assessments due to prefrontal 

cortex degeneration observed during those initial stages (Salat et al., 2001).  

 

To avoid the risk of findings being attributed to the caffeine withdrawal reversal 

effect, a study could be conducted involving three randomly assigned groups 

tested in the morning and afternoon.  One group of participants would be 

instructed to consume their regular caffeine in the morning, followed by a period 

of abstinence in the afternoon prior to testing; a second group would continue to 

ingest caffeine as normal throughout the day, and the third group would consist of 
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caffeine naïve participants.  If group one performed at a comparable level to the 

other two groups in the morning, then dropped to a lower level in the afternoon, 

this would provide stronger support for the withdrawal hypothesis.  However, if 

this afternoon-withdrawn group started off at a comparable level to the other 

caffeinated group, then followed a similar pattern to the caffeine-naïve 

participants, the withdrawal hypothesis could effectively be eliminated as an 

explanation for these results.  Adding this third withdrawal-hypothesis testing 

group would provide a robust contribution to the extant literature, and offer 

greater clarifications to the withdrawal hypothesis debate. 

 

There are many other external factors that may affect performance on 

neuropsychological tests in the elderly, aside from those studied in this thesis.  

Other factors to consider include the participants’ level of education, career roles, 

mood, PA, subjective alertness and prior sugar consumption.  Future studies may 

choose to investigate the influence of these factors on cognitive performance, in 

addition to those tested in this thesis.  Their inclusion would provide a more 

comprehensive picture of the factors that might influence test performance in the 

sector of the population most commonly affected by AD, and be useful in 

optimising clinical interventions for diagnosis and treatment. 

 

To summarise, (i) a well-designed RCT methodology and accurate dietary data 

collection techniques that account for the complexities in dietary patterns, and 

which can influence investigations of single nutrients or food items, may be 

required for the desired goal of rigorous prospective scientific investigation of 

comprehensive dietary alterations in the prevention of AD. 
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(ii) The utilisation of longitudinal studies, reflecting our newly established 

understanding of the extensive prodromal phase of AD, would be most effective 

for implementing low-risk preventative strategies. 

(iii) Urgent research is needed to establish which methods of nutritional 

dispensation are most effective for the vegan and vegetarian populations to 

protect them from potential future cognitive decline.  The growth in popularity of 

plant-centred dietary choices also makes this an urgent public health 

consideration. 

 

9.6.  Concluding remarks 
 

The main findings reported here have sought to address the three primary aims 

established at the start of the research.  The literature review conducted in 

Chapter four – ‘Methodological considerations’, illustrated that cognitive 

assessment is an important initial stage of the screening process for conditions 

such as AD (NICE, 2018).  It is, therefore, crucial that the scores obtained on such 

neuropsychological tests are as accurate as possible.  The commonly administered 

cognitive testing methods presently utilised in clinical settings were considered 

lacking in both sensitivity and specificity to be useful for detecting subtle memory 

disparities in AD-associated regions in cognitively healthy participants.  This study 

created innovative modifications to well-established neuropsychological tests to 

ensure that they were sensitive to testing the specific domains of interest, chiefly 

areas of working memory.  Further investigations, using these specifically designed 

tests, confirmed that external variables (e.g., caffeine, hours of sleep and TOD) 

should be considered, and ideally controlled for, when evaluating test results.  The 

findings from this study show that such external factors have significant influence 
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on test performance, and therefore, have implications for areas of both clinical 

practice and research that rely on cognitive tests for diagnostic purposes, research 

and inclusion in clinical trials.    

 

This research aimed to investigate dietary factors that can affect vitamin B levels, 

namely white fish consumption and veganism.  Evaluations of the results from 

previous studies, on the association between diet and cognitive decline, have 

shown contradictory and inconsistent results.  Several investigations have reported 

a positive association between adherence to the MeDi and slower cognitive decline 

or reduced incidence of AD (Feart et al., 2009; Hardman et al., 2016; Morris et al., 

2015), whilst others have found no such associations (Vercambre et al., 2012).  

However, these investigations have a number of methodological differences that 

make the direct comparisons of findings problematic, and the scope of their 

investigations incomplete.  For these reasons, the present study elected to focus 

on specific dietary aspects.  To the researcher’s knowledge, no previous published 

studies have focused on white fish consumption specifically in the investigation of 

its potential impact on performance in regions of the brain that are known to 

undergo change early in AD progression.  Results showed clearly that increasing 

the consumption of white fish, in particular, has positive implications for improving 

cognitive faculties. 

 

Additional research into the potential impact of other dietary components also 

produced significant results.  The results discussed in Chapter six showed that B12 

is an essential component for cognitive health and, therefore, deficiency may have 

an adverse impact on cognitive function, especially in the domains of short-term 

episodic memory.  Results from these investigations showed a significant effect of 
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low dietary B12 intake, typically a feature of the vegan diet, on cognitive test 

performance.  In the tests conducted, vegans scored significantly worse on 

composite memory tests than those following a more omnivorous diet.  It is not 

yet clear whether B12 deficiency exerts its deleterious effects directly or through 

its interactions with other substances, for instance, high folate levels in those with 

low B12 status.  The findings from the vegan studies also suggest that synthetic 

B12 supplements are unlikely to provide the body with the full benefits afforded by 

their animal source counterparts.  As yet, the literature has not established if 

prolonged low vitamin B12 status leads to irreversible changes in the brain, though 

there have been suggestions that there is only a limited window of opportunity for 

the reversal of cognitive changes.  If the findings shown here are replicated, this 

strongly suggests a relationship between diet and neurological outcomes.  

Mechanisms by which diet may contribute either positively or negatively to 

cognitive function needs to be established.  Inflammation caused by the build-up of 

Hcy or RS is a potential mechanism of action, though it is likely that other complex 

interactions and points of overlap exist between dietary components and other 

biochemical pathways that affect brain function and disease development. 

 

It is clear from the analysis conducted that diet plays an important role in cognitive 

functioning, though the findings of this study should be interpreted with caution.  

This thesis describes several novel approaches to cognitive testing and 

investigations that have produced significant findings; however, these warrant 

follow-up investigations conducted with larger samples.  Ultimately, however, a 

global approach to nutrition is unlikely to be viable as a way to modify AD risk.  

Additional investigations into the effects of diet on cognition in the context of age 

may aid the development of dietary prevention strategies tailored to the needs of 
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those who are at the greatest risk of developing AD.   

 

The high cost of AD, both financially and in terms of the psychological strain on 

carers, is of global concern.  Without a known cure or effective treatment 

strategies, it is vital that research into preventative techniques, which have the 

potential to prevent or delay cognitive decline and AD, are identified and 

appropriate public health guidance provided.  Accurate assessment is also 

necessary for diagnostic purposes, research and inclusion in clinical trials, and any 

external factors likely to influence results need to be considered and adjusted for 

in this process.  In addition, research interventions, such as RCTs, are needed to 

extend our knowledge of previously speculated preventative or risk factors in order 

to establish causal relationships.  If findings are confirmed, intervention 

programmes can be created which can improve disease outcomes at the individual 

and global level.  Furthermore, identifying causative factors may elucidate the 

biological mechanisms involved in the development of AD and contribute to the 

formation of more accurate testing regimes. 

 

The relationship between brain health and the external factors that may influence it 

is both important and complex.  A review of the literature makes clear that many 

questions concerning our ability to influence and prevent cognitive disease remain 

unanswered.  The results presented in this thesis contribute to the body of research 

that aims to provide a better understanding of the role of nutrition as a protective 

cognitive factor and provides new insights into the impact of confounding variables 

when carrying out assessments of cognitive function, whether for research or clinical 

purposes.  Incorporating this knowledge into the design of novel treatments could 



 313 

be vital to combating chronic neurological diseases, such as AD or maintaining 

cognitive health into old age.    
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Appendix 1 

 

Researchers:  Dr Valerie Lesk and Clarice Ryan 

White fish and memory function in the over-60s 

Information sheet 

 

Thank you for your interest in taking part in this study.  This information sheet will 

provide you with detailed information about this study and what it will involve for 

you.  Please telephone or e-mail the researchers to ask any questions that you may 

have.   

Please note that this study received full ethical approval from the Humanities, Social 

Science and Health Studies ethics committee, the University of Bradford on 

13/04/2016. 

 

Aim of the study 

As the incidence of dementia increases, there is now a large focus on finding ways to 

prevent the disease from occurring.  The role of diet in the process of ageing has 

been studied for some time.  Fish contains nutrients which are very important for 
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brain function and structure.  The purpose of this research is to examine the link 

between white fish consumption and cognition, in particular memory performance. 

 

Why have I been selected to participate? 

We are contacting you because you are a member of the Division of Psychology, 

University of Bradford's over-60s participant pool. 

 

What will I need to do? 

If you decide to take part, you will be asked to come into the University of Bradford, 

Division of Psychology on two occasions and in between these sessions you will be 

asked to complete a food diary about your fish consumption.  Some of you may 

remember this procedure from a previous experiment.  We would like to add to that 

data, and although the diary procedure may be similar to the previous study, a more 

comprehensive battery of tests focussing specifically on memory will be included in 

the present study. If you participated in the previous study, it is fine for you to 

participate again. 

On your first visit to the University of Bradford, you will meet the researcher and will 

have the opportunity to ask any questions you may have. You will then be provided 

with this information sheet again and asked to sign a consent form.  Here you will be 

given an information pack containing this information sheet, an instruction sheet 

and a three-week food diary.  This session should last approximately 10-20 minutes. 

The food diary requires you to make a note of every time you consume a meal or 

snack which contains any type of fish.  We would also like you to record where the 

fish was purchased from, the approximate weight as either specified on the 

packaging or self-weighed, the cooking method you used to prepare the fish and 

what other foods you ate with the fish.  This information is provided with the 

booklet.  Please also make a note of any beverages and supplements that you take 

during the study period, particularly ones containing fish oil, such as cod liver or 

omega-3 fish oils.  It is important that you do not change the amount of fish you 

habitually consume during this three-week period.  We also ask that you choose a 

typical three weeks, for example, if you are going on holiday, please wait until you 

get back to complete the form.  If at any point when completing the diary, you are 
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unsure of how to record any of the details or have additional questions, please 

contact the researchers for further advice. 

After you have completed the diary you will be invited back to the University of 

Bradford, Division of Psychology at a time convenient for you and asked to fill out a 

brief questionnaire containing questions about your current levels of tiredness and 

participate in a series of cognitive tests used to assess different aspects of memory.  

The tests will take about an hour, and you are free to take a break at any point. 

 

Who will be able to see my results? 

All the information that is collected from you during this research will be kept 

secure, and any identifying material, such as names will be removed; instead, 

confidentiality codes will be used to identify participants in order to ensure your 

anonymity.  

 

Withdrawing from the study 

You are free to withdraw at any time throughout this study.  Furthermore, if you 

wish to withdraw your data from the study after participation, you can contact the 

researchers by e-mail on cryan2@student.bradford.ac.uk, v.lesk@bradford.ac.uk or 

on 01274 236832, or at the postal address at the top of this sheet.  Please note that 

you can do this until the results have been analysed and written up for publication.  

Thank you for reading this information sheet.  Your participation has the potential to 

help the field of dementia and Alzheimer's disease research to progress. 

If you require any further information about the study, please contact the 

researchers, Clarice Ryan at cryan2@student.bradford.ac.uk or Dr Valerie Lesk on 

v.lesk@bradford.ac.uk or by telephoning 01274 236832.   
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Appendix 2 

 

White fish and memory function in the over-60s 
 

 
I have been informed of the purpose of this study and have had the opportunity 
to ask questions about it if I wished 
 
 
I understand that I can withdraw from the study at any stage, without giving a 
reason 
 
I understand that my data will not be included in the research unless the data 
has been analysed and written up for publication 
 
 
I understand that I will be required to complete a detailed three-week food diary 
where I must record meals containing fish products 
 
 
I must choose a ‘typical’ three-week period to complete the diary 
 
 
I understand that I must not alter the amount of fish I would usually eat during 
this three-week period. 
 
 
I understand that I must honestly record my fish consumption 
 
 
I understand that following completion of the food diary I will be invited to 
attend a cognitive testing session at the University of Bradford 
 
 
I understand that any information I provide will be kept confidential and only 
the researchers will have access to the information 
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I give my consent to take part in the research. 
 
 
Participant                         .............................. 
 
 
Signed               ……………………………………… 
 
 
NAME IN BLOCK LETTERS      …..………………………           Date 
………………………………… 
 
 
 
 
Researcher                         .............................. 
 
 
Signed      ……………………………………… 
 
 
NAME IN BLOCK LETTERS     …..………………………          Date………………………………… 
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Appendix 5   
 
Researchers:  Dr Valerie Lesk and Clarice Ryan 

Veganism and cognitive function 

Information sheet 
 

Thank you for your interest in taking part in this study.  This information sheet 
will provide you with detailed information about this study and what it will 
involve for you.  Please telephone or email the researchers to ask any questions 
that you may have.  Contact details are located at the bottom of page two. 
Please note that this study received full ethical approval from the Chair of the 
Biomedical, Natural, Physical and Health Sciences Research Ethics Panel at the 
University of Bradford on 09/05/18. 
 
Aim of study 
As the incidence of dementia increases, there is now a large focus on finding 
ways to prevent the disease occurring.  The role of diet in the process of ageing 
has been studied for some time; this approach has promise for reducing disease 
incidence and prevalence among both the general population and the elderly.  
With regards to Alzheimer's disease risk, some evidence has previously stated 
that a diet high in vitamin B12 levels leads to improved memory performance 
(Moore et al., 2012; Morris, 2012; Tangney et al., 2011).  However, studies of 
vegan participants in particular is not extensive, furthermore research 
investigating the impact of supplementation on cognitive tests is lacking.  The 
purpose of this research is to examine the link between veganism and cognitive 
performance, as little research to date has fully explored this link. 
 
What will I need to do? 
It is your decision whether or not you wish to take part in this research.  Please 
note that participants under the age of 18 or those who have been diagnosed 
with any cognitive impairment, or uncorrectable visual impairments are 
not eligible to participate in this study.  If you do decide to take part, you will be 
asked to complete an electronic questionnaire, divided into two sections.  This 
can either be emailed to you directly or completed prior to the cognitive testing 
session with the researcher.  Section one will ask questions about your diet, and 
the second section will contain questions relating to your levels of tiredness and 
caffeine intake.  Part two of the study requires you to take part in a short series 
cognitive tests used to assess different aspects of cognition.  The second part of 
this study will take no longer than 20 minutes in total.  You will need to do the 
tests all in one session so please make sure you have time in which to complete 
the session.  Testing will be available Monday-Friday from 8am till 4:30pm.  
Please note that we need both vegan participants and non-vegan 
participants, therefore you do not have to be vegan to take part. 
 
Who will be able to see my results? 
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All the information that is collected from you during this research will be kept 
secure.  At no point during this study will you be required to provide your name, 
instead you will be asked to create a confidentiality code when you begin in 
order to ensure your anonymity.   
 
Withdrawing from the study 
You are free to withdraw at any time throughout this study, you can do this by 
contacting one of the researchers (details below) and simply requesting your 
data be withdrawn.  Furthermore, if you wish to withdraw your data from the 
study after participation you can contact the researchers by email on 
cryan2@student.bradford.ac.uk,  v.lesk@bradford.ac.uk, or on 01274 236775, or 
at the postal address at the top of this sheet.  Please note that you can do this 
until the results have been analysed and written up.  
NOTE: The purpose of this study is not to diagnose impairment, however if you 
are concerned about your cognitive test performance please consult your GP. 
Thank you for reading this information sheet.  Your participation has the 
potential to help the field of dementia and Alzheimer's disease research to 
progress.  
 
If you require any further information about the research please contact the 
researchers, Clarice Ryan at cryan2@student.bradford.ac.uk or Dr. Valerie Lesk 
on v.lesk@bradford.ac.uk or by telephoning 01274 236775.  
 
 
 
 
Reference: 
Moore, E., Mander, A., Ames, D., Carne, R., Sanders, K., Watters, D. (2012) 
'Cognitive Impairment and Vitamin B12: A Review'. International 
Psychogeriatrics, 24:4, pp.541-556 
 
Morris, M.S. (2012) ‘The Role of B Vitamins in Preventing and Treating Cognitive 
Impairment and Decline’. Advances in Nutrition, pp. 801-812 [online] Available 
at: <http://dx.doi.org/10.3945/an.112.002535> [Accessed 12th January 2015] 
 
Tangney, C.C., Aggarwal, N.T., Li, H., Wilson, R.S., Decarli, C., Evans, D.A., Morris, 
M.C. (2011) 'Vitamin B12, Cognition, and Brain MRI Measures: A Cross-Sectional 
Examination'. Neurology, 77:13, pp.1276-1282 
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Appendix 6 

 
 

Veganism and cognitive function 
 

 
 

I have been informed of the purpose of this study and have had 
the opportunity to ask questions about it if I wished                                                  

 
 

I understand that I can withdraw from the study at any stage, 
without giving a reason 

 
 

I understand that my data will not be included in the research 
unless the data has been analysed and written up for 
publication                                       

 
 

I understand that I will be required to complete a 
questionnaire about both my diet and eating history, and 
questions regarding my optimal performance time, which I 
must answer honestly                            

 
 

I understand that following completion of the questionnaire I 
will be invited to attend a cognitive testing session at my 
convenience 

 
 

I understand that any information I provide will be kept 
confidential and only the researchers will have access to the 
information 
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I give my consent to take part in the research. 
 
 
Participant                         .............................. 
 
 
Signed               ……………………………………… 
 
 
NAME IN BLOCK LETTERS      …..………………           Date ………………………………… 
 
 
 
 
Researcher                         .............................. 
 
 
Signed      ……………………………………… 
 
 
NAME IN BLOCK LETTERS     …..……………         Date………………………………… 
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