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Abstract 

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) are ‘essential’ fatty acids that cannot be 

manufactured de novo within the body and must be obtained via the diet, with the n-3 PUFAs 

docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) previously being found to 

have a wide range of bioactive properties within the body and particularly on brain function. 

However, in the UK and several other western nations, n-3 PUFA intake is found to fall below 

government and health organisation guidelines. Although previous research into the effects of 

n-3 PUFA intake and physiological and psychological outcomes is extensive, the previous 

research can be criticised for several methodological limitations relating to supplementation 

lengths, population samples, formulations of the supplements and placing little focus on the 

bioavailability and uptake of the fatty acids across the supplementation period. Therefore this 

thesis aimed to address the previous limitations identified within the research area to more 

accurately examine the effects of both a DHA- and EPA-rich supplement on measures of 

cerebral blood flow, sleep, memory consolidation, cognition and mood. 

Chapter 3 describes an intervention study that employs a near-infrared spectroscopy (NIRS) 

neuroimaging technique capable of measuring gross changes in cerebral haemodynamics 

across a 26 week supplementation period, a factor missing from the previous research 

conducted thus far. Chapter 4 describes a 26 week intervention study that measured 

parameters of sleep via subjective rating scales, actigraphy watches and urinary 6-

sulphatoxymelatonin (aMT6s). Chapter 5 describes a novel 26 week intervention study that 

aimed to measure overnight memory consolidation via completion of learning and recall tasks 

before and after sleeping. Finally, Chapter 6 describes a 26 week intervention study measuring 

aspects of episodic memory, working memory, information processing speed, executive 

function, attention and global cognition. The intervention studies that comprise this thesis 

include the first investigations that administer self-micro-emulsifying delivery system (SMEDS) 

formulated DHA- and EPA-rich supplements, designed to increase fatty acid bioavailability, 

dosed at bed-time, in healthy, young adults aged 25-49. 

Notably, there is evidence to suggest that supplementation with both the DHA-rich and EPA-

rich treatments show a trend towards reducing the quantities of oxygenated haemoglobin 

during completion of serial subtraction tasks, interpreted as an increase in neural efficiency. 

N-3 PUFAs, particularly DHA, also improved objective measurements of sleep whilst the EPA-

rich treatment improved global cognitive function and improved reaction times during both 

executive functioning and episodic memory tasks. Taken together, these findings suggest that 

26 weeks’ n-3 PUFA supplementation is beneficial for a number of psychological and 

physiological brain parameters in healthy, young adult samples. 
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CHAPTER 1. INTRODUCTION 

1.1. Background 

Dietary supplements such as vitamins, minerals and amino acids are often used in conjunction 

with a regular diet, usually when that nutrient is void or deficient in the diet (Aina & Ojedokun, 

2014). Sales of these supplements contribute to the economy, with total sales of such products 

in the USA increasing by 7.7% in 2016 (Izzo, 2018). An estimated $7.45 billion was spent on 

herbal supplements in 2016 in the US alone (Smith, Kawa, Eckle, Morton & Stredney, 2017) 

with global sales estimated at $108 billion in 2014 (“Supplement Business Report”, 2016). 

Several benefits, such as reducing the risk of developing age related diseases, lessening the 

symptoms of non-deficiency diseases and boosting athletic performance or the immune 

system are often listed as motivations for dietary supplementation (Webb, 2011). One of the 

most widely used dietary supplements are fish oils rich in omega-3 polyunsaturated fatty acids 

(n-3 PUFAs). Around 282,000 tons of fish oil were consumed by humans in 2014 with this 

estimated to increase to 711,000 tons by 2025 (Grand View Research, 2014; Bianchi et al., 

2012). This increase represents an annual growth rate of around 8% and should this trend 

continue the market for fish oil supplements will increase from $1.69 billion in 2013 to $5 billion 

by 2025 (Grand View Research, 2014).  

The n-3 PUFA α-linolenic acid (ALA) is known as essential fatty acid (EFA) as it is needed for 

survival in humans and other mammals, but cannot be synthesised within the body and 

therefore must be obtained from the diet (Innis, 2007). The more bioactive n-3 PUFAs, 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are naturally enriched in the 

blubber and tissues of sea mammals such as whales and seals as well as in oily fish (Calder, 

2017). A review by Jones and Jew (2016) summarises the approved health claims for n-3 

PUFAs from international food agencies stating how, across Europe, Australia, New Zealand 

and Canada, n-3 fatty acids benefit several cardiovascular parameters, maintenance of blood 

triglyceride levels and normal brain, eye and foetus development. However, benefits of n-3 

PUFAs on cognitive outcomes are still unknown due to the overall inconclusive data that is 

available to fully support such claims.  

This introduction aims to outline the various functions of n-3 PUFAs in the body and the impact 

these PUFAs have on behaviour and mood. This will include an evaluation of several factors 

involved with n-3 PUFA supplementation, such as bioavailability issues, oxidation, time of 

supplementation and comparative effects of DHA and EPA. The basic chemical structure, 

dietary sources and the metabolism of fatty acids will also be discussed. 
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1.2 Essential Fatty Acids, Chemical Structure and Metabolism 

Previously, Jackson (2010) described how there are several types of fatty acids in the diet, 

which can be metabolised to provide energy, stored as fat deposits or are incorporated into 

cell membranes (Surette, 2008). Fatty acids are hydrocarbon chains flanked by a methyl group 

(CH3) at one end and a carboxyl group (COOH) at the other (Calder, 2017). These fatty acids 

can be either saturated, having only single bonds between their carbon atoms making them 

rigid in nature, or unsaturated, having one (monounsaturated) or more (polyunsaturated) 

double bonds between the carbon atoms. The position of the first double bond in relation to 

the methyl end determines whether the PUFA is termed an n-3, an omega-6 (n-6) or an 

omega-9 (n-9) fatty acid.  

Mammals are capable of synthesising every fatty acid required for biological processes within 

the body except ALA (n-3) and linoleic acid (LA, n-6)  making them EFAs as they must 

therefore be derived from the diet (Innis, 2007). As all n-3 and n-6 PUFAs can be metabolised 

from LA and ALA these are sometimes referred to as “parent” fatty acids. Calder, (2017) 

describes how arachidonic acid (AA) is the chief metabolite of LA whilst EPA and DHA are the 

most functionally important metabolites of ALA (Calder, 2016). The pathway for the conversion 

of ALA to EPA involves three steps, catalysed in turn by delta-6 (Δ6) desaturase, elongase 5 

and delta-5 (Δ5) desaturase. Further conversion to DHA, via docosapentaenoic acid (DPA), 

occurs by a complex pathway involving chain elongation catalysed by elongase 5, a second 

chain elongation catalysed by elongase 2 or 5, desaturation by Δ6 desaturase and finally the 

removal of two carbon atoms by limited β-oxidation in peroxisomes (Calder, 2017). Although 

the conversion pathways of n-3 and n-6 are independent, the enzymes that are required during 

each stage are actually shared between both pathways (Figure 1.1). The metabolism of n-3 

and n-6 PUFAs are mainly carried out in the endoplasmic reticulum of the liver and in glial 

cells (Moore, 2001). 

 



3 
 

 

Figure 1.1 Pathways of biosynthesis n−6 and n−3 fatty acids. ARA, arachidonic acid; DHA, docosahexaenoic acid; 

DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid. From “Marine omega-3 fatty acids and inflammatory 

processes: effects, mechanisms and clinical relevance” by P. Calder, Biochimica et Biophysica Acta, 1851(4), p. 

471. 

Figure 1.2 shows the route that long-chain n-3 PUFAs take once they have entered the body 

to incorporation into tissues. After the fats are ingested they are emulsified in the stomach 

before entering the small intestine and are then cleaved off from their various types of bonds 

to form free fatty acids (FFA) and 2-monoacylglycerides (2-MAG). The FFA and 2-MAG are 

then taken up by enterocytes (intestinal absorptive cells) as mixed micelles via passive 

diffusion. In the enterocytes, the n-3 PUFAs are re-esterified to triglycerides and then 

incorporated into chylomicrons (fat globules composed of protein and lipids) and transferred 

to the lymph and thus systemic circulation. Finally, blood circulation then transports the n-3 

PUFAs to the target tissues where they are primarily incorporated into membranes. 
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Figure 1.2. Digestion and uptake of long chain n-3 fatty acids. From “Bioavailability of long-chain omega-3 fatty 

acids” by J.P. Schuchardt & A. Hahn, Prostaglandins, Leukotrienes and Essential Fatty Acids (PLEFA), 89(1), p. 

3. 

The high intake of n-6 relative to n-3 in many western diets favours the conversion of LA over 

that of ALA due to the increased competition over the desaturases used to convert these 

PUFAs to their longer chain derivatives (Blasbalg et al., 2011). This increased competition 

from n-6 PUFAs for the enzymes required for metabolism of n-3 PUFAs may explain the low 

levels of conversion of ALA to EPA and DHA observed previously (Burdge & Calder, 2006). 

Although, conversion of ALA to EPA and DHA is also known to be influenced by several factors 

including stage of life, age, sex, hormones, genetics and disease (Baker et al., 2016). As a 

result, conversion of ALA to DHA has been found to be extremely inefficient in humans with 

rates of less than 1% being reported (Kidd, 2007; Plourde & Cunnane, 2007). This conversion 

is further limited by the fact that 25% of ALA is converted to carbon dioxide for energy within 

24 hours of consumption (Brenna, 2002). In light of the abundant issues with metabolism of 

ALA to EPA and DHA, it is more efficient for these n-3 PUFAs to be supplied directly via dietary 

sources. 
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1.3 Dietary Sources, Consumption and the Importance of the n-3/n-6 ratio 

The main dietary sources of LA include cereals, eggs, poultry, most vegetable oils, whole-

grain breads, baked goods, margarine, sunflower oil, saffola oil and corn oils (Das, 2002; 

Meyer et al., 2003). Whereas the main dietary sources of ALA include canola oil, flaxseed oil, 

linseed and rapeseed oils, walnuts and leafy green vegetables (Das, 2006). A variety of marine 

microalgae are rich sources of both DHA and EPA (Adarme-Vega et al., 2012) and as fish 

consume algae in their diets, they too are rich in both DHA and EPA, which leads to some fish 

being known as “oily” fish. Oily fish that are rich in EPA and DHA include mackerel, salmon, 

trout, fresh tuna and sardines. In smaller quantities, both EPA and DHA can also be found in 

some livestock and both chickens and their eggs if they have been fed a diet enriched with n-

3 PUFAs. 

The minimum recommended daily intake of EPA and DHA is between 200-450mg, depending 

upon the organisation making the recommendation (EFSA Panel on Dietetic Products, 2012). 

The Food and Drug Administration (FDA) consider an intake up to 3 g/day safe and the 

American Heart Association recommends an intake of two servings of fatty fish e.g. cold water 

salmon (3.5-oz each serving) twice a week for the prevention of cardiovascular disease 

(Lichtenstein et al., 2006). In the UK, it is estimated that only 25% of the adult population 

regularly consume fatty fish with the remaining 75% consuming fatty fish rarely or never 

(Calder, 2017). 

Over the past 100-150 years, the consumption of n-3 PUFAs has been falling gradually in 

western diets which now contain excessive levels of n-6 PUFAs compared to n-3 PUFAs, 

leading to an unbalanced n-6/n-3 ratio of 20:1 in favour of n-6 (Simopoulos, 2008). There is 

evidence to suggest that humans evolved on a diet where n-6 and n-3 PUFAs were consumed 

in equal amounts (Simopoulos, 2016). It has been argued that the fall in the intake of 

biologically active n-3 PUFAs has contributed to the increasing incidence of atherosclerosis, 

cardiovascular heart disease, hypertension, metabolic syndrome X, obesity, and potentially 

cancer (Das, 2006). 

1.4 The Functions of n-3 PUFAs 

Human cell membranes are composed of phospholipids that contain various types of fatty 

acids. The length and saturation of the fatty acids in these phospholipids is believed to affect 

the properties of cell membranes with incorporation of n-3 PUFAs into the phospholipids 

resulting in more fluid cell membranes and affecting lipid microdomain formation and signalling 

across the membranes (Endo & Arita, 2016). It is this concept by which n-3 PUFAs are 
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believed to impact brain function and hence behaviour and mood as well as having impacts 

on the cardiovascular system via modulation of certain cardiac ion channel functions, 

neurotransmission, inflammation from eicosanoid production, gene expression and tumour 

suppression. 

1.4.1 Role of n-3 PUFAs in Cell Membranes and Abundance in the Brain 

The cell membrane, composed of a phospholipid bilayer and several proteins, constitutes the 

outer boundary of the cell. Not only does the cell membrane control molecular transport, but 

it also regulates communication between the cell and its environment by transducing signals 

across the membrane (Hou, McMurray & Chapkin, 2016). EFAs are known to influence 

membrane fluidity, determining and influencing the behaviour of membrane bound enzymes 

and receptors (Das, 2006). The brain contains a higher concentration of lipids than any other 

organ, excluding adipose tissue (Heinrichs, 2010). Fifty percent of the dry weight in an adult 

brain is composed of lipids (Hamilton et al., 2007; Bruce, Zsombok & Eckel, 2017), 35% of 

which are n-3 and n-6 PUFAs (Haag, 2003). When the consumption of fish or fish oil in the 

diet increases, the EPA and DHA from these sources are known to partially replace the n-6 

fatty acids, especially AA, in the membrane phospholipids of all cells, but especially in the 

membranes of platelets, erythrocytes, neutrophils, monocytes, neurons and liver cells 

(Simopoulos, 2008). These increases in EPA and DHA and decreases in AA are reflected in 

membrane levels (Marteinsdottir, 1998).  

When n-3 PUFAs are incorporated into the phospholipid bilayer of cell membranes they can 

affect signalling across membranes and also modulate the function of membrane ion channels 

(Endo & Arita, 2016). The unique structure of n-3 PUFAs, particularly EPA and DHA, allows 

for increased membrane fluidity when incorporated into the membranes of cells due to the 

specific positioning of the double bonds between the carbon atoms that results in a “kink” of 

the fatty acid that then takes up more space in the membrane (Figure 1.3; Heinrichs, 2010; 

Hussein, 2013). Considering that neurotransmission relies on ion channels embedded in 

membranes, neurons composed of insufficient levels of PUFAs can be expected to exhibit 

signalling abnormalities (Zimmer et al., 2000). 

 

 



7 
 

 

Figure 1.3. The difference between “fluid” and “viscous” cell membranes caused by an increased incorporation of 

unsaturated fatty acids into the phospholipid bilayer. Adapted from Membrane Fluidity of Biomembrane, in Let’s 

Talk Academy, n.d., retrieved May 12, 2019, from https://www.letstalkacademy.com/publication/read/membrane-

fluidity-of-biomembrane.  

Evolutionary perspectives on fatty acid consumption suggest that long chain (LC) PUFAs may 

have played a role in the enlargement of the human brain. The increased size of the hominid 

cerebral cortex over the last two million years, when homo first emerged, is correlated with a 

large increase in fish consumption (Heinrichs, 2010), and some researchers have proposed 

that LC PUFAs were crucial in the development of human intellect (Chamberlain, 1996). As a 

large proportion of the mammalian brain is composed of lipids it does advocate the importance 

of lipids in maintaining the structure and function of the mammalian brain. Indeed, Kaplan, 

Gimbel & Harris, (2016), provide evidence for the role that n-3 PUFAs played in the 

development and morphology of the modern human and mammalian brain. This idea is also 

consistent with evidence from experiments with animals, which demonstrate that n-3 

deficiency depletes brain fatty acid composition in rhesus monkeys (Neuringer et al., 1986) 

which then results in serious behavioural derangements (Reisbick et al., 1994) and neuronal 

atrophy in the dorsolateral and dorsomedial prefrontal cortex of mice (Larrieu et al., 2014). 

The effects of n-3 PUFA deficiencies have also been seen to be reversed when consumption 

of n-3 PUFAs is introduced back into the diet (Connor, Neuringer & Lin, 1990). This evidence 

again suggests that n-3 PUFAs play a vital role in the structure and functioning of the 

mammalian brain.  

1.4.2 N-3 PUFAs Modulate Neurotransmission 

Although no neurotransmitters themselves are directly derived from n-3 PUFAs, variation of 

dietary intake of these has been shown to influence levels of dopamine (Zimmer et al., 2000; 

Song et al., 2003; Song et al., 2007; Forster et al., 2008), serotonin (Hibbeln et al., 1998; 

Grosso et al., 2014; Patrick & Ames, 2015; Sugasini & Lokesh, 2015) and acetylcholine (Aïd 

https://www.letstalkacademy.com/publication/read/membrane-fluidity-of-biomembrane
https://www.letstalkacademy.com/publication/read/membrane-fluidity-of-biomembrane
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et al., 2003; Taepavarapruk & Song, 2010). N-3 PUFAs are also known to play a role in various 

signalling pathways including activation of secondary messenger systems in response to 

neurotransmitters binding to extracellular receptors (Heinrichs, 2010). N-3 PUFAs have been 

shown to increase levels of protein kinase A, as well as adenylate cyclase, in neuronal tissue 

cultures in vitro (Haag, 2003). Protein kinase A and adenylate cyclase are both involved in the 

metabotropic-receptor mediated signalling pathways used by norepinephrine (ά-2 and β 

receptors), serotonin (5-HT1 receptor) and dopamine (D1 and D2 receptors; Heinrich, 2010). 

A deficiency of n-3 PUFAs in neurons would also likely be matched with lower levels of 

adenylate cyclase and protein kinase A activity, which would in turn result in the need for a 

greater amount of neurotransmitter agonist activity to depolarize the cell once a receptor is 

activated (Heinrich, 2010). 

Certainly, altered levels of neurotransmitters are related to several conditions. For example, 

the pathophysiology of depression has been dominated by the monoamine hypothesis, 

suggesting that an imbalance in serotonergic and noradrenergic neurotransmission is at the 

core of depressive symptoms (Grosso et al., 2014). Additionally, levels of dopamine are known 

to be related to both schizophrenia (Ohara, 2007) and ADHD (Huang et al., 2015) whilst 

Alzheimer’s disease (AD) is related to levels of acetylcholine (Kumar & Singh, 2015). Changes 

in brain n-3 PUFA concentrations induced by chronic deficiency in dietary n-3 PUFA intake 

have previously been seen to increase serotonin 2 (5-HT2) and decrease dopamine 2 (D2) 

receptor density in the frontal cortex (Delion et al., 1994; Berg, Maayani & Clarke, 1996; 

Chalon et al., 2001), changes thought to play a role in the pathophysiology of depression 

(Fakhoury, 2016). Human plasma n-3 levels in cerebral spinal fluid have also previously been 

positively correlated with 5-hydroxy-indoleacetic acid (5-HIAA), a metabolite of serotonin and 

an indicator of brain serotonin turnover (Hibbeln et al., 1998) with increased cerebrospinal fluid 

5-HIAA release commonly associated with the improvement of depression and anxiety 

symptoms (Su, Matsuoka & Pae, 2015). 

Pre-clinical studies have also shown that n-3 PUFAs can promote hippocampal neurogenesis 

in adult animals (Kawakita, Hashimoto & Shido, 2006; Beltz et al., 2007), potentially through 

their ability to modulate neurotrophins (Wu, Ying & Gomez-Pinilla, 2004; Venna et al., 2009; 

Blondeau et al., 2009). Brain-derived neurotrophic factor (BDNF), is known to be associated 

with neurogenesis and the survival and growth of many types of neurons (Hearing et al., 2016) 

and could be involved in improving cognition by enhancing learning and memory functions of 

the hippocampus (Schinder & Poo, 2000; Binder & Poo, 2004). Experimental studies in rats 

have demonstrated that n-3 PUFAs can modify BDNF levels (Rao et al., 2007; Vetrivel et al., 

2012; Ferreira et al., 2013) with Ferreira et al., (2014) also identifying a correlation between 
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n-3 PUFA intake and peripheral BDNF levels in humans, providing support for the effects of 

n-3 PUFAs on BDNF levels in human samples. Together, these findings suggest that many 

neurotransmitter pathways can be influenced via dietary intake of n-3 PUFAs, which can then 

also have an impact upon neuronal activity, neurotransmission, neuroplasticity, mood and 

behaviour. 

1.4.3 N-3 PUFAs Modulate Inflammation 

Inflammation is a crucial part of the defence mechanism against pathogenic organisms, which 

forms an environment that is hostile to pathogens, inducing changes in the metabolism of the 

host and initiating pathogen killing (Calder, 2015). During the inflammation process, 

leukocytes migrate from the blood stream into the surrounding tissue, releasing lipid derived 

mediators called eicosanoids. Eicosanoids, further categorised as leukotrienes, thromboxanes 

and prostaglandins (Figure 1.4), are a class of biological compounds responsible for mediating 

many aspects of the inflammatory response (Calder, 2006; Calder, 2009) and are mainly 

derived from 20 carbon PUFAs, either AA (n-6) or EPA (n-3), liberated from cell membranes. 

As the consumption of n-6 PUFAs is far greater than n-3 PUFAs in western diets, AA is usually 

the dominant substrate for eicosanoid synthesis (Calder, 2017b), and AA derived eicosanoids 

are, by definition, pro-inflammatory (Schmitz & Ecker, 2008). Although, research has actually 

shown AA-derived eicosanoids as having a mixed response with both pro- and anti-

inflammatory roles (Levy et al., 2001; Vachier et al., 2002; Miles, Allen & Calder, 2002; Gewirtz 

et al., 2002; Serhan et al., 2003).    
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Figure 1.4. EFA metabolism and production of eicosanoids. Adapted from Eicosanoids, by D. R. Throop, 2018, 

retrieved May 22, 2019, from https://me-pedia.org/wiki/Eicosanoid. 

As stated previously, increased consumption of both DHA and EPA results in an increased 

incorporation of n-3 PUFAs into inflammatory cell phospholipids, often displacing AA (Rees et 

al., 2006; Walker at al., 2015). This results in a decrease in the synthesis of AA-derived 

eicosanoids and an increased production of EPA-derived ones, believed to be more anti-

inflammatory than AA-derived eicosanoids. Several animal studies have shown that feeding 

with EPA and DHA decreases production of PGE2, an AA derived eicosanoid (Chapkin, Akoh 

& Miller, 1991; Yaqoob & Calder, 1995; Peterson et al., 1998). In line with this, a number of 

studies in healthy human volunteers or in patients with chronic inflammatory diseases, such 

as rheumatoid arthritis or inflammatory bowel disease, have also identified decreased 

production of AA-derived 2-series prostaglandins and 4-series leukotrienes by inflammatory 

cells following supplementation with high doses of EPA and DHA for a period of weeks to 

months (Meydani et al., 1991; Caughey et al., 1996; Varghese & Coomansingh, 2000; Trebble 

et al., 2003; 2005; Mas et al., 2012). Originally, it was believed that EPA-derived eicosanoids 

were less potent than AA-derived ones. However, studies have demonstrated that both PGE2 

and PGE3 have equivalent inhibitory effects upon production of TNF-α and IL-1 β (Miles, Allen 

https://me-pedia.org/wiki/Eicosanoid
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& Calder, 2002) suggesting that EPA- and AA-derived eicosanoids do not always have 

different properties. 

Like eicosanoids, docosanoids are also chemical signalling molecules, produced via 

controlled oxidative degeneration of DHA within or adjacent to cell phospholipids (Kidd, 2007). 

DHA-derived trihydroxydocosahexanoic acid mediators, termed D-series resolvins, have been 

shown to exhibit neuroprotective qualities. For example, neuroprotection D1 (NPD1) is known 

to promote amyloid-β phagocytosis while decreasing inflammatory cytokine production in 

microglia and peripheral mononuclear cells (Zhao et al., 2011; Zhu et al., 2016; Mizwicki et 

al., 2013), as well as repressing the expression of pro-inflammatory amyloid-β activated genes 

(Hopperton et al., 2018). Moreover, the anti-inflammatory functions of n-3 PUFAs appear not 

only to be the result of changes in patterns of lipid mediator synthesis, but also via inhibiting 

the expression of pro-inflammatory cytokine genes, such as nuclear factor KB (Calder, 2006a; 

Calder, 2009). 

Atherosclerosis, an inflammatory disease of the vascular wall primed by endothelial 

dyscfunction, is also known to occur from interactions between lipoproteins, immune cells and 

the endothelium (Glass & Witzum, 2001; Blake & Ridker, 2001; Hallenbeck, Hansson & 

Becker, 2005; Calder, 2012), resulting in a thickening of the arterial wall. In normal conditions, 

the endothelium contributes to vascular homeostasis via regulating vascular tone but this is 

negatively impacted in those suffering from atherosclerosis (Baker et al., 2018). Both animal 

and human studies have demonstrated that n-3 PUFAs can improve the function of 

endothelium via influencing the nitric oxide (NO) synthesis pathway and via competing with n-

6 PUFAs resulting in reduced production of pro-inflammatory eicosanoids (reviewed in Colussi 

et al., 2017). These effects of n-3 PUFAs on cardiovascular function could be why increased 

intake of these fatty acids has previously been associated with reduced risk of cerebrovascular 

disease (Chowdhury et al., 2012). Positive effects of n-3 PUFAs on cerebrovascular 

functioning may be why intake of these fatty acids are also associated with promoting the 

brain’s overall structural integrity and function (McNamara et al., 2010; Hamazaki-Fujita et al., 

2011; Patan & Jackson, 2016) and help to prevent cognitive decline (Zhang et al., 2016; 

Cederholm, 2017).        

Overall, the evidence suggests that eicosanoids derived from AA play a role in certain health 

conditions, such as inflammatory bowel disease, and that increased intake of the n-3 PUFAs 

DHA and EPA in the diet promotes the production of less inflammatory eicosanoids and of 

anti-inflammatory resolvins and similar mediators (Calder, 2008). These anti-inflammatory 

properties of n-3 PUFAs may then explain how DHA and EPA can potentially help to prevent 



12 
 

or ameliorate the symptoms caused by inflammation in certain diseases including AD (Zhang 

et al., 2015), rheumatoid arthritis (Lee, Bae & Song, 2012), inflammatory bowel disease 

(Calder, 2008) and atherosclerosis (Baker et al., 2018) in human populations throughout the 

lifespan. Furthermore, as n-3 PUFAs show beneficial effects on the prevention of inflammatory 

cardiovascular diseases, such as atherosclerosis, this may potentially be one of the reasons 

why intake of these fatty acids are also associated with lower incidences of cerebrovascular 

disease (Chowdhury et al., 2012) and cognitive decline (Zhang et al., 2016; Cederholm, 2017). 

As western diets in general are seen to favour consumption of n-6 PUFAs over n-3 PUFAs at 

a ratio of 20:1 (Simopoulos, 2008), it would appear that even the general healthy population 

could still benefit from increased dietary intake or supplementation with n-3 PUFAs with 

regards to achieving a more balanced inflammatory response. 

1.4.4 Role of n-3 PUFAs on Gut Function and Immune Response 

Increasing amounts of evidence have begun to reveal the relationship between the brain and 

microbiota (Borre et al., 2014, Sampson & Mazmanian, 2015; Gondalia et al., 2019). For 

instance, Mayer et al., (2014) describe how the microbiota–gut–brain axis, referring to the 

bidirectional network of communication between the gut microbiota, the gut, and the brain, 

interacts through endocrine, inflammatory and nervous systems to modulate immunological, 

gastrointestinal (GI) and CNS functions. As well as improving neurological outcomes, n-3 

PUFA have also demonstrated a beneficial impact on the microbiota in the gut, by 

increasing bifidobacteria growth (healthy bacteria), reducing enterobacteria growth, common 

causes of stomach upset (Kang et al., 2018) and subsequently dampening inflammatory 

responses associated with metabolic endotoxemia (Kaliannan et al., 2015). ALA is also known 

to promote adhesion of Lactobacillus casei to mucosal surfaces which augments their growth 

and Lactobacillus casei, in turn, suppress the growth of pathogenic bacteria like Escherichia, 

Salmonella typhimurium, Helicobacter pylori, Pseudomonas aeruginosa, Clostridium difficile 

and Shigella flexneri (Das, 2010). As microbiota, the gut and the brain are all connected via 

microbiota–gut–brain axis, it seems reasonable that the impact of n-3 PUFAs on microbiota 

may also impact upon the brain and behaviour. Certainly, microbiota can influence brain and 

behaviour by direct and indirect pathways including activation of the immune system via 

cytokine release, neurotransmitter production, hypothalamic-pituitary-adrenocortical (HPA) 

axis, tryptophan metabolism and entero-endocrine activation and stimulation of neural 

pathways such as the vagus nerve (Cryan & Dinan, 2012; Sampson & Mazmanian 2015; 

Mayer et al., 2015). As a result, gut microbial alteration has emerged as a potential mediator 

in the aetiology of certain mental health issues such as bipolar depression (Evans et al., 2017). 

This may potentially explain previous findings that identify the beneficial effects of n-3 PUFAs 
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on depression (Mocking et al., 2016; Hallahan et al., 2016; Deacon et al., 2017), possibly a 

result of the effect n-3 PUFAs have on gut microbiota. Furthermore, investigations into the 

impact of diet on gut microbiota show an interactive relationship between altered microbiota 

composition and the development of neurodegenerative diseases (Friedland & Chapman, 

2017; Byerley et al., 2017; Cenit, Sanz & Codoñer-Franch, 2017). As n-3 PUFAs have 

previously been found to be beneficial in patients suffering from AD (Shinto et al., 2014; 

Eriksdotter et al., 2015; Hooper et al., 2018) this again may suggest that the relationship 

between n-3 PUFA intake and protection against neurodegenerative diseases may be 

influenced, at least in part, by changes to gut microbiota (La Rosa et al., 2018). 

Similarly, macrophages, neutrophils and T-cells are known to release PUFAs on stimulation, 

meaning it is possible that release of PUFAs may be one of the defence mechanisms of the 

body to fight viral and bacterial infections (Das, 2006). Indeed, n-3 PUFAs have been seen to 

enhance humoral immunity through enhancing B cell activation and antibody production 

(Rockett et al., 2010; Rockett et al., 2012; Gurzell et al., 2012), with B cells being critical for 

both innate and adaptive immune responses and for the hosts defence response against 

pathogens, protection against reinfection and tissue homeostasis (Whelan, Gowdy & Shaikh, 

2016). Therefore, boosting B cell antibody production or activities via n-3 PUFA 

supplementation may have clinical relevance, particularly in populations with weakened 

immune responses or decreased humoral immunity, such as obese populations (Sheridan et 

al., 2012; Shaikh et al., 2015). Moreover, research has also shown that EPA and DHA ethyl 

esters can differentially enhance splenic B cell activation and upregulation of activation 

markers ex vivo (Teague et al., 2014; Gurzell et al., 2015). These data highlight that, although 

very similar, differential effects of EPA and DHA do exist and that the specific EPA or DHA 

content of a diet can influence immunological outcomes, emphasising the importance of 

understanding the independent effects of dietary intakes higher in EPA or DHA (Gurzell et al., 

2015). Overall, these findings suggest that n-3 PUFAs can show antibiotic-like actions, impact 

on gut microbiota and beneficially impact humoral immune response, potentially helping to 

further explain some of the previously identified beneficial functions on the brain and 

behaviour. 

1.4.5 N-3 PUFAs Modulate Gene expression 

Both n-3 and n-6 PUFA families have been shown to control gene expression in a variety of 

tissues (Clarke, 2001; Duplus, Glorian & Forest, 2000) and several studies have confirmed 

the modulatory actions of PUFAs on gene expression in the brain (Kitajka et al., 2002; Barcelo-

Coblijn et al., 2003a) and in certain brain regions such as the cerebrum (Barcelo-Coblijn et al., 
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2003b) and hippocampus (Puskás et al., 2003; Berger et al., 2002). PUFA regulated gene 

expression can occur through interactions with specific and nonspecific ligands that bind to 

response factors and turn mRNA synthesis on or off (Kitajka et al., 2004). For example, PUFAs 

can directly interact with transcription factors, like peroxisome proliferator-activated receptors 

(PPAR) that directly modulate the expression of target genes (Kliewer et al., 1997; de Urquiza 

et al., 2000; Lee, Olson & Evans, 2003). In rats fed either a diet high in ALA or EPA + DHA it 

is found that expression levels of a number of genes involved in synaptic plasticity, ion channel 

formation, signal transduction and regulatory proteins were modulated compared to controls 

in DNA microarrays (Kitajka et al., 2002). Barcelo-Coblijn et al., (2003b) have also identified 

that the n-3/n-6 ratio in the experimental diets of rats can impact on cellular function at the 

genetic level in the brain, suggesting that the n-3 PUFA-induced alterations in expression of 

neuronal genes may be the link between dietary intake and improvements in cognition and/or 

the breakdown of these processes may offer insights into some neuropsychiatric or 

developmental conditions. 

A recent systematic review of the literature by de Groot, Emmet and Meyer (2019) has also 

identified sixteen studies have been conducted thus far on the association between genetics 

and levels of n-3 PUFAs. These papers describe the effects of the fatty acid desaturase 

(FADS), elongation of very-long-chain fatty acid (ELOVL) 2 and apolipoprotein E (ApoE) 4 

genotypes on levels of n-3 PUFAs. Minor allele carriers of a FADS single-nucleotide 

polymorphism (SNP) have previously been negatively associated with levels of both EPA 

(Baylin et al., 2007; Tanaka et al., 2009; Mathias et al., 2010; Al-Hilal et al., 2013; Gillingham 

et al., 2013) and DHA (Baylin et al., 2007; Mathias et al., 2010; Al-Hilal et al., 2013) in plasma. 

Minor allele carriers of the ELOVL2 genotype have also been previously identified as having 

lower plasma DHA levels (Tanaka et al., 2009; AlSaleh et al., 2014). However, Tanaka et al., 

(2009) also observed higher EPA levels in minor allele carriers whilst Gillingham et al., (2013) 

identified no association between ELOVL2 and plasma fatty acid levels. Triglyceride EPA and 

DHA was found to be higher in ApoE4 carriers than non-carriers at baseline by Plourde et al., 

(2009) although no differences between carriers and non-carries have also been observed 

(Whalley et al., 2008; Samieri et al., 2011; Chouinard-Watkins et al., 2013; Yassine et al., 

2016). However, Stonehouse et al., (2013) has previously reported significant interactions 

between ApoE4 status, sex and treatment group during a 6 month clinical trial, which might 

suggest that the interaction between ApoE4 status and n-3 PUFA levels may be influenced by 

or dependent on sex. Indeed, sex differences in terms of gene expression patterns between 

male and female ApoE4 carriers have previously been identified, with female carriers 

appearing to be effected more than male carriers (Hsu et al., 2019). For example, female 

carriers show an overall heightened immune response and increased risk of developing AD 
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compared to male carriers (Klein, 2012; Taneja, 2018). As ApoE genotype has emerged as 

the strongest identified common genetic predictor of longevity (Beekman et al., 2013; Broer et 

al., 2015) as well as being associated with increased triglyceride levels (Plourde et al., 2009) 

cardiovascular disease (Bennet et al., 2007; Khan et al., 2013) and AD (Belloy, Napolioni & 

Greicus, 2019; Arnold et al., 2019), n-3 PUFA based interventions may be of interest to ApoE4 

carriers specifically in an attempt to offset the increased risks aforementioned. However, 

screening for ApoE genotype is currently not freely available to the general population and 

further research into the effects of supplementation with n-3 PUFAs in ApoE4 carriers is still 

required to fully assess the efficacy of n-3 PUFA supplementation as a potential treatment for 

the negative effects experienced in this population. 

1.4.6 Cardiovascular Effects of n-3 PUFAs 

Consumption of fish is generally associated with a reduced risk for sudden cardiac death and 

cardiac disease (Harris, 2005; Kandasamy, Joseph & Goenka, 2008) as well as lowered heart 

rate and lowered incidences of atrial fibrillation (Mozaffarian et al., 2004; Mozaffarian et al., 

2005). N-3 PUFAs have also found to diminish fatal myocardial events in patients after 

infarction (Marchioli et al., 2002). These effects may be attributed to membrane-stabilizing 

effects in cardiac muscle cells (Leaf, Kang, Xiao & Billman, 2003) as well as fast plaque 

stabilizing effects (Thies et al., 2003). In addition to the lowered cardiovascular risk, n-3 PUFAs 

have also been found to drastically reduce serum triglycerides (Nestel et al., 2015), a known 

biomarker for increased cardiovascular disease (CVD); have antiarrhythmic (Christensen et 

al., 2001) and anti-inflammatory effects (see 1.4.3); improve arterial and endothelial function 

via increased nitric oxide synthesis (Colussi et al., 2017); have positive actions on oxidative 

stress (Mori et al., 2000; Mabile et al., 2001), as well as reducing cardiovascular risk factor 

concentrations of lipoprotein(a) (Rahmani et al., 2017) and oxidised low density lipoprotein 

(Pizzini et al., 2017), which are known to promote the build-up and progression of plaques 

(Hasanally, Edel & Chaudhary, 2017).  

Current evidence supports the hypothesis that increased dietary intake of n-3 PUFAs can 

decrease blood pressure in hypertensive patients (Colussi et al., 2017).  EPA and DHA have 

also been seen to lower blood concentrations of norepinephrine, a vasoconstrictor agent 

(Hamazaki et al., 2005), while improvements in haemorheological parameters through fish oils 

have also been shown (Kobayashi et al., 2005). Growing evidence has linked n-3 intake with 

an improved endothelial function (Wang et al., 2012) potentially via reducing production of pro-

inflammatory cytokines (He et al., 2009; Egert & Stehle, 2011) and increasing endothelium-

dependent vasodilation through enhancing the release of NO (Abeywardena & Head, 2001; 
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Colussi et al., 2017). Given these observed effects of n-3 PUFAs on cardiovascular 

parameters, it could be that n-3 PUFAs may exert secondary effects on brain function via 

modulation of cerebral haemodynamics. Indeed, previous research has identified that 

increased intake of these fatty acids is associated with reduced risk of cerebrovascular 

disease (Chowdhury et al., 2012) and several studies have identified increases in cerebral 

blood flow (CBF) and increased cerebral blood oxygenation in relation to n-3 PUFA intake 

(Hamazaki-Fujita et al. 2011; Jackson et al., 2012a; 2012b; 2016). As brain activity is known 

to depend on a consumption of oxygen and glucose delivered via the blood to the sight of 

neural activation in a phenomenon known as neurovascular coupling (Denfield et al., 2016), it 

seems reasonable that any compound found to modulate cardiovascular activity may also 

exert secondary effects on brain function and behaviour. Indeed, several studies have 

investigated the effects of n-3 PUFA intake or supplementation on measures on neuronal 

activity and CBF via various neuroimaging techniques (Jackson et al. 2010; McNamara et al., 

2010; Hamazaki-Fujita et al. 2011; Jackson et al., 2016). However, one mutual methodological 

limitation that exists within the literature concerns the use of neuroimaging techniques that 

only measure relative changes in cerebral activation and CBF as opposed to the measurement 

of absolute, quantifiable, amounts of haemoglobin present within the cortex. Consequently, 

there is still a need to further investigate this relationship with novel neuroimaging techniques 

that are capable of measuring absolute values of CBF, thus allowing for the measurement of 

gross changes that occur throughout the supplementation period to be captured. A feat that is 

possible with the employment of frequency domain near-infrared spectroscopy (NIRS). 

1.4.7 Summary of Functions 

N-3 PUFAs, especially EPA and DHA are involved in a plethora of fundamental functions at a 

cellular level. In the brain, DHA is greatly enriched in the cerebral cortex where its 

incorporation into the neuronal phospholipid bilayer helps to promote optimal membrane 

fluidity, resulting in improved membrane functioning in relation to neurotransmission and 

signal transduction. Additionally, there is a large body of evidence that describes the anti-

inflammatory and secondary signalling effects of both EPA and DHA via the eicosanoids and 

docosanoids that are metabolised from them, helping to maintain a balanced immune 

response to pathogens and have been seen to possess neuroprotective properties. 

Furthermore, there is evidence to suggest that the numerous cellular effects of n-3 PUFAs 

may also be a result from their roles in gene expression, transcription factors and the turning 

on or off of certain genes. Research has also begun to show the beneficial effects of n-3 

PUFAs on microbiota, the gut and how this may impact brain function via the microbiota–gut–

brain axis and antibiotic like actions. Finally, dietary intake of n-3 PUFAs has also been seen 
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to modulate a number of cardiovascular parameters which seem to contribute to a modest 

decrease in the risk of fatal cardiac events. It is through these fundamental biological 

parameters that n-3 PUFAs, particularly EPA and DHA, are believed to impact upon brain 

function, behaviour and mood.  

1.5 The Behavioural Effects of n-3 PUFAs 

The impact of dietary n-3 PUFAs on brain function, and particularly cognition, has been largely 

based on the investigation of their effects in animals, quite often in rodents specifically. In 

these animal studies the role of n-3 PUFAs are usually measured in one of two ways: (1) 

involves the complete removal of n-3 from the maternal diet throughout gestation and lactation, 

resulting in a dramatic reduction of DHA in the nervous system of the offspring (Fedorova & 

Salem, 2006); (2) involves dietary supplementation with n-3 PUFAs either to the mother during 

gestation or directly to the offspring after birth. These studies are necessary as they allow for 

a level of control over the dietary intake of n-3 that is not possible with human trials, allowing 

for the measurement of the effects of extreme n-3 deficiencies that are almost never observed 

in humans. However, in humans n-3 status can be determined by measuring the 

concentrations of ALA, EPA and DHA in peripheral tissues such as serum/plasma and 

erythrocytes and so human trials are therefore capable of assessing various physiological and 

psychological parameters and their relationship to levels of n-3 within the blood. As a result of 

human trials, n-3 PUFA status has been associated with a range of neuropsychiatric, 

neurodevelopmental and cognitive parameters with evidence beginning to show the 

importance of maintaining appropriate n-3 PUFA intake across the lifespan to maintain optimal 

brain health. Therefore, the following sections will review the current literature on the 

behavioural effects of n-3 PUFAs in both animals and humans. 

1.5.1 The Role of n-3 PUFAs on Mood 

Intake of n-3 PUFAs has previously been associated with positive mood effects and potential 

therapeutic effects in the treatment of mood disorders such as anxiety and depression. Anxiety 

disorders are a common class of mental illness characterised by an inappropriate or 

exaggerated fear response leading to distress and impairment. The current edition of the 

Diagnostic and Statistical Manual for Mental Disorders (DSM-IV) includes amongst the anxiety 

disorders; generalised anxiety disorder, social phobia, other phobias such as agoraphobia, 

panic disorder and obsessive compulsive disorder (Ross, 2009). Some preclinical data 

support the role of n-3 PUFA as an effective treatment of anxiety disorders. For instance, Song 

et al., (2003) have identified that an EPA-rich diet can reduce the development of anxiety-like 

behaviours in rats as well as normalising dopamine levels in the ventral striatum. 
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Regarding therapeutic interventions, Fux et al., (2004) conducted a placebo-controlled cross-

over trial of adjunctive EPA treatment in 11 participants with OCD but found no significant 

benefit of 6 weeks’ supplementation with EPA of relieving symptoms of anxiety, depression or 

obsessive compulsiveness. However, in another randomised-controlled trial 2.25g/d of EPA 

with 0.5 g/d of DHA for 3 months was accompanied by significant decreases in anger and 

anxiety scores compared to placebo in a sample of 22 substance abusers (Buydens-

Branchey, Branchey & Hibbeln, 2008). Additionally, Kiecolt-Glaser et al., (2011) have also 

identified that 12 weeks’ supplementation with 2,085 mg/d of EPA and 348 mg/d of DHA can 

not only reduce inflammation but also reduced anxiety among 68 healthy, young adult medical 

students who faced stressful major examinations. A 14% decrease in stress-stimulated 

interleukin 6 production and a 20% reduction in anxiety symptoms were identified in the active 

treatment group compared to placebo. In summary, these studies seem to suggest that EPA 

rather than DHA might be efficacious in selective prevention of anxiety under serious physical 

conditions or stressful situations (Su, Matsuoka & Pae, 2015). This evidence also shows that 

the effects of EPA on anxiety symptoms are detectible even in healthy populations free from 

mood disorders, potentially due to the fact that western diets are seen to favour n-6 PUFAs 

over n-3 PUFAs (Simopoulos, 2008) and the general population are seen to fall below the 

recommended intake of n-3 PUFAs (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). 

Suggesting that improving n-3 PUFA intake in otherwise healthy populations can still help to 

alleviate symptoms of anxiety. 

As well as displaying beneficial effects on anxiety, n-3 PUFA intake has also been associated 

with improvements in those suffering with depression. Depression is part of a group of mental 

and behavioural problems termed “affective” mood disorders, with the world health 

organisation estimating that more than 300 million people worldwide suffer from depression, 

making it the world’s leading cause of disability (WHO, 2018). Much of the previous research 

into understanding the aetiology and pathophysiology of depression has been focussed on 

environmental and genetic influences, while pharmacotherapeutic treatments are based on 

the monoamine hypothesis of depression (Hirschfeld, 2000). As a result, selective serotonin 

reuptake inhibitors (SSRIs) are still the most widely prescribed class of drug for depression 

(Young & Martin, 2003; Andrews et al., 2012). Recently, there has also been a considerable 

effort made to determine whether diet and nutritional factors play an important role in 

depression (Crowe, 2007; Martins, 2009; Akbaraly et al., 2013) with n-3 PUFAs, in particular, 

emerging as a potential agent in the treatment of depression (Logan, 2004; Martins, 2009). 

Two main neurophysical mechanisms have been proposed to explain the association between 

n-3 PUFAs and depression: effects on pro-inflammatory cytokines and effects on inflammatory 
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eicosanoids. A number of studies provide support for the association between depression and 

production of pro-inflammatory cytokines (Parker, 2006; Chang et al., 2018). Effects of these 

pro-inflammatory cytokines include activation of the HPA axis, lowered neurotransmitter 

precursor availability and altered neurotransmission metabolism (Logan, 2004). Additionally, 

pro-inflammatory cytokines are also known to act as indicators of the severity of the disease 

(Suarez et al., 2003). Research has shown that patients with major depressive disorders 

(MDD) are also more likely to have elevated levels of inflammatory eicosanoids, particularly 

thromboxane B2 and PGE2, and n-3 PUFAs are known to inhibit these pro-inflammatory 

cytokines and eicosanoids, as outlined earlier in this Chapter (Logan, 2003; Kiecolt-Glaser et 

al., 2007). A second potential mechanism is via the importance of n-3 PUFAs in maintaining 

membrane integrity and fluidity, which is crucial for neurotransmitter binding, and signalling 

within the cell (Su, 2009). For example, a previous study using gas chromatography to 

measure fatty acid content within the anterior cingulate cortex of both depressed and healthy 

controls has shown significantly lower concentrations of several saturated and PUFAs 

including both the n-3 and n-6 fatty acids (Conklin, 2010). 

Empirical observations have also shown that societies with a higher consumption of n-3 

PUFAs are seen to have a lower prevalence of depression (Su, 2009). In Japan, where annual 

fish consumption rates are estimated at 70kg per person, the prevalence rates of depression 

are low at 0.12% when compared to Germany, where the annual fish consumption is less than 

14kg per person and the prevalence rate of depression is 5% (Young & Martin, 2003). 

Additionally, an analysis of the published results from several countries has identified a 

positive correlation between DHA concentration in human mother’s milk, seafood consumption 

and lower prevalence of postpartum depression (Hibbeln, 2002). However, a recent cross-

sectional study by Sánchez-Villegas et al., (2018) in 6587 participants identified that only 

moderate fish and n-3 PUFA intake, but not high intake, was associated with lower odds of 

depression suggesting that a U-shaped relationship could actually exist. If this U-shaped 

relationship does exist, it may suggest that incidences of depression could potentially be 

reduced within the general population if dietary intake of n-3 PUFAs was increased, as 

consumption of n-3 PUFAs is known to fall below the recommended intake within the general 

population (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). However, research 

thus far on the effects of n-3 PUFA supplementation and mood within general populations of 

healthy adults is conflicting (Fontani et al., 2005a; 2005b; Antypa et al., 2009; Kiecolt-Glaser 

et al., 2011; Kiecolt-Glaser et al., 2012; Giles et al., 2015; Watanabe et al., 2018) and still 

requires further investigation in rigorous, large scale, randomised controlled trials (RCTs). 
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A systematic review of published RCTs investigating the effects of n-3 PUFAs on depressed 

mood by Appleton et al., (2006) including 12 trials concluded that the evidence thus far was 

fairly limited and difficult to summarise due to the results varying considerably. Subsequently, 

Appleton et al., (2010) presented an updated systematic review and meta-analysis of the 

effects of n-3 PUFAs on depressed mood. Thirty-five RCTs, including seventeen that were not 

included in the previous review, were identified. In the more recent review, the authors 

concluded that whilst trial evidence of the effects of n-3 PUFAs on depressed mood has 

increased, it still remains difficult to summarise because of heterogeneity. However, the 

evidence does suggest that there appears to be some benefit of n-3 PUFAs in individuals with 

a diagnosis of depressive illness but limited evidence of benefits in those without a diagnosed 

depressive illness. Another meta-analytic review of placebo-controlled trials, including 

fourteen studies concluded that lower levels of EPA, DHA and total n-3 PUFA were found in 

patients with depression (Lin, Huang & Su, 2010). This supports the phospholipid hypothesis 

of depression, which describes how depression may be a result of abnormalities in 

phospholipid metabolism which may then further affect fatty acid and eicosanoid metabolism. 

If the phospholipid hypothesis of depression is accurate, then it provides a rationale for using 

n-3 PUFAs as an alternative treatment for depression (Lin, Huang & Su, 2010). 

To summarise, whilst the findings from clinical trials remain inconclusive, there does appear 

to be adequate evidence to suggest that n-3 PUFAs can play a role in depression and 

deserves greater research (Deacon et al., 2017). Such research should include; a focus on 

whether EPA, DHA or a combination of both is the most clinically active compound; whether 

n-3 PUFA supplementation alone has antidepressant effects or has the greatest potential in 

conjunction with standard antidepressants; identifying a clinically appropriate dose (Deacon 

et al., 2017); and further investigation into the potential mood enhancing effects within the 

general healthy population who show inadequate dietary intake of n-3 PUFAs. 

1.5.2 The Role of n-3 PUFAs in Sleep and Neurogenesis 

While animal and human models have both demonstrated the role that n-3 PUFAs have in 

cognitive processes, our understanding of the mediating role of sleep within the n-3 PUFA-

cognition relationship remains fairly limited (Liu et al., 2017). Sleep is well studied in its 

association with cognitive function in both children (Dewald et al., 2010; Gruber et al., 2010; 

Kopasz et al., 2010) and adults (Harvey, Tang & Browning, 2005; Goel, Durmer & Dinges, 

2009), with insufficient or poor quality sleep being associated with poor school performance 

and objective measures of learning and memory (Dewald et al., 2010; Liu et al., 2012). N-3 

PUFAs have previously been found to affect sleep via several mechanisms. Animal studies 
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have suggested the potential role of DHA in regulating endogenous melatonin production 

(Catalá, 2010; Peuhkuri, Sihvola & Korpela, 2012) which has been shown to regulate the 

sleep/wake cycle and improve sleep organisation (Turek & Gillette, 2004). Furthermore, n-3 

PUFAs are involved in the production of prostaglandins which are believed to be one of the 

most potent endogenous sleep-promotion substances and are well known to mediate the 

sleep/wake cycle (Urade & Hayaishi, 2011) and responses of synaptic circuitry to sleep 

deprivation (Chen & Bazan, 2005). Epidemiological studies have also demonstrated 

significant associations between increased fish intake and improved sleep measures in adults 

(Christian et al., 2016; Del Brutto et al., 2016), children (Montgomery et al., 2014) and infants 

(Cheruku et al., 2002; Judge et al., 2012). RCTs that assess the effects of n-3 PUFA 

supplementation on aspects of sleep are sparse within the research area. However, from the 

studies that have been conducted improvements in sleep quantity and decreases in waking 

periods have been observed in 43 children (Montgomery et al., 2014) and overall positive 

impacts on sleep and on daily functioning in 95 adults aged 21-60 years have been observed 

(Hansen et al., 2014). As the population in general reports insufficient amounts of sleep or a 

high prevalence of sleep problems (Cirelli et al., 2016; Rössler et al., 2017; Kerkhof, 2017) as 

well as intakes of n-3 PUFAs that do not meet the recommended doses (Gopinath et al., 2017; 

Sioen et al., 2017; Yau et al., 2018) the healthy general population may benefit from increased 

n-3 PUFA intake or supplementation in terms of improvements in sleep. 

One potential factor that may further explain the relationship between improved sleep 

parameters and improvements in cognitive function could be the process of neurogenesis, 

which is the process by which new neurons are generated from neural stem cells and 

progenitor cells (Dyall, 2015). Neurogenesis has been consistently shown to occur in two 

areas of the adult brain, the subgranular layer of the hippocampal denate gyrus and the 

subventricular zone of the lateral ventricles (Ehninger & Kempermann, 2008). Many studies 

on rodents have reported that instrumental sleep disruption (Guzmán-Marín et al., 2003; 

Guzmán-Marín et al., 2005; Tung et al., 2005; Sompol et al., 2011), rapid eye movement 

(REM) sleep deprivation (Mirescu et al., 2006; Guzman-Marin et al., 2008; Mueller et al., 

2008), sleep restriction (Roman et al., 2005; Novati et al., 2011) and sleep fragmentation 

(Guzman-Marin et al., 2007; Sportiche et al., 2010) negatively affect neurogenesis in the 

hippocampus. Ageing is also known to be one of the greatest negative regulators of both sleep 

and neurogenesis and there is a strong correlation between age-related impairments in 

hippocampal-dependent memory tasks and the decline in neurogenesis (Drapeau et al., 

2003). Increased neurogenesis has also been reported in rodents following ischemia (Takagi 

et al., 1999), stroke (Darsalia et al., 2005) and after seizures (Parent et al., 1997), with these 

observed increases in neurogenesis often interpreted as the brain attempting to repair itself, 
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raising the intriguing possibility that enhanced neurogenesis and the subsequent survival of 

new neurons may have significant therapeutic potential (Dyall, 2015). The existing evidence 

of the relationship between n-3 PUFA intake and improvements in sleep is also yet to be 

researched in terms of how n-3 PUFA intake may affect learning and memory consolidation 

and the processes which underpin these factors (Kitamura & Inokuchi, 2014). 

1.5.3 The Role of n-3 PUFAs in Synaptic Plasticity & Memory Consolidation 

Synaptic plasticity is a complex phenomenon of the brain that modifies the activity of neurons 

following sufficient stimulation, with plasticity changes being related to learning and memory 

(Palmeri et al., 2017). Mechanisms underpinning synaptic plasticity and memory are mostly 

focused on long-term potentiation (LTP), a cellular learning and memory mechanism in the 

brain (Ostroff et al., 2018) and a form of long-lasting synaptic strengthening that is thought to 

be an electrophysiological correlate of memory (Palmeri et al., 2017). LTP can be readily 

induced by theta-burst stimulation (Watson et al., 2016), a pattern that mimics naturally 

occurring neuronal firing patterns (Buzsakie, 2002), and is believed to consist of two 

fundamental phases: an early phase dependent on protein synthesis that can last minutes up 

to hours, and a more persistent protein-synthesis late phase (Kelleher, Govindarajan, & 

Tonegawa, 2004; Alberini, 2008). Protein synthesis is necessary to stabilise enlargement of 

dendritic spines induced by LTP and supports the role of protein synthesis in the remodelling 

of synapses during the consolidation from early phase LTP to late LTP (Tanaka et al., 2008). 

Protein synthesis is seen to appear locally in dendrites, where it may potentially serve as a 

source of new proteins during synaptic plasticity and the strengthening of neuronal 

connections (Martin & Ephrussi, 2009; Holt & Schuman, 2013). 

In the dentate gyrus (DG) of the hippocampus, there is evidence to suggest that the 

mechanisms underpinning LTP in excitatory synapses are activated during learning and are 

required for several forms of hippocampal dependent memories (Lynch, 2004). Neurogenesis, 

is also another form of neural plasticity that may contribute to hippocampal-dependent memory 

function (Bruel-Jungerman, Laroche & Rampon, 2005; Winocur et al., 2006). Reports have 

demonstrated that specific hippocampal-dependant learning tasks (Snyder et al., 2005) can 

regulate neurogenic activity in the DG, but that learning itself also induces LTP-like 

mechanisms (Martin & Morris, 2002; Lynch, 2004). This may suggest that, although 

neurogenesis and synaptic plasticity contribute independently to hippocampal functions, it is 

possible that synaptic plasticity may also influence adult neurogenesis. Indeed, Bruel-

Jungerman et al., (2006) have shown that electrically induced LTP in the DG in vivo provides 
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a cellular/molecular environment that favours both proliferation and survival of adult-generated 

neurons. 

Research has identified that neurotrophins, a small class of secreted proteins, are potent 

regulators of synaptic plasticity (Leal et al., 2015). BDNF stands out amongst other 

neurotrophins due to its excessive expression in the mammalian brain, its potent effects on 

synapses and the release of BDNF being regulated by neuronal activity (Leal et al., 2015). 

BDNF supports neurogenesis and the survival and growth of many types of neurons (Hearing 

et al., 2016) and the regulation of activity-dependent changes in synapse structure and 

function (Park & Poo, 2013). The existing evidence suggests that BDNF is a major regulator 

of LTP in the hippocampus and other brain regions (Bramham & Messaoudi, 2005; Lu et al., 

2008; Minichiello, 2009; Edelmann et al., 2014) and could be involved in improving cognition 

by enhancing learning and memory functions of the hippocampus (Schinder & Poo, 2000; 

Binder & Poo, 2004). The effects of BDNF on LTP and neurogenesis is one potential way in 

which n-3 PUFAs may exert beneficial impacts upon learning and memory functions. 

Experimental studies in rats have previously demonstrated that n-3 PUFAs can modify BDNF 

levels (Rao et al., 2007; Vetrivel et al., 2012; Ferreira et al., 2013) with Ferreira et al., (2014) 

also identifying a correlation between n-3 PUFA intake and peripheral BDNF levels in a sample 

of 137 adolescents, providing support for the effects of n-3 PUFAs on BDNF levels in human 

samples. Additionally, Abdel-Maksoud et al., (2017) have recently found that n-3 PUFAs 

reversed the negative effects of obesity on BDNF gene expressions in vivo and identified a 

dose-dependent increase in BDNF gene expressions in obese rat hypothalamus cultures in 

vitro.  

Processes that may underpin synaptic plasticity and later memory consolidation have 

previously been identified to be influenced by n-3 PUFAs. For instance, Cao et al., (2009) 

revealed that DHA supplemented neurons have been seen to show more spontaneous 

synaptic activity than neurons treated with n-6 AA and that deficiency during development is 

associated with decreased expression of synapsin-1, which is critical to optical synaptic 

vesicle formation and release (Milovanovic & De Camili, 2017). Similarly, Aryal et al., (2019) 

found that dietary n-3 deficiency for 5 months in rats, post weaning, lead to a 65% reduction 

of DHA in whole brain synaptosomal phospholipids as well as reducing LTP in stratum oriens 

of the hippocampal CA1 region. Additionally, Robson et al., (2010) have compared the neurite 

promoting effects of DHA with EPA in neuronal cultures from young, adult and aged rats 

finding that both EPA and DHA increased neurite outgrowth in developmental stages, but only 

DHA produced positive effects in tissue from aged rats. This evidence appears to support the 

role of n-3 PUFAs, particularly DHA, in the processes that underpin synaptic plasticity and 
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memory consolidation which may be one potential way in which n-3 PUFAs could exert 

beneficial effects on learning and memory consolidation. Furthermore, this evidence shows 

the detrimental effects of n-3 deficiency on LTP within the brain, which can be seen as 

concerning when the population in general is seen to fall below the sufficient recommended 

intakes of n-3 PUFAs (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). 

Additionally, DHA in vitro has consistently been seen to promote differentiation of neural stem 

cells into neurons (Kawakita et al., 2006; Katakura et al., 2009, Ma et al., 2010; Rashid et al., 

2013). Furthermore, (Kawashima et al., 2010) identified that dietary EPA can modulate 

synaptic plasticity and Katakura et al., (2013) have shown that both DHA and EPA appear to 

enhance differentiation of neural stem cells at similar amounts. However, Dyall (2015) reports 

how there is evidence to suggest that DHA and EPA have independent and divergent effects 

in the brain with Mandhair et al., (2013) identifying that EPA, but not DHA, significantly 

increased proliferation in neural stem cells suggesting that EPA may stimulate neurogenesis 

and DHA has more important roles in differentiation. Dyall et al., (2016) have also shown that 

DHA and EPA have differing effects on proliferation of neural stem cells and that these effects 

appear to be mediated via different cell signalling pathways. Together, the research suggests 

that both DHA and EPA are important in the mechanisms that underpin neural plasticity but in 

distinctly separate ways. Consequently, there appears to be a need for research that assess 

the potentially separate effects of intakes that are higher in EPA or DHA in relation to the 

processes that underpin neural plasticity. 

Although there is evidence to suggest that the positive effects of DHA and EPA on plasticity 

and LTP, observed in animal studies, also exists in the human brain (Beck et al., 2000). The 

direct assessment of the effects of EPA and DHA supplementation on synaptic plasticity in 

human samples has yet to be conducted. Additionally, although a large number of studies 

assessing cognition have been conducted, only a small number have employed learning-

memory tasks likely to induce LTP and memory consolidation (Dalton et al., 2009; Yurko-

Mauro et al., 2010; Dangour et al., 2010; Kulzow et al., 2016). Collectively, there is a distinct 

lack of human data in the literature regarding the individual effects of dietary DHA and EPA 

on learning and memory consolidation and this area requires further investigation. 

1.5.4 The Role of n-3 PUFAs in Maintaining Brain Health across the Lifespan 

Brain health can refer to both long and short term brain health with the former relating to 

maintaining optimal functioning throughout the entire lifespan and delaying cognitive decline 

and neurodegeneration. However, it can also refer to maintaining optimal structure and 

functioning over shorter time frames via neuronal plasticity and maintaining optimal neuronal 
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efficiency. Poor brain health can manifest itself in numerous ways but is characteristically 

associated with cognitive impairments such as dementia (Ray & Davidson, 2014). A host of 

underlying molecular and cellular changes within the brain that include nerve inflammation, 

alterations in glucose-energy metabolism, mitochondrial impairments and oxidative damage 

contribute to cognitive decline and brain ageing (Poddar et al., 2018). It is now fully 

appreciated that a healthy brain is required to live a richer and longer life and that brain health 

fully supports planned actions, thought processes and emotional connections in humans 

(Gorelick et al., 2017). Together these factors influence the daily lives and indeed the quality 

of the lives of individuals, families and communities, as maintaining brain health across the 

lifetime can help to optimize levels of independence (Gorelick et al., 2017). Preserving brain 

health is also necessary to limit substantial economic and healthcare costs that poor brain 

health can cause, with the cost of dementia estimated to more than double in the next 20 years 

from £26 billion to £50 billion by 2040 in the UK alone (Prince et al., 2014). Living a healthy 

active lifestyle with regular exercise has already been shown to help maintain brain health 

across the lifespan (Cotman & Berchtold, 2002; Cotman, Berchtold & Christie, 2007; Gomes-

Osman et al., 2018; Tyndall et al., 2018). Furthermore, the effects of diet on maintaining brain 

health have also been identified (Castelli et al., 2018; Croll et al., 2018; Tengeler, Kozicz & 

Kiliaan, 2018). As the abundance and importance of n-3 PUFAs in the brain has been made 

clear throughout the previous sections of this Chapter, it stands that optimal dietary intake 

throughout the lifespan should also be beneficial to maintaining brain health throughout the 

lifespan. Therefore, the following sections will aim to describe the effects of n-3 PUFA intake 

and supplementation on brain health throughout the lifespan. 

1.5.4.1 The Role of n-3 PUFAs in the Neurodevelopment of Children 

Brain accumulation of DHA starts in utero with a noticeable deposition in the second half of 

gestation coinciding with a growth spurt in grey matter (Innis, 2009). DHA levels in the brain 

are known to increase during development (Martinez, 1992; Lauritzen et al., 2016) and 

decrease with ageing (Guisto et al., 2002). Imbalances and deficiencies of n-3 PUFAs are also 

associated with impairments in behavioural measures and cognitive performance (Williams, 

Birch & Emmett, 2001; Innis, 2009). Additionally, fish intake during pregnancy and a higher n-

3 PUFA status at birth has previously been associated with better visual development in 

infants born at term (Williams, Birch & Emmett, 2001; Innis, Gilley & Werker, 2001; Hibbeln et 

al., 2007).  

Several studies have measured the effects of maternal intake of DHA during pregnancy on 

infant development and a consistent pattern seems to emerge in these studies, in which the 
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infant or maternal circulating levels of DHA at birth are associated with enhanced infant neural 

and visual development (Helland et al., 2001; Malcolm et al., 2003; Colombo et al., 2004; 

Lauritzen et al., 2004; Colombo et al., 2017), although these effects are not unequivocal 

(Dziechciarz, Horvath, & Szajewska, 2010; Saccone, Saccone & Berghella, 2016). However, 

some studies do suggest the maternal DHA provided during lactation and gestation has long-

term benefits to the development of motor and cognitive skills in early childhood (Helland et 

al., 2003), which is consistent with epidemiological evidence that links a lowered risk of poorer 

IQ scores in young children to maternal n-3 PUFA intake in pregnancy (Oken et al., 2005; 

Hibbeln et al., 2007). However, it should be noted that the effect observed by Helland et al., 

(2003) were seen to disappear by 7 years of age (Helland et al., 2008). Additionally, recent 

follow up studies have failed to identify a positive impact of intake of n-3 PUFAs during 

pregnancy and childhood IQ (Gould et al., 2017; Crozier et al., 2018), perhaps suggesting that 

increased intake of n-3 PUFAs during pregnancy only results in shorter term benefits. Indeed, 

Judge et al., (2007) have reported a positive effect of n-3 PUFAs on performance on the 2 

step problem solving test at 9 months old. Moreover, Dunstan et al., (2008) have reported 

improved hand-eye coordination during the Griffiths Mental Development Scales (GMDS) in a 

group who received a fish oil supplement (2.2g/d DHA + 1.1g/d EPA) from 20 weeks’ gestation 

until birth, with a significant positive association with n-3 PUFA and an inverse correlation with 

AA in cord blood at 2.5 years. Additionally, Braarud et al., (2018) have identified that maternal 

DHA status during pregnancy was found to be positively associated with infants’ problem-

solving skills at 12 months and the infants’ DHA status at three months was also associated 

with problem solving abilities at 12 months. 

Increasing evidence also suggests that a relative lack of n-3 may contribute to a number of 

psychiatric and neurodevelopmental disorders including dyslexia, attention deficit 

hyperactivity disorder (ADHD) and autism spectrum disorder (ASD) (Richardson, 2006). 

Evidence has shown that visual and auditory symptoms in dyslexia have been related to 

physical signs consistent with fatty acid deficiency (Taylor et al., 2000) and the dietary intake 

of PUFAs, such as EPA and DHA, can affect the development and maturation of low-level 

auditory processing systems, known to be affected in those with dyslexia (Haubner et al., 

2002; Unay et al., 2004). Recent evidence has also suggested that n-3 PUFA homeostasis 

may be altered in those with ASD, either as a result of nutritional imbalance or a genetic defect 

(Brown & Austin, 2011). A decrease in total n-3 PUFAs in the plasma of children with autism 

has also been identified without any changes in the n-6 PUFA family (Vancassel et al., 2001; 

Jory, 2016). A 12-week n-3 PUFA supplementation study has also identified improvements in 

hyperactivity in children with autism (Bent et al., 2011) whilst another study using a DHA, EPA 

and AA dietary supplement for 3 weeks reported improved behavioural performance in two-
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thirds of the children with autism (Meguid et al., 2008). A pilot study in Singapore has also 

identified a positive association between changes in core symptoms of ASD and blood fatty 

acid levels following a 12-week n-3 PUFA dietary supplementation (Ooi et al., 2015). 

Conversely, several interventional studies with n-3 PUFAs have failed to reproduce these 

beneficial effects (Politi et al., 2008; Dubnov-Raz et al., 2014; Mankad et al., 2015) and so as 

a result larger cohorts and accurate ASD behavioural phenotypes are needed to clearly 

decipher the potential beneficial effects of n-3 PUFAs on behavioural deficits (Madore et al., 

2016). 

There is also promising evidence that n-3 PUFAs may be relevant to ADHD (Chang et al., 

2018). In epidemiological studies, the children of mothers who have lower seafood intake 

during pregnancy have been identified as being at risk of suboptimal outcomes for fine motor 

coordination, prosocial behaviours, social development and verbal communication (Hibbeln et 

al., 2007). Furthermore, Chang et al., (2016) have also shown that children with ADHD have 

a greater severity of EFA deficiency, comprising symptoms such as dry eyes, eczema and 

dry, scaly skin. Some RCTs supplementing with n-3 PUFAs in participants with ADHD have 

also shown improvements in clinical symptoms (Richardson & Puri, 2002; Manor et al., 2012; 

Perera et al., 2012) and cognitive performance (Sinn et al., 2008; Vaisman et al., 2008). For 

instance, Chang et al., (2018) recently conducted a systematic review and meta-analysis of 8 

clinical trials and 12 biological studies that assess the n-3 PUFA status of youths with ADHD. 

The authors concluded that there is evidence that n-3 PUFA supplementation improves clinical 

symptoms and cognitive performances in both children and adolescents with ADHD, and that 

these youths also have an observable deficiency in n-3 PUFA levels.  

Concerning the effects of n-3 PUFA intake in typically developing children, findings thus far 

appear to show limited or inconclusive observable effects on measures of cognitive function 

or academic performance. For instance, Kennedy et al., (2009) have previously identified that 

supplementation with both 400mg and 1000mg of DHA for 8 weeks had no beneficial effects 

on brain function in cognitively intact 10-12 year olds. Likewise, Kirby et al., (2010) identified 

limited cognitive effects of 16 weeks’ supplementation with 800mg/d fish oil (400mg/d DHA + 

56mg/d EPA) in 450 mainstream school children aged 8-10 years old. From the cognitive test 

battery employed no differences were observed within the intend-to-treat analysis although 

increased accuracy in the active group compared to placebo was observed within the per-

protocol analysis during the Matching Familiar Figures Task. However, Portillo-Reyes et al., 

(2014) have previously identified improvements in processing speed, visual-motor 

coordination, perceptual integration, attention and executive function in 59 malnourished but 

otherwise typically developing children aged 8-12 years following 12 weeks’ supplementation 
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with 180mg/d DHA and 270 mg/d of EPA. Similarly, Johnson et al., (2016) has identified 

improvements in reading ability, phonologic decoding time and visual analysis time in 154 

mainstream school children aged 9-10 years following 12 weeks’ supplementation with 

558mg/d EPA, 174 mg/d DHA and 60mg/d gamma-linolenic acid (n-6) compared to placebo. 

However, the authors also identify particular benefits to the children with attention problems 

within their sample. Similarly, Tammam et al., (2016) have identified that n-3 PUFA 

supplementation for 12 weeks decreases scores on the Conner’s disruptive behaviour scale 

in typically developing children aged 13-16 years old, but only in those who reported high-

misbehaviour at baseline with a subgroup with low-misbehaviour at baseline actually 

increasing misbehaviour across the trial. 

Together, this evidence shows us the impact n-3 PUFAs can have during neurodevelopment 

and childhood and the importance of n-3 PUFAs in maintaining typical development of the 

brain. Furthermore, the body of evidence that exists within young samples suggests that 

supplementation with n-3 PUFAs may be more beneficial in atypically developing children or 

those with low n-3 PUFA status caused by poor diet and/or are malnourished. As DHA levels 

in the brain are known to increase during development (Martinez, 1992; Lauritzen et al., 2016) 

and decrease with ageing (Guisto et al., 2002) this may provide insight into the importance of 

maintaining brain DHA levels throughout the lifespan. As DHA levels are seen to be ample 

during periods of neurodevelopment but lowered during periods associated with 

neurodegeneration, this could be one of the underlying causes of poor brain health in later life, 

especially when taken together with research that suggests the general population do not 

meet the recommended intakes of n-3 PUFAs in their diets throughout the lifespan (Gopinath 

et al., 2017; Sioen et al., 2017; Yau et al., 2018).  

1.5.4.2 The Role of n-3 PUFAs in Early Adulthood  

A recent systematic review by Derbyshire (2018) identified three RCTs that have examined 

the roles of n-3 PUFAs on outcomes related to brain health in young adult samples. One was 

a double-blind trial comprised of 72 healthy, young adults (mean age 20 years) and observed 

that 2.8g/day of fish oil (1.12g/d DHA + 1.68g/d EPA) for 25 days kept feelings of anger and 

confusion stable compared to increases in the placebo group (Giles et al., 2015). Another trial 

in 13 healthy, young adults aged 20-34 year olds provided with varying ratios of DHA and EPA 

(Bauer et al., 2014a). The study identified that supplementation with an EPA-rich treatment 

enhanced neurocognitive function via lower levels of neural activation, measured via 

functional magnetic resonance imaging (fMRI), paired with improvements in reaction times 

during the Stroop task. The authors therefore interpreted these findings as a potential increase 
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in neural efficiency. Other research using DHA specifically (1.16g daily) over a longer 6 month 

span (mean age 33 years) observed that DHA significantly improved episodic memory in 

young women and the reaction times during working memory tasks in men, indicating that 

there are observable cognitive benefits in healthy, young adult samples whose diets are 

habitually low in n-3 PUFAs (Stonehouse et al., 2013). However, findings relating to cognitive 

outcomes are not unequivocal within young adult samples. For instance, Jackson et al., 

(2012c) have previously identified no effects on cognitive function following 12 weeks’ 

supplementation with both 1g/d DHA-rich and 1g/d EPA-rich fish oils in healthy, young adults 

aged 18-35 years. The only finding to note revealed that the EPA-rich supplement may reduce 

subjective ratings of mental fatigue during time of high cognitive demand. 

A body of work also exists within the research area utilising various neuroimaging 

methodologies to investigate the neurocognitive effects of n-3 PUFAs in healthy, young adults. 

For instance, Bauer et al., (2011) have identified reduced reaction times during completion of 

a Stroop and choice reaction task as well as enhanced neural recovery of the magnocellular 

visual system measured via fMRI. Additionally, Hamazaki-Fujita et al. (2011) have used 

continuous wave (cw) NIRS to identify that dietary intake of EPA was positively associated 

with tissue oxygen index (a proxy measure for CBF) in a sample of 54, healthy, young adults 

aged 20-49 years. Tissue oxygen index was also further associated with arousal level and 

inversely associated with negative mood measured via the profile of mood state (POMS) 

questionnaire. Both DHA and EPA were positively associated with arousal level and overall 

performance in the Uchida-Kraepelin Performance test of mental arithmetic and inversely 

associated with depression-dejection (POMS). Similarly, Jackson et al., (2012a) identified that 

both 1g/d and 2g/d DHA for 12 weeks’ resulted in significantly increased concentrations of 

oxygenated haemoglobin and total levels of haemoglobin during completion of cognitive tasks. 

Additionally, both 1g/d and 2g/d DHA was found to significantly improve reaction times during 

completion of a choice reaction time task and 2g/d DHA improved reaction times during 

completion of the rapid visual information processing task.     

Three RCTs that examined the roles of n-3 PUFAs on brain health in middle-aged samples 

have also been highlighted within the recent review by Derbyshire (2018). One 26-week trial 

providing 2.2g/day of n-3 PUFAs to 50-75 year olds (mean age 62 years) identified significant 

improvements in the recollection of object locations following supplementation, implying 

positive effects on memory function (Kulzow et al., 2016). Other research recruiting 65 adults 

aged 50-75 for 26 weeks showed that 2.2g/day of n-3 PUFAs improved brain structure, namely 

via white matter microstructural integrity and the volume of grey matter, measured via 
Magnetic Resonance Imaging (MRI) (Witte et al., 2014). Another trial focusing on adults with 
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loneliness-related memory problems (mean age 51 years) discovered that n-3 PUFA 

supplementation (either 1.25g/d or 2.5g/d) over 4 months attenuated verbal episodic memory 

declines that were linked to loneliness (Jaremka et al., 2014). 

Overall, the n-3 PUFA supplementation studies that employ healthy, young or middle aged 

samples that have been conducted thus far are scarce and healthy young and middle aged 

samples appear to represent a section of the general population that have been under 

researched within the literature. Healthy adults may actually represent an interesting 

population with regards to increased n-3 PUFA intake or supplementation due to the fact that 

they are seen to fall short of the recommended intake of n-3 PUFAs (Gopinath et al., 2017; 

Sioen et al., 2017; Yau et al., 2018) and therefore could still potentially benefit from increased 

n-3 PUFA consumption. Taken together with the natural age-related declines this population 

may be beginning to experience (Salthouse, 2009), it appears that increased n-3 PUFA intake 

in otherwise healthy adults may be key in helping to maintain optimal brain health throughout 

the entire lifespan. 

1.5.4.3 The Role of n-3 PUFAs in Neurodegeneration and Older Adults 

N-3 PUFAs exhibit neuroprotective properties and represent a potential treatment for a range 

of neurodegenerative issues, yet, there has thus far been a lack of discrimination between the 

separate effects of DHA and EPA (Dyall, 2015). Cognitive function is known to naturally 

decline with age (Salthouse, 2009; 2016; 2019) and has been attributed to a number of factors 

including increased oxidative damage, decreased membrane fluidity and reduced synaptic 

plasticity (Willis et al., 2008). Additional widespread changes are characterised during normal 

brain ageing, such as damage to DNA (Canugovi et al., 2013), mitochondrial dysfunction and 

alterations in energy metabolism (Ames, 2004) and increased oxidative stress (Perluigi et al., 

2014). Age-related structural changes also occur that include altered membrane lipid content 

(Svennerholm et al., 1997; Egawa et al., 2016) and a reduction in brain volume and weight 

(Anderton, 2002; Fiford et al., 2017). The ageing brain is susceptible to the development of 

neurodegenerative diseases, such as AD, compared to the young brain. AD is the most 

common form of dementia in older adults, with a prevalence of 4.4% in those over 65 years of 

age (Ward et al., 2012), with prevalence rates being seen to be higher in females than males 

(Niu et al., 2017) and affects a range of cognitive functions, moods and behaviours (Selkoe et 

al., 2012). One of the most distinctive features of AD is neurofibrillary tangles, which are largely 

composed of senile plaques containing amyloid β-protein and aggregates of 

hyperphosphorylated tau protein (Lloret et al., 2015). The aetiology of AD is still not well 
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understood, and management is mostly symptomatic, aimed at relieving the cognitive deficits 

(Selkoe et al., 2012).  

A review by Dyall (2015) has identified that a number of studies have explored the associations 

between blood DHA and EPA levels and the risk of cognitive decline. Higher plasma EPA, but 

not DHA, has been seen to be associated with lower grey matter atrophy in the amygdala and 

the hippocampal/parahippocampal areas of community dwellers over 65 (Samieri et al., 2012). 

Furthermore, higher EPA, but not DHA, has previously been linked with slower cognitive 

decline (Samieri et al., 2011), lowered risk of dementia (Samieri et al., 2008), and lowered risk 

of depressive symptoms (Féart et al., 2008) in elderly demographics. Moreover, a meta-

analysis identified that although blood EPA, DHA and total n-3 PUFA levels are significantly 

decreased in patients with dementia, only EPA was significantly lower in patients with pre-

dementia syndrome. This suggests that EPA may potentially act as a biomarker for age-

related cognitive impairments (Lin et al., 2012). Conversely, a cross-sectional analysis of 1575 

dementia-free participants found that it was lower erythrocyte DHA, and not EPA, that was 

associated with lower scores in tests of visual memory, abstract thinking, executive function 

and smaller brain volumes (Tan et al., 2012). Dyall et al., (2015) has suggested that these 

inconsistencies between these observations could potentially be due to the issues of using 

blood fatty acid levels as a surrogate biomarker for CNS levels. 

To date, clinical trials supplementing with n-3 PUFAs in healthy older adults with Mild Cognitive 

Impairment (MCI) or AD have tended to use EPA and DHA formulations at differing ratios (Jiao 

et al., 2014) with only a limited number of trials using either DHA- or EPA-rich preparations 

(Dyall, 2015). One study by Sinn et al., (2012) that directly compared the effects of EPA with 

DHA in participants with MCI was a 6-month, double-blind, randomised controlled trial, where 

participants received a supplement high in EPA (1.67g EPA and 0.16g DHA), high in DHA 

(1.55g DHA and 0.40g of EPA) or high n-6 PUFA (2.2g LA). It was found that in comparison 

to the LA group, both the DHA- and EPA-rich groups improved their Geriatric Depression 

Scores significantly. However, only the DHA-rich group had significant improvements in verbal 

fluency. Generally, where both EPA- and DHA-rich treatments have been investigated in 

samples of healthy aging, MCI or AD the main focus has been on DHA, which is fairly 

consistent with the pre-clinical evidence (Dyall & Michael-Titus, 2008) and treatment with DHA 

does appear to show the greatest promise compared to EPA for improving memory and 

learning in older populations. 

A review by Cederholm, Salem and Palmbald (2013) describes how longitudinal observation 

studies on fish intake and DHA plasma concentrations in healthy older adults are mostly 
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positive concerning cognitive health. However, n-3 PUFA supplementation studies in healthy 

older adults are less conclusive as are studies that supplement n-3 PUFAs to individuals with 

established AD. This evidence may suggest that supplementation with EPA and/or DHA is not 

beneficial when administered to the oldest populations or those who have already developed 

neurodegenerative issues, potentially suggesting that supplementation at this stage of life is 

too late to ameliorate the effects of brain ageing and cognitive decline. It could be that 

increased n-3 PUFA intake or supplementation is more beneficial earlier in life and is required 

in younger populations to help to maintain long-term brain health that lasts into the final stages 

of the lifespan.   

1.5.5 Summary of the Behavioural Effects of n-3 PUFAs 

Research that has investigated the effects of n-3 PUFAs on behavioural outcomes in animals 

has demonstrated that brain depletion of n-3 PUFAs, as a result of removing them from the 

diet, results in a range of cognitive impairments and behavioural changes that can be 

ameliorated once n-3 PUFAs are reintroduced into the diet. However, human trials remain far 

less conclusive. Higher n-3 PUFA status in humans has been associated with beneficial 

outcomes on a range of mood disorders including depression (Appleton et al., 2010; Deacon 

et al., 2017) and anxiety (Su, Matsuoka & Pae, 2015) as well as ADHD (Chang et al., 2018), 

autism (Vancassel et al., 2001; Jory, 2016) and visual impairments (Williams, Birch & Emmett, 

2001; Innis, Gilley & Werker, 2001; Hibbeln et al., 2007). The use of n-3 PUFA supplements 

as a treatment for these issues remains inconclusive. However, there are positive findings 

from a number of studies that do warrant continued investigation of the impact of n-3 PUFA 

intake or supplementation in these areas. 

The importance of n-3 PUFAs throughout the lifespan and for maintaining brain health has 

also been shown from the research. The importance of n-3 PUFAs, particularly DHA, in utero 

during brain development is well described along with literature to support the importance of 

n-3 PUFAs during breastfeeding and infant visual and neural development. Research also 

appears to show the neuroprotective role of n-3 PUFA status against neurodegenerative 

disorders, such as cognitive decline in later life. However, research has also shown effects of 

n-3 PUFAs in early adulthood on cognitive function and increased neural efficiency but 

unfortunately, studies employing young adults are limited within the research area with this 

population being largely ignored. Additional research into the effects of n-3 PUFA intake and 

supplementation in healthy, young adult populations would be beneficial to the research area 

as the population in general is seen to fall short of the recommended dietary intakes of n-3 

PUFA (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). These factors, combined 
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with some limited findings from n-3 PUFA intervention studies in older populations and those 

already suffering with AD (Cederholm, Salem & Palmbald, 2013), might suggest that dietary 

interventions that aim to prevent neurodegeneration, brain ageing and cognitive decline  may 

potentially not be beneficial in older samples and are being administered too late in the 

lifespan. Indeed, previous research has already shown the beneficial impact of people who 

frequently engage in mentally stimulating activities (e.g., learning, reading, or playing games) 

from young adulthood throughout their life, in relation to decreased likelihood of developing 

dementia (Yates et al., 2016). Thus, providing evidence for the impact of maintaining good 

brain health in early adulthood and the effects in later life. Therefore, it could be that n-3 PUFA 

supplementation is more beneficial earlier in life and is required in younger populations to help 

to maintain long-term brain health that lasts into the final stages of the lifespan. For these 

reasons, it appears that nutritional intervention studies supplementing with EPA and DHA that 

investigate a range of outcomes related to brain health are warranted in healthy, younger-

adult populations.   

1.6 Previous Limitations of Randomised Controlled Trials 

1.6.1 Issues with n-3 PUFA Supplements and Bioavailability 

There are several aspects that should be considered with n-3 PUFA supplementation before 

commencing human trials, most of which centre around absorption and bioavailability. 

Bioavailability refers to the extent by which a nutrient can be absorbed and transported to 

systemic circulation or the site of physiological activity (Schuchardt & Hahn, 2013). The 

bioavailability of EFAs has been regarded as of minor importance previously. However, it has 

been shown that the absorption of PUFAs is a much more complicated process than 

previously recognised and is subject to considerable variability (Schuchardt & Hahn, 2013). 

N-3 PUFA supplements are commonly in triglyceride form (TAG; natural sources typically 

derived from fish oil), free fatty acid form (FFA), or in ethyl ester form (EE), with both of the 

latter forms being derived from natural sources of TAG fish oil (Ghasemifard, Turchini & 

Sinclair, 2014). Some evidence suggests that TAG formulations can be utilised more 

effectively than EE (Lawson & Hughes, 1988; Beckermann et al., 1990; Hansen et al., 1993). 

However, factors such as dose, number of participants, study duration, and measurement 

parameters make it difficult to compare the findings from different studies. 

1.6.1.1 Increasing the Bioavailability of n-3 PUFA supplements 

The bioavailability of EPA and DHA can also be influenced by the food matrix with which they 

are consumed. Poorly water-soluble components such as n-3 PUFAs, show slow nutrient 

dissolution rates and poor absorption in the gastrointestinal tract when administrated orally. In 
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general, taking n-3 PUFA capsules with a meal is suggested, mainly because they are 

consequently more easily tolerated than when ingested on an empty stomach (Schuchardt & 

Hahn, 2013). The composition of the meal that the supplements are taken with, in particular 

its fat content, has previously been found to affect the bioavailability of n-3 PUFAs significantly. 

A study by Lawson and Hughes (1988) identified that three times more n-3 PUFAs as EE were 

absorbed when fish oil capsules were ingested with a high-fat meal than when taken with a 

low-fat meal. This effect was seen to be even more pronounced in the ECLIPSE studies (Kling 

et al., 2011; Davidson et al., 2012), which demonstrated that the bioavailability and uptake of 

n-3 PUFAs as EE and even FFA increased significantly when the capsules were ingested with 

high-fat meals. This positive effect on bioavailability and uptake of the fatty acids may be due 

to the stimulating effect of fat on the release of pancreatic lipases used to break down dietary 

fat molecules (Schuchardt & Hahn, 2013). 

In addition to the food matrix with which supplements are consumed, several groups have also 

shown that emulsification of n-3 PUFAs can positively impact bioavailability (Garaiova et al., 

2007; Müllertz et al., 2010; Wakil et al., 2010). This can be performed by applying a self-micro-

emulsifying delivery system (SMEDS), containing a mixture of oils, surfactants, and co-

solvents, which are spontaneously emulsified in the stomach and gastro-intestinal tract. 

SMEDS have attracted interest mainly because a drug containing (micro)-emulsion will result 

in a large surface area of the contents upon dispersion in the gastrointestinal tract. The 

emulsions further aid the absorption of the drug due to a faster digestion by gastrointestinal 

enzymes or via possible absorption directly from the emulsion particles (de Smidt, Campanero 

& Trocóniz, 2004). Lipid-based drug delivery systems, particularly SMEDS, offer a promising 

approach for improving the bioavailability of poorly soluble compounds, such as n-3 PUFAs. 

The mechanisms behind this improvement is attributed to a range of factors that include: 

easier partition of the drug into the mixed micelles believed to facilitate drug absorption, 

increased bile secretion, transporters systems and increased intestinal permeability, 

stimulation of lymphatic transport and modulation of enterocyte-based enzymes (Müllertz et 

al., 2010). Indeed, West et al., (2018) have specifically compared SMEDS formulated EPA- 

and DHA-rich to standard EE EPA- and DHA-rich oils identifying significantly higher EPA and 

DHA in plasma both 24 hours and 12 weeks after supplementation the SMEDS oils. These 

findings support the use of SMEDS formulated EPA and DHA oils in future interventions in an 

attempt to increase uptake and bioavailability of the PUFAs across the supplementation 

period.  
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1.6.1.2 Oxidation in n-3 PUFA supplements 

N-3 PUFA oils are also known to be highly susceptible to oxidation and there has been 

concerns about the safety of oxidised fish oils since the 1950s (Matsuo, 1954). Although there 

is evidence that over-the-counter supplements are frequently oxidised, this has had no impact 

on the requirements for storage and labelling or on the design of human clinical trials. It is 

currently still unclear to what degree the oxidation of fish oils influences their efficacy or harm 

in humans (Albert et al., 2013). The rate of lipid peroxidation in supplements can be influenced 

by light, heat and oxygen concentration even at normal room conditions. Moreover, even oil 

stored in the dark at 4oC can oxidise unacceptably within a month of storage (Pak, 2005). 

However, although not able to fully prevent oxidation, added antioxidants are known to reduce 

the oxidation process in n-3 PUFAs (Zuta et al., 2007). Antioxidants are generally classified 

as primary or secondary, based on their mechanisms of action (Reische, Lillard & Eitenmiller, 

2008). Primary antioxidants or chain-breaking antioxidants are free radical scavengers that 

delay or inhibit the initiation step, or interrupt the propagation of autoxidation (Zuta et al., 

2007). One commonly used primary antioxidants in foods is vitamin E (tocopherols). 

Tocopherols are naturally occurring phenolic compounds that can be found in a variety of 

plant-derived foods and are therefore of much interest as antioxidants because they are 

perceived as “natural”, with the antioxidant activity of tocopherols being due to their ability to 

donate their phenolic hydrogens to lipid free radicals (Kamal-Eldin & Appelqvist, 1996; Azzi, 

2018). Various studies have reported the protective effects of α-tocopherols on oils (Fuster et 

al., 1998) with some studies reporting the stabilising effects on PUFA rich oils (Yuki & 

Ishikawa, 1976).  

As a result of the high susceptibility of n-3 PUFA oils to oxidation, one factor that may have 

contributed to the mixed results within previous n-3 PUFA RCTs could potentially be the 

overlooked oxidation status of the supplements. For instance, Albert et al., (2013) describes 

how it must be recognised that the oxidative status of trial oils may have contributed to the 

previous mixed results if oxidized oils are less efficacious or may even potentially cause harm, 

for example, by contributing to the advancing of atherosclerosis. In light of the information on 

the high susceptibility of n-3 PUFAs to oxidation there seems a definite need in RCTs to 

actively prevent this process, ideally via ensuring that tocopherols are added into the 

supplements and proper storage is utilised in an attempt to stabilise the oils over the research 

period and maximise their efficacy throughout the trials. 
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1.6.1.3 Time of Dosage 

The bioavailability of EPA and DHA may also be influenced by the time of dosing (Bray & 

Young, 2011). Gooley and Chua (2014) describe how circadian timing plays a key role in lipid 

metabolism, when synched with solar-cycles, and ensures daily rhythms in the absorption, 

transport and storage of lipids. At a cellular level, genes involved in fatty acid oxidation and 

lipid synthesis are activated and repressed by core clock proteins and consequent loss of the 

clock gene function results in impaired lipid homeostasis (Gooley & Chua, 2014). Concerning 

lipid metabolism, collective data from animal studies appears to suggest that under normal 

light-dark conditions the peak time for lipid absorption and digestion occurs during the very 

beginning of the active/awake phase (Bray & Young, 2011), suggesting that dosing of n-3 

PUFAs should happen at this time. However, given the resistance of all long chain PUFA to 

intestinal lipases; it could be that a night-time dosing would be more appropriate, so that the 

fatty acids are at the site of action in the intestines at the time of peak digestion and absorption 

the following morning. Given the aforementioned efficacy of SMEDS formulations, it may be 

that a combination of both night-time dosing and SMEDS formulations will increase the fatty 

acid absorption of n-3 PUFA supplements. Moreover, night time supplementation with DHA, 

in particular, may acutely affect membrane composition of newly formed membranes during 

the process of neurogenesis (Beltz et al., 2007), known to occur during inactive/sleep phases 

(Lucassen et al., 2010), which is critical for the process of memory consolidation (Yamashima, 

2012). 

Intervention studies employing a wide range of nutritional supplements have previously 

identified the importance of the time of supplementation with Haider and Bhutta (2017) 

showing differences between the timing of iron supplementation within pregnant women, with 

a significant reduction in perinatal mortality observed when supplementation occurred after 20 

weeks of gestation as opposed to before 20 weeks. Additionally, Tipton et al., (2001) has 

identified that supplementation with an amino acid solution immediately before an acute bout 

of resistance training was seen to increase muscle protein synthesis compared to 

consumption immediately after the training, with Candow et al., (2006) also similarly showing 

that supplementation with protein immediately before resistance training was more effective 

for inducing hypertrophy of knee extensors than when consumed after the resistance training 

over a period of 12 weeks. Blumsohn et al., (1994) has also described how bone resorption in 

humans shows a circadian rhythm with a peak in the early morning, similar to the lipid 

absorption and digestion rhythm (Bray & Young, 2011), showing that night-time calcium 

supplementation was beneficial for bone resorption but showed no effect when taken in the 

morning. Recently, Jackson et al., (unpublished data; Appendix IX) have described the diurnal 
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variations of both EPA and DHA in a sample of healthy adults showing that circulating levels 

of these fatty acids within blood plasma do indeed appear to follow a diurnal pattern, falling 

during the overnight period and reaching their lowest point in the early morning. The authors 

suggest the potential for significant functional effects of consuming n-3 PUFAs at night time to 

counteract these natural decreases in fatty acid levels within the body. Upon investigation, 

Jackson et al., (unpublished data; Appendix X) observed that, when dosed at night time 

(22:00hr), there was a significant increase in DHA in blood plasma for 6 hours post dose 

compared to placebo, but in contrast, concentrations of EPA in plasma had a similar peak but 

were also significantly greater for the entire 24 hour period compared to placebo. The evidence 

from a range of nutritional intervention studies highlights the importance of correctly timing the 

intake of the supplements and Blumsohn et al., (1994) and Jackson et al., (unpublished data; 

Appendix X) specifically show the importance of night-time supplementation in circadian 

rhythms with peak absorption in the morning. In light of this evidence it appears that night-time 

supplementation may be beneficial for the increased efficacy of supplementation with n-3 

PUFAs and should be considered in future studies in an attempt to maximise the absorption 

of the fatty acids. 

1.6.2 Comparisons between DHA and EPA 

Comparisons between, and the potentially separate effects of, DHA and EPA are often 

underreported or overlooked in the research area as a whole, with Drouin et al., (2019) 

describing how the full extent of both the separate and similar effects of DHA and EPA are still 

poorly understood. A recent systematic review on cardiometabolic risk factors in RCTs by 

Innes & Calder, (2018) describes how the majority of clinical trials that have been conducted 

thus far have been focused on administering both DHA and EPA together with only a small 

number of comparator trials existing within the literature, concluding that DHA and EPA 

actually appear to have different effects on cardiometabolic risk factors but further 

investigation in larger clinical studies is required. Additionally, Dyall (2011) has previously 

reported that a wide variety of enriched oil preparations have been used in human and animal 

studies, with earlier research tending to group ALA, EPA and DHA into one broad n-3 PUFA 

classification. However, clinical trials and recent reviews of the literature have actually begun 

to strongly refute this idea (Gorjão et al., 2009; Cottin, Sanders & Hall, 2011; Alexander et al., 

2017; Innes & Calder, 2018; AbuMweis et al., 2018; Drouin et al., 2019), suggesting that these 

fatty acids can no longer be considered to have mechanistic equivalence and should be 

viewed as distinct, albeit related, chemical species (Dyall, 2011). As a results, a greater 

understanding of the individual roles of the n-3 PUFAs on brain health and function are still 

required (Dyall, 2015). As the ratios of EPA and DHA are seen to vary widely in different types 
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of fish in nature (Osman, Suriah & Law, 2001; Özogul, Özogul & Alagoz, 2007; Mohanty et al., 

2016), it also means that dietary intake of EPA and DHA can vary widely. As the potentially 

separate effects of EPA and DHA or diets higher in EPA or DHA are not widely understood, it 

appears that there is a distinct requirement within the research area for studies that are 

capable of measuring and comparing the potentially independent effects of various 

formulations of n-3 PUFA supplements concerning the ratios between EPA and DHA. 

Therefore, studies that supplement with both EPA-rich and DHA-rich oils that aim to assess 

aspects of brain function, physiology and behaviour are still required within the literature to 

provide a greater understanding of the importance and effects of both EPA and DHA. 

1.6.3 Sample Populations  

A large majority of previous n-3 PUFA supplementation research focusses heavily on either 

prenatal, postnatal, children  or older populations and quite often research uses clinical 

samples, putting very little emphasis on healthy, young and middle-aged adult populations 

(Derbyshire, 2018). Therefore, the effects of n-3 PUFA supplementation in this population are 

not actually well understood or described within the literature. These samples are of particular 

interest as research suggests that intake of n-3 PUFAs does not meet the recommended dose 

in the population in general (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). As a 

result, healthy, young adults in general are likely be deficient in regards to their n-3 PUFA 

intake but otherwise healthy. This provides the opportunity to observe the effects of n-3 PUFA 

supplementation in a population that should require additional n-3 PUFA in their diets but 

report no other issues in relation to health or cognitive impairments. This effect of 

supplementation in deficient samples that are otherwise healthy is comparable to studies that 

investigate the effects of multivitamins on cognitive or physiological parameters as evidence 

also suggests that a considerable percentage of the general population of developed countries 

are deficient in one or more vitamins and minerals (Henderson et al., 2004; Kennedy & 

Haskell, 2011; Kennedy, 2016). For instance, Kennedy et al., (2016) has previously described 

how acute and chronic supplementation with micronutrients in healthy, young adults can 

modulate cerebral blood flow and metabolic parameters during cognitive task performance, 

suggesting that metabolism and brain function are responsive to micronutrient 

supplementation even in adults who have a nutritional status typical of the general population 

and who are otherwise healthy. As n-3 PUFAs have been observed to be crucial in a wide 

range of cellular processes and have links to a number of psychological and physiological 

functions, it stands that healthy, young adult, low consumers of fish should still benefit from 

increased intake of n-3 PUFAs. 
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Additionally, this sample is also of particular interest as research suggests that they may 

reportedly be undergoing natural age-related decrements in both overall cerebral blood flow, 

their ability to mobilise additional local blood flow during neural activity (the haemodynamic 

response) and overall cognition, that may begin in the 20’s (Salthouse, 2009). Indeed, recent 

studies have reported that normal cognitive ageing is characterised by almost linear declines, 

from early adulthood, in measures of speed, and accelerated declines in memory and 

reasoning (Salthouse, 2016; Salthouse, 2019). Among the variables that have been found to 

exhibit nearly continuous age-related declines in cross-sectional comparisons beginning when 

adults are in their 20s are: measures of regional brain volume (Sowell et al., 2003; Allen et al., 

2005; Fotenos et al., 2005; Kruggel, 2006; Pieperhoff et al., 2008), myelin integrity (Sullivan & 

Pfefferbaum, 2006; Hsu et al., 2008), cortical thickness (Magnotta et al., 1999; Salat et al., 

2004), serotonin receptor binding (Volkow et al., 2000; Erixon-Lindroth et al., 2005), 

accumulation of neurofibrillary tangles (Del Tredici & Braak, 2008) and concentrations of 

various brain metabolites (Kadota et al., 2001). Currently, many n-3 PUFA interventions that 

aim to slow brain ageing and cognitive decline are implemented in older populations. However, 

the research evidence seems to suggest that neurobiological and cognitive changes actually 

begin far earlier in life, and so studies restricted to samples of older adults might have limited 

value for discovering the causes of a phenomenon that originated decades earlier, leading to 

the need for further investigation into young adult samples. Therefore, research into healthy, 

young adult populations may offer additional insights into when the optimum time is to 

implement interventions designed at preventing or reversing age-related declines (Salthouse, 

2009). These factors, combined with some limited findings from n-3 PUFA intervention studies 

in older populations and those already suffering with AD (Cederholm, Salem & Palmbald, 

2013), might suggest that dietary interventions that aim to prevent neurodegeneration, brain 

ageing and cognitive decline are not beneficial in older samples as they are being 

administered too late in the lifespan. It could be that n-3 PUFA supplementation is more 

beneficial earlier in life to help to maintain both long and short-term brain health that lasts into 

the final stages of the lifespan. Therefore, if RCTs can identify effects of n-3 PUFAs on brain 

function in healthy, young adults then it would be reasonable to assume that these effects will 

result in lower brain ageing later in life and could lead to the effects of n-3 PUFAs across the 

lifespan to be confirmed via longitudinal studies. 

Overall, healthy, young adults appear to be a specific population that is largely ignored within 

the research area and should still benefit from increased n-3 PUFA intake or supplementation 

due to them falling below the recommended dietary intake. For these reasons, nutritional 

intervention studies employing both EPA-rich and DHA-rich supplements, representative of 
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the varying ratios that are seen in food sources, that investigate a range of outcomes related 

to overall brain health are warranted in healthy, young adult populations. 

1.7 Rationale 

The evidence outlined throughout this review of the literature shows the depth and breadth of 

knowledge regarding both the physiological and behavioural effects of n-3 PUFAs. The 

available evidence explains how these fatty acids are incorporated into every cell in the body 

and can only be acquired via the diet establishing their essential nature, with inadequate intake 

of the EFAs resulting in significant impacts to many physiological and behavioural parameters. 

However, previous RCTs within the literature are seen to be limited by several methodological 

issues including issues with n-3 PUFA treatments, such as formulations, bioavailability and 

sample populations, as well as often ignoring certain factors such as the time of 

supplementation, the stability of the oils in terms of oxidation and a lack of comparisons 

between the independent effects of DHA and EPA or the effects of diets higher in EPA or 

DHA. 

One particular population that has been largely overlooked is healthy, young adults; very few 

data currently exist regarding the effects of n-3 PUFA supplementation on cognitive function, 

mood and neurophysiological measures such as cerebral blood flow in healthy, young adults. 

In addition, even less data currently exists in this population concerning the effects of n-3 

PUFAs on sleep parameters and memory consolidation and in particular how both of these 

factors may be potential mediators in the relationship between n-3 PUFA status and cognitive 

function. Given the evidence provided throughout this literature review regarding the 

fundamental nature of n-3 PUFAs and adverse correlates of low intake, a population of 

healthy, young adults offers potential insights into the effects of n-3 PUFA supplementation in 

otherwise healthy populations whilst also providing information concerning when the most 

appropriate time to supplement with n-3 PUFAs may be in terms of maintaining brain health 

across the lifespan. Should positive behavioural or physiological changes be observed in this 

population then these results may offer insights into the early prevention of age-related 

cognitive decline as well as inform dietary advice. Taken together, there seems a clear need 

for research that investigates the effects of n-3 PUFA supplements on aspects of cognition, 

mood, neurophysiological measures such as cerebral blood flow, sleep and memory 

consolidation in healthy, young adults, whilst also taking the bioavailability, formulations, time 

and type of supplementation into account. 

To this end: Chapter 3 will investigate the effects of two SMEDS formulated n-3 PUFA 

supplements (DHA-rich and EPA-rich), containing traces of the stabilising antioxidants 
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tochopherols (vitamin E) and ascorbyl palmitate (vitamin C), dosed at bed time, on aspects of 

cerebral blood flow and cognition in healthy, young adults aged 25-49; Chapter 4 will 

investigate the effects of the same SMEDS formulated supplements, dosed at bed time, on 

both objective and subjective sleep parameters in healthy, young adults aged 25-49; Chapter 

5 will investigate the effects of the same SMEDS formulated supplements, dosed at bed time, 

on aspects of learning and memory consolidation in healthy, young adults aged 25-49; and 

Chapter 6 will investigate the effects of the same SMEDS formulated supplements, dosed at 

bed time, on aspects of cognition and mood in healthy, young adults aged 25-49. This thesis 

will therefore aim to address the following research questions: 

1. What are the effects of night-time dosing with SMEDS formulated DHA-rich and EPA-

rich supplements on neurophysiological parameters in healthy, young adult 

populations? 

 
2. What are the effects of night-time dosing with SMEDS formulated DHA-rich and EPA-

rich supplements on measures of sleep in healthy, young adult populations? 

 
3. What are the effects of night-time dosing with SMEDS formulated DHA-rich and EPA-

rich supplements on memory consolidation in healthy, young adult populations? 

4. What are the effects of night-time dosing with SMEDS formulated DHA-rich and EPA-

rich supplements on cognition and mood in healthy, young adult populations? 

The studies that comprise this thesis will include the first investigations employing the 

methodological paradigm of SMEDS formulated oils, containing traces of the stabilising 

antioxidants tochopherols (vitamin E) and ascorbyl palmitate (vitamin C), dosed at bedtime, 

whilst comparing the effects of both DHA- and EPA-rich supplements. Furthermore, 

investigations into the effects of n-3 PUFA supplements on memory consolidation are novel 

to the research area. 
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CHAPTER 2. GENERAL METHODOLOGY 

2.1. Overview of studies 

Throughout the thesis four randomised, placebo-controlled, double-blind, parallel groups 

design studies were conducted. Although the data from the studies that comprise this thesis 

were analysed separately and each study had individual research questions, all participants 

were enrolled into the study presented in Chapter 6, as well as one of the other studies 

presented in either Chapter 3, 4 or 5 (Figure 2.1).  

 

 

 

 

 

 

 

 

Figure 2.1. Diagram displaying how the studies were conducted throughout the thesis. All participants completed 

the requirements of the study presented in Chapter 6 in conjunction with the requirements of one of the additional 

studies presented in either Chapter 3, 4 or 5. 

The two studies that each participant was enrolled on were run parallel to one another and 

this was made possible due to the similarities between the four separate studies concerning 

inclusion criteria, sample age, study duration, treatments provided and the short length of 

testing visits. To be eligible to participate in any of the studies participants had to consent to 

take part in both the study presented in Chapter 6, as well as, one of the additional studies 

presented in Chapter 3, 4 or 5. This was made fully clear to all participants and the individual 

requirements for each study were completed alongside one another, during the same visit to 

the lab, if possible, in an attempt to minimise the amount of times each participant was required 

to visit the lab. All participants across all studies completed a screening visit, a baseline testing 

Chapter 6

Cognitive Test 
Battery & Blood 

Sampling

(337 Participants)

Chapter 3

Cerebral Blood Flow 
Assessments

(78 Participants) 

Chapter 4
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visit, a week 13 treatment refill and a 26 week post-supplementation visit. In addition to this 

participants enrolled in the studies presented in Chapter 4 and 5 also had two extra visits to 

the lab to collect either actigraph watches and urine sampling equipment or tablet computers 

respectively, in order to complete the study specific requirements. The approximate time 

required to attend the lab by participants, regardless of which studies were completed, was 

around 6 hours across the 6 month supplementation period. As the data from each of the 

respective studies was analysed independently and as each of the studies attempted to 

answer separate research questions, they will be reported as four separate studies throughout 

Chapters 3, 4, 5 and 6 of the thesis. All studies were pre-registered via www.clinicaltrials.gov 

with the following identifiers NCT03158545 (Chapter 3), NCT03559361 (Chapter 4), 

NCT03592251 (Chapter 5) and NCT02763514 (Chapter 6). 

2.2. Treatments 

Across all experimental chapters, participants were allocated to a single treatment throughout 

the course of the study according to a randomisation schedule. Treatments commenced on 

the night of each of the first respective testing visits (Baseline) and finished the night before 

the final testing visit (Week 26). As it is known that the bioavailability of n-3 PUFAs can be 

influenced by the food matrix with which they are consumed and due to the poorly water-

soluble nature of n-3 PUFAs, they show slow nutrient dissolution rates and poor absorption in 

the gastrointestinal tract when administrated orally. Therefore, the active treatments used 

throughout the studies that comprise this thesis contained SMEDS formulations. In addition to 

the SMEDS formulation and due to the resistance of all long chain PUFA to intestinal lipase, 

participants were also instructed to take their capsules with a glass of water at their usual bed 

time, so that the fatty acids should be present in the intestines at the time of peak digestion 

and absorption the following morning. Treatments were consumed as three separate capsules 

taken each night before the participant went to bed. The breakdown of each of the treatments 

is provided in Table 2.1. 

Table 2.1.  Breakdown of the quantities of DHA and EPA in each of the three treatments. Quantities of DHA and 

EPA are presented as the total quantities from consuming three capsules. 

Treatment (3 x 1g capsules) DHA (mg) EPA (mg) 

Olive Oil Placebo 0 0 

DHA-rich 900 270 

EPA-rich 360 900 

http://www.clinicaltrials.gov/
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2.3. Participants 

For the reasons outlined in section 1.6.3, all participants that were enrolled onto the studies 

that comprise this thesis were aged between 25-49 years and had to pass a physical/lifestyle 

screening to demonstrate they were in good health. Participants were self-reported low 

consumers of fish, measured via the DHA food frequency questionnaire (Benisek et al., 2002; 

Appendix I), reporting consumption of oily fish less than once per week. Having good health 

was identified as being; a non-smoker, free from prescription, herbal, illicit or recreational 

drugs (females taking the contraceptive pill were included), free from major illnesses, having 

a blood pressure lower than 159/99 and a BMI between 18.5 and 35. All participants were 

recruited via posters, adverts placed on social media websites or emails sent out to university 

staff and students and were either students or staff attending/working at Northumbria 

University or individuals living in the Newcastle-upon-Tyne surrounding area. Descriptions of 

how each sample size was determined via a priori calculations and accounting for any 

potential dropouts will be provided within the method section of each experimental chapter. 

2.4. Blinding and Randomisation 

To ensure blinding was maintained throughout the study a 3rd party researcher within the same 

university created a randomisation schedule. This schedule randomly assigned all 337 subject 

ID numbers evenly to either a placebo, DHA-rich or EPA-rich treatment. These treatment 

groups were then relabelled to either A, B or C and only the 3rd party researcher had access 

to the information which linked these letters to the respective treatment group. Upon delivery, 

all treatments were received by the same 3rd party researcher who removed any identifying 

information from the boxes containing the three separate treatments and relabelled said boxes 

with A, B or C according to their respective treatment code. Once the boxes containing the 

treatments had been relabelled as A, B or C and all other identifying materials had been 

removed they were then delivered to the researcher along with the randomisation schedule 

assigning each subject ID number to receive treatment from either A, B or C. The researcher 

then labelled the individual treatment bottles within each box with a subject ID (1-337) 

according to the randomisation schedule, information explaining how participants should 

consume the treatments and an expiry date then placed back into the respective boxes. Once 

labelling was completed, the principle supervisor checked that the subject ID’s within each box 

correctly corresponded with the randomisation schedule. Treatment bottles were then 

assigned to participants in sequence as they enrolled onto the trials and until all 337 subject 

ID’s had been dispensed. The researcher was only un-blinded with information regarding 
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which treatment A, B and C corresponded to once all analyses had been completed to allow 

for interpretations of the data to begin and for the study reports to be completed. 

2.5. Blood Sampling & Analysis 

Blood samples for all studies conducted throughout the thesis were collected via venepuncture 

into ethylenediaminetetraacetic acid (EDTA) vacutainers (6ml). The samples were stored in 

an ice box or at 5°C until they could be processed and were processed within 4-8 hours of 

collection. The samples containing whole blood were spun in a centrifuge at 2000 rpm (913 x 

g) for 10 minutes at room temperature. Following this, the top layer of plasma was removed 

using a plastic pastette and discarded. Once the plasma has been removed 1ml of red blood 

cells were collected from the bottom of the vacutainer and transferred into a 15ml centrifuge 

tube and made up to 15ml with phosphate-buffered saline (PBS). The mixture was then 

inverted and spun in the centrifuge at 1200 rpm (350 x g) for 10 minutes at room temperature 

with a low break. The PBS was then removed with a pastette and then this washing process 

was repeated for a second time. After the second wash the remaining blood cells were 

transferred into two labelled 1.5ml microtubes and immediately frozen at -800C prior to 

analysis which was carried out at Southampton University.  

Following the guide created by Burdge, Cawood and Childs (2004) samples were analysed 

via Gas Chromatography (GC). The main principle underlying the separation of fatty acids by 

GC is that they differ in the temperature at which they become volatile depending upon carbon 

chain length, number and position of the double bonds. Increasing chain length results in an 

increase in the temperature at which fatty acids enter the vapour phase. During preparation 

the GC analysis 1.0ml of blood cells were pipetted into a screw-cap glass tube and 5ml of 

0.9% sodium chloride (NaCl) mix was added before the sample was then inverted and placed 

in a centrifuge at 2,000 rpm. Following this supernatants were removed with a Pasteur pipette 

and discarded. This processes was repeated twice. Following this 1.0ml of 0.9% NaCl was 

added, vortex mixed and then spun in a centrifuge at 2,000 rpm for 10 minutes with a low 

break at room temperature before the lower phase was collected by aspiration with a Pasteur 

pipette and transferred to a screw-cap glass and dried under nitrogen at 40oC. Lipid classes 

were then separated by solid phase extraction (SPE) and eluted phosphatidylethanolamine 

(PE) was collected. GC was then completed on the PE following the stages outlined in section 

5 of the guide produced by Burdge, Cawood and Childs (2004). 
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2.6. Cognitive Assessments 

All cognitive tasks conducted throughout the studies that comprise this thesis were delivered 

using the Computerised Mental Performance Assessment System (COMPASS, BPNRC, 

Northumbria University, Newcastle Upon Tyne, UK). This testing system is capable of 

delivering a tailored collection of tasks, with fully randomised parallel versions of each task 

being delivered during each assessment for each participant. COMPASS currently comprises 

over 20 cognitive tasks; many based on classic cognitive tasks, which measure attention, 

vigilance, working-, spatial- and secondary memory, executive function, mood and tasks which 

induce cognitive demand. COMPASS has been used within hundreds of published journal 

articles evidencing its sensitivity to a range of nutritional interventions.   

2.7. Treatment Guess Questionnaire & Compliance 

As each participant was provided with 600 treatment capsules throughout the supplementation 

period of each study, a treatment compliance percentage could be calculated for all 

participants in order to measure adherence to the study protocol concerning appropriate 

consumption of the study treatments. This treatment compliance percentage was calculated 

by comparing the number of treatments that were actually returned by each participant at the 

end of the study with the number of treatments that should have been returned. Therefore, 

compliance percentages were calculated as: 

 

 

Additionally, at the end of each respective study all participants were provided with a treatment 

guess questionnaire (APPENDIX II) and asked to choose between whether they had received 

an active or placebo treatment throughout the supplementation period, in an attempt to verify 

the blinding procedure. Responses from the treatment guess questionnaire were analysed via 

Chi-square test comparing the number of correct and incorrect responses given by each 

treatment group. 

Treatment Compliance (%) = 
Number of treatments returned (not consumed) 

x 100 
Number of treatments that should have been consumed 

(Days enrolled in study x 3) 
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2.8. Data Cleaning Procedures 

Before each analysis was conducted throughout the thesis the data sets were cleaned 

following the same procedures. These procedures included removing anomalous results and 

outliers from the raw data. All analyses were completed using SPSS (version 25) and box 

plots were generated for each outcome variable to identify potential outliers. These boxplots 

present five sample statistics - the minimum, the lower quartile, the median, the upper quartile 

and the maximum. SPSS has a two stage flagging process. Values which are between one 

and a half and three box lengths from either end are denoted by open circles and are 

interpreted as outliers. Values which are more than three box lengths from either end of the 

box are denoted by asterisks and interpreted as extreme values. Once any identified outliers 

had been removed, residual values were calculated and histograms produced to view the 

spread and distribution of the data. If any values were seen to be separate from the spread 

and distribution from the dataset then these values were also removed. Once these processes 

had been completed for each outcome variable the analysis commenced. 

2.9. Linear Mixed Models Analysis 

All analyses conducted throughout this thesis were from the intention-to-treat sample not the 

per-protocol sample. Intention-to-treat analysis is a comparison of the treatment groups that 

includes all patients as originally allocated after randomisation and is the recommended 

method in superiority trials to avoid any bias (Boutis & Willan, 2011). Throughout the thesis it 

was also decided that the most appropriate way to analyse the repeated measures data by 

treatment group was via linear mixed models (LMM). LMMs have several advantages over 

using repeated measures ANOVAs or ANCOVAs including the ability to accommodate 

missing data points often encountered in longitudinal datasets and the ability to model 

nonlinear, individual characteristics (Krueger & Tian, 2004). Therefore, data were analysed 

using the mixed models procedure in SPSS, unless another analysis is stated otherwise. For 

each model that was run the covariance matrix structure of said model was chosen based on 

the structure that produced the lowest Schwarz’s Bayesian Criterion (BIC), an indication of the 

best fitting model for the data (Drton & Plummer, 2017). The fixed factors and covariates 

appearing in each model will be reported within each of the respective Chapters. However, for 

the analysis of the bloods data, an analysis for all participants is provided within Chapter 6, 

whilst analyses of the bloods data for the sub groups which formed the samples within 

Chapters 3, 4 and 5 are reported in Appendix XI. 
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2.10. Analysis between Treatments and Multiple Comparisons 

The primary analysis throughout this thesis was focused on placebo comparisons with both 

the DHA- and EPA-rich treatments. However, the methodological design of each of the studies 

also offers the opportunity to directly compare the potentially separate effects between the 

DHA- and EPA-rich treatments, a factor that is often overlooked within the previous research. 

Therefore, comparisons between placebo and the active treatment groups, as well as, 

comparisons between the two active groups will be reported in each of the respective Chapters 

results sections. All post-hoc analyses reported throughout the thesis are Sidak corrected 

comparisons to counteract the problem of multiple comparisons. 
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CHAPTER 3. OMEGA-3 INDEX IS ASSOCIATED WITH CORTICAL BLOOD FLOW AND 

NEURAL EFFICIENCY DURING SERIAL SUBTRACTION TASKS  

3.1 Introduction 

Reviews of the literature have identified positive associations between levels of DHA in plasma 

phospholipids and erythrocytes and greater performance on tasks of visual memory, abstract 

skills, executive function as well as increased total cerebral volume (Cederholm and Salem, 

2013). Additionally, Sinn et al., (2012) have previously identified significant benefits of 6 

months’ n-3 PUFA supplementation, predominantly with a DHA-rich oil, for both cognition and 

mood, in older adults with mild cognitive impairment leading to the hypothesis that such 

benefits might possibly be attributable to improvements in CBF. It appears reasonable, that 

these relatively swift changes in brain functioning, following just 6 months dietary 

supplementation, that have been observed in adults following n-3 PUFA supplementation 

were more likely to be a result of effects on the microvascular endothelium rather than on 

neuronal function and/or structural changes (Kuszewski, Wong & Howe, 2017). Furthermore, 

Wong, Evans and Howe (2016) have identified inverse correlations between markers of 

cerebrovascular compliance, vasodilator responsiveness and cognitive performance in 

postmenopausal woman using transcranial Doppler ultrasound (TCD) as a non-invasive 

surrogate measure of cerebrovascular function. The impact n-3 PUFAs could have on CBF is 

therefore suggested to underpin, at least in part, the relationship between n-3 PUFAs and 

cognition.  

Augmented brain activity is known to result in an increased consumption of adenosine 

triphosphate (ATP), oxygen and glucose as well as an increased release of the 

neurotransmitters glutamate and GABA within the brain (Pasley & Freeman, 2008). These 

changes then influence the vasoactive chemical agents K+, nitric oxide (NO) and adenosine 

which leads to increased CBF to increase the delivery of oxygen and glucose to the sight of 

activation (Pasley & Freeman, 2008). This mechanism is known as neurovascular coupling. 

Under normal conditions, local CBF is related to the metabolic activity of specific brain regions 

and this neurovascular coupling relationship forms the basis of the signal changes used in 

certain neuroimaging techniques including fMRI and NIRS to localise brain activation in 

regions associated with specific cognitive tasks (Wong et al., 2019). Increased consumption 

of the n-3 PUFAs DHA and EPA may help to support the neurovascular coupling process via 

several cardiovascular processes. Evidence obtained from both human and animal studies 

suggests that n-3 PUFAs affect numerous cardiovascular processes including the promotion 

of vasodilation via relaxation of smooth muscle cells, delayed development of plaques, 
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improved endothelial function, antioxidant and anti-inflammatory properties, decreased 

stiffening of arterial walls as well as decreasing blood pressure in hypertensive patients 

(Colussi et al., 2016). Given these observed effects on cardiovascular parameters, it seems 

only logical that previous observations of the effects of n-3 PUFAs on brain function, cognition 

and overall brain health may be underpinned via modulation of cerebral haemodynamics via 

promotion of healthy regulation of neurovascular coupling. Indeed, Howe et al., (2018) have 

used TCD to measure cerebrovascular function in a sample of 38 mildly hypertensive older 

adults following 20 weeks’ supplementation with 1600mg/d DHA and 400mg/d EPA compared 

to a corn oil placebo. The authors report significant increases in neurovascular coupling in 

males, measured as the cerebral vascular response to cognitive stimuli, correlated with an 

increase of EPA in erythrocytes, as well as increased cardiovascular responsiveness in 

females. However, these effects were found not to be paired with any significant improvements 

in cognitive function or mood. 

The complex relationship between n-3 PUFA supplementation, CBF and cognition has also 

been investigated in healthy samples several times previously during nutritional intervention 

studies. For instance, McNarama et al. (2010) conducted an 8 week randomised, placebo-

controlled, double blind intervention study with 3 treatment arms (placebo, 400 mg/d DHA,  

1200 mg/d DHA) on a sample of 33  healthy male children (agem 8.98 years). fMRI was 

employed to assess relative changes in cortical activation during a sustained attention task. 

Significantly greater changes from baseline in activation of the dorsolateral prefrontal cortex 

(PFC) were observed in both DHA groups compared to placebo and the high-dose and low-

dose DHA groups had greater decreases in the cerebellar cortex and occipital cortex 

respectively. Erythrocyte DHA composition was also positively correlated with dorsolateral 

PFC activation and negatively correlated with reaction time. These findings provide support 

for the role of dietary intake of DHA as a modulator of cortical activity in healthy samples. 

However, the authors do recognise that an 8 week supplementation period is relatively short 

along with a sample size that is small and therefore future studies in this area must consider 

larger and longer controlled imaging studies. 

Similar to McNamara et al., (2010), the findings presented by Hamazaki-Fujita et al. (2011) 

suggest that EPA alone may modulate the oxygenation level of the PFC, improving various 

psychological parameters and cognition. Although this study does provide interesting 

information surrounding the effects of EPA on PFC oxygenation, the study is limited due to 

the fact that it was not an intervention study and therefore may be limited by confounding 

factors. Additionally, the author’s report that the sample size employed was not large enough 

which again suggests that there is still a need for larger scale nutritional intervention studies 
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in healthy, young adults to further investigate the potentially effects of dietary EPA on CBF.  

Additionally, Jackson et al. (2012a) have conducted a 12-week, randomised, double blind, 

placebo-controlled supplementation study with 3 treatment arms (placebo, 1g/d DHA, 2g/d 

DHA rich fish oil), using cw-NIRS. The authors identified that dietary intake of DHA was 

significantly associated with increased relative changes in CBF during performance of 

cognitive tasks in 65 healthy, young adults aged 18-29 years. However, it should be noted that 

no interpretable effects of the intervention were found on cognition in either Jackson et al. 

(2012) or McNamara et al. (2010) studies despite the observed changes in CBF between the 

active and control groups. Furthermore, Jackson et al., (2016) have also demonstrated no 

effect of 6 months’ supplementation on any cw-NIRS measures or cognitive performance 

tasks, in a sample of 86 older adults supplemented with either 2g/d DHA-rich fish oil (896 mg 

DHA, 128 mg EPA) or a multinutrient containing 2g/d DHA-rich fish oil (946.4 mg DHA, 160 

mg EPA) with added phosphatidylserine (PS, 88 mg), Ginkgo biloba (240 mg), folic acid (1 

mg) and vitamin B12 (24 mg).  

Overall, there has been a clear lack of consistent findings of the effects of n-3 PUFA 

supplementation on the relationship between CBF and cognition in healthy, young adults 

within the literature thus far. Additionally, the majority of research conducted to date has 

focused solely on the effects of varying quantities of DHA supplementation on CBF, even 

though Hamazaki-Fujita et al. (2011) suggest that it may be dietary intake of EPA alone that 

could modulate the oxygenation level of the PFC. In relation to this, there is also evidence that 

dietary intake of EPA in particular may be important for increases in neural efficiency which is 

an important feature of brain health. The neural efficiency hypothesis (Haier et al., 1988) 

claims that the brains of individuals with higher intelligence may require less neural energy 

resources than those of individuals with lower intelligence in order to perform higher order 

cognitive tasks. This effect has been seen previously and is shown as a more focused cortical 

activation and communication between brain regions, resulting in lower total cortical activation 

and suggesting that there is more efficient use of the brain in more intelligent individuals (Haier 

et al., 1992a; 1992b; Neubauer et al., 2005; 2006). Previously, Bauer et al., (2011; 2014a) 

conducted two intervention studies comparing the effects of 4 weeks’ supplementation with 

either a DHA-rich or EPA-rich fish oil on a number of multifocal visual evoked potentials 

(mfVEPs), fMRI outcomes and cognitive tasks in a crossover study of healthy, young adults 

(20-34 years). The authors reported reduced reaction times during completion of a Stroop and 

choice reaction task as well as enhanced neural recovery of the magnocellular visual system 

(Bauer et al., 2011) and reduced activation in the anterior cingulate cortex (Bauer et al., 2014a) 

following supplementation with the EPA-rich fish oil supplement. Overall, the authors 

concluded that their data comprises evidence that increased dietary intake of EPA may result 
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in enhanced neural efficiency. The findings from both Hamazaki-Fujita et al., (2011) and Bauer 

et al., (2011; 2014a) provide support for the importance of increased dietary intake of EPA 

specifically in cortical activation and oxygenation. Furthermore, Howe et al., (2018) has 

recently concluded that there is still a clear need for studies that examine the differential effects 

of both EPA and DHA in this research area. Indeed, Bauer et al., (2011; 2014a) are the only 

groups to investigate the effects of both DHA-rich and EPA-rich supplementation on neural 

efficiency thus far. It therefore appears that further investigation into the differential effects of 

both increased dietary EPA and DHA is warranted. 

A methodological limitation that also exists within the literature is the use of cw-NIRS that is 

only capable of measuring relative changes in cerebral activation and concentrations of 

haemoglobin as opposed to the measurement of absolute, quantifiable, amounts of 

haemoglobin present within the cortex. The data gathered from the cw-NIRS employed 

previously is baseline-adjusted to the concentration reading that is taken immediately before 

the first data point of the recording session. As a result, it is not able to quantify any gross 

changes in concentrations of haemoglobin that take place between separate recording 

sessions. However, the employment of frequency domain (fd) NIRS systems allows for the 

measure of absolute values and so allows for the assessment of gross changes that occur 

throughout the supplementation period. Employment of this fd-NIRS in the research area is 

crucial as previous studies have employed methodologies that are only capable of measuring 

acute changes in concentrations of haemoglobin within paradigms that are actually designed 

to measure the chronic effects of n-3 PUFA supplementation (Jackson et al. 2010; Jackson et 

al., 2016). As a result, there remains the clear need for the employment of neuroimaging 

techniques that are designed to measure the chronic changes that may occur in 

concentrations of haemoglobin following n-3 PUFA supplementation in order to more 

appropriately investigate the effects of n-3 PUFA supplementation on CBF and any potential 

relationships to cognition. 

To date, no study has assessed the parallel effects of dietary n-3 PUFAs on CBF and cognition 

using a quantitative NIRS approach. Therefore, the present study aimed to investigate the 

effects of 26 weeks supplementation with 1.2g/d of either DHA-rich, EPA-rich or an olive oil 

placebo on absolute values of oxygen saturation %, total haemoglobin, oxygenated 

haemoglobin and deoxygenated haemoglobin in healthy, young adult, low consumers of oily 

fish. Performance was assessed using three numerical subtraction tasks that varied in 

difficulty while CBF parameters were measured using the fd-NIRS. Measurement of both 

cognitive performance and absolute values of haemoglobin then also allows for the potential 
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measurement of neural efficiency, an aspect that has been overlooked within the majority of 

the research mentioned previously. 
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3.2 Materials and Methods 

3.2.1 Design 

This study employed a randomised, placebo-controlled, double-blind, parallel groups design. 

With participants being randomly assigned to one of three treatment groups (placebo, DHA-

rich, EPA-rich; see section 2.2). 

3.2.2 Participants  

Ninety males and females aged 25-49 years were recruited and of the ninety participants 

screened seventy-eight were enrolled into the study and seventy-five participants completed 

all requirements. The three participants who withdrew following randomisation reported no 

adverse events related to the treatments and left the trial due to time commitments or lack of 

continued interest in the study. This sample size was calculated based on a small effect size 

(d = 0.32) observed by (Jackson et al., 2016) for effects on total haemoglobin following 6 

months’ supplementation with a DHA-rich fish oil. Given this effect size, an a priori calculation 

of the size of sample required in order to detect a significant difference between the groups 

given 80% power and an alpha level of 0.05, is twenty-three participants per treatment arm. 

Additionally, in order to account for any potential dropouts the total sample size was increased 

by 10%. This resulted in twenty-six participants per treatment arm or seventy-eight participants 

overall. Power calculations were made using GPower 3.1.3. Participant disposition through 

the trial is displayed in Figure 3.1 and their demographic data in Table 3.1.  
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Figure 3.1. Participant disposition through the trial. Figure depicts the disposition of participants throughout the 

study, culminating in N = 75 of the 78 who were randomised.  
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Table 3.1. Participant demographic information and baseline characteristics for the 78 subjects enrolled in the 

study. Means and Std. Deviation (sd) are given where appropriate. F or χ2 and p values are given for separate one-

way ANOVAs or Chi-Square tests that were conducted on this baseline data by treatment group. 

 
Baseline Main Effects 

Mean Sd  F / χ2 p 

N (Males/Females) 
Placebo 14/12 -    
DHA-rich 9/17 - Treatment 3.18 .204 
EPA-rich 15/11 -    

% of EPA in RBC 
Placebo 0.99 0.07    
DHA-rich 1.04 0.10 Treatment 2.06 .136 
EPA-rich 0.82 0.06    

% of DHA in RBC 
Placebo 5.63 0.23    
DHA-rich 5.62 0.25 Treatment 2.26 .112 
EPA-rich 4.98 0.25    

n-3 Index 
Placebo 6.62 0.28    
DHA-rich 6.67 0.31 Treatment 2.71 .074 
EPA-rich 5.80 0.28    

Age (years) 
Placebo 33.85 1.57    
DHA-rich 35.08 1.72 Treatment .489 .615 
EPA-rich 32.92 1.31    

Systolic BP 
Placebo 126.25 2.81    
DHA-rich 122.94 2.22 Treatment .625 .538 
EPA-rich 122.90 2.21    

Diastolic BP 
Placebo 81.67 1.78    
DHA-rich 80.15 1.72 Treatment .872 .422 
EPA-rich 78.52 1.57    

Heart Rate (BPM) 
Placebo 72.23 2.01    
DHA-rich 70.62 1.93 Treatment .220 .803 
EPA-rich 70.27 2.68    

Weight (Kg) 
Placebo 76.47 3.25    
DHA-rich 72.64 2.95 Treatment .476 .623 
EPA-rich 76.10 2.99    

Height (cm) 
Placebo 172.69 2.32    
DHA-rich 171.31 1.68 Treatment 1.08 .344 
EPA-rich 175.58 2.22    

BMI (Kg/m2) 
Placebo 25.45 0.72    
DHA-rich 24.55 0.67 Treatment .618 .542 
EPA-rich 24.51 0.65    

Years in Education 
Placebo 18.08 0.45    
DHA-rich 18.38 0.49 Treatment 1.94 .150 
EPA-rich 17.27 0.26    

Fruit & Vegetable 
(portions per day) 

Placebo 3.40 0.30    
DHA-rich 3.37 0.33 Treatment .349 .707 
EPA-rich 3.67 0.21    

Alcohol              
(Units per day) 

Placebo 1.31 0.15    
DHA-rich 1.26 0.17 Treatment .131 .877 
EPA-rich 1.38 0.20    
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3.2.4 Physiological Measures 

3.2.4.1 Near Infrared Spectroscopy (fd-NIRS) 

Cerebral Haemodynamic response was measured using a fd-NIRS system (OxiplexTS 

Frequency-Domain Near-Infrared Tissue Oximeter; ISS, Inc., Champaign, IL, USA). This 

system provides absolute measurements of the absorption of the near-infrared light emitted 

at two distinct wavelengths by the device, which allows for the quantitation of oxygenated 

haemoglobin (Hb02) and deoxygenated haemoglobin (Hb) via their differing photon absorption 

properties. These values can then be used to determine total haemoglobin (THb; Hb02 + Hb) 

and oxygen saturation percentage (Ox%; Hb02/THb × 100%). This system is well designed 

for quantifying changes in haemodynamic response over both acute (i.e., changes in response 

to demanding cognitive tasks) and chronic (i.e., comparing between pre-dose and the 6 month 

post-dose assessments) time points.  

Light was emitted at 691 and 830nm by optical fibres glued in pairs to four prisms (eight fibres 

in total) separated from the collector bundle, which was also glued to a prism, by 2.0, 2.5, 3.0 

or 3.5cm. Each of the emitter and collector bundle prisms were embedded into a flexible 

polyurethane resin to form a sensor, with overall dimensions of 7.6cm × 2.5cm × 0.3cm. 

Identical sensors were attached to both sides of the forehead of the participants and secured 

in place with a self-adhering bandage. The sensors were positioned so that the bottom edge 

was level with the top of the participants’ eyebrows and the middle edge touching at the midline 

of the forehead. Data were collected at a rate of 5Hz and quantities are measured in micro 

molars (µM). Increases in THb and Hb02 are usually interpreted as increased activation of the 

PFC and increased CBF (Jackson et al., 2012b). 

3.2.5 Cognitive Tasks 

3.2.5.1 Serial subtraction tasks (3s, 7s, 17s; 1 minute) 

Computerised versions of the serial subtraction tasks were implemented using tasks of 1-

minute durations. Participants were required to count backwards in either threes, sevens or 

seventeens from a given number as quickly and as accurately as possible using the number 

keys to enter each response. A random starting number between 800 and 999 is presented 

on the computer screen, which is cleared by the entry of the first response. In the case of an 

incorrect response, subsequent responses are then scored as correct in relation to the 

previous incorrect number. The task is scored for number of total responses and the number 

of errors.  
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3.2.5.2 ‘Task Difficulty’ visual analogue scale 

Participants rated how difficult they found the task they had just completed by making a mark 

on a line representing 0-100% with the end points labelled “not at all” (left hand end; 0) and 

“very much so” (right hand end; 100). 

3.2.6 Procedure 

All study visits took place at Northumbria University’s Brain, Performance and Nutrition 

Research Centre (BPNRC). Potential participants attended the site for an initial screening visit. 

The principal investigator or designee discussed with each participant the nature of the trial, 

its requirements and restrictions in line with the participant information sheet previously given 

to the participant. No restrictions were placed on the participants prior to this visit. Following 

informed consent, eligible participants underwent training on the computerised cognitive tasks. 

The training session followed standard operating procedures to decrease the chance of 

learning effects during the main trials. This entailed the participants completing three 

shortened versions of the tasks to gain familiarity, followed by two full length versions of the 

tasks. Once this session was completed to the required standard according to performance 

norms for the participant’s age group they were then eligible to be enrolled into the trial. 

Prior to attending the baseline and week 26 assessments, participants were asked to avoid 

alcohol and refrain from intake of ‘over the counter’ medications for 24 hours and caffeine for 

18 hours. On the morning of the baseline testing visit, participants were requested to eat their 

usual breakfast or no breakfast if they usually skipped breakfast at least 1 hour prior to arrival 

at the laboratory (but to avoid any caffeinated products). Participants completed baseline 

assessments of the numerical subtraction tasks and ratings of task difficulty with concurrent 

NIRS measurements. This included a 5 minute rest measurement to collect resting baseline 

data followed by the completion of a 1 minute serial subtraction task and a rating of task 

difficulty. Each serial subtraction task (3s, 7s, or 17s) and a rating of task difficulty were 

repeated three times each, separated by a 2 minute resting period (see Figure 3.2 for 

schematic depicting the study testing visits). Task order was also fully randomised and 

counterbalanced between the groups.  Participants were then provided with the first batch of 

capsules (3 bottles of 100 capsules each) and given a diary in which to record their daily 

consumption of the capsules along with any adverse events and concomitant medications, 

should there be any throughout the supplementation period. 

Participants also reported to BPNRC during week 13 and brought with them their diary and 

any remaining unused treatment capsules, so that treatment compliance could be calculated. 
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Participants were provided with a second batch of capsules (3 bottles of 100 capsules each), 

along with a new diary to complete between weeks 13-26.   

The week 26 assessment was identical to the baseline assessment in all aspects apart from 

collecting in the diaries, all remaining treatments, completion of a treatment guess 

questionnaire (see Appendix II) and finally a full debrief once all assessments were completed. 

During both the baseline and week 26 visits participants were also required to provide a 6 mL 

venous blood sample to determine blood fatty acid profile.    

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Schematic showing the procedures for the baseline and week 26 assessments. Each variation of 

subtraction task was completed three times for 1 minute, followed by a rating of task difficulty and then a 1 minute 

rest before the next repetition of the same subtraction task. A two minute rest was then provided after three 

repetitions of the same subtraction and before completing the next series of subtraction tasks. CRF, Case Report 

Form; 3s, Serial 3 subtractions; 7s, Serial 7 subtractions; 17s, Serial 17 subtractions; vas, visual analogue scales. 

3.2.7 Statistical Methods 

3.2.7.1 NIRS Data 

NIRS data [oxygen saturation % (Ox%), total haemoglobin (THb), oxygenated haemoglobin 

(Hb02) and deoxygenated haemoglobin (Hb)] were split into two distinct periods; resting and 

active. The resting period contained the averaged data from the 5 minute resting period before 

the cognitive tasks began and the active period consisted of the averaged data from all three 
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repetitions of the serial 3s, serial 7s and serial 17s subtraction tasks. All NIRS data were 

analysed using the Mixed Models procedure in SPSS (version 25) with the covariance matrix 

structure being chosen from the model with the lowest Schwarz’s Bayesian Criterion (BIC) 

indicating the best fitting model for the data. This resulted in an autoregressive covariance 

structure being used for the resting Ox%, resting Hb and active Ox% models and an identity 

covariance structure being used for the resting THb, resting Hb02, active THb, active Hb02 

and active Hb models.   

Fixed effects appearing in the resting NIRS models were treatment (DHA-rich, EPA-rich, 

Placebo) and hemisphere (left, right) whilst the fixed effects appearing in the active NIRS 

models consisted of treatment (DHA-rich, EPA-rich, Placebo), hemisphere (left, right), task 

(3s, 7s, 17s) and task randomisation order (1 – 6). Subject was also added into all models as 

a random factor and respective baseline values were entered as a covariate. 

3.2.7.2 Cognitive Data 

The cognitive data consisted of the averaged number of correct responses and accuracy % 

from all 3 repetitions of the serial 3s, 7s and 17s tasks. The data were analysed using the 

same Mixed Models procedure described previously with both the total number of responses 

and number of errors models using an autoregressive covariance matrix. The fixed effects 

appearing in both models were treatment (DHA-rich, EPA-rich, Placebo), task (3s, 7s, 17s) 

and task randomisation order (1 – 6). Subject was also added into all models as a random 

factor and respective pre-dose values were entered as a covariate. 

3.2.7.3 Subjective Task Difficulty 

The subjective task difficulty data consisted of the averaged task difficulty rating from all 3 

repetitions of the serial 3s, 7s and 17s tasks. The data were analysed using the same Mixed 

Models procedure described previously and using an Identity covariance matrix. The fixed 

effects appearing in both models were treatment (DHA-rich, EPA-rich, Placebo), task (3s, 7s, 

17s) and task randomisation order (1 – 6). Subject was also added into all models as a random 

factor and respective pre-dose values were entered as a covariate. 

3.2.7.4 Efficiency Index 

The efficiency index (EI) data were calculated by standardising the raw active NIRS data (Ox 

%, THb, Hb02, Hb) and the accuracy % for every task during each visit to a value of 0-1 (1= 

the highest accuracy % or highest respective NIRS value). Once these new standardised 
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values had been calculated each participant’s standardised NIRS value was then subtracted 

from their standardised accuracy % for each task. This then provided an EI score of between 

-1 and 1 with higher scores indicating greater neural efficiency. Causse et al., (2017) recently 

employed this measure of neural efficiency in a similar paradigm. 

These data were analysed using the same Mixed Models procedure described previously, 

using an Identity covariance matrix. The fixed effects appearing in both models were; 

treatment (DHA-rich, EPA-rich, Placebo), hemisphere (left, right), task (3s, 7s, 17s) and task 

randomization order (1 – 6). Subject was also added into all models as a random factor and 

respective pre-dose values were entered as a covariate. 

3.2.7.5 Exploratory Correlations 

Pearson’s bivariate correlations were conducted post hoc in an attempt to further explore the 

relationship between n-3 index, CBF and efficiency index scores. These correlations were 

conducted between n-3 index and NIRS outputs (0x%, THb, Hb02 and Hb) during each of the 

subtraction task (3s, 7s or 17s), for each hemisphere (left or right) and for each of the visits 

(baseline or week 26). Additionally, correlations were conducted between n-3 index and 

efficiency index scores (0x%, THb, Hb02 and Hb) during each of the subtraction task (3s, 7s 

or 17s), for each hemisphere (left or right) and for each of the visits (baseline or week 26).  
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3.3 Results 

3.3.1 Compliance 

Two participants did not return their unused treatments and three participants withdrew from 

the study. For the remaining participants, compliance was observed to be very good in all 

three groups (96% Placebo, 97% DHA-rich, 98% EPA-rich) with a one way ANOVA identifying 

no significant difference for compliance percentage by treatment group [F (2, 72) = .445, p = 

.643]. A Chi-Square test was also conducted on the responses to the treatment guess 

questionnaire that was completed at the end of the final visit and revealed no significant 

difference in participants’ ability to correctly identify whether they had been administered an 

active or placebo treatment between the three groups [χ2 (2) = .787, p = .675]. 

3.3.2 Mixed Models Analysis 

Due to the number of statistical analyses performed, only those which revealed significant 

main or interaction effects including treatment are reported. A Sidak correction was applied to 

all pairwise comparisons.  

3.3.2.1 Resting NIRS  

The analysis revealed no significant main or interaction effects of treatment. 
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Table 3.2 Resting NIRS analysis outcomes, by hemisphere, for placebo, DHA-rich and EPA-rich treatment groups. 
Week 26 estimated marginal means and standard error (SE) are presented with F and p values of the main effects 
and interactions.  

 
 

 Post-dose Main Effects 
 n Mean SE  F p 

Ox 
(%) 

 Placebo 

71 

65.85 0.68    
Left DHA-rich 65.06 0.69 Treatment .297 .744 

 EPA-rich 65.76 0.71 
   

 Placebo 

71 

66.11 0.69 
Right DHA-rich 65.67 0.69 Treatment*Hemisphere .871 .423 

 EPA-rich 65.17 0.72    

THb 
(µM) 

 Placebo 
71 

41.78 1.10    
Left DHA-rich 40.77 1.09 Treatment .834 .439 

 EPA-rich 39.99 1.12 
   

 Placebo 
71 

39.84 1.09 
Right DHA-rich 38.53 1.10 Treatment*Hemisphere .068 .935 

 EPA-rich 38.38 1.12    

Hb02 
(µM) 

 Placebo  27.72 0.91    
Left DHA-rich 71 26.82 0.91 Treatment .711 .495 

 EPA-rich  26.37 0.93 
   

 Placebo  26.57 0.91 
Right DHA-rich 71 25.63 0.91 Treatment*Hemisphere .005 .995 

 EPA-rich  25.31 0.94    

Hb 
(µM) 

 Placebo  13.97 0.32    
Left DHA-rich 71 13.93 0.32 Treatment .363 .697 

 EPA-rich  13.55 0.33 
   

 Placebo  13.30 0.32 
Right DHA-rich 71 13.00 0.33 Treatment*Hemisphere .356 .702 

 EPA-rich  13.13 0.33    

 
3.3.2.2 NIRS: Active period 

The analysis revealed no significant main effect of treatment. A significant interaction between 

treatment and hemisphere was identified for THb, [F (2, 251.24) = 3.65, p = .027]. However, 

post hoc comparisons revealed no significant differences between both the EPA-rich 

(38.78µM; p = .146) and DHA-rich (40.45µM; p = .807) treatments compared to placebo 

(41.35µM) in the left hemisphere and no significant differences between both the EPA-rich 

(37.69µM; p = .131) and DHA-rich (37.51µM; p = .137) treatments compared to placebo 

(40.34µM) in the right hemisphere. Additionally, no significant differences were identified in 

either hemisphere between the two active treatments [left hemisphere, p = .621; right 

hemisphere, p = .999]. 
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A significant interaction between treatment and hemisphere was also identified for Hb02, [F 

(2, 256.55) = 4.95, p = .008], with both the EPA (24.97µM; p = .082) and DHA (24.62µM; p = 

.060) groups showing trends towards significance compared to the placebo group (27.36µM) 

in the right hemisphere during completion of the subtraction tasks. No significant differences 

were identified between the active groups in the right hemisphere or between any of the 

groups in the left hemisphere (Figure 3.3). 

 

Figure 3.3. Estimated marginal means and standard errors (SE) for post-dose quantities (µM) of oxygenated 

haemoglobin, in the right prefrontal cortex, by treatment group during the serial subtraction tasks.  
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Table 3.3 NIRS: active period analysis outcomes by hemisphere for placebo, DHA-rich and EPA-rich treatment 
groups. Week 26 estimated marginal means and standard error (SE) are presented with F and p values of the main 
effects from the linear mixed models.  

 
 

 Post-dose Main Effects 
 n Mean SE  F p 

Ox 
(%) 

 Placebo 

71 

66.51 0.60    
Left DHA-rich 65.92 0.68 Treatment 1.30 .280 

 EPA-rich 65.84 0.60 Treatment*Task .946 .439 
 Placebo 

71 

67.17 0.60 Treatment*Hemisphere 1.57 .213 
Right DHA-rich 65.67 0.68 Treatment*Hemisphere*Task .296 .938 

 EPA-rich 65.84 0.60    

THb 
(µM) 

 Placebo 
71 

41.35 1.01    
Left DHA-rich 40.46 1.15 Treatment 1.90 .162 

 EPA-rich 38.78 1.01 Treatment*Task .023 .999 
 Placebo 

71 
40.34 1.01 Treatment*Hemisphere 3.65 .027 

Right DHA-rich 37.51 1.16 Treatment*Hemisphere*Task .030 1.000 
 EPA-rich 37.69 1.00    

Hb02 
(µM) 

 Placebo  27.78 0.81    
Left DHA-rich 71 26.97 0.93 Treatment 2.13 .131 

 EPA-rich  25.87 0.81 Treatment*Task .034 .998 
 Placebo  27.36T 0.81 Treatment*Hemisphere 4.95 .008 

Right DHA-rich 71 24.62T 0.93 Treatment*Hemisphere*Task .047 1.000 
 EPA-rich  24.97T 0.81    

Hb 
(µM) 

 Placebo  13.58 0.30    
Left DHA-rich 71 13.51 0.34 Treatment .891 .418 

 EPA-rich  12.91 0.30 Treatment*Task .266 .900 
 Placebo  13.01 0.30 Treatment*Hemisphere 1.08 .340 
Right DHA-rich 71 12.91 0.34 Treatment*Hemisphere*Task .031 1.000 
 EPA-rich  12.91 0.29    

T = Trend towards a significant difference between active and placebo groups 

3.3.2.3 Serial Subtraction and VAS Analysis 

The analysis revealed no significant main or interaction effects of treatment for the serial 

subtraction tasks. However, a significant effect of treatment was identified for ratings of 

subjective task difficulty [F (2, 56.99) = 3.91, p = .026], with the DHA-rich (50.18; p = .028) but 

not the EPA-rich (43.65; p =.911) group rating the tasks more difficult than the placebo group 

(42.01) (Figure 3.4). Additionally, no significant difference between the active groups was 

observed (p = .098).  
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Figure 3.4. Estimated marginal means and standard errors (SE) for post-dose ratings of subjective task difficulty 

for the subtraction tasks by treatment group. 

Table 3.4 Averaged serial subtraction task and task difficulty rating outcomes for placebo, DHA-rich and EPA-rich 
treatment groups. Week 26 estimated marginal means and standard error (SE) are presented with F and p values 
of the main effects from the linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Total  
Responses 

Placebo 
75 

15.42 0.39 Treatment .234 .792 
DHA-rich 15.82 0.46    
EPA-rich 15.49 0.39 Treatment*Task 1.42 .235 

Number of 
Errors 

Placebo 
75 

1.21 0.11 Treatment .336 .716 
DHA-rich 1.07 0.13    
EPA-rich 1.19 0.11 Treatment*Task .192 .942 

Task 
Difficulty 
(0-100%) 

Placebo 
75 

42.01a 1.97 Treatment 3.91 .026 
DHA-rich 50.18a 2.30    
EPA-rich 43.65 1.94 Treatment*Task .997 .412 

a = significant difference between active and placebo groups below p <.05. 

3.3.2.4 Efficiency Index 

No significant main effect of treatment or interactions between treatment and any other factors 

were identified.  

 

42.01

50.18

43.65

0

10

20

30

40

50

60

70

Treatment

TA
SK

 D
IF

FI
CU

LT
Y 

RA
TI

N
G

Placebo DHA-rich EPA-rich

p = .028 



67 
 

Table 3.5 Efficiency index analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. Week 26 
estimated marginal means and standard error (SE) are presented with F and p values of the main effects from the 
linear mixed models.  

 
 

 Post-dose Main Effects 
 n Mean SE  F p 

Ox  

 Placebo 

71 

0.07 0.04    
Left DHA-rich 0.10 0.05 Treatment .312 .734 

 EPA-rich 0.09 0.04 Treatment*Task .096 .984 
 Placebo 

71 

0.15 0.04 Treatment*Hemisphere .390 .678 
Right DHA-rich 0.22 0.05 Treatment*Hemisphere*Task .978 .441 

 EPA-rich 0.18 0.04    

THb  

 Placebo 
71 

0.27 0.05    
Left DHA-rich 0.28 0.05 Treatment .167 .846 

 EPA-rich 0.31 0.05 Treatment*Task .080 .989 
 Placebo 

71 
0.33 0.05 Treatment*Hemisphere .272 .762 

Right DHA-rich 0.37 0.05 Treatment*Hemisphere*Task .079 .998 
 EPA-rich 0.36 0.05    

Hb02  

 Placebo  0.29 0.04    
Left DHA-rich 71 0.30 0.05 Treatment .168 .846 

 EPA-rich  0.32 0.04 Treatment*Task .076 .990 
 Placebo  0.34 0.04 Treatment*Hemisphere .362 .697 

Right DHA-rich 71 0.39 0.05 Treatment*Hemisphere*Task .113 .995 
 EPA-rich  0.37 0.04    

Hb  

 Placebo  0.36 0.05    
Left DHA-rich 71 0.35 0.06 Treatment .185 .832 

 EPA-rich  0.39 0.05 Treatment*Task .131 .971 
 Placebo  0.34 0.05 Treatment*Hemisphere .010 .990 
Right DHA-rich 71 0.33 0.06 Treatment*Hemisphere*Task .054 .999 
 EPA-rich  0.36 0.05    

 

3.3.3 Correlational Analysis 

3.3.3.1  NIRS and Blood Fatty Acid Profile  

Pearson’s bivariate correlations found significant negative correlations in the right hemisphere 

between THb and n-3 index during the serial 3s (r = -.28, p = .017), serial 7s (r = -.29, p = 

.015) and serial 17s (r = -.29, p = .013) at baseline. Trends towards significant negative 

correlations were also seen at 26 weeks in the right hemisphere between THb and n-3 index 

during the serial 3s (r = -.24, p = .060), serial 7s (r = -.24, p = .056) and serial 17s (r = -.23, p 

= .060). No significant correlations were identified in the left hemisphere. 

Pearson’s bivariate correlations also identified significant negative correlations, in the right 

hemisphere, between Hb02 and n-3 index during the serial 3s (r = -.27, p = .024), serial 7s (r 

= -.28, p = .017) and serial 17s (r = -.29, p = .013) at baseline. Significant negative correlations 
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were also found at week 26, in the right hemisphere, between Hb02 and n-3 index during the 

serial 3s (r = -.25, p = .048), serial 7s (r = -.25, p = .041) and serial 17s (r = -.26, p = .038). No 

significant correlations were identified in the left hemisphere. 

3.3.3.2 Efficiency Index and Blood Fatty Acid Profile 

Pearson’s bivariate correlations found significant positive correlations between THb efficiency 

index scores and n-3 index in both the right hemisphere (r = .32, p = .006) and the left 

hemisphere (r = .25, p = .040) during the serial 17s task at baseline. Trends towards significant 

positive correlations at week 26 were also found between THb efficiency index scores and n-

3 index in both the right hemisphere (r = .22, p = .074) and the left hemisphere (r = .23, p = 

.065) during the serial 17s task. No significant correlations were identified in either hemisphere 

for the serial 3 or serial 7 tasks. 

Pearson’s bivariate correlations found significant positive correlations between Hb02 efficiency 

index scores and n-3 index in both the right hemisphere (r = .32, p = .006) and the left 

hemisphere (r = .24, p = .042) during the serial 17s task at baseline. Trends towards significant 

positive correlations at week 26 were also found between Hb02 efficiency index scores and n-

3 index in both the right hemisphere (r = .24, p = .056) and the left hemisphere (r = .23, p = 

.072) during the serial 17s task. No significant correlations were identified in either hemisphere 

for the serial 3 or serial 7 tasks. 
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3.4 Discussion 

Overall the results from the current study show a consistent positive relationship, both at 

baseline and week 26, between n-3 blood index and efficiency scores for THb and Hb02 during 

the serial 17 subtraction tasks, which was coupled with a consistent negative relationship, both 

at baseline and week 26, between n-3 index in the blood and quantities of THb and Hb02. 

These pre-existing and consistent relationships may provide promising insights into the role 

that EPA and DHA may play on neural efficiency. However, it must be noted that compared to 

placebo, no significant effects of treatment were found on any of the efficiency index score 

parameters. 

Both active treatments revealed trends towards decreased quantities of Hb02 in the right 

prefrontal cortex during performance of the serial subtraction tasks, in comparison with 

placebo. These decreases in quantities of Hb02 seem to contradict previous findings, which 

identified increased activation (McNarama et al., 2010) or increased CBF (Hamazaki-Fujita et 

al., 2011; Jackson et al., 2012) in the PFC during performance on cognitive tasks following n-

3 supplementation. This difference may be a result of the current study employing fd-NIRS 

rather than cw-NIRS or fMRI which both measure the relative changes in CBF rather than the 

absolute quantities of haemoglobin within the PFC. For example, the difference between 

participants resting values and active values may indeed have been greater in the n-3 PUFA 

groups within the current study, yet the total quantity of haemoglobin measured at both time 

points was significantly lower in the active groups compared to the placebo group. As the 

current study measured absolute values it therefore allowed for the direct comparison between 

baseline and week 26 values as opposed to just the differences between rest and activation 

during the week 26 assessment only. However, the current study’s null findings in relation to 

the effects of treatment on cognition does seem to compare with the previous lack of 

observable effects within this research area. Neither, Jackson et al., (2012) or McNamara et 

al., (2010) observed any interpretable cognitive effects following supplementation with varying 

quantities of DHA-rich oils. One potential reason for these null findings may be due to the fact 

that the serial subtraction tasks may not be sensitive to n-3 PUFA supplementation. Although, 

these tasks are useful in activating the prefrontal cortex they utilise working memory when 

previous studies have identified effects on tasks related to executive function (Bauer et al., 

2011; 2014a) and episodic memory (Stonehouse et al., 2013) in this population. Another 

potential explanation for the null findings concerning the cognitive outcomes, is a result of the 

study not being statistically powered to observe effects on cognition. Indeed, after 

supplementing older adults with Sideritis scardica and following a similar methodological 

paradigm to the current study Wightman et al., (2018) concluded that the reduced power in 
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RCTs that utilise neuroimaging techniques may be hindering the detection of cognitive effects. 

As a result of the decreased statistical power within studies employing neuroimaging 

methodologies, the null effects concerning cognitive outcomes observed within the current 

study should not be over interpreted. 

Interestingly, the decrease in quantities of Hb02 following supplementation with both the DHA-

rich and EPA-rich oils suggests that there was less activation in the PFC in these groups 

during completion of the serial subtraction tasks, as increases in Hb02 are usually interpreted 

as augmented activation within the brain region where the measurement is being made 

(Jackson et al., 2012b). However, this decrease in activation appeared to have no effect on 

performance during the serial subtraction tasks between the treatment groups. These findings 

may then be interpreted as a potential increase in neural efficiency within the DHA-rich and 

EPA-rich groups, as these groups were able to perform to the same level as the placebo group 

during the subtraction tasks with a lower activation in the PFC. Indeed, lower brain activation 

during completion of cognitive tasks has previously been associated with higher intelligence 

individuals (Neubauer & Fink, 2009) and fits with the neural efficiency hypothesis (Haier et al., 

1992). Additionally, Schmithorst and Holland (2006) have identified associations between 

higher levels of intelligence and more efficient connections between different brain regions, 

rather than an increase in function of specific brain regions. Furthermore, this effect is 

accompanied by significantly lower brain activation within frontal brain regions in males but 

not females (Neubauer & Fink, 2009). Together, this evidence might suggest that 

supplementation with both the DHA-rich and EPA-rich treatment can result in localised 

increases in neural efficiency and/or supports increases to the efficiency of the connections 

between brain regions which then results in decreased activation within the brain.  

Certainly, there is literature that exists which suggest that EPA in particular could increase 

neural efficiency as Bauer et al., (2011; 2014a) have identified decreased cortical activation 

paired with improvements in reaction times during completion of complex tasks. The author’s 

report that these increases in neural efficiency may be due to the potential EPA has to facilitate 

enzymatic processes that are required to produce energy for the survival of cells and organs 

including the brain (Lonergan et al., 2002; Flachs et al., 2005). Additionally, increases in n-3 

levels within the membranes of mitochondria (Sullivan et al., 2005) have been seen to help to 

protect mitochondrial function in the brain (Eckert et al., 2010), and EPA specifically may also 

have direct actions on the mitochondrial enzymes that produce ATP (Bauer et al., 2014b), 

which then supplies energy in neuronal cells (Illes, Nieber, & Nörenberg, 1995; Devine & 

Kittler, 2018). Indeed, Vaughan et al. (2012) have found that combinations of EPA and DHA 

significantly induce the gene PGC-1a, an essential precursor for mitochondrial biosynthesis, 
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supported further by the increase in total mitochondrial content observed within the study. 

Furthermore, Lemasters et al. (2009) describe how significant loss of mitochondrial membrane 

potential, an essential component in the process of energy storage during oxidative 

phosphorylation, can activate mitochondrial apoptosis pathways via opening of the 

mitochondrial permeability transition pore (MPTP). MPTP is a protein formed under certain 

conditions, such as traumatic brain injury and stroke, which reduces ATP production 

(Stavrovskaya & Kristal, 2005). Interestingly, DHA has been found to delay the opening of 

MPTP (O’Shea et al., 2009; Khairallah et al., 2012; Yeh et al., 2015), supporting the role of 

DHA in stabilising mitochondrial membrane potential. Together, the various effects of EPA 

and DHA on mitochondrial structure, content and function may offer explanations into how 

reductions of THb and Hb02
 were observed in the active groups of the current study, whilst no 

reduction in cognitive performance was observed. This could suggests that increased dietary 

intake of EPA and DHA may result in neuronal mitochondria producing and storing similar 

amounts of ATP within neurons from fewer resources, such as oxygen and glucose, i.e. the 

neuronal cells become more efficient at synthesising and storing ATP. This idea is further 

supported by evidence that shows individuals who suffer from neurodegenerative diseases, 

experience serious mitochondrial dysfunction, increased oxidative damage and decreased 

ATP production which may contribute, at least in part, to the impaired cognitive functioning 

that is also observed within this population (Terman & Brunk, 2006; Moreira et al., 2007). 

Similarly, prevention of oxidative stress and reactive oxygen species (ROS; which are highly 

toxic to cells) may also be a key component in the relationship between n-3 PUFAs and neural 

efficiency. Because of its high metabolic rate and relatively reduced capacity for cellular 

regeneration compared to other organs, the brain is particularly vulnerable to the damaging 

effects of ROS (Anderson, 2004). Increased consumption of n-3 PUFAs may result in 

decreased oxidative stress and neuroimflammation due to the production of resolvins, 

neuroprotectins and maresins (Farooqui & Farooqui, 2016). Moreover, Satyanarayanan et al., 

(2018) recently demonstrated that EPA provides effective neuroprotective and anti-oxidative 

effects against oxidative stress. These anti-inflammatory and anti-oxidant effects of n-3 

PUFAs provide further evidence in support of the idea that they allow neuronal cells to function 

more efficiently by preventing apoptosis of healthy neuronal cells (Sinha et al., 2009). 

However, it must be noted that this effect would be expected to be more prominent in older 

samples or those who suffer from neurodegenerative disorders as these populations are seen 

to have increased neuroinflammation (Popp et al., 2017; Bowman et al., 2018; Gu et al., 2019) 

compared to healthy, young adults. Still, as healthy, young adults are known to have 

inadequate dietary intakes of n-3 PUFAs (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 
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2018) they may therefore still receive the aforementioned benefits when n-3 PUFA intake is 

increased in the diet. 

Surprisingly, the DHA-rich supplement was also found to lead to increased ratings of perceived 

task difficulty during the subtraction tasks when compared to the placebo group, with this effect 

being specific to the DHA-rich group and not present in the EPA-rich group. This increased 

reporting of task difficulty also appeared to have no effect on task performance. Negative 

effects of DHA-rich supplements are novel within the literature with negative effects rarely 

reported, which makes this finding difficult to interpret. However, using 

electroencephalographic (EEG), both Fontani et al., (2005b) and Sumich et al., (2009) have 

previously identified a positive association between EPA and lower waveband frequencies 

(theta), and between DHA and higher waveband frequencies (alpha and beta), suggesting 

that DHA-rich supplementation may result in increased “brain effort” as it also results in faster 

frequency activity (Bauer et al., 2014b). If the interpretation of these findings by Bauer et al., 

(2014b) is correct then Fontani et al., (2005b) and Sumich et al., (2009) may provide evidence 

that DHA-rich supplementation can result in increases in brain effort and may potentially 

explain why the DHA-rich group, within the current study, rated the subtraction tasks as more 

challenging to complete, even though they performed similarly to the other groups. In support 

of this, Craig et al., (2012) have identified significant increases in fast wave activity in frontal 

brain regions following a driving task designed to induce fatigue. This may again provide 

evidence that increases in fast wave activity that have been previously associated with DHA-

rich supplementation are also associated with fatigue. Together, these findings may offer 

insights into why participants subjectively rated the subtraction tasks as more difficult to 

complete following DHA-rich supplementation compared to EPA-rich supplementation or to 

placebo. Future studies should aim to employ both NIRS and EEG measurements at the same 

time to investigate these findings further, as although both the EPA-rich and DHA-rich 

supplements decreased quantities of haemoglobin in the prefrontal cortex they may influence 

electrical activity in the brain differently which may then effect subjective feelings of difficulty 

or mental effort.  

The current study aimed to build upon the designs of previous studies via employment of both 

a DHA-rich and EPA-rich oil, the measurement of absolute quantities of haemoglobin within 

the PFC, and by providing pre-treatment baseline measures of cognitive performance and 

cerebral haemodynamics, a feature that was absent in Jackson et al., (2012b). The 

measurement of absolute quantities of CBF also allowed for the possible investigation of the 

effects of n-3 PUFAs on neural efficiency, an aspect only measured by Bauer et al., (2011; 

2014a) previously. However, one possible limitation of the current study is the length of both 
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the serial subtraction tasks and the intermittent rest periods. It is possible that 1 minute of 

subtractions was not a sufficient amount of time to both elicit an appropriate cerebral response 

and for CBF to return to resting levels between subtraction tasks. For example, Allen et al., 

(2007) has identified that a transcranial magnetic stimulation (TMS) induced neurovascular 

coupling response was evident immediately after TMS and remained elevated for ~60 seconds 

post TMS. These findings may show that the neurovascular coupling response induced via 60 

seconds of subtractions may not have returned to resting levels by the beginning of the next 

subtraction task and perhaps a 90-120 second rest between repetitions would have been more 

appropriate. Furthermore, the fact that significant correlations were only observed for neural 

efficiency scores during the serial 17 subtraction tasks may suggest that the serial 3s and 7s 

subtractions may not have evoked a large enough cerebral response as they were simply not 

challenging enough for this population, or, may suggest that the effects of EPA and DHA on 

neural efficiency may actually be specific to cognitive tasks that demand higher levels of effort 

only. Indeed, neural efficiency (with respect to differentiation between higher and lower IQ 

individuals) has previously been observed when task difficulty fell in the moderate to high 

range of cognitive demand (Fairclough et al., 2019), suggesting that there is an optimum level 

of task difficulty needed to evoke an increased neural efficiency response. Future research 

should consider employing more challenging cognitive tasks for longer durations, to not only 

measure the initial CBF response but to also measure a sustained CBF response, as well as 

employing longer durations of rest between tasks to fully allow CBF to return to resting levels 

to avoid crossover noise between the tasks.  

Another potential direction for future investigation may be the employment of indirect 

calorimetry (IC) in conjunction with NIRS to also measure cellular respiration and energy 

expenditure, from oxygen consumption and carbon dioxide production, during completion of 

cognitive tasks (Oshima et al., 2017). The combination of these devices would allow for the 

measurement of absolute quantities of CBF as well as metabolic rate/cellular respiration, 

potentially offering further insights into the measurement of neuronal efficiency. Additionally, 

the employment of other methodologies such as TMS may be a useful tool when measuring 

the efficiency of neural pathways as research has previously shown increases in cortico-

cortical pathways associated with specific functions during TMS (Chiappini et al., 2018). 

Investigations incorporating transcranial direct-current stimulation (tDCS) may also provide 

valuable insight, as a growing body of evidence suggests that tDCS can have beneficial effects 

on long-term memory, synaptic plasticity and adult neurogenesis (Di Lazzaro et al., 2013; 

Coffman et al., 2014; Leone et al., 2014, 2015; Podda et al., 2014), which may all be relevant 

to neural efficiency. As a result tDCS could potentially be employed in future n-3 PUFA 

interventions to encourage LTP, synaptic plasticity and neurogenesis within the brain and then 
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measure the effects of increased dietary intake of DHA and EPA on supporting these 

processes. 

The findings from the current study show that 26 weeks’ supplementation with DHA-rich and 

EPA-rich SMEDS formulated oils, in healthy, young adults, showed a trend towards reducing 

quantities of Hb02 in the PFC during serial subtraction tasks, whilst having no effect on 

cognition, compared to placebo. These findings appear to support previous research by Bauer 

et al., (2011; 2014a; 2014b) that increases in n-3 index may be relevant to increases in neural 

efficiency, potentially through the various effects of EPA and DHA on mitochondrial function, 

ATP synthesis and the reduction of oxidative stress, but further investigation of this 

phenomenon is still required in larger samples, and via potential employment of other devices 

such as IC, TMS or tDCS. 
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CHAPTER 4: SUPPLEMENTATION WITH DHA- AND EPA-RICH OILS IMPROVES 

SLEEP EFFICIENCY AND EFFECTS OTHER PARAMETERS OF SLEEP IN 

HEALTHY, YOUNG ADULTS 

4.1 Introduction 

Sleep is essential for maintaining a wide range of functions including mood, motor function 

and cognitive performance (Durmer & Dinges, 2005) with sleep disorders being one of the 

earliest signs of neurodegenerative disorders such as AD (Rauchs et al., 2008). Additionally, 

deficits in daytime performance due to sleep loss or deprivation are seen to be associated with 

significant financial, social and human cost (Durmer & Dinges, 2005; Gardner, 2018; Barnes 

& Watson, 2019). Studies to date suggest that both quantity and quality of sleep are important 

for optimal performance in many aspects of cognition including executive attention, working 

memory and higher cognitive functions (Miller, Wright, Hough & Cappuccio, 2014). Previously, 

significant reductions in performance on verbal fluency and memory tasks have been identified 

when the tasks are completed on a Monday morning following delayed weekend sleep (Yang 

& Spielman, 2001), which refers to going to bed and getting out of bed later than usual on a 

weekend (Yang et al., 2001). Furthermore, sleep is known to have important roles within 

processes of memory consolidation. For instance, the formation of declarative memories 

appears to be benefited by slow wave sleep (SWS) and verbal memory retention has been 

correlated with an increased number of sleep spindles during stage 2 sleep (Born, Rasch & 

Gais, 2006).  

Previous research has identified the importance of melatonin, a hormone produced by the 

pineal gland, as an endogenous regulator of circadian rhythms within the body, helping to 

coordinate the sleep-wake cycle (Claustrat, Brun & Chazot, 2005). Melatonin receptors are 

present in the superchiasmatic nuclei (SCN), known in mammals to govern circadian rhythms, 

supporting the influence of melatonin as an endogenous regulator (Bernard et al., 2007). The 

pinealocytes in the pineal gland are responsible for synthesising melatonin, a process that 

begins by synthesising serotonin from the amino acid tryptophan in serotonergic terminals 

(Rath et al., 2016). Melatonin is then synthesised from serotonin and eventually further 

metabolised to 6-sulfatoxymelatonin (aMT6s) in the liver before it is finally excreted in urine 

(Brojkowski et al., 1987; Hardeland, 2010). This process is displayed in Figure 4.1. 
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Figure 4.1. Melatonin metabolism pathway from serotonin in the central nervous system. From “Melatonin 

metabolism in the central nervous system” by Hardeland, (2010) Current neuropharmacology, 8(3), p.169. 

N-3 PUFAs, especially DHA, play important roles within the mammalian pineal gland through 

the conversion of PUFAs into bioactive lipid mediators, with evidence to suggest that two key 

pineal biochemical functions, lipoxygenation and melatonin synthesis, may be regulated by n-

3 PUFA status (Catala, 2010). Animal studies provide evidence of the influence of fatty acid 

status on melatonin synthesis. In rodents, an n-3 deficient diet reduces night time melatonin 

secretion and weakens endogenous functioning of the circadian clock (Lavialle, 2008), which 

has also been found to return to normalised secretion of melatonin following DHA-enriched 

supplementation (Zaouali-Ajina et al., 1999). Further evidence provided from animal 
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experiments shows that the rhythm of aralkylamine N-acetyltransferase (AA-NAT; an enzyme 

that metabolises serotonin into N-Acetylserotonin, the precursor for melatonin) may be altered 

by n-3 status and the n-3/n-6 ratio and may also modify the activities of membrane-bound 

proteins including enzymes, receptors and transporter proteins (Catala, 2010). 

N-3 PUFAs have also previously been observed to influence the release of serotonin (Patrick 

& Ames, 2015; Sugasini & Lokesh, 2015), which in turn stimulates the release of arachidonic 

acid (AA) from membrane phospholipids to act as a secondary messenger (Qu, 2019). 

Serotonin is then known to play major roles in sleep processes during both waking and 

sleeping periods. When released during waking it influences the synthesis of hypnogenic 

substances, such as Corticotropin-like Intermediate Lobe Peptides (CLIP), in specific brain 

regions and during sleep it contributes to the silencing of serotonin-containing neuronal 

perikarya (Cespuglio, 2018). In support of the role of serotonin in sleep, variations in the alleles 

of the serotonin transporter gene-linked polymorphic region (5-HTTLPR) have been seen to 

influence differences in the percentage of sleep that is REM sleep, with short-allele carriers 

showing lower percentages of REM sleep which may support the elevated risks for insomnia 

that are associated with this group (van Dalfsen et al., 2019). Certainly, populations suffering 

from depression are well known to report sleep disorders whilst also being a population seen 

to have disrupted serotonergic neurotransmission (Healy, 2015; Dell’Osso et al., 2016; 

Underwood et al., 2018). Additionally, the effects of acute administration of SSRIs, which 

inhibit the reuptake of serotonin and therefore enhance central nervous system (CNS) 

serotonergic neurotransmission, have been studied previously in lab animals, healthy adults 

and depressed patients (Armitage, 1996; Staner, Luthringer & Macher, 1999; Oberndorfer, 

Saletu-Zyhlarz & Saletu, 2000) and has been found to improve sleep disorders in depressed 

patients (Fava et al., 2006; Holshoe, 2009; AbdulRahman, Yaqoob & Bhatti, 2018). For 

instance, Monti and Jantos (2003) have previously demonstrated that systemic injection of 

flesinoxan, a potent agonist of the serotonin receptor 5-HT1A, increases wakefulness and 

reduces SWS and REM sleep in rats, providing additional evidence for the importance of 

serotonin in regulating the sleep-wake cycle.  

With these links between serotonin and SWS, DHA may be of particular interest due to its role 

in membrane fluidity and influence on serotonin receptor function (Patrick & Ames, 2015). The 

presence of DHA in lipid membranes is known to be necessary for adequate membrane fluidity 

(Salem et al., 2001; Wassall & Stillwell, 2009; Bradbury, 2011; Calder, 2012) and as the 

membrane becomes less fluid, the binding of serotonin to its receptor decreases significantly 

because serotonin receptors have lower accessibility (Heron et al., 1980; Paila, Ganguly & 

Chattopadhyay, 2010). This effect is not limited to the serotonin receptors but also affects 
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dopamine receptors and other neurotransmitter receptors (Heinrichs, 2010). DHA’s role in 

membrane fluidity has also been shown to be important for synaptosomal membranes, which 

regulate neurotransmission (Jones, Arai & Rapoport, 1997; Pinot et al., 2014). Low n-3 fatty 

acid status has also been associated with decreased serotonergic neurotransmission and 

DHA deficiency decreases the concentration of serotonin in the frontal cortex (Owens & Innis, 

1999; Chalon, 2006). Additionally, EPA may also contribute to serotonin functioning through 

regulation of serotonin release in the presynaptic neuron (Patrick & Ames, 2015). Serotonin 

release is known to be inhibited by the E2 series prostaglandins generated from AA (Schlicker, 

Fink & Göthert, 1987; Günther et al., 2010). However, EPA has been found to help to inhibit 

the formation of these E2 series prostaglandins (Rees et al, 2006; Vedin et al., 2010). 

Therefore, as the E2 series prostaglandins inhibit serotonin release and EPA inhibits the 

generation of these prostaglandins, it seems likely that EPA in the brain would be important 

for normal serotonin release. Certainly, human plasma n-3 levels have previously been 

positively correlated with the serotonin metabolite 5-HIAA in cerebral spinal fluid (Hibbeln et 

al., 1998). 

To date, very few studies have investigated the relationship between n-3 PUFA 

supplementation and sleep parameters in human populations and the majority of those 

conducted thus far are observational and/or focus on children or populations with existing 

sleep conditions. For example, Liu et al., (2017) have studied the mediating effect of sleep 

within the relationship between fish consumption and cognitive function in 541 Chinese school 

children aged 9-11 years old. Fish consumption and sleep quality was assessed at age 9–11 

years, while IQ was assessed at age 12. Frequent fish consumption was related to both fewer 

sleep problems and higher IQ scores with sleep quality partially mediating the relationship 

between fish consumption and verbal, but not performance, IQ. These findings were also 

present after controlling for a multitude of sociodemographic covariates. These findings 

provide support for the beneficial role of n-3 PUFA intake on sleep parameters and cognition. 

However, as this study was an observational study causation cannot be inferred with the 

authors stating that RCTs supplementing with n-3 PUFAs are still required to further 

investigate the observed relationships between n-3 PUFA intake, sleep and cognition. 

In an RCT, Montgomery et al., (2014) have examined associations between blood fatty acid 

concentrations from fingerstick blood samples and subjective sleep in a large epidemiological 

sample of healthy 7-9 year olds (n = 395) from mainstream schools. Participants were 

randomly assigned to either 600 mg/d of algal DHA or placebo supplementation for 16-weeks. 

Sleep was also assessed objectively via actigraphy in a small sub sample of forty-three 

children. Poorer total sleep disturbance was found to be related with lower blood DHA and a 
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lower DHA:AA ratio at baseline, yet  there were no treatment-related effects on subjective 

sleep measures. However, in the sub-sample for whom sleep quality was measured via 

actigraphy, DHA supplementation led to an average of seven fewer wake episodes and 58 

minutes more sleep per night. Again, although these findings provide support for the positive 

role of DHA on sleep parameters the authors concluded that the findings from the intervention 

must be taken as preliminary given that benefits of supplementation with DHA were only found 

for the objective measures of sleep in a small subset of the RCT sample. Additionally, 20% of 

the RCT population was found to have missing data for at least one sleep measure post 

intervention which, although in line with previous sleep studies (Price et al., 2012), still resulted 

in a significant reduction in statistical power. 

Hansen et al., (2014) have previously investigated the effects of fatty fish consumption on 

sleep, heart rate variability (HRV) and vitamin D status in ninety-five male forensic patients, 

aged 21-60 years, from a secure forensic inpatient facility in the USA. Participants were 

randomly assigned to consume either Atlantic salmon three times per week from September 

to February or three alternative meals as their habitual diet. Actiwatch monitoring systems 

were used to measure objective sleep parameters, sleep diaries to assess subjective sleep 

parameters and Actiheart systems to measure HRV. Overall, it was concluded that fish 

consumption appeared to have a positive impact on sleep in general and on daily functioning. 

Although Hansen et al., (2014) did manipulate the diets of their participants well, the authors 

do conclude that their relatively small sample of male forensic patients is not necessarily 

generalisable to other populations and as the observed correlations between sleep 

parameters and fish consumption were weak, further studies are still required in order to 

validate their findings.  

Additionally, Cornu et al., (2010) have previously evaluated the effects of a dietary supplement 

containing PUFAs on subjective sleep quality using the Leeds Sleep Evaluation Questionnaire 

(LSEQ) and objective sleep measures via melatonin and aMT6s assessments. The study was 

a randomised placebo-controlled trial in adults aged 25 – 65 years with chronic primary 

insomnia, defined according to the Diagnostic and Statistical Manual of Mental Disorders 

(DSM-IV) and the International Classification of Sleep Disorders. Participants were randomly 

assigned to either an olive oil placebo or an active PUFA treatment containing 260mg soya oil 

(Glycine Max), 173mg cade oil (Cannabis sativa), 50mg Houblon (Humulus lupulus) and 6mg 

Soya Lecithin for 4 weeks. No effect of treatment was found on perceived quality of sleep, 

urinary melatonin or aMT6s. Several other previous studies have verified and supported the 

assessment of the melatonin metabolite aMT6s as an objective measure of melatonin 

production (Brojkowski et al., 1987; Leger, Laudon, & Zisapel, 2004; Saksvik-Lehouillier et al., 
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2015; Sigurdardottir et al., 2016). The measurement of aMT6s by Cornu et al., (2010) is a 

major strength of the study and allows for biological insights into the effects of PUFAs on 

aspects of sleep. Physiological measurements of sleep hormones and their metabolites, 

collected through blood or urine samples, are scarce within the research area. The metabolite 

of melatonin, aMT6s can be easily collected in urine samples as a measure of biological 

regulatory processes of sleep, providing additional insights into the regulation of melatonin 

synthesis from the pineal gland (Benloucif et al., 2008). However, as the treatment employed 

by Cornu et al., (2010) was not specifically an n-3 PUFA supplement, research employing 

similar biological measurements of aMT6s are still warranted in RCTs supplementing with 

EPA-rich and DHA-rich supplements. Additionally, in order to allow for a more holistic view of 

the relationship between n-3 PUFA and sleep, it is crucial that objective measures of sleep 

such as actigraphy are also employed alongside subjective and biological measures. 

The aforementioned studies have either been observational, employ child samples or samples 

with pre-existing sleep issues. This has left a gap in the current knowledge of the effects of n-

3 PUFA supplementation on sleep in the general healthy adult population. Healthy adults  

represent a population who could benefit from increased dietary intake of n-3 PUFAs whilst 

also being free from other health complaints or intakes of concomitant medications. 

Additionally, it appears that the designs of the n-3 PUFA RCTs conducted thus far could be 

improved via measurement of the melatonin metabolite aMT6s as it was in Cornu et al., 

(2010). The combination of subjective sleep questionnaires, objective actigraphy 

measurements and physiological measures of the regulatory processes of sleep will therefore 

allow for a more holistic measurement of the relationship between dietary intake of n-3 PUFAs 

and sleep in healthy, young adult populations. Finally, no study thus far has supplemented 

with an EPA-rich oil and as mentioned previously, EPA has been seen to impact serotonin 

functioning and release (Schlicker, Fink & Göthert, 1987; Rees et al, 2006; Günther et al., 

2010; Vedin et al., 2010; Patrick & Ames, 2015) and therefore increased dietary intake of EPA 

specifically may also impact upon sleep and warrants investigation. Therefore, the present 

study will aim to investigate the effects of 26 weeks’ supplementation with 1.2g/d of either a 

DHA-rich, EPA-rich or an olive oil placebo on subjective sleep parameters (LSEQ), objective 

sleep parameters (Actigraphy) and urinary aMT6s in healthy, young adult, low consumers of 

oily fish.  
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4.2 Materials and Methods 

4.2.1 Design 

This study employed a randomised, placebo-controlled, double-blind, parallel groups design. 

With participants being randomly assigned to one of three treatment groups (placebo, DHA-

rich oil, EPA-rich oil; see section 2.2). 

4.2.2 Participants 

Ninety-five males and females aged 25-49 years were recruited and of the ninety-five 

participants screened ninety were enrolled into the study and eighty-four completed all 

requirements. From the six participants that did not complete all aspects four were lost to 

follow up after completion of the baseline testing visit, one withdrew consent and one was 

advised to stop adhering to the consumption of the supplements due to reporting minor 

adverse events. The sample size was calculated based on a medium effect size (d = 0.55) 

reported by Montgomery et al., (2014) for total minutes asleep measured via actigraphy 

following 16 weeks’ supplementation with DHA. Given this effect size, an a priori calculation 

of the size of sample required in order to detect a significant difference between the groups 

given 80% power and an alpha level of 0.05, is twenty-seven participants per treatment arm. 

Additionally, in order to account for any potential dropouts the total sample size was increased 

by 10%. This resulted in thirty participants per treatment arm or ninety participants overall. 

Power calculations were made using GPower 3.1.3. Participant disposition through the trial is 

displayed in Figure 4.2 and their demographic data in Table 4.1.  
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Figure 4.2 Participant disposition through the trial. Figure depicts the disposition of participants throughout the 
study, culminating in N = 84 of the 90 who were randomised. 
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Table 4.1. Participant demographic information and baseline characteristics for the 90 subjects enrolled in the 

study. Means and Std. Deviation (sd) are given where appropriate. F or χ2 and p values are given for separate one-

way ANOVAs or Chi-Square tests that were conducted on this baseline data by treatment group. 

 
Baseline Main Effects 

Mean Sd  F / χ2 p 

N (Males/Females) 
Placebo 8/22 -    
DHA-rich 8/22 - Treatment .433 .805 
EPA-rich 10/20 -    

% of EPA in RBC 
Placebo 0.82 0.04    
DHA-rich 0.88 0.05 Treatment 1.82 .170 
EPA-rich 1.03 0.12    

% of DHA in RBC 
Placebo 4.48 0.19    
DHA-rich 4.71 0.17 Treatment .602 .550 
EPA-rich 5.04 0.28    

n-3 index 
Placebo 5.63 0.21    
DHA-rich 5.59 0.20 Treatment .969 .384 
EPA-rich 6.08 0.37    

Age (years) 
Placebo 36.33 1.43    
DHA-rich 37.13 1.34 Treatment .219 .804 
EPA-rich 35.80 1.52    

Systolic BP 
Placebo 123.13 1.99    
DHA-rich 120.58 2.37 Treatment .314 .731 
EPA-rich 122.27 2.56    

Diastolic BP 
Placebo 81.12 1.43    
DHA-rich 79.03 1.78 Treatment .418 .660 
EPA-rich 80.68 1.85    

Heart Rate (BPM) 
Placebo 72.30 2.22    
DHA-rich 69.15 2.07 Treatment .884 .417 
EPA-rich 72.72 1.92    

Weight (Kg) 
Placebo 72.87 2.43    
DHA-rich 74.14 3.14 Treatment .270 .764 
EPA-rich 71.36 2.39    

Height (cm) 
Placebo 167.62 1.61    
DHA-rich 169.17 1.80 Treatment .417 .661 
EPA-rich 167.30 1.16    

BMI (Kg/m2) 
Placebo 26.00 0.86    
DHA-rich 25.74 0.82 Treatment .106 .899 
EPA-rich 25.46 0.77    

Years in Education 
Placebo 16.03 0.33    
DHA-rich 16.23 0.20 Treatment .859 .427 
EPA-rich 15.70 0.17    

Fruit & Vegetable 
(portions per day) 

Placebo 3.83 0.33    
DHA-rich 4.13 0.32 Treatment .664 .517 
EPA-rich 4.40 0.39    

Alcohol              
(Units per day) 

Placebo 1.43 0.13    
DHA-rich 1.00 0.13 Treatment 2.25 .111 
EPA-rich 1.32 0.18    
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4.2.3 Actigraphy Measures 

Participants were instructed to complete sleep diaries to record time in and out of bed and to 

wear actigraphy WGT3X-BT watches (Actigraphcorp, FL, USA) on the non-dominant wrist for 

seven consecutive days and nights both prior to commencing and before completing the 6 

month supplementation period. The devices are small and lightweight and have the ability to 

detect body accelerations in the vertical, horizontal (right to left) and frontal (front and back) 

planes at varying sample rates. The data from the watches were collected in 1-minute epochs. 

Using the software Actilife 6.1 the following parameters could then be calculated from the 

watches:  

• Sleep latency (The difference in minutes between in bed time and sleep onset) 

• Sleep efficiency (Number of sleep minutes divided by the total number of minutes the 

subject was in bed; i.e., the difference between the In-Bed and Out Bed time) 

• Total sleep time (The total number of minutes scored as “asleep”) 

• Total minutes in bed (The total number of minutes in bed both awake and asleep) 

• Wake after sleep onset (The total number of minutes awake after sleep onset occurred) 

• Number of awakenings (Total number of awakenings from the time spent in bed) 

• Average awakening length (The average length, in minutes, of all awakening episodes) 

• Sleep Fragmentation Index (The sum of the Movement Index – Total of scored awake 

minutes divided by Total time in bed in hours x 100 and Fragmentation Index - Total of 

1 minute scored sleep bouts divided by the total number of sleep bouts of any length 

x 100) 

4.2.3.1 Actigraphy analysis 

Initially, automatically detected sleep/wake times were used to score the actigraphy data using 

the Cole-Kripke (ActiGraph) algorithm (Cole et al., 1992). This algorithm automatically detects 

sleep/wake periods based on activity data from the present epoch, the preceding epoch and 

the following epochs. This algorithm is considered appropriate for use with adult populations 

as it was developed using participants ranging from 35 to 65 years of age. The Cole-Kripke 

algorithm was validated in adults wearing a Motionlogger Actigraph (Ambulatory Monitoring, 

Inc.). In order to match the output of the more sensitive WGT3X-BT device with the 

Motionlogger Actigraph and AMA-32, ActiGraph adapted the original Cole-Kripke algorithms 

to the ActiGraph devices by performing a side-by-side test using devices from both companies 

worn together (Wyatt, 2012; Quante et al., 2013). 
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However, whilst following the automatic detection of sleep/wake times several issues arose. 

It became apparent that the automatically identified sleep/wake times did not compare with 

the data recorded in the participants sleep diaries, appeared to often overestimate or 

underestimate sleep periods and failed to detect any useable sleep periods in 1/3rd of the 

overall dataset, resulting in a significantly diminished amount of data. These issues have been 

reported previously in the literature including inability of sleep algorithms to accurately detect 

sleep/wake times (Tryon, 2004; Chow et al., 2016) and their tendency to 

overestimate/underestimate sleep/wake periods (Ancoli-Israel, 2003). As a result, alternative 

methods can be employed to detect sleep/wake times, including the use of recorded sleep 

diaries or visually inspecting the data (Lockley, Skene & Arendt, 1999; Paquet, Kawinska & 

Carrier, 2007; Chow et al., 2016; Tétreault et al., 2018). Consequently, it was decided that to 

avoid the loss of a significant quantity of data, manual detection of the sleep/wake times was 

required. This involved visually inspecting the data for decreases and increases in activity, 

further directed by the participant’s recorded in/out of bed times in their sleep diaries. Once 

the sleep/wake times had been manually entered for each participant during each night the 

same Cole-Kripke (ActiGraph) algorithm described previously was then used (Cole et al., 

1992) to generate the sleep outcomes. A visual comparison between the automatically and 

manually detected sleep/wake times are presented in Figure 4.3. 
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Figure 4.3.  Differences between the automatically and manually detected sleep/wake times for two separate nights of sleep data from the actiwatches.  Pink bars represent the 
entire period between the identified sleep and wake times; blue spikes represent periods of activity/movement; green bars represent time scored as asleep.
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4.2.4 Subjective Sleep Measures 

4.2.4.1 Leeds Sleep Evaluation Questionnaire (LSEQ) 

The LSEQ is a 10 item scale designed specifically to measure changes in subjective sleep 

following a pharmacological intervention. The questionnaire measured aspects of sleep 

including; Getting to Sleep, Quality of Sleep, Awakening from Sleep and Behaviour Following 

Sleep. The 10 items that make up the four sleep components were presented on a 100mm 

line with one end representing negative and the other representing a positive answer to the 

question. Higher scores on these scales represent greater feelings of the respective items. 

4.2.4.2 Awakening VAS 

These scales measured items related to participant’s subjective rating of their awakening 

state. Participants rated their current subjective state by making a mark on a 100 mm line with 

the end points labelled “not at all” (left hand end) and “very much so” (right hand end). These 

scales included; “how rested do you feel?”, “how energetic do you feel?”, “how relaxed do you 

feel?”, “how irritable do you feel?”, “how ready do you feel to perform” and “have you had a 

good night’s sleep?”. Higher scores on these scales represent greater feelings of the 

respective items. 

4.2.5 Biological Sleep Measures 

4.2.5.1 Urinary 6-Sulfatoxymelatonin (aMT6s) 

Urine sampling commenced on the evening prior to the baseline and week 26 testing visits 

and comprised three separate samples: void at bedtime and the first and second voids of the 

following day (morning of the testing visit). If a participant needed to urinate during the night, 

then these voids were also collected in the same manner described below.  

Urine was collected in a sterilised measuring cylinder. Void volume, time and date were 

recorded, before a 10 mL aliquot of urine was retained and refrigerated in a screw cap 

container pre-labelled with the participants study details. The samples were returned to the 

laboratory upon the baseline and week 26 testing visits for further labelling and immediate 

storage at -80ºC for later analysis aMT6s by radioimmunoassay (Aldhous and Arendt 1988).  

Total excretion of aMT6s (ng) summed from all voids and the bedtime aMT6s (ng) values were 

calculated. Bedtime excretion of aMT6s specifically was also chosen to be analysed 

independently from total aMT6s as a measure of melatonin production before sleeping in an 

attempt to assess the effects of treatment on bedtime melatonin levels, as reduced evening 
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melatonin production is associated with sleep disturbances (Shekleton et al., 2010) and 

urinary levels of aMT6s are seen to parallel those of melatonin in the blood, saliva, and urine 

(De Almeida et al., 2011). 

4.2.6 Procedure 

All study visits took place at Northumbria University’s Brain, Performance and Nutrition 

Research Centre (BPNRC). Potential participants attended the site for an initial screening visit. 

The principal investigator or designee discussed with each participant the nature of the trial, 

its requirements and restrictions in line with the participant information sheet previously given 

to the participant. No restrictions were placed on the participants prior to this visit. Following 

informed consent the participant was then eligible to be enrolled and randomised into the trial. 

Before the baseline and week 26 assessments participants were required to call into the lab 

to collect an actiwatch, sleep diary and urine sampling pack. Participants were required to 

wear the actiwatch and complete the sleep diary for the 7 nights prior to the baseline and week 

26 assessments and to provide the urine samples the night before and morning of the baseline 

and week 26 assessment. Participants were asked to avoid alcohol and refrain from intake of 

‘over the counter’ medications for 24 hours and caffeine for 18 hours before both the baseline 

and week 26 assessments. Participants were contacted to remind them of the requirements 

prior to each assessment. On the morning of the baseline testing visit, participants were 

requested to eat their usual breakfast or no breakfast if they usually skipped breakfast at least 

1 hour prior to arrival at the laboratory (but to avoid any caffeinated products). At the end of 

the baseline assessments participants were provided with the first batch of capsules (3 bottles 

of 100 capsules each) and given a diary in which to record their daily consumption of the 

capsules along with any adverse events and concomitant medications (see Figure 4.4 for 

schematic depicting the study overview). 

Participants also reported to the BPNRC during week 13 to collect the second batch of 

capsules (3 bottles of 100 capsules each) and to complete the LSEQ and subjective 

awakening scales. Participants also brought with them their diary, which was replaced with a 

new diary to complete between week 13-26 and any remaining unused treatment capsules, 

so that a treatment compliance percentage could be calculated. 

The week 26 testing assessment was identical to the baseline assessment in all aspects apart 

from collecting in the treatment and sleep diaries, all remaining treatments, completion of a 

treatment guess questionnaire (see Appendix II) and finally a full debrief once all assessments 
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were completed. During both the baseline and week 26 visits participants were also required 

to provide a 6 mL venous blood sample to determine blood fatty acid profile. 

 

Figure 4.4. Scematic showing the study progression from enrollment to completetion across the 26 weeks. 

Actigraphy recordings were taken for the seven days and nights prior to the baseline and week 26 testing visits 

and urinary aMT6s samples were collected the night prior to and morning of the baseline and week 26 testing visits. 

LSEQ, Leeds Sleep Evaluation Questionnaire. 

4.2.7 Statistical Methods 

4.2.7.1 Actigraphy 

Actigraphy data collected from the Actigraph sleep watches seven night’s prior to the week 26 

assessment were analysed with the seven night’s prior to the baseline assessment acting as 

a covariate. Actigraphy data included sleep efficiency, sleep latency, total sleep time, total 

minutes in bed, wake after sleep onset, number of awakenings, average awakening length 

and sleep fragmentation index. Data were analysed using linear mixed models in SPSS 

(version 25) with the covariance structure being chosen from the model with the lowest 

Schwarz’s Bayesian Criterion (BIC) indicating the best fitting model for the data. For the sleep 

latency, total minutes in bed and total sleep time models the identity covariance matrix was 

used whilst the sleep efficiency, wake after sleep onset, number of awakenings, average 

awakening length and sleep fragmentation index an autoregressive (first order) covariance 

matrix was used. 
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Fixed factors appearing in all actigraph models were; treatment (DHA-rich, EPA-rich, Placebo) 

and night (1-7). Subject was also added into all models as a random factor and respective 

baseline values were entered into each model as a covariate. 

4.2.7.2 LSEQ  

The LSEQ data consisted of the individual summed scores on the items that comprised the 

quality of sleep, awake following sleep, behaviour following waking and getting to sleep 

factors. The data were analysed using the same linear mixed model procedure described 

above with all models using an identity covariance matrix. The fixed factors appearing in all 

models were; treatment (DHA-rich, EPA-rich, Placebo) and visit (week 13 and week 26). 

Subject was also added into all models as a random factor and respective baseline values 

were entered into each model as a covariate.  

4.2.7.3 Awakening VAS  

The awakening VAS data were analysed using the same linear mixed model procedure 

described above with all models using an identity covariance matrix. The fixed factors 

appearing in all models were; treatment (DHA-rich, EPA-rich, Placebo) and visit (week 13 and 

week 26). Subject was also added into all models as a random factor and respective baseline 

values were entered into each model as a covariate. 

4.2.7.4 Urinary aMT6s  

The urinary aMT6s data consisted of the total excretion of aMT6s (ng) summed from all voids 

and the bedtime aMT6s (ng) values. All urinary aMT6s data was analysed using the linear 

mixed models procedure outlined above. The only fixed factor appearing in the model was 

treatment (DHA-rich, EPA-rich, Placebo) with respective baseline values entered as a 

covariate. 
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4.3 Results 

4.3.1 Compliance 

For participants who completed the study, compliance was observed to be very good in all 

three groups (95.21% Placebo, 96.42% DHA-rich, 95.64% EPA-rich) with a one way ANOVA 

identifying no significant differences for compliance percentage by treatment group [F (2, 81) 

= .274, p = .761]. A Chi-Square test was also conducted on the responses to the treatment 

guess questionnaire that was completed at the end of the final visit and revealed no significant 

differences in participants’ ability to correctly identify whether they had been administered an 

active or placebo treatment between the three groups [χ2 (2) = 3.84, p = .147]. 

4.3.2 Mixed Models Analysis 

Due to the number of statistical analyses performed, only those which revealed significant 

main or interaction effects including treatment are reported. All post-hoc analyses reported are 

Sidak corrected comparisons. 

4.3.2.1 Actigraphy  

Analysis identified a significant main effect of treatment for sleep latency [F (2, 322) = 3.68, p 

=.026] with post hoc comparisons identifying the DHA-rich (3.76; p = .021) but not the EPA-

rich (3.98; p = .276) group as showing significantly shorter sleep latency compared to placebo 

(4.31) (Figure 4.5). 

Analysis also identified a significant interaction between treatment and night for sleep latency 

[F (12, 322) = 2.28, p =.009] with post hoc comparisons identifying the DHA-rich group (3.31) 

as having a significantly shorter latency period compared to both the placebo (6.43; p = .003) 

and EPA-rich (5.80; p = .023) on night 1 and both the DHA-rich (3.36, p = .017) and EPA-rich 

groups (3.34, p = .021) as having a significantly shorter latency period compared to placebo 

(4.53) on night 6 (Figure 4.6).  
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Figure 4.5 Estimated marginal means and standard error (SE) for post-dose values of sleep latency (minutes) by 

treatment group. 

 

Figure 4.6 Estimated marginal means and standard error (SE) for post-dose values of sleep latency (minutes), 

split by night and treatment group. 

A significant main effect of treatment for sleep efficiency was identified [F (2, 79.79) = 3.68, p 

=.030] with post hoc comparisons identifying the DHA-rich group (92.02%; p = .037) as having 

significantly higher sleep efficiency and a trend towards significantly higher sleep efficiency in 

the EPA-rich group (91.85%; p = .087) compared to placebo (90.30%) (Figure 4.7).  
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Figure 4.7 Estimated marginal means and standard error (SE) for post-dose values of sleep efficiency (%), by 

treatment group. 

Analysis identified a significant main effect of treatment for total minutes in bed [F (2, 328) = 

3.29, p =.039] with post hoc comparisons identifying no significant differences between the 

active and placebo groups but the DHA-rich (484.51 minutes) spent significantly more time in 

bed than the EPA-rich group (467.10; p = .032) (Figure 4.8). 

A significant main effect of treatment was also identified for total sleep time [F (2, 323) = 4.06, 

p =.018] with post hoc comparisons identifying no significant differences between the active 

and placebo groups but the DHA-rich (455.17 minutes) spent significantly more time asleep 

than the EPA-rich group (427.28; p = .019) (Figure 4.8). 
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Figure 4.8 Estimated marginal means and standard error (SE) for post-dose values of total minutes in bed (left) 
and total sleep time in minutes (right), by treatment group. 

Analysis also identified a significant interaction between treatment and night for sleep 

fragmentation index [F (12, 227.64) = 1.90, p =.025] with post hoc comparisons identifying 

the DHA-rich group (15.88; p = .003) as having significantly less sleep fragmentation 

compared to placebo (26.85) on night 2 only (Figure 4.9).  

 

 

 

 

 

 

Figure 4.9 Estimated marginal means and standard error (SE) for post-dose values of sleep fragmentation index, 

by night and treatment group. 
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Table 4.2. Manually calculated sleep outcomes for Placebo, DHA-rich and EPA-rich treatment groups. Post-dose 
estimated marginal means and standard error (SE) are presented with F and p values of the main effects from the 
linear mixed models. 

 
 Post-dose Main Effects 

n Mean SE  F p 

Latency 
(minutes) 

Placebo 
74 

4.31a 0.21 Treatment 3.68 .026 
DHA-rich 3.76a 0.26    
EPA-rich 3.98  0.27 Treatment*Night 2.28 .009 

Efficiency (%) 
Placebo 

72 
90.30a,T 0.50 Treatment 3.68 .030 

DHA-rich 92.02a 0.49    
EPA-rich 91.85T 0.57 Treatment*Night 1.47 .138 

Total Minutes in 
bed (minutes) 

Placebo 
74 

484.51 8.13 Treatment 3.29 .039 
DHA-rich 494.85b 6.63    
EPA-rich 467.10b 8.55 Treatment*Night .851 .598 

Total Sleep Time 
(Minutes) 

Placebo 
73 

437.91 7.56 Treatment 4.06 .018 
DHA-rich 455.17b 6.18    
EPA-rich 427.28b 8.08 Treatment*Night 1.20 .281 

Wake after Sleep 
Onset (minutes) 

Placebo 
72 

42.02 2.42 Treatment 2.55 .084 
DHA-rich 35.84 2.14    
EPA-rich 34.77 2.74 Treatment*Night 1.29 .225 

Number of 
Awakenings 

Placebo 
74 

17.50 0.99 Treatment .813 .446 
DHA-rich 15.87 0.88    
EPA-rich 16.20 1.08 Treatment*Night 1.19 .289 

Average 
Awakening 

Length (minutes) 

Placebo 
74 

2.44 0.11 Treatment .576 .564 
DHA-rich 2.29 0.09    
EPA-rich 2.38 0.12 Treatment*Night 1.50 .126 

Sleep 
Fragmentation 

Index 

Placebo 

74 

22.89 1.28 Treatment .802 .451 
DHA-rich 20.80 1.11    

EPA-rich 22.22 1.38 Treatment*Night 1.90 .036 

a = significant difference between active and placebo groups below p <.050; b = significant difference between the 
active treatment groups below p <.050; T = trend towards a significant difference between active and placebo 
groups below p < .10 
 

4.3.2.2 Subjective Measures 

No significant main effects of Treatment were found in the LSEQ dataset. Though, there was 

a significant treatment by visit interaction effect for behaviour following waking, [F (2, 77.01) = 

5.03, p =.009], however, post hoc comparisons identified no significant differences between 

any of the groups at either week 13 or 26. 

A significant effect of treatment for feeling energetic was also identified [F (2, 79.35) = 3.545, 

p =.034], with post hoc comparisons identifying the DHA-rich (53.79; p = .041) but not the 

EPA-rich (64.94; p = .970) group as feeling significantly less energetic compared to placebo 

(62.47) (Figure 4.10). 
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A significant effect of treatment for feeling rested was identified [F (2, 76.42) = 4.71, p =.017], 

with post hoc comparisons identifying no significant difference between the active and placebo 

groups, but the DHA-rich group (53.55) ratings were significantly less rested than the EPA-

rich group (64.94; p = .017) (Figure 4.10). 

Finally, a significant effect of treatment for feeling ready to perform was identified [F (2, 84.12) 

= 3.211, p =.045], with post hoc comparisons identifying no significant difference between the 

active and placebo groups but the DHA-rich group (59.12) showed trends towards being 

significantly less ready to perform than the EPA-rich group (66.65; p = .075) (Figure 4.10). 

 
 

 

 

 

 

 

Figure 4.10. Estimated marginal means and standard error (SE) for post-dose ratings for feeling energetic (Top 

Left), feeling rested (Top right) and feeling ready to perform (Bottom), by treatment group. 

63.00

53.55

64.94

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0
FE

EL
IN

G 
RE

ST
ED

Placebo DHA-rich EPA-rich

62.95

53.79
61.47

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

FE
EL

IN
G 

EN
ER

GE
TI

C

Placebo DHA-rich EPA-rich

p = .017 p = .041 

65.97
59.12

66.65

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

FE
EL

IN
G 

RE
AD

Y 
TO

 P
ER

FO
RM

Placebo DHA-rich EPA-rich

p = .075 



101 
 

Table 4.3. Subjective sleep outcomes for placebo, DHA-rich and EPA-rich treatment groups. Week 13 and week 
26 estimated marginal means and standard error (SE) are presented with F and p values of the main effects from 
the linear mixed models. 

 
 Week 13 Week 26 Main Effects 

n Mean SE Mean SE  F p 

Getting to Sleep       
(0 – 300) 

Placebo 
86 

182.49 6.69 170.63 6.69 Treatment .243 .785 
DHA-rich 177.13 7.28 177.05 6.56    
EPA-rich 176.04 7.09 167.88 6.98 Treatment*Visit .557 .575 

Quality of Sleep       
(0 - 200) 

Placebo 
86 

118.12 6.65 112.38 6.74 Treatment .438 .647 
DHA-rich 118.47 7.19 118.64 6.53    
EPA-rich 109.22 7.02 112.26 6.92 Treatment*Visit .392 .677 

Awake Following 
Sleep (0 – 200) 

Placebo 
86 

107.23 6.01 113.52 6.12 Treatment .518 .598 
DHA-rich 118.80 6.62 115.34 5.91    
EPA-rich 112.80 6.37 113.05 6.27 Treatment*Visit .379 .686 

Behaviour 
Following Wakening 

(0 – 300) 

Placebo 
86 

191.09 7.68 180.02 7.79 Treatment .814 .447 
DHA-rich 181.98 8.38 165.39 7.57    
EPA-rich 169.66 8.20 188.93 8.09 Treatment*Visit 5.03 .009 

Rested (%) 
Placebo 

86 
66.21a 3.67 59.80 3.74 Treatment 4.71 .012 

DHA-rich 56.44a 4.06 50.65 3.60    
EPA-rich 68.79 3.91 61.09 3.82 Treatment*Visit .034 .966 

Energetic (%) 
Placebo 

86 
65.69a 3.21 60.20 3.26 Treatment 3.55 .034 

DHA-rich 56.35a 3.56 51.23 3.16    
EPA-rich 60.42 3.42 62.51 3.37 Treatment*Visit 1.05 .354 

Relaxed (%) 
Placebo 

86 
64.87 3.21 65.82 3.26 Treatment 1.37 .260 

DHA-rich 61.12 3.49 58.81 3.14    
EPA-rich 65.60 3.40 65.47 3.35 Treatment*Visit .191 .827 

Irritable (%) 
Placebo 

86 
26.74 3.70 27.70 3.77 Treatment 1.46 .238 

DHA-rich 31.95 4.09 35.10 3.64    
EPA-rich 28.70 3.92 27.25 3.85 Treatment*Visit .196 .822 

Ready to Perform 
(%) 

Placebo 
86 

65.70 2.81 66.23 2.86 Treatment 3.21 .045 
DHA-rich 61.56b 3.08 56.68 2.76    
EPA-rich 66.88b 2.98 66.43 2.92 Treatment*Visit .668 .515 

Good Night’s Sleep 
(%) 

Placebo 
86 

65.88 4.30 59.53 4.38 Treatment 1.61 .205 
DHA-rich 63.06 4.72 50.85 4.23    
EPA-rich 68.37 4.54 62.69 4.45 Treatment*Visit .392 .677 

a = significant difference between active and placebo groups below p= .050; b = significant difference between the 
active treatment groups below p= .050. 
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4.3.2.3 Urinary aMT6s 

No significant main effects of treatment were found in the aMT6s dataset. 

Table 4.4. aMT6s outcomes for placebo, DHA-rich and EPA-rich treatment groups. Post-dose estimated marginal 
means and standard error (SE) are presented with F and p values of the main effects from the linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Total aMT6s 
(ng) 

Placebo 
67 

15,289.27 1,267.50    
DHA-rich 15,335.89 1,267.88 Treatment .558 .575 
EPA-rich 13,585.56 1,346.06    

Bedtime 
aMT6s (ng) 

Placebo 
60 

563.98 120.67    
DHA-rich 468.62 123.42 Treatment 2.12 .130 
EPA-rich 805.34 117.08    
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4.4 Discussion 

Overall the results from the current study show that supplementation with the DHA-rich 

treatment resulted in a significant decrease in sleep latency and a significant increase in sleep 

efficiency compared to the placebo. Interestingly, despite these improvements in certain 

parameters of sleep in the DHA-rich group, it was also found that this group rated their state 

of feeling rested and feeling energetic significantly worse than the placebo and EPA-rich 

groups respectively. Additionally, a trend towards a significant increase in sleep efficiency was 

identified within the EPA-rich group compared to placebo and a significant decrease in sleep 

fragmentation index was observed in the DHA-rich group compared to placebo. Although, this 

effect was found to only be evident during the second night of the seven nights recorded and 

should therefore not be over interpreted. Additionally, the EPA-rich treatment resulted in a 

significant decrease in both total time in bed and total sleep time compared to the DHA-rich 

group, although no significant differences between the active and placebo groups were 

identified for these measures. Finally, no significant effects of treatment were identified for 

urinary aMT6s secretion. 

The beneficial effects of DHA in reducing sleep latency and increasing sleep efficiency are 

consistent with previous animal models. For example, Yehuda (2003) investigated the effects 

of a DHA injection of 40 mg/kg and 10mg/kg AA for 4 weeks in 36 Sprague-Dawley rats and 

reported a significantly improved sleep profile measured via EEG and motor activity compared 

to the controls which included improved sleep efficiency, duration and reduced latency. The 

findings also provide further support to those of Montgomery et al., (2014) who found that 16 

weeks’ supplementation with DHA resulted in positive increases in several sleep parameters 

in children. These consistent findings across animal and human trials and within samples 

containing both children and healthy, young adults potentially provides further evidence in 

support of the physiological role of DHA in sleep processes. Indeed, in the underlying 

processes of sleep, DHA in particular has been found to positively influence the binding of 

serotonin to its receptors via its effects on increasing membrane fluidity (Heron et al., 1980; 

Paila, Ganguly & Chattopadhyay, 2010), increases serotonin levels in the prefrontal cortex 

(Owens & Innis, 1999; Chalon, 2006) and appears crucial for AA-NAT, one of the enzymes 

which transforms serotonin into melatonin (Catala, 2010; Peuhkuri et al., 2012). Additionally, 

DHA has also been found to induce neurogenesis (Nascimento et al., 2016; García-Cáceres 

& Tschöp, 2016), reduce inflammation (Pimentel et al., 2013) and regulate gene expression 

(Shaikh, Shaver & Shewchuk, 2018) within the hypothalamus, the brain region containing the 

suprachiasmatic nucleus (SCN), which is a well-known regulator of circadian rhythms (Buijs 

et al., 2019; Hastings, Maywood & Brancaccio et al., 2019). Taken together with the previous 
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findings within the literature, the current findings appear to provide further support for the 

efficacy of dietary supplementation with DHA in improving sleep efficiency and reducing sleep 

latency within healthy populations. 

Within the current study, urinary aMT6s samples were collected in an attempt to measure one 

aspect of the biological regulatory processes of sleep and to provide a more holistic 

measurement of sleep. The null effects of treatment identified on urinary aMT6s appears to 

contradict the idea that the positive effects of DHA on sleep are underpinned by the effects 

DHA has on the melatonin/serotonin synthesis pathway. It would be reasonable to expect to 

observe an effect of treatment within the secretion of aMT6s in the DHA-rich groups as longer 

sleep times have previously been associated with increased secretion of melatonin throughout 

the night (Wehr, 1992; Aeschbach et al., 2003). However, the null findings concerning urinary 

aMT6s are consistent with those reported in other RCTs. For instance, Cornu et al., (2010) 

has previously identified no significant effects of 4 weeks’ supplementation with a PUFA 

treatment on both urinary melatonin and aMT6s, collected overnight, compared to an olive oil 

placebo. Interestingly, Cornu et al., (2010) also identified no differences between the groups 

for both LSEQ scores and actiwatch scores which contradicts the current study’s findings. 

Possible explanations for these inconsistent findings may be due to the relatively short study 

duration of only 4 weeks and composition of the PUFA supplement employed by Cornu et al., 

(2010). Additionally, the consistent null findings in both studies concerning aMT6s could 

potentially be due to the short overnight urine sample collection method that was employed in 

both studies. It may be that overnight collection of aMT6s provides too short a window to 

observe changes in production and diurnal variation of melatonin. Indeed, Benloucif et al., 

(2008) have described a method of collecting urine samples every 2 to 8 hours over a 24- to 

48-hour period as the most practical method, to estimate the global timing and amount of 

melatonin production. Additionally, they also note that the higher melatonin levels present in 

blood plasma may actually allow for greater resolution and sensitivity than sampling by urine 

or saliva. Therefore, it may be that the current study’s methodology of collecting overnight 

urinary samples was not adequate or sensitive enough to detect changes in the production or 

diurnal variation of melatonin. 

Due to the null findings of treatment on aMT6s it could also be that DHA impacted sleep 

parameters via other mechanisms than the melatonin synthesis pathway. For example, 

insufficient sleep and poor sleep quality has previously been seen to invoke a pro-

inflammatory response via increased cytokine secretion (Vgontzas et al.,1999; Irwin, 

Olmstead & Carroll, 2016; Milrad et al., 2017) with a range of cytokines previously being found 

to be associated with sleep, including IL-1, tumour necrosis factor (TNF) and IL-6 (Opp, 2005; 
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Moltivala & Irwin, 2007). Additionally, Shear et al., (2001) have shown that total sleep 

deprivation for 4 days is associated with significant increases in IL-6 and TNF-α and sleep 

deprivation has been shown to increase IL-6 and TNF-α the morning following sleep 

deprivation compared to controls as well as the transcription of IL-6 and TNF-α messenger 

RNA (Irwin et al., 2006). These findings indicate that sleep deprivation increases blood levels 

of several pro-inflammatory cytokines and that changes in cytokine levels can affect both sleep 

and subjective ratings of sleep (Simpson & Dinges, 2007). Due to the anti-inflammatory 

actions of n-3 PUFAs (see section 1.4.3), it could be that the observed effects of 

supplementation with the DHA-rich oil on sleep in the current study are a result of lowered 

levels of inflammatory cytokines previously associated with poor sleep quality (Milrad et al., 

2017). Indeed, Ferrucci et al., (2006) has identified total n-3 PUFA status to be associated 

with lower levels of the pro-inflammatory markers (IL-6, IL-1ra, TNFα, CRP) seen to be 

increased in sleep deprived individuals and individuals with poor sleep quality. Taken together, 

this evidence may help to explain the null findings concerning aMT6s within the current study 

as the observed effects on sleep following supplementation with the DHA-rich oil may have 

been a result of decreased levels of pro-inflammatory cytokines rather than via impacting upon 

the melatonin synthesis pathway. If this is true, then this may also help to explain the trend 

towards increased sleep efficiency observed following supplementation with the EPA-rich 

treatment. 

Concerning the negative subjective ratings identified in the DHA-rich group, the findings are 

inconsistent with the actigraphy data which identified improvements across several sleep 

parameters following supplementation with the DHA-rich oil. One potential explanation of this 

may come from research into populations suffering from insomnia. For instance, Feige et al., 

(2013) explains how a major enigma of insomnia research constitutes the frequently noted 

discrepancy between the subjective experience of sleep (measured by sleep questionnaires) 

and the “objective” polysomnographic (PSG) findings. PSG studies often demonstrate that 

patients suffering from insomnia tend to underestimate their nocturnal sleep time (Carskadon 

et al., 1976; Frankel et al., 1976; Adam et al., 1986; Feige et al., 2008; Manconi et al., 2010) 

leading to terms such as ‘sleep state misperception’ for patients with a relatively normal sleep 

continuity and architecture (Edinger & Krystal, 2003), in spite of large subjective complaints of 

disturbed sleep. Harvey and Tang (2012) highlight the possible role of both psychological and 

physiological factors within sleep and even suggest that attempting to define sleep 

parameters, such as sleep latency, may not actually be useful in capturing the subjective 

experience of falling asleep, because the parameter is operationalised in a very crude way. 

Additionally, focusing more specifically on sleep architecture may offer further explanations 

into these findings with Feige et al., (2008) previously showing that differences between 
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subjective and objectively measured wake times were correlated with the amount of REM 

sleep in insomnia patients i.e. patients with higher amounts of REM sleep tended to report 

more minutes of subjective wakefulness. Overall, these findings may offer an explanation into 

why discrepancies between ‘objective’ and subjective measures may occur within sleep 

research, consequently, rendering it difficult to interpret the findings as either positive or 

negative due to these discrepancies. It could be that more in depth PSG studies are required 

to accurately observe changes in sleep architecture that may occur from supplementation with 

DHA- and EPA-rich oils to help to further explain any discrepancies between objective and 

subjective measures. These studies could also help to identify what aspects of sleep may 

contribute to the discrepancy or indeed identify if there are particular stages of sleep that are 

more or less liable to manipulation with dietary intake of n-3 PUFAs. 

Similarly, new data emerging regarding the natural diurnal variations of EPA and DHA within 

the body may provide further evidence for some potential impacts on sleep architecture, 

especially when supplements are taken at bedtime. For instance, Jackson et al., (unpublished 

data; Appendix X) has observed that, night time dosing (22:00hr) with the same SMEDS 

formulated oils resulted in significant increase in DHA in blood plasma for 6 hours post dose 

compared to placebo, but in contrast, concentrations of EPA in plasma had a similar peak but 

were also significantly greater for the entire 24 hour period compared to placebo. These 

increases in circulating levels of DHA and EPA overnight following night time supplementation 

may potentially affect the natural sleep/wake cycle in some way, especially when a substantial 

amount of research supports the influence of both DHA and EPA on the serotonin/melatonin 

synthesis pathway, which in turn is linked to SWS. Perhaps a natural tendency for circulating 

levels of EPA and DHA to decrease overnight may actually be synchronised with the 

sleep/wake cycle and altering this rhythm results in changes to the sleep/wake cycle in some 

way. If this is true and changes in EPA and DHA levels through the night are related to changes 

in sleep architecture then this may potentially explain why there were differences identified 

between the groups in relation to the subjective experience of sleep. 

The findings from Jackson et al., (unpublished data; Appendix X) in relation to the significant 

increase in circulating EPA in plasma for the entire 24hour period compared to placebo may 

also potentially offer insights into the observed decrease in total time in bed and total sleep 

time observed in the current study for the EPA-rich group. Very little focus has been applied 

to the effects of EPA supplementation on sleep parameters previously and to our knowledge 

no study has ever assessed the effects of supplementation with an EPA-rich treatment on 

sleep in healthy samples. However, the findings from Jackson et al., (unpublished data; 

Appendix X) suggest that night time supplementation with EPA results in increased circulating 
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plasma levels of EPA throughout the night, which may then further effect serotonin levels, as 

EPA is known to impede the formation of E2 series prostaglandins, which inhibit the release 

of serotonin (Schlicker, Fink & Göthert, 1987; Günther et al., 2010). In line with this, Monti 

(2011) describes how the results obtained from genetic, neurochemical, electrophysiological 

and neuropharmacological studies conducted over the past three decades propose that 

serotonin functions predominantly to promote wakefulness and to inhibit REM sleep. Based 

on this information it could potentially be that increased levels of circulating EPA overnight 

leads to an increased release of serotonin via inhibition of the formation of E2 series 

prostaglandins and therefore an upregulated promotion of wakefulness that results in a 

decrease in total sleep time. However, it should be noted that although the EPA-rich group 

reported the shortest sleep times, this did not appear to lead to a reduction in the quality of 

sleep. In fact, a trend towards a significant increase in sleep efficiency, compared to placebo, 

was observed along with no increase in the time spent awake, number of awakenings and no 

decreased ratings of subjective sleep quality. This may suggest that although the total amount 

of sleep was lowest in the EPA-rich group, it did not result in the need for additional sleep and 

therefore could potentially suggest that the ‘refreshing’ effects of sleep were actually achieved 

in a shorter amount of time after supplementation with EPA. Overall, this once again supports 

the need for measurements of sleep architecture to explain more thoroughly the effects of 

EPA on sleep and to potentially highlight where sleep is being reduced throughout the night, 

as the averaged in and out of bed times available from the current study appears to show that 

the EPA group arose from bed earliest but did not go to bed earliest (Appendix VI). 

Additionally, the observed significant increases in EPA levels following supplementation with 

the DHA-rich oil (Appendix XI) further complicates this effect, as although EPA levels rose 

within the DHA group they slept for the longest duration. Therefore, more detail into the effects 

of EPA and DHA on the specific stages of sleep is still warranted to explain these findings in 

greater detail. 

The current study is one of the first to investigate the separate effects of DHA and EPA, in a 

sample of healthy, young adults, with a rigorous study protocol that allowed for both objective 

and subjective measurements of sleep. Additionally, the measurement of aMT6s offered the 

potential to gain insight into biological processes that may underpin the effects of n-3 PUFAs 

on sleep parameters. However, there were several issues that arose within the study in 

relation to the collection of actigraphy data as well as with the subjective recording of 

sleep/wake times. Issues with incomplete and even unusable actigraph data, as a result of 

improper use of the equipment by participants, resulted in a reduced sample size in the 

actigraphy datasets, although this is in line with missing data in previous actigraphy studies 

(Price et al., 2012; Montgomery et al., 2014). Furthermore, there were issues concerning 
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incomplete subjective sleep diaries (see Appendix III) and that the use of only ‘approximate 

bedtime’ and ‘approximate waking time the following morning’ as measures were not precise 

enough to determine the time in/out of bed as well as time asleep/waking. Upon reflection, 

these sleep diaries should have also asked ‘time getting into bed’ and ‘time getting out of bed’ 

as these factors are separate from the time the participant fell asleep/woke up. Additionally, 

and as stated previously, it can be argued that the overnight collection of urinary aMT6s was 

not precise enough to detect changes in the production of melatonin. Therefore, collecting 

samples over a longer period of time may have been more appropriate.  

Future research in this area should consider either the use of 24/48 hour collection periods of 

urinary aMT6s or the collection of blood samples to allow for greater resolution and sensitivity 

than sampling via urine or saliva (Benloucif et al., 2008). This longer collection period was 

considered within the current study but would have placed further constraints on participants 

and would have increased the financial demands of the study. Furthermore, it was decided 

that overnight collection would be adequate to allow the effects of n-3 PUFA supplementation 

to be evident. However, as no effects of treatment on urinary aMT6s were identified it may be 

advisable that future studies measuring urinary aMT6s employ longer collection periods. 

Similarly, future research may be benefited from the inclusion of measurements of 

inflammatory markers such as pro-inflammatory cytokines. As increases in pro-inflammatory 

cytokines are related to poor sleep quality (Milrad et al., 2017), it may be useful to measure 

the effects of increased dietary intake of EPA and DHA on these markers in relation to sleep 

parameters to allow for a more comprehensive measurement of the regulatory processes of 

sleep. Finally, the employment of PSG in future studies to more accurately investigate the 

‘objective’ measures of sleep would allow for more specific insights into the potential effects 

of n-3 PUFAs on the architecture of sleep in relation to the amounts of REM and NREM sleep 

and would allow for further investigation of the specific stages of sleep that are effected by 

supplementation with EPA and DHA.    

The findings from the current study appear to provide additional support for n-3 PUFAs, 

particularly DHA, at improving parameters of sleep. These include the reduction of sleep 

latency and an overall increase in sleep efficiency although these positive actigraphy 

measures of increased sleep quality were not consistent with subjective ratings following 

supplementation with DHA. Investigations into the relationship between n-3 PUFAs and the 

serotonin/melatonin synthesis pathway and how this specifically effects the architecture of 

sleep is required to progress the research area further. Nonetheless, as beneficial effects of 

sleep were identified following supplementation with n-3 PUFAs in healthy, young adults these 
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data help to provide additional evidence towards the role of n-3 PUFAs in facilitating healthy 

regulation of crucial behaviours and brain functioning. 
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CHAPTER 5: SUPPLEMENTATION WITH DHA- AND EPA-RICH OILS HAS NO EFFECT 

ON MEASURES OF MEMORY CONSOLIDATION AND MORNING ALERTNESS IN 

HEALTHY, YOUNG ADULTS 

5.1 Introduction 

Dietary DHA and EPA have been previously linked to a number of positive measures of 

cognitive function and brain health, such as increased neural efficiency (Bauer et al., 2011; 

2014a), reductions in reaction times of complex cognitive tasks (Bauer et al., 2011; 2014a; 

Stonehouse et al., 2013) and reduced grey matter atrophy in certain brain regions (Samieri et 

al., 2012).  Recent evidence from Aryal et al., (2019) has begun to show that the relationship 

between intake of n-3 PUFAs and positive cognitive outcomes may be underpinned, at least 

in part, by the role n-3 PUFAs might play in the processes of memory consolidation including 

synaptic plasticity and LTP (Beck et al., 2000; Cao et al., 2009). Memory consolidation relates 

to the conversion of memory representations from being heavily dependent on the 

hippocampus to being rooted in cortical networks (Rothschild, Eban & Frank, 2017). According 

to the ‘two-stage model’ (Buzsáki, 1996; Buzsáki, 2015) of consolidation, the first stage occurs 

during behaviour, when the hippocampus quickly encodes numerous aspects of an 

experience via changes in synaptic strengths, while the second stage occurs during SWS with 

the newly acquired hippocampal information being repeatedly replayed, driving plasticity in 

the neocortex resulting in the longer-term storage of the memory (Rothschild, Eban & Frank, 

2017).  Previously, increased dietary intake and supplementation with n-3 PUFAs has shown 

positive learning and memory consolidation effects in a number of animal studies. Dietary DHA 

has been seen to ameliorate learning-related spatial memory deficits in DHA-deficient rats 

(Bazan, Molina & Gordon, 2011) and 12 weeks’ dietary EPA enhances spatial cognition 

learning ability in rats (Hashimoto et al., 2009). Additionally, Pan et al., (2010) has identified 

that appropriate doses of DHA resulted in improved spatial learning performance as well as 

retention during the Morris water maze task (Morris, 1984) in two-month old rats. Similarly, 

Lim and Suzuki (2000) have found that n-3 supplemented mice performed better in a maze 

compared to mice fed a control diet. Recently, Alquraan et al., (2019) identified that n-3 PUFA 

supplementation prevented memory impairments induced by single-prolonged stress whilst 

also normalising antioxidant mechanisms in the hippocampus. DHA-derived mediators have 

also been found to impact upon learning and memory with Hashimoto et al., (2015) showing 

that DHA-derived mediators demonstrated a significant negative correlation with the number 

of reference memory errors, in rats, during a radial maze task.  
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Previously, Beck et al., (2000) have provided evidence to suggest that the positive effects of 

DHA and EPA on plasticity and LTP observed previously in animal studies may also occur in 

humans. However, studies that do measure the effects of EPA and DHA supplementation on 

synaptic plasticity have not yet been conducted in humans, as this is often measured via post-

mortem examination of the brain in animal studies. As a result, most of the current knowledge 

of the effects of n-3 PUFAs on neural plasticity and LTP comes from animal studies with little 

evidence existing from human samples. Furthermore, although a large number of studies 

assessing the relationship between n-3 PUFA intake and cognition have been conducted, only 

a small number have employed learning-memory tasks likely to induce LTP and memory 

consolidation. A randomised, placebo-controlled study by Dalton et al., (2009) identified that 

children aged 7-9 years performed better on the Hopkins verbal learning test battery, a reading 

test and a spelling test following 6 months daily consumption of a fish flour bread spread 

(~892mg of DHA/week) compared to an equivalent spread without fish flour. Additionally, 

Yurko-Mauro et al., (2010) conducted a randomised, double-blind, placebo-controlled, clinical 

study with a sample of 485 healthy participants, aged over 55 years with age-related cognitive 

decline and found that 24 weeks supplementation with 900mg/d DHA improved learning and 

memory function, measured via the CANTAB paired associate learning task. Furthermore, 

Kulzow et al., (2016) measured the effects of 26 weeks’ supplementation with 2,200mg/d n-3 

PUFAs (1,320mg/d EPA + 880 mg/d DHA) on object-location memory and performance on 

the Rey auditory verbal learning test, in a sample of 44 cognitively healthy older adults aged 

50-75 years. Recall of object locations was found to be significantly better following 

supplementation with the n-3 PUFAs but no significant effect was seen for performance on 

the verbal learning test, compared to placebo. However, the effects of n-3 PUFAs on 

measures of learning-memory are not unequivocal as Dangour et al., (2010) reported no 

significant performance effects on the California Verbal Learning Test, in a sample of 867 

cognitively healthy older adults aged 70-79 years, following 24 months supplementation with 

200mg/d EPA + 500mg/d DHA compared to an olive oil placebo.  

One potential way in which DHA and EPA could support the processes involved in memory 

consolidation is via the effects they have on serotonin, as studies have shown these n-3 

PUFAs to effect serotonin receptor functioning (Patrick & Ames, 2015), increase serotonergic 

neurotransmission and concentrations within the frontal cortex (Owens & Innis, 1999; Chalon, 

2006) and via reducing the production of E2 series prostaglandins that inhibit serotonin release 

(Rees et al, 2006; Vedin et al., 2010). These effects may be important with regards to the 

consolidation of memories as serotonin is known to play a major role in sleep processes during 

both waking and sleeping periods (Cespuglio, 2018), with Monti and Jantos (2003) 

demonstrating that systemic injection of flesinoxan, a potent agonist of the serotonin receptor 
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5-HT1A, increases wakefulness and reduces SWS and REMS in rats. Therefore, as there is 

evidence to support the influence of serotonin on amounts of SWS, which has previously been 

linked to memory consolidation (Rothschild, Eban & Frank, 2017), these mechanisms 

potentially represent one pathway in which n-3 PUFAs could influence memory consolidation. 

Moreover, night time dosing with n-3 PUFAs may further influence the effects of EPA and DHA 

on serotonin as findings from Jackson et al., (unpublished data; Appendix X) suggest that 

night time supplementation with EPA and DHA results in increased circulating plasma levels 

of EPA and DHA throughout the night. This increase in the circulating plasma levels of EPA 

and DHA within the body could therefore allow for the effects of EPA and DHA on serotonin 

to be enhanced throughout the night, due to the increased bioavailability of the n-3 PUFAs in 

circulation. Although the precise timings of the effects of EPA and DHA on serotonin are 

currently not well documented within the literature, previous literature has indeed identified 

associations between higher plasma concentrations of n-3 PUFAs, particularly DHA, and 

higher concentrations of serotonin metabolites (Hibbeln et al., 1998). 

As both DHA and EPA have been seen to influence serotonin the majority of the studies that 

have been conducted in humans thus far have been limited by exclusively focussing on DHA-

rich supplements, with only Kulzow et al., (2016) placing a focus on the effects of an EPA-rich 

supplement and with no study employing both a DHA-rich and EPA-rich supplement within the 

same trial. As well as influencing serotonin, previous research has begun to highlight the 

importance of not only DHA, but EPA as well, in the mechanisms that underpin memory 

consolidation. For example, both EPA and DHA have been seen to increase neurite outgrowth 

in adult and aged rats (Robson et al., 2010) and both appear to enhance differentiation of 

neural stem cells at similar amounts in cultured rat neural stem cells. Additionally, Katakura et 

al., (2013) has shown that EPA can increase the expression of transcription factor Hes6 

leading to decreased activity of the neuronal differentiation inhibitor Hes1 therefore promoting 

neuronal differentiation, a key component of neurogenesis (Balu & Lucki, 2009). Both Dyall et 

al., (2016) and Katakura et al., (2013) describe how DHA and EPA have been seen to have 

differing effects on proliferation of neural stem cells and that these effects appear to be 

mediated via different cell signalling pathways. Furthermore, Kawashima et al., (2010) has 

found that dietary EPA modulates LTP of the CA1 hippocampal region and protects against 

neurodegeneration by modulating synaptic plasticity and activating the PI3-kinase/Akt 

pathway, which is important for regulating the cell cycle, possibly via its direct effects on 

neurons, glial cells and its ability to increase brain DHA levels. Overall, it appears that 

evidence does exist that supports the role of EPA on mechanisms that underpin learning and 

memory consolidation. However, there is currently a clear lack of trials in the research area 

that investigate the potentially separate effects of both dietary DHA and EPA on the processes 
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that underpin learning and memory consolidation in human samples with Kulzow et al., (2016) 

being the only study thus far to supplement with an EPA-rich oil in humans. Therefore, it 

appears that human RCTs that measure the effects of both DHA-rich and EPA-rich 

supplements on aspects of learning and memory are still warranted. 

In addition to this limitation of previous research, the human RCTs that have been conducted 

thus far which employ learning-memory tasks have been conducted in either children or older 

adults. No study thus far has focussed on the learning and memory effects of n-3 PUFAs in 

healthy, young adults. As healthy, young adults appear to require both improvements in n-3 

PUFA levels and sleep, whilst being free from any other health complaints and intake of 

concomitant medications. It could be that this population are able to provide a clear insight 

into the effects of supplementation with n-3 PUFAs on learning and memory consolidation. 

Overall, the studies conducted thus far in humans do appear to suggest that there is a positive 

effect of DHA, specifically on learning and memory, in both children and older-adult 

populations. However, the studies to date have not employed methodological paradigms that 

allow for SWS memory consolidation to occur between the learning and recall phases. A 

methodological paradigm that allowed for memory consolidation to occur overnight between 

the learning and recall phase of the tasks may allow for underlying memory consolidation 

processes to be measured via the level of success during the recall phase the following day, 

potentially acting as a proxy measure of memory consolidation. Indeed, Holz et al., (2012) has 

previously employed a similar overnight study design to investigate the effects of sleep 

architecture on memory consolidation, identifying that both EEG sigma power and slow‐wave 

activity were positively correlated with the pre–post‐sleep consolidation of declarative (word 

list) memories. Therefore, it appears that a similar overnight study design may also be 

appropriate to investigate the effects of increased dietary intake of n-3 PUFAs on learning and 

memory consolidation. 

Collectively, the distinct lack of human data regarding the individual, potentially separate, 

effects of dietary DHA and EPA on learning and memory consolidation in healthy, young adult 

populations requires investigation. Therefore, the present study will aim to investigate the 

effects of 26 weeks’ supplementation with 1.2g/d of either DHA-rich, EPA-rich or an olive oil 

placebo, delivered at bedtime, on both verbal and visual learning and memory retention in 

healthy, young adults, consuming low amounts of oily fish. Performance was assessed using 

verbal and visual learning and recall tasks performed prior to going to sleep and upon waking, 

respectively, in an attempt to allow the mechanisms that underpin memory consolidation to 

occur (Holz et al., 2012). Additionally, the current study’s methodology will allow for 

investigation into the effects of both the DHA-rich and EPA-rich supplements on early morning 
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performance on certain cognitive tasks and measures of morning alertness. Therefore, 

completion of both attention and executive function tasks, as well as subjective ratings of 

morning alertness will be administered along with the recall phase of the learning tasks 

completed upon waking. Measurements of morning alertness and attention upon waking may 

also provide further insights into the effects n-3 PUFAs have on the sleep-wake cycle as n-3 

PUFAs are known to influence serotonin which has been previously associated with 

wakefulness (Monti and Jantos 2003; Monti, Torterolo & Pandi-Perumal, 2016; Saito et al., 

2018) and therefore it is hypothesised that supplementation with the EPA-rich and DHA-rich 

oils may result in improved ratings of morning alertness and performance on attention tasks 

upon waking. These measurements also offer the opportunity to provide further insights into 

the unexpected findings identified in the study described in Chapter 4 concerning the negative 

VAS ratings of feeling rested, energetic and ready to perform in the morning, following 

supplementation with the DHA-rich treatment. 
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5.2 Materials and Methods 

5.2.1 Design 

This study employed a randomised, placebo-controlled, double-blind, parallel groups design. 

With participants being randomly assigned to one of three treatment groups (placebo, DHA-

rich, EPA-rich; see section 2.2). A similar study design to Holz et al., (2012a; 2012b) was 

employed to measure overnight memory consolidation and was adapted within the current 

study to be administered via COMPASS. This involved completion of a number of learning 

tasks prior to going to sleep and completion of attention and executive function tasks, morning 

alertness ratings and recall tasks upon waking. 

5.2.2 Participants 

One hundred and eighty-three males and females aged 25-49 years were recruited and of the 

one hundred and eighty-three participants screened one hundred and sixty-nine were enrolled 

into the study and one hundred and fifty-one completed all requirements. Of the eighteen 

participants who withdrew: eight were lost to follow up; four withdrew for personal reasons; 

two were withdrawn after randomisation due to having a BMI above 35; two withdrew due to 

gastrointestinal upset; one participant withdrew due to an unrelated illness; and one withdrew 

due to becoming pregnant. This sample size was calculated based on a small effect size (d = 

0.20). Given this effect size, an a priori calculation of the size of sample required in order to 

detect a significant difference between the groups given 80% power and an alpha level of 

0.05, is fifty-one participants per treatment arm. Additionally, in order to account for any 

potential dropouts the total sample size was increased by 10%. This resulted in fifty-six 

participants per treatment arm or one hundred and sixty-eight participants overall. Power 

calculations were made using GPower 3.1.3. Participant disposition through the trial is 

displayed in Figure 5.1 and their demographic data in Table 5.1. 
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Figure 5.1 Participant disposition through the trial. Figure depicts the disposition of participants throughout the 

study, culminating in N = 151 of the 169 who were randomised.  
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Table 5.1. Participant demographic information and baseline characteristics. Means and Std. Deviation (sd) are 

given where appropriate. F or χ2 and p values are given for separate one-way ANOVAs or Chi-Square tests that 

were conducted on this baseline data by treatment group. 

 
Baseline Main Effects 

Mean Sd  F / χ2 p 

N (M/F) 
Placebo 16/40 -    
DHA-rich 11/46 - Treatment 1.78 .410 
EPA-rich 11/45 -    

% of EPA in RBC 
Placebo 0.83 0.04    
DHA-rich 0.78 0.04 Treatment .383 .682 
EPA-rich 0.81 0.04    

% of DHA in RBC 
Placebo 4.72 0.13    
DHA-rich 4.48 0.16 Treatment 1.55 .215 
EPA-rich 4.86 0.16    

n-3 index 
Placebo 5.54 0.16    
DHA-rich 5.25 0.18 Treatment 1.41 .248 
EPA-rich 5.67 0.19    

Age (Years) 
Placebo 37.15 0.87    
DHA-rich 33.71 1.05 Treatment 3.20 .043 
EPA-rich 36.20 10.4    

Systolic BP 
Placebo 122.20 1.73    
DHA-rich 123.82 1.72 Treatment .347 .708 
EPA-rich 122.01 1.63    

Diastolic BP 
Placebo 80.82 1.42    
DHA-rich 82.43 1.52 Treatment .597 .552 
EPA-rich 80.25 1.46    

Heart Rate (BPM) 
Placebo 71.89 1.43    
DHA-rich 72.28 1.60 Treatment .074 .929 
EPA-rich 72.74 1.66    

Weight (Kg) 
Placebo 73.14 1.76    
DHA-rich 75.08 2.13 Treatment .329 .720 
EPA-rich 73.13 1.98    

Height (cm) 
Placebo 168.37 1.18    
DHA-rich 167.81 1.16 Treatment .064 .938 
EPA-rich 168.03 1.02    

BMI (Kg/m2) 
Placebo 25.73 0.50    
DHA-rich 26.54 0.58 Treatment .607 .546 
EPA-rich 25.83 0.61    

Years in 
Education 

Placebo 16.78 0.36    
DHA-rich 16.46 0.38 Treatment .193 .825 
EPA-rich 16.55 0.37    

Fruit & Vegetable 
(portions per day) 

Placebo 4.04 0.25    
DHA-rich 4.00 0.30 Treatment .261 .771 
EPA-rich 3.94 0.20    

Alcohol              
(Units per day) 

Placebo 1.09 0.13    
DHA-rich 1.11 0.11 Treatment 1.39 .251 
EPA-rich 1.36 0.13    
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5.2.3 Cognitive Tasks 

5.2.3.1 Word List Learning & Recall 

Participants were presented sequentially with 15 words selected at random from a large bank 

of words derived from the MRC Psycholinguistic Database and matched for word length, 

frequency, familiarity and concreteness. Stimulus duration was one second, with an inter-

stimulus duration of one second. Following this, 30 words, comprising the 15 words presented 

during the stimuli presentation period plus 15 distractor words were presented, with the 

participant making a yes/no response indicating whether the word was in the original set or 

not. Task outcomes were accuracy (% correct) and reaction time for correct responses (msec). 

This sequence was repeated 5 times with the same 15 ‘target words’ but different 15 ‘decoy 

words’ every sequence to ensure maximum retention of the 15 ‘words to be remembered’. 

A total displacement score was calculated as the sum of the percentage of errors on the five 

learning trials and a learning index was calculated as the average relative difference in 

performance between trials. This was calculated following the procedure adapted from 

Kessels et al., (2006) by subtracting the error percentage of word recognition during learning 

trial 1 (A) from the error percentage of word recognition during learning trial 2 (B) and then 

dividing this value by the error percentage of learning trial 1 (A). This same calculation was 

then made for; trial 2 (B) subtract trial 3 (C) divide error percentage of trial 2 (B); trial 3 (C) 

subtract trial 4 (D) divide error percentage of trial 3 (C) and trial 4 (D) subtract trial 5 (E) divide 

error percentage of trial 4 (D). The summed values of these calculations were then divided by 

4 to generate a learning score for each participant. These calculations were completed for 

each of the testing visits. These calculations are visualised below: 

 

Figure 5.2. Formula used to create the learning index scores where the letters A-E indicate one of the five 

learning trials. 

During the recall phase participants were given 60 seconds to write down as many of the 15 

words that they were presented with during the learning phase the night prior to their study 

visit. Outcomes are number of words correct and number of errors. 
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5.2.3.2 Computerised Location Learning & Recall 

Participants were shown a 5x5 grid containing 10 pictures of objects and asked to remember 

the location of the objects as accurately as possible. The presentation duration was 15 

seconds. They were then shown an empty grid and asked to relocate the objects to the correct 

location shown to them previously. There was no time limit for responding. This was repeated 

five times during the learning phase. For each of the five learning trials, a displacement score 

was calculated as the sum of the errors made for each object (calculated by counting the 

number of cells the object had to be moved both horizontally and vertically in order to be in 

the correct location). A total displacement score was calculated as the sum of the 

displacement scores on the five learning trials. A learning index was also calculated using the 

same formula outlined in Figure 5.2 (Kessels et al., 2006) as the average relative difference 

in performance between trials. 

During the recall phase, participants were again asked to place the objects in the correct 

location on the empty grid as presented during the learning phase with no further prompting. 

The delayed trial was scored for displacement, and a delayed displacement score was then 

calculated as the difference between displacement score on the final learning trial and the 

delayed trial. 

5.2.3.3 Simple Reaction Time 

An upwards pointing arrow was displayed on the screen at irregular intervals. Participants 

responded as quickly as they could as soon as they saw the arrow appear. Task outcome was 

reaction time for correct responses (msec). Fifty stimuli were presented. 

5.2.3.4 Digit Vigilance 

A fixed number appeared on the right of the screen and a series of changing numbers 

appeared on the left side of the screen. Participants were required to respond when the 

number on the left matched the number on the right. Task outcomes were accuracy (%), 

reaction time to correct responses (msec) and number of false alarms. This timed task lasted 

for five minutes. 

5.2.3.5 Peg & Ball 

Two configurations were shown on the screen. In each there was three coloured balls (blue, 

green, red) on one of 3 pegs. The configuration at the top of the screen was the goal 

configuration and participants needed to arrange the balls on the starting configuration (shown 
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in the centre of the screen) to match the position of balls in the goal configuration. They needed 

to do this in the least number of moves possible with difficulty increasing as the task 

progressed. Task outcomes were number of errors, average thinking time (msec) and speed 

of performance (msec). Five stimuli at each of the three levels (3, 4 and 5 moves) were 

completed. 

5.2.3.6 Alertness VAS 

Participants rated how alert they felt by making a mark on a line representing 0-100% with the 

end points labelled “not at all” (left hand end; 0) and “extremely” (right hand end; 100) 

5.2.4 Procedure 

All study visits took place at Northumbria University’s Brain, Performance and Nutrition 

Research Centre (BPNRC). Potential participants attended the site for an initial screening visit. 

The principal investigator or designee discussed with each participant the nature of the trial, 

before providing the participant information sheet previously given to the participant. No 

restrictions were placed on the participants prior to this visit. Following informed consent 

eligible participants underwent training on the computerised cognitive tasks. The training 

session followed standard operating procedures to decrease the chance of learning effects 

during the main trials. This entailed the participants completing one full length version of the 

tasks on a tablet computer. Once this session was completed to the required standard the 

participant was then eligible to be enrolled and randomised into the trial. 

The day before the baseline, week 13 and week 26 assessments participants collected tablet 

computers from the BPNRC to take home with them. At bedtime, the night before the 

respective testing visit, participants were instructed to complete the learning phase of the word 

list learning and computerised location learning tasks. Once the learning tasks had been 

completed, on-screen instructions informed participants to lock the tablet computer until the 

morning. In the morning, within 5 minutes of waking, participants completed the simple 

reaction time, digit vigilance and peg and ball tasks along with the alertness VAS. Participants 

were then instructed to return the tablet computer back to the BPNRC. Once the tablet 

computer was returned to the research centre (either 7am, 8.30am or 10am), the participant 

was then instructed to complete the recall phase of the word list and computerised location 

learning tasks. 

Before completing the morning cognitive tasks participants were asked to avoid alcohol and 

to refrain from intake of ‘over the counter’ medication for 24 hours and caffeine for 18 hours 
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prior to each respective assessment. Participants were contacted to remind them of the 

requirements prior to each assessment. On the morning of the baseline assessment, 

participants were requested to eat their usual breakfast or no breakfast if they usually skipped 

breakfast at least 1 hour prior to arrival at the laboratory (but to avoid any caffeinated 

products). At the end of the baseline assessments participants were provided with the first 

batch of capsules (3 bottles of 100 capsules each) and given a diary in which to record their 

daily consumption of the capsules along with any adverse events and concomitant 

medications (see Figure 5.3 for schematic depicting the study overview). 

Participants also reported to the BPNRC during week 13 to collect the tablet computer to take 

home for the night and return the following morning. Once the tablet computer was returned 

and the morning cognitive tasks and recall phases had been completed, participants were 

provided with the second batch of capsules (3 bottles of 100 capsules each). Participants also 

brought with them their diary, which was replaced with a new diary to complete between week 

13-26 and any remaining unused treatment capsules, so that treatment compliance could be 

calculated. 

The week 26 testing assessment was identical to the baseline assessment in all aspects apart 

from collecting in the subject diaries, all remaining treatments, completion of a treatment guess 

questionnaire (see Appendix II) and finally a full debrief once all assessments were completed. 

During both the baseline and week 26 visits participants were also required to provide a 6 mL 

venous blood sample to determine blood fatty acid profile. 
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Figure 5.3. Scematic showing the study progression from enrollment to completetion across the 26 weeks. 

Learning tasks were completed the night before the baseline, week 13 and week 26 and morning attention, 

executive functioning and recall tasks and alertness ratings were completed upon waking the following morning. 

5.2.5 Statistical Methods 

As age was identified in the analysis of the demographics data as a factor that differed 

significantly between the three treatment groups, participants’ age was entered as a covariate 

into each model to account for this difference. Additionally, all post-hoc analyses were 

conducted using Sidak controlled group comparisons.  

5.2.5.1 Learning, Recall and Morning Cognitive Performance  

The data were analysed using the same linear mixed model procedure described previously 

with all models using an identity covariance matrix. The fixed factors appearing in all models 

were treatment (DHA-rich, EPA-rich, Placebo) and visit (week 13 or week 26). Respective pre-

dose values and age were entered into each model as a covariate. Subject was also entered 

as a random factor in the model for delayed word recall, computerised location learning, 

computerised location recall, simple reaction time, digit vigilance and peg & ball. 
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5.3 Results 

5.3.1 Compliance 

For participants who completed the study compliance was observed to be very good in all 

three groups (96.43% Placebo, 98.33% DHA-rich, 96.41% EPA-rich) with a one way ANOVA 

identifying no significant differences for compliance by treatment group [F (2, 148) = 2.12, p = 

.123]. A Chi-Square test was also conducted on the responses to the treatment guess 

questionnaire that was completed at the end of the final visit and revealed no significant 

differences in participant’s ability to correctly identify whether they had been administered an 

active or placebo treatment between the three groups [χ2 (2) = 3.56, p = .169]. 

5.3.2 Learning and Recall  

A trend towards a significant main effect of treatment for total location learning displacement 

was identified [F (2, 131.20) = 2.94, p =.056]; with post hoc comparisons identifying the DHA-

rich (16.80; p = .049) but not the EPA-rich (14.25; p = .539) group as showing significantly 

higher displacement scores and therefore more errors during the learning trials compared to 

placebo (11.74). Although, no significant differences were identified between the two active 

treatments (p = .523) (Figure 5.4).  

A significant main effect of treatment for word recognition was identified [F (2, 1306.00) = 4.42, 

p =.012]; with post hoc comparisons identifying the DHA-rich (851.67; p = .009) but not the 

EPA-rich (869.23; p = .281) group as having significantly faster reaction times during the word 

learning trials compared to placebo (885.18). Although, no significant differences were 

identified between the two active treatments (p = .373) (Figure 5.4).  

No other significant effects of treatment or significant interaction effects between treatment 

and visit were identified for any of the other outcomes from the learning or recall tasks.  
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Figure 5.4. Estimated marginal means and standard error (SE) for week 26 values of (left) location learning total 

displacement and (right) word recognition RT during the learning trials, by treatment group. 
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Table 5.2 Computerised location learning analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. 
Post-dose estimated marginal means and standard error (SE) are presented with F and p values of the main effects 
from the linear mixed models.   

 
 Post-dose Main Effects 

n Mean SE  F p 

Total Location 
Displacement 

Placebo 
151 

11.74* 1.47 Treatment 2.94 .056 
DHA-rich 16.80* 1.45    
EPA-rich 14.25 1.46 Treatment*Visit .501 .607 

 Location 
Learning Index 

Placebo 
152 

0.86 0.03 Treatment 2.23 .112 
DHA-rich 0.79 0.03    
EPA-rich 0.80 0.03 Treatment*Visit 2.32 .102 

Delayed 
Location Recall 

Placebo 
151 

-2.08 0.52 Treatment .148 .863 
DHA-rich -2.31 0.52    
EPA-rich -2.48 0.52 Treatment*Visit 1.59 .206 

Total Word 
Displacement 

Placebo 
146 

5.80 0.48 Treatment .432 .650 
DHA-rich 6.40 0.50    
EPA-rich 5.89 0.49 Treatment*Visit 1.07 .346 

Word Learning 
Index 

Placebo 
152 

0.62 0.03 Treatment .658 .519 
DHA-rich 0.58 0.03    
EPA-rich 0.63 0.03 Treatment*Visit 1.18 .310 

Word 
Recognition 
RT (msec) 

Placebo 
144 

885.18* 7.92 Treatment 4.42 .012 
DHA-rich 851.67* 7.78    
EPA-rich 869.23 7.50 Treatment*Visit .595 .552 

Delayed Word 
Recall 

(Correct) 

Placebo 
150 

4.09 0.29 Treatment .239 .788 
DHA-rich 4.33 0.28    
EPA-rich 4.35 0.28 Treatment*Visit .437 .647 

Delayed Word 
Recall 

(Inorrect) 

Placebo 
150 

1.36 0.16 Treatment .257 .774 
DHA-rich 1.42 0.15    
EPA-rich 1.51 0.15 Treatment*Visit .505 .605 

* = significant difference between the placebo and an active treatment group below p< .050. 

 

5.3.3 Morning Cognitive Performance  

Analysis identified no significant main effects of treatment or significant interactions between 

treatment and visit for any of the cognitive tasks. 
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Table 5.3 Cognitive task analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. Post-dose 
estimated marginal means and standard error (SE) are presented with F and p values of the main effects from the 
linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Simple Reaction Time 
(msec) 

Placebo 
147 

405.60 7.37 Treatment 1.52 .222 
DHA-rich 416.20 7.38    
EPA-rich 398.13 7.24 Treatment*Visit .136 .873 

Digit Vigilance 
Accuracy (%) 

Placebo 
151 

83.40 1.54 Treatment 1.52 .220 
DHA-rich 79.89 1.55    
EPA-rich 80.34 1.51 Treatment*Visit .070 .932 

Digit Vigilance 
Correct Reaction 

Time (msec) 

Placebo 
151 

514.74 4.39 Treatment .341 .712 
DHA-rich 519.58 4.41    
EPA-rich 515.55 4.36 Treatment*Visit .876 .418 

Digit Vigilance False 
Alarms 

Placebo 
151 

11.02 1.00 Treatment 1.62 .202 
DHA-rich 13.55 1.00    
EPA-rich 11.89 0.99 Treatment*Visit .597 .552 

Peg & Ball Thinking 
Reaction Time (msec) 

Placebo 
152 

2926.11 218.38 Treatment 1.08 .341 
DHA-rich 3325.51 216.68    
EPA-rich 2934.77 217.70 Treatment*Visit .180 .836 

Peg & Ball Time to 
Complete (msec) 

Placebo 
152 

8363.12 274.09 Treatment .368 .693 
DHA-rich 8595.21 271.49    
EPA-rich 8685.02 272.78 Treatment*Visit 1.12 .329 

Peg & Ball Number of 
Errors 

Placebo 
152 

4.45 0.50 Treatment 1.58 .210 
DHA-rich 5.39 0.50    
EPA-rich 4.19 0.50 Treatment*Visit 2.39 .096 

Alertness VAS (%) 
Placebo 

152 
52.79 2.01 Treatment .452 .637 

DHA-rich 54.58 1.98    
EPA-rich 51.94 2.00 Treatment*Visit 1.17 .312 
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5.4 Discussion 

The current study was the first to investigate the potentially separate effects of dietary 

supplementation with DHA and EPA, in a sample of healthy, young adults, on learning and 

overnight memory consolidation. Overall, the findings from the current study showed that there 

was a significant effect of treatment for total location learning displacement scores during the 

five learning trials, with the DHA-rich group making more errors across the learning trials 

compared to the placebo group. Additionally, a significant effect of treatment was identified for 

word recognition reaction time during the five learning trials, with the DHA-rich group 

performing significantly faster compared to placebo. Both the DHA-rich and EPA-rich 

treatments significantly increased levels of DHA and EPA in RBC compared to placebo 

(Appendix XI). However, no significant effects of treatment were identified during completion 

of the simple reaction time, digit vigilance and peg and ball tasks or ratings of morning 

alertness. 

Concerning the significant effect of supplementation with the DHA-rich treatment on word 

recognition reaction times during the learning trials, the finding is consistent with previous 

studies. For instance, Yurko-Mauro et al., (2010) have previously identified a beneficial effect 

of 24 weeks’ supplementation with 900 mg/d of DHA on both immediate and delayed verbal 

recognition memory scores. However, this was in a sample of 485 healthy, older adults. 

Additionally, although the word recognition task employed within the current study was 

immediate rather than delayed, the findings can still be considered consistent with Stonehouse 

et al., (2013) who identified a reduction in episodic memory reaction times. This composite 

episodic memory measure comprised of Zscores from delayed word and picture recognition 

reaction times, following 26 weeks’ supplementation with a DHA-rich treatment (1.16g/d DHA 

+ 0.1g/d EPA). Both the current study and Stonehouse et al., (2013) employed 26 week 

supplementation periods in samples of healthy, young adults with similar dosages for the DHA-

rich treatment. However, it should be noted that it was delayed versions of the recognition 

tasks that comprised Stonehouse et al., (2013) episodic memory domain in comparison to the 

immediate recognition employed within the current studies learning trials. Nonetheless, these 

data appear to provide evidence for the effectiveness of supplementation with DHA at 

improving reaction times during episodic memory tasks in healthy adults. 

Conversely, a negative effect of DHA supplementation on total location displacement scores 

was also identified. This finding is inconsistent with findings from Kulzow et al., (2016) who 

identified significantly better recall of object locations and Yurko-Mauro et al., (2010) who 

identified a beneficial effect of DHA on visuospatial learning and episodic memory tasks. 
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However, it should be noted that both Kulzow et al., (2016) and Yurko-Mauro et al., (2010) 

samples were aged 50 years and over which may potentially explain these inconsistencies. 

Additionally, Dalton et al., (2009) has previously identified positive effects of DHA on measures 

of verbal learning, reading and spelling when compared to placebo in children aged 7-9 years. 

Overall, it could be that the inconsistencies between the current studies negative findings and 

previous positive findings in relation to DHA and learning-recall tasks could be a result of the 

different samples used. However, this finding is difficult to interpret due to the fact that no 

effects of treatment were identified for the location learning index scores, which represents 

the improvement in performance as the learning trials progress. As there was no effect of 

treatment for location learning index scores, it can be concluded that all three treatment groups 

appeared to learn the locations of the pictures at the same rate as the trials progressed. 

However, the increased displacement score identified within the DHA-rich group suggests that 

this group made more errors on average per learning trial, even though their performance still 

improved at the same rate as the other groups as the trials progressed. Furthermore, this 

negative effect was not present on the recall phase the following morning. One potential 

explanation of this effect could be due to the significantly faster reaction times observed for 

word recognition reaction times during the learning trials in the DHA-rich group compared to 

placebo. Although there was no measure of reaction times for the location learning trials, the 

faster reaction times in the DHA-rich group during the word recognition learning trials may 

suggest that there was a speed-accuracy trade off in this group when completing the learning 

trials. The speed-accuracy trade off refers to a phenomenon by which a decision maker 

speeds up their response at the expense of accuracy during completion of a task. This may 

potentially offer an explanation as to why the DHA-group had the worst location learning 

displacement scores but the fastest word recognition reaction times during the learning trials. 

Additionally, it could also simply be that the significant finding concerning location learning 

displacement scores is a chance finding, with the significance value of this main effect being 

equivalent to a 1 in 20 chance of finding this specific effect. As a result, this finding is difficult 

to interpret and should be taken with caution.  

Overall, the null effects of supplementation with both the EPA-rich and DHA-rich treatments 

during completion of the recall tasks, used as a proxy measure of memory consolidation, seem 

to contradict previous findings. Previously, positive effects of n-3 PUFAs have been observed 

on LTP and synaptic plasticity, processes that underpin memory consolidation (Rao et al., 

2007; Cao et al., 2009; Kawashima et al., 2010; Vetrivel et al., 2012; Ferreira et al., 2013; 

Dyall et al., 2016; Abdel-Maksoud et al., 2017; Milovanovic & De Camili, 2017; Aryal et al., 

2019), as well as in learning memory tasks (Lim and Suzuki, 2000; Hashimoto et al., 2009; 

Pan et al., 2010; Bazan, Molina & Gordon, 2011 Hashimoto et al., 2015; Alquraan et al., 2019). 
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However, it should be noted that the current literature is heavily based on animal models and 

not human trials. Nonetheless, there seems to be an inconsistency between the findings in 

animal models and the current study. In addition to the previously discussed issues of sample 

ages in n-3 PUFA RCTs, a potential factor that may have also influenced the null findings in 

the current study could be the methodological paradigm that was employed. To our 

knowledge, this is the first RCT investigating the effects of both DHA-rich and EPA-rich 

supplements on verbal and spatial learning and memory consolidation overnight. As a result, 

the current study’s methodological paradigm and the use of tablet computers to measure 

aspects of learning and memory, outside of the laboratory, has not previously been used and 

may not be sensitive enough to detect the desired effects of treatment in a non-controlled 

environment. For example, Holz et al., (2012a) employed a similar five trial word-list learning-

recall task during their study investigating the effects of sleep architecture on memory 

consolidation and identified that both EEG sigma power and slow‐wave activity were positively 

correlated with the pre–post‐sleep consolidation of declarative (word list) memories. However, 

the researchers in this study did not include any distractor words, as the current study did, 

which may not have been necessary in the learning of the correct words and may have 

potentially made the word-list learning task too difficult. Indeed, the current study reported an 

average delayed word recognition score of four words whilst Holz et al., (2012a) report almost 

twelve correct words being recalled the following morning, suggesting that the distractor words 

within the current study did make the word recognition task more difficult than in previous 

studies. Furthermore, the original location learning test was developed to display the recall 

phase of the tasks only 30 minutes post learning trials (Bucks & Willison, 1997). However, the 

current study did not ask participants to recall the location of the objects until the following 

morning, potentially making it too difficult to achieve a satisfactory performance on the tasks. 

Certainly, Haskell-Ramsay et al., (2012) has previously reported mean delayed location recall 

scores down to -1.3 in healthy, young adults 30 minutes after the learning trials were 

administered, whereas the current study reported scores almost double this down to -2.5. 

Although, both Haskell-Ramsay et al., (2018) and the current study reported similar location 

learning displacement and location learning index scores, the larger decrease in delayed 

location scores in the current study does suggest that the location learning task was made 

more difficult with the extended delay in recall times in the current study that may have 

impacted upon participants performance on the task. 

Another interesting finding from the current study is the null effect of treatment on the 

measures of morning alertness, particularly, the scores on the alertness visual analogue scale. 

The findings from the current study are inconsistent with the results identified in Chapter 4, 

which found that supplementation with the same DHA-rich treatment resulted in significantly 
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lower ratings of feeling rested and energetic in the morning compared to placebo and ratings 

of feeling ready to perform compared the EPA-rich group. This appears to suggest that, 

although participants rated that they felt less rested and energetic following the DHA-rich 

treatment in Chapter 4, they do not appear to feel less alert. Furthermore, these previous 

negative ratings are not paired with poorer performance on attention and executive functioning 

tasks upon waking. Similarly, as there was no effect of treatment observed for ratings for 

feeling awake following sleep in Chapter 4 the current findings concerning morning alertness 

appear to corroborate this even though the current VAS was completed upon waking rather 

than retrospectively on the LSEQ. These findings may again call for the measurement of sleep 

architecture through PSG or EEG to help to further interpret these findings. It could be that 

structural changes in sleep architecture occur following supplementation with DHA-rich 

treatments resulting in feelings related to how refreshed you feel following sleep but not on 

how alert or attentive you feel. Indeed, previous research has identified the impacts of sleep 

fragmentation on daytime functioning (Stepanski et al., 1987; Roehrs et al., 1994; Philip, 

Stoohs & Guilleminault, 1994; Martin et al., 1996; Martin et al., 1999), which may suggest that 

any structural changes related to intake of DHA in the architecture of sleep may then also 

impact upon the restorative feelings of sleep during the day time. 

Although the current study was the first to investigate the effects of both a DHA-rich and EPA-

rich supplement on learning and memory consolidation, it did have a number of drawbacks 

that should be discussed. One of the limitations with the current study could be the way in 

which the learning-memory tasks were employed, as comparisons to previous studies appears 

to show that including distractor words during the word learning trials and extending the 

delayed recall phase of both the word and location learning tasks increased the difficulty of 

the tasks and impacted upon participant’s performance (Holz et al., 2012a; Haskell-Ramsay 

et al., 2018). Furthermore, the use of the recall phase of the learning-memory tasks as a proxy 

measure of memory consolidation may not have been the most appropriate measure. For 

example, tDCS could potentially have been used instead as a more direct measurement of 

LTP and the mechanisms underpinning learning and memory. A growing body of evidence 

suggests that tDCS can have beneficial effects on long-term memory, synaptic plasticity and 

adult neurogenesis (Di Lazzaro et al., 2013; Coffman et al., 2014; Leone et al., 2014, 2015; 

Podda et al., 2014), as well as a consistent body of evidence that indicates that tDCS exerts 

modulatory effects of LTP (Ranieri et al., 2012; Rohan et al., 2015; Podda et al., 2016; 

Kronberg et al., 2017). The measurement of tDCS-induced LTP and synaptic plasticity pre 

and post supplementation with DHA and EPA may potentially provide a more comprehensive 

methodological paradigm. 
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Future research in this area should focus on developing a methodological paradigm that can 

be proven to be capable of measuring learning and memory consolidation overnight. As there 

are several practical issues regarding participants staying within the laboratory overnight, the 

current study’s paradigm, which allows participants to complete cognitive tasks outside of the 

laboratory, would be the most ideal if it can be proven to be reliable. Future research should 

aim to identify whether COMPASS tasks performed on tablet computers outside of the 

laboratory setting are consistent with outcomes of the same tasks on the COMPASS software 

conducted within the laboratory under the supervision of the researcher. Secondly the use of 

the location learning test performed overnight needs to be found to be consistent with the 

same location learning test performed over the shorter periods of time that the test was 

designed for. Additionally, other measures such as tDCS could be employed in future studies 

to more directly and objectively measure the mechanisms that underpin memory consolidation 

or perhaps biomarkers, such as BDNF, could be used as a biological measure of synaptic 

plasticity. BDNF levels are known to have potent effects on synapses (Leal et al., 2015) and 

neurogenesis (Hearing et al., 2016), are seen to be readily detectable in human serum and 

can be measured in serum, plasma or whole blood (Polacchini et al., 2015). 

Despite these limitations, the present study is the first to investigate the potentially separate 

effects of DHA-rich and EPA-rich supplements, dosed at bed time, on learning, memory 

consolidation and morning alertness, in a sample of healthy, young adults. The study identified 

a negative finding in relation to the ability to identify the correct locations of objects paralleled 

with improved reaction times during the learning trials following 26 weeks’ supplementation 

with DHA-rich treatments. These findings may suggest that there was a speed-accuracy trade 

off within the group supplemented with DHA. It is also important to note that this study was 

experimental and the first of its kind within the research area. As a result, it seems appropriate 

not to over emphasise the null findings identified within the current study concerning memory 

consolidation outcomes. Instead, it seems logical to conclude that further investigation is 

required, with more rigorous methodological paradigms capable of measuring learning and 

memory consolidation in greater detail, in order to advance the research area further.  
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CHAPTER 6: SUPPLEMENTATION WITH EPA-RICH, BUT NOT DHA-RICH, OILS 

IMPROVES GLOBAL COGNITIVE FUNCTION AND REACTION TIMES ON EPISODIC 

MEMORY AND EXECUTIVE FUNCTION TASKS IN HEALTHY, YOUNG ADULTS.  

6.1 Introduction 

Fifty percent of the dry weight in an adult brain is known to be composed of lipids (Hamilton et 

al., 2007; Bruce, Zsombok & Eckel, 2017), 35% of which are n-3 and n-6 PUFAs (Haag, 2003). 

This accretion of lipids within the brain signifies that they play an important role in maintaining 

both the structure and function of the brain. Indeed, McNamara et al., (2010) has previously 

identified the role of n-3 PUFAs, particularly DHA, in the functioning of the dorsolateral 

prefrontal cortex in children, a brain region widely associated with higher cognitive functions 

such as working memory, executive functions and cognitive flexibility (Kaplan, Gimbel & 

Harris, 2016). Furthermore, other studies have shown the importance of adequate 

consumption of n-3 PUFAs with n-3 deficiencies depleting brain fatty acid composition in 

rhesus monkeys (Neuringer et al., 1986) resulting in serious behavioural derangements 

(Reisbick et al., 1994) and neuronal atrophy in the dorsolateral and dorsomedial prefrontal 

cortex of mice (Larrieu et al., 2014). There is also evidence to support the importance of n-3 

PUFAs in a number of other aspects of brain functioning, such as neurotransmission (Song et 

al., 2007; Forster et al., 2008; Grosso et al., 2014; Patrick & Ames, 2015; Sugasini & Lokesh, 

2015), neuro-inflammation and neuroprotection (Farooqui & Farooqui, 2016; Satyanarayanan 

et al., 2018), hippocampal neurogenesis (Kawakita, Hashimoto & Shido, 2006; Beltz et al., 

2007) and synaptic plasticity (Cao et al., 2009; Robson et al., 2010; Aryal et al., 2019). Due to 

the crucial role of n-3 PUFAs in maintaining brain structure and functioning, increased 

consumption throughout the lifespan has been linked to improved cognitive outcomes in older 

adults in several epidemiological studies (Kalmijn et al., 2004; Morris et al., 2005; Morris et al., 

2009). However, the findings from human RCTs thus far that have assessed the effects of n-

3 PUFAs on cognitive function have varied widely in their methodology and have yielded 

inconclusive results. Despite the now large number of trials that have investigated this area, 

three reviews have reported limited effects of n-3 PUFA supplementation on cognitive function. 

The first by Rangel-Huerta & Gil (2017) concluded that the current evidence indicates that n-

3 PUFA supplementation during pregnancy or breastfeeding has no effect on the skills or 

cognitive development of children in later stages of development and it is still unclear if n-3 

PUFAs can improve cognitive development or prevent cognitive decline in young or older 

adults. The second review found that supplementation with n-3 PUFAs has a beneficial effect 

on episodic memory in samples characterised as suffering from MCI (Yurko-Mauro, Alexander 
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& Van Elswyk, 2015). Finally, a marginal effect of supplementation on working memory in 

samples who have low baseline n-3 PUFA status was reported by the third review (Cooper et 

al., 2015). Several methodological factors that have been identified as potentially contributing 

to these weak conclusions include dose, duration of treatment, sample population and 

appropriate selection of outcome measures. 

One of the largest n-3 PUFA RCTs conducted to date by Chew et al., (2015) supplemented 

3,501 participants at risk for developing late age-related macular degeneration with 1g/d n-3 

(350mg/d DHA + 650mg/d EPA) for 5 years, assessing a range of cognitive functions found 

no significant effects of treatment on measures of cognitive function. Likewise, Dangour et al., 

(2010) supplemented 867 cognitively healthy, older adults with either 700mg/d of n-3 

(500mg/d DHA + 200mg/d EPA) or an olive oil placebo for 2 years. However, administering a 

battery of cognitive tests revealed no effects of treatment on cognitive function or cognitive 

decline. To date, no RCT in adult populations free from neurological disease, administering a 

dose of less than 720mg/d DHA has reported beneficial effects on measures of cognitive 

function regardless of the intervention duration (Freund-Levi, et al., 2006; Chiu et al., 2008; 

Johnson et al., 2008, Yurko-Mauro et al., 2010; Rondanelli et al., 2012; Scheltens et al., 2012; 

Sinn et al., 2012; Lee, Shahar, Chin & Yusoff, 2013; de Waal et al., 2014; Witte et al., 2014; 

Pardini et al., 2015). Furthermore, both Rogers et al., (2008) and van de Rest et al., (2008) 

have also  reported null effects on cognition following 850mg/d DHA suggesting that even 

higher dosages should be administered in RCTs measuring cognitive function. 

Concerning the effects of DHA in particular and due to the fact that several previous n-3 PUFA 

RCTs have identified null effects on cognitive function whilst supplementing with doses lower 

than 850mg/d DHA, one study stands out within the research area. Stonehouse et al., (2013) 

has previously reported positive effects on cognitive function in 176 healthy, young adults 

aged 18-45 years following 26 weeks supplementation with a DHA-rich treatment (1.16g/d 

DHA + 0.17g/d EPA) compared to a high-oleic acid sunflower oil placebo. Performance on 

individual cognitive tasks, administered via COMPASS, were standardised and grouped into 

specific memory domains for the analysis and both performance and reaction times in the 

episodic memory and working memory domains were seen to improve in the DHA group. This 

is one of the most convincing studies conducted thus far to demonstrate cognitive effects of 

dietary supplementation with DHA in otherwise healthy, young adults. As this study employed 

a higher dosage of DHA than the previously identified studies reporting null effects and due to 

the rigorous study design, sufficient supplementation duration and appropriate selection of 

outcome measures future RCTs should also aim to employ similar study protocols.   
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Although the study by Stonehouse et al., (2013) has several strengths, there remains an 

opportunity to expand on the findings via inclusion of an EPA-rich treatment in future trials. 

For instance, Luchtman and Song (2013) have previously reported that EPA specifically may 

be of interest in regards to cognitive function as it has been observed previously to help 

modulate brain neurochemistry and long term potentiation (Robson et al., 2010; Kawashima 

et al., 2010; Katakura et al., 2013; Dyall et al., 2016), suggesting that EPA, despite its trace 

contents in the brain can still modulate neuronal function. However, there has been a lack of 

RCTs thus far that have aimed to investigate the effects of dietary EPA on cognitive outcomes, 

despite the recent evidence from short term trials that indicate treatment with EPA in healthy 

adults may be relevant to cognitive function in this population. There is evidence that dietary 

intake of EPA, in particular, may be beneficial for increasing neural efficiency (Bauer et al., 

2014b). Previously, Bauer et al., (2011; 2014a) have conducted two intervention studies 

comparing the effects of 4 weeks’ supplementation with either a DHA-rich (420mg/d DHA + 

160mg/d EPA) or EPA-rich fish oil (590mg/d EPA + 140mg/d DHA). The authors reported 

improved reaction times during completion of a Stroop and choice reaction time task as well 

as enhanced neural recovery of the magnocellular visual system (Bauer et al., 2011) and 

reduced activation in the anterior cingulate cortex (Bauer et al., 2014a) following 

supplementation with the EPA-rich fish oil supplement. Overall, the authors concluded that 

their data comprises evidence that increased dietary intake of EPA may result in enhanced 

neural efficiency. There is also initial evidence that EPA may be effective for reducing mental 

fatigue during times of high cognitive demand with Jackson et al., (2012c) identifying reduced 

ratings of mental fatigue during a cognitive demand battery, administered via COMPASS, 

following 12 weeks’ supplementation with an EPA-rich oil (300mg/d EPA + 200mg/d DHA) in 

159 healthy, young adults aged 18-35 years. However, Jackson et al., (2012c) reported no 

effects of supplementation on cognitive function or mood outcomes. The lack of cognitive 

findings by Jackson et al., (2012c) may have been influenced by both a relatively small sample 

size, low dosage and short supplementation period. In comparison, Stonehouse et al., (2013) 

identified several effects of supplementation with DHA on cognitive function in their sample of 

healthy, young adults, whilst also employing a larger sample, higher doses of n-3 and a 26 

week supplementation period. This suggests that future RCTs need to ensure employment of 

an adequate sample size, n-3 dose and supplementation period. Together, both Bauer et al., 

(2011; 2014a) and Jackson et al., (2012c) provide evidence to support the potential beneficial 

effects of EPA supplementation on aspects of cognition in healthy, young samples. However, 

the relatively short study durations employed only provides evidence for the transient effects 

of increased dietary supplementation with EPA on cognitive function. Therefore, further 

investigation into the effects of supplementation over longer time periods is still warranted to 



135 
 

help to provide a more comprehensive understanding of the chronic effects of EPA on 

cognition.  

In addition to improvements in cognition, intake of n-3 PUFAs has also been associated with 

improvements in mood. A meta-analysis conducted by Martins (2009) including 28 RCT’s, 

identified that 13 studies using supplements containing more than 50% EPA and 8 studies 

using pure ethyl-EPA identified significant reductions in depression. In contrast, 3 studies 

using pure DHA and 4 studies using supplements containing more than 50% DHA did not 

report significant reductions in depression. The authors concluded that EPA may therefore be 

more efficacious than DHA in treating depression. Although evidence does exist for the role 

of n-3 PUFA intake being beneficial for reducing depression (Martins, 2009; Panagiotakos et 

al., 2010; Larrieu & Layé, 2018; Othman et al., 2018), RCTs addressing the causal nature of 

the relationship between n-3 PUFAs and mood in healthy adults are less clear (Giles et al., 

2015). Only a few published empirical studies have assessed the effects of n-3 PUFA 

supplementation on mood in young, healthy populations. For instance, Fontani et al., (2005a; 

2005b) assessed the effects of 35 days supplementation with 2.8 g/day n-3 PUFAs (1.6g/d 

EPA + 0.8g/d DHA) in 33 healthy, young adults aged 22-51 years in a parallel groups design. 

Effects of supplementation on mood were measured using the POMS and found increased 

feelings of vigour and reduced feelings of anger, anxiety, fear, depression and confusion in 

the n-3 PUFA group. It should be noted however, that although these studies did administer 

an olive oil placebo to a parallel group and the results for this group were null after the trial 

period, the results from the active group were not actually ever compared to the placebo group 

during the analysis and therefore should be interpreted cautiously. Similarly, Antypa et al., 

(2009) has also found that 2.3 g/day n-3 PUFA (1.74g/d EPA + 0.25g/d DHA) for 4 weeks 

reduced feelings of POMS fatigue in 56 healthy individuals and Giles et al., (2015) has 

employed a double-blind, placebo-controlled design in 72 young adults who were randomised 

to receive 2800 mg/day fish oil (1680 mg EPA +1120 mg DHA) or olive oil control for 35 days. 

The researchers identified that ratings of anger and confusion were increased in the olive oil 

group but remained stable in the fish oil group following a trier social stress test. However, fish 

oil had no further effects on mood or cognitive function. Additionally, Watanabe et al., (2018) 

have identified that there was a significant difference between total depression and anxiety 

scores on the hospital anxiety and depression scale (HADS) at 52 weeks in a sample of 80 

healthy, young adults following 13 weeks’ supplementation with 1.2g/day EPA and 0.6 g/day 

DHA compared to placebo. Finally, Kiecolt-Glaser et al., (2011) have also identified a 

reduction in anxiety symptoms after 12 weeks’ supplementation with 2500 mg/day (2085mg 

EPA, 348mg DHA) in a sample of 68 healthy, young adults, compared to placebo. However, 

Kiecolt-Glaser et al., (2012) found no effect of 16 weeks’ supplementation of either 1.25 g/day 
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or 2.5 g/day on outcomes of the Centre for Epidemiological Studies Depression Scale in 68 

overweight, otherwise healthy, middle-aged and older adults. Overall, the RCTs that have 

been conducted in healthy individuals thus far have yielded inconclusive results whilst again 

employing relatively short intervention periods, small sample sizes, or they report within 

treatment effects rather than placebo comparisons. As a result, it may be that larger scale 

placebo controlled RCTs supplementing over longer periods may be necessary to reveal 

enduring effects of increased dietary intake of n-3 PUFAs on measures of mood in healthy 

adults. 

Largely, a more direct comparison between the effects of increased dietary intake of EPA and 

DHA within studies is missing within the RCTs that have been conducted thus far in relation 

to cognitive function and mood in healthy individuals. It would be valuable to be able to draw 

more definite conclusions about the potential cognitive enhancing effects of increased 

consumption of EPA compared to DHA (Luchtman & Song, 2013) or the effects of increased 

DHA compared to EPA in relation to measures of mood, potentially due to the effects DHA 

has been seen to have on certain neurotransmitters related to mood (Chalon, 2006; Patrick & 

Ames, 2015). Indeed, Drouin et al., (2019) have recently described how the full extent of both 

the separate and similar effects of DHA and EPA are still poorly understood and Dyall, (2011) 

describes how these fatty acids can no longer be considered to have mechanistic equivalence 

and should be viewed as distinct, albeit related, chemical species. Additionally, a greater 

understanding of the individual roles of the n-3 PUFAs on brain health and function are also 

still required (Dyall, 2015). Overall, there appears to be a lack of consistency in the findings 

related to both cognition and mood in RCTs that employ healthy, young adult samples, 

implying that there is still a need for further investigation of the effects of n-3 PUFAs in this 

population via large scale RCTs. The present study therefore aims to build upon the findings 

of Stonehouse et al., (2013) by comparing the effects of both EPA-rich and DHA-rich 

treatments following a similar rigorous study protocol, whilst also adding measures of mood to 

the design. For this reason, the present study will investigate the effects of 26 weeks’ 

supplementation with 1.2g/d of either DHA-rich, EPA-rich or an olive oil placebo on a range of 

cognitive tasks measuring aspects of episodic memory, working memory, information 

processing speed, attention and global cognition as well as ratings of subjective mood, 

alertness and mental fatigue.  
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6.2 Materials and Methods 

6.2.1 Design 

This study employed a randomised, placebo-controlled, double-blind, parallel groups design. 

With participants being randomly assigned to one of three treatment groups (placebo, DHA-

rich fish oil, EPA-rich fish oil; see section 2.2). 

6.2.2 Participants 

Three hundred and sixty-six males and females aged 25-49 years were recruited and of the 

three hundred and sixty-six participants screened three hundred and thirty-seven were 

enrolled into the study and three hundred and ten completed all requirements. Of the twenty-

seven participants who were withdrawn from the study; fifteen participants were lost to follow 

up; five withdrew for personal reasons; two were withdrawn after randomisation due to having 

a BMI above 35; two withdrew due to gastrointestinal upset; two withdrew due to an unrelated 

illness; and one withdrew due to becoming pregnant. This sample size was calculated based 

on a medium effect size (d = 0.42) identified by Stonehouse et al., (2013) for performance on 

the episodic memory domain following 26 weeks supplementation with a DHA-rich oil. Given 

this effect size, an a priori calculation of the size of sample required in order to detect a 

significant difference between the groups given 80% power and an alpha level of 0.05, is one 

hundred and two participants per treatment arm. Additionally, in order to account for any 

potential dropouts the total sample size was increased by 10%. This resulted in one hundred 

and twelve participants per treatment arm or three-hundred and thirty-six participants overall. 

Power calculations were made using GPower 3.1.3. Participant disposition through the trial is 

displayed in Figure 6.1 and their demographic data in Table 6.1. 
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Figure 6.1 Participant disposition through the trial. Figure depicts the disposition of participants throughout the 

study, culminating in N = 310 of the 337 who were randomised.  
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Table 6.1. Participant demographic information and baseline characteristics. Means and Std. Deviation (sd) are 

given where appropriate. F or χ2 and p values are given for separate one-way ANOVAs or Chi-Square tests that 

were conducted on this baseline data by treatment group. 

 
Baseline Main Effects 

Mean Sd  F / χ2 p 

N (M/F) 
Placebo 38/74 -    
DHA-rich 29/84 - Treatment 2.01 .366 
EPA-rich 36/76 -    

% of EPA in RBC 
Placebo 0.86 0.03    
DHA-rich 0.87 0.03 Treatment .019 .981 
EPA-rich 0.87 0.04    

% of DHA in RBC 
Placebo 4.95 0.10    
DHA-rich 4.79 0.12 Treatment .721 .487 
EPA-rich 4.98 0.13    

n-3 Index 
Placebo 5.81 0.12    
DHA-rich 5.66 0.14 Treatment .513 .599 
EPA-rich 5.85 0.15    

Age (Years) 
Placebo 36.15 0.69    
DHA-rich 34.95 0.76 Treatment .717 .489 
EPA-rich 35.33 0.07    

Systolic BP 
Placebo 123.40 1.21    
DHA-rich 122.75 1.18 Treatment .222 .801 
EPA-rich 122.29 1.17    

Diastolic BP 
Placebo 81.10 0.90    
DHA-rich 80.99 0.98 Treatment .440 .644 
EPA-rich 79.96 0.95    

Heart Rate (BPM) 
Placebo 72.08 1.03    
DHA-rich 71.05 1.07 Treatment .324 .723 
EPA-rich 72.16 1.15    

Weight (Kg) 
Placebo 73.84 1.33    
DHA-rich 74.26 1.51 Treatment .107 .898 
EPA-rich 73.34 1.36    

Height (cm) 
Placebo 169.18 0.92    
DHA-rich 168.98 0.85 Treatment .125 .883 
EPA-rich 169.59 0.84    

BMI (Kg/m2) 
Placebo 25.74 0.38    
DHA-rich 25.86 0.40 Treatment .334 .716 
EPA-rich 25.43 0.40    

Years in 
Education 

Placebo 16.88 0.24    
DHA-rich 16.85 0.24 Treatment .877 .417 
EPA-rich 16.49 0.22    

Fruit & Vegetable 
(portions per day) 

Placebo 3.83 0.17    
DHA-rich 3.89 0.19 Treatment .077 .926 
EPA-rich 3.93 0.16    

Alcohol              
(Units per day) 

Placebo 1.24 0.08    
DHA-rich 1.12 0.08 Treatment 2.01 .135 
EPA-rich 1.35 0.09    
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6.2.3 Cognitive Tasks 

The cognitive tasks were selected to measure a range of cognitive domains including episodic 

memory, information processing speed, working memory, sustained attention, and executive 

function. 

6.2.3.1 Stimuli Presentation 

Prior to the start of the Cognitive Demand Battery participants were presented with fifteen 

randomly selected photographic images to remember. Presentation was at a rate of 1 picture 

every 3 seconds, with a stimulus duration of one second. Following this participants were 

presented sequentially with 15 words selected at random from a large bank of words derived 

from the MRC Psycholinguistic Database (Coltheart, 1981) and matched for word length, 

frequency, familiarity and concreteness. Stimulus duration was one second, with an inter-

stimulus duration of one second. 

6.2.3.2 Immediate Word Recall 

Immediately after the presentation of the words participants were given 60 seconds to write 

down as many of the 15 words that they were presented with during the stimulus presentation 

period. Outcomes are accuracy (number correct), errors (number incorrect). 

6.2.3.3 Delayed Word Recall 

After completing all other tasks participants were once again given 60 seconds to write down 

as many of the 15 words that they were presented with during the stimulus presentation period. 

Outcomes are accuracy (% correct), errors (number). 

6.2.3.4 Delayed Picture Recognition 

Thirty pictures, comprising the 15 pictures presented during the stimuli presentation period 

plus 15 distractor pictures were presented, with the participant making a yes/no response 

indicating whether the picture was in the original set. Outcomes are accuracy (% correct), 

reaction time of correct responses (msecs). 

6.2.3.5 Delayed Word Recognition 

Thirty words, comprising the 15 words presented during the stimuli presentation period plus 

15 distractor words were presented, with the participant making a yes/no response indicating 
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whether the word was in the original set. Outcomes are accuracy (% correct), reaction time of 

correct responses (msecs). 

6.2.3.6 Verbal Fluency 

Participants were presented with a letter on a sheet of paper (F, A or S) and were given 60 

seconds to write down as many words as they could, beginning with that letter. Outcomes are 

total number of permitted words, with names (proper nouns) and perseverations (e.g. ask, 

asked, asks) discounted from the total score. 

6.2.3.7 Simple Reaction Time 

An upwards pointing arrow was displayed on the screen with a randomly varying inter-stimulus 

interval of between 1 and 3 seconds. Participants responded with a single button press as 

quickly as they could as soon as they saw the arrow appear. Outcomes are overall mean 

reaction time (msec). 

6.2.3.8 Stroop Task 

In this computerised version of the classic task 50 words describing one of four colours (‘RED’, 

‘YELLOW’, ‘GREEN’, ‘BLUE’) were presented in different coloured fonts in the centre of a 

computer screen. The participant needed to press one of four coloured response buttons in 

order to identify the font colour (e.g. if the word ‘GREEN’ was presented in a blue font, the 

correct response would be to respond with the blue button). The presented words were either 

‘congruent’ (word and font are the same colour) or ‘incongruent’ (word and font are different 

colours) and were presented in a random order. Outcomes are reaction time of correct 

responses (msec), and for accuracy (% correct). 

6.2.3.9 Numeric Working Memory (NWM) 

Five random digits from 1-9 were presented sequentially for the participant to hold in their 

memories. This was followed by a series of 30 probe digits (15 targets and 15 distractors) for 

each of which the participant indicated whether or not it was in the original series by pressing 

‘yes’ or ‘no’. The task consisted of 3 separate trials and outcomes are overall accuracy (% 

correct) and mean reaction time for correct responses (msec). 
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6.2.4 Cognitive Demand Battery 

The following tasks were repeated four times in the order of: Serial three subtraction, Serial 

seven subtraction, Rapid Visual Information Task, ‘Mental Fatigue’ Visual Analogue Scale and 

‘Alertness’ Visual Analogue Scale. Previously, this battery has been successfully used to 

investigate the effects of various nutritional interventions on cognitive and mental fatigue 

during periods of sustained cognitive processing (Kennedy & Scholey, 2004; Reay, Kennedy 

& Scholey, 2005; 2006; Kennedy et al., 2008; Scholey et al., 2010).  

6.2.4.1 Serial Threes Subtraction Task  

Two minutes of the same task as outlined in section 3.2.5.1 

6.2.4.2 Serial Sevens Subtraction Task 

Two minutes of the same task as outlined in section 3.2.5.1 

6.2.4.3 Rapid Visual Information Task (RVIP) 

The participant was required to monitor a continuous series of digits for targets of three 

consecutive odd or three consecutive even digits. The digits were presented at the rate of 100 

per minute and the participant responded to the detection of a target string by pressing the 

response button as quickly as possible. The task was continuous and lasted for 5 minutes, 

with 8 correct target strings being presented each minute. Outcomes are percentage of target 

strings correctly detected (% correct), average reaction time for correct detections (msec) and 

number of false alarms. 

6.2.4.4 ‘Mental Fatigue’ Visual Analogue Scale 

Participants rated their current subjective ‘mental fatigue’ state by making a mark on a 100 

mm line with the end points labelled “not at all” (left hand end) and “very much so” (right hand 

end). Higher scores represented higher levels of mental fatigue. 

6.2.4.5 ‘Alertness’ Visual Analogue Scale 

Participants rated their current subjective ‘Alertness’ by making a mark on a 100 mm line with 

the end points labelled “not at all” (left hand end) and “very much so” (right hand end). Higher 

scores represented higher levels of alertness. 
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6.2.5 Mood Assessments 

6.2.5.1 Profile of Mood States (POMS; McNair et al., 1992) 

The 65 item POMS provided scales of tension-anxiety, depression-dejection, anger-hostility, 

vigour-activity, fatigue-inertia and confusion-bewilderment. A total “mood disturbance” score 

was also computed via subtracting the vigour-activity score from the sum of tension-anxiety, 

depression-dejection, anger-hostility, fatigue-inertia and confusion-bewilderment. 

6.2.6 Procedure 

All study visits took place at Northumbria University’s Brain, Performance and Nutrition 

Research Centre (BPNRC). Potential participants attended the site for an initial screening visit. 

The principal investigator or designee discussed with each participant the nature of the trial, 

its requirements and restrictions in line with the participant information sheet previously given 

to the participant. Following informed consent eligible participants underwent training on the 

computerised cognitive tasks. The training session followed standard operating procedures to 

decrease the chance of learning effects during the main trials. This entailed the participants 

completing three shortened versions of the tasks to gain familiarity, followed by two full length 

versions of the tasks. This results in participants achieving their highest scores in one of the 

full length versions of the tasks once they are completely familiar with said task. Once this 

session was completed to the required standard the participant was then eligible to be enrolled 

and randomised into the trial. 

Before the baseline and week 26 assessments participants were asked to avoid alcohol and 

refrain from intake of ‘over the counter’ medications for 24 hours and caffeine for 18 hours. 

Participants were contacted to remind them of the requirements prior to each visit. On the 

morning of the baseline testing visit, participants were requested to eat their usual breakfast 

or no breakfast if they usually skipped breakfast at least 1 hour prior to arrival at the laboratory 

(but to avoid any caffeinated products). Adherence to this abstinence was ensured via 

completion of the case report form (CRF) prior to the participant completing the cognitive 

tasks, mood measures and blood samples. After completion of the CRF participants then 

completed all cognitive tasks outlined in section 6.2.3 and 6.2.4 as well as completing the 

POMS questionnaire which took approximately 60 minutes to complete (see Figure 6.2 for 

schematic depicting the baseline and week 26 assessment schedule). Participants were then 

provided with the first batch of capsules (3 bottles of 100 capsules each) and given a diary in 

which to record their daily consumption of the capsules along with any adverse events and 

concomitant medications, should there be any throughout the supplementation period. 
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Participants also reported to BPNRC during Week 13 to collect the second batch of capsules 

(3 bottles of 100 capsules each). Participants also brought with them their diary, which was 

replaced with a new diary to complete between week 13-26 and any remaining unused 

treatment capsules, so that treatment compliance could be calculated. 

The week 26 assessment was identical to the baseline assessment in all aspects apart from 

collecting in the subject diaries, all remaining treatments, completion of a treatment guess 

questionnaire (see Appendix II) and finally a full debrief once all assessments were completed. 

During both the baseline and week 26 visits participants were also required to provide a 6 mL 

venous blood sample to determine blood fatty acid profile. Finally a full debrief was given once 

all assessments had been completed. An outline of the baseline and week 26 study 

assessments is given in Figure 6.2. 

 

 

Figure 6.2. Schematic showing the procedures for the study testing visits. CRF, Case Report Form; 3s, Serial 3 

subtractions; 7s, Serial 7 subtractions; RVIP, Rapid visual information processing; vas, visual analogue scales; 

SRT, Simple reaction time; NWM, Numeric working memory. 



145 
 

6.2.7 Statistical Methods 

For each of the linear mixed models conducted throughout the analysis: age, years in 

education and baseline n-3 index were also added as covariates only if these respective 

variables were identified as having a significant effect on the dependent variable. If any of 

these variables were found to have a significant effect on the dependent variable (p < .05) 

then it was decided to include the factor as a covariate to control for its effects within the 

model. If any of these covariates were added to the respective models then they will be named 

when describing each model below. 

6.2.7.1 COMPASS Tasks 

The COMPASS task data were analysed using the same linear mixed model procedure 

described previously with treatment (DHA-rich, EPA-rich, Placebo) appearing as a fixed factor 

in the models and respective pre-dose values were entered into each model as a covariate. 

Age was also added as a covariate in the model for Stroop accuracy and years spent in 

education was also added as a covariate for the word recognition task accuracy model. 

6.2.7.2 Cognitive Demand Battery Data 

The data were analysed using the same linear mixed model procedure described previously 

with all models using an identity covariance matrix. The fixed factors appearing in all models 

were; treatment (DHA-rich, EPA-rich, Placebo) and repetition (1-4). Subject was also added 

into all models as a random factor and respective pre-dose values were entered into each 

model as a covariate. Age was also added as a covariate in the model for; serial 3 subtraction, 

serial 7 subtraction and VAS ratings. Years spent in education was added as a covariate in 

the model for serial 3 subtraction, serial 7 subtraction and RVIP. 

6.2.7.3 Cognitive Domain Data 

As the current study aimed to build upon the findings of Stonehouse et al., (2013) the same 

cognitive domains that were calculated and analysed by the researchers previously were also 

analysed within the current study wherever possible. This included measures of memory and 

attention. Additionally, measures of global cognition were also included representing both 

global speed and global accuracy in an attempt to capture the overall performance on all tasks. 

Calculation of these cognitive domains involved transforming outcomes from the individual 

tasks into z scores and clustering these z scores into their respective cognitive domains. The 

calculations for each cognitive domain are outlined below. 
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6.2.7.3.1 Attention Domains 

The attention domains consisted of both accuracy and speed of attention. For the accuracy of 

attention the domain consisted of the standardised values from the accuracy outcomes on the 

stroop and RVIP tasks. For the speed of attention the domain consisted of the standardised 

values from the RT on the stroop, RVIP and SRT tasks. It should be noted that the lowest 

outcomes for the speed of attention represent the fastest reaction times. The calculations for 

both attention domains are outlined below: 

Accuracy of Attention = (ZStroop accuracy + ZRVIP average 

accuracy) ÷ 2 

Speed of Attention = (ZStroop RT + ZRVIP average RT + ZSRT) 

÷ 3 

The data were analysed using the same linear mixed model procedure described previously. 

The only fixed factor appearing in both models was treatment (DHA-rich, EPA-rich, Placebo). 

Respective pre-dose values were also entered into both models as a covariate. 

6.2.7.3.2 Memory Domains 

The memory data consisted of both accuracy of memory and speed of memory. For the 

accuracy of memory the domain consisted of the standardised values from the number of 

words recalled correctly during both the immediate and delayed word recall tasks, as well as 

accuracy % from the word and picture recognition tasks (Stonehouse et al., 2013). The speed 

of memory domain consisted of the standardised values from the RT during the word and 

picture recognition tasks. It should be noted that the lowest outcomes for the speed of memory 

represent the fastest reaction times. The calculations for both memory domains are outlined 

below: 

Accuracy of memory = (Zimmediate word recall accuracy + 

Zdelayed word recall accuracy + Zword recognition accuracy + 

Zpicture recognition accuracy) ÷ 4 

Speed of Memory = (Zword recognition RT + Zpicture recognition 

RT) ÷ 2 

The data were analysed using the same linear mixed model procedure described previously. 

The only fixed factor appearing in the models were treatment (DHA-rich, EPA-rich, Placebo). 
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Respective pre-dose values were entered into each model as a covariate and age was entered 

as a covariate for both speed and accuracy of memory models. 

6.2.7.3.3 Global Cognition Domains 

The global cognition data consisted of both global accuracy and global speed. These domains 

represented total accuracy and speed across all tasks. It should be noted that the lowest 

outcomes for global speed represent the fastest reaction times. The calculations for these 

domains are outlined below:  

Global Accuracy = (Zimmediate word recall accuracy + Zdelayed 

word recall accuracy + Zword recognition accuracy + Zpicture 

recognition accuracy + Zverbal fluency accuracy + ZStroop 

accuracy + ZNWM accuracy + ZRVIP average accuracy) ÷ 8 

Global Speed = (Zword recognition RT + Zpicture recognition RT + 

ZStroop RT + ZSRT + ZNMW RT + ZRVIP average RT) ÷ 6 

The data were analysed using the same linear mixed model procedure described previously. 

The only fixed factor appearing in both models was treatment (DHA-rich, EPA-rich, Placebo). 

Respective pre-dose values were also entered into both models as a covariate. 

6.2.7.4 Subjective Mood (POMS) 

The subjective mood data consisted of scores for tension-anxiety, depression-dejection, 

anger-hostility, vigour-activity, fatigue-inertia, confusion-bewilderment and total mood 

disturbance. The data were analysed using the same linear mixed model procedure described 

previously. The only fixed factor appearing in the models was treatment (DHA-rich, EPA-rich, 

Placebo). Respective pre-dose values were also entered into the model as a covariate. 

6.2.7.5 Blood Fatty Acid Profile 

Blood fatty acid data was presented as a percentage of total fatty acid content for EPA, DHA 

and the sum of EPA + DHA (n-3 index). All fatty acid data were analysed using the Mixed 

Models procedure outlined previously. The only fixed factor appearing in the model was 

treatment (DHA-rich, EPA-rich, Placebo) with respective pre-dose values entered as a 

covariate. 
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6.3 Results 

6.3.1 Compliance 

For participants who completed the study, compliance was observed to be very good in all 

three groups (96.06% Placebo, 97.43% DHA-rich, 96.57% EPA-rich) with a one way ANOVA 

identifying no significant differences for compliance percentage by treatment group [F (2, 306) 

= 1.39, p = .250]. A Chi-Square test was also conducted on the responses to the treatment 

guess questionnaire that was completed at the end of the final visit and revealed no significant 

differences in participants’ ability to correctly identify whether they had been administered an 

active or placebo treatment between the three groups [χ2 (2) = 1.52, p = .467]. 

6.3.2 COMPASS Task Analysis 

Analysis revealed a significant effect of treatment for Stroop correct reaction time [F (2, 303) 

= 3.29, p = .039] with post hoc comparisons identifying the EPA-rich group (768.22; p = .065), 

but not the DHA-rich group (801.43; p = .997) as showing a trend towards significantly faster 

reaction times compared to the placebo group (804.48). Additionally, no significant differences 

were identified between the two active treatment groups (p = .099) (Figure 6.3).  

Analysis also revealed a significant effect of treatment for word recognition correct reaction 

time [F (2, 303) = 3.34, p = .037] with post hoc comparisons identifying the EPA-rich group 

(936.98; p = .032), but not the DHA-rich group (964.28; p = .319) as having significantly faster 

reaction times compared to the placebo group (1006.21). Additionally, no significant 

differences were identified between the two active treatment groups (p = .671) (Figure 6.3). 
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Figure 6.3. Estimated marginal means and standard error (SE) for post-dose values of Stroop task correct reaction 

time (left) and word recognition correct reaction time (right) in msec, by treatment group. 

Analysis also revealed a significant effect of treatment for delayed word recall, [F (2, 303) = 

3.30, p = .037] with post hoc comparisons showing no significant differences for both the EPA-

rich (3.41; p = .482) and DHA-rich (2.69; p = .503) groups compared to the placebo group 

(3.05). However, post hoc comparisons identified a significant difference between the active 

groups with the EPA-rich group correctly remembering more words than the DHA-group (p = 

.031) (Figure 6.4). 

 

 

 

 

 

 

Figure 6.4. Estimated marginal means and standard error (SE) for post-dose values of delayed word recall, by 

treatment group.  
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Table 6.2. Cognitive task analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. Post-dose estimated marginal 
means and standard error (SE) are presented with F and p values of the main effects from the linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Immediate Word Recall 
(Correct) 

Placebo 
309 

5.94 0.20    
DHA-rich 5.83 0.20 Treatment 1.08 .342 
EPA-rich 6.23 0.20    

Delayed Word Recall 
(Correct) 

Placebo 
307 

3.05 0.20    
DHA-rich 2.69b 0.20 Treatment 3.33 .037 
EPA-rich 3.41b 0.20    

Picture Recognition 
Accuracy % 

Placebo 
297 

94.16 0.62    
DHA-rich 92.61 0.62 Treatment 2.88 .058 
EPA-rich 92.17 0.61    

Picture recognition Correct 
Reaction Time (msec) 

Placebo 
300 

845.35 10.19    
DHA-rich 852.28 9.96 Treatment .193 .825 
EPA-rich 844.19 9.91    

Verbal Fluency Total Correct 
Placebo 

287 
38.74 0.50    

DHA-rich 38.17 0.49 Treatment .420 .657 
EPA-rich 38.71 0.50    

Simple Reaction Time 
(msec) 

Placebo 
300 

320.26 4.51    
DHA-rich 312.64 4.49 Treatment .749 .474 
EPA-rich 315.05 4.47    

NWM Accuracy % 
Placebo 

302 
95.42 0.39    

DHA-rich 96.09 0.39 Treatment .886 .413 
EPA-rich 96.01 0.39    

NWM Correct Reaction Time 
(msec) 

Placebo 
306 

907.32 10.71    
DHA-rich 890.29 10.48 Treatment 1.33 .267 
EPA-rich 883.41 10.59    

Stroop Accuracy % 
Placebo 

283 
98.21 0.18    

DHA-rich 98.24 0.17 Treatment 2.15 .118 
EPA-rich 98.66 0.17    

Stroop Correct Reaction 
Time (msec) 

Placebo 
307 

804.48T 11.22    
DHA-rich 801.58 11.11 Treatment 3.29 .039 
EPA-rich 768.19T 11.10    

Word Recognition Accuracy 
% 

Placebo 
308 

75.15 1.05    
DHA-rich 73.29 1.04 Treatment 2.72 .068 
EPA-rich 76.70 1.03    

Word Recognition Correct 
RT (msec) 

Placebo 
297 

1006.21* 18.95    
DHA-rich 964.28 18.64 Treatment 3.34 .037 
EPA-rich 936.98* 18.63    

* = significant difference between active and placebo groups below p< .050; b = significant difference between the active treatment 

groups below p< .050; T = Trend towards a significant difference between active and placebo groups. 

 

6.3.3 Cognitive Demand Battery Analysis 

Analysis identified no significant effects of treatment or interaction effects between treatment 

and repetition for any of the CDB tasks or VAS. 
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Table 6.3. Cognitive demand battery task analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. 
Post-dose estimated marginal means and standard error (SE) are presented with F and p values of the main effects 
from the linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

S3’s Total 
Responses 

Placebo 
307 

36.53 0.41 Treatment .188 .829 
DHA-rich 36.86 0.41    
EPA-rich 36.80 0.41 Treatment*Rep .963 .449 

 S3’s Errors 
Placebo 

306 
2.42 0.13 Treatment .571 .566 

DHA-rich 2.29 0.13    
EPA-rich 2.22 0.13 Treatment*Rep .365 .901 

S7’s Total 
Responses 

Placebo 
307 

23.01 0.35 Treatment .267 .766 
DHA-rich 22.80 0.34    
EPA-rich 23.15 0.35 Treatment*Rep .971 .444 

S7’s Errors 
Placebo 

305 
2.77 0.14 Treatment .015 .985 

DHA-rich 2.80 0.14    
EPA-rich 2.80 0.14 Treatment*Rep 1.60 .144 

RVIP 
Accuracy % 

Placebo 
286 

54.75 1.31 Treatment .823 .441 
DHA-rich 56.30 1.29    
EPA-rich 57.09 1.32 Treatment*Rep .913 .485 

RVIP Correct 
Reaction 

Time (msec) 

Placebo 
292 

507.24 4.03 Treatment .765 .765 
DHA-rich 505.20 3.99    
EPA-rich 503.06 4.04 Treatment*Rep 1.46 .188 

RVIP False 
Alarms 

Placebo 
278 

3.79 0.21 Treatment 2.29 .104 
DHA-rich 3.42 0.21    
EPA-rich 4.06 0.21 Treatment*Rep 1.55 .160 

Mental 
Fatigue 

Placebo 
310 

59.92 1.68 Treatment 2.28 .104 
DHA-rich 64.75 1.65    
EPA-rich 61.20 1.65 Treatment*Rep 1.27 .271 

Alertness 

Placebo 

310 

42.24 1.72 Treatment 1.69 .186 
DHA-rich 41.45 1.67    

EPA-rich 45.58 1.69 Treatment*Rep .589 .740 

 
6.3.4 Cognitive Domain Analysis 

A significant effect of treatment for accuracy of memory was identified [F (2, 290) = 3.28, p = 

.039], with post hoc comparisons showing no significant differences for both the EPA-rich 

(0.66; p = .339) and DHA-rich (-0.08; p = .670) groups compared to the placebo group (0.22). 

However, post hoc comparisons revealed a significant difference between the EPA-rich and 

DHA-rich groups (p = .034) (Figure 6.5). 

A significant effect of treatment for global accuracy was identified [F (2, 215) = 4.82, p = .009], 

with post hoc comparisons identifying significantly more accurate scores in the EPA-rich group 

(0.17) compared to both the placebo (0.03; p = .044) and DHA-rich groups (0.01; p = .013) 

(Figure 6.6).  
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Additionally, a significant effect of treatment for global speed was identified [F (2, 255) = 5.74, 

p = .004], with post hoc comparisons identifying significantly faster reaction times in the EPA-

rich group (-0.15) compared to the placebo group (0.03; p = .003) and a trend towards 

significantly faster reaction times compared to the DHA-rich groups (-0.03; p = .062) (Figure 

6.6). 

 

 

 

 

 

 

Figure 6.5. Estimated marginal means and standard error (SE) for post-dose values of accuracy of memory by 

treatment group. 

  

 

 

 

 

Figure 6.6. Estimated marginal means and standard error (SE) for post-dose values of global accuracy (left) and 

global speed (right) by treatment group. 
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Table 6.4 Cognitive domain analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. Post-dose 
estimated marginal means and standard error (SE) are presented with F and p values of the main effects from the 
linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Accuracy of 
Attention 

Placebo 
252 

-0.03 0.60    
DHA-rich 0.04 0.58 Treatment 2.36 .096 
EPA-rich 0.15 0.58    

Speed of 
Attention 

Placebo 
267 

0.02 0.05    
DHA-rich -0.03 0.05 Treatment 2.01 .137 
EPA-rich -0.11 0.05    

Accuracy of 
Memory 

Placebo 
290 

0.22 0.21    
DHA-rich -0.08b 0.21 Treatment 3.28 .039 
EPA-rich 0.66b 0.21    

Speed of 
Memory  

Placebo  -.014 0.06    

DHA-rich 290 -.072 0.06 Treatment .594 .553 

EPA-rich  -.097 0.06    

Global 
Accuracy 

Placebo  0.03* 0.04    

DHA-rich 219 0.01b 0.04 Treatment 2.77 .009 
EPA-rich  0.17*b 0.04    

Global Speed 

Placebo   0.03* 0.04    

DHA-rich 259 -0.03T 0.04 Treatment 5.74 .004 
EPA-rich  -0.15*T 0.04    

*= significant difference between the placebo and an active treatment group below p< .05; b = significant difference 

between the active treatment groups below p< .05; T = Trend towards a significant difference between active and 

placebo groups p< .10. 
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6.3.5 Subjective Mood (POMS) Analysis 

Analysis identified no significant effects of treatment for subjective mood. 

Table 6.5. Subjective mood analysis outcomes for placebo, DHA-rich and EPA-rich treatment groups. Post-dose 
estimated marginal means and standard error (SE) are presented with F and p values of the main effects from the 
linear mixed models.  

 
 Post-dose Main Effects 

n Mean SE  F p 

Tension-
Anxiety 

Placebo 
289 

8.21 0.49    
DHA-rich 8.27 0.48 Treatment .141 .869 
EPA-rich 7.93 0.48    

Depression-
Dejection 

Placebo 
290 

3.90 0.48    
DHA-rich 4.50 0.48 Treatment .650 .523 
EPA-rich 4.62 0.48    

Anger-
Hostility 

Placebo 
289 

4.94 0.39    
DHA-rich 4.31 0.38 Treatment .717 .489 
EPA-rich 4.74 0.38    

Vigour-
Activity 

Placebo 
300 

18.24 0.56    
DHA-rich 16.92 0.55 Treatment 1.77 .173 
EPA-rich 18.15 0.56    

Fatigue-
Inertia 

Placebo 
297 

7.06 0.46    
DHA-rich 6.88 0.46 Treatment .634 .531 
EPA-rich 6.36 0.46    

Confusion-
Bewilderment 

Placebo 
294 

8.75 0.41    
DHA-rich 9.01 0.41 Treatment .276 .759 
EPA-rich 8.58 0.41    

Total Mood 
Disturbance 

Placebo 
277 

14.67 2.07    
DHA-rich 16.00 2.03 Treatment .840 .433 
EPA-rich 12.30 2.05    

6.3.6 Blood Fatty Acid Profile 

Analysis revealed a significant effect of treatment for RBC EPA [F (2, 259) = 154.64, p <.001] 

with both the EPA-rich (2.75%; p <.001) and DHA-rich (2.09%; p <.001) groups having 

significantly greater levels of blood EPA than the placebo group (0.85%). A significant effect 

of treatment for RBC DHA [F (2, 259) = 140.39, p <.001] with both the EPA-rich (6.01%; p 

<.001) and DHA-rich (7.49%; p <.001) groups having significantly greater levels of blood EPA 

than the placebo group (4.74%). A significant effect of treatment for RBC n-3 index [F (2, 259) 

= 153.57, p <.001] with both the EPA-rich (8.75%; p <.001) and DHA-rich (9.58%; p <.001) 

groups having significantly greater levels of blood EPA than the placebo group (5.59%) (Figure 

6.7). 
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Figure 6.7. Estimated marginal means and standard errors (SE) for the post-dose percentage of EPA (top left) 

percentage of DHA (top right) and total percentage of EPA+DHA (bottom), out of total fatty acids, in red blood 

cells by treatment group. 
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6.4 Discussion 

Overall, it was found that supplementation with the EPA-rich treatment resulted in a significant 

increase in global accuracy scores compared to placebo and DHA-rich treatments. 

Additionally, supplementation with the EPA-rich treatment also resulted in a significant 

improvement in global speed scores compared to placebo and a trend towards significance 

compared to the DHA-rich treatment. Furthermore, the EPA-rich treatment also resulted in 

significant improvements in reaction times during the word recognition task, as well as a trend 

towards a significant improvement in reaction times during the Stroop task, compared to the 

placebo group. Moreover, supplementation with the EPA-rich treatment resulted in significant 

increases for both the accuracy of memory domain and the number of words recalled correctly 

during the delayed word recall task, compared to the DHA-rich group. No significant effects of 

treatment were identified for the subjective mood scales or during the cognitive demand 

battery tasks. However, both the DHA-rich and EPA-rich treatments were found to significantly 

increase levels of DHA and EPA in RBC compared to placebo.  

The current study identified significant improvements to both global accuracy and global speed 

following supplementation with the EPA-rich treatment compared to placebo. Previous 

findings from older samples have also identified that higher proportions of EPA in RBC 

membranes were associated with better cognitive outcome in samples with MCI and AD (Chiu 

et al., 2008). Furthermore, Nishihira et al., (2016) have found that higher serum EPA and n-3 

index, but not DHA, were associated with better scores on global cognitive function in a sample 

of 185 relatively healthy participants aged 80 years and over, measured via the Japanese 

version of the Mini-Mental State Examination. To our knowledge, the current study is the first 

to observe an effect on both global accuracy and global speed in a sample of healthy, young 

adults following supplementation with an EPA-rich treatment. The current study’s findings are 

in line with the data regarding group performance on the individual cognitive tasks as the EPA-

rich group are often the most accurate and quickest group on the tasks. These findings are 

interesting as it suggests that although EPA is stored in the brain in low amounts (Chen et al., 

2005; 2009; 2011), it may still play an important role during high order cognitive functions 

(Bauer et al., 2014b). The findings from the current study could once again provide further 

support for the role of EPA in relation to increased neural efficiency during higher order 

cognitive tasks, described previously in work by Baeur et al., (2011; 2014a; 2014b). The 

current study is the largest RCT to date measuring the effects of supplementation with an 

EPA-rich oil on cognitive function in healthy, young adults, and as a result this is the first study 

to identify a positive impact of increased intake of EPA on global cognitive function in healthy, 
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young adults free from MCI or AD. Overall, these findings provide support for the role of 

supplementation with EPA on cognitive functioning, potentially via increased neural efficiency. 

The observed reduction in reaction times during completion of the Stroop task is consistent 

with the findings from Bauer et al., (2014a) who also identified a reduction in reaction times 

during the same Stroop task after only 30 days’ supplementation with an EPA-rich treatment 

(590mg EPA and 137mg DHA), as well as Bauer et al., (2011) who identified a significant 

reduction in reaction times during a choice reaction time task following 30 days’ 

supplementation with the same EPA-rich treatment (590mg EPA and 137mg DHA). The 

current study employed a far longer supplementation period as well as a far larger sample size 

than Bauer et al., (2011; 2014a) which both supplemented for only 30 days and had small 

sample sizes of only 13 and 22 participants respectively. Additionally, both Bauer et al., (2011; 

2014a) lacked a placebo control treatment with Bauer et al., (2014a) also reporting no 

significant differences in the percentage of EPA, DHA or total n-3 between baseline and after 

supplementation in blood plasma, most likely a result of the small supplementation period 

employed. As the present study’s findings are still consistent with Bauer et al., (2011; 2014a) 

after supplementing for a longer duration, it provides evidence for an enduring effect of dietary 

supplementation with EPA on improvements in speed during executive functioning tasks 

rather than transient effects. Additionally, the use of a placebo comparison within the current 

study helps to further support the previous findings of Bauer et al., (2011; 2014a), as this was 

an aspect missing from their studies. Overall, the findings suggest that supplementation with 

EPA appears to have beneficial effects on measures of executive functioning in healthy, young 

adults. 

The findings from the current study are also consistent with those from Stonehouse et al., 

(2013) who identified a reduction in episodic memory reaction times following 26 weeks’ 

supplementation with a DHA-rich treatment (1.16 g/d DHA + 0.17 g/d EPA). Both the current 

study and Stonehouse et al., (2013) employed 26 week supplementation periods in a sample 

of healthy, young adults with similar dosages for the DHA-rich treatment. The current study 

observed a significant reduction in reaction times during the word recognition task, a 

component of Stonehouse et al., (2013) memory domain, following supplementation with the 

EPA-rich treatment compared to placebo. These findings are interesting as the current study’s 

DHA-rich supplementation was seen to increase overall n-3 index to a greater extent than the 

EPA-rich treatment. However, it was the EPA-rich supplement that was observed to improve 

episodic memory reaction times. This could potentially suggest that the ratio of DHA and EPA 

that is delivered during supplementation is important. For example, although the DHA-rich 

treatment increases overall n-3 index to a greater extent than the EPA-rich treatment, it could 
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be that this results in a surplus of DHA without increasing levels of EPA sufficiently. Whereas, 

the EPA-rich treatment effectively increases both EPA and DHA at a more equal rate, even 

though this results in a lower n-3 index overall. Benefits of increased amounts of EPA could 

potentially be a result of competing with n-6 fatty acids, such as AA, to a greater extent than 

DHA. For instance, Bauer et al., (2014a) has previously identified that an EPA-rich treatment, 

but not the DHA-rich treatment, reduced total n-6 levels. Indeed, EPA has been seen to 

compete with AA in production of a number of eicosanoids that regulate inflammation 

(Simpoulos, 2011; Schunck, 2016), promoting the release of anti-thrombotic anti-aggregatory 

eicosanoids such as thromboxanes and prostaglandins (Calder, 2006, Raz & Gabis, 2009), 

which then helps to regulate vascular tone via increased NO production that may lead to a 

rise in cerebral blood perfusion (reviewed in Sinn & Howe, 2008). If the ratios of dietary intake 

of EPA and DHA are indeed important with regards to episodic memory function, then this 

may explain why the current study identified a significant effect in the EPA-rich group only and 

highlights that the EPA:DHA ratio of supplements and their administration should be 

considered more carefully in future trials.   

Additionally, the current study identified a significant increase in the number of words recalled 

correctly during the delayed word recall task and overall accuracy of memory scores, following 

supplementation with the EPA-rich treatment compared to the DHA-rich group. Although this 

finding is between the two active treatment groups and not the placebo group, the finding is 

actually somewhat contradictory with those of Stonehouse et al., (2013) who identified a 

significant increase in episodic memory scores following a DHA-rich treatment when 

compared to placebo, as no such increase was observed in the current study. In a meta-

analysis, Mauro, Alexander and Elswyk (2015) concluded that currently there is a lack of an 

apparent relationship between DHA/EPA supplementation and episodic memory among 

adults with no cognitive complaints at baseline. This may potentially be due to the lack of large 

scale RCTs that supplement with an EPA-rich oil, as most RCTs focus on the relationship 

between DHA and cognitive function. This is usually based off the fact that the percentage of 

DHA, compared to EPA, stored in the brain is far greater. However, it may actually be EPA 

that has the greatest impact upon episodic memory as Samieri et al., (2012) has identified that 

higher plasma EPA, but not DHA, was associated with lower grey matter atrophy of the right 

hippocampal/parahippocampal area and amygdala, brain regions extensively linked to 

episodic memory (Moscovitch et al., 2016; Barker et al., 2017; Eichenbaum, 2017; Wixted et 

al., 2018). Though, it should be noted that the findings from Samieri et al., (2012) were 

observed in a sample of 281 older adults aged 65 years and over and not healthy, young 

adults. These findings are again interesting given that brain EPA levels are typically 250-300 

times lower than DHA (Chen et al., 2013), suggesting that EPA may exert its effects on 
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episodic memory via different mechanism than brain accretion. As EPA has been seen to be 

rapidly oxidised by the brain into further derivatives such as eicosanoid lipid mediators (Chen 

& Bazinet, 2015), it could be these EPA derivatives that then impact upon cognitive function 

and signalling in the brain (Serhan et al., 2000). Additionally, the previously reported effects 

of EPA on neural efficiency may also help to explain these findings. EPA specifically may have 

direct actions on mitochondrial enzymes that produce ATP (Bauer et al., 2014b), which then 

supply energy in neuronal cells and acts as an extracellular signalling molecule within the 

brain (Illes, Nieber, & Nörenberg, 1995; Devine & Kittler, 2018). It may be via these 

mechanisms that EPA is able to exert effects on episodic memory as well as increase neural 

efficiency. 

Concerning the effects on mood, the current study’s null findings are mostly inconsistent with 

the small number of RCTs that have employed healthy, adult samples previously (Fontani et 

al., 2005a; 2005b; Antypa et al., 2009; Kiecolt-Glaser et al., 2011). The most likely reason for 

the inconsistent findings between the current study’s findings and previous RCT’s is due to 

the differences in sample size. For instance, Fontani et al., (2005a, 2005b) employed a sample 

of 33 participants, Antypa et al., (2009) a sample of 56 participants and Kiecolt-Glaser et al., 

(2011) a sample of 68 participants. As the current study employed a far larger sample size, it 

would appear that the null effects on mood identified are likely to be more representative of 

the effects of n-3 PUFA supplementation in healthy, young adult populations. Previous 

research does appear to support the effects of n-3 PUFA supplementation on reducing 

depression in clinical populations (Martins, 2009; Panagiotakos et al., 2010; Larrieu & Layé, 

2018; Othman et al., 2018) rather than increasing mood within healthy samples (Giles et al., 

2015). However, the previous RCTs that have identified positive effects of n-3 PUFAs on mood 

in healthy, adult samples have supplemented with higher doses for shorter periods. This could 

potentially suggest that if effects of n-3 PUFAs on mood do exist in healthy, young adults these 

effects may be transient rather than enduring effects. It could be that effects of n-3 PUFAs on 

mood occur quickly in healthy samples, potentially as a result of addressing deficiencies in the 

low n-3 PUFA status of low consumers. Indeed, rapid changes in mood have previously been 

identified following supplementation with just a single multivitamin several hours after intake 

in healthy older people (Macpherson et al., 2015), and research has also identified rapid 

negative changes in mood following injection of Salmonella typhi (ST) to increase inflammation 

(Wright et al., 2005). Negative changes in mood, measured via POMS, following injection with 

ST were seen to be significantly correlated with increases in IL-6 production after just 3 hours. 

These findings may potentially provide evidence for the acute effects of supplementation with 

n-3 PUFAs on mood via reduction of pro-inflammatory cytokines. If the effects of n-3 PUFAs 

on mood in healthy adults are indeed transient, then future RCTs should include measures of 
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mood at increased intervals across the supplementation period in an attempt to identify the 

length of the effects of n-3 PUFAs on mood within healthy populations. However, it should be 

clearly stated that the findings from the current study do suggest that there may be little or no 

effects of n-3 PUFA supplementation on mood in healthy, young adults. 

In relation to the observed increase in EPA and DHA in RBC the current study’s findings are 

consistent with those reported previously by Stonehouse et al., (2013) following 

supplementation with a DHA-rich treatment. The authors reported a change in the percentage 

of fatty acids that were DHA of 2.61 compared to the current study’s change of 2.62 and a 

change in n-3 index of 2.82 compared to 3.81 in the current study, between baseline and week 

26 (see Appendix VII). Therefore, the current study reported a similar change in DHA 

percentage of total fatty acids and a greater change in n-3 index following supplementation 

with a DHA-rich treatment (0.90 g/d DHA + 0.27 g/d EPA). This comparable change in DHA 

and greater n-3 index percentages observed in the current study following supplementation 

with a lower dosage of DHA and overall n-3 PUFA content, compared to Stonehouse et al., 

(2013), suggests that the current study’s use of SMEDS formulated oils appears to have been 

beneficial in regards to the absorption of n-3 PUFAs across the supplementation period. 

However, it should be noted that the greater change in n-3 index in the current study is most 

likely due to an increase in EPA levels due to the higher EPA content of the current studies 

DHA-rich treatment (see Appendix VII). 

Overall, the current study addressed a number of limitations that have been present in 

previous RCTs regarding sample sizes, supplementation periods and lack of large scale RCTs 

investigating the effects of an EPA-rich supplement on cognitive function. As a result the 

current study is one of the largest RCTs conducted thus far to employ an EPA-rich treatment 

that allows for the comparison of the potentially separate effects of increased dietary intake of 

DHA or EPA on cognitive function. Additionally, the results from the bloods analysis seem to 

suggest that the employed methodological paradigm, in regards to night time supplementation 

and SMEDS formulation, appears to have been successful in increasing the absorption of the 

n-3 PUFAs when compared to a similar study that also supplemented for 26 weeks with similar 

dosages.  

Conversely, a potential limitation of the current study was solely relying on the fish 

consumption questionnaire (Benisek et al., 2002) as a screening tool to ensure participants 

were low consumers of fish. It can be argued that baseline n-3 blood index should have also 

been used as a screening tool, to ensure low fish consumption. Indeed, McLennan and Pepe 

(2017) have discussed how there is a failure in most RCTs in recruiting samples with the 
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lowest baseline levels of n-3 index. Cohort studies comparing those eating little or no fish and 

regular consumers of fish have revealed consistent differences (Nestle et al., 2015; Alexander 

et al., 2017) and consequently it is not surprising that RCTs, with a sample that is not 

equivalent to the lowest quintile according to fish intake, do not replicate the same strong 

effects (McLennan & Pepe, 2017). Appropriately designed RCTs rely on the clear separation 

of the active groups to the control groups and it is not acceptable for the placebo group to be 

exposed to significant amounts of the test product (McLennan & Pepe, 2015). However, in 

RCTs supplementing with n-3 PUFAs, every subject within the placebo group will have a 

baseline whole body n-3 index that is significantly different to zero (McLennan & Pepe, 2015) 

due to the essential nature of n-3 PUFAs in human populations. No clear “lower quintile” or 

“low n-3 index” is offered within the literature thus far with Rice et al., (2016) ambiguously 

concluding that future intervention trials should recruit participants with low baseline n-3 fatty 

acid levels following a workshop held at the 11th International Society for the Study of Fatty 

Acids and Lipids (ISSFAL) congress. However, Harris, Del Gobbo and Tintle (2017) did 

conclude that typical n-3 index status in low-fish intake individuals was around 4% total fatty 

acid content in RBC across 10 cardiovascular cohort studies.  

Future research in this area should consider using blood samples as a screening tool to 

determine baseline n-3 PUFA status to support subjective reporting of low-fish intake. Based 

on some previous recommendations it may also be reasonable to exclude participants with an 

n-3 index greater than 4% total fatty acid content in RBC (Block et al., 2008; Harris, 2010; 

Harris, Del Gobbo & Tintle, 2017) to ensure a sample that truly represents the lowest n-3 

PUFA intake. Within the current study, baseline n-3 index was seen to range between 3-12% 

which suggests there was wide range of dietary intakes of n-3 PUFAs between the participants 

prior to enrolment that should have been controlled for to a greater extent. However, it should 

also be noted that within the current study only 7% of participants were found to have an n-3 

index below 4% which could suggest that this recommendation may actually be extremely 

difficult to achieve within RCTs with regards recruitment of participants. Additionally, for future 

studies measuring mood outcomes it may be beneficial to include measures of certain lifestyle 

factors such as dietary habits and physical activity. Intake of fruits and vegetables and exercise 

habits may potentially act as proxy measures for ‘healthiness’. Exercise has been extensively 

found to ameliorate negative moods in a wide range of populations (Powers, Asmundson & 

Smits, 2015; Hearing et al., 2016; Crush, Frith & Loprinzi, 2018; Yang, Ko & Roh, 2018) and 

can be measured via the International Physical Activity Questionnaire (IPAQ; Craig et al., 

2003) and baseline dietary habits can be measured via a food frequency questionnaire (FFQ). 

Collecting, additional data on baseline healthiness would allow for greater control over the 

selection of participants and analysis of data. 
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In regards to samples, future research should consider the role of several factors. The ApoE4 

genotype has previously been identified as an influencing factor on n-3 PUFA status, with a 

number of human studies retrospectively reporting that the cognitive benefits associated with 

fish intake were lower or absent in ApoE4 carriers (Huang et al., 2005; Whalley et al., 2008; 

Quinn et al., 2010), potentially suggesting that ApoE4 carriers should be analysed separately 

from non ApoE4 carriers, as they were in Stonehouse et al., (2013). Additionally, a recent 

systematic review by Groot et al., (2019) identified sex as an influencing factor on human n-3 

PUFA levels and Howe et al., (2018) has also suggested that it is important for future studies 

to take account of the sex differences in responses to n-3 supplementation, potentially 

providing evidence for the need to analyse outcomes by sex in future studies. 

The findings from the current study provide support for the beneficial effects of increased 

consumption of n-3 PUFAs, specifically EPA, for improving global cognitive function and 

reaction times during executive functioning and episodic memory tasks. Additionally, the 

observed findings for the total percentage of n-3 PUFAs in RBC seem to be favourable with 

regards to the employment of night time dosing with SMEDS formulations. However, further 

validation of this methodology would be needed to confirm this. Future RCTs measuring 

cognitive function and mood should consider the effects of EPA-rich oils, sex, genotype, time 

of dosage and formulation of the treatments. Overall, the findings suggest that 26 weeks 

supplementation with n-3 PUFAs, particularly EPA, may offer some benefits with regards to 

cognitive function and short term brain health in healthy, young adults. 
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CHAPTER 7: GENERAL DISCUSSION 

7.1 Summary of Objectives 

The aim of this thesis was to investigate the effects of both DHA-rich and EPA-rich SMEDS 

formulated supplements, dosed at bedtime, on brain function, sleep, memory consolidation, 

mood and their efficacy for cognitive function in healthy, young adults. Prior to conducting this 

programme of studies, fifteen RCTs investigating one or more of these parameters in healthy, 

young adults had been conducted (Fontani et al., 2005a; 2005b; Antypa et al., 2009; Cornu et 

al., 2010; Hamazaki-Fujita et al. 2011; Bauer et al., 2011; Kiecolt-Glaser et al., 2011; Jackson 

et al. 2012a; 2012b; 2012c; Stonehouse et al. 2013; Bauer et al., 2014a; Hansen et al., 2014; 

Giles et al., 2015; Watanabe et al., 2018). Moreover, only four of these previous studies used 

both a DHA-rich and EPA-rich treatment, resulting in a limited amount of knowledge 

concerning what the similar and separate effects of DHA and EPA are within healthy, young 

adults. Additionally, healthy, young adult samples were specifically of interest throughout this 

thesis as they represent a sample, the majority of whom do not meet the recommended intake 

of n-3 PUFAs (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018) but are otherwise 

healthy. In addition, it is suggested that this population are also undergoing natural age-related 

patterns concerning overall cerebral blood flow and their ability to mobilise additional local 

blood flow during neural activity and cognition (Salthouse, 2009; Salthouse, 2016; Salthouse, 

2019), that may be ameliorated or reduced when n-3 PUFA intake is increased.  

The previous literature was also limited by several methodological issues concerning the n-3 

PUFA treatments, with regards to the formulations used. Attempts to increase the 

bioavailability and absorption of the treatments throughout the supplementation periods were 

lacking, with none of the previous studies employing galenic formulations (i.e. emulsifications) 

in an attempt to maximise uptake of the fatty acids throughout the trials. Furthermore, other 

factors that may impact absorption, including the time of supplementation and the stability of 

the oils in terms of oxidation had also been overlooked. To this end SMEDS formulated oils, 

containing traces of the stabilising antioxidants tocopherols (vitamin E) and ascorbyl palmitate 

(vitamin C) to stabilise the oils, dosed at bedtime, were employed throughout the entire thesis 

in an attempt to increase the bioavailability of the supplements. Bed time dosing was 

specifically chosen in an attempt to ensure that the n-3 PUFAs were at the site of action in the 

intestines paralleled with the peak time for lipid absorption and digestion during the very 

beginning of the active/awake phase (Bray & Young, 2011; Jackson et al., unpublished data; 

Appendix IX; Appendix X).   
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As examination of the literature revealed that there was a previous lack of focus placed on the 

effects of n-3 PUFAs in healthy, young adults, further investigation was warranted to expand 

upon the limited previous findings. In order to address this, Chapter 3 aimed to investigate the 

effects of both DHA-rich and EPA-rich treatments on cerebral blood flow whilst attempting to 

correct previous issues regarding neuroimaging methodologies. Chapter 4 investigated the 

effects of both DHA-rich and EPA-rich treatments on objective, subjective and biological 

parameters of sleep, and Chapter 5 investigated the effects of both DHA- and EPA-rich 

treatments on learning-memory tasks, employing a novel methodological paradigm that 

assessed these parameters before going to sleep and upon waking, in an attempt to allow for 

overnight memory consolidation to occur. Finally, Chapter 6 aimed to investigate the effects 

of both DHA-rich and EPA-rich supplements on measures of cognitive function and mood. 

7.2 Associations between Dietary n-3 PUFAs and Brain Function 

7.2.1 Cognitive Function 

Concerning the effects on cognitive function, no effects of either the EPA-rich or DHA-rich 

supplement were observed in Chapter 3. In Chapter 5, the DHA-rich supplement improved 

word recognition reaction times whilst also increasing displacement errors on an object 

location learning task, compared to placebo. In Chapter 6, the EPA-rich supplement resulted 

in improvements in global accuracy and speed, as well as improving reaction times on the 

Stroop and word recognition tasks, compared to placebo. Additionally, the EPA-rich 

supplement also lead to improvements in the delayed word recall task and accuracy of 

memory compared to the DHA-rich groups. 

Previously, Bauer et al., (2011; 2014a) has also identified positive effects of EPA 

supplementation on reaction times during the Stroop task, consistent with the findings from 

Chapter 6. As well, Stonehouse et al., (2013) has identified positive effects of a DHA-rich 

supplement on reaction times during the word recognition task, consistent with the findings 

from Chapter 5. However, a significant effect was also identified following supplementation 

with the EPA-rich treatment on word recognition reaction times in Chapter 6. As Stonehouse 

et al., (2013) did not employ an EPA-rich treatment this finding is difficult to interpret. 

Furthermore, supplementation with the EPA-rich oil in Chapter 6 was seen to improve 

performance on the delayed word recall task and accuracy of memory, compared to the DHA-

rich oil. This may imply that the ratio of EPA:DHA is important with regards to performance on 

episodic memory tasks and memory more generally. This finding concerning improved 

reaction times following the EPA-rich supplement may also be consistent with the previous 

conclusions of Bauer et al., (2011; 2014a; 2014b), which suggests that EPA has a greater 
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influence on neural efficiency than that of DHA. Potentially suggesting that intakes higher in 

EPA are more beneficial with regards to performance on higher order tasks. Indeed, this idea 

is further supported by the findings observed in Chapter 6 concerning the significantly higher 

global accuracy and speed scores within the EPA-rich group compared to both the DHA-rich 

group and placebo. This increase in relation to EPA has been observed previously in older 

samples and samples suffering with MCI and AD (Chiu et al., 2008; Nishihira et al., 2016), yet 

no study thus far has reported an effect on global cognition in a sample of healthy, young 

adults following supplementation with an EPA-rich treatment. Together, the positive findings 

regarding the effects of EPA on cognitive function are interesting given that brain EPA levels 

are typically 250-300 times lower than DHA (Chen et al., 2013). This therefore suggests that 

EPA may exert its effects on cognition via different mechanism than incorporation into brain, 

potentially via eicosanoid lipid mediators (Chen & Bazinet, 2015) and/or by having direct 

actions on mitochondrial enzymes that produce ATP within the brain (Bauer et al., 2014b). 

Overall, the findings observed throughout this thesis in relation to cognitive function appear to 

support increased intake of EPA over DHA in healthy, young adults. The specific focus on 

DHA in previous RCTs may represent one of the biggest oversights within the research area 

thus far and therefore future RCTs should ensure to also include EPA-rich supplements rather 

than solely focussing on the effects of DHA-rich supplements.  

7.2.2 Cerebral Haemodynamics and Neural Efficiency 

Chapter 3 of this thesis aimed to investigate the chronic effects of 26 weeks’ supplementation 

of both DHA- and EPA-rich treatments on cerebral haemodynamics via the employment of a 

“quantitative” fd-NIRS device that allowed for the assessment of gross changes across the 

supplementation period, a measurement that was missing from previous studies. A trend 

towards a significant decrease in quantities (µM) of Hb02 was identified in the right hemisphere 

during completion of serial subtraction tasks, following supplementation with both the DHA- 

and EPA-rich treatments. Furthermore, negative correlations supporting these findings were 

also identified at baseline and week 26 showing n-3 index to be inversely associated with 

quantities of THb and Hb02. The observed decreases in Hb02 were also not seen to be 

associated with any decreases in cognitive performance, suggesting there may have been an 

increase in neural efficiency following supplementation with n-3 PUFAs. Indeed, positive 

correlations were identified both at baseline and at week 26 in both hemispheres, between 

THb and Hb02 neural efficiency scores and n-3 index during completion of the serial 17 

subtraction task. However, it should be noted that no significant main effects of treatment were 

identified to show increases in neural efficiency scores. Though, this may be due to the study 

not being statistically powered to detect any cognitive effects and the neural efficiency scores 
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representing both standardised haemoglobin quantities and standardised performance scores 

for the serial subtraction tasks.  

EPA specifically has been suggested to influence neural efficiency, with Bauer et al., (2014b) 

previously concluding that EPA over DHA is more advantageous in reducing “brain effort”. 

Additionally, Fontani et al., (2005) argues that because EPA-rich supplementation reduced 

the alpha to theta wave ratio and improved cognitive performance in their study, EPA may 

have induced a state of neural efficiency whereby the brain activates less areas to perform to 

the same or better standard than before supplementation. These findings for EPA contributing 

towards increased neural efficiency may be supported by the results of Chapter 6 which favour 

the EPA-rich supplement for improving cognitive performance compared to placebo and the 

DHA-rich supplement. This was seen in reductions of the reaction times during a delayed word 

recall task and accuracy of memory, compared to the DHA-rich supplement and trends 

towards improvements in reaction times during the Stroop task and significant improvements 

in reaction times on the word recognition task and global accuracy and speed scores, 

compared to placebo. These findings support the idea that EPA may increase neural efficiency 

and potentially results in greater activation in brain regions specifically associated with 

memory retrieval, such as the medial temporal lobe and hippocampus (Rugg & Vilberg, 2013). 

However, as the observed correlations in Chapter 3 were with n-3 index, not EPA or DHA 

specifically, and as DHA is known to influence n-3 index in RBCs to a greater extent than EPA, 

the limited positive findings for DHA in Chapter 6 do not support any potential further increases 

in neural efficiency bar those relating to memory. As a result, large scale trials utilising fMRI 

scans, capable of accurately measuring specific locations of neural efficiency and levels of 

activation in the medial temporal lobe and hippocampus during completion of episodic memory 

tasks, following supplementation of EPA- and DHA-rich treatments may be needed to further 

investigate these findings. The use of fMRI may also help to provide useful information 

regarding activation, as increased neural efficiency may be a result of increased activation of 

relevant brain regions and decreased activation in irrelevant regions. 

Concerning the methodological use of the fd-NIRS, as a way to measure gross chronic 

changes rather than the cw-NIRS employed in previous studies (Hamazaki-Fuijita et al., 2011; 

Jackson et al., 2012), it appears that the findings are in support of the employment of the fd-

NIRS. Throughout Chapter 3 significant differences were detected by the fd-NIRS between 

the baseline and week 26 assessments, whilst also being able to detect significant differences 

between the levels of haemoglobin in both the right and left hemispheres and during 

completion of the three separate tasks (Appendix V), suggesting that the fd-NIRS was 

appropriate for measuring both chronic and acute changes in cerebral blood flow. However, 
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regarding the type and length of tasks chosen during Chapter 3, there may be a few 

methodological concerns. The choice of one minute long tasks may questionably not have 

been long enough to induce the desired cerebral haemodynamic responses and additionally 

providing only one minute of rest between each repetition of the task may not have been long 

enough to allow the cerebral haemodynamic response to return to resting levels (Allen et al., 

2007). Though, participants did have longer two minute rest periods whilst changing between 

the serial 3, 7 and 17 tasks, which may have potentially helped to contribute to the significant 

effects often observed between tasks but not during repetition of the same task (Appendix V). 

Additionally, the type of task employed may not have been the most appropriate, as although 

the subtraction task allowed for clear manipulation of the task difficulty, Chapter 6 revealed no 

significant effects of either the EPA- or DHA-rich treatment during completion of the serial 

subtraction tasks perhaps suggesting that working memory tasks were not the most 

appropriate choice of task to elicit the greatest cerebral haemodynamic response. In light of 

the findings from Chapter 6 it may have been more appropriate to employ a range of executive 

functioning tasks to activate the cerebral haemodynamic response. For example, the peg and 

ball task could have been used as it has been employed in a previous RCT using the fd-NIRS 

following supplementation with a Sideritis scardica (Greek mountain tea) extract (Wightman 

et al., 2018). 

7.2.3 Sleep 

Sleep is recognised as a vital part of public health with longitudinal studies showing people 

reporting sleep disorders are at a greater risk for developing cardiovascular disease 

(Cappuccio et al., 2011), hypertension (Wang et al., 2012), type 2 diabetes (Cappuccio et al., 

2010), obesity (Bos et al., 2018) anxiety and depression (Sullivan & Ordiah, 2018) and 

indirectly contributing to higher risks of mortality (Åkerstedt et al., 2019). Populations in 

western societies as a whole often report insufficient amounts of sleep or a high prevalence 

of sleep problems (Cirelli et al., 2016; Kerkhof, 2017). Specifically, Rössler et al., (2017) report 

that sleep problems were highly prevalent among young and middle aged adults in a sample 

of 1,274 from Switzerland, further identifying that all subtypes of sleep problems were 

associated with poorer mental health and particularly depression. Consequently, RCTs 

focused on alleviating sleep problems and insufficient amounts of sleep are of the upmost 

importance in relation to public health.  

The findings of Chapter 4 identified beneficial effects of supplementation with the DHA-rich 

treatment on measures of sleep latency and sleep efficiency compared to placebo and, 

interestingly, showed those supplemented with the DHA-rich treatment as having the longest 
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sleep times whilst those supplemented with the EPA-rich treatment had the shortest sleep 

times. It should be noted however, that all three treatment groups slept for between 7-8 hours’ 

per night which does not indicate any abnormal sleep times and match with sleep durations 

reported in epidemiological studies (Adams et al., 2017). With regards to increased sleep 

length, previous studies have associated this with increased athletic performance (Mah et al., 

2010) and decreased vulnerability to accidents and injuries (Swanson et al., 2011). As shorter 

sleep times have previously been associated with poor cognitive performance (Gruber et al., 

2010; Lo et al., 2014), one peculiar finding in Chapter 4 was the EPA-rich group recording the 

shortest amount of sleep time, as this group also reported the greatest cognitive performance 

in Chapter 6. As the EPA-rich treatment was seen to have a trend towards significantly 

improved sleep efficiency compared to placebo and findings from Chapter 3 potentially 

suggesting that EPA may be driving increases in neural efficiency, it could be that those 

supplemented with EPA required less sleep to feel replenished or that the underlying 

processes that occur during sleep occurred slightly faster following supplementation with EPA. 

It could also be that improvements in other aspects of sleep, such as, sleep architecture i.e. 

amounts of SWS and REM sleep or processes related to neurogenesis, brain plasticity or 

clearing of adenosine from the cortex and forebrain occurred at a faster rate, resulting in 

shorter sleep times. Indeed, the AA synthesised prostaglandin D2 is known to increase 

extracellular levels of adenosine in the basal forebrain promoting sleep (Satoh et al., 1996; 

Huang, Urade & Hayaishi, 2011). It could be that, as EPA competes with AA in the production 

of eicosanoids, increased dietary intake of EPA leads to reductions in prostaglandin D2 within 

the basal forebrain resulting in a decreased promotion of sleep. If this is the case, then this 

reduction in sleep promoting prostaglandins did not appear to affect the quality of sleep, as 

the EPA-rich group also experienced trends towards increased sleep efficiency.  

Conversely, the positive effects of supplementation with the DHA-rich treatment on certain 

sleep parameters were not consistent with positive effects on memory consolidation in Chapter 

5 or on cognitive function in Chapter 6. This could potentially be a result of the effects of DHA 

on memory consolidation being too trivial in healthy, young adults. However, the positive 

effects of DHA on the objective measures of sleep not matching with any positive effects in 

Chapter 5 or 6 are further complicated with the negative effects on subjective ratings of sleep 

that were identified in Chapter 4. These negative VAS ratings of subjective sleep could also 

be seen as consistent with the negative VAS ratings of task difficulty identified in Chapter 3 

following supplementation with the DHA-rich treatment, with both of these findings occurring 

simultaneously with what appears to be a positive effect on the respective objective measures. 

These incongruous findings in Chapter 4 may potentially be explained by ‘sleep state 

misconception’ (Edinger & Krystal, 2003) observed in patients with a relatively normal sleep 
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continuity and architecture in spite of large subjective complaints of disturbed sleep. 

Additionally, the increased ratings of task difficulty observed in Chapter 3 may be explained 

by research that shows hedonic state during cognitive testing can impact on subjective mood 

ratings, with previous research showing that subjective ratings of alertness were increased 

following a drink of water in a group rated as “high in thirst” (Rogers & Kainth, 2001). This 

potentially could offer insights into the sensitive nature of subjective rating scales and may 

explain why there is a discrepancy between subjective and objective scores in this group. 

However, it is definitely of interest that it is consistently the DHA-rich group that produces 

these incongruent findings in both Chapter 3 and Chapter 4 whilst these effects were not seen 

within the EPA-rich group. Together, these findings appear to suggest that the EPA:DHA ratio 

of the supplement is important in relation to subjective ratings as the EPA-rich treatment also 

contained DHA yet reported no negative effects concerning subjective measurements.     

With regards to the measures used in Chapter 4 to assess sleep parameters, it can be 

concluded that the use of actigraphy watches were the most practical objective measure 

available for the study presented in Chapter 4. However, these watches are related to certain 

methodological limitations regarding the lack of measurement of sleep architecture and issues 

with the algorithms used to score the data, mostly due to the complex nature of sleep. 

However, as PSG or overnight laboratory methodologies were not available and also present 

their own limitations, actiwatches appeared to be the most suitable choice for Chapter 4. 

Additionally, the measurement of aMT6s as a physiological measure of sleep allowed for a 

more holistic measurement of sleep as a whole. Though, previous literature does seem to 

advocate for longer collection periods than just one night and/or for the direct measurement 

of melatonin via blood samples that should definitely be considered in future trials (Benloucif 

et al., 2008). Finally, the use of the LSEQ over other subjective measures of sleep, such as 

the Pittsburgh Sleep Quality Index, can be defended as the LSEQ was specifically designed 

to monitor subjectively perceived changes in sleep and next morning behaviour during 

investigations and behavioural interventions. 

7.2.4 Memory Consolidation 

The study presented in Chapter 5 of this thesis was the first to employ a methodological 

paradigm which involved overnight learning and recall tasks with the aim of allowing overnight 

memory consolidation to occur. A significant effect of treatment was identified for the reaction 

times during the immediate word recognition tasks with the DHA-rich group having significantly 

faster reaction times compared to placebo. Although the task employed within Chapter 5 was 

an immediate word recognition task, these findings can still be seen to be consistent with 
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previous studies from Yurko-Mauro et al., (2010) and Stonehouse et al., (2013) who identified 

improvements in delayed word recognition following supplementation with a DHA-rich 

treatment. Conversely, this finding is contradictory to the findings identified in Chapter 6 as it 

was the EPA-rich group which showed significantly faster reaction times during the word 

recognition task whilst the DHA-rich group showed no significant difference compared to 

placebo. Furthermore, a negative effect was also identified for total location learning 

displacement following supplementation with the DHA-rich treatment compared to placebo. 

Although a greater amount of displacement in the computerised location learning task was 

observed in the DHA-group, this was not consistent with any negative effects on the rate of 

learning the locations of the items or on the recall of the locations of the items rendering it 

difficult to interpret and could simply be a chance result. Moreover, as the DHA-rich group was 

seen to have faster reaction times during completion of the word recognition tasks paired with 

an increased number of errors in the location learning tasks it may be that this group 

experienced a speed-accuracy trade off whilst completing the learning trials.  

Considering that DHA has previously been the main focus of RCTs that measure cognition 

due to it being highly enriched in the brain, the lack of effects in the DHA-rich groups on 

cognitive performance throughout the thesis was not anticipated. Null effects of DHA were 

identified in Chapter 6 and on the cognitive tasks completed in Chapter 3, although this study 

was not powered to detect cognitive differences between the groups. Nonetheless, these null 

effects  are consistent with a large body of the literature that also identify null or conflicting 

results in relationship between n-3 PUFAs and cognitive function in healthy samples (reviewed 

in Cooper et al., 2015; Rangel-Huerta & Gil, 2017; Solfrizz et al., 2018). The lack of findings 

concerning the learning-recall tasks in Chapter 5 following supplementation with the DHA-rich 

treatment seems to contradict the positive effects on objective sleep that were observed in 

Chapter 4. However, as SWS has previously been associated with memory consolidation 

(Rothschild, Eban & Frank, 2017), it could be that the positive effects of DHA observed in 

Chapter 4 were not directly related to SWS specifically but other aspects of sleep, i.e. reduced 

sleep latency or increased amounts of REM sleep. Indeed, Feige et al., (2008) has previously 

shown that patients with higher amounts of REM sleep tended to report more minutes of 

subjective wakefulness. If the DHA-rich group did experience increases in REM sleep rather 

than SWS then the evidence from Feige et al., (2008) would also match with the negative 

subjective ratings of sleep identified within the DHA-rich group in Chapter 4. Moreover, 

Lutchman and Song (2013) describe how the effects of n-3 PUFAs on cognitive function are 

more often observed, in developing (potentially n-3 deficient) and aged or cognitively impaired 

cohorts. This may suggest that the healthy, young adult samples used throughout the studies 

that comprise this thesis may have potentially not been adequately deficient in n-3 PUFA 
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status. Indeed, some previous recommendations suggest that it may be reasonable to exclude 

participants with a baseline n-3 index greater than 4% total fatty acid content in RBC (Block et 

al., 2008; Harris, 2010; Harris, Del Gobbo & Tintle, 2017), yet only 7% of all participants 

randomised into the studies throughout this thesis were found to meet this criteria.  

One interesting outcome from Chapter 5, with regards to the negative subjective ratings of 

feeling energetic and rested following supplementation with the DHA-treatment in Chapter 4, 

is that no negative effect of DHA on ratings of morning alertness or performance on the 

attention and executive functioning tasks were identified. This appears to suggest that, 

although participants rated that they felt less rested and energetic following the DHA-rich 

treatment, this did not appear to impact upon how alert participants felt, as well as, did not 

have an impact upon performance on the attention and executive functioning tasks upon 

waking. These nuances in subjective state following sleep should be investigated further in 

future research in an attempt to provide further insight into the underlying mechanisms of these 

findings. 

Concerning the overnight methodological paradigm employed in Chapter 5, although it 

allowed for the measurement of a learning and recall task to occur prior to and after sleeping, 

it could be argued that the measurement of this over a single night was not adequate to capture 

memory consolidation. As the study presented in Chapter 4 measured sleep parameters over 

a seven day period due to nightly variations in sleep occurring, perhaps it was also practical 

to measure the learning-recall tasks over a similar seven day period. If nightly variations in 

quality and length of sleep can occur, then it also seems likely that nightly variations in memory 

consolidation also occur consistently with a better or worse night’s sleep. Furthermore, this 

extended paradigm would also benefit from actiwatch measures as objective improvements 

or decreases in sleep parameters could then be matched with improvements or decreases in 

performance on the morning recall tasks. Additionally, just as aMT6s was measured in 

Chapter 4 to provide a more holistic measure of sleep, perhaps measures of BDNF could also 

have been included to Chapter 5 as a biological measure of synaptic plasticity. BDNF levels 

are seen to be readily detectable in human serum and can be measured in serum, plasma or 

whole blood (Polacchini et al., 2015), although this was unfortunately not possible within the 

scope of this thesis and should therefore be considered in future trials.  

Furthermore, it was also hypothesised that night-time supplementation may support night time 

processes, such as neurogenesis and synaptogenesis, though the null findings identified in 

Chapter 5 appear to refute this hypothesis. The null effects of night time dosing in Chapter 5 

are unexpected given that Jackson et al., (unpublished data; Appendix X) has previously 
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observed that night time supplementation with the same DHA- and EPA-rich oils resulted in 

significant increases in plasma DHA for 6 hours post dose, with concentrations of plasma EPA 

having similar peaks but also being significantly greater for the entire 24 hour period following. 

Given the findings from Jackson et al., (unpublished data; Appendix X), as well as previous 

evidence to support the role of DHA and EPA in processes such as LTP and brain plasticity, 

it appears reasonable to have anticipated significant effects of the active treatment on 

overnight memory consolidation. However, as the study presented in Chapter 5 was the first 

of its kind the methodological paradigm that was employed has not yet been proven to be 

capable of measuring learning and memory consolidation overnight. This may potentially 

explain the lack of findings concerning the effects of n-3 PUFA supplementation of memory 

consolidation. Indeed, the performance scores identified within Chapter 5 were found to be 

worse than those reported in previous studies (Holz et al., 2012a; Haskell-Ramsay et al., 

2018). Therefore, future research should aim to identify whether COMPASS tasks performed 

on tablet computers outside of the laboratory setting are consistent with outcomes of the same 

tasks on the COMPASS software conducted within the laboratory under the supervision of the 

researcher. It could also be argued that additional learning memory tasks, such as the paired 

associate learning task or name to face association task could also be added to the paradigm 

in future trials as additional measures of learning and memory. Furthermore, the use of the 

recall phase of the learning-memory tasks as a proxy measure of memory consolidation may 

not have been the most appropriate measure. For example, tDCS could potentially have been 

used instead as a more direct measurement of LTP and the mechanisms underpinning 

learning and memory. A growing body of evidence suggests that tDCS can have beneficial 

effects on long-term memory, synaptic plasticity and adult neurogenesis (Di Lazzaro et al., 

2013; Coffman et al., 2014; Leone et al., 2014, 2015; Podda et al., 2014), as well as a 

consistent body of evidence that indicates that tDCS exerts modulatory effects of LTP (Ranieri 

et al., 2012; Rohan et al., 2015; Podda et al., 2016; Kronberg et al., 2017). The measurement 

of tDCS-induced LTP and synaptic plasticity pre and post supplementation with DHA and EPA 

may provide a more sound and objective methodological paradigm to further assess the 

relationship between n-3 PUFAs and memory consolidation and even memory processes 

more generally. 

7.2.5 Mood 

One of the main aims throughout this thesis was to measure aspects of cognition and mood, 

with the study presented in Chapter 6 being the largest RCT to date that measures the effects 

of both EPA-rich and DHA-rich treatments on cognition and mood in healthy, young adults. 

No significant effects of treatment were identified on any components of the POMS 



173 
 

questionnaire, which was mostly inconsistent with the small number of RCTs employing 

healthy, adult samples that have found significant improvements previously following 

supplementation with EPA-rich treatments (Fontani et al., 2005a, 2005b; Antypa et al., 2009; 

Kiecolt-Glaser et al., 2011). One potential explanation for the null findings in Chapter 6 

regarding ratings of mood may be due to the use of a healthy, young adult sample that were 

free from mood disorders. For instance, Hallahan et al., (2016) explains how changes in mood 

in non-clinical populations are not the same as within clinically depressed populations and so 

positive or negative impacts on mood may not necessarily translate into positive or negative 

outcomes in clinical depression, which are populations that produce a more consistent body 

of evidence for the beneficial effects n-3 PUFAs on mood (Mocking et al., 2016; Hallahan et 

al., 2016; Deacon et al., 2017). Combined with the null results in Chapter 6, this may potentially 

suggest that there could be a ceiling effect of n-3 PUFAs in relation to mood in healthy non-

clinically depressed populations that already score well on measures of mood and depression. 

Indeed, some literature reviews agree that evidence of the mood enhancing effects of n-3 

PUFAs in non-clinical populations is limited and still requires further investigations (Giles et 

al., 2013; Hallahan et al., 2016). Additionally, it could be that if effects of n-3 PUFAs on mood 

in healthy adults exist then these effects may be transient and occur quickly when deficiencies 

in the n-3 PUFA status of low consumers are addressed. Previous studies that report 

beneficial effects of n-3 PUFAs within this sample supplemented between only 1 and 4 months 

(Fontani et al., 2005a, 2005b; Antypa et al., 2009; Kiecolt-Glaser et al., 2011) and other 

nutritional intervention studies have also identified acute changes in mood within healthy, adult 

samples (Macpherson et al., 2015; Haskell et al., 2017; Khalid et al., 2017; Haskell-Ramsay 

et al., 2018). If the effects of n-3 PUFAs on mood are transient in healthy adults then future 

RCTs supplementing for longer durations should ensure to include measures of mood at 

regular intervals from the beginning of supplementation. However, it should be noted that the 

findings from Chapter 6 do appear to suggest that there may be little or no effects of n-3 PUFA 

supplementation on mood in healthy, young adults. 

Bedtime dosing may potentially have also influenced the null findings concerning mood. The 

findings from Jackson et al., (unpublished data; Appendix X) suggest that night time 

supplementation with EPA and DHA results in increased levels in circulating plasma 

throughout the night, which may potentially then impact serotonin levels. Indeed, EPA is 

known to impede the formation of E2 series prostaglandins, which inhibit the release of 

serotonin (Schlicker, Fink & Göthert, 1987; Günther et al., 2010) and DHA’s effects on 

membrane fluidity have been seen to influence serotonin receptor function (Patrick & Ames, 

2015) which may result in an increase of serotonin throughout the night. This increase in the 

circulating plasma levels of EPA and DHA within the body could therefore allow for the effects 
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of EPA and DHA on serotonin to be enhanced throughout the night, due to the increased 

bioavailability of the n-3 PUFAs in circulation. Although the precise timings of the effects of 

EPA and DHA on serotonin are still not currently well documented within the literature, 

previous literature has indeed identified associations between higher plasma concentrations 

of n-3 PUFAs, particularly DHA, and higher concentrations of serotonin metabolites (Hibbeln 

et al., 1998). It could be that night time supplementation with n-3 PUFAs impacts upon the 

natural circadian rhythm of serotonin. Serotonin is seen to be highest during the active wake 

phase (Challet, 2007) and lowest during low levels of light (Ushijima et al., 2005; 2012) and 

therefore, increased circulating levels of DHA and EPA through the night may also result in 

increased levels of serotonin throughout the night, altering the natural circadian rhythm of 

serotonin. As serotonin is most often described for its role in the aetiology of mood and 

neuropsychiatric disorders, it could be that matching the timing of n-3 intake with the natural 

circadian rhythm of serotonin would be the most beneficial for positively influencing serotonin 

levels. This would therefore appear to suggest that morning intake of n-3 PUFAs would be 

most beneficial in regards to mood due to the potential increase in day time serotonin levels 

that may follow morning intake. 

Concerning the measures of mood, the use of the POMS questionnaire in Chapter 6 allowed 

for the measurement of a wider range of aspects of mood compared to other more specific 

scales such as the Beck’s Depression Inventory (BDI), HADS or the generalised anxiety 

disorder assessment. However, the POMS has previously been criticised for its inability to 

appropriately measure positive and pleasant feelings (Andrade et al., 2010), which may be 

relevant in this healthy sample. As a large portion of the literature focuses specifically on 

depression and not overall mood, it could be argued that a more specific measure of 

depression levels, such as the BDI, should have also been employed in Chapter 6 to more 

closely measure aspects of depression specifically. 

7.2.6 Separate effects of DHA and EPA 

The studies conducted throughout this thesis allowed for the direct comparison of both the 

DHA- and EPA-rich treatments as a secondary analysis, an aspect that is often missing within 

the research area. The effects of both the DHA- and EPA-rich treatments that were observed 

in Chapter 3 in regards to CBF were comparable, with both treatments showing a trend 

towards reducing the amounts of Hb02 in the right prefrontal cortex during the subtraction 

tasks. However, the DHA-rich treatment was seen to increase ratings of task difficulty whereas 

the EPA-rich treatment did not. Additionally, in Chapter 4 opposite effects were observed 

between the active treatments for total minutes in bed, total sleep time and subjective ratings 
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of feeling rested, with the DHA-rich group having the longest sleep times and lowest feeling 

rested ratings whilst the EPA-rich group had the shortest sleep times and highest feeling 

rested ratings. Although, both n-3 treatments were seen to improve sleep efficiency compared 

to placebo. In Chapter 5 the DHA-rich treatment improved reaction times during the word 

recognition task, whilst also increasing the number of errors during the learning phase of the 

location learning task, whereas no such findings were observed within the EPA-rich group. 

Finally, in Chapter 6 differences were identified for delayed word recall, accuracy of memory 

global accuracy and global speed with the EPA-rich group producing the highest scores and 

the DHA-group producing the lowest scores in all instances.  

As the full extent of the separate and similar effects of DHA and EPA are still poorly understood 

(Drouin et al., 2019), it should be noted that across the breadth of this thesis only a limited 

number of common effects of the active treatments were identified when compared to placebo. 

These included both n-3 treatments resulting in a trend towards decreased quantities of Hb02 

during completion of serial subtraction tasks identified in Chapter 3 and improvements in sleep 

efficiency in Chapter 4. All other findings identified throughout the thesis were seen to be 

related specifically to either the EPA- or DHA-rich treatment or were opposite effects. The 

separate effects of both the DHA- and EPA-rich supplements that were identified are most 

likely due to the separate actions DHA and EPA have within the body. In a recent systematic 

review, Innes & Calder (2018) concluded that DHA and EPA actually appear to have different 

effects on cardiometabolic risk factors such as LDL cholesterol size, platelet activity, vascular 

function, heart rate and blood pressure even though the majority of clinical trials that have 

been conducted thus far have been focused on administering both DHA and EPA together, 

with only a small number of comparator trials existing within the literature. Furthermore, Gorjão 

et al., (2009) have previously identified that EPA and DHA have been seen to have different 

effects on leukocyte functions such as cytokine production, chemotactic response and 

phagocytosis as well as modulating different gene expressions in lymphocytes and activation 

of intracellular signalling pathways involved with lymphocyte proliferation. This may provide 

insights into why supplementation with the DHA- and EPA-rich treatments resulted in a 

number of separate effects across the studies. Another important factor to consider concerning 

the two active treatments, is the ratio of the n-3 PUFAs that were administered. For example, 

the DHA-rich treatment was seen to increase overall n-3 index more than the EPA-rich 

treatment, yet this increased n-3 index did not result in positive effects in relation to cognitive 

function or subjective ratings in any of the experimental chapters. This may then suggest that 

achieving higher DHA levels parallel to diminished increases in EPA levels was less 

efficacious than achieving lower DHA levels but higher EPA levels, even if this resulted in a 

lower overall n-3 index. Additionally, the findings from this thesis provide evidence to support 
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the idea that EPA may actually be more important than previously thought, at least with 

regards to cognitive function and subjective ratings of task difficulty, feeling energetic, rested 

and ready to perform. 

The different outcomes identified in this thesis following supplementation with either the DHA- 

or EPA-rich treatment, further supports the notion that there is a definite need for RCTs in the 

research area to employ methodologies that use both a DHA- and EPA-rich treatment and not 

just one n-3 treatment, to further establish what the respective effects of DHA and EPA actually 

are. Indeed, it is clear in the literature that both the compound specific and shared effects of 

DHA and EPA are actually still poorly understood (Cottin, Sanders & Hall, 2011; Alexander et 

al., 2017; Innes & Calder, 2018; AbuMweis et al., 2018; Drouin et al., 2019) and this will be, 

at least in part, due to a plethora of research employing designs with only one active n-3 

treatment or multiple n-3 treatments that are all higher in just one of the n-3 PUFAs. 

Furthermore, the data collected throughout this thesis appears to support the importance of 

achieving an optimal EPA:DHA ratio, with higher quantities of EPA compared to higher DHA 

being associated with an increased number of positive findings across the experimental 

chapters of this thesis. Taken together, the findings from this thesis provides evidence for the 

impact of varying ratios of EPA:DHA on aspects of cognitive function, sleep and cerebral 

haemodynamics, highlighting the importance of the EPA:DHA ratio of n-3 supplements as well 

as their administration.      

7.3 Night-time Dosing with SMEDS Formulated Treatments 

Whilst reviewing the current literature in Chapter 1, it became apparent for the need for RCTs 

to pay greater attention to employing strategies and methodologies that will be beneficial with 

regards to increasing bioavailability of the fats throughout the duration of the trials. This may 

be one of the reasons why previous research has identified null effects of n-3 PUFAs, as the 

bioavailability of a substance is one of the key factors required to show an effect within 

nutritional trials (Khan & Singh, 2016). As n-3 PUFAs have extremely low water solubility and 

show slow nutrient dissolution rates and poor absorption in the gastrointestinal tract when 

administered orally, it has been recommended that n-3 PUFA supplements be consumed with 

a meal (Schuchardt & Hahn, 2013). However, the nutritional components of this meal, in 

particular the fat content can significantly influence the bioavailability of n-3 PUFAs (Kling et 

al., 2011; Davidson et al., 2012), which would be an issue in most RCTs as each participant 

will consume their treatments with a meal that may not be matched in terms of its nutritional 

content compared to the other participants. As it is not possible to provide daily meals during 

long clinical trials, other methodologies can be employed such as SMEDS formulations 
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(Garaiova et al., 2007; Müllertz et al., 2010; Wakil et al., 2010; West et al., 2018; Maki & 

Dicklin, 2019) to not only increase the absorption of n-3 PUFAs without the additional 

consumption of a high fat meal (Maki & Dicklin, 2019) but to also help to standardise study 

protocols in terms of treatment consumption throughout the trial. To this end, each study 

comprised in this thesis used SMEDS formulated treatments in an attempt to increase 

absorption and uptake of the n-3 PUFAs. 

Furthermore, the rationale for the delivery of the treatments at night-time was two-fold. Firstly, 

previous research has begun to show consistent circadian rhythms for DHA and EPA that 

peak around noontime (Dallamann et al., 2012; Gooley & Chua, 2014) with peak absorption 

occurring during the morning (Bray & Young, 2011). However, due to the resistance of n-3 

PUFAs to intestinal lipases it seemed most appropriate for the n-3 PUFAs to be consumed 

the previous night so they have time to reach the intestines in time for the peak morning 

absorption period. Secondly, increases in EPA and DHA overnight following night time dosing 

may acutely affect processes that support cognitive function including memory consolidation 

and/or neurogenesis known to occur overnight, and even sleep more generally. Although 

these theories were based on previous findings presented in the literature, the latter did not 

appear to be supported by the findings obtained in Chapter 5 as it was found that night time 

dosing with either EPA- or DHA-rich treatments did not result in improvements in measures of 

memory consolidation via the learning-recall tasks. One potential explanation for these may 

come from Jackson et al’s., (unpublished data; Appendix IX; Appendix X) findings, which show 

that EPA and DHA levels appear to peak four hours post-supplementation within blood 

plasma. Therefore, this data suggests that bedtime supplementation actually results in peak 

blood n-3 levels a few hours earlier than the nadirs seen to occur at 05:43am for DHA and 

08:41am for EPA. This may then suggest that the peak absorption that occurs during the 

morning (Bray & Young, 2011) was actually missed by a few hours following the bedtime 

dosing utilised throughout this thesis. However, as the combined data from Jackson et al., 

(unpublished data; Appendix IX; Appendix X) and Bray and Young (2011) would therefore 

suggest that the optimum time of dosage in relation to absorption is between 02:00-04:00am, 

bedtime dosing may still provide the most practical time to supplement with n-3 PUFAs with 

regards to absorption during future RCTs. With regards to the bioavailability of the n-3 PUFAs, 

the employed methodology concerning both night-time dosing and SMEDS formulations does 

seem to have been effective, with the observed incorporation of the n-3 PUFAs into the 

erythrocyte membranes in Chapter 6, matching closely with and even resulting in greater 

incorporation, when compared to similar previous studies such as Stonehouse (2013; 

Appendix VII). Taken together, the findings obtained throughout this thesis, particularly 

following supplementation with the EPA-rich treatment, suggest that membrane incorporation 
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of n-3 PUFAs may not be the main mechanism underpinning effects relating to cognitive 

functioning. If this is true, then this highlights the underestimation of previous studies that 

focussed on DHA-rich treatment based off its greater membrane accretion when compared to 

EPA. 

7.4 Use of Olive Oil as a Placebo  

Selection of an appropriate control or placebo treatment is crucial in all RCTs but is an issue 

that is particularly challenging within n-3 PUFA supplementation studies, mainly due to the 

distinct fish taste associated with consumption of n-3 supplements. The majority of n-3 placebo 

controlled trials opt to use similar looking oils such as olive oil (Cornu et al., 2010; Dangour et 

al., 2010; Stonehouse, 2013; Giles et al., 2015) or oils containing n-6 PUFAs (Peet et al., 

2001; Sinn et al., 2012). Although the use of both of these constitutes an “n-3 deficient” 

treatment, their use as a “placebo” causes issue for debate, as both olive oil and n-6 PUFAs 

are known to have bioactive properties. The use of n-6 PUFA supplements as a control 

treatment is questionable due to the potent effects n-6 AA is known to have on inflammation 

and eicosanoid production (Innes & Calder, 2018) as well as n-6 PUFAs competing for the 

same enzymes used to convert n-3 PUFAs in each of their respective conversion pathways. 

Additionally, extra virgin olive oil is known to contain high levels of polyphenols (Gorzynik-

Debicka et al., 2018) and has previously been associated with a reduction in anti-inflammatory 

biomarkers and cardiovascular disease incidence (Wongwarawipat et al., 2018). However, 

pomace, refined and common olive oil are actually low in vitamins, polyphenols, phytosterols, 

and other low molecular natural ingredients (Kamm et al., 2001; Bianco et al., 2002; Naczk & 

Shahidi, 2004) and therefore have less widely reported effects in clinical trials. Though, the 

high oleic acid (n-9 monounsaturated fatty acid) content in olive oil has previously been linked 

to some reports of reductions in blood pressure (Terés et al., 2008) and reduced prevalence’s 

of neurodegenerative diseases (Vejux et al., 2009; Casas, Sacanella & Estruch, 2014). Still, 

pomace, refined or common olive oils can be argued to be the most appropriate control 

treatment, especially in terms of compounds that are capable of matching the appearance of 

n-3 supplements, an important feature for maintaining the blinding of separate treatment arms 

throughout clinical trials. 

The control treatment chosen to be applied in the trials that comprise this thesis was an olive 

oil supplement high in oleic acid, with 75.37% of the olive oil specified as oleic acid. This olive 

oil was consistently shown to be an effective n-3 absent treatment throughout chapters 3-6 

with no observed effects on increasing n-3 PUFA status in RBC in the control groups. 

Additionally, this choice could be further defended over the use of n-6 PUFA oils as AA is 
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known to compete with n-3 PUFAs for incorporation into tissue membranes and so 

supplementation with n-6 PUFAs in the control groups would actually result in a detrimental 

effect on the percentage of n-3 PUFA in RBC, as well as altering the n-3/n-6 ratio in this group, 

which is regarded as of high importance within the literature (Simopoulos, 2008; 2016). 

Nonetheless, as increased oleic acid has been associated with positive health outcomes, 

including reductions in blood pressure (Terés et al., 2008), reduced prevalence of 

neurodegenerative  diseases (Vejux et al., 2009; Casas, Sacanella & Estruch, 2014), 

regulation of hepatic lipogenesis (Ducheix et al., 2017) and improvements in insulin sensitivity 

(Palomer et al., 2018), it does not constitute as an ideal placebo within RCTs. Potentially, 

these previously identified benefits of increased intake of oleic acid may offer insights into 

some of the negative findings observed, following supplementation with the DHA-rich 

treatment, or may have masked some of the potential effects of the n-3 treatments. It could 

be that the oleic acid within the placebo treatment actually resulted in the positive health 

outcomes mentioned above, influencing the between group comparisons. Concerning 

subjective ratings throughout the thesis the placebo groups rated the subtraction tasks as the 

least difficult in Chapter 3 and were the most rested group in Chapter 4, potentially contributing 

to the significant difference identified between the DHA-rich and placebo groups for these 

outcomes.  

Although the use of an olive oil placebo, high in oleic acid, throughout the studies that comprise 

this thesis is not faultless, it can still be argued as a more appropriate n-3 deficient alternative 

to supplements high in n-6 PUFAs. Nevertheless, the previously identified benefits of oleic 

acid may potentially have influenced the results throughout this thesis concerning the placebo 

comparisons between the groups. To avoid this issue, future trials may consider crossover 

designs similar to those employed by Bauer et al., (2011; 2014a), though it should be noted 

that these designs come with their own limitations and therefore researchers must thoroughly 

consider the most appropriate study designs for future trials. 

7.5 Healthy Adult Samples 

The healthy, young adult samples employed throughout this thesis offered several benefits. 

Firstly, intake of n-3 PUFAs is known to fall short of recommended doses within the general 

population (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018) and so young adults 

comprise a group likely be deficient with regards to their n-3 PUFA intake but are otherwise 

healthy. Secondly, previous findings suggest that this sample may be beginning to experience 

natural age related decreases in some aspects of cognitive function (Salthouse, 2009), as 

normal cognitive ageing is characterised by almost linear declines, from early adulthood, in 
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measures of speed, and accelerated declines in memory and reasoning (Salthouse, 2016; 

Salthouse, 2019). Thirdly, as there is currently limited findings from n-3 PUFA intervention 

studies in older populations and those already suffering with AD (Cederholm, Salem & 

Palmbald, 2013), it could be that n-3 PUFA supplementation is more beneficial earlier in the 

lifespan to help to maintain both long and short-term brain health that lasts into the final stages 

of the lifespan. Finally, very little emphasis has been placed previously on this demographic 

group (Derbyshire, 2018) and therefore the effects of n-3 PUFA supplementation within this 

population are not actually well understood or described within the literature. As a result, 

healthy young adults may offer insights into the functions of n-3 PUFAs on brain function in 

the absence of any health issues or periods of neurodevelopment and neurodegeneration, 

occurring in children and older adults. Previously, RCTs including healthy, young adults that 

aimed to address specific nutrient deficiencies have identified both acute and chronic effects 

on cognitive function (Lamport et al., 2016; Kennedy et al., 2016; Pettersen, 2017), suggesting 

that this sample is still susceptible to improvements in cognitive function following dietary 

manipulation.  

The findings from Chapter 6 with regards to the observed improvements in reaction times 

following supplementation with the EPA-rich treatment suggest that there is a positive impact 

of EPA on cognitive function in healthy, young adults. Additionally, the correlations between 

n-3 index and neural efficiency scores observed in Chapter 3 may also provide evidence for a 

protective role of n-3 PUFAs in maintaining optimal brain function, even in healthy samples. 

On the other hand, the null findings on measures of subjective mood observed in Chapter 6, 

whilst previous studies have reported beneficial effects on mood in depressed populations 

(Mocking et al., 2016; Hallahan et al., 2016), may suggest there could be a ceiling effect of n-

3 PUFAs in relation to mood in healthy non-clinically depressed populations. As healthy adults 

should not specifically require an increase in their mood, it may be that supplementation with 

n-3 PUFAs alone is insufficient to induce increases in moods in healthy, young populations or 

that any effects are trivial. Yet, changes in mood have been observed within healthy, young 

adults in other nutritional interventions (Scholey et al., 2010; Pipingas et al., 2013; Haskell-

Ramsay et al., 2017) as well as in previous n-3 PUFA RCTs (Fontani et al., 2005a; 2005b; 

Antypa et al., 2009; Kiecolt-Glaser et al., 2011). However, the observed improvements in 

mood in previous RCTs have been acute effects which may suggest that if there are effects 

of n-3 PUFAs on mood within healthy, young adults then the effects may be transient. 

Although, it should be stated that the findings from this thesis suggest that supplementation 

with n-3 PUFAs does not have an effect on mood in healthy, young adults. 
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Concerning the null effects of treatment on most of the cognitive outcomes across the thesis, 

these findings are actually consistent with a number of previous RCTs with healthy, young 

adult samples. A systematic review from Rangel-Huerta and Gil (2017) identified only six 

RCTs that assessed the effects of n-3 PUFAs on cognition in healthy, young adults aged 18-

34 years with interventions lasting between 1-3 months. Five studies reported no significant 

effects on cognitive function after supplementation (Karr, Grindstaff & Alexander, 2012; 

Jackson et al., 2012a; Jackson et al., 2012b; Jackson et al., 2012c; Giles et al., 2015) with 

only Bauer et al., (2014a) identifying significant effects on reaction times following 

supplementation with EPA. Additionally, Rangel-Huerta and Gil (2017) also identified a further 

seven RCTs that included healthy adults aged 18-75 years with interventions lasting between 

two months and six months with primary objectives to assess cognitive function. Five studies 

again reported no significant effects on cognitive function (Nilsson et al., 2012; Stough et al., 

2012; Antypa et al., 2012; Dretsch et al., 2014; Pase et al., 2015; Mazereeuw et al., 2016) 

with only Stonehouse et al., (2013) and Witte et al., (2013) identifying significant effects of n-

3 PUFAs over high-oleic sunflower placebo oils. This might suggest that the effects of n-3 

PUFA supplementation over relatively short periods of 6 months’ or less may not be large 

enough to be fully observed within these RCTs. However, evidence exists that supports the 

positive relationship between intake of n-3 PUFAs and cognitive function in older populations 

(Konagi et al., 2013; Duffy et al., 2015; Boespflug et al., 2016; Bo et al., 2017; Hooper et al., 

2017). Therefore, it could be that supplementation with n-3 PUFA is indeed required at the 

beginning of natural age-related decrements in cognitive functioning, known to be occurring 

from young adulthood, with longitudinal studies required to more accurately observe lifelong 

effects of increased n-3 PUFA intake. Finally, as the samples for the studies presented 

throughout this thesis were mainly recruited from a university it could be that the samples were 

of an above average cognitive status which may have then influenced the findings. Indeed, 

previous research has identified that more educated individuals tend to have healthier diets in 

general (McCabe-Sellers et al., 2007; Choi et al., 2011; Wang & Chen, 2011; Hiza et al., 2013) 

which may then make them less susceptible to the impact of dietary manipulation. Therefore, 

the recruitment methods used in future RCTs should consider capturing an equal spread of 

participants from a range of educational backgrounds.  

7.6 Limitations 

The studies that comprise this thesis are respectively the largest RCTs thus far that employ 

both DHA- and EPA-rich supplements, in samples of healthy, young adults. Additionally, the 

employment of novel methodologies, such as fd-NIRS, allowed for the correction of the 

shortcomings of previous studies and the employment of a 26 week supplementation period 
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across all trials (recommended by Stonehouse et al., 2013) helps to address the limitations of 

previous studies in terms of supplementation periods that were too short. However, and as 

with all research, it is essential to consider any potential methodological limitations that have 

arisen throughout the studies presented in this thesis, some of which have only been briefly 

mentioned in previous chapters. 

One potential issue that arises throughout the studies was solely relying on the fish 

consumption questionnaire (Benisek et al., 2002) as a screening tool to ensure participants 

were low consumers of fish. There is an extensive debate over the exclusion of participants in 

RCTs with a baseline n-3 index that is too high (McLennan & Pepe, 2015; Nestle et al., 2015; 

Rice et al., 2016; Alexander et al., 2017; McLennan and Pepe, 2017) with some suggesting 

that low-fish intake individuals should have a baseline n-3 index no greater than 4% (Harris, 

Del Gobbo and Tintle, 2017). The studies presented throughout this thesis did not exclude 

participants based on this recommendation and additionally may not have been possible within 

both the time and financial restraints of the thesis. As an alternative to this, a DHA and EPA 

consumption questionnaire was used as a screening tool throughout the studies (Benisek et 

al., 2002; Appendix I) with participants who reported eating oily fish more than once per week 

being excluded from participating due to failing to meet the “low-fish consumers” inclusion 

criteria. However, total DHA and EPA consumption, calculated from the questionnaire, was 

not used as an exclusion criteria and therefore it was possible for high consumers of DHA and 

EPA to meet the inclusion criteria as long as this was not obtained from more than one oily 

fish meal per week. Future users of the DHA questionnaire should therefore not only exclude 

based on the consumption of oily fish, but also from a total DHA and EPA consumption that is 

equal to or greater than the recommended daily intakes, currently between 250-500mg/d 

(Thompson et al., 2019).  

Another potential issue that arises throughout the studies is the unbalanced samples, with 

regards to sex, in favour of females. Although it was not stated as a requirement for any of the 

studies to recruit samples stratified by gender, research by Stonehouse et al., (2013) has 

previously identified treatment by sex interactions with regards to episodic memory, a recent 

systematic review by Groot et al., (2019) has identified sex as an influencing factor on human 

n-3 PUFA levels and Howe et al., (2018) has also suggested that it is important for future 

studies to take account of the sex differences in responses to n-3 supplementation. Across all 

four of the studies the samples were in favour of female participants, with 51%, 68%, 77% and 

69% of participants being female respectively. As the samples in Chapter 4, 5 and 6 are 

greater than 2/3 in favour towards females, splitting the analysis by sex would leave the male 

group underpowered in any exploratory analyses. Nonetheless, as the literature is beginning 
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to report the importance of sex on the effects of n-3 PUFA supplementation it seems of the 

upmost importance for future studies to attempt to stratify samples evenly by sex.  

Another methodological consideration concerns the lack of any measurements of exercise 

and dietary habits and changes therein across the supplementation period. Although the DHA 

consumption questionnaire (Benisek et al., 2002) was used as a tool during the screening of 

participants, continued adherence to the inclusion criteria in relation to low-fish consumption 

was not measured throughout the duration of the study. As the supplementation period 

spanned 26 weeks it could be that participant’s diets changed, especially between different 

seasons, i.e. enrolment in summer and completing in winter, as previous research has 

discussed how the types of foods that are available to us changes across seasons and 

influences seasonal variations in human gut microbiome composition (Davenport et al., 2014). 

Potentially, a more comprehensive measure of participant’s diet could have been employed, 

such as the FFQ, pre and post supplementation in all of the studies, to allow for any changes 

in diet that may have occurred to be measured. Additionally, no measures of physical activity 

levels or how these may have also changed across the supplementation period were 

employed throughout any of the studies. Measurement of physical activity levels or any 

changes would be directly relevant in all of the studies conducted throughout the thesis as 

exercise has previously been associated with mood (Powers, Asmundson & Smits, 2015; 

Hearing et al., 2016; Crush, Frith & Loprinzi, 2018; Yang, Ko & Roh, 2018), cognition (Reiner 

et al., 2013; Prakash et al., 2015; Donnelly et al., 2016) and sleep (Chennaoui et al., 2015; 

Dolezal et al., 2017; Wilckens, Erickson & Wheeler, 2018). A measure of physical activity, 

such as the IPAQ, could have also been employed throughout the supplementation period to 

allow for activity levels and any changes therein to be observed. Again, the employment of 

additional questionnaires, such as the FFQ and IPAQ, would have put additional financial 

constraints on the studies, as well as, increased time restraints resulting from the increased 

data handling during the studies conducted throughout the thesis. However, future studies that 

measure changes in both diet and physical activity across the supplementation period would 

benefit from more detailed datasets and analyses when being able to account for these 

factors.       

7.7 Future Research 

In addition to addressing the limitations of this thesis, there are also a number of exciting 

findings that could be investigated further in future trials. However, it does also seem apparent 

that the aforementioned limitations identified within the thesis, as well as in the literature as a 

whole, must be addressed for the research area to be able to continue to develop. Therefore 
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future research should ensure to employ methodological paradigms with appropriate sample 

sizes that account for potential differences that occur by sex and genotype, that account for 

the baseline n-3 index of participants to ensure they are not only “low-fish” consumers but also 

“low n-3” consumers and that supplement for an appropriate length of time with both DHA- 

and EPA-rich oils, delivered with consideration towards the absorption and bioavailability of 

the PUFAs. Despite the limitations of this thesis several significant findings were able to be 

detected within a population that often shows null or inconclusive findings, most likely a direct 

result of the attempts that have been made throughout this thesis to correct previous 

methodological limitations. 

The results presented in Chapter 3 appear to provide additional support that n-3 PUFA 

supplementation and n-3 index is related to increased neural efficiency, previously identified 

and discussed by Bauer et al., (2011; 2014a). The results appear to show that, although 

supplementation with the DHA- and EPA-rich supplements did not significantly improve 

cognitive performance, they resulted in a trend towards less Hb02 during completion of the 

tasks. This suggests that the brain required less Hb02 to complete the subtraction tasks to the 

same standard. This same association between increased n-3 index and reduced Hb02 was 

also identified both at baseline and post-supplementation, suggesting that this relationship 

already existed prior to the supplementation period as well as existing post-supplementation. 

To investigate these findings further, it would be appropriate to employ IC in conjunction with 

NIRS to also measure overall cellular respiration and energy expenditure, from oxygen 

consumption and carbon dioxide production, during completion of cognitive tasks (Oshima et 

al., 2017). Additionally, neural efficiency has previously been associated with an increased 

activation in specific brain regions and decreased activation in less relevant regions, resulting 

in a more efficient communication between only the relevant regions of the brain and therefore 

increasing efficiency (Langer et al., 2012; Bauer et al., 2014; Fairclough et al., 2019). It could 

be that future research should employ the use of fMRI and or multi-channel NIRS in order to 

measure the levels of activation within the brain.  Furthermore, the employment of other 

methodologies such as TMS may be useful tools when measuring the efficiency of neural 

pathways as research has previously shown increases in cortico-cortical pathways associated 

with specific functions during TMS (Chiappini et al., 2018), or tDCS as a growing body of 

evidence suggests that tDCS can have beneficial effects on long-term memory, synaptic 

plasticity and adult neurogenesis (Di Lazzaro et al., 2013; Coffman et al., 2014; Leone et al., 

2014, 2015; Podda et al., 2014) which may all be relevant to neural efficiency. 

Equally, future research is also required to further develop the findings presented in Chapter 

4 concerning effects on sleep efficiency, sleep time and sleep latency to identify which 
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mechanisms may be underpinning these findings. Future research in this area should consider 

either the use of 24/48 hour collection periods of urinary aMT6s or the collection of blood 

samples to allow for greater resolution and sensitivity than sampling via urine or saliva 

(Benloucif et al., 2008). Moreover, the employment of PSG or EEG in future studies would 

allow for a more detailed account concerning the ‘objective’ measures of sleep and would 

allow for more specific insights into the potential effects of n-3 PUFAs on the architecture of 

sleep in relation to the amounts of REM and NREM sleep. Recently, significant progress has 

been made with mobile EEGs and the development of concealed, unobtrusive ear-centered 

EEG acquisitions (cEEGrid). The cEEGrid provides the advantage of not requiring 

individualised electrodes, a larger number of channels and increased inter-electrode distances 

compared to previous ear-EEG devices (Mikkelsen et al., 2019). Comparisons between the 

cEEGrid and standard PSG confirm the suitability of cEEGrid for capturing sleep staging data 

(Sterr et al., 2018) with additional advantages of being mobile and less invasive than PSG or 

EEG devices. Therefore, use of the cEEGrid in future n-3 PUFA interventions may be a useful 

method for collecting detailed sleep data. Additionally, the more detailed measurement of 

sleep architecture would also be of use if combined with measures of memory consolidation 

which have previously been associated with SWS (Rothschild, Eban & Frank, 2017), along 

with longer periods of urinary melatonin or aMT6s collection to investigate this relationship 

further in regards to supplementation with n-3 PUFAs. 

Despite the limited findings, the study presented in Chapter 5 was the first n-3 PUFA RCT to 

employ a methodological paradigm that attempts to investigate memory consolidation 

overnight and therefore future research that directly addresses the limitations of the study 

would be of use to the research area. Methodological improvements or potential adaptations 

could relate to the employment of tDCS as a more direct measurement of LTP and the 

mechanisms underpinning learning and memory. A growing body of evidence suggests that 

tDCS can have beneficial effects on long-term memory, synaptic plasticity and adult 

neurogenesis (Di Lazzaro et al., 2013; Coffman et al., 2014; Leone et al., 2014, 2015; Podda 

et al., 2014), as well as a consistent body of evidence that indicates that tDCS exerts 

modulatory effects of LTP (Ranieri et al., 2012; Rohan et al., 2015; Podda et al., 2016; 

Kronberg et al., 2017). In addition to this, convergent evidence from both animal and human 

studies points to BDNF as a critical determinant of the effects of tDCS and provides a rationale 

for further investigation of the involvement of BDNF in tDCS-induced modulation of cognitive 

functions (Cocco, Podda & Grassi, 2018). The measurement of tDCS-induced LTP and 

synaptic plasticity combined with measurements of BDNF in blood samples pre- and post-

supplementation with DHA and EPA supplements may provide a more sound and objective 
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methodological paradigm for future investigations in this area than the one employed in 

Chapter 5. 

In addition, the findings presented in Chapter 6 concerning the effects of the EPA-rich 

treatment in reducing the reaction times during the Stroop and word recognition tasks, may 

provide insights into the types of tasks that should be focussed on in future studies, as similar 

studies have also identified significant effects of n-3 PUFA supplementation on these types of 

tasks (Bauer et al., 2011; Stonehouse et al., 2013; Bauer et al., 2014a). The findings from 

these previous studies, together with those identified in Chapter 6, would therefore support 

the future employment of executive functioning and episodic memory tasks in RCTs 

measuring cognition. Additionally, consideration towards baseline n-3 index and physical 

activity levels should be made in future trials that aim to measure cognition and mood, as 

these appear to be factors that are often overlooked in the research area. 

In relation to the collection of blood samples, future studies should include measurements of 

ApoE4 carrier status, which has been previously identified as an influencing factor on n-3 

PUFA status. A number of human studies have retrospectively reported that the cognitive 

benefits associated with fish intake were actually lower or absent in ApoE4 carriers (Huang et 

al., 2005; Whalley et al., 2008; Quinn et al., 2010) and Stonehouse et al., (2013) have 

previously identified some indications of APOE × sex × treatment interactions. This interaction 

may be due to previously observed sex differences between males and female ApoE4 carriers 

in terms of gene expression patterns (Hsu et al., 2019). This sex difference may be related to 

the overall heightened immune response and increased risk for AD observed in females 

(Taneja, 2018) and suggests that female ApoE4 carriers are at greater risk of developing AD 

at younger ages compared to male ApoE4 carriers (Neu et al., 2017). Additional blood 

analyses to identify ApoE4 carriers were not possible in the studies conducted throughout this 

thesis. However, it does appear to be an important variable that should be collected in future 

research.  

Finally, future research could focus on directly evaluating the impact of time of dosing on 

increasing the absorption and bioavailability of both EPA and DHA. Unfortunately, it was not 

within the scope of this thesis to be able to assess this and so future studies should ideally 

employ a 26 week parallel groups design with two DHA-rich and two EPA-rich treatment arms 

that consist of: SMEDS formulated DHA- or EPA-rich supplements dosed in the morning or 

SMEDS formulated DHA- or EPA-rich supplements dosed at night-time. A study following this 

design would allow for the direct comparisons between: morning and night time dosing with 

SMEDS formulated EPA- and DHA-rich oils. This would provide knowledge to the research 
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area in terms of which methods should be applied to best increase absorption of n-3 PUFAs 

across supplementation periods. 

7.8 General Conclusions 

The aim of this thesis was to establish the efficacy of both DHA-rich and EPA-rich SMEDS 

formulated supplements, dosed at bedtime, on cognitive function in healthy, young adults and 

to also explore related mechanisms that may impact this overall effect, such as cerebral 

haemodynamics, sleep and memory consolidation. Concerning the results identified in 

Chapter 3, it appears that 26 weeks’ supplementation with both the DHA- and EPA-rich 

treatments resulted in a trend towards reduced quantities of Hb02 in the PFC during serial 

subtraction tasks, whilst having no effect on cognition, compared to placebo. Suggesting that 

increases in n-3 index may be relevant to increased neural efficiency. However, as neural 

efficiency was not a primary outcome measure for this study these findings are difficult to 

interpret and require further investigation with methodologies that are more capable of directly 

measuring neural efficiency, such as fMRI or a combination of ICD and NIRS or EEG and 

NIRS. 

With regards to the relationship between n-3 PUFAs and sleep parameters investigated in 

Chapter 4, it appears that there was evidence to support the role of n-3 PUFAs, particularly 

DHA, at improving objective measurements of sleep. These included a reduction in sleep 

latency following the DHA-rich treatment and an overall increase in sleep efficiency following 

both of the active treatments. However, these improvements were not consistent with 

subjective ratings of sleep in the DHA-rich group. These results support the effects of DHA on 

parameters of sleep in healthy, young adults, although, further investigation into the effects of 

DHA on the architecture of sleep and how it impacts the serotonin/melatonin synthesis 

pathway or production of relevant eicosanoids is still required to further knowledge around the 

effects of n-3 PUFAs on sleep in healthy, young adults. 

Concerning the study presented in Chapter 5, it is the first to investigate the potentially 

separate effects of DHA-rich and EPA-rich supplements, dosed at bed time, on learning, 

memory consolidation and morning alertness. The study identified improvements in reaction 

times during completion of immediate word recognition tasks in the DHA-rich group. On the 

other hand, a negative finding in relation to the ability to identify the correct locations of objects 

during learning trials was also identified within the DHA-rich group, which may potentially 

suggest there was a speed-accuracy trade off during the learning trials within this group. 

However, considering that the methodological paradigm employed throughout Chapter 5 has 

not yet proven to be capable of accurately measuring overnight memory consolidation, it could 
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be that other methodologies that are capable of measuring the mechanisms underpinning 

memory consolidation more directly should be employed in future investigations, such as tCDS 

and biological measures of BDNF. Nonetheless, the study presented in Chapter 5 attempted 

to provide knowledge to a substantial gap within the current literature and should therefore 

inspire future research to develop methodologies best suited to measuring the effects of both 

DHA and EPA on overnight memory consolidation. 

The study presented in Chapter 6 is one of the largest RCTs thus far to supplement with both 

a DHA- and EPA-rich treatment in healthy, young adults. The findings identified within Chapter 

6 appear to provide support for the effects of supplementation with n-3 PUFAs, specifically 

EPA, at improving reaction times during both executive functioning and episodic memory 

tasks, as well as improving global cognition scores in healthy, young adults. No effects of 

either the DHA- or EPA-rich treatment on measures of mood were identified, which have been 

identified previously (Fontani et al., 2005a; 2005b; Antypa et al., 2009; Kiecolt-Glaser et al., 

2011; Watanabe et al., 2018), but findings overall are still inconsistent across healthy, young 

samples (Kiecolt-Glaser et al., 2012; Giles et al., 2013; Hallahan et al., 2016). It could be that 

ceiling effects of n-3 PUFAs in relation to mood in healthy non-clinically depressed populations 

exist, that the effects in this demographic group are trivial, or that effects of n-3 PUFAs in these 

samples are transient rather than chronic. Nonetheless, the findings from Chapter 6 

concerning cognitive function are consistent with previous studies conducted by (Bauer et al., 

2011; 2014a) and Stonehouse (2013) in healthy, young adult samples and provide evidence 

that supports the employment of EPA-rich supplements in future n-3 PUFA RCTs that aim to 

measure cognitive function. 

Overall the relationships between n-3 PUFAs and brain function, sleep, memory consolidation 

and mood are highly complex. Both human and animal studies consistently suggest that there 

are both biological and behavioural consequences of low intakes of n-3 PUFAs, whilst 

populations in general appear to not meet the recommended amounts of n-3 PUFAs in their 

diets (Gopinath et al., 2017; Sioen et al., 2017; Yau et al., 2018). Despite this population 

deficiency, findings across RCTs remain inconclusive, especially in healthy, young samples 

and this can be attributed, at least in part, to methodological limitations. The significant effects 

of n-3 PUFAs observed on cerebral haemodynamics, sleep and cognitive function identified 

within this thesis are most likely a direct result of the novel research questions addressed 

throughout the thesis, paired alongside rigorous methodologies that attempted to address the 

shortcomings of previous research to produce more effective interventions. However, the 

mechanisms that underpin the observed effects of n-3 PUFAs on brain function, sleep, 
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memory consolidation and mood in healthy, young adults, still require further investigation and 

offer several exciting opportunities for future research. 
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 APPENDICES 

APPENDIX I: Fish Consumption Questionnaire (Benisek et al., 2002) 

 
 
*All calculations are based on USDA Nutrient Database (USDA, Nutrient Database for Standard 
Reference release 14, 2002). 
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APPENDIX II: Treatment Guess Questionnaire  

 

Study Code: 44N3       Date: ____/____/____ 

Subject ID:                  

Randomisation No.: 

Visit: 2 

 

 

Which treatment do you think you were administered? (please circle) 

 

1. Placebo (dummy pill) 

2. Omega-3 (active treatment) 

 

What is your reason(s) for thinking this? 

___________________________________________________________________

___________________________________________________________________

___________________________________________________________________ 
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APPENDIX III: Sleep & Urine Collection Diary 

 

 
URINE SAMPLE AND ACTIWATCH DIARY 

 

Study Title: Efficacy Evaluation of 26 Weeks' Dietary 

Supplementation with DHA- and EPA-enriched Oils on sleep 

efficiency in Healthy Adults 

Principal Investigator: Philippa Jackson 

Lead Researcher: Michael Patan 

Clinical Trial Number: CTN 007 16205 

 
 

Subject ID:             ______ 
 
 

 
Date Subject Diary dispensed:  ____-____-____  (dd-mm-yy) 

 
Visit Urine Diary was dispensed:  ___ 

 
 
 
 

If you have any questions or any problems occur please contact: 
 
Name: Michael Patan 
E-mail: michael.j.patan@northumbria.ac.uk  
  
Or any member of the research team on 0191 2437252 (office hours). 

 
 
 
 
 

mailto:michael.j.patan@northumbria.ac.uk
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Sample Instructions 
You will take samples on the night prior to and morning of your Testing Visits. These will 
include the final void at bedtime, and the first and second voids of the following day. It is 
anticipated that the second void of the day may take place at Northumbria University on the 
morning of the respective Testing Visit. Should you also need to urinate during/throughout 
the night, then these voids should also be collected in the same manner as described below. 
 
You should collect each sample into the measuring container provided. You should then place 
the measuring container on a level surface and record the total volume of the sample (ml) 
along with the time that the sample was collected in the table below. Once the details have 
been recorded you should transfer 10ml of the sample from the measuring container into the 
10ml sample tubes provided, which will be pre-labelled with your Subject ID and the sample 
number, starting from Sample 1. Once sealed in the sample tube you can pour away the 
excess waste. All sample tubes should then be returned to the BPNRC 4th floor of 
Northumberland Building on the morning of your testing visit. 
 

Sample Number Time of Sample (am/pm) Total Sample Volume (ml) 
 
1 (bedtime void) 
 

  

 
2 (first void in morning) 
 

  

 
3 (second void in morning) 
 

  

Any Additional Voids Time of Sample (am/pm) Total Sample Volume (ml) 
 
4 (first additional void) 
 

  

 
5 (second additional void) 
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Bedtime/Waking 
Please complete the following table with the approximate time you went to bed/awoke the 
following morning for each of the seven days. The date for each day should also be 
completed. 

 
Day of the week Date Approximate Bedtime Approximate waking time 

the following morning 
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Procedural Deviations 
 
Please fill in any issues/problems you have experienced throughout the week relating to 
your urine samples or sleep watches in the space below. 

 
Date Deviation from procedure 
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APPENDIX IV: Treatment Diary 

 
 
 
 
 

TREATMENT DIARY 
 

Study Code: 44N3  
Study Title: Efficacy Evaluation of 26 Weeks' Dietary 
Supplementation with DHA- and EPA-enriched Oils on Cognitive 
Function and Mood in Healthy Adults 
Principal Investigator: Philippa Jackson 
Lead Researcher: Michael Patan 

 
 
 

 
Subject ID:              ______ 

 
Random Number:     ______ 

 
 
 
 

 
Date Subject Diary dispensed:  ____-____-____  (dd-mm-yy) 

 
 
 
 
 
 
 

Week 13 Exchange Visit: ____________ 
 
 
 
 
Dear Participant, 
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For the success of the study it is very important that you follow the instructions of the study team very 
carefully. Therefore please find a short summary of the most important points.  
 
Treatment consumption instructions 
Take 3 tablets per day, with your evening meal. Take tablets with water or a cold drink. Do not take 
tablets on an empty stomach and do not exceed the recommended dose.  
 
Diet 
During the course of the whole study you should not change your dietary habits.  
 
Medication / Therapy or Health Problems or Symptoms 
If you take any new medication or therapy or if you have any health problems or unusual symptoms 
you should document in as much detail as possible in this diary on the appropriate pages and talk 
about it to the researcher during the next Study Day. You do not need to write down routine 
medications which have already been discussed at Study Day 1. 
 
In general you should avoid, if possible, the use of non-prescription drugs during the study. However, 
if you intend to use non-prescription drugs within the week preceding the next Study Day, please 
contact the research team. There is a chance that the Study Day might be postponed. 
 
 
Before Treatment Exchange Instructions 
 
To remember prior to your week 13 exchange: 
 
Please bring this diary to the treatment exchange.   
 

If you have any questions or any problems occur please contact: 
 
Name: Michael Patan 
E-mail: michael.j.patan@northumbria.ac.uk  
 
Or any member of the research team on 0191 2437252 (office hours). 
 
 

 

 
 
 
 
 
 
 

mailto:michael.j.patan@northumbria.ac.uk
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Please remember to take your treatment with your evening meal every day. In the table below, please record the date and time each day 
that you take the treatment. If you forget to eat it, please leave this box blank. Any ill health or intake of non-routine medications/therapy 
should be recorded on pages 7-10.  
 
 

Week 1 Week 2 Week 3 

Date Time Date Time Date Time 

      

      

      

      

      

      

      



199 
 

Please remember to take your treatment with your evening meal every day. In the table below, please record the date and time each day 
that you take the treatment. If you forget to eat it, please leave this box blank. Any ill health or intake of non-routine medications/therapy 
should be recorded on pages 7-10.  
 

Week 4 Week 5 Week 6 

Date Time Date Time Date Time 
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Please remember to take your treatment with your evening meal every day. In the table below, please record the date and time each day 
that you take the treatment. If you forget to eat it, please leave this box blank. Any ill health or intake of non-routine medications/therapy 
should be recorded on pages 7-10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Week 7 Week 8 Week 9 

Date Time Date Time Date Time 
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Please remember to take your treatment with your evening meal every day. In the table below, please record the date and time each day 
that you take the treatment. If you forget to eat it, please leave this box blank. Any ill health or intake of non-routine  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Week 10 Week 11 Week 12 Week 13 

Date Time Date Time Date Time Date Time 
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Have you taken any medication or dietary supplements? 
 

  No     
 Yes: please give details in the table below. Please include the product/drug/therapy name in full, the amount (e.g. 1x200mg tablet), the date 

you took it and what you took it for. 
 

Product/drug/therapy name Quantity Dose Date 
 
What you took it for? 

Example: paracetamol 2 / day 500 mg/tablet 25-Apr-12 headache 
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Product/drug/therapy name 

 
Quantity 

 
Dose 

 
Date 

 
What you took it for? 
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Have you experienced any new health problems or unusual symptoms? 
 

 No     
 Yes, please give details in the table below. Please include your symptom(s), the date(s) it/they started and stopped if applicable, its/their 

severity and any action you took to relieve it/them. 
 
 

Symptom 
Date symptom 
started 

Please rate the 
severity of the 
symptom in terms of 
how it affects your 
daily functioning  
1: Mild 
2: Moderate 
3: Severe 

If resolved please 
give the date it 
stopped 

Did you do anything to relieve your health 
problems/symptoms (like drug, therapy)? 

Example: headache 25-Apr-12 Moderate 25-Apr-12 
 
Paracetamol 
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Symptom 
Date symptom 
started 

Please rate the 
severity of the 
symptom in terms of 
how it affects your 
daily functioning  
1: Mild 
2: Moderate 
3: Severe 

If resolved please 
give the date it 
stopped 

Did you do anything to relieve your health 
problems/symptoms (like drug, therapy)? 
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APPENDIX V: Chapter 3 Main Effects 

Table V.1 F and p values of the main effects from the linear mixed models during the 5 minute resting period. Main 
effects of Ox%, THb, Hb02 and Hb are presented. 
 Main Effects 

 F p 

Ox (%) 

Treatment .297 .744 

Hemisphere .069 .794 

Treatment*Hemisphere .871 .423 

THb (µM) 

Treatment .834 .439 

Hemisphere 7.06 .010 

Treatment*Hemisphere .068 .935 

Hb02 (µM) 

Treatment .711 .495 

Hemisphere 4.41 .039 

Treatment*Hemisphere .005 .995 

Hb (µM) 

Treatment .363 .697 

Hemisphere 7.26 .009 

Treatment*Hemisphere .356 .702 
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Table V.2 F and p values of the main effects from the linear mixed models for efficiency index scores. Main effects 
of Ox%, THb, Hb02 and Hb are presented. 

 Main Effects 
  F p 

Ox (%) 

Treatment 1.30 .280 

Task .360 .698 

Hemisphere .006 .939 

Treatment*Task .946 .439 

Treatment*Hemisphere 1.57 .213 

Treatment*Hemisphere*Task .296 .938 

THb (µM) 

Treatment 1.90 .162 

Task .054 .948 
Hemisphere 22.55 <.001 

Treatment*Task .023 .999 
Treatment*Hemisphere 3.65 .027 

Treatment*Hemisphere*Task .030 1.000 

Hb02 (µM) 

Treatment 2.13 .131 

Task .106 .899 
Hemisphere 19.31 <.001 

Treatment*Task .034 .998 
Treatment*Hemisphere 4.95 .008 

Treatment*Hemisphere*Task .047 1.000 

Hb (µM) 

Treatment .891 .418 

Task .015 .986 
Hemisphere 18.07 <.001 

Treatment*Task .266 .900 

Treatment*Hemisphere 1.08 .340 

Treatment*Hemisphere*Task .031 1.000 
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Table V.3 F and p values of the main effects from the linear mixed models for the serial subtraction task and VAS. 
Main effects for total number of responses, number of errors and task difficulty are presented. 

 
 Post-dose Main Effects 

n Mean SE  F p 

Total  
Responses 

Placebo 
75 

15.42 0.39 Treatment .234 .792 
DHA-rich 15.82 0.46 Task 7.08 .001 
EPA-rich 15.49 0.39 Treatment*Task 1.42 .235 

Number of 
Errors 

Placebo 
75 

1.21 0.11 Treatment .336 .716 
DHA-rich 1.07 0.13 Task .594 .554 

EPA-rich 1.19 0.11 Treatment*Task .192 .942 

Task 
Difficulty 
(0-100%) 

Placebo 
75 

42.01a 1.97 Treatment 3.91 .026 
DHA-rich 50.18a 2.30 Task 16.04 <.001 
EPA-rich 43.65 1.94 Treatment*Task .997 .412 

Table V.4 F and p values of the main effects from the linear mixed models during the NIRS: active period. Main 
effects of Ox%, THb, Hb02 and Hb are presented. 

 
 

 Post-dose Main Effects 
 n Mean SE  F p 

Ox  

 Placebo 

71 

0.07 0.04 Treatment .312 .734 
Left DHA-rich 0.10 0.05 Task 22.56 <.001 

 EPA-rich 0.09 0.04 Hemisphere 19.61 <.001 
 Placebo 

71 

0.15 0.04 Treatment*Task .096 .984 
Right DHA-rich 0.22 0.05 Treatment*Hemisphere .390 .678 

 EPA-rich 0.18 0.04 Treatment*Hemisphere*Task .978 .441 

THb  

 Placebo 

71 

0.27 0.05 Treatment .167 .846 
Left DHA-rich 0.28 0.05 Task 32.41 <.001 

 EPA-rich 0.31 0.05 Hemisphere 11.12 .001 
 Placebo 

71 

0.33 0.05 Treatment*Task .080 .989 
Right DHA-rich 0.37 0.05 Treatment*Hemisphere .272 .762 

 EPA-rich 0.36 0.05 Treatment*Hemisphere*Task .079 .998 

Hb02  

 Placebo  0.29 0.04 Treatment .168 .846 
Left DHA-rich 71 0.30 0.05 Task 32.07 <.001 

 EPA-rich  0.32 0.04 Hemisphere 11.23 .001 
 Placebo  0.34 0.04 Treatment*Task .076 .990 

Right DHA-rich 71 0.39 0.05 Treatment*Hemisphere .362 .697 
 EPA-rich  0.37 0.04 Treatment*Hemisphere*Task .113 .995 

Hb  

 Placebo  0.36 0.05 Treatment .185 .832 
Left DHA-rich 71 0.35 0.06 Task 22.00 <.001 

 EPA-rich  0.39 0.05 Hemisphere 1.52 .218 
 Placebo  0.34 0.05 Treatment*Task .131 .971 
Right DHA-rich 71 0.33 0.06 Treatment*Hemisphere .010 .990 
 EPA-rich  0.36 0.05 Treatment*Hemisphere*Task .054 .999 
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APPENDIX VI: Chapter 4 Average Times in and out of Bed 

Table VI.1 Average time getting in bed, getting out of bed and time spent in bed, split by treatment group at week 
26. 

Treatment Time in bed Time out of bed Time in bed (mins) 

Placebo 23:13 07:24 491 

DHA-rich 23:25 07:29 484 

EPA-rich 23:21 07:18 477 

 
 
APPENDIX VII: Chapter 6 Blood Values Compared to Stonehouse et al., (2013) 

Table VII.1 Comparison of the bloods analysis in Chapter 6 compared to Stonehouse et al., (2013), split by 
treatment group. Mean ± SD are provided for baseline, week 26 and change values are presented for DHA, EPA 
and n-3 index 

 
Placebo DHA-rich 

Baseline 26 weeks Change Baseline 26 weeks Change 

DHA 
Chapter 6 4.95 ± 1.07  4.73 ± 1.05 -0.19 ± 0.95 4.79 ± 1.19 7.43 ±1.57 2.61 ± 1.56 

Stonehouse et al (2013) 5.06 ± 1.76 4.98 ± 1.60 -0.08 ± 0.88 5.28 ± 1.35 7.91 ± 1.65 2.62 ± 1.27 

EPA 
Chapter 6 0.86 ± 0.32 0.85 ± 0.36 -0.03 ± 0.36 0.87 ± 0.35 2.07 ± 0.82 1.23 ± 0.73 

Stonehouse et al (2013) 0.54 ± 0.31 0.52 ± 0.31 -0.01 ± 0.25 0.61 ± 0.34 0.81 ± 0.41 0.20 ± 0.22 

n-3 
index 

Chapter 6 5.81 ± 1.25 5.58 ± 1.24 -0.21 ± 1.12 5.66 ± 1.40 9.50 ± 2.25 3.81 ± 2.04 

Stonehouse et al (2013) 5.59 ± 1.90 5.50 ± 1.72 -0.09 ± 0.98 5.89 ± 1.42 8.72 ± 1.72 2.82 ± 1.34 

 
 
 
APPENDIX VIII: Fish Consumption Data 

Table VIII.1 Average number of servings per week of various n-3 food sources and the equivalent DHA, EPA and 
n-3 (± SD). Full lists of food sources are outlined in the corresponding questions on the DHA food frequency 
questionnaire (Appendix I). 

Food Source Number of Servings          
(per week) DHA (mg/d) EPA (mg/d) n-3 (mg/d) 

Oily Fish (Q1) 1.64 ± 1.43 34.20 ± 31.74 21.76 ± 20.20 55.97 ± 27.31 
Fish (Q2) 2.01 ± 1.99 19.02 ± 19.89 9.51 ± 9.95 28.53 ± 16.41 

Fish/Shellfish (Q3) 1.45 ± 1.61 6.84 ± 8.01 8.21 ± 9.61 15.05 ± 8.87 
Liver (Q4) 1.22 ± 3.46 8.07 ± 23.65 2.30 ± 6.76 10.37 ± 17.60 

Egg Yolks (Q5) 3.83 ± 3.51 10.87 ± 10.56 0.91 ± 0.88 11.78 ± 8.99 
Poultry (Q6) 3.23 ± 2.74 15.09 ± 13.43 9.16 ± 8.28 24.25 ± 11.54 

Total (Q1-Q6) 13.38 ± 8.30 94.09 ± 62.01 51.85 ± 34.76 145.94 ± 95.87 
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APPENDIX IX: Diurnal Rhythms of EPA and DHA in Blood Plasma (Jackson et al., unpublished data) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IX.1.  Diurnal variation of pooled data (N = 21) in plasma concentrations of DHA expressed as a percentage of their respective mean 24-hour value. A 
significant rhythm is detected for DHA. The equation of the cosine curve fitted by least squares to the data is presented on the graph. PR, percentage rhythm 
or proportion of variance in the data accounted for by the cosine wave (R2 x 100). 
 
 
 
 
 
 
 

60.00

70.00

80.00

90.00

100.00

110.00

120.00

130.00

140.00

150.00

20:00:00 22:00:00 0:00:00 2:00:00 4:00:00 6:00:00 8:00:00 10:00:00 12:00:00 14:00:00 16:00:00 18:00:00 20:00:00 22:00:00 0:00:00

co
nc

en
tr

ai
to

n 
(%

 o
f r

es
pe

ct
iv

e 
24

-h
ou

r m
ea

n)

100% + 8.99cos(2∏t/24 + 1.64) PR = 23.3%, p < .001  



211 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure IX.2.  Diurnal variation of pooled data (N = 21) in plasma concentrations of EPA expressed as a percentage of their respective mean 24-hour value. A 
significant rhythm is detected for EPA. The equation of the cosine curve fitted by least squares to the data is presented on the graph. PR, percentage rhythm 
or proportion of variance in the data accounted for by the cosine wave (R2 x 100).
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APPENDIX X: Bioavailability of EPA and DHA in Plasma (Jackson et al., unpublished data) 

 
 
Figure X.1. Change in plasma EPA (A), DHA (B) and EPA+DHA (C) concentrations following single 
dosing of EPA-rich SMEDS formulation, DHA-rich SMEDS formulation and placebo at 22:00. Data are 
displayed as change from pre-dose baseline and represent estimated means and standard errors 
derived from linear mixed models including treatment, time and sequence as fixed effects and subject 
as a random effect. Pairwise comparisons between placebo and each of the SMEDS formulated oils 
are displayed. *p < 0.05; **p < 0.01; +p < 0.001. N = 17. 
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APPENDIX XI: Blood Fatty Acid Profiles from Chapter 3, 4 & 5 
 

The analysis of the blood fatty acid profiles from the study presented in Chapter 3 revealed a 

significant effect of treatment for RBC EPA [F (2, 59) = 27.58, p <.001] with both the EPA-rich 

(2.67%; p <.001) and DHA-rich (2.32%; p <.001) groups having significantly greater levels of 

blood EPA than the placebo group (0.92%). A significant effect of treatment was also identified 

for RBC DHA, [F (2, 59) = 51.50, p <.001] with both the EPA-rich (6.09%; p = .003) and DHA-

rich (8.13%; p <.001) groups having significantly greater levels of blood DHA than the placebo 

group (4.95%). A significant effect of treatment was also identified for n-3 index, [F (2, 59) = 

41.21, p <.001], with both the EPA-rich (8.71%; p <.001) and DHA-rich (10.48%; p <.001) 

groups having a significantly greater n-3 blood index than the placebo group (5.88%) (Figure 

XI.1).  

Analysis of the blood fatty acid profiles from the study presented in Chapter 4 revealed a 

significant effect of treatment for RBC EPA, [F (2, 65) = 42.36, p <.001] with both the EPA-rich 

(2.67%; p <.001) and DHA-rich (2.17%; p <.001) groups having significantly greater levels of 

blood EPA than the placebo group (0.86%). A significant effect of treatment for RBC DHA, [F 

(2, 65) = 47.73, p <.001] with both the EPA-rich (6.06%; p <.001) and DHA-rich (7.69%; p 

<.001) groups having significantly greater levels of blood DHA than the placebo group 

(4.80%). A significant effect of treatment for n-3 index, [F (2, 65) = 47.73, p <.001] with both 

the EPA-rich (8.75%; p <.001) and DHA-rich (9.86%; p <.001) groups having significantly 

greater levels of blood DHA than the placebo group (5.64%). (Figure XI.2). 

Analysis of the blood fatty acid profiles from the study presented in Chapter 5 revealed a 

significant effect of treatment for RBC EPA, [F (2, 125) = 79.80, p <.001] with both the EPA-

rich (2.87%; p <.001) and DHA-rich (1.92%; p <.001) groups having significantly greater levels 

of blood EPA than the placebo group (0.85%). Analysis also revealed a significant effect of 

treatment for RBC DHA, [F (2, 125) = 49.78, p <.001] with both the EPA-rich (5.91%; p <.001) 

and DHA-rich (7.05%; p <.001) groups having significantly greater levels of blood EPA than 

the placebo group (4.65%). The analysis revealed a significant effect of treatment for RBC n-

3 index, [F (2, 125) = 63.20, p <.001] with both the EPA-rich (8.76%; p <.001) and DHA-rich 

(8.99%; p <.001) groups having significantly greater levels of blood EPA than the placebo 

group (5.50%) (Figure XI.3). 
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Figure XI.1. Estimated marginal means and standard errors (SE) for the week 26 percentage of EPA (top left) 

percentage of DHA (top right) and total percentage of EPA+DHA (bottom), out of total fatty acids, in red blood 

cells by treatment group for the study presented in Chapter 3. 
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Figure XI.2. Estimated marginal means and standard errors (SE) for the post-dose percentage of EPA (top left) 
percentage of DHA (top right) and total percentage of EPA+DHA (bottom), out of total fatty acids, in red blood 

cells by treatment group for the study presented in Chapter 4. 
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Figure XI.3. Estimated marginal means and standard errors (SE) for the post-dose percentage of EPA (top left) 

percentage of DHA (top right) and total percentage of EPA+DHA (bottom), out of total fatty acids, in red blood 

cells by treatment group for the study presented in Chapter 5. 

 
 
 

 

 

 

 



217 
 

REFERENCES 

Abdel-Maksoud, S. M., Hassanein, S. I., Gohar, N. A., Attia, S. M., & Gad, M. Z. (2017). 

Investigation of brain-derived neurotrophic factor (BDNF) gene expression in 

hypothalamus of obese rats: Modulation by omega-3 fatty acids. Nutritional 

neuroscience, 20(8), 443-448. 

Abdi, J., Garssen, J., Faber, J., & Redegeld, F. A. (2014). Omega-3 fatty acids, EPA and DHA 

induce apoptosis and enhance drug sensitivity in multiple myeloma cells but not in 

normal peripheral mononuclear cells. The Journal of nutritional biochemistry, 25(12), 

1254-1262. 

AbdulRahman, I., Yaqoob, U., & Bhatti, T. A. (2018). Sleep Disorders Caused by 

Depression. Clin Depress, 4(131), 2572-0791. 

Åberg, M. A., Åberg, N., Brisman, J., Sundberg, R., Winkvist, A., & Torén, K. (2009). Fish 

intake of Swedish male adolescents is a predictor of cognitive performance. Acta 

paediatrica, 98(3), 555-560. 

Abeywardena, M. Y., & Head, R. J. (2001). Longchain n− 3 polyunsaturated fatty acids and 

blood vessel function. Cardiovascular research, 52(3), 361-371. 

Abulrob, A. N., Mason, M., Bryce, R., & Gumbleton, M. (2000). The effect of fatty acids and 

analogues upon intracellular levels of doxorubicin in cells displaying P-glycoprotein 

mediated multidrug resistance. Journal of drug targeting, 8(4), 247-256. 

AbuMweis, S., Jew, S., Tayyem, R., & Agraib, L. (2018). Eicosapentaenoic acid and 

docosahexaenoic acid containing supplements modulate risk factors for 

cardiovascular disease: a meta‐analysis of randomised placebo‐control human clinical 

trials. Journal of human nutrition and dietetics, 31(1), 67-84. 

Adam, K., Tomeny, M., & Oswald, I. (1986). Physiological and psychological differences 

between good and poor sleepers. Journal of psychiatric research, 20(4), 301-316. 

Adams, R. J., Appleton, S. L., Taylor, A. W., Gill, T. K., Lang, C., McEvoy, R. D., & Antic, N. 

A. (2017). Sleep health of Australian adults in 2016: results of the 2016 Sleep Health 

Foundation national survey. Sleep Health, 3(1), 35-42. 

Adarme-Vega, T. C., Lim, D. K., Timmins, M., Vernen, F., Li, Y., & Schenk, P. M. (2012). 

Microalgal biofactories: a promising approach towards sustainable omega-3 fatty acid 

production. Microbial cell factories, 11(1), 96. 

Aïd, S., Vancassel, S., Poumès-Ballihaut, C., Chalon, S., Guesnet, P., & Lavialle, M. (2003). 

Effect of a diet-induced n-3 PUFA depletion on cholinergic parameters in the rat 

hippocampus. Journal of Lipid Research, 44(8), 1545-1551. 

Akbaraly, T. N., Sabia, S., Shipley, M. J., Batty, G. D., & Kivimaki, M. (2013). Adherence to 

healthy dietary guidelines and future depressive symptoms: evidence for sex 



218 
 

differentials in the Whitehall II study–. The American journal of clinical nutrition, 97(2), 

419-427. 

Åkerstedt, T., Ghilotti, F., Grotta, A., Zhao, H., Adami, H. O., Trolle‐Lagerros, Y., & Bellocco, 

R. (2019). Sleep duration and mortality–Does weekend sleep matter?. Journal of sleep 

research, 28(1), e12712. 

Albanese, E., Dangour, A.D., Uauy, R., Acosta, D., Guerra, M., Guerra, S.S., Huang, Y., 

Jacob, K.S., de Rodriguez, J.L., Noriega, L. H., Salas, A., Sosa, A.L., Sousa, R.M., 

Williams, J., Ferri, C.P., Prince, M.J., (2009). Dietary fish and meat intake and 

dementia in Latin America, China, and India: a 10/66 Dementia Research Group 

population-based study. Am. J. Clin. Nutr. 90, 392–400 Epub 2009 Jun 24. 

Alberini, C. M. (2008). The role of protein synthesis during the labile phases of memory: 

revisiting the skepticism. Neurobiology of learning and memory, 89(3), 234-246. 

Albert, B. B., Cameron-Smith, D., Hofman, P. L., & Cutfield, W. S. (2013). Oxidation of marine 

omega-3 supplements and human health. BioMed research international, 2013. 

Aldhous, M. E., & Arendt, J. (1988). Radioimmunoassay for 6-sulphatoxymelatonin in urine 

using an iodinated tracer. Annals of Clinical Biochemistry, 25(3), 298-303. 

Alexander, D. D., Miller, P. E., Van Elswyk, M. E., Kuratko, C. N., & Bylsma, L. C. (2017). A 

meta-analysis of randomized controlled trials and prospective cohort studies of 

eicosapentaenoic and docosahexaenoic long-chain omega-3 fatty acids and coronary 

heart disease risk. In Mayo Clinic Proceedings (Vol. 92, No. 1, pp. 15-29). Elsevier. 

Al-Hilal, M., AlSaleh, A., Maniou, Z., Lewis, F. J., Hall, W. L., Sanders, T. A., & MARINA study 

team. (2013). Genetic variation at the FADS1-FADS2 gene locus influences delta-5 

desaturase activity and LC-PUFA proportions after fish oil supplement. Journal of lipid 

research, 54(2), 542-551. 

Allen, E. A., Pasley, B. N., Duong, T., & Freeman, R. D. (2007). Transcranial magnetic 

stimulation elicits coupled neural and hemodynamic 

consequences. Science, 317(5846), 1918-1921. 

Allen, J. S., Bruss, J., Brown, C. K., & Damasio, H. (2005). Normal neuroanatomical variation 

due to age: the major lobes and a parcellation of the temporal region. Neurobiology of 

aging, 26(9), 1245-1260. 

Alquraan, L., Alzoubi, K. H., Hammad, H., Rababa’h, S. Y., & Mayyas, F. (2019). Omega-3 

Fatty Acids Prevent Post-Traumatic Stress Disorder-Induced Memory 

Impairment. Biomolecules, 9(3), 100. 

AlSaleh, A., Maniou, Z., Lewis, F. J., Hall, W. L., Sanders, T. A., & O’Dell, S. D. (2014). 

ELOVL2 gene polymorphisms are associated with increases in plasma 

eicosapentaenoic and docosahexaenoic acid proportions after fish oil 

supplement. Genes & nutrition, 9(1), 362. 



219 
 

Ames, B. N. (2004). Delaying the mitochondrial decay of aging. Annals of the New York 

Academy of Sciences, 1019(1), 406-411. 

Ancoli-Israel, S., Cole, R., Alessi, C., Chambers, M., Moorcroft, W., & Pollak, C. P. (2003). 

The role of actigraphy in the study of sleep and circadian rhythms. Sleep, 26(3), 342-

392. 

Andersen, J. K. (2004). Oxidative stress in neurodegeneration: cause or consequence?. 

Nature medicine, 10(7), S18. 

Anderton, B. H. (2002). Ageing of the brain. Mechanisms of ageing and development, 123(7), 

811-817. 

Andrade, E., Arce, C., Torrado, J., Garrido, J., De Francisco, C., & Arce, I. (2010). Factor 

structure and invariance of the POMS mood state questionnaire in Spanish. The 

Spanish Journal of Psychology, 13(1), 444-452.  

Andrews, P. W., Thomson Jr, J. A., Amstadter, A., & Neale, M. C. (2012). Primum non nocere: 

an evolutionary analysis of whether antidepressants do more harm than good. 

Frontiers in psychology, 3, 117. 

Antypa, N., Smelt, A. H., Strengholt, A., & Van der Does, A. W. (2012). Effects of omega-3 

fatty acid supplementation on mood and emotional information processing in 

recovered depressed individuals. Journal of Psychopharmacology, 26(5), 738-743. 

Antypa, N., Van der Does, A. J. W., Smelt, A. H. M., & Rogers, R. D. (2009). Omega-3 fatty 

acids (fish-oil) and depression-related cognition in healthy volunteers. Journal of 

Psychopharmacology, 23(7), 831-840. 

Appleton, K. M., Hayward, R. C., Gunnell, D., Peters, T. J., Rogers, P. J., Kessler, D., & Ness, 

A. R. (2006). Effects of n–3 long-chain polyunsaturated fatty acids on depressed mood: 

systematic review of published trials–. The American journal of clinical nutrition, 84(6), 

1308-1316. 

Appleton, K. M., Rogers, P. J., & Ness, A. R. (2010). Updated systematic review and meta-

analysis of the effects of n− 3 long-chain polyunsaturated fatty acids on depressed 

mood–. The American journal of clinical nutrition, 91(3), 757-770. 

Armitage, R. (1996). Effects of antidepressant treatment on sleep EEG in depression. Journal 

of psychopharmacology. Supplement to..., 10(1), 22-25. 

Arnold, M., Nho, K., Kueider-Paisley, A., Massaro, T., Brauner, B., MahmoudianDehkordi, S., 

& Tenenbaum, J. D. (2019). The Alzheimer’s Disease Metabolome: Effects of Sex and 

APOE ε4 genotype. bioRxiv, 585455. 

Arshad, A., Chung, W. Y., Steward, W., Metcalfe, M. S., & Dennison, A. R. (2013). Reduction 

in circulating pro‐angiogenic and pro‐inflammatory factors is related to improved 

outcomes in patients with advanced pancreatic cancer treated with gemcitabine and 

intravenous omega‐3 fish oil. HPB, 15(6), 428-432. 



220 
 

Aryal, S., Hussain, S., Drevon, C. A., Nagelhus, E., Hvalby, Ø., Jensen, V., & Davanger, S. 

(2019). Omega‐3 fatty acids regulate plasticity in distinct hippocampal glutamatergic 

synapses. European Journal of Neuroscience, 49(1), 40-50. 

Azzi, A. (2018). Many tocopherols, one vitamin E. Molecular aspects of medicine, 61, 92-103. 

Bach, S. A., de Siqueira, L. V., Müller, A. P., Oses, J. P., Quatrim, A., Emanuelli, T., & Moreira, 

J. D. (2014). Dietary omega-3 deficiency reduces BDNF content and activation NMDA 

receptor and Fyn in dorsal hippocampus: implications on persistence of long-term 

memory in rats. Nutritional neuroscience, 17(4), 186-192. 

Baker, E. J., Miles, E. A., Burdge, G. C., Yaqoob, P., & Calder, P. C. (2016). Metabolism and 

functional effects of plant-derived omega-3 fatty acids in humans. Progress in lipid 

research, 64, 30-56. 

Baker, E. J., Yusof, M. H., Yaqoob, P., Miles, E. A., & Calder, P. C. (2018). Omega-3 fatty 

acids and leukocyte-endothelium adhesion: Novel anti-atherosclerotic 

actions. Molecular Aspects of Medicine. 

Balu, D. T., & Lucki, I. (2009). Adult hippocampal neurogenesis: regulation, functional 

implications, and contribution to disease pathology. Neuroscience & Biobehavioral 

Reviews, 33(3), 232-252. 

Barberger-Gateau, P., Letenneur, L., Deschamps, V., Peres, K., Dartigues, J.F., Renaud, S., 

(2002). Fish, meat, and risk of dementia: cohort study. BMJ, 325, 932–933. 

Barcelo-Coblijn, G., Hőgyes, E., Kitajka, K., Puskás, L. G., Zvara, Á., Hackler, L., & Farkas, T. 

(2003). Modification by docosahexaenoic acid of age-induced alterations in gene 

expression and molecular composition of rat brain phospholipids. Proceedings of the 

National Academy of Sciences, 100(20), 11321-11326. 

Barceló-Coblijn, G., Kitajka, K., Puskás, L. G., Hőgyes, E., Zvara, A., Hackler, L., & Farkas, T. 

(2003). Gene expression and molecular composition of phospholipids in rat brain in 

relation to dietary n− 6 to n− 3 fatty acid ratio. Biochimica et Biophysica Acta (BBA)-

Molecular and Cell Biology of Lipids, 1632(1), 72-79. 

Barker, G. R., Banks, P. J., Scott, H., Ralph, G. S., Mitrophanous, K. A., Wong, L. F., & 

Warburton, E. C. (2017). Separate elements of episodic memory subserved by distinct 

hippocampal–prefrontal connections. Nature neuroscience, 20(2), 242. 

Barnes, C. M., & Watson, N. F. (2019). Why healthy sleep is good for business. Sleep 

medicine reviews. 

Bauer, I., Crewther, D. P., Pipingas, A., Rowsell, R., Cockerell, R., & Crewther, S. G. (2011). 

Omega-3 fatty acids modify human cortical visual processing—a double-blind, 

crossover study. PLoS One, 6(12), e28214. 



221 
 

Bauer, I., Crewther, S., Pipingas, A., Sellick, L., & Crewther, D. (2014b). Does omega‐3 fatty 

acid supplementation enhance neural efficiency? A review of the literature. Human 

Psychopharmacology: Clinical and Experimental, 29(1), 8-18. 

Bauer, I., Hughes, M., Rowsell, R., Cockerell, R., Pipingas, A., Crewther, S., & Crewther, D. 

(2014a). Omega‐3 supplementation improves cognition and modifies brain activation 

in young adults. Human Psychopharmacology: Clinical and Experimental, 29(2), 133-

144. 

Baylin, A., Ruiz-Narvaez, E., Kraft, P., & Campos, H. (2007). α-Linolenic acid, Δ6-desaturase 

gene polymorphism, and the risk of nonfatal myocardial infarction. The American 

journal of clinical nutrition, 85(2), 554-560. 

Baym, C. L., Khan, N. A., Monti, J. M., Raine, L. B., Drollette, E. S., Moore, R. D., & Cohen, 

N. J. (2014). Dietary lipids are differentially associated with hippocampal-dependent 

relational memory in prepubescent children–. The American journal of clinical nutrition, 

99(5), 1026-1032. 

Bazan, N. G., Molina, M. F., & Gordon, W. C. (2011). Docosahexaenoic acid signalolipidomics 

in nutrition: significance in aging, neuroinflammation, macular degeneration, 

Alzheimer's, and other neurodegenerative diseases. Annual review of nutrition, 31, 

321-351. 

Beck, H., Goussakov, I. V., Lie, A., Helmstaedter, C., & Elger, C. E. (2000). Synaptic plasticity 

in the human dentate gyrus. Journal of Neuroscience, 20(18), 7080-7086. 

Becker, A., & Grecksch, G. (2004). Ketamine-induced changes in rat behaviour: a possible 

animal model of schizophrenia. Test of predictive validity. Progress in Neuro-

Psychopharmacology and Biological Psychiatry, 28(8), 1267-1277. 

Beckermann, B., Beneke, M., & Seitz, I. (1990). Comparative bioavailability of 

eicosapentaenoic acid and docasahexaenoic acid from triglycerides, free fatty acids 

and ethyl esters in volunteers. Arzneimittel-forschung, 40(6), 700-704. 

Beekman, M., Blanché, H., Perola, M., Hervonen, A., Bezrukov, V., Sikora, E., & Rea, I. M. 

(2013). Genome‐wide linkage analysis for human longevity: Genetics of Healthy Aging 

Study. Aging cell, 12(2), 184-193. 

Beltz, B. S., Tlusty, M. F., Benton, J. L., & Sandeman, D. C. (2007). Omega-3 fatty acids 

upregulate adult neurogenesis. Neuroscience letters, 415(2), 154-158. 

Benisek, D., Bailey-Hall, E., Oken, H., Masayesva, S., & Arterburn, L. (2002). Validation of a 

simple food frequency questionnaire as an indicator of long chain omega-3 intake. 

Inform, 96.  

Benloucif, S., Burgess, H. J., Klerman, E. B., Lewy, A. J., Middleton, B., Murphy, P. J., & 

Revell, V. L. (2008). Measuring melatonin in humans. Journal of Clinical Sleep 

Medicine, 4(01), 66-69. 



222 
 

Bennet, A. M., Di Angelantonio, E., Ye, Z., Wensley, F., Dahlin, A., Ahlbom, A., & Danesh, J. 

(2007). Association of apolipoprotein E genotypes with lipid levels and coronary 

risk. Jama, 298(11), 1300-1311. 

Bent, S., Bertoglio, K., Ashwood, P., Bostrom, A., & Hendren, R. L. (2011). A pilot randomized 

controlled trial of omega-3 fatty acids for autism spectrum disorder. Journal of autism 

and developmental disorders, 41(5), 545-554. 

Berg, K. A., Maayani, S., & Clarke, W. P. (1996). 5-hydroxytryptamine2C receptor activation 

inhibits 5-hydroxytryptamine1B-like receptor function via arachidonic acid 

metabolism. Molecular pharmacology, 50(4), 1017-1023. 

Berger, A., Mutch, D. M., German, J. B., & Roberts, M. A. (2002). Dietary effects of 

arachidonate-rich fungal oil and fish oil on murine hepatic and hippocampal gene 

expression. Lipids in Health and Disease, 1(1), 2. 

Berger, G. E., Proffitt, T. M., McConchie, M., Yuen, H., Wood, S. J., Amminger, G. P., & 

McGorry, P. D. (2007). Ethyl-eicosapentaenoic acid in first-episode psychosis: a 

randomized, placebo-controlled trial. Journal of Clinical Psychiatry, 68(12), 1867-1875. 

Bernard, S., Gonze, D., Čajavec, B., Herzel, H., & Kramer, A. (2007). Synchronization-induced 

rhythmicity of circadian oscillators in the suprachiasmatic nucleus. PLoS 

computational biology, 3(4), e68. 

Bhugra, D. (2005). The global prevalence of schizophrenia. PLoS medicine, 2(5), e151. 

Bianchi, M. C. G., Chopin, F., Farmer, T., Franz, N., Fuentevilla, C., Garibaldi, L., & Laurenti, 

A. L. G. (2014). FAO: The State of World Fisheries and Aquaculture. Rome, Italy: Food 

and Agriculture Organization of the United Nations. 

Bianco, A., Coccioli, F., Guiso, M., & Marra, C. (2002). The occurrence in olive oil of a new 

class of phenolic compounds: hydroxy-isochromans. Food Chemistry, 77(4), 405-411. 

Binder, D. K., & Scharfman, H. E. (2004). Brain-derived neurotrophic factor. Growth factors 

(Chur, Switzerland), 22(3), 123. 

Birch, D. G., Birch, E. E., Hoffman, D. R., & Uauy, R. D. (1992). Retinal development in very-

low-birth-weight infants fed diets differing in omega-3 fatty acids. Investigative 

Ophthalmology & Visual Science, 33(8), 2365-2376. 

Blake, G. J., & Ridker, P. M. (2001). Novel clinical markers of vascular wall 

inflammation. Circulation research, 89(9), 763-771. 

Blasbalg, T. L., Hibbeln, J. R., Ramsden, C. E., Majchrzak, S. F., & Rawlings, R. R. (2011). 

Changes in consumption of omega-3 and omega-6 fatty acids in the United States 

during the 20th century–. The American journal of clinical nutrition, 93(5), 950-962. 

Block, R. C., Harris, W. S., Reid, K. J., Sands, S. A., & Spertus, J. A. (2008). EPA and DHA 

in blood cell membranes from acute coronary syndrome patients and 

controls. Atherosclerosis, 197(2), 821-828. 



223 
 

Blondeau, N., Nguemeni, C., Debruyne, D. N., Piens, M., Wu, X., Pan, H., & Marini, A. M. 

(2009). Subchronic alpha-linolenic acid treatment enhances brain plasticity and exerts 

an antidepressant effect: a versatile potential therapy for 

stroke. Neuropsychopharmacology, 34(12), 2548. 

Blumsohn, A., Herrington, K., Hannon, R. A., Shao, P., Eyre, D. R., & Eastell, R. (1994). The 

effect of calcium supplementation on the circadian rhythm of bone resorption. The 

Journal of Clinical Endocrinology & Metabolism, 79(3), 730-735. 

Bo, Y., Zhang, X., Wang, Y., You, J., Cui, H., Zhu, Y., & Lu, Q. (2017). The n-3 polyunsaturated 

fatty acids supplementation improved the cognitive function in the Chinese elderly with 

mild cognitive impairment: a double-blind randomized controlled trial. Nutrients, 9(1), 

54. 

Boespflug, E. L., McNamara, R. K., Eliassen, J. C., Schidler, M. D., & Krikorian, R. (2016). 

Fish oil supplementation increases event-related posterior cingulate activation in older 

adults with subjective memory impairment. The journal of nutrition, health & 

aging, 20(2), 161-169. 

Bojkowski, C. J., Arendt, J., Shih, M. C., & Markey, S. P. (1987). Melatonin secretion in 

humans assessed by measuring its metabolite, 6-sulfatoxymelatonin. Clinical 

chemistry, 33(8), 1343-1348. 

Borre, Y. E., O’Keeffe, G. W., Clarke, G., Stanton, C., Dinan, T. G., & Cryan, J. F. (2014). 

Microbiota and neurodevelopmental windows: implications for brain disorders. Trends 

in molecular medicine, 20(9), 509-518. 

Bos, M. M., Noordam, R., van den Berg, R., de Mutsert, R., Rosendaal, F. R., Blauw, G. J., & 

van Heemst, D. (2018). Associations of sleep duration and quality with serum and 

hepatic lipids: The Netherlands Epidemiology of Obesity Study. Journal of sleep 

research, e12776. 

Boutis, K., & Willan, A. (2011). Intention-to-treat and per-protocol analysis. Cmaj, 183(6), 696-

696. 

Bowman, G. L., Dayon, L., Kirkland, R., Wojcik, J., Peyratout, G., Severin, I. C., & Popp, J. 

(2018). Blood-brain barrier breakdown, neuroinflammation, and cognitive decline in 

older adults. Alzheimer's & Dementia, 14(12), 1640-1650. 

Braarud, H., Markhus, M., Skotheim, S., Stormark, K., Frøyland, L., Graff, I., & Kjellevold, M. 

(2018). Maternal DHA status during pregnancy has a positive impact on infant problem 

solving: A Norwegian prospective observation study. Nutrients, 10(5), 529. 

Bradbury, J. (2011). Docosahexaenoic acid (DHA): an ancient nutrient for the modern human 

brain. Nutrients, 3(5), 529-554. 



224 
 

Braga, M., Vignali, A., Gianotti, L., Cestari, A., Profili, M., & Di Carlo, V. (1995). Benefits of 

early postoperative enteral feeding in cancer patients. Transfusion Medicine and 

Hemotherapy, 22(5), 280-284. 

Bramham, C. R., & Messaoudi, E. (2005). BDNF function in adult synaptic plasticity: the 

synaptic consolidation hypothesis. Progress in neurobiology, 76(2), 99-125. 

Bray, M. S., & Young, M. E. (2011). Regulation of fatty acid metabolism by cell autonomous 

circadian clocks: time to fatten up on information?. Journal of Biological 

Chemistry, 286(14), 11883-11889. 

Brenna, J. T. (2002). Efficiency of conversion of α-linolenic acid to long chain n-3 fatty acids 

in man. Current Opinion in Clinical Nutrition & Metabolic Care, 5(2), 127-132. 

Broer, L., & van Duijn, C. M. (2015). GWAS and meta-analysis in aging/longevity. In Longevity 

Genes (pp. 107-125). Springer, New York, NY. 

Brown, C. M., & Austin, D. W. (2011). Autistic disorder and phospholipids: a 

review. Prostaglandins, leukotrienes and essential fatty acids, 84(1-2), 25-30. 

Bruce, K. D., Zsombok, A., & Eckel, R. H. (2017). Lipid processing in the brain: a key regulator 

of systemic metabolism. Frontiers in endocrinology, 8, 60. 

Bruel-Jungerman, E., Davis, S., Rampon, C., & Laroche, S. (2006). Long-term potentiation 

enhances neurogenesis in the adult dentate gyrus. Journal of Neuroscience, 26(22), 

5888-5893. 

Bruel‐Jungerman, E., Laroche, S., & Rampon, C. (2005). New neurons in the dentate gyrus 

are involved in the expression of enhanced long‐term memory following environmental 

enrichment. European Journal of Neuroscience, 21(2), 513-521. 

Bruno, M. J., Koeppe, R. E., & Andersen, O. S. (2007). Docosahexaenoic acid alters bilayer 

elastic properties. Proceedings of the National Academy of Sciences, 104(23), 9638-

9643. 

Bubeníková-Valešová, V., Horáček, J., Vrajová, M., & Höschl, C. (2008). Models of 

schizophrenia in humans and animals based on inhibition of NMDA receptors. 

Neuroscience & Biobehavioral Reviews, 32(5), 1014-1023. 

Bucks, R. S., & Willison, J. R. (1997). Development and validation of the Location Learning 

Test (LLT): A test of visuo-spatial learning designed for use with older adults and in 

dementia. The Clinical Neuropsychologist, 11(3), 273-286.  

Buijs, R. M., Ruiz, M. A. G., Hernández, R. M., & Cortés, B. R. (2019). The suprachiasmatic 

nucleus; a responsive clock regulating homeostasis by daily changing the setpoints of 

physiological parameters. Autonomic Neuroscience.  

Burdge, G. C., & Calder, P. C. (2006). Dietary α-linolenic acid and health-related outcomes: a 

metabolic perspective. Nutrition research reviews, 19(1), 26-52. 



225 
 

Burdge, G., Cawood, A., & Childs, C. (2004). Analysis of fatty acids by gas chromatography. 

Insititute of Human Nutrition, University of Southampton: UK. 

Buydens-Branchey, L., Branchey, M., & Hibbeln, J. R. (2008). Associations between increases 

in plasma n-3 polyunsaturated fatty acids following supplementation and decreases in 

anger and anxiety in substance abusers. Progress in Neuro-Psychopharmacology and 

Biological Psychiatry, 32(2), 568-575. 

Buzsáki, G. (1996). The hippocampo-neocortical dialogue. Cerebral cortex, 6(2), 81-92. 

Buzsáki, G. (2002). Theta oscillations in the hippocampus. Neuron, 33(3), 325-340. 

Buzsáki, G. (2015). Hippocampal sharp wave‐ripple: A cognitive biomarker for episodic 

memory and planning. Hippocampus, 25(10), 1073-1188. 

Byerley, L. O., Samuelson, D., Blanchard IV, E., Luo, M., Lorenzen, B. N., Banks, S., & Taylor, 

C. M. (2017). Changes in the gut microbial communities following addition of walnuts 

to the diet. The Journal of nutritional biochemistry, 48, 94-102. 

Cai, F., Sorg, O., Granci, V., Lecumberri, E., Miralbell, R., Dupertuis, Y. M., & Pichard, C. 

(2014). Interaction of ω-3 polyunsaturated fatty acids with radiation therapy in two 

different colorectal cancer cell lines. Clinical Nutrition, 33(1), 164-170. 

Calder, P. C. (2006). n− 3 Polyunsaturated fatty acids, inflammation, and inflammatory 

diseases. The American journal of clinical nutrition, 83(6), 1505S-1519S. 

Calder, P. C. (2006). Polyunsaturated fatty acids and inflammation. Prostaglandins, 

leukotrienes and essential fatty acids, 75(3), 197-202. 

Calder, P. C. (2008). Polyunsaturated fatty acids, inflammatory processes and inflammatory 

bowel diseases. Molecular nutrition & food research, 52(8), 885-897. 

Calder, P. C. (2009). Polyunsaturated fatty acids and inflammatory processes: new twists in 

an old tale. Biochimie, 91(6), 791-795. 

Calder, P. C. (2012a). Mechanisms of action of (n-3) fatty acids. The Journal of 

nutrition, 142(3), 592S-599S. 

Calder, P. C. (2012b). The role of marine omega‐3 (n‐3) fatty acids in inflammatory processes, 

atherosclerosis and plaque stability. Molecular nutrition & food research, 56(7), 1073-

1080. 

Calder, P. C. (2015). Marine omega-3 fatty acids and inflammatory processes: effects, 

mechanisms and clinical relevance. Biochimica et Biophysica Acta (BBA)-Molecular 

and Cell Biology of Lipids, 1851(4), 469-484. 

Calder, P. C. (2016). Docosahexaenoic acid. Annals of Nutrition and Metabolism, 69(Suppl. 

1), 8-21. 

Calder, P. C. (2017a). Omega‐3: The good oil. Nutrition Bulletin, 42(2), 132-140. 

Calder, P. C. (2017b). Omega-3 fatty acids and inflammatory processes: from molecules to 

man. Biochemical Society Transactions, 45(5), 1105-1115. 



226 
 

Candow, D. G., Chilibeck, P. D., Facci, M., Abeysekara, S., & Zello, G. A. (2006). Protein 

supplementation before and after resistance training in older men. European journal of 

applied physiology, 97(5), 548-556. 

Caniato, R. N., Alvarenga, M. E., & Angel Garcia-Alcaraz, M. (2006). Effect of omega-3 fatty 

acids on the lipid profile of patients taking clozapine. Australian and New Zealand 

Journal of Psychiatry, 40(8), 691-697. 

Canugovi, C., Misiak, M., Ferrarelli, L. K., Croteau, D. L., & Bohr, V. A. (2013). The role of 

DNA repair in brain related disease pathology. DNA repair, 12(8), 578-587. 

Cao, D., Kevala, K., Kim, J., Moon, H. S., Jun, S. B., Lovinger, D., & Kim, H. Y. (2009). 

Docosahexaenoic acid promotes hippocampal neuronal development and synaptic 

function. Journal of neurochemistry, 111(2), 510-521. 

Cao, X., & Huang, S. (2003). The effects of supplemented with DHA on synaptic plasticity 

during development period in rats. Chinese Pharmacological Bulletin, (08). 

Cappuccio, F. P., Cooper, D., D'Elia, L., Strazzullo, P., & Miller, M. A. (2011). Sleep duration 

predicts cardiovascular outcomes: a systematic review and meta-analysis of 

prospective studies. European heart journal, 32(12), 1484-1492. 

Cappuccio, F. P., D'Elia, L., Strazzullo, P., & Miller, M. A. (2010). Quantity and quality of sleep 

and incidence of type 2 diabetes: a systematic review and meta-analysis. Diabetes 

care, 33(2), 414-420. 

Carlson, S. E., Werkman, S. H., Rhodes, P. G., & Tolley, E. A. (1993). Visual-acuity 

development in healthy preterm infants: effect of marine-oil supplementation. The 

American journal of clinical nutrition, 58(1), 35-42. 

Carskadon, M. A., Dement, W. C., Mitler, M. M., Guilleminault, C., Zarcone, V. P., & Spiegel, 

R. (1976). Self-reports versus sleep laboratory findings in 122 drug-free subjects with 

complaints of chronic insomnia. Am J Psychiatry, 133(12), 1382-1388. 

Casas, R., Sacanella, E., & Estruch, R. (2014). The immune protective effect of the 

Mediterranean diet against chronic low-grade inflammatory diseases. Endocrine, 

Metabolic & Immune Disorders-Drug Targets (Formerly Current Drug Targets-

Immune, Endocrine & Metabolic Disorders), 14(4), 245-254. 

Castelli, V., Grassi, D., Bocale, R., d'Angelo, M., Antonosante, A., Cimini, A., & Desideri, G. 

(2018). Diet and Brain Health: Which Role for Polyphenols?. Current pharmaceutical 

design, 24(2), 227-238. 

Catalá, A. (2010). The function of very long chain polyunsaturated fatty acids in the pineal 

gland. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids, 

1801(2), 95-99. 

Caughey, G. E., Mantzioris, E., Gibson, R. A., Cleland, L. G., & James, M. J. (1996). The effect 

on human tumor necrosis factor alpha and interleukin 1 beta production of diets 



227 
 

enriched in n-3 fatty acids from vegetable oil or fish oil. The American journal of clinical 

nutrition, 63(1), 116-122. 

Causse, M., Chua, Z., Peysakhovich, V., Campo, N., & Matton, N. (2017). Mental workload 

and neural efficiency quantified in the prefrontal cortex using fNIRS. Scientific 

reports, 7(1), 5222. 

Ceccarelli, V., Nocentini, G., Billi, M., Racanicchi, S., Riccardi, C., Roberti, R., & Vecchini, A. 

(2014). Eicosapentaenoic acid activates RAS/ERK/C/EBPβ pathway through H-Ras 

intron 1 CpG island demethylation in U937 leukemia cells. PloS one, 9(1), e85025. 

Cederholm, T. (2017). Fish consumption and omega-3 fatty acid supplementation for 

prevention or treatment of cognitive decline, dementia or Alzheimer's disease in older 

adults–any news?. Current Opinion in Clinical Nutrition & Metabolic Care, 20(2), 104-

109 

Cederholm, T., Salem Jr, N., & Palmblad, J. (2013). ω-3 Fatty Acids in the Prevention of 

Cognitive Decline in Humans–. Advances in nutrition, 4(6), 672-676. 

Cenit, M. C., Sanz, Y., & Codoñer-Franch, P. (2017). Influence of gut microbiota on 

neuropsychiatric disorders. World journal of gastroenterology, 23(30), 5486. 

Cespuglio, R. (2018). Serotonin: Its place today in sleep preparation, triggering or 

maintenance. Sleep medicine, 49, 31-39. 

Cespuglio, R., Marinesco, S., Baubet, V., Bonnet, C., & El Kafi, B. (1995). Evidence for a 

sleep-promoting influence of stress. Advances in neuroimmunology, 5(2), 145-154. 

Challet, E. (2007). Minireview: entrainment of the suprachiasmatic clockwork in diurnal and 

nocturnal mammals. Endocrinology, 148(12), 5648-5655. 

Chalon, S. (2006). Omega-3 fatty acids and monoamine neurotransmission. Prostaglandins, 

Leukotrienes and Essential Fatty Acids, 75(4-5), 259-269. 

Chalon, S., Vancassel, S., Zimmer, L., Guilloteau, D., & Durand, G. (2001). Polyunsaturated 

fatty acids and cerebral function: focus on monoaminergic 

neurotransmission. Lipids, 36(9), 937-944. 

Chamberlain, J. G. (1996). The possible role of long-chain, omega-3 fatty acids in human brain 

phylogeny. Perspectives in Biology and Medicine, 39(3), 436-445. 

Chang, J. P. C., Jingling, L., Huang, Y. T., Lu, Y. J., & Su, K. P. (2016). Delay aversion, 

temporal processing, and N-3 fatty acids intake in children with attention-

deficit/hyperactivity disorder (ADHD). Clinical Psychological Science, 4(6), 1094-1103. 

Chang, J. P. C., Lin, C. Y., Lin, P. Y., Shih, Y. H., Chiu, T. H., Ho, M., & Su, K. P. (2018). 

Polyunsaturated fatty acids and inflammatory markers in major depressive episodes 

during pregnancy. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 80, 273-278. 



228 
 

Chang, J. P. C., Su, K. P., Mondelli, V., & Pariante, C. M. (2018). Omega-3 Polyunsaturated 

Fatty Acids in Youths with Attention Deficit Hyperactivity Disorder: a Systematic 

Review and Meta-Analysis of Clinical Trials and Biological 

Studies. Neuropsychopharmacology, 43(3), 534. 

Chapkin, R. S., Akoh, C. C., & Miller, C. C. (1991). Influence of dietary n-3 fatty acids on 

macrophage glycerophospholipid molecular species and peptidoleukotriene 

synthesis. Journal of lipid research, 32(7), 1205-1213.  

Chen, C. T., & Bazinet, R. P. (2015). β-oxidation and rapid metabolism, but not uptake regulate 

brain eicosapentaenoic acid levels. Prostaglandins, Leukotrienes and Essential Fatty 

Acids, 92, 33-40. 

Chen, C. T., Liu, Z., & Bazinet, R. P. (2011). Rapid de‐esterification and loss of 

eicosapentaenoic acid from rat brain phospholipids: an intracerebroventricular 

study. Journal of neurochemistry, 116(3), 363-373. 

Chen, C. T., Liu, Z., Ouellet, M., Calon, F., & Bazinet, R. P. (2009). Rapid β-oxidation of 

eicosapentaenoic acid in mouse brain: an in situ study. Prostaglandins, leukotrienes 

and essential fatty acids, 80(2-3), 157-163. 

Chen, C., & Bazan, N. G. (2005). Lipid signaling: sleep, synaptic plasticity, and 

neuroprotection. Prostaglandins & other lipid mediators, 77(1-4), 65-76. 

Chennaoui, M., Arnal, P. J., Sauvet, F., & Léger, D. (2015). Sleep and exercise: a reciprocal 

issue?. Sleep medicine reviews, 20, 59-72. 

Cheruku, S. R., Montgomery-Downs, H. E., Farkas, S. L., Thoman, E. B., & Lammi-Keefe, C. 

J. (2002). Higher maternal plasma docosahexaenoic acid during pregnancy is 

associated with more mature neonatal sleep-state patterning. The American journal of 

clinical nutrition, 76(3), 608-613. 

Chew, E. Y., Clemons, T. E., Agrón, E., Launer, L. J., Grodstein, F., & Bernstein, P. S. (2015). 

Effect of omega-3 fatty acids, lutein/zeaxanthin, or other nutrient supplementation on 

cognitive function: the AREDS2 randomized clinical trial. Jama, 314(8), 791-801. 

Chiu, C. C., Su, K. P., Cheng, T. C., Liu, H. C., Chang, C. J., Dewey, M. E., & Huang, S. Y. 

(2008). The effects of omega-3 fatty acids monotherapy in Alzheimer's disease and 

mild cognitive impairment: a preliminary randomized double-blind placebo-controlled 

study. Progress in Neuro-Psychopharmacology and Biological Psychiatry, 32(6), 

1538-1544. 

Chiu, L. C., Ooi, V. E., & Wan, J. M. (2001). Eicosapentaenoic acid modulates cyclin 

expression and arrests cell cycle progression in human leukemic K-562 

cells. International journal of oncology, 19(4), 845-849. 



229 
 

Choi, H. J., Lee, H. J., Jang, H. B., Park, J. Y., Kang, J. H., Park, K. H., & Song, J. (2011). 

Effects of maternal education on diet, anemia, and iron deficiency in Korean school-

aged children. BMC public health, 11(1), 870. 

Chouinard-Watkins, R., Rioux-Perreault, C., Fortier, M., Tremblay-Mercier, J., Zhang, Y., 

Lawrence, P., & Cunnane, S. C. (2013). Disturbance in uniformly 13 C-labelled DHA 

metabolism in elderly human subjects carrying the apoE ε4 allele. British Journal of 

Nutrition, 110(10), 1751-1759. 

Chow, C. M., Wong, S. N., Shin, M., Maddox, R. G., Feilds, K. L., Paxton, K., & Steinbeck, K. 

(2016). Defining the rest interval associated with the main sleep period in actigraph 

scoring. Nature and science of sleep, 8, 321. 

Chowdhury, R., Stevens, S., Gorman, D., Pan, A., Warnakula, S., Chowdhury, S., & Franco, 

O. H. (2012). Association between fish consumption, long chain omega 3 fatty acids, 

and risk of cerebrovascular disease: systematic review and meta-analysis. Bmj, 345, 

e6698. 

Christensen, J. H., Skou, H. A., Fog, L., Hansen, V. E., Vesterlund, T., Dyerberg, J., & Schmidt, 

E. B. (2001). Marine n-3 fatty acids, wine intake, and heart rate variability in patients 

referred for coronary angiography. Circulation, 103(5), 651-657. 

Christian, L. M., Blair, L. M., Porter, K., Lower, M., Cole, R. M., & Belury, M. A. (2016). 

Polyunsaturated fatty acid (PUFA) status in pregnant women: associations with sleep 

quality, inflammation, and length of gestation. PloS one, 11(2), e0148752. 

Ciobica, A., Padurariu, M., Dobrin, I., Stefanescu, C., & Dobrin, R. (2011). Oxidative stress in 

schizophrenia-focusing on the main markers. Psychiatria Danubina, 23(3.), 237-245. 

Cirelli, C., Benca, R., & Eichler, A. F. (2016). Insufficient sleep: Definition, epidemiology, and 

adverse outcomes. UpToDate. 

Clarke, S. D. (2001) Journal of Nutrition, 131, 1129–1132. 

Claustrat, B., Brun, J., & Chazot, G. (2005). The basic physiology and pathophysiology of 

melatonin. Sleep medicine reviews, 9(1), 11-24. 

Cocco, S., Podda, M. V., & Grassi, C. (2018). Role of BDNF signaling in memory enhancement 

induced by transcranial direct current stimulation. Frontiers in neuroscience, 12, 427. 

Coffman, B. A., Clark, V. P., & Parasuraman, R. (2014). Battery powered thought: 

enhancement of attention, learning, and memory in healthy adults using transcranial 

direct current stimulation. Neuroimage, 85, 895-908. 

Cole, R. J., Kripke, D. F., Gruen, W., Mullaney, D. J., & Gillin, J. C. (1992). Automatic 

sleep/wake identification from wrist activity. Sleep, 15(5), 461-469. 

Colombo, J., Kannass, K. N., Jill Shaddy, D., Kundurthi, S., Maikranz, J. M., Anderson, C. J., 

& Carlson, S. E. (2004). Maternal DHA and the development of attention in infancy and 

toddlerhood. Child development, 75(4), 1254-1267. 



230 
 

Colombo, J., Shaddy, D. J., Kerling, E. H., Gustafson, K. M., & Carlson, S. E. (2017). 

Docosahexaenoic acid (DHA) and arachidonic acid (ARA) balance in developmental 

outcomes. Prostaglandins, Leukotrienes and Essential Fatty Acids, 121, 52-56. 

Colussi, G., Catena, C., Novello, M., Bertin, N., & Sechi, L. A. (2017). Impact of omega-3 

polyunsaturated fatty acids on vascular function and blood pressure: relevance for 

cardiovascular outcomes. Nutrition, Metabolism and Cardiovascular Diseases, 27(3), 

191-200. 

Conklin, S. M., Runyan, C. A., Leonard, S., Reddy, R. D., Muldoon, M. F., & Yao, J. K. (2010). 

Age-related changes of n-3 and n-6 polyunsaturated fatty acids in the anterior cingulate 

cortex of individuals with major depressive disorder. Prostaglandins, Leukotrienes and 

Essential Fatty Acids, 82(2-3), 111-119. 

Connor, W. E., Neuringer, M., & Lin, D. S. (1990). Dietary effects on brain fatty acid 

composition: the reversibility of n-3 fatty acid deficiency and turnover of 

docosahexaenoic acid in the brain, erythrocytes, and plasma of rhesus 

monkeys. Journal of Lipid Research, 31(2), 237-247. 

Cooper, R. E., Tye, C., Kuntsi, J., Vassos, E., & Asherson, P. (2015). Omega-3 

polyunsaturated fatty acid supplementation and cognition: A systematic review and 

meta-analysis. Journal of Psychopharmacology, 29(7), 753-763. 

Cornu, C., Remontet, L., Noel-Baron, F., Nicolas, A., Feugier-Favier, N., Roy, P., & Kassaï, 

B. (2010). A dietary supplement to improve the quality of sleep: a randomized placebo 

controlled trial. BMC complementary and alternative medicine, 10(1), 29. 

Corsetto, P. A., Montorfano, G., Zava, S., Jovenitti, I. E., Cremona, A., Berra, B., & Rizzo, A. 

M. (2011). Effects of n-3 PUFAs on breast cancer cells through their incorporation in 

plasma membrane. Lipids in health and disease, 10(1), 73 

Cotman, C. W., & Berchtold, N. C. (2002). Exercise: a behavioral intervention to enhance brain 

health and plasticity. Trends in neurosciences, 25(6), 295-301. 

Cotman, C. W., Berchtold, N. C., & Christie, L. A. (2007). Exercise builds brain health: key 

roles of growth factor cascades and inflammation. Trends in neurosciences, 30(9), 

464-472. 

Cottin, S. C., Sanders, T. A., & Hall, W. L. (2011). The differential effects of EPA and DHA on 

cardiovascular risk factors. Proceedings of the Nutrition Society, 70(2), 215-231. 

Craig, C. L., Marshall, A. L., Sjöström, M., Bauman, A. E., Booth, M. L., Ainsworth, B. E., & 

Oja, P. (2003). International physical activity questionnaire: 12-country reliability and 

validity. Medicine & science in sports & exercise, 35(8), 1381-1395. 

Croll, P. H., Voortman, T., Ikram, M. A., Franco, O. H., Schoufour, J. D., Bos, D., & Vernooij, 

M. W. (2018). Better diet quality relates to larger brain tissue volumes: The Rotterdam 

Study. Neurology, 90(24), e2166-e2173. 



231 
 

Crowe, F. L., Skeaff, C. M., Green, T. J., & Gray, A. R. (2007). Serum phospholipid n− 3 long-

chain polyunsaturated fatty acids and physical and mental health in a population-based 

survey of New Zealand adolescents and adults–. The American journal of clinical 

nutrition, 86(5), 1278-1285. 

Crozier, S. R., Sibbons, C. M., Fisk, H. L., Godfrey, K. M., Calder, P. C., Gale, C. R., & Cooper, 

C. (2018). Arachidonic acid and DHA status in pregnant women is not associated with 

cognitive performance of their children at 4 or 6–7 years. British Journal of 

Nutrition, 119(12), 1400-1407. 

Crush, E. A., Frith, E., & Loprinzi, P. D. (2018). Experimental effects of acute exercise duration 

and exercise recovery on mood state. Journal of affective disorders, 229, 282-287. 

Cryan, J. F., & Dinan, T. G. (2012). Mind-altering microorganisms: the impact of the gut 

microbiota on brain and behaviour. Nature reviews neuroscience, 13(10), 701. 

Dallmann, R., Viola, A. U., Tarokh, L., Cajochen, C., & Brown, S. A. (2012). The human 

circadian metabolome. Proceedings of the National Academy of Sciences, 109(7), 

2625-2629. 

Dalton, A., Wolmarans, P., Witthuhn, R. C., van Stuijvenberg, M. E., Swanevelder, S. A., & 

Smuts, C. M. (2009). A randomised control trial in schoolchildren showed improvement 

in cognitive function after consuming a bread spread, containing fish flour from a 

marine source. Prostaglandins, leukotrienes and essential fatty acids, 80(2-3), 143-

149. 

Daly, J. M., Weintraub, F. N., Shou, J., Rosato, E. F., & Lucia, M. (1995). Enteral nutrition 

during multimodality therapy in upper gastrointestinal cancer patients. Annals of 

surgery, 221(4), 327. 

Dangour, A. D., Allen, E., Elbourne, D., Fasey, N., Fletcher, A. E., Hardy, P., & Uauy, R. 

(2010). Effect of 2-yn− 3 long-chain polyunsaturated fatty acid supplementation on 

cognitive function in older people: a randomized, double-blind, controlled trial. The 

American journal of clinical nutrition, 91(6), 1725-1732. 

Darsalia, V., Heldmann, U., Lindvall, O., & Kokaia, Z. (2005). Stroke-induced neurogenesis in 

aged brain. Stroke, 36(8), 1790-1795. 

Das, U. N. (2006). Essential fatty acids: biochemistry, physiology and pathology. 

Biotechnology Journal: Healthcare Nutrition Technology, 1(4), 420-439. 

Das, U. N. (2010). Metabolic syndrome pathophysiology: the role of essential fatty acids. John 

Wiley & Sons. 

Das, U. N. (2002). A perinatal strategy for preventing adult disease: the role of long-chain 

polyunsaturated fatty acids: the role of long-chain polyunsaturated fatty acids. Springer 

Science & Business Media. 



232 
 

Davenport, E. R., Mizrahi-Man, O., Michelini, K., Barreiro, L. B., Ober, C., & Gilad, Y. (2014). 

Seasonal variation in human gut microbiome composition. PloS one, 9(3), e90731. 

Davidson, M. H., Johnson, J., Rooney, M. W., Kyle, M. L., & Kling, D. F. (2012). A novel 

omega-3 free fatty acid formulation has dramatically improved bioavailability during a 

low-fat diet compared with omega-3-acid ethyl esters: the ECLIPSE (Epanova® 

compared to Lovaza® in a pharmacokinetic single-dose evaluation) study. Journal of 

clinical lipidology, 6(6), 573-584. 

Davison, J., O'Gorman, A., Brennan, L., & Cotter, D. R. (2018). A systematic review of 

metabolite biomarkers of schizophrenia. Schizophrenia research, 195, 32-50. 

De Almeida, E. A., Di Mascio, P., Harumi, T., Spence, D. W., Moscovitch, A., Hardeland, R., 

& Pandi-Perumal, S. R. (2011). Measurement of melatonin in body fluids: standards, 

protocols and procedures. Child's Nervous System, 27(6), 879-891. 

De Groot, R. H. M., Ouwehand, C., & Jolles, J. (2012). Eating the right amount of fish: inverted 

U-shape association between fish consumption and cognitive performance and 

academic achievement in Dutch adolescents. Prostaglandins, Leukotrienes and 

Essential Fatty Acids, 86(3), 113-117. 

de Groot, R. H., Emmett, R., & Meyer, B. J. (2019). Non-dietary factors associated with 

omega-3 long chain polyunsaturated fatty acid levels in humans–a systematic 

literature review. British Journal of Nutrition, 1-50. 

de Urquiza, A. M., Liu, S., Sjöberg, M., Zetterström, R. H., Griffiths, W., Sjövall, J., & Perlmann, 

T. (2000). Docosahexaenoic acid, a ligand for the retinoid X receptor in mouse 

brain. Science, 290(5499), 2140-2144. 

de Waal, H., Stam, C. J., Lansbergen, M. M., Wieggers, R. L., Kamphuis, P. J., Scheltens, P., 

& van Straaten, E. C. (2014). The effect of souvenaid on functional brain network 

organisation in patients with mild Alzheimer’s disease: a randomised controlled study. 

PloS one, 9(1), e86558. 

Deacon, G., Kettle, C., Hayes, D., Dennis, C., & Tucci, J. (2017). Omega 3 polyunsaturated 

fatty acids and the treatment of depression. Critical reviews in food science and 

nutrition, 57(1), 212-223. 

Del Brutto, O. H., Mera, R. M., Ha, J. E., Gillman, J., Zambrano, M., & Castillo, P. R. (2016). 

Dietary fish intake and sleep quality: a population-based study. Sleep medicine, 17, 

126-128. 

Del Tredici, K., & Braak, H. (2008). Neurofibrillary changes of the Alzheimer type in very elderly 

individuals: neither inevitable nor benign: Commentary on “No disease in the brain of 

a 115-year-old woman”. Neurobiol Aging, 29(8), 1133-6. 

Delion, S., Chalon, S., Guilloteau, D., Besnard, J. C., & Durand, G. (1996). α‐Linolenic acid 

dietary deficiency alters age‐related changes of dopaminergic and serotoninergic 



233 
 

neurotransmission in the rat frontal cortex. Journal of neurochemistry, 66(4), 1582-

1591. 

Delion, S., Chalon, S., Hérault, J., Guilloteau, D., Besnard, J. C., & Durand, G. (1994). Chronic 

dietary α-linolenic acid deficiency alters dopaminergic and serotoninergic 

neurotransmission in rats. The Journal of nutrition, 124(12), 2466-2476. 

Dell'Osso, L., Carmassi, C., Mucci, F., & Marazziti, D. (2016). Depression, serotonin and 

tryptophan. Current pharmaceutical design, 22(8), 949-954. 

Denfield, G. H., Fahey, P. G., Reimer, J., & Tolias, A. S. (2016). Investigating the Limits of 

Neurovascular Coupling. Neuron, 91(5), 954-956. 

Derbyshire, E. (2018). Brain Health across the Lifespan: A Systematic Review on the Role of 

Omega-3 Fatty Acid Supplements. Nutrients, 10(8), 1094. 

Devine, M. J., & Kittler, J. T. (2018). Mitochondria at the neuronal presynapse in health and 

disease. Nature Reviews Neuroscience, 19(2), 63. 

Dewald, J. F., Meijer, A. M., Oort, F. J., Kerkhof, G. A., & Bögels, S. M. (2010). The influence 

of sleep quality, sleep duration and sleepiness on school performance in children and 

adolescents: a meta-analytic review. Sleep medicine reviews, 14(3), 179-189. 

Di Lazzaro, V., Capone, F., Apollonio, F., Borea, P. A., Cadossi, R., Fassina, L., & Varani, K. 

(2013). A consensus panel review of central nervous system effects of the exposure 

to low-intensity extremely low-frequency magnetic fields. Brain stimulation, 6(4), 469-

476. 

Dolezal, B. A., Neufeld, E. V., Boland, D. M., Martin, J. L., & Cooper, C. B. (2017). 

Interrelationship between sleep and exercise: a systematic review. Advances in 

preventive medicine, 2017. 

Donnelly, J. E., Hillman, C. H., Castelli, D., Etnier, J. L., Lee, S., Tomporowski, P., & Szabo-

Reed, A. N. (2016). Physical activity, fitness, cognitive function, and academic 

achievement in children: a systematic review. Medicine and science in sports and 

exercise, 48(6), 1197. 

Drake, C., Kryger, M., & Phillips, B. (2005). National Sleep Foundation. 2005 sleep in America 

poll: summary of findings. 

Drapeau, E., Mayo, W., Aurousseau, C., Le Moal, M., Piazza, P. V., & Abrous, D. N. (2003). 

Spatial memory performances of aged rats in the water maze predict levels of 

hippocampal neurogenesis. Proceedings of the National Academy of Sciences, 

100(24), 14385-14390. 

Dretsch, M. N., Johnston, D., Bradley, R. S., MacRae, H., Deuster, P. A., & Harris, W. S. 

(2014). Effects of omega-3 fatty acid supplementation on neurocognitive functioning 

and mood in deployed US soldiers: A pilot study. Military medicine, 179(4), 396-403. 



234 
 

Drouin, G., Catheline, D., Guillocheau, E., Gueret, P., Baudry, C., Le Ruyet, P., & Legrand, P. 

(2019). Comparative effects of dietary n-3 docosapentaenoic acid (DPA), DHA and 

EPA on plasma lipid parameters, oxidative status and fatty acid tissue 

composition. The Journal of nutritional biochemistry, 63, 186-196. 

Drton, M., & Plummer, M. (2017). A Bayesian information criterion for singular models. Journal 

of the Royal Statistical Society: Series B (Statistical Methodology), 79(2), 323-380. 

Dubnov-Raz, G., Khoury, Z., Wright, I., Raz, R., & Berger, I. (2014). The effect of alpha-

linolenic acid supplementation on ADHD symptoms in children: a randomized 

controlled double-blind study. Frontiers in human neuroscience, 8, 780. 

Duffy, S. L., Lagopoulos, J., Cockayne, N., Lewis, S. J., Hickie, I. B., Hermens, D. F., & 

Naismith, S. L. (2015). The effect of 12-wk ω-3 fatty acid supplementation on in vivo 

thalamus glutathione concentration in patients “at risk” for major 

depression. Nutrition, 31(10), 1247-1254. 

Dunstan, J. A., Simmer, K., Dixon, G., & Prescott, S. L. (2008). Cognitive assessment of 

children at age 2½ years after maternal fish oil supplementation in pregnancy: a 

randomised controlled trial. Archives of Disease in Childhood-Fetal and Neonatal 

Edition, 93(1), F45-F50. 

Duplus, E., Glorian, M. & Forest, C. (2000) J. Biol. Chem. 275, 30749–30752. 

Durmer, J. S., & Dinges, D. F. (2005, March). Neurocognitive consequences of sleep 

deprivation. In Seminars in neurology(Vol. 25, No. 01, pp. 117-129). Copyright© 2005 

by Thieme Medical Publishers, Inc., 333 Seventh Avenue, New York, NY 10001, USA.. 

Dyall, S. C. (2011). Methodological issues and inconsistencies in the field of omega-3 fatty 

acids research. Prostaglandins, Leukotrienes and Essential Fatty Acids 

(PLEFA), 85(5), 281-285. 

Dyall, S. C. (2015). Long-chain omega-3 fatty acids and the brain: a review of the independent 

and shared effects of EPA, DPA and DHA. Frontiers in aging neuroscience, 7, 52. 

Dyall, S. C., & Michael-Titus, A. T. (2008). Neurological benefits of omega-3 fatty acids. 

Neuromolecular medicine, 10(4), 219-235. 

Dyall, S. C., Mandhair, H. K., Fincham, R. E. A., Kerr, D. M., Roche, M., & Molina-Holgado, F. 

(2016). Distinctive effects of eicosapentaenoic and docosahexaenoic acids in 

regulating neural stem cell fate are mediated via endocannabinoid signalling 

pathways. Neuropharmacology, 107, 387-395. 

Dziechciarz, P., Horvath, A., & Szajewska, H. (2010). Effects of n-3 long-chain 

polyunsaturated fatty acid supplementation during pregnancy and/or lactation on 

neurodevelopment and visual function in children: a systematic review of randomized 

controlled trials. Journal of the American College of Nutrition, 29(5), 443-454. 



235 
 

Eckert, G. P., Franke, C., Nöldner, M., Rau, O., Wurglics, M., Schubert-Zsilavecz, M., & Müller, 

W. E. (2010). Plant derived omega-3-fatty acids protect mitochondrial function in the 

brain. Pharmacological research, 61(3), 234-241. 

Edelmann, E., Lessmann, V., & Brigadski, T. (2014). Pre-and postsynaptic twists in BDNF 

secretion and action in synaptic plasticity. Neuropharmacology, 76, 610-627. 

Edinger, J. D., & Krystal, A. D. (2003). Subtyping primary insomnia: is sleep state 

misperception a distinct clinical entity?. Sleep medicine reviews, 7(3), 203-214. 

EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). (2012). Scientific opinion on 

the tolerable upper intake level of eicosapentaenoic acid (EPA), docosahexaenoic acid 

(DHA) and docosapentaenoic acid (DPA). EFSA Journal, 10(7), 2815. 

Eftekhari, M. H., Aliasghari, F., Beigi, M. A. B., & Hasanzadeh, J. (2014). The effect of 

conjugated linoleic acids and omega-3 fatty acids supplementation on lipid profile in 

atherosclerosis. Advanced biomedical research, 3. 

Egawa, J., Pearn, M. L., Lemkuil, B. P., Patel, P. M., & Head, B. P. (2016). Membrane lipid 

rafts and neurobiology: age‐related changes in membrane lipids and loss of neuronal 

function. The Journal of physiology, 594(16), 4565-4579. 

Egert, S., & Stehle, P. (2011). Impact of n− 3 fatty acids on endothelial function: results from 

human interventions studies. Current Opinion in Clinical Nutrition & Metabolic 

Care, 14(2), 121-131. 

Ehninger, D., & Kempermann, G. (2008). Neurogenesis in the adult hippocampus. Cell and 

tissue research, 331(1), 243-250. 

Eichenbaum, H. (2017). Prefrontal–hippocampal interactions in episodic memory. Nature 

Reviews Neuroscience, 18(9), 547. 

Emsley, R., Myburgh, C., Oosthuizen, P., & van Rensburg, S. J. (2002). Randomized, 

placebo-controlled study of ethyl-eicosapentaenoic acid as supplemental treatment in 

schizophrenia. American Journal of Psychiatry, 159(9), 1596-1598. 

Emsley, R., Niehaus, D. J., Koen, L., Oosthuizen, P. P., Turner, H. J., Carey, P., & Murck, H. 

(2006). The effects of eicosapentaenoic acid in tardive dyskinesia: a randomized, 

placebo-controlled trial. Schizophrenia research, 84(1), 112-120. 

Endo, J., & Arita, M. (2016). Cardioprotective mechanism of omega-3 polyunsaturated fatty 

acids. Journal of cardiology, 67(1), 22-27. 

Eriksdotter, M., Vedin, I., Falahati, F., Freund-Levi, Y., Hjorth, E., Faxen-Irving, G., & 

Palmblad, J. (2015). Plasma fatty acid profiles in relation to cognition and gender in 

Alzheimer’s disease patients during oral omega-3 fatty acid supplementation: The 

omegad study. Journal of Alzheimer's Disease, 48(3), 805-812. 



236 
 

Erixon-Lindroth, N., Farde, L., Wahlin, T. B. R., Sovago, J., Halldin, C., & Bäckman, L. (2005). 

The role of the striatal dopamine transporter in cognitive aging. Psychiatry Research: 

Neuroimaging, 138(1), 1-12. 

Evans, S. J., Bassis, C. M., Hein, R., Assari, S., Flowers, S. A., Kelly, M. B., & McInnis, M. G. 

(2017). The gut microbiome composition associates with bipolar disorder and illness 

severity. Journal of psychiatric research, 87, 23-29. 

Faghihi, T., Jahed, A., Mahmoudi-Gharaei, J., Sharifi, V., Akhondzadeh, S., & Ghaeli, P. 

(2012). Role of Omega-3 fatty acids in preventing metabolic disturbances in patients 

on olanzapine plus either sodium valproate or lithium: a randomized double-blind 

placebo-controlled trial. DARU Journal of Pharmaceutical Sciences, 20(1), 43. 

Fairclough, S., Ewing, K., Burns, C., & Kreplin, U. (2019). Neural Efficiency and Mental 

Workload: Locating the Red Line. In Neuroergonomics (pp. 73-77). Academic Press. 

Fakhoury, M. (2016). Revisiting the serotonin hypothesis: implications for major depressive 

disorders. Molecular neurobiology, 53(5), 2778-2786. 

Farooqui, A. A., & Farooqui, T. (2016). Prevention of Oxidative Stress by Omega-3 Fatty Acids 

in the Brain. In Omega-3 Fatty Acids (pp. 239-249). Springer, Cham. 

Farreras, N., Artigas, V., Cardona, D., Rius, X., Trias, M., & González, J. A. (2005). Effect of 

early postoperative enteral immunonutrition on wound healing in patients undergoing 

surgery for gastric cancer. Clinical nutrition, 24(1), 55-65. 

Fava, M., McCall, W. V., Krystal, A., Wessel, T., Rubens, R., Caron, J., & Roth, T. (2006). 

Eszopiclone co-administered with fluoxetine in patients with insomnia coexisting with 

major depressive disorder. Biological psychiatry, 59(11), 1052-1060. 

Féart, C., Peuchant, E., Letenneur, L., Samieri, C., Montagnier, D., Fourrier-Reglat, A., & 

Barberger-Gateau, P. (2008). Plasma eicosapentaenoic acid is inversely associated 

with severity of depressive symptomatology in the elderly: Analysis from the Bordeaux 

sample of the Three-City Study–. The American journal of clinical nutrition, 87(5), 

1156-1162. 

Fedorova, I., & Salem Jr, N. (2006). Omega-3 fatty acids and rodent behavior. Prostaglandins, 

leukotrienes and essential fatty acids, 75(4-5), 271-289. 

Feige, B., AL‐SHAJLAWI, A. N. A. M., Nissen, C., Voderholzer, U., Hornyak, M., 

Spiegelhalder, K., & Riemann, D. (2008). Does REM sleep contribute to subjective 

wake time in primary insomnia? A comparison of polysomnographic and subjective 

sleep in 100 patients. Journal of sleep research, 17(2), 180-190. 

Feige, B., Baglioni, C., Spiegelhalder, K., Hirscher, V., Nissen, C., & Riemann, D. (2013). The 

microstructure of sleep in primary insomnia: an overview and extension. International 

Journal of Psychophysiology, 89(2), 171-180. 



237 
 

Fenton, W. S., Dickerson, F., Boronow, J., Hibbeln, J. R., & Knable, M. (2001). A placebo-

controlled trial of omega-3 fatty acid (ethyl eicosapentaenoic acid) supplementation for 

residual symptoms and cognitive impairment in schizophrenia. American Journal of 

Psychiatry, 158(12), 2071-2074. 

Ferreira, C. F., Bernardi, J. R., Bosa, V. L., Schuch, I., Goldani, M. Z., Kapczinski, F., & 

Silveira, P. P. (2014). Correlation between n-3 polyunsaturated fatty acids 

consumption and BDNF peripheral levels in adolescents. Lipids in health and 

disease, 13(1), 44. 

Ferreira, C. F., Bernardi, J. R., Krolow, R., Arcego, D. M., Fries, G. R., de Aguiar, B. W., & 

Dalmaz, C. (2013). Vulnerability to dietary n-3 polyunsaturated fatty acid deficiency 

after exposure to early stress in rats. Pharmacology Biochemistry and Behavior, 107, 

11-19. 

Ferrucci, L., Cherubini, A., Bandinelli, S., Bartali, B., Corsi, A., Lauretani, F., & Guralnik, J. M. 

(2006). Relationship of plasma polyunsaturated fatty acids to circulating inflammatory 

markers. The Journal of Clinical Endocrinology & Metabolism, 91(2), 439-446. 

Fiford, C. M., Nicholas, J. M., Biessels, G. J., Cardoso, M. J., & Barnes, J. (2017). 

Simultaneous Changes In Blood Pressure, Cognition and Brain Volume in Ageing, Mild 

Cognitive Impairment and Alzheimer’s Disease. Alzheimer's & Dementia: The Journal 

of the Alzheimer's Association, 13(7), P924-P926. 

Fini, L., Piazzi, G., Ceccarelli, C., Daoud, Y., Belluzzi, A., Munarini, A., & Gasbarrini, A. (2010). 

Highly purified eicosapentaenoic acid as free fatty acids strongly suppresses polyps in 

ApcMin/+ mice. Clinical Cancer Research, clincanres-1990. 

Flachs, P., Horakova, O., Brauner, P., Rossmeisl, M., Pecina, P., Franssen-van Hal, N., & 

Keijer, J. (2005). Polyunsaturated fatty acids of marine origin upregulate mitochondrial 

biogenesis and induce β-oxidation in white fat. Diabetologia, 48(11), 2365-2375. 

Fontani, G., Corradeschi, F., Felici, A., Alfatti, F., Bugarini, R., Fiaschi, A. I., & Berra, B. 

(2005a). Blood profiles, body fat and mood state in healthy subjects on different diets 

supplemented with Omega‐3 polyunsaturated fatty acids. European journal of clinical 

investigation, 35(8), 499-507. 

Fontani, G., Corradeschi, F., Felici, A., Alfatti, F., Migliorini, S., & Lodi, L. (2005b). Cognitive 

and physiological effects of Omega‐3 polyunsaturated fatty acid supplementation in 

healthy subjects. European journal of clinical investigation, 35(11), 691-699. 

Foster, J. D., Adkins, S. D., Lever, J. R., & Vaughan, R. A. (2008). Phorbol ester induced 

trafficking‐independent regulation and enhanced phosphorylation of the dopamine 

transporter associated with membrane rafts and cholesterol. Journal of 

neurochemistry, 105(5), 1683-1699. 



238 
 

Fotenos, A. F., Snyder, A. Z., Girton, L. E., Morris, J. C., & Buckner, R. L. (2005). Normative 

estimates of cross-sectional and longitudinal brain volume decline in aging and AD. 

Neurology, 64(6), 1032-1039. 

Frankel, B. L., Coursey, R. D., Buchbinder, R., & Snyder, F. (1976). Recorded and reported 

sleep in chronic primary insomnia. Archives of General Psychiatry, 33(5), 615-623. 

Freund-Levi, Y., Eriksdotter-Jönhagen, M., Cederholm, T., Basun, H., Faxen-Irving, G., 

Garlind, A., & Palmblad, J. (2006). ω-3 fatty acid treatment in 174 patients with mild to 

moderate Alzheimer disease: OmegAD study: a randomized double-blind trial. 

Archives of neurology, 63(10), 1402-1408. 

Friedland, R. P., & Chapman, M. R. (2017). The role of microbial amyloid in 

neurodegeneration. PLoS pathogens, 13(12), e1006654. 

Fuster, M. D., Lampi, A. M., Hopia, A., & Kamal-Eldin, A. (1998). Effects of α-and γ-tocopherols 

on the autooxidation of purified sunflower triacylglycerols. Lipids, 33(7), 715-722. 

Fux, M., Benjamin, J., & Nemets, B. (2004). A placebo-controlled cross-over trial of adjunctive 

EPA in OCD. Journal of psychiatric research, 38(3), 323-325. 

Garaiova, I., Guschina, I. A., Plummer, S. F., Tang, J., Wang, D., & Plummer, N. T. (2007). A 

randomised cross-over trial in healthy adults indicating improved absorption of omega-

3 fatty acids by pre-emulsification. Nutrition Journal, 6(1), 4. 

García-Cáceres, C., & Tschöp, M. H. (2016). Hypothalamic injury: fish oil to the 

rescue!. Diabetes, 65(3), 551-553. 

Gewirtz, A. T., Collier-Hyams, L. S., Young, A. N., Kucharzik, T., Guilford, W. J., Parkinson, J. 

F., & Madara, J. L. (2002). Lipoxin a4 analogs attenuate induction of intestinal epithelial 

proinflammatory gene expression and reduce the severity of dextran sodium sulfate-

induced colitis. The Journal of Immunology, 168(10), 5260-5267. 

Ghasemifard, S., Sinclair, A., Kaur, G., Lewandowski, P., & Turchini, G. (2015). What Is the 

Most Effective Way of Increasing the Bioavailability of Dietary Long Chain Omega-3 

Fatty Acids—Daily vs. Weekly Administration of Fish Oil?. nutrients, 7(7), 5628-5645. 

Ghasemifard, S., Turchini, G. M., & Sinclair, A. J. (2014). Omega-3 long chain fatty acid 

“bioavailability”: a review of evidence and methodological considerations. Progress in 

lipid research, 56, 92-108. 

Gibney, M., Barr, S., Bellisle, F., Drewnowski, A., Fagt, S., Livingstone, B., & Vieux, F. (2018). 

Breakfast in human nutrition: The international breakfast research 

initiative. Nutrients, 10(5), 559. 

Giles, G. E., Mahoney, C. R., & Kanarek, R. B. (2013). Omega-3 fatty acids influence mood 

in healthy and depressed individuals. Nutrition reviews, 71(11), 727-741. 



239 
 

Giles, G. E., Mahoney, C. R., Urry, H. L., Brunyé, T. T., Taylor, H. A., & Kanarek, R. B. (2015). 

Omega-3 fatty acids and stress-induced changes to mood and cognition in healthy 

individuals. Pharmacology Biochemistry and Behavior, 132, 10-19. 

Gillingham, L. G., Harding, S. V., Rideout, T. C., Yurkova, N., Cunnane, S. C., Eck, P. K., & 

Jones, P. J. (2012). Dietary oils and FADS1-FADS2 genetic variants modulate [13C] 

α-linolenic acid metabolism and plasma fatty acid composition. The American journal 

of clinical nutrition, 97(1), 195-207. 

Gillis, R. C., Daley, B. J., Enderson, B. L., Kestler, D. P., & Karlstad, M. D. (2007). Regulation 

of apoptosis in eicosapentaenoic acid-treated HL-60 cells. Journal of Surgical 

Research, 137(1), 141-150. 

Glass, C. K., & Witztum, J. L. (2001). Atherosclerosis: the road ahead. Cell, 104(4), 503-516. 

Godley, P. A., Campbell, M. K., Gallagher, P., Martinson, F. E., Mohler, J. L., & Sandler, R. S. 

(1996). Biomarkers of essential fatty acid consumption and risk of prostatic 

carcinoma. Cancer Epidemiology and Prevention Biomarkers, 5(11), 889-895. 

Goel, N., Rao, H., Durmer, J. S., & Dinges, D. F. (2009, September). Neurocognitive 

consequences of sleep deprivation. In Seminars in neurology (Vol. 29, No. 4, p. 320). 

NIH Public Access. 

Gomes-Osman, J., Cabral, D. F., Morris, T. P., McInerney, K., Cahalin, L. P., Rundek, T., & 

Pascual-Leone, A. (2018). Exercise for cognitive brain health in aging: a systematic 

review for an evaluation of dose. Neurology: Clinical Practice, 8(3), 257-265. 

Gondalia, S., Parkinson, L., Stough, C., & Scholey, A. (2019). Gut microbiota and bipolar 

disorder: a review of mechanisms and potential targets for adjunctive 

therapy. Psychopharmacology, 1-11. 

Gong, Z., Holly, E. A., Wang, F., Chan, J. M., & Bracci, P. M. (2010). Intake of fatty acids and 

antioxidants and pancreatic cancer in a large population‐based case‐control study in 

the San Francisco Bay Area. International journal of cancer, 127(8), 1893-1904. 

Gooley, J. J., & Chua, E. C. P. (2014). Diurnal regulation of lipid metabolism and applications 

of circadian lipidomics. Journal of genetics and genomics, 41(5), 231-250. 

Gopinath, B., Moshtaghian, H., Flood, V. M., Louie, J. C., Liew, G., Burlutsky, G., & Mitchell, 

P. (2017). Pattern of omega-3 polyunsaturated fatty acid intake and fish consumption 

and retinal vascular caliber in children and adolescents: A cohort study. PloS 

one, 12(2), e0172109. 

Gorelick, P. B., Furie, K. L., Iadecola, C., Smith, E. E., Waddy, S. P., Lloyd-Jones, D. M., & 

Girgus, M. (2017). Defining optimal brain health in adults: a presidential advisory from 

the American Heart Association/American Stroke Association. Stroke, 48(10), e284-

e303. 



240 
 

Gorjão, R., Azevedo-Martins, A. K., Rodrigues, H. G., Abdulkader, F., Arcisio-Miranda, M., 

Procopio, J., & Curi, R. (2009). Comparative effects of DHA and EPA on cell 

function. Pharmacology & therapeutics, 122(1), 56-64. 

Gorzynik-Debicka, M., Przychodzen, P., Cappello, F., Kuban-Jankowska, A., Marino 

Gammazza, A., Knap, N., & Gorska-Ponikowska, M. (2018). Potential health benefits 

of olive oil and plant polyphenols. International journal of molecular sciences, 19(3), 

686.  

Gould, J. F., Treyvaud, K., Yelland, L. N., Anderson, P. J., Smithers, L. G., McPhee, A. J., & 

Makrides, M. (2017). Seven-year follow-up of children born to women in a randomized 

trial of prenatal DHA supplementation. Jama, 317(11), 1173-1175. 

Grand View Research. Global fish oil market analysis and segment forecasts to 2020. (2014). 

p. 1–29. Available from: http://www.grandviewresearch.com 

Grandner, M. A. (2018). The cost of sleep lost: implications for health, performance, and the 

bottom line. 

Grosso, G., Galvano, F., Marventano, S., Malaguarnera, M., Bucolo, C., Drago, F., & Caraci, 

F. (2014). Omega-3 fatty acids and depression: scientific evidence and biological 

mechanisms. Oxidative medicine and cellular longevity, 2014. 

Gruber, R., Laviolette, R., Deluca, P., Monson, E., Cornish, K., & Carrier, J. (2010). Short 

sleep duration is associated with poor performance on IQ measures in healthy school-

age children. Sleep medicine, 11(3), 289-294. 

Gruber, R., Laviolette, R., Deluca, P., Monson, E., Cornish, K., & Carrier, J. (2010). Short 

sleep duration is associated with poor performance on IQ measures in healthy school-

age children. Sleep medicine, 11(3), 289-294. 

Gu, Y., Gutierrez, J., Meier, I. B., Guzman, V. A., Manly, J. J., Schupf, N., & Mayeux, R. (2019). 

Circulating inflammatory biomarkers are related to cerebrovascular disease in older 

adults. Neurology-Neuroimmunology Neuroinflammation, 6(1), e521. 

Guisto, N. M., Salvador, G. A., & Castagnet, P. I. (2002). PAsquare SJ, Ilincheta de Bschero 

MG. Age-associated changes in central nervous system glycerophospholipids 

composition and metabolism. Neurochem Res, 27(151), 1-23. 

Günther, J., Schulte, K., Wenzel, D., Malinowska, B., & Schlicker, E. (2010). Prostaglandins 

of the E series inhibit monoamine release via EP 3 receptors: proof with the competitive 

EP 3 receptor antagonist L-826,266. Naunyn-Schmiedeberg's archives of 

pharmacology, 381(1), 21. 

Gurzell, E. A., Teague, H., Duriancik, D., Clinthorne, J., Harris, M., Shaikh, S. R., & Fenton, J. 

I. (2015). Marine fish oils are not equivalent with respect to B-cell membrane 

organization and activation. The Journal of nutritional biochemistry, 26(4), 369-377. 

http://www.grandviewresearch.com/


241 
 

Gurzell, E. A., Teague, H., Harris, M., Clinthorne, J., Shaikh, S. R., & Fenton, J. I. (2013). 

DHA‐enriched fish oil targets B cell lipid microdomains and enhances ex vivo and in 

vivo B cell function. Journal of leukocyte biology, 93(4), 463-470. 

Guzman-Marin, R., Bashir, T., Suntsova, N., Szymusiak, R., & McGinty, D. (2007). 

Hippocampal neurogenesis is reduced by sleep fragmentation in the adult rat. 

Neuroscience, 148(1), 325-333. 

Guzman-Marin, R., Suntsova, N., Bashir, T., Nienhuis, R., Szymusiak, R., & McGinty, D. 

(2008). Rapid eye movement sleep deprivation contributes to reduction of 

neurogenesis in the hippocampal dentate gyrus of the adult rat. Sleep, 31(2), 167-175. 

Guzman‐Marin, R., Suntsova, N., Methippara, M., Greiffenstein, R., Szymusiak, R., & 

McGinty, D. (2005). Sleep deprivation suppresses neurogenesis in the adult 

hippocampus of rats. European Journal of Neuroscience, 22(8), 2111-2116. 

Guzmán‐Marín, R., Suntsova, N., Stewart, D. R., Gong, H., Szymusiak, R., & McGinty, D. 

(2003). Sleep deprivation reduces proliferation of cells in the dentate gyrus of the 

hippocampus in rats. The Journal of physiology, 549(2), 563-571. 

Haag, M. (2003). Essential fatty acids and the brain. The Canadian Journal of 

Psychiatry, 48(3), 195-203. 

Haier, R. J., Siegel Jr, B. V., MacLachlan, A., Soderling, E., Lottenberg, S., & Buchsbaum, M. 

S. (1992a). Regional glucose metabolic changes after learning a complex 

visuospatial/motor task: a positron emission tomographic study. Brain 

research, 570(1-2), 134-143. 

Haier, R. J., Siegel Jr, B. V., Nuechterlein, K. H., Hazlett, E., Wu, J. C., Paek, J., & Buchsbaum, 

M. S. (1988). Cortical glucose metabolic rate correlates of abstract reasoning and 

attention studied with positron emission tomography. Intelligence, 12(2), 199-217. 

Haier, R. J., Siegel, B., Tang, C., Abel, L., & Buchsbaum, M. S. (1992b). Intelligence and 

changes in regional cerebral glucose metabolic rate following 

learning. Intelligence, 16(3-4), 415-426. 

Hallahan, B., Ryan, T., Hibbeln, J. R., Murray, I. T., Glynn, S., Ramsden, C. E., & Davis, J. M. 

(2016). Efficacy of omega-3 highly unsaturated fatty acids in the treatment of 

depression. The British Journal of Psychiatry, 209(3), 192-201. 

Hallenbeck, J. M., Hansson, G. K., & Becker, K. J. (2005). Immunology of ischemic vascular 

disease: plaque to attack. Trends in immunology, 26(10), 550-556. 

Hamazaki, K., Itomura, M., Huan, M., Nishizawa, H., Sawazaki, S., Tanouchi, M., & Yazawa, 

K. (2005). Effect of ω-3 fatty acid-containing phospholipids on blood catecholamine 

concentrations in healthy volunteers: a randomized, placebo-controlled, double-blind 

trial. Nutrition, 21(6), 705-710. 



242 
 

Hamazaki-Fujita, N., Hamazaki, K., Tohno, H., Itomura, M., Terashima, Y., Hamazaki, T., & 

Yomoda, S. (2011). Polyunsaturated fatty acids and blood circulation in the forebrain 

during a mental arithmetic task. Brain research, 1397, 38-45. 

Hamilton, J. A., Hillard, C. J., Spector, A. A., & Watkins, P. A. (2007). Brain uptake and 

utilization of fatty acids, lipids and lipoproteins: application to neurological 

disorders. Journal of Molecular Neuroscience, 33(1), 2-11. 

Hansen, A. L., Dahl, L., Olson, G., Thornton, D., Graff, I. E., Frøyland, L., & Pallesen, S. 

(2014). Fish consumption, sleep, daily functioning, and heart rate variability. Journal of 

Clinical Sleep Medicine, 10(05), 567-575. 

Hansen, J. B., Olsen, J. O., Wilsgård, L., Lyngmo, V., & Svensson, B. (1993). Comparative 

effects of prolonged intake of highly purified fish oils as ethyl ester or triglyceride on 

lipids, haemostasis and platelet function in normolipaemic men. European journal of 

clinical nutrition, 47(7), 497-507. 

Hardeland, R. (2010). Melatonin metabolism in the central nervous system. Current 

neuropharmacology, 8(3), 168-181. 

Harris, W. S. (2005). Extending the cardiovascular benefits of omega-3 fatty acids. Current 

atherosclerosis reports, 7(5), 375-380. 

Harris, W. S. (2010). The omega-3 index: clinical utility for therapeutic intervention. Current 

cardiology reports, 12(6), 503-508. 

Harris, W. S., Del Gobbo, L., & Tintle, N. L. (2017). The Omega-3 Index and relative risk for 

coronary heart disease mortality: Estimation from 10 cohort 

studies. Atherosclerosis, 262, 51-54. 

Harvey, A. G., & Tang, N. K. (2012). (Mis) perception of sleep in insomnia: A puzzle and a 

resolution. Psychological bulletin, 138(1), 77. 

Harvey, A. G., Tang, N. K., & Browning, L. (2005). Cognitive approaches to insomnia. Clinical 

psychology review, 25(5), 593-611. 

Hashimoto, M., Hossain, S., Tanabe, Y., Kawashima, A., Harada, T., Yano, T., & Shido, O. 

(2009). The protective effect of dietary eicosapentaenoic acid against impairment of 

spatial cognition learning ability in rats infused with amyloid β (1–40). The Journal of 

nutritional biochemistry, 20(12), 965-973. 

Hashimoto, M., Katakura, M., Tanabe, Y., Al Mamun, A., Inoue, T., Hossain, S., & Shido, O. 

(2015). n-3 fatty acids effectively improve the reference memory-related learning ability 

associated with increased brain docosahexaenoic acid-derived docosanoids in aged 

rats. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of 

Lipids, 1851(2), 203-209. 



243 
 

Haskell-Ramsay, C. F., Stuart, R. C., Okello, E. J., & Watson, A. W. (2017). Cognitive and 

mood improvements following acute supplementation with purple grape juice in healthy 

young adults. European journal of nutrition, 56(8), 2621-2631. 

Haskell-Ramsay, C., Jackson, P., Forster, J., Dodd, F., Bowerbank, S., & Kennedy, D. (2018). 

The acute effects of caffeinated black coffee on cognition and mood in healthy young 

and older adults. Nutrients, 10(10), 1386. 

Hastings, M. H., Maywood, E. S., & Brancaccio, M. (2019). The Mammalian Circadian Timing 

System and the Suprachiasmatic Nucleus as Its Pacemaker. Biology, 8(1), 13. 

Haubner, L. Y., Stockard, J. E., Saste, M. D., Benford, V. J., Phelps, C. P., Chen, L. T. (2002). 

Maternal dietary docosahexanoic acid content affects the rat pup auditory system. 

Brain Research Bulletin, 58, 1–5. 

He, K., Liu, K., Daviglus, M. L., Jenny, N. S., Mayer-Davis, E., Jiang, R., & Herrington, D. 

(2009). Associations of dietary long-chain n-3 polyunsaturated fatty acids and fish with 

biomarkers of inflammation and endothelial activation (from the Multi-Ethnic Study of 

Atherosclerosis [MESA]). The American journal of cardiology, 103(9), 1238-1243. 

Healy, D. (2015). Serotonin and depression. 

Hearing, C. M., Chang, W. C., Szuhany, K. L., Deckersbach, T., Nierenberg, A. A., & Sylvia, 

L. G. (2016). Physical exercise for treatment of mood disorders: a critical 

review. Current behavioral neuroscience reports, 3(4), 350-359. 

Heinrichs, S. C. (2010). Dietary ω‐3 fatty acid supplementation for optimizing neuronal 

structure and function. Molecular nutrition & food research, 54(4), 447-456. 

Helland, I. B., Saugstad, O. D., Smith, L., Saarem, K., Solvoll, K., Ganes, T., & Drevon, C. A. 

(2001). Similar effects on infants of n-3 and n-6 fatty acids supplementation to pregnant 

and lactating women. Pediatrics, 108(5), e82-e82. 

Helland, I. B., Smith, L., Blomén, B., Saarem, K., Saugstad, O. D., & Drevon, C. A. (2008). 

Effect of supplementing pregnant and lactating mothers with n-3 very-long-chain fatty 

acids on children's IQ and body mass index at 7 years of age. Pediatrics, 122(2), e472-

e479. 

Helland, I. B., Smith, L., Saarem, K., Saugstad, O. D., & Drevon, C. A. (2003). Maternal 

supplementation with very-long-chain n-3 fatty acids during pregnancy and lactation 

augments children’s IQ at 4 years of age. Pediatrics, 111(1), e39-e44. 

Henderson, L., Gregory, J., Irving, K., & Swan, G. (2004). The National Diet and Nutrition 

Survey: adults aged 19 to 64 years. Energy, protein, carbohydrate, fat and alcohol 

intake, 2. 

Heron, D. S., Shinitzky, M., Hershkowitz, M., & Samuel, D. (1980). Lipid fluidity markedly 

modulates the binding of serotonin to mouse brain membranes. Proceedings of the 

National Academy of Sciences, 77(12), 7463-7467. 



244 
 

Hibbeln, J. R. (2002). Seafood consumption, the DHA content of mothers’ milk and prevalence 

rates of postpartum depression: a cross-national, ecological analysis. Journal of 

affective disorders, 69(1-3), 15-29. 

Hibbeln, J. R., Davis, J. M., Steer, C., Emmett, P., Rogers, I., Williams, C., & Golding, J. 

(2007). Maternal seafood consumption in pregnancy and neurodevelopmental 

outcomes in childhood (ALSPAC study): an observational cohort study. The Lancet, 

369(9561), 578-585. 

Hibbeln, J. R., Linnoila, M., Umhau, J. C., Rawlings, R., George, D. T., & Salem Jr, N. (1998). 

Essential fatty acids predict metabolites of serotonin and dopamine in cerebrospinal 

fluid among healthy control subjects, and early-and late-onset alcoholics. Biological 

psychiatry, 44(4), 235-242. 

Hirschfeld, R. (2000). History and evolution of the monoamine hypothesis of depression. The 

Journal of clinical psychiatry. 

Hiza, H. A., Casavale, K. O., Guenther, P. M., & Davis, C. A. (2013). Diet quality of Americans 

differs by age, sex, race/ethnicity, income, and education level. Journal of the 

Academy of Nutrition and Dietetics, 113(2), 297-306. 

Holshoe, J. M. (2009). Antidepressants and sleep: a review. Perspectives in psychiatric 

care, 45(3), 191-197. 

Holt, C. E., & Schuman, E. M. (2013). The central dogma decentralized: new perspectives on 

RNA function and local translation in neurons. Neuron, 80(3), 648-657. 

Holz, J., Piosczyk, H., Feige, B., Spiegelhalder, K., Baglioni, C., Riemann, D., & Nissen, C. 

(2012). EEG sigma and slow‐wave activity during NREM sleep correlate with overnight 

declarative and procedural memory consolidation. Journal of sleep research, 21(6), 

612-619. 

Hooper, C., Barreto, P. D. S., Pahor, M., Weiner, M., & Vellas, B. (2018). The relationship of 

omega 3 polyunsaturated fatty acids in red blood cell membranes with cognitive 

function and brain structure: A review focussed on Alzheimer’s disease. The journal of 

prevention of Alzheimer's disease, 5(1), 78-84. 

Hooper, C., De Souto Barreto, P., Coley, N., Cantet, C., Cesari, M., Andrieu, S., & MAPT/DSA 

Study Group. (2017). Cognitive changes with omega-3 polyunsaturated fatty acids in 

non-demented older adults with low omega-3 index. The journal of nutrition, health & 

aging, 21(9), 988-993. 

Hopperton, K. E., Trépanier, M. O., James, N. C., Chouinard-Watkins, R., & Bazinet, R. P. 

(2018). Fish oil feeding attenuates neuroinflammatory gene expression without 

concomitant changes in brain eicosanoids and docosanoids in a mouse model of 

Alzheimer’s disease. Brain, behavior, and immunity, 69, 74-90. 



245 
 

Horrobin, D. F., Glen, A. I. M., & Vaddadi, K. (1994). The membrane hypothesis of 

schizophrenia. Schizophrenia research, 13(3), 195-207. 

Hou, T. Y., McMurray, D. N., & Chapkin, R. S. (2016). Omega-3 fatty acids, lipid rafts, and T 

cell signaling. European journal of pharmacology, 785, 2-9. 

Howe, P., Evans, H., Kuszewski, J., & Wong, R. (2018). Effects of Long Chain Omega-3 

Polyunsaturated Fatty Acids on Brain Function in Mildly Hypertensive Older 

Adults. Nutrients, 10(10), 1413. 

Howes, O. D., & Kapur, S. (2009). The dopamine hypothesis of schizophrenia: version III—

the final common pathway. Schizophrenia bulletin, 35(3), 549-562. 

Hoyland, A., McWilliams, K. A., Duff, R. J., & Walton, J. L. (2012). Breakfast consumption in 

UK schoolchildren and provision of school breakfast clubs. Nutrition Bulletin, 37(3), 

232-240. 

Hsu, J. L., Leemans, A., Bai, C. H., Lee, C. H., Tsai, Y. F., Chiu, H. C., & Chen, W. H. (2008). 

Gender differences and age-related white matter changes of the human brain: a 

diffusion tensor imaging study. Neuroimage, 39(2), 566-577. 

Hsu, M., Dedhia, M., Crusio, W., & Delprato, A. (2019). Sex differences in gene expression 

patterns associated with the ApoE4 allele. F1000Research, 8. 

Huang, J., Zhong, Z., Wang, M., Chen, X., Tan, Y., Zhang, S., & Wu, P. (2015). Circadian 

modulation of dopamine levels and dopaminergic neuron development contributes to 

attention deficiency and hyperactive behavior. Journal of Neuroscience, 35(6), 2572-

2587. 

Huang, T. L., Zandi, P. P., Tucker, K. L., Fitzpatrick, A. L., Kuller, L. H., Fried, L. P., & Carlson, 

M. C. (2005). Benefits of fatty fish on dementia risk are stronger for those without APOE 

ε4. Neurology, 65(9), 1409-1414. 

Huang, Z. L., Urade, Y., & Hayaishi, O. (2011). The role of adenosine in the regulation of 

sleep. Current topics in medicinal chemistry, 11(8), 1047-1057. 

Illes, P., Nieber, K., & Nörenberg, W. (1995). Neuronal ATP receptors. In Adenosine and 

Adenine Nucleotides: From Molecular Biology to Integrative Physiology (pp. 77-84). 

Springer, Boston, MA. 

Innes, J. K., & Calder, P. C. (2018). Omega-6 fatty acids and inflammation. Prostaglandins, 

Leukotrienes and Essential Fatty Acids, 132, 41-48. 

Innes, J., & Calder, P. (2018). The differential effects of eicosapentaenoic acid and 

docosahexaenoic acid on cardiometabolic risk factors: a systematic 

review. International journal of molecular sciences, 19(2), 532. 

Innis, S. M. (2007a). Dietary (n-3) fatty acids and brain development. The Journal of 

nutrition, 137(4), 855-859. 



246 
 

Innis, S. M. (2007b). Fatty acids and early human development. Early human development, 

83(12), 761-766. 

Innis, S. M. (2009). Omega-3 Fatty acids and neural development to 2 years of age: do we 

know enough for dietary recommendations?. Journal of pediatric gastroenterology and 

nutrition, 48, S16-S24. 

Innis, S. M., Gilley, J., & Werker, J. (2001). Are human milk long-chain polyunsaturated fatty 

acids related to visual and neural development in breast-fed term infants?. The Journal 

of pediatrics, 139(4), 532-538. 

Irwin, M. R., Olmstead, R., & Carroll, J. E. (2016). Sleep disturbance, sleep duration, and 

inflammation: a systematic review and meta-analysis of cohort studies and 

experimental sleep deprivation. Biological psychiatry, 80(1), 40-52. 

Irwin, M. R., Wang, M., Campomayor, C. O., Collado-Hidalgo, A., & Cole, S. (2006). Sleep 

deprivation and activation of morning levels of cellular and genomic markers of 

inflammation. Archives of internal medicine, 166(16), 1756-1762. 

Izzo, A. A. (2018). The clinical efficacy of herbal dietary supplements: A collection of recent 

systematic reviews and meta‐analyses. Phytotherapy Research. 

Jackson, P. A., Deary, M. E., Reay, J. L., Scholey, A. B., & Kennedy, D. O. (2012c). No effect 

of 12 weeks' supplementation with 1 g DHA-rich or EPA-rich fish oil on cognitive 

function or mood in healthy, young-adults aged 18–35 years. British Journal of 

Nutrition, 107(8), 1232-1243. 

Jackson, P. A., Reay, J. L., Scholey, A. B., & Kennedy, D. O. (2012b). DHA-rich oil modulates 

the cerebral haemodynamic response to cognitive tasks in healthy, young-adults: a 

near IR spectroscopy pilot study. British journal of nutrition, 107(8), 1093-1098. 

Jackson, P. A., Reay, J. L., Scholey, A. B., & Kennedy, D. O. (2012a). Docosahexaenoic acid-

rich fish oil modulates the cerebral hemodynamic response to cognitive tasks in 

healthy, young-adults. Biological psychology, 89(1), 183-190. 

Jackson, P., Forster, J., Bell, J., Dick, J., Younger, I., & Kennedy, D. (2016). DHA 

supplementation alone or in combination with other nutrients does not modulate 

cerebral hemodynamics or cognitive function in healthy older adults. Nutrients, 8(2), 

86. 

Jaremka, L. M., Derry, H. M., Bornstein, R., Prakash, R. S., Peng, J., Belury, M. A., & Kiecolt-

Glaser, J. K. (2014). Omega-3 supplementation and loneliness-related memory 

problems: secondary analyses of a randomized controlled trial. Psychosomatic 

medicine, 76(8), 650. 

Jeong, S., Jing, K., Kim, N., Shin, S., Kim, S., Song, K. S., & Wu, T. (2014). Docosahexaenoic 

acid-induced apoptosis is mediated by activation of mitogen-activated protein kinases 

in human cancer cells. BMC cancer, 14(1), 481. 



247 
 

Jesulola, E., Micalos, P., & Baguley, I. J. (2018). Understanding the pathophysiology of 

depression: From monoamines to the neurogenesis hypothesis model-are we there 

yet?. Behavioural brain research, 341, 79-90. 

Jiao, J., Li, Q., Chu, J., Zeng, W., Yang, M., & Zhu, S. (2014). Effect of n− 3 PUFA 

supplementation on cognitive function throughout the life span from infancy to old age: 

a systematic review and meta-analysis of randomized controlled trials–. The American 

journal of clinical nutrition, 100(6), 1422-1436. 

Johnson, E. J., McDonald, K., Caldarella, S. M., Chung, H. Y., Troen, A. M., & Snodderly, D. 

M. (2008). Cognitive findings of an exploratory trial of docosahexaenoic acid and lutein 

supplementation in older women. Nutritional neuroscience, 11(2), 75-83. 

Johnson, M., Fransson, G., Östlund, S., Areskoug, B., & Gillberg, C. (2017). Omega 3/6 fatty 

acids for reading in children: a randomized, double‐blind, placebo‐controlled trial in 9‐

year‐old mainstream schoolchildren in Sweden. Journal of Child Psychology and 

Psychiatry, 58(1), 83-93. 

Jones, C. R., Arai, T., & Rapoport, S. I. (1997). Evidence for the involvement of 

docosahexaenoic acid in cholinergic stimulated signal transduction at the 

synapse. Neurochemical research, 22(6), 663-670. 

Jones, P. J., & Jew, S. (2016). Health Claims and Nutrition Marketing. In Functional Dietary 

Lipids (pp. 287-302). Woodhead Publishing. 

Jory, J. (2016). Abnormal fatty acids in Canadian children with autism. Nutrition, 32(4), 474-

477. 

Joyce, P. R. (2007). The evolving neurobiology of depression: from synapses to neurons, 

circuits and loops. 

Judge, M. P., Cong, X., Harel, O., Courville, A. B., & Lammi-Keefe, C. J. (2012). Maternal 

consumption of a DHA-containing functional food benefits infant sleep patterning: an 

early neurodevelopmental measure. Early human development, 88(7), 531-537. 

Judge, M. P., Harel, O., & Lammi-Keefe, C. J. (2007). Maternal consumption of a 

docosahexaenoic acid–containing functional food during pregnancy: benefit for infant 

performance on problem-solving but not on recognition memory tasks at age 9 mo–. 

The American journal of clinical nutrition, 85(6), 1572-1577. 

Kadota, T., Horinouchi, T., & Kuroda, C. (2001). Development and aging of the cerebrum: 

assessment with proton MR spectroscopy. American Journal of Neuroradiology, 22(1), 

128-135. 

Kalmijn, S., Van Boxtel, M. P. J., Ocke, M., Verschuren, W. M. M., Kromhout, D., & Launer, L. 

J. (2004). Dietary intake of fatty acids and fish in relation to cognitive performance at 

middle age. Neurology, 62(2), 275-280. 



248 
 

Kamal‐Eldin, A., & Appelqvist, L. Å. (1996). The chemistry and antioxidant properties of 

tocopherols and tocotrienols. Lipids, 31(7), 671-701. 

Kamm, W., Dionisi, F., Hischenhuber, C., & Engel, K. H. (2001). Authenticity assessment of 

fats and oils. Food Reviews International, 17(3), 249-290. 

Kandasamy, N., Joseph, F., & Goenka, N. (2008). The role of omega-3 fatty acids in 

cardiovascular disease, hypertriglyceridaemia and diabetes mellitus. The British 

Journal of Diabetes & Vascular Disease, 8(3), 121-126. 

Kang, E., Crouse, A., Chevallier, L., Pontier, S. M., Alzahrani, A., Silué, N., & Malo, D. (2018). 

Enterobacteria and host resistance to infection. Mammalian genome, 29(7-8), 558-

576. 

Karr, J. E., Grindstaff, T. R., & Alexander, J. E. (2012). Omega-3 polyunsaturated fatty acids 

and cognition in a college-aged population. Experimental and clinical 

psychopharmacology, 20(3), 236. 

Katakura, M., Hashimoto, M., Okui, T., Shahdat, H. M., Matsuzaki, K., & Shido, O. (2013). 

Omega-3 polyunsaturated fatty acids enhance neuronal differentiation in cultured rat 

neural stem cells. Stem cells international, 2013. 

Katakura, M., Hashimoto, M., Shahdat, H. M., Gamoh, S., Okui, T., Matsuzaki, K., & Shido, 

O. (2009). Docosahexaenoic acid promotes neuronal differentiation by regulating basic 

helix–loop–helix transcription factors and cell cycle in neural stem 

cells. Neuroscience, 160(3), 651-660. 

Kavanagh, T., Lonergan, P. E., & Lynch, M. A. (2004). Eicosapentaenoic acid and gamma-

linolenic acid increase hippocampal concentrations of IL-4 and IL-10 and abrogate 

lipopolysaccharide-induced inhibition of long-term potentiation. Prostaglandins, 

leukotrienes and essential fatty acids, 70(4), 391-397. 

Kawakita, E., Hashimoto, M., & Shido, O. (2006). Docosahexaenoic acid promotes 

neurogenesis in vitro and in vivo. Neuroscience, 139(3), 991-997. 

Kawashima, A., Harada, T., Kami, H., Yano, T., Imada, K., & Mizuguchi, K. (2010). Effects of 

eicosapentaenoic acid on synaptic plasticity, fatty acid profile and phosphoinositide 3-

kinase signaling in rat hippocampus and differentiated PC12 cells. The Journal of 

nutritional biochemistry, 21(4), 268-277. 

Kelleher III, R. J., Govindarajan, A., & Tonegawa, S. (2004). Translational regulatory 

mechanisms in persistent forms of synaptic plasticity. Neuron, 44(1), 59-73. 

Kelly, L., Grehan, B., Della Chiesa, A., O'Mara, S. M., Downer, E., Sahyoun, G., & Lynch, M. 

A. (2011). The polyunsaturated fatty acids, EPA and DPA exert a protective effect in 

the hippocampus of the aged rat. Neurobiology of aging, 32(12), 2318-e1. 

Kennedy, D. (2016). B vitamins and the brain: Mechanisms, dose and efficacy—A 

review. Nutrients, 8(2), 68. 



249 
 

Kennedy, D. O., & Haskell, C. F. (2011). Vitamins and cognition. Drugs, 71(15), 1957-1971. 

Kennedy, D. O., & Scholey, A. B. (2004). A glucose-caffeine ‘energy drink’ameliorates 

subjective and performance deficits during prolonged cognitive 

demand. Appetite, 42(3), 331-333. 

Kennedy, D. O., Haskell, C. F., Robertson, B., Reay, J., Brewster-Maund, C., Luedemann, J., 

& Scholey, A. B. (2008). Improved cognitive performance and mental fatigue following 

a multi-vitamin and mineral supplement with added guarana (Paullinia 

cupana). Appetite, 50(2-3), 506-513. 

Kennedy, D. O., Jackson, P. A., Elliott, J. M., Scholey, A. B., Robertson, B. C., Greer, J., & 

Haskell, C. F. (2009). Cognitive and mood effects of 8 weeks' supplementation with 

400 mg or 1000 mg of the omega-3 essential fatty acid docosahexaenoic acid (DHA) 

in healthy children aged 10–12 years. Nutritional neuroscience, 12(2), 48-56. 

Kennedy, D. O., Stevenson, E. J., Jackson, P. A., Dunn, S., Wishart, K., Bieri, G., & Forster, 

J. (2016). Multivitamins and minerals modulate whole-body energy metabolism and 

cerebral blood-flow during cognitive task performance: a double-blind, randomised, 

placebo-controlled trial. Nutrition & metabolism, 13(1), 11. 

Kerkhof, G. A. (2017). Epidemiology of sleep and sleep disorders in The Netherlands. Sleep 

medicine, 30, 229-239. 

Kessels, R. P., Nys, G. M., & Brands, A. M. (2004). The Location Learning Test as a measure 

of spatial memory: applicability of a modified administration procedure and normative 

data. Tijdschrift voor gerontologie en geriatrie, 35(4), 147-152. 

Kessels, R. P., Nys, G. M., Brands, A. M., Berg, E. V. D., & Zandvoort, V. M. J. (2006). The 

modified Location Learning Test: Norms for the assessment of spatial memory function 

in neuropsychological patients. Archives of Clinical Neuropsychology, 21(8), 841-846. 

Khairallah, R. J., Sparagna, G. C., Khanna, N., O'Shea, K. M., Hecker, P. A., Kristian, T., & 

Stanley, W. C. (2010). Dietary supplementation with docosahexaenoic acid, but not 

eicosapentaenoic acid, dramatically alters cardiac mitochondrial phospholipid fatty 

acid composition and prevents permeability transition. Biochimica et Biophysica Acta 

(BBA)-Bioenergetics, 1797(8), 1555-1562. 

Khalid, S., Barfoot, K., May, G., Lamport, D., Reynolds, S., & Williams, C. (2017). Effects of 

acute blueberry flavonoids on mood in children and young adults. Nutrients, 9(2), 158. 

Khan, A. D., & Singh, L. (2016). Various techniques of bioavailability enhancement: a 

review. Journal of Drug Delivery and Therapeutics, 6(3), 34-41. 

Khan, T. A., Shah, T., Prieto, D., Zhang, W., Price, J., Fowkes, G. R., & Hubacek, J. A. (2013). 

Apolipoprotein E genotype, cardiovascular biomarkers and risk of stroke: Systematic 

review and meta-analysis of 14 015 stroke cases and pooled analysis of primary 



250 
 

biomarker data from up to 60 883 individuals. International journal of 

epidemiology, 42(2), 475-492. 

Kidd, P. M. (2007). Omega-3 DHA and EPA for cognition, behavior, and mood: clinical findings 

and structural-functional synergies with cell membrane phospholipids. Alternative 

medicine review, 12(3), 207. 

Kiecolt-Glaser, J. K., Belury, M. A., Andridge, R., Malarkey, W. B., & Glaser, R. (2011). 

Omega-3 supplementation lowers inflammation and anxiety in medical students: a 

randomized controlled trial. Brain, behavior, and immunity, 25(8), 1725-1734. 

Kiecolt-Glaser, J. K., Belury, M. A., Andridge, R., Malarkey, W. B., Hwang, B. S., & Glaser, R. 

(2012). Omega-3 supplementation lowers inflammation in healthy middle-aged and 

older adults: a randomized controlled trial. Brain, behavior, and immunity, 26(6), 988-

995. 

Kiecolt-Glaser, J. K., Belury, M. A., Porter, K., Beversdorf, D., Lemeshow, S., & Glaser, R. 

(2007). Depressive symptoms, n-6: n-3 fatty acids, and inflammation in older adults. 

Psychosomatic medicine, 69(3), 217. 

Kikawa, K. D., Herrick, J. S., Tateo, R. E., Mouradian, M., Tay, J. S., & Pardini, R. S. (2010). 

Induced oxidative stress and cell death in the A549 lung adenocarcinoma cell line by 

ionizing radiation is enhanced by supplementation with docosahexaenoic 

acid. Nutrition and cancer, 62(8), 1017-1024. 

Kim, J. L., Winkvist, A., Åberg, M. A., Åberg, N., Sundberg, R., Torén, K., & Brisman, J. (2010). 

Fish consumption and school grades in Swedish adolescents: a study of the large 

general population. Acta Paediatrica, 99(1), 72-77. 

Kirby, A., Woodward, A., Jackson, S., Wang, Y., & Crawford, M. A. (2010). A double-blind, 

placebo-controlled study investigating the effects of omega-3 supplementation in 

children aged 8–10 years from a mainstream school population. Research in 

developmental disabilities, 31(3), 718-730. 

Kitamura, T., & Inokuchi, K. (2014). Role of adult neurogenesis in hippocampal-cortical 

memory consolidation. Molecular brain, 7(1), 13. 

Klein, S. L. (2012). Sex influences immune responses to viruses, and efficacy of prophylaxis 

and treatments for viral diseases. Bioessays, 34(12), 1050-1059. 

Kliewer, S. A., Sundseth, S. S., Jones, S. A., Brown, P. J., Wisely, G. B., Koble, C. S., & 

Lehmann, J. M. (1997). Fatty acids and eicosanoids regulate gene expression through 

direct interactions with peroxisome proliferator-activated receptors α and 

γ. Proceedings of the National Academy of Sciences, 94(9), 4318-4323. 

Kling, D. F., Johnson, J., Rooney, M., & Davidson, M. (2011). Omega-3 free fatty acids 

demonstrate more than 4-fold greater bioavailability for EPA and DHA compared with 



251 
 

omega-3-acid ethyl esters in conjunction with a low-fat diet: The ECLIPSE Study. 

Journal of Clinical Lipidology, 5(3), 231. 

Kobayashi, S., Hirai, A., Terano, T., Hamazaki, T., Tamura, Y., & Kumagai, A. (1981). 

Reduction in blood viscosity by eicosapentaenoic acid. The Lancet, 318(8239), 197. 

Konagai, C., Yanagimoto, K., Hayamizu, K., Han, L., Tsuji, T., & Koga, Y. (2013). Effects of 

krill oil containing n-3 polyunsaturated fatty acids in phospholipid form on human brain 

function: a randomized controlled trial in healthy elderly volunteers. Clinical 

interventions in aging, 8, 1247. 

Konat, G. W. (2003). H 2 O 2-induced higher order chromatin degradation: a novel mechanism 

of oxidative genotoxicity. Journal of biosciences, 28(1), 57-60. 

Kopasz, M., Loessl, B., Hornyak, M., Riemann, D., Nissen, C., Piosczyk, H., & Voderholzer, 

U. (2010). Sleep and memory in healthy children and adolescents–a critical review. 

Sleep medicine reviews, 14(3), 167-177. 

Kronberg, G., Bridi, M., Abel, T., Bikson, M., & Parra, L. C. (2017). Direct current stimulation 

modulates LTP and LTD: activity dependence and dendritic effects. Brain 

stimulation, 10(1), 51-58. 

Krueger, C., & Tian, L. (2004). A comparison of the general linear mixed model and repeated 

measures ANOVA using a dataset with multiple missing data points. Biological 

research for nursing, 6(2), 151-157. 

Kruggel, F. (2006). MRI-based volumetry of head compartments: normative values of healthy 

adults. Neuroimage, 30(1), 1-11. 

Külzow, N., Witte, A. V., Kerti, L., Grittner, U., Schuchardt, J. P., Hahn, A., & Flöel, A. (2016). 

Impact of omega-3 fatty acid supplementation on memory functions in healthy older 

adults. Journal of Alzheimer's Disease, 51(3), 713-725. 

Kumar, A., & Singh, A. (2015). A review on Alzheimer's disease pathophysiology and its 

management: an update. Pharmacological Reports, 67(2), 195-203. 

Kuszewski, J., Wong, R., & Howe, P. (2017). Effects of long-chain Omega-3 polyunsaturated 

fatty acids on endothelial vasodilator function and cognition—Are they 

interrelated?. Nutrients, 9(5), 487. 

Kwon, Y. W., Masutani, H., Nakamura, H., Ishii, Y., & Yodoi, J. (2003). Redox regulation of 

cell growth and cell death. Biological chemistry, 384(7), 991-996. 

La Rosa, F., Clerici, M., Ratto, D., Occhinegro, A., Licito, A., Romeo, M., & Rossi, P. (2018). 

The gut-brain axis in Alzheimer’s disease and omega-3. A critical overview of clinical 

trials. Nutrients, 10(9), 1267. 

Lamport, D. J., Pal, D., Macready, A. L., Barbosa-Boucas, S., Fletcher, J. M., Williams, C. M., 

& Butler, L. T. (2016). The effects of flavanone-rich citrus juice on cognitive function 



252 
 

and cerebral blood flow: an acute, randomised, placebo-controlled cross-over trial in 

healthy, young adults. British journal of nutrition, 116(12), 2160-2168. 

Langer, N., Pedroni, A., Gianotti, L. R., Hänggi, J., Knoch, D., & Jäncke, L. (2012). Functional 

brain network efficiency predicts intelligence. Human brain mapping, 33(6), 1393-

1406. 

Lanni, C., Govoni, S., Lucchelli, A., & Boselli, C. (2009). Depression and antidepressants: 

molecular and cellular aspects. Cellular and molecular life sciences, 66(18), 2985-

3008. 

Larrieu, T., & Layé, S. (2018). Food for mood: relevance of nutritional Omega-3 fatty acids for 

depression and anxiety. Frontiers in physiology, 9, 1047. 

Lauritzen, L. A., Hansen, H. S., Jørgensen, M. H., & Michaelsen, K. F. (2001). The essentiality 

of long chain n-3 fatty acids in relation to development and function of the brain and 

retina. Progress in lipid research, 40(1), 1-94. 

Lauritzen, L., Brambilla, P., Mazzocchi, A., Harsløf, L., Ciappolino, V., & Agostoni, C. (2016). 

DHA effects in brain development and function. Nutrients, 8(1), 6. 

Lauritzen, L., Jørgensen, M. H., Mikkelsen, T. B., Skovgaard, I. M., Straarup, E. M., Olsen, S. 

F., & Michaelsen, K. F. (2004). Maternal fish oil supplementation in lactation: effect on 

visual acuity and n− 3 fatty acid content of infant erythrocytes. Lipids, 39(3), 195-206. 

Lavialle, M., Champeil-Potokar, G., Alessandri, J. M., Balasse, L., Guesnet, P., Papillon, C., 

& Denis, I. (2008). An (n-3) polyunsaturated fatty acid–deficient diet disturbs daily 

locomotor activity, melatonin rhythm, and striatal dopamine in Syrian hamsters. The 

Journal of nutrition, 138(9), 1719-1724. 

Lawson, L. D., & Hughes, B. G. (1988). Absorption of eicosapentaenoic acid and 

docosahexaenoic acid from fish oil triacylglycerols or fish oil ethyl esters co-ingested 

with a high-fat meal. Biochemical and biophysical research communications, 156(2), 

960-963. 

Leaf, A., Kang, J. X., Xiao, Y. F., & Billman, G. E. (2003). Clinical prevention of sudden cardiac 

death by n-3 polyunsaturated fatty acids and mechanism of prevention of arrhythmias 

by n-3 fish oils. Circulation, 107(21), 2646-2652. 

Leal, G., Afonso, P. M., Salazar, I. L., & Duarte, C. B. (2015). Regulation of hippocampal 

synaptic plasticity by BDNF. Brain research, 1621, 82-101. 

Lee, C. H., Olson, P., & Evans, R. M. (2003). Minireview: lipid metabolism, metabolic diseases, 

and peroxisome proliferator-activated receptors. Endocrinology, 144(6), 2201-2207. 

Lee, L. K., Shahar, S., Chin, A. V., & Yusoff, N. A. M. (2013). Docosahexaenoic acid-

concentrated fish oil supplementation in subjects with mild cognitive impairment (MCI): 

a 12-month randomised, double-blind, placebo-controlled trial. Psychopharmacology, 

225(3), 605-612. 



253 
 

Lee, Y. H., Bae, S. C., & Song, G. G. (2012). Omega-3 polyunsaturated fatty acids and the 

treatment of rheumatoid arthritis: a meta-analysis. Archives of medical research, 43(5), 

356-362. 

Leger, D., Laudon, M., & Zisapel, N. (2004). Nocturnal 6-sulfatoxymelatonin excretion in 

insomnia and its relation to the response to melatonin replacement therapy. The 

American journal of medicine, 116(2), 91-95. 
Lemasters, J. J., Theruvath, T. P., Zhong, Z., & Nieminen, A. L. (2009). Mitochondrial calcium 

and the permeability transition in cell death. Biochimica et Biophysica Acta (BBA)-

Bioenergetics, 1787(11), 1395-1401. 

Leone, L., Fusco, S., Mastrodonato, A., Piacentini, R., Barbati, S. A., Zaffina, S., & Grassi, C. 

(2014). Epigenetic modulation of adult hippocampal neurogenesis by extremely low-

frequency electromagnetic fields. Molecular neurobiology, 49(3), 1472-1486. 

Leone, L., Podda, M. V., & Grassi, C. (2015). Impact of electromagnetic fields on stem cells: 

common mechanisms at the crossroad between adult neurogenesis and 

osteogenesis. Frontiers in cellular neuroscience, 9, 228. 

Levy, B. D., Clish, C. B., Schmidt, B., Gronert, K., & Serhan, C. N. (2001). Lipid mediator class 

switching during acute inflammation: signals in resolution. Nature immunology, 2(7), 

612. 

Lichtenstein, A. H., Appel, L. J., Brands, M., Carnethon, M., Daniels, S., Franch, H. A., & 

Karanja, N. (2006). Diet and lifestyle recommendations revision 2006: a scientific 

statement from the American Heart Association Nutrition Committee. Circulation, 

114(1), 82-96. 

Lim, S. Y., & Suzuki, H. (2000). Intakes of dietary docosahexaenoic acid ethyl ester and egg 

phosphatidylcholine improve maze-learning ability in young and old mice. The Journal 

of nutrition, 130(6), 1629-1632. 

Lin, C. H., Huang, C. L., Chang, Y. C., Chen, P. W., Lin, C. Y., Tsai, G. E., & Lane, H. Y. 

(2013). Clinical symptoms, mainly negative symptoms, mediate the influence of 

neurocognition and social cognition on functional outcome of schizophrenia. 

Schizophrenia research, 146(1-3), 231-237. 

Lin, P. Y., Chiu, C. C., Huang, S. Y., & Su, K. P. (2012). A meta-analytic review of 

polyunsaturated fatty acid compositions in dementia. 

Lin, P. Y., Huang, S. Y., & Su, K. P. (2010). A meta-analytic review of polyunsaturated fatty 

acid compositions in patients with depression. Biological psychiatry, 68(2), 140-147. 

Lipska, B. K., & Weinberger, D. R. (2000). To model a psychiatric disorder in animals: 

schizophrenia as a reality test. Neuropsychopharmacology, 23(3), 223-239. 



254 
 

Liu, J., Cui, Y., Li, L., Wu, L., Hanlon, A., Pinto-Martin, J., & Hibbeln, J. R. (2017). The 

mediating role of sleep in the fish consumption–cognitive functioning relationship: a 

cohort study. Scientific reports, 7(1), 17961. 

Liu, J., Zhou, G., Wang, Y., Ai, Y., Pinto-Martin, J., & Liu, X. (2012). Sleep problems, fatigue, 

and cognitive performance in Chinese kindergarten children. The Journal of pediatrics, 

161(3), 520-525. 

Lloret, A., Fuchsberger, T., Giraldo, E., & Vina, J. (2015). Molecular mechanisms linking 

amyloid β toxicity and Tau hyperphosphorylation in Alzheimer׳ s disease. Free Radical 

Biology and Medicine, 83, 186-191. 

Lo, J. C., Loh, K. K., Zheng, H., Sim, S. K., & Chee, M. W. (2014). Sleep duration and age-

related changes in brain structure and cognitive performance. Sleep, 37(7), 821-821. 

Lockley, S. W., Skene, D. J., & Arendt, J. (1999). Comparison between subjective and 

actigraphic measurement of sleep and sleep rhythms. Journal of sleep research, 8(3), 

175-183. 

Logan, A. C. (2003a). Neurobehavioral aspects of omega-3 fatty acids: possible mechanisms 

and therapeutic value in major depression. Alternative medicine review, 8(4), 410-425. 

Logan, A. C. (2004b). Omega-3 fatty acids and major depression: a primer for the mental 

health professional. Lipids in health and disease, 3(1), 25. 

Lonergan, P. E., Martin, D. S., Horrobin, D. F., & Lynch, M. A. (2004). Neuroprotective actions 

of eicosapentaenoic acid on lipopolysaccharide‐induced dysfunction in rat 

hippocampus. Journal of neurochemistry, 91(1), 20-29. 

Lonergan, P. E., Martin, D. S., Horrobin, D. F., & Lynch, M. A. (2002). Neuroprotective effect 

of eicosapentaenoic acid in hippocampus of rats exposed to γ-irradiation. Journal of 

Biological Chemistry, 277(23), 20804-20811. 

Lopez-Toledano, M. A., Thorsteinsson, T., Daak, A., Maki, K. C., Johns, C., Rabinowicz, A. 

L., & Sancilio, F. D. (2017). A novel ω-3 acid ethyl Ester formulation incorporating 

advanced lipid TechnologiesTM (ALT®) improves Docosahexaenoic acid and 

Eicosapentaenoic acid bioavailability compared with Lovaza®. Clinical 

therapeutics, 39(3), 581-591. 

Los, D. A., & Murata, N. (2004). Membrane fluidity and its roles in the perception of 

environmental signals. Biochimica et Biophysica Acta (BBA)-Biomembranes, 1666(1), 

142-157. 

Lu, Y., Christian, K., & Lu, B. (2008). BDNF: a key regulator for protein synthesis-dependent 

LTP and long-term memory?. Neurobiology of learning and memory, 89(3), 312-323. 

Lucassen, P. J., Meerlo, P., Naylor, A. S., Van Dam, A. M., Dayer, A. G., Fuchs, E., & Czeh, 

B. (2010). Regulation of adult neurogenesis by stress, sleep disruption, exercise and 



255 
 

inflammation: Implications for depression and antidepressant action. European 

Neuropsychopharmacology, 20(1), 1-17. 

Luchtman, D. W., & Song, C. (2013). Cognitive enhancement by omega-3 fatty acids from 

child-hood to old age: findings from animal and clinical studies. Neuropharmacology, 

64, 550-565. 

Lynch, A. M., Loane, D. J., Minogue, A. M., Clarke, R. M., Kilroy, D., Nally, R. E., & Lynch, M. 

A. (2007). Eicosapentaenoic acid confers neuroprotection in the amyloid-β challenged 

aged hippocampus. Neurobiology of aging, 28(6), 845-855. 

Lynch, M. A. (2004). Long-term potentiation and memory. Physiological reviews, 84(1), 87-

136. 

M. Coltheart (1981), The MRC Psycholinguistic Database, Quarterly Journal of Experimental 

Psychology, 33A, 497-505 

Ma, D., Zhang, M., Larsen, C. P., Xu, F., Hua, W., Yamashima, T., & Zhou, L. (2010). DHA 

promotes the neuronal differentiation of rat neural stem cells transfected with GPR40 

gene. Brain research, 1330, 1-8. 

Mabile, L., Piolot, A., Boulet, L., Fortin, L. J., Doyle, N., Rodriguez, C., & Lussier-Cacan, S. 

(2001). Moderate intake of n− 3 fatty acids is associated with stable erythrocyte 

resistance to oxidative stress in hypertriglyceridemic subjects–. The American journal 

of clinical nutrition, 74(4), 449-456. 

Macpherson, H., Rowsell, R., Cox, K. H. M., Scholey, A., & Pipingas, A. (2015). Acute mood 

but not cognitive improvements following administration of a single multivitamin and 

mineral supplement in healthy women aged 50 and above: a randomised controlled 

trial. Age, 37(3), 38. 

Madore, C., Leyrolle, Q., Lacabanne, C., Benmamar-Badel, A., Joffre, C., Nadjar, A., & Layé, 

S. (2016). Neuroinflammation in autism: plausible role of maternal inflammation, 

dietary omega 3, and microbiota. Neural plasticity, 2016. 

Magnotta, V. A., Andreasen, N. C., Schultz, S. K., Harris, G., Cizadlo, T., Heckel, D., & Flaum, 

M. (1999). Quantitative in vivo measurement of gyrification in the human brain: 

changes associated with aging. Cerebral Cortex, 9(2), 151-160. 

Mah, C. D., Mah, K. E., Kezirian, E. J., & Dement, W. C. (2011). The effects of sleep extension 

on the athletic performance of collegiate basketball players. Sleep, 34(7), 943-950. 

Maki, K. C., & Dicklin, M. R. (2019). Strategies to improve bioavailability of omega-3 fatty acids 

from ethyl ester concentrates. Current Opinion in Clinical Nutrition & Metabolic 

Care, 22(2), 116-123.  

Malcolm, C. A., McCulloch, D. L., Montgomery, C., Shepherd, A., & Weaver, L. T. (2003). 

Maternal docosahexaenoic acid supplementation during pregnancy and visual evoked 



256 
 

potential development in term infants: a double blind, prospective, randomised trial. 

Archives of Disease in Childhood-Fetal and Neonatal Edition, 88(5), F383-F390. 

Manconi, M., Ferri, R., Sagrada, C., Punjabi, N. M., Tettamanzi, E., Zucconi, M., & FERINI‐

STRAMBI, L. U. I. G. I. (2010). Measuring the error in sleep estimation in normal 

subjects and in patients with insomnia. Journal of sleep research, 19(3), 478-486. 

Mandhair, H. K., Fincham, R. E. A., Opacka-Juffry, J., Dyall, S. C., and Molina-Holgado, F. 

(2013). ‘‘Cannabinoid signalling and IL-1β are critical mediators regulating omega-3 

PUFAs neural stem cell fate decisions,’’ in 6th European Workshop on Cannabinoid 

Research. Proceedings of the British Pharmacological Society (Dublin, Ireland). 

Available online at: http://www.pa2online.org/abstracts/vol11issue1abst046.pdf  

Mankad, D., Dupuis, A., Smile, S., Roberts, W., Brian, J., Lui, T., & Anagnostou, E. (2015). A 

randomized, placebo controlled trial of omega-3 fatty acids in the treatment of young 

children with autism. Molecular autism, 6(1), 18. 

Manor, I., Magen, A., Keidar, D., Rosen, S., Tasker, H., Cohen, T., & Weizman, A. (2012). 

The effect of phosphatidylserine containing Omega3 fatty-acids on attention-deficit 

hyperactivity disorder symptoms in children: a double-blind placebo-controlled trial, 

followed by an open-label extension. European Psychiatry, 27(5), 335-342. 

Marchioli, R., Barzi, F., Bomba, E., Chieffo, C., Di Gregorio, D., Di Mascio, R., & Mantini, L. 

(2002). Early protection against sudden death by n-3 polyunsaturated fatty acids after 

myocardial infarction: time-course analysis of the results of the Gruppo Italiano per lo 

Studio della Sopravvivenza nell’Infarto Miocardico (GISSI)-Prevenzione. Circulation, 

105(16), 1897-1903. 

Marteinsdottir, I., Horrobin, D. F., Stenfors, C., Theodorsson, E., & Mathé, A. A. (1998). 

Changes in dietary fatty acids alter phospholipid fatty acid composition in selected 

regions of rat brain. Progress in neuro-psychopharmacology & biological 

psychiatry, 22(6), 1007-1021. 

Martin, D. S. D., Spencer, P., Horrobin, D. F., & Lynch, M. A. (2002). Long-term potentiation 

in aged rats is restored when the age-related decrease in polyunsaturated fatty acid 

concentration is reversed. Prostaglandins, leukotrienes and essential fatty acids, 67(2-

3), 121-130. 

Martin, K. C., & Ephrussi, A. (2009). mRNA localization: gene expression in the spatial 

dimension. Cell, 136(4), 719-730. 

Martin, S. E., Brander, P. E., Deary, I. J., & Douglas, N. J. (1999). The effect of clustered 

versus regular sleep fragmentation on daytime function. Journal of Sleep 

Research, 8(4), 305-311. 

http://www.pa2online.org/abstracts/vol11issue1abst046.pdf


257 
 

Martin, S. E., Engleman, H. M., Deary, I. J., & Douglas, N. J. (1996). The effect of sleep 

fragmentation on daytime function. American journal of respiratory and critical care 

medicine, 153(4), 1328-1332. 

Martinez, M. (1992). Tissue levels of polyunsaturated fatty acids during early human 

development. The Journal of pediatrics, 120(4), S129-S138. 

Martins, J. G. (2009). EPA but not DHA appears to be responsible for the efficacy of omega-

3 long chain polyunsaturated fatty acid supplementation in depression: evidence from 

a meta-analysis of randomized controlled trials. Journal of the American College of 

Nutrition, 28(5), 525-542.  

Mas, E., Croft, K. D., Zahra, P., Barden, A., & Mori, T. A. (2012). Resolvins D1, D2, and other 

mediators of self-limited resolution of inflammation in human blood following n-3 fatty 

acid supplementation. Clinical chemistry, 58(10), 1476-1484. 

Mathias, R. A., Vergara, C., Gao, L., Rafaels, N., Hand, T., Campbell, M., & Chilton, F. H. 

(2010). FADS genetic variants and ω-6 polyunsaturated fatty acid metabolism in a 

homogeneous island population. Journal of lipid research, 51(9), 2766-2774. 

Matsuo, N. (1954). Studies on the toxicity of fish oil. The Journal of Biochemistry, 41(4), 481-

487. 

Mayer, E. A., Padua, D., & Tillisch, K. (2014). Altered brain‐gut axis in autism: Comorbidity or 

causative mechanisms?. Bioessays, 36(10), 933-939. 

Mayer, E. A., Tillisch, K., & Gupta, A. (2015). Gut/brain axis and the microbiota. The Journal 

of clinical investigation, 125(3), 926-938. 

Mazereeuw, G., Herrmann, N., Oh, P. I., Ma, D. W., Wang, C. T., Kiss, A., & Lanctôt, K. L. 

(2016). Omega-3 Fatty acids, depressive symptoms, and cognitive performance in 

patients with coronary artery disease: Analyses from a randomized, double-blind, 

placebo-controlled trial. Journal of clinical psychopharmacology, 36(5), 436. 

McCabe-Sellers, B. J., Bowman, S., Stuff, J. E., Champagne, C. M., Simpson, P. M., & Bogle, 

M. L. (2007). Assessment of the diet quality of US adults in the Lower Mississippi 

Delta. The American journal of clinical nutrition, 86(3), 697-706. 

McLennan, P. L., & Pepe, S. (2015). Weighing up fish and omega-3 PUFA advice with 

accurate, balanced scales: Stringent controls and measures required for clinical 

trials. Heart, Lung and Circulation, 24(8), 740-743. 

McLennan, P. L., & Pepe, S. (2017, June). Prescribing More Stringent Design of Randomized 

Clinical Trials of Omega-3 Polyunsaturated Fatty Acids [Letter to the editor]. In Mayo 

Clinic Proceedings (Vol. 92, No. 6, pp. 1005-1006). Elsevier. 

McNair, D. M., Lorr, M., & Droppleman, L. F. (1992). Profile of mood states—revised. San 

Diego, Calif.: Educational and Institutional Testing Service. 



258 
 

McNamara, R. K., Able, J., Jandacek, R., Rider, T., Tso, P., Eliassen, J. C., & Strakowski, S. 

M. (2010). Docosahexaenoic acid supplementation increases prefrontal cortex 

activation during sustained attention in healthy boys: a placebo-controlled, dose-

ranging, functional magnetic resonance imaging study–. The American journal of 

clinical nutrition, 91(4), 1060-1067. 

Meydani, S. N., Endres, S., Woods, M. M., Goldin, B. R., Soo, C., Morrill-Labrode, A., & 

Gorbach, S. L. (1991). Oral (n-3) fatty acid supplementation suppresses cytokine 

production and lymphocyte proliferation: comparison between young and older 

women. The Journal of nutrition, 121(4), 547-555. 

Meyer, B. J., Mann, N. J., Lewis, J. L., Milligan, G. C., Sinclair, A. J., & Howe, P. R. (2003). 

Dietary intakes and food sources of omega-6 and omega-3 polyunsaturated fatty 

acids. Lipids, 38(4), 391-398. 

Mikkelsen, K. B., Ebajemito, J. K., Bonmati‐Carrion, M. A., Santhi, N., Revell, V. L., Atzori, G., 

& de Vos, M. (2019). Machine‐learning‐derived sleep–wake staging from around‐the‐

ear electroencephalogram outperforms manual scoring and actigraphy. Journal of 

sleep research, 28(2), e12786. 

Miles, E. A., Allen, E., & Calder, P. C. (2002). In vitro effects of eicosanoids derived from 

different 20-carbon fatty acids on production of monocyte-derived cytokines in human 

whole blood cultures. Cytokine, 20(5), 215-223. 

Miller, M. A., Wright, H., Hough, J., & Cappuccio, F. P. (2014). Sleep and cognition. In Sleep 

and its Disorders Affect Society. InTech. 

Milovanovic, D., & De Camilli, P. (2017). Synaptic vesicle clusters at synapses: A distinct liquid 

phase?. Neuron, 93(5), 995-1002. 

Milrad, S. F., Hall, D. L., Jutagir, D. R., Lattie, E. G., Ironson, G. H., Wohlgemuth, W., & 

Fletcher, M. A. (2017). Poor sleep quality is associated with greater circulating pro-

inflammatory cytokines and severity and frequency of chronic fatigue 

syndrome/myalgic encephalomyelitis (CFS/ME) symptoms in women. Journal of 

neuroimmunology, 303, 43-50. 

Minichiello, L. (2009). TrkB signalling pathways in LTP and learning. Nature Reviews 

Neuroscience, 10(12), 850. 

Minogue, A. M., Lynch, A. M., Loane, D. J., Herron, C. E., & Lynch, M. A. (2007). Modulation 

of amyloid‐β‐induced and age‐associated changes in rat hippocampus by 

eicosapentaenoic acid. Journal of neurochemistry, 103(3), 914-926. 

Mirescu, C., Peters, J. D., Noiman, L., & Gould, E. (2006). Sleep deprivation inhibits adult 

neurogenesis in the hippocampus by elevating glucocorticoids. Proceedings of the 

National Academy of Sciences, 103(50), 19170-19175. 



259 
 

Mizwicki, M. T., Liu, G., Fiala, M., Magpantay, L., Sayre, J., Siani, A., & Nemere, I. (2013). 1α, 

25-Dihydroxyvitamin D 3 and Resolvin D1 Retune the Balance between Amyloid-β 

Phagocytosis and Inflammation in Alzheimer's Disease Patients. Journal of 

Alzheimer's Disease, 34(1), 155-170. 

Mocking, R. J. T., Harmsen, I., Assies, J., Koeter, M. W. J., Ruhé, H., & Schene, A. H. (2016). 

Meta-analysis and meta-regression of omega-3 polyunsaturated fatty acid 

supplementation for major depressive disorder. Translational psychiatry, 6(3), e756. 

Mondazzi L. 2007. Omega‐3: effetti sul metabolismo lipidico. In Gli acidi grassi omega‐3, 

Academy Z (ed). Scientific report from the Zone Academy in collaboration with the 

Inflammation Research Foundation, Boston, USA. 

Montgomery, P., Burton, J. R., Sewell, R. P., Spreckelsen, T. F., & Richardson, A. J. (2014). 

Fatty acids and sleep in UK children: subjective and pilot objective sleep results from 

the DOLAB study–a randomized controlled trial. Journal of sleep research, 23(4), 364-

388. 

Monti, J. M. (2011). Serotonin control of sleep-wake behavior. Sleep medicine reviews, 15(4), 

269-281. 

Monti, J. M., & Jantos, H. (2003). Differential effects of the 5-HT1A receptor agonist flesinoxan 

given locally or systemically on REM sleep in the rat. European journal of 

pharmacology, 478(2-3), 121-130. 

Monti, J. M., Torterolo, P., & Pandi-Perumal, S. R. (2016). The effects of benzodiazepine and 

nonbenzodiazepine agents, ramelteon, low-dose doxepin, suvorexant, and selective 

serotonin 5-HT2A receptor antagonists and inverse agonists on sleep and 

wakefulness. Clinical Medicine Insights: Therapeutics, 8, CMT-S38232. 

Moore, S. A. (2001). Polyunsaturated fatty acid synthesis and release by brain-derived cells 

in vitro. Journal of Molecular Neuroscience, 16(2-3), 195-200. 

Moreira, P. I., Siedlak, S. L., Wang, X., Santos, M. S., Oliveira, C. R., Tabaton, M., & Zhu, X. 

(2007). Increased autophagic degradation of mitochondria in Alzheimer disease. 

Autophagy, 3(6), 614-615. 

Mori, T. A., Puddey, I. B., Burke, V., Croft, K. D., Dunstan, D. W., Rivera, J. H., & Beilin, L. J. 

(2000). Effect of ω3 fatty acids on oxidative stress in humans: GC–MS measurement 

of urinary F2-isoprostane excretion. Redox Report, 5(1), 45-46. 

Morris, M. C. (2009). The role of nutrition in Alzheimer’s disease: epidemiological 

evidence. European Journal of Neurology, 16, 1-7. 

Morris, M. C., Evans, D. A., Tangney, C. C., Bienias, J. L., & Wilson, R. S. (2005). Fish 

consumption and cognitive decline with age in a large community study. Archives of 

neurology, 62(12), 1849-1853. 



260 
 

Morris, R. (1984). Developments of a water-maze procedure for studying spatial learning in 

the rat. Journal of neuroscience methods, 11(1), 47-60. 

Moscovitch, M., Cabeza, R., Winocur, G., & Nadel, L. (2016). Episodic memory and beyond: 

the hippocampus and neocortex in transformation. Annual review of psychology, 67, 

105-134. 

Motivala, S. J., & Irwin, M. R. (2007). Sleep and immunity: cytokine pathways linking sleep 

and health outcomes. Current Directions in Psychological Science, 16(1), 21-25. 

Mouradian, M., Kikawa, K. D., Johnson, E. D., Beck, K. L., & Pardini, R. S. (2014). Key roles 

for GRB2-associated-binding protein 1, phosphatidylinositol-3-kinase, cyclooxygenase 

2, prostaglandin E2 and transforming growth factor alpha in linoleic acid-induced 

upregulation of lung and breast cancer cell growth. Prostaglandins, Leukotrienes and 

Essential Fatty Acids (PLEFA), 90(4), 105-115. 

Mozaffarian, D., Psaty, B. M., Rimm, E. B., Lemaitre, R. N., Burke, G. L., Lyles, M. F., & 

Siscovick, D. S. (2004). Fish intake and risk of incident atrial fibrillation. Circulation, 

110(4), 368-373. 

Mueller, A. D., Pollock, M. S., Lieblich, S. E., Epp, J. R., Galea, L. A., & Mistlberger, R. E. 

(2008). Sleep deprivation can inhibit adult hippocampal neurogenesis independent of 

adrenal stress hormones. American Journal of Physiology-Regulatory, Integrative and 

Comparative Physiology, 294(5), R1693-R1703. 

Müllertz, A., Ogbonna, A., Ren, S., & Rades, T. (2010). New perspectives on lipid and 

surfactant based drug delivery systems for oral delivery of poorly soluble drugs. 

Journal of pharmacy and pharmacology, 62(11), 1622-1636. 

Nabavi, S. F., Bilotto, S., Russo, G. L., Orhan, I. E., Habtemariam, S., Daglia, M., & Nabavi, 

S. M. (2015). Omega-3 polyunsaturated fatty acids and cancer: lessons learned from 

clinical trials. Cancer and Metastasis Reviews, 34(3), 359-380. 

Naczk, M., & Shahidi, F. (2004). Extraction and analysis of phenolics in food. Journal of 

chromatography A, 1054(1-2), 95-111. 
Nascimento, L. F., Souza, G. F., Morari, J., Barbosa, G. O., Solon, C., Moura, R. F., & Velloso, 

L. A. (2016). n-3 fatty acids induce neurogenesis of predominantly POMC-expressing 

cells in the hypothalamus. Diabetes, 65(3), 673-686. 

Nestel, P., Clifton, P., Colquhoun, D., Noakes, M., Mori, T. A., Sullivan, D., & Thomas, B. 

(2015). Indications for omega-3 long chain polyunsaturated fatty acid in the prevention 

and treatment of cardiovascular disease. Heart, Lung and Circulation, 24(8), 769-779. 

Neu, S. C., Pa, J., Kukull, W., Beekly, D., Kuzma, A., Gangadharan, P., & Orlandi, D. (2017). 

Apolipoprotein E genotype and sex risk factors for Alzheimer disease: a meta-

analysis. JAMA neurology, 74(10), 1178-1189. 



261 
 

Neubauer, A. C., & Fink, A. (2009). Intelligence and neural efficiency: Measures of brain 

activation versus measures of functional connectivity in the brain. Intelligence, 37(2), 

223-229. 

Neubauer, A. C., Fink, A., & Grabner, R. H. (2006). Sensitivity of alpha band ERD to individual 

differences in cognition. Progress in brain research, 159, 167-178. 

Neubauer, A. C., Grabner, R. H., Fink, A., & Neuper, C. (2005). Intelligence and neural 

efficiency: Further evidence of the influence of task content and sex on the brain–IQ 

relationship. Cognitive Brain Research, 25(1), 217-225. 

Neuringer, M., Connor, W. E., Lin, D. S., Barstad, L., & Luck, S. (1986). Biochemical and 

functional effects of prenatal and postnatal omega 3 fatty acid deficiency on retina and 

brain in rhesus monkeys. Proceedings of the National Academy of Sciences, 83(11), 

4021-4025. 

Newcomer, J. W., Farber, N. B., Jevtovic-Todorovic, V., Selke, G., Melson, A. K., Hershey, T., 

& Olney, J. W. (1999). Ketamine-induced NMDA receptor hypofunction as a model of 

memory impairment and psychosis. Neuropsychopharmacology, 20(2), 106-118. 

Nilsson, A., Radeborg, K., Salo, I., & Björck, I. (2012). Effects of supplementation with n-3 

polyunsaturated fatty acids on cognitive performance and cardiometabolic risk markers 

in healthy 51 to 72 years old subjects: a randomized controlled cross-over 

study. Nutrition journal, 11(1), 99. 

Nishihira, J., Tokashiki, T., Higashiuesato, Y., Willcox, D. C., Mattek, N., Shinto, L., & Dodge, 

H. H. (2016). Associations between serum omega-3 fatty acid levels and cognitive 

functions among community-dwelling octogenarians in Okinawa, Japan: the KOCOA 

study. Journal of Alzheimer's Disease, 51(3), 857-866. 

Niu, H., Álvarez-Álvarez, I., Guillén-Grima, F., & Aguinaga-Ontoso, I. (2017). Prevalence and 

incidence of Alzheimer's disease in Europe: A meta-analysis. Neurología (English 

Edition), 32(8), 523-532. 

Norrish, A. E., Skeaff, C. M., Arribas, G. L. B., Sharpe, S. J., & Jackson, R. T. (1999). Prostate 

cancer risk and consumption of fish oils: a dietary biomarker-based case–control 

study. British journal of cancer, 81(7), 1238. 

Novati, A., Hulshof, H. J., Koolhaas, J. M., Lucassen, P. J., & Meerlo, P. (2011). Chronic sleep 

restriction causes a decrease in hippocampal volume in adolescent rats, which is not 

explained by changes in glucocorticoid levels or neurogenesis. Neuroscience, 190, 

145-155. 

Nutrition Business Journal. (2016). NBJs Supplement Business Report: An analysis of 

markets, trends, competition and strategy in the US dietary supplement industry. 



262 
 

Oberndorfer, S., Saletu-Zyhlarz, G., & Saletu, B. (2000). Effects of selective serotonin 

reuptake inhibitors on objective and subjective sleep 

quality. Neuropsychobiology, 42(2), 69-81. 

Ohara, K. (2007). The n-3 polyunsaturated fatty acid/dopamine hypothesis of 

schizophrenia. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 31(2), 469-474. 

Ohara, K. (2007). The n-3 polyunsaturated fatty acid/dopamine hypothesis of schizophrenia. 

Progress in Neuro-Psychopharmacology and Biological Psychiatry, 31(2), 469-474. 

Oken, E., Wright, R. O., Kleinman, K. P., Bellinger, D., Amarasiriwardena, C. J., Hu, H., & 

Gillman, M. W. (2005). Maternal fish consumption, hair mercury, and infant cognition 

in a US cohort. Environmental health perspectives, 113(10), 1376. 

Ooi, Y. P., Weng, S. J., Jang, L. Y., Low, L., Seah, J., Teo, S., & Sung, M. (2015). Omega-3 

fatty acids in the management of autism spectrum disorders: findings from an open-

label pilot study in Singapore. European journal of clinical nutrition, 69(8), 969. 

Opp, M. R. (2005). Cytokines and sleep. Sleep medicine reviews, 9(5), 355-364. 

O'Shea, K. M., Khairallah, R. J., Sparagna, G. C., Xu, W., Hecker, P. A., Robillard-Frayne, I., 

& Stanley, W. C. (2009). Dietary ω-3 fatty acids alter cardiac mitochondrial 

phospholipid composition and delay Ca2+-induced permeability transition. Journal of 

molecular and cellular cardiology, 47(6), 819-827. 

Oshima, T., Berger, M. M., De Waele, E., Guttormsen, A. B., Heidegger, C. P., Hiesmayr, M., 

& Pichard, C. (2017). Indirect calorimetry in nutritional therapy. A position paper by the 

ICALIC study group. Clinical nutrition, 36(3), 651-662. 

Ostroff, L. E., Watson, D. J., Cao, G., Parker, P. H., Smith, H., & Harris, K. M. (2018). Shifting 

patterns of polyribosome accumulation at synapses over the course of hippocampal 

long‐term potentiation. Hippocampus, 28(6), 416-430. 

Othman, R. B., Mziou, O., Gamoudi, A., Smida, A., & Souissi, C. (2018). Nutritional Status of 

Depressive Patients. J Diabetes Metab, 9(786), 2. 

Otto, C., Kaemmerer, U., Illert, B., Muehling, B., Pfetzer, N., Wittig, R., & Coy, J. F. (2008). 

Growth of human gastric cancer cells in nude mice is delayed by a ketogenic diet 

supplemented with omega-3 fatty acids and medium-chain triglycerides. BMC 

cancer, 8(1), 122. 

Ouellet, M., Emond, V., Chen, C. T., Julien, C., Bourasset, F., Oddo, S., & Calon, F. (2009). 

Diffusion of docosahexaenoic and eicosapentaenoic acids through the blood–brain 

barrier: an in situ cerebral perfusion study. Neurochemistry international, 55(7), 476-

482. 

Owens, S. D. L. P., & Innis, S. M. (1999). Docosahexaenoic and arachidonic acid prevent a 

decrease in dopaminergic and serotoninergic neurotransmitters in frontal cortex 



263 
 

caused by a linoleic and α-linolenic acid deficient diet in formula-fed piglets. The 

Journal of nutrition, 129(11), 2088-2093. 

Paila, Y. D., Ganguly, S., & Chattopadhyay, A. (2010). Metabolic depletion of sphingolipids 

impairs ligand binding and signaling of human serotonin1A 

receptors. Biochemistry, 49(11), 2389-2397. 

Pak, C. S. (2005). Stability and quality of fish oil during typical domestic application. Fisheries 

Training Progamme, The United Nations University, Iceland. 

Palmeri, A., Ricciarelli, R., Gulisano, W., Rivera, D., Rebosio, C., Calcagno, E., & Pronzato, 

M. A. (2017). Amyloid-β peptide is needed for cGMP-induced long-term potentiation 

and memory. Journal of Neuroscience, 37(29), 6926-6937. 

Palomer, X., Pizarro-Delgado, J., Barroso, E., & Vázquez-Carrera, M. (2018). Palmitic and 

oleic acid: the yin and yang of fatty acids in type 2 diabetes mellitus. Trends in 

Endocrinology & Metabolism, 29(3), 178-190. 

Pan, J. P., Zhang, H. Q., Guo, Y. F., Cao, X. H., & Liu, L. J. (2011). Some subtypes of 

endocannabinoid/endovanilloid receptors mediate docosahexaenoic acid-induced 

enhanced spatial memory in rats. Brain research, 1412, 18-27. 

Panagiotakos, D. B., Mamplekou, E., Pitsavos, C., Kalogeropoulos, N., Kastorini, C. M., 

Papageorgiou, C., & Stefanadis, C. (2010). Fatty acids intake and depressive 

symptomatology in a Greek sample: an epidemiological analysis. Journal of the 

American College of Nutrition, 29(6), 586-594. 

Paquet, J., Kawinska, A., & Carrier, J. (2007). Wake detection capacity of actigraphy during 

sleep. Sleep, 30(10), 1362-1369. 

Pardini, M., Serrati, C., Guida, S., Mattei, C., Abate, L., Massucco, D., & Gialloreti, L. E. (2015). 

Souvenaid reduces behavioral deficits and improves social cognition skills in 

frontotemporal dementia: a proof-of-concept study. Neurodegenerative Diseases, 

15(1), 58-62. 

Parent, J. M., Timothy, W. Y., Leibowitz, R. T., Geschwind, D. H., Sloviter, R. S., & Lowenstein, 

D. H. (1997). Dentate granule cell neurogenesis is increased by seizures and 

contributes to aberrant network reorganization in the adult rat hippocampus. Journal 

of Neuroscience, 17(10), 3727-3738. 

Park, H., & Poo, M. M. (2013). Neurotrophin regulation of neural circuit development and 

function. Nature Reviews Neuroscience, 14(1), 7. 

Park, S., & Holzman, P. S. (1992). Schizophrenics show spatial working memory deficits. 

Archives of General Psychiatry, 49(12), 975-982. 

Parker, G. (2009). Antidepressants on trial: how valid is the evidence?. The British Journal of 

Psychiatry, 194(1), 1-3. 



264 
 

Parker, G., Gibson, N. A., Brotchie, H., Heruc, G., Rees, A. M., & Hadzi-Pavlovic, D. (2006). 

Omega-3 fatty acids and mood disorders. American Journal of Psychiatry, 163(6), 

969-978. 

Parker, G., Gibson, N. A., Brotchie, H., Heruc, G., Rees, A. M., & Hadzi-Pavlovic, D. (2006). 

Omega-3 fatty acids and mood disorders. American Journal of Psychiatry, 163(6), 969-

978. 

Pase, M. P., Grima, N., Cockerell, R., Stough, C., Scholey, A., Sali, A., & Pipingas, A. (2015). 

The effects of long-chain omega-3 fish oils and multivitamins on cognitive and 

cardiovascular function: a randomized, controlled clinical trial. Journal of the American 

College of Nutrition, 34(1), 21-31. 

Pasley, B. N., & Freeman, R. D. (2008). Neurovascular coupling. Scholarpedia, 3(3), 5340. 

Patan, M. J., & Jackson, P. A. (2016). Shining a light on the effects of omega‐3 

polyunsaturated fatty acids on the brain: The relationship between cerebral blood flow 

parameters and cognition. Lipid Technology, 28(12), 197-199. 

Patrick, R. P., & Ames, B. N. (2015). Vitamin D and the omega-3 fatty acids control serotonin 

synthesis and action, part 2: relevance for ADHD, bipolar disorder, schizophrenia, and 

impulsive behavior. The FASEB Journal, 29(6), 2207-2222. 

Pawełczyk, T., Grancow, M., Kotlicka-Antczak, M., Trafalska, E., Gębski, P., Szemraj, J., & 

Pawełczyk, A. (2015). Omega-3 fatty acids in first-episode schizophrenia-a 

randomized controlled study of efficacy and relapse prevention (OFFER): rationale, 

design, and methods. BMC psychiatry, 15(1), 97. 

Pawełczyk, T., Grancow-Grabka, M., Kotlicka-Antczak, M., Trafalska, E., & Pawełczyk, A. 

(2016). A randomized controlled study of the efficacy of six-month supplementation 

with concentrated fish oil rich in omega-3 polyunsaturated fatty acids in first episode 

schizophrenia. Journal of Psychiatric Research, 73, 34-44. 

Peet, M. (2008). Omega-3 polyunsaturated fatty acids in the treatment of schizophrenia. Israel 

Journal of Psychiatry and related sciences, 45(1), 19. 

Peet, M., & Horrobin, D. F. (2002). A dose-ranging study of the effects of ethyl-

eicosapentaenoate in patients with ongoing depression despite apparently adequate 

treatment with standard drugs. Archives of general psychiatry, 59(10), 913-919. 

Peet, M., Brind, J., Ramchand, C. N., Shah, S., & Vankar, G. K. (2001). Two double-blind 

placebo-controlled pilot studies of eicosapentaenoic acid in the treatment of 

schizophrenia. Schizophrenia research, 49(3), 243-251. 

Perera, H., Jeewandara, K. C., Seneviratne, S., & Guruge, C. (2012). Combined ω3 and ω6 

supplementation in children with attention-deficit hyperactivity disorder (ADHD) 

refractory to methylphenidate treatment: a double-blind, placebo-controlled 

study. Journal of child neurology, 27(6), 747-753. 



265 
 

Perluigi, M., Swomley, A. M., & Butterfield, D. A. (2014). Redox proteomics and the dynamic 

molecular landscape of the aging brain. Ageing research reviews, 13, 75-89. 

Peterson, L. D., Jeffery, N. M., Thies, F., Sanderson, P., Newsholme, E. A., & Calder, P. C. 

(1998). Eicosapentaenoic and docosahexaenoic acids alter rat spleen leukocyte fatty 

acid composition and prostaglandin E 2 production but have different effects on 

lymphocyte functions and cell-mediated immunity. Lipids, 33(2), 171-180. 

Pettersen, J. A. (2017). Does high dose vitamin D supplementation enhance cognition?: A 

randomized trial in healthy adults. Experimental gerontology, 90, 90-97. 

Peuhkuri, K., Sihvola, N., & Korpela, R. (2012). Diet promotes sleep duration and quality. 

Nutrition research, 32(5), 309-319. 

Philip, P., Stoohs, R., & Guilleminault, C. (1994). Sleep fragmentation in normals: a model for 

sleepiness associated with upper airway resistance syndrome. Sleep, 17(3), 242-247. 

Pieperhoff, P., Hömke, L., Schneider, F., Habel, U., Shah, N. J., Zilles, K., & Amunts, K. (2008). 

Deformation field morphometry reveals age-related structural differences between the 

brains of adults up to 51 years. Journal of Neuroscience, 28(4), 828-842. 

Pimentel, G. D., Lira, F. S., Rosa, J. C., Oller do Nascimento, C. M., Oyama, L. M., Harumi 

Watanabe, R. L., & Ribeiro, E. B. (2013). High-fat fish oil diet prevents hypothalamic 

inflammatory profile in rats. ISRN inflammation, 2013. 
Pinot, M., Vanni, S., Pagnotta, S., Lacas-Gervais, S., Payet, L. A., Ferreira, T., & Barelli, H. 

(2014). Polyunsaturated phospholipids facilitate membrane deformation and fission by 

endocytic proteins. Science, 345(6197), 693-697. 

Pipingas, A., Camfield, D. A., Stough, C., Cox, K. H. M., Fogg, E., Tiplady, B., & Scholey, A. 

B. (2013). The effects of multivitamin supplementation on mood and general well-being 

in healthy young adults. A laboratory and at-home mobile phone 

assessment. Appetite, 69, 123-136. 

Pizzini, A., Lunger, L., Demetz, E., Hilbe, R., Weiss, G., Ebenbichler, C., & Tancevski, I. 

(2017). The role of omega-3 fatty acids in reverse cholesterol transport: A review. 

Nutrients, 9(10), 1099. 

Plourde, M., & Cunnane, S. C. (2007). Extremely limited synthesis of long chain 

polyunsaturates in adults: implications for their dietary essentiality and use as 

supplements. Applied Physiology, Nutrition, and Metabolism, 32(4), 619-634. 

Plourde, M., Vohl, M. C., Vandal, M., Couture, P., Lemieux, S., & Cunnane, S. C. (2009). 

Plasma n-3 fatty acid response to an n-3 fatty acid supplement is modulated by apoE 

ɛ4 but not by the common PPAR-α L162V polymorphism in men. British Journal of 

Nutrition, 102(8), 1121-1124. 

Podda, M. V., Cocco, S., Mastrodonato, A., Fusco, S., Leone, L., Barbati, S. A., & Grassi, C. 

(2016). Anodal transcranial direct current stimulation boosts synaptic plasticity and 



266 
 

memory in mice via epigenetic regulation of Bdnf expression. Scientific reports, 6, 

22180. 

Podda, M. V., Leone, L., Barbati, S. A., Mastrodonato, A., Li Puma, D. D., Piacentini, R., & 

Grassi, C. (2014). Extremely low‐frequency electromagnetic fields enhance the 

survival of newborn neurons in the mouse hippocampus. European Journal of 

Neuroscience, 39(6), 893-903. 

Poddar, J., Pradhan, M., Ganguly, G., & Chakrabarti, S. (2018). Biochemical Deficits and 

Cognitive Decline in Brain Aging: Intervention by Dietary Supplements. Journal of 

chemical neuroanatomy. 

Polacchini, A., Metelli, G., Francavilla, R., Baj, G., Florean, M., Mascaretti, L. G., & Tongiorgi, 

E. (2015). A method for reproducible measurements of serum BDNF: comparison of 

the performance of six commercial assays. Scientific reports, 5, 17989. 

Politi, P., Cena, H., Comelli, M., Marrone, G., Allegri, C., Emanuele, E., & di Nemi, S. U. (2008). 

Behavioral effects of omega-3 fatty acid supplementation in young adults with severe 

autism: an open label study. Archives of medical research, 39(7), 682-685. 

Popp, J., Oikonomidi, A., Tautvydaitė, D., Dayon, L., Bacher, M., Migliavacca, E., & Bowman, 

G. L. (2017). Markers of neuroinflammation associated with Alzheimer’s disease 

pathology in older adults. Brain, behavior, and immunity, 62, 203-211. 

Portillo-Reyes, V., Pérez-García, M., Loya-Méndez, Y., & Puente, A. E. (2014). Clinical 

significance of neuropsychological improvement after supplementation with omega-3 

in 8–12 years old malnourished Mexican children: a randomized, double-blind, placebo 

and treatment clinical trial. Research in developmental disabilities, 35(4), 861-870. 

Powers, M. B., Asmundson, G. J., & Smits, J. A. (2015). Exercise for mood and anxiety 

disorders: the state-of-the science. 

Prakash, R. S., Voss, M. W., Erickson, K. I., & Kramer, A. F. (2015). Physical activity and 

cognitive vitality. Annual review of psychology, 66, 769-797. 

Price, A. M., Wake, M., Ukoumunne, O. C., & Hiscock, H. (2012). Five-year follow-up of harms 

and benefits of behavioral infant sleep intervention: randomized 

trial. Pediatrics, 130(4), 643-651. 

Prince, M., Knapp, M., Guerchet, M., McCrone, P., Prina, M., Comas-Herrera, A., & Rehill, A. 

(2014). Dementia UK: -overview. 

Qin, Y., Nyheim, H., Haram, E. M., Moritz, J. M., & Hustvedt, S. O. (2017). A novel self-micro-

emulsifying delivery system (SMEDS) formulation significantly improves the fasting 

absorption of EPA and DHA from a single dose of an omega-3 ethyl ester 

concentrate. Lipids in health and disease, 16(1), 204.   



267 
 

Qu, Y. (2019). Introductory Chapter: From Measuring Serotonin Neurotransmission to 

Evaluating Serotonin Post-Receptor Signaling Transduction. In Serotonin. 

IntechOpen. 

Quante, M., Kaplan, E. R., Cailler, M., Rueschman, M., Wang, R., Weng, J., & Redline, S. 

(2018). Actigraphy-based sleep estimation in adolescents and adults: a comparison 

with polysomnography using two scoring algorithms. Nature and science of sleep, 10, 

13. 

Quinn, J. F., Raman, R., Thomas, R. G., Yurko-Mauro, K., Nelson, E. B., Van Dyck, C., & 

Shinto, L. (2010). Docosahexaenoic acid supplementation and cognitive decline in 

Alzheimer disease: a randomized trial. Jama, 304(17), 1903-1911. 

Rajendram, R., Preedy, V. R., & Patel, V. B. (Eds.). (2015). Diet and nutrition in critical care. 

Springer New York, 1695-1710. 

Rangel-Huerta, O. D., & Gil, A. (2017). Effect of omega-3 fatty acids on cognition: an updated 

systematic review of randomized clinical trials. Nutrition reviews, 76(1), 1-20. 

Ranieri, F., Podda, M. V., Riccardi, E., Frisullo, G., Dileone, M., Profice, P., & Grassi, C. L. A. 

U. D. I. O. (2012). Modulation of LTP at rat hippocampal CA3-CA1 synapses by direct 

current stimulation. Journal of neurophysiology, 107(7), 1868-1880. 

Rao, J. S., Ertley, R. N., Lee, H. J., DeMar Jr, J. C., Arnold, J. T., Rapoport, S. I., & Bazinet, 

R. P. (2007). n-3 polyunsaturated fatty acid deprivation in rats decreases frontal cortex 

BDNF via a p38 MAPK-dependent mechanism. Molecular psychiatry, 12(1), 36. 

Rashid, M. A., Katakura, M., Kharebava, G., Kevala, K., & Kim, H. Y. (2013). N‐

docosahexaenoylethanolamine is a potent neurogenic factor for neural stem cell 

differentiation. Journal of neurochemistry, 125(6), 869-884. 

Rath, M. F., Coon, S. L., Amaral, F. G., Weller, J. L., Møller, M., & Klein, D. C. (2016). 

Melatonin synthesis: Acetylserotonin O-methyltransferase (ASMT) is strongly 

expressed in a subpopulation of pinealocytes in the male rat pineal 

gland. Endocrinology, 157(5), 2028-2040. 

Rauchs, G., Schabus, M., Parapatics, S., Bertran, F., Clochon, P., Hot, P., & Anderer, P. 

(2008). Is there a link between sleep changes and memory in Alzheimer's 

disease?. Neuroreport, 19(11), 1159. 

Ray, S., & Davidson, S. (2014). Dementia and cognitive decline: a review of the evidence. Age 

UK Research. 

Raz, R., & Gabis, L. (2009). Essential fatty acids and attention‐deficit–hyperactivity disorder: 

a systematic review. Developmental Medicine & Child Neurology, 51(8), 580-592. 

Reay, J. L., Kennedy, D. O., & Scholey, A. B. (2005). Single doses of Panax ginseng (G115) 

reduce blood glucose levels and improve cognitive performance during sustained 

mental activity. Journal of Psychopharmacology, 19(4), 357-365. 



268 
 

Reay, J. L., Kennedy, D. O., & Scholey, A. B. (2006). Effects of Panax ginseng, consumed 

with and without glucose, on blood glucose levels and cognitive performance during 

sustained ‘mentally demanding’tasks. Journal of Psychopharmacology, 20(6), 771-

781. 

Rees, D., Miles, E. A., Banerjee, T., Wells, S. J., Roynette, C. E., Wahle, K. W., & Calder, P. 

C. (2006). Dose-related effects of eicosapentaenoic acid on innate immune function in 

healthy humans: a comparison of young and older men. The American journal of 

clinical nutrition, 83(2), 331-342. 

Rego, A. C., & Oliveira, C. R. (1995). Influence of lipid peroxidation on [3H] ketanserin binding 

to 5-HT2 prefrontal cortex receptors. Neurochemistry international, 27(6), 489-496. 

Reiner, M., Niermann, C., Jekauc, D., & Woll, A. (2013). Long-term health benefits of physical 

activity–a systematic review of longitudinal studies. BMC public health, 13(1), 813. 

Reisbick, S., Neuringer, M., Hasnain, R., & Connor, W. E. (1994). Home cage behavior of 

rhesus monkeys with long-term deficiency of omega-3 fatty acids. Physiology & 

behavior, 55(2), 231-239. 

Reische, D. W., Lillard, D. A., & Eitenmiller, R. R. (2008). 15. Antioxidants. Food lipids: 

chemistry, nutrition, and biotechnology, 409. 

Rice, H. B., Bernasconi, A., Maki, K. C., Harris, W. S., von Schacky, C., & Calder, P. C. (2016). 

Conducting omega-3 clinical trials with cardiovascular outcomes: Proceedings of a 

workshop held at ISSFAL 2014. Prostaglandins, Leukotrienes and Essential Fatty 

Acids, 107, 30-42. 

Richardson, A. J. (2006). Omega-3 fatty acids in ADHD and related neurodevelopmental 

disorders. International review of psychiatry, 18(2), 155-172. 

Richardson, A. J., & Puri, B. K. (2002). A randomized double-blind, placebo-controlled study 

of the effects of supplementation with highly unsaturated fatty acids on ADHD-related 

symptoms in children with specific learning difficulties. Progress in Neuro-

Psychopharmacology and Biological Psychiatry, 26(2), 233-239. 

Riediger, N.D., Othman, R.A., Suh, M., Moghadasian, M.H., 2009. A systemic review of the 

roles of n−3 fatty acids in health and disease. J. Am. Diet. Assoc., 109, 668–679. 

Robson, L. G., Dyall, S., Sidloff, D., & Michael-Titus, A. T. (2010). Omega-3 polyunsaturated 

fatty acids increase the neurite outgrowth of rat sensory neurones throughout 

development and in aged animals. Neurobiology of aging, 31(4), 678-687. 

Rockett, B. D., Salameh, M., Carraway, K., Morrison, K., & Shaikh, S. R. (2010). n-3 PUFA 

improves fatty acid composition, prevents palmitate-induced apoptosis, and 

differentially modifies B cell cytokine secretion in vitro and ex vivo. Journal of lipid 

research, 51(6), 1284-1297. 



269 
 

Rockett, B. D., Teague, H., Harris, M., Melton, M., Williams, J., Wassall, S. R., & Shaikh, S. 

R. (2012). Fish oil increases raft size and membrane order of B cells accompanied by 

differential effects on function. Journal of lipid research, 53(4), 674-685. 

Roehrs, T., Merlotti, L., Petrucelli, N., Stepanski, E., & Roth, T. (1994). Experimental sleep 

fragmentation. Sleep, 17(5), 438-443. 

Rogers, K. R., Kikawa, K. D., Mouradian, M., Hernandez, K., McKinnon, K. M., Ahwah, S. M., 

& Pardini, R. S. (2010). Docosahexaenoic acid alters epidermal growth factor receptor-

related signaling by disrupting its lipid raft association. Carcinogenesis, 31(9), 1523-

1530. 

Rogers, P. J., Appleton, K. M., Kessler, D., Peters, T. J., Gunnell, D., Hayward, R. C., & Ness, 

A. R. (2008). No effect of n-3 long-chain polyunsaturated fatty acid (EPA and DHA) 

supplementation on depressed mood and cognitive function: a randomised controlled 

trial. British Journal of Nutrition, 99(2), 421-431. 

Rogers, P. J., Kainth, A., & Smit, H. J. (2001). A drink of water can improve or impair mental 

performance depending on small differences in thirst. Appetite, 36(1), 57-58. 

Rohan, J. G., Carhuatanta, K. A., McInturf, S. M., Miklasevich, M. K., & Jankord, R. (2015). 

Modulating hippocampal plasticity with in vivo brain stimulation. Journal of 

Neuroscience, 35(37), 12824-12832. 

Roman, V., Van der Borght, K., Leemburg, S. A., Van der Zee, E. A., & Meerlo, P. (2005). 

Sleep restriction by forced activity reduces hippocampal cell proliferation. Brain 

research, 1065(1-2), 53-59. 

Rondanelli, M., Opizzi, A., Faliva, M., Mozzoni, M., Antoniello, N., Cazzola, R., & Cestaro, B. 

(2012). Effects of a diet integration with an oily emulsion of DHA-phospholipids 

containing melatonin and tryptophan in elderly patients suffering from mild cognitive 

impairment. Nutritional neuroscience, 15(2), 46-54. 

Ross, B. M. (2009). Omega-3 polyunsaturated fatty acids and anxiety disorders. 

Prostaglandins, Leukotrienes and Essential Fatty Acids, 81(5-6), 309-312. 

Rössler, W., AjdacicGross, V., Glozier, N., Rodgers, S., Haker, H., & Müller, M. (2017). Sleep 

disturbances in young and middle-aged adults-Empirical patterns and related factors 

from an epidemiological survey. Comprehensive psychiatry, 78, 83-90. 

Rothschild, G., Eban, E., & Frank, L. M. (2017). A cortical–hippocampal–cortical loop of 

information processing during memory consolidation. Nature neuroscience, 20(2), 

251. 

Rugg, M. D., & Vilberg, K. L. (2013). Brain networks underlying episodic memory 

retrieval. Current opinion in neurobiology, 23(2), 255-260. 

Ruiz-Litago, F., Seco, J., Echevarría, E., Martínez-Cengotitabengoa, M., Gil, J., Irazusta, J., 

& González-Pinto, A. M. (2012). Adaptive response in the antioxidant defence system 



270 
 

in the course and outcome in first-episode schizophrenia patients: a 12-months follow-

up study. Psychiatry research, 200(2-3), 218-222. 

Saccone, G., Saccone, I., & Berghella, V. (2016). Omega-3 long-chain polyunsaturated fatty 

acids and fish oil supplementation during pregnancy: which evidence?. The Journal of 

Maternal-Fetal & Neonatal Medicine, 29(15), 2389-2397. 

Saito, Y. C., Abe, M., Yamazaki, M., Sakimura, K., & Sakurai, T. (2018). Serotonergic input to 

orexin neurons plays a role in maintaining wakefulness and REM sleep 

architecture. Frontiers in Neuroscience, 12, 892. 

Saksvik-Lehouillier, I., Harrison, S. L., Marshall, L. M., Tranah, G. J., Ensrud, K., Ancoli-Israel, 

S., & Osteoporotic Fractures in Men (MrOS) Study Group. (2015). Association of 

urinary 6-sulfatoxymelatonin (aMT6s) levels and objective and subjective sleep 

measures in older men: the MrOS Sleep Study. Journals of Gerontology Series A: 

Biomedical Sciences and Medical Sciences, 70(12), 1569-1577. 

Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S., Busa, E., & Fischl, B. 

(2004). Thinning of the cerebral cortex in aging. Cerebral cortex, 14(7), 721-730. 

Salem Jr, N., Litman, B., Kim, H. Y., & Gawrisch, K. (2001). Mechanisms of action of 

docosahexaenoic acid in the nervous system. Lipids, 36(9), 945-959. 

Salthouse, T. A. (2009). When does age-related cognitive decline begin?. Neurobiology of 

aging, 30(4), 507-514. 

Salthouse, T. A. (2016). Continuity of cognitive change across adulthood. Psychonomic 

bulletin & review, 23(3), 932-939. 

Salthouse, T. A. (2019). Trajectories of normal cognitive aging. Psychology and aging, 34(1), 

17. 

Samieri, C., Féart, C., Letenneur, L., Dartigues, J. F., Pérès, K., Auriacombe, S., & Barberger-

Gateau, P. (2008). Low plasma eicosapentaenoic acid and depressive 

symptomatology are independent predictors of dementia risk–. The American journal 

of clinical nutrition, 88(3), 714-721. 

Samieri, C., Féart, C., Proust-Lima, C., Peuchant, E., Dartigues, J. F., Amieva, H., & 

Barberger-Gateau, P. (2011). Omega-3 fatty acids and cognitive decline: modulation 

by ApoEε4 allele and depression. Neurobiology of aging, 32(12), 2317-e13. 

Samieri, C., Féart, C., Proust-Lima, C., Peuchant, E., Dartigues, J. F., Amieva, H., & 

Barberger-Gateau, P. (2011). Omega-3 fatty acids and cognitive decline: modulation 

by ApoEε4 allele and depression. Neurobiology of aging, 32(12), 2317-e13. 

Samieri, C., Maillard, P., Crivello, F., Proust-Lima, C., Peuchant, E., Helmer, C., & Mazoyer, 

B. M. (2012). Plasma long-chain omega-3 fatty acids and atrophy of the medial 

temporal lobe. Neurology, 79(7), 642-650. 



271 
 

Samochocki, M., & Duran, M. (1994). Aging Diminishes Serotonin-Stimulated Arachidonic 

Acid Uptake and Cholinergic Receptor-Activated Arachidonic Acid Release in Rat 

Brain Cortex Membrane. Journal of Neurochemistry, 62(3), 1048-1054. 

Samochocki, M., & Strosznajder, J. (1995). The negative coupling between serotonin and 

muscarinic receptor (s) for arachidonic acid and inositol phosphates release in brain 

cortex synaptoneurosomes. Effect of aging. Neurochemistry international, 26(6), 571-

578. 

Sampson, T. R., & Mazmanian, S. K. (2015). Control of brain development, function, and 

behavior by the microbiome. Cell host & microbe, 17(5), 565-576. 

Sanacora, G. (2010). Cortical inhibition, gamma-aminobutyric acid, and major depression: 

there is plenty of smoke but is there fire?. Biological psychiatry, 67(5), 397-398. 

Sánchez-Villegas, A., Álvarez-Pérez, J., Toledo, E., Salas-Salvadó, J., Ortega-Azorín, C., 

Zomeño, M. & López-Miranda, J. (2018). Seafood Consumption, Omega-3 Fatty Acids 

Intake, and Life-Time Prevalence of Depression in the PREDIMED-Plus 

Trial. Nutrients, 10(12), 2000. 

Satoh, S., Matsumura, H., Suzuki, F., & Hayaishi, O. (1996). Promotion of sleep mediated by 

the A2a-adenosine receptor and possible involvement of this receptor in the sleep 

induced by prostaglandin D2 in rats. Proceedings of the National Academy of 

Sciences, 93(12), 5980-5984. 

Satyanarayanan, S. K., Shih, Y. H., Chien, Y. C., Huang, S. Y., Gałecki, P., Kasper, S., & Su, 

K. P. (2018). Anti-Oxidative Effects of Melatonin Receptor Agonist and Omega-3 

Polyunsaturated Fatty Acids in Neuronal SH-SY5Y Cells: Deciphering Synergic Effects 

on Anti-Depressant Mechanisms. Molecular neurobiology, 1-14. 

Scheltens, P., Twisk, J. W., Blesa, R., Scarpini, E., von Arnim, C. A., Bongers, A., & Wurtman, 

R. J. (2012). Efficacy of Souvenaid in mild Alzheimer's disease: results from a 

randomized, controlled trial. Journal of Alzheimer's Disease, 31(1), 225-236. 

Schinder, A. F., & Poo, M. M. (2000). The neurotrophin hypothesis for synaptic 

plasticity. Trends in neurosciences, 23(12), 639-645. 

Schley, P. D., Brindley, D. N., & Field, C. J. (2007). (n-3) PUFA alter raft lipid composition and 

decrease epidermal growth factor receptor levels in lipid rafts of human breast cancer 

cells. The Journal of nutrition, 137(3), 548-553. 

Schley, P. D., Jijon, H. B., Robinson, L. E., & Field, C. J. (2005). Mechanisms of omega-3 fatty 

acid-induced growth inhibition in MDA-MB-231 human breast cancer cells. Breast 

cancer research and treatment, 92(2), 187-195. 

Schlicker, E., Fink, K., & Göthert, M. (1987). Influence of eicosanoids on serotonin release in 

the rat brain: inhibition by prostaglandins E 1 and E 2. Naunyn-Schmiedeberg's 

archives of pharmacology, 335(6), 646-651. 



272 
 

Schmithorst, V. J., & Holland, S. K. (2006). Functional MRI evidence for disparate 

developmental processes underlying intelligence in boys and girls. Neuroimage, 31(3), 

1366-1379. 

Schmitz, G., & Ecker, J. (2008). The opposing effects of n− 3 and n− 6 fatty acids. Progress 

in lipid research, 47(2), 147-155. 

Scholey, A. B., French, S. J., Morris, P. J., Kennedy, D. O., Milne, A. L., & Haskell, C. F. 

(2010). Consumption of cocoa flavanols results in acute improvements in mood and 

cognitive performance during sustained mental effort. Journal of 

Psychopharmacology, 24(10), 1505-1514. 

Schuchardt, J. P., & Hahn, A. (2013). Bioavailability of long-chain omega-3 fatty acids. 

Prostaglandins, Leukotrienes and Essential Fatty Acids (PLEFA), 89(1), 1-8. 

Schunck, W. H. (2016). EPA and/or DHA? A test question on the principles and opportunities 

in utilizing the therapeutic potential of omega-3 fatty acids. Journal of lipid 

research, 57(9), 1608-1611. 

Selkoe, D. J. (2012). Preventing Alzheimer’s disease. Science, 337(6101), 1488-1492. 

Serhan, C. N., Clish, C. B., Brannon, J., Colgan, S. P., Chiang, N., & Gronert, K. (2000). Novel 

functional sets of lipid-derived mediators with antiinflammatory actions generated from 

omega-3 fatty acids via cyclooxygenase 2–nonsteroidal antiinflammatory drugs and 

transcellular processing. Journal of Experimental Medicine, 192(8), 1197-1204. 

Serhan, C. N., Jain, A., Marleau, S., Clish, C., Kantarci, A., Behbehani, B., & Chan, L. (2003). 

Reduced inflammation and tissue damage in transgenic rabbits overexpressing 15-

lipoxygenase and endogenous anti-inflammatory lipid mediators. The Journal of 

Immunology, 171(12), 6856-6865. 

Shaikh, S. R., Haas, K. M., Beck, M. A., & Teague, H. (2015). The effects of diet‐induced 

obesity on B cell function. Clinical & Experimental Immunology, 179(1), 90-99. 

Shaikh, S. R., Shaver, P. R., & Shewchuk, B. M. (2018). High Fat Diet Dysregulates 

Hypothalamic‐Pituitary Axis Gene Expression Levels which are Differentially Rescued 

by EPA and DHA Ethyl Esters. Molecular nutrition & food research, 62(13), 1800219. 

Shearer, W. T. Reuben JM, Mullington JM, Price NJ, Lee BN, Smith EO, Szuba MP, Van 

Dongen HP, Dinges DF. Soluble TNF-α receptor, 1, 165-170. 

Shekleton, J. A., Parcell, D. L., Redman, J. R., Phipps-Nelson, J., Ponsford, J. L., & 

Rajaratnam, S. M. W. (2010). Sleep disturbance and melatonin levels following 

traumatic brain injury. Neurology, 74(21), 1732-1738. 

Sheridan, P. A., Paich, H. A., Handy, J., Karlsson, E. A., Hudgens, M. G., Sammon, A. B., & 

Beck, M. A. (2012). Obesity is associated with impaired immune response to influenza 

vaccination in humans. International journal of obesity, 36(8), 1072. 



273 
 

Shinto, L., Quinn, J., Montine, T., Dodge, H. H., Woodward, W., Baldauf-Wagner, S., & Kaye, 

J. (2014). A randomized placebo-controlled pilot trial of omega-3 fatty acids and alpha 

lipoic acid in Alzheimer's disease. Journal of Alzheimer's disease, 38(1), 111-120. 

Siega-Riz, A. M., Popkin, B. M., & Carson, T. (2000). Differences in food patterns at breakfast 

by sociodemographic characteristics among a nationally representative sample of 

adults in the United States. Preventive medicine, 30(5), 415-424. 

Sigurdardottir, L. G., Markt, S. C., Sigurdsson, S., Aspelund, T., Fall, K., Schernhammer, E., 

& Gudnason, V. (2016). Pineal gland volume assessed by MRI and its correlation with 

6-sulfatoxymelatonin levels among older men. Journal of biological rhythms, 31(5), 

461-469. 

Simopoulos, A. P. (2008). The importance of the omega-6/omega-3 fatty acid ratio in 

cardiovascular disease and other chronic diseases. Experimental biology and 

medicine, 233(6), 674-688. 

Simopoulos, A. P. (2011). Evolutionary aspects of diet: the omega-6/omega-3 ratio and the 

brain. Molecular neurobiology, 44(2), 203-215. 

Simopoulos, A. P. (2016). An increase in the omega-6/omega-3 fatty acid ratio increases the 

risk for obesity. Nutrients, 8(3), 128. 

Simpson, N., & Dinges, D. F. (2007). Sleep and inflammation. Nutrition reviews, 65(suppl_3), 

S244-S252. 

Sinha, R. A., Khare, P., Rai, A., Maurya, S. K., Pathak, A., Mohan, V., & Bandyopadhyay, S. 

(2009). Anti-apoptotic role of omega-3-fatty acids in developing brain: perinatal 

hypothyroid rat cerebellum as apoptotic model. International Journal of Developmental 

Neuroscience, 27(4), 377-383. 

Sinn, N., & Howe, P. R. C. (2008). Mental health benefits of omega-3 fatty acids may be 

mediated by improvements in cerebral vascular function. Bioscience 

Hypotheses, 1(2), 103-108. 

Sinn, N., Bryan, J., & Wilson, C. (2008). Cognitive effects of polyunsaturated fatty acids in 

children with attention deficit hyperactivity disorder symptoms: a randomised controlled 

trial. Prostaglandins, Leukotrienes and Essential Fatty Acids, 78(4-5), 311-326. 

Sinn, N., Milte, C. M., Street, S. J., Buckley, J. D., Coates, A. M., Petkov, J., & Howe, P. R. 

(2012). Effects of n-3 fatty acids, EPA v. DHA, on depressive symptoms, quality of life, 

memory and executive function in older adults with mild cognitive impairment: a 6-

month randomised controlled trial. British Journal of Nutrition, 107(11), 1682-1693. 

Sioen, I., van Lieshout, L., Eilander, A., Fleith, M., Lohner, S., Szommer, A., & Campoy, C. 

(2017). Systematic review on n-3 and n-6 polyunsaturated fatty acid intake in European 

countries in light of the current recommendations-Focus on specific population 

groups. Annals of nutrition and metabolism, 70(1), 39-50. 



274 
 

Smith, T., Kawa, K., Eckl, V., Morton, C., & Stredney, R. (2017). Herbal supplement sales in 

US increase 7.7% in 2016. HerbalGram, 115, 56-65. 

Snyder, J. S., Hong, N. S., McDonald, R. J., & Wojtowicz, J. M. (2005). A role for adult 

neurogenesis in spatial long-term memory. Neuroscience, 130(4), 843-852. 

Solfrizzi, V., Agosti, P., Lozupone, M., Custodero, C., Schilardi, A., Valiani, V., & Stallone, R. 

(2018). Nutritional intervention as a preventive approach for cognitive-related 

outcomes in cognitively healthy older adults: a systematic review. Journal of 

Alzheimer's Disease, (Preprint), 1-26. 

Sompol, P., Liu, X., Baba, K., Paul, K. N., Tosini, G., Iuvone, P. M., & Ye, K. (2011). N-

acetylserotonin promotes hippocampal neuroprogenitor cell proliferation in sleep-

deprived mice. Proceedings of the National Academy of Sciences, 108(21), 8844-

8849. 

Song, C., Li, X., Kang, Z., & Kadotomi, Y. (2007). Omega-3 fatty acid ethyl-eicosapentaenoate 

attenuates IL-1β-induced changes in dopamine and metabolites in the shell of the 

nucleus accumbens: involved with PLA2 Activity and corticosterone 

secretion. Neuropsychopharmacology, 32(3), 736. 

Song, C., Li, X., Leonard, B. E., & Horrobin, D. F. (2003). Effects of dietary n-3 or n-6 fatty 

acids on interleukin-1β-induced anxiety, stress, and inflammatory responses in rats. 

Journal of Lipid Research, 44(10), 1984-1991. 

Song, C., Shieh, C. H., Wu, Y. S., Kalueff, A., Gaikwad, S., & Su, K. P. (2016). The role of 

omega-3 polyunsaturated fatty acids eicosapentaenoic and docosahexaenoic acids in 

the treatment of major depression and Alzheimer's disease: acting separately or 

synergistically?. Progress in lipid research, 62, 41-54. 

Sowell, E. R., Peterson, B. S., Thompson, P. M., Welcome, S. E., Henkenius, A. L., & Toga, 

A. W. (2003). Mapping cortical change across the human life span. Nature 

neuroscience, 6(3), 309. 

Sportiche, N., Suntsova, N., Methippara, M., Bashir, T., Mitrani, B., Szymusiak, R., & McGinty, 

D. (2010). Sustained sleep fragmentation results in delayed changes in hippocampal-

dependent cognitive function associated with reduced dentate gyrus neurogenesis. 

Neuroscience, 170(1), 247-258. 

Staner, L., Luthringer, R., & Macher, J. P. (1999). Effects of antidepressant drugs on sleep 

EEG in patients with major depression. CNS drugs, 11(1), 49-60. 

Stavrovskaya, I. G., & Kristal, B. S. (2005). The powerhouse takes control of the cell: is the 

mitochondrial permeability transition a viable therapeutic target against neuronal 

dysfunction and death?. Free Radical Biology and Medicine, 38(6), 687-697. 



275 
 

Stepanski, E., Lamphere, J., Roehrs, T., Zorick, F., & Roth, T. (1987). Experimental sleep 

fragmentation in normal subjects. International journal of neuroscience, 33(3-4), 207-

214. 

Sterr, A., Ebajemito, J. K., Mikkelsen, K. B., Bonmati-Carrion, M. A., Santhi, N., Atzori, G., & 

deVOS, M. (2018). Reliable detection of sleep stages derived from behind-the-ear 

electrodes (cEEGrid): A comparison to standard polysomnography. Frontiers in 

Human Neuroscience, 12, 452. 

Stonehouse, W. (2014). Does consumption of LC omega-3 PUFA enhance cognitive 

performance in healthy school-aged children and throughout adulthood? Evidence 

from clinical trials. Nutrients, 6(7), 2730-2758. 

Stonehouse, W., Conlon, C. A., Podd, J., Hill, S. R., Minihane, A. M., Haskell, C., & Kennedy, 

D. (2013). DHA supplementation improved both memory and reaction time in healthy, 

young-adults: a randomized controlled trial–. The American of Clinical Nutrition, 97(5), 

1134-1143. 

Stough, C., Downey, L., Silber, B., Lloyd, J., Kure, C., Wesnes, K., & Camfield, D. (2012). The 

effects of 90-day supplementation with the omega-3 essential fatty acid 

docosahexaenoic acid (DHA) on cognitive function and visual acuity in a healthy aging 

population. Neurobiology of aging, 33(4), 824-e1. 

Strosznajder, J., Samochocki, M., & Duran, M. (1994). Serotonin, a potent modulator of 

arachidonic acid turnover, interaction with glutamatergic receptor in brain 

cortex. Neurochemistry international, 25(2), 193-199. 

Su, K. P. (2009). Biological Mechanism of Antidepressant Effect of Omega–3 Fatty Acids: How 

Does Fish Oil Act as a ‘Mind-Body Interface’?. Neurosignals, 17(2), 144-152. 

Su, K. P., Matsuoka, Y., & Pae, C. U. (2015). Omega-3 polyunsaturated fatty acids in 

prevention of mood and anxiety disorders. Clinical Psychopharmacology and 

Neuroscience, 13(2), 129. 

Suarez, E. C., Krishnan, R. R., & Lewis, J. G. (2003). The relation of severity of depressive 

symptoms to monocyte-associated proinflammatory cytokines and chemokines in 

apparently healthy men. Psychosomatic medicine, 65(3), 362-368. 

Sugasini, D., & Lokesh, B. R. (2015). Rats given linseed oil in microemulsion forms enriches 

the brain synaptic membrane with docosahexaenoic acid and enhances the 

neurotransmitter levels in the brain. Nutritional neuroscience, 18(2), 87-96. 

Sullivan, E. V., & Pfefferbaum, A. (2006). Diffusion tensor imaging and aging. Neuroscience 

& Biobehavioral Reviews, 30(6), 749-761. 

Sullivan, K., & Ordiah, C. (2018). Association of mildly insufficient sleep with symptoms of 

anxiety and depression. Neurology, Psychiatry and Brain Research, 30, 1-4. 



276 
 

Sullivan, P. G., Rabchevsky, A. G., Waldmeier, P. C., & Springer, J. E. (2005). Mitochondrial 

permeability transition in CNS trauma: cause or effect of neuronal cell death?. Journal 

of neuroscience research, 79(1‐2), 231-239. 

Sumich, A., Matsudaira, T., Gow, R. V., Ibrahimovic, A., Ghebremeskel, K., Crawford, M., & 

Taylor, E. (2009). Resting state electroencephalographic correlates with red cell long-

chain fatty acids, memory performance and age in adolescent boys with attention 

deficit hyperactivity disorder. Neuropharmacology, 57(7-8), 708-714. 

Surette, M. E. (2008). The science behind dietary omega-3 fatty acids. Canadian Medical 

Association Journal, 178(2), 177-180. 

Svennerholm, L., Boström, K., & Jungbjer, B. (1997). Changes in weight and compositions of 

major membrane components of human brain during the span of adult human life of 

Swedes. Acta neuropathologica, 94(4), 345-352. 

Swanson, L. M., Arnedt, J. T., Rosekind, M. R., Belenky, G., Balkin, T. J., & Drake, C. (2011). 

Sleep disorders and work performance: findings from the 2008 National Sleep 

Foundation Sleep in America poll. Journal of sleep research, 20(3), 487-494. 

Taepavarapruk, P., & Song, C. (2010). Reductions of acetylcholine release and nerve growth 

factor expression are correlated with memory impairment induced by interleukin‐1β 

administrations: effects of omega‐3 fatty acid EPA treatment. Journal of 

neurochemistry, 112(4), 1054-1064. 

Takagi, Y., Mitsui, A., Nishiyama, A., Nozaki, K., Sono, H., Gon, Y., & Yodoi, J. (1999). 

Overexpression of thioredoxin in transgenic mice attenuates focal ischemic brain 

damage. Proceedings of the National Academy of Sciences, 96(7), 4131-4136. 

Tammam, J. D., Steinsaltz, D., Bester, D. W., Semb-Andenaes, T., & Stein, J. F. (2016). A 

randomised double-blind placebo-controlled trial investigating the behavioural effects 

of vitamin, mineral and n-3 fatty acid supplementation in typically developing 

adolescent schoolchildren. British Journal of Nutrition, 115(2), 361-373. 

Tan, Z. S., Harris, W. S., Beiser, A. S., Au, R., Himali, J. J., Debette, S., & Robins, S. J. (2012). 

Red blood cell omega-3 fatty acid levels and markers of accelerated brain aging. 

Neurology, 78(9), 658-664. 

Tanaka, J. I., Horiike, Y., Matsuzaki, M., Miyazaki, T., Ellis-Davies, G. C., & Kasai, H. (2008). 

Protein synthesis and neurotrophin-dependent structural plasticity of single dendritic 

spines. Science, 319(5870), 1683-1687. 

Tanaka, T., Shen, J., Abecasis, G. R., Kisialiou, A., Ordovas, J. M., Guralnik, J. M., & Tsai, M. 

Y. (2009). Genome-wide association study of plasma polyunsaturated fatty acids in 

the InCHIANTI Study. PLoS genetics, 5(1), e1000338. 

Taneja, V. (2018). Sex Hormones Determine Immune Response. Frontiers in immunology, 9, 

1931. 



277 
 

Taylor, K. E., Higgins, C. J., Calvin, C. M., Hall, J. A., Easton, T., McDaid, A. M. (2000). 

Dyslexia in adults is associated with clinical signs of fatty acid deficiency. 

Prostaglandins Leukotrienes and Essential Fatty Acids, 63, 75–78. 

Teague, H., Harris, M., Fenton, J., Lallemand, P., Shewchuk, B. M., & Shaikh, S. R. (2014). 

Eicosapentaenoic and docosahexaenoic acid ethyl esters differentially enhance B-cell 

activity in murine obesity. Journal of lipid research, 55(7), 1420-1433. 

Terés, S., Barceló-Coblijn, G., Benet, M., Alvarez, R., Bressani, R., Halver, J. E., & Escribá, 

P. V. (2008). Oleic acid content is responsible for the reduction in blood pressure 

induced by olive oil. Proceedings of the National Academy of Sciences, 105(37), 

13811-13816. 

Terman, A., & Brunk, U. T. (2006). Oxidative stress, accumulation of biological'garbage', and 

aging. Antioxidants & redox signaling, 8(1-2), 197-204. 

Tétreault, É., Bélanger, M. È., Bernier, A., & Carrier, J. (2018). Actigraphy Analysis in pediatric 

research: the role of sleep diaries. Sleep medicine, 47, 86-92. 

Thies, F., Garry, J. M., Yaqoob, P., Rerkasem, K., Williams, J., Shearman, C. P., & Grimble, 

R. F. (2003). Association of n-3 polyunsaturated fatty acids with stability of 

atherosclerotic plaques: a randomised controlled trial. The Lancet, 361(9356), 477-

485. 

Thompson, M., Hein, N., Hanson, C., Smith, L. M., Anderson-Berry, A., Richter, C. K., & 

Nordgren, T. M. (2019). Omega-3 fatty acid intake by age, gender, and pregnancy 

status in the United States: National health and nutrition examination survey 2003–

2014. Nutrients, 11(1), 177. 

Tipton, K. D., Rasmussen, B. B., Miller, S. L., Wolf, S. E., Owens-Stovall, S. K., Petrini, B. E., 

& Wolfe, R. R. (2001). Timing of amino acid-carbohydrate ingestion alters anabolic 

response of muscle to resistance exercise. American Journal of Physiology-

Endocrinology And Metabolism, 281(2), E197-E206. 

Trebble, T. M., Stroud, M. A., Wootton, S. A., Calder, P. C., Fine, D. R., Mullee, M. A., & Arden, 

N. K. (2005). High-dose fish oil and antioxidants in Crohn's disease and the response 

of bone turnover: a randomised controlled trial. British journal of nutrition, 94(2), 253-

261. 

Trebble, T. M., Wootton, S. A., Miles, E. A., Mullee, M., Arden, N. K., Ballinger, A. B., & Calder, 

P. C. (2003). Prostaglandin E2 production and T cell function after fish-oil 

supplementation: response to antioxidant cosupplementation. The American journal of 

clinical nutrition, 78(3), 376-382. 

Tung, A., Takase, L., Fornal, C., & Jacobs, B. (2005). Effects of sleep deprivation and recovery 

sleep upon cell proliferation in adult rat dentate gyrus. Neuroscience, 134(3), 721-723. 



278 
 

Turek, F. W., & Gillette, M. U. (2004). Melatonin, sleep, and circadian rhythms: rationale for 

development of specific melatonin agonists. Sleep medicine, 5(6), 523-532. 

Turk, H. F., & Chapkin, R. S. (2013). Membrane lipid raft organization is uniquely modified by 

n-3 polyunsaturated fatty acids. Prostaglandins, Leukotrienes and Essential Fatty 

Acids (PLEFA), 88(1), 43-47. 

Tyndall, A. V., Clark, C. M., Anderson, T. J., Hogan, D. B., Hill, M. D., Longman, R. S., & 

Poulin, M. J. (2018). Protective effects of exercise on cognition and brain health in 

older adults. Exercise and sport sciences reviews, 46(4), 215-223. 

Unay, B., Sarici, S. U., Ulas, U. H., Akin, R., Alpay, F., & Gokcay, E. (2004). Nutritional effects 

on auditory brainstem maturation in healthy term infants. Archives of disease in 

childhood. Fetal and neonatal edition, 89, F177–F179. 

Underwood, M. D., Kassir, S. A., Bakalian, M. J., Galfalvy, H., Dwork, A. J., Mann, J. J., & 

Arango, V. (2018). Serotonin receptors and suicide, major depression, alcohol use 

disorder and reported early life adversity. Translational psychiatry, 8(1), 279. 

Urade, Y., & Hayaishi, O. (2011). Prostaglandin D2 and sleep/wake regulation. Sleep medicine 

reviews, 15(6), 411-418. 

US Department of Agriculture. Agricultural Research Service. (2002). USDA Nutrient 

Database for Standard Reference, Release 14: Nutrient Data Laboratory Home Page. 

US Department of Agriculture, Agricultural Research Service. 

Ushijima, K., Koyanagi, S., Sato, Y., Ogata, T., Matsunaga, N., Fujimura, A., & Ohdo, S. 

(2012). Role of activating transcription factor-4 in 24-hour rhythm of serotonin 

transporter expression in the mouse midbrain. Molecular pharmacology, 82(2), 264-

270. 

Ushijima, K., Sakaguchi, H., Sato, Y., To, H., Koyanagi, S., Higuchi, S., & Ohdo, S. (2005). 

Chronopharmacological study of antidepressants in forced swimming test of 

mice. Journal of Pharmacology and Experimental Therapeutics, 315(2), 764-770. 

Vachier, I., Chanez, P., Bonnans, C., Godard, P., Bousquet, J., & Chavis, C. (2002). 

Endogenous anti-inflammatory mediators from arachidonate in human neutrophils. 

Biochemical and Biophysical Research Communications, 290(1), 219-224. 

Vaisman, N., Kaysar, N., Zaruk-Adasha, Y., Pelled, D., Brichon, G., Zwingelstein, G., & 

Bodennec, J. (2008). Correlation between changes in blood fatty acid composition and 

visual sustained attention performance in children with inattention: effect of dietary n− 

3 fatty acids containing phospholipids–. The American journal of clinical 

nutrition, 87(5), 1170-1180. 

van Dalfsen, J. H., Jonkman, L. M., & Markus, C. R. (2019). The serotonin transporter gene-

linked polymorphic region (5-HTTLPR) and REM sleep regulation in healthy 



279 
 

volunteers. Sleep and depression: genetic influences of the brain serotonergic system, 

111. 

van de Rest, O., Geleijnse, J. M., Kok, F. J., van Staveren, W. A., Dullemeijer, C., OldeRikkert, 

M. G., & De Groot, C. P. G. M. (2008). Effect of fish oil on cognitive performance in 

older subjects A randomized, controlled trial. Neurology, 71(6), 430-438. 

Vancassel, S., Durand, G., Barthelemy, C., Lejeune, B., Martineau, J., Guilloteau, D., & 

Chalon, S. (2001). Plasma fatty acid levels in autistic children. Prostaglandins, 

Leukotrienes and Essential Fatty Acids (PLEFA), 65(1), 1-7. 

Varghese, T., Coomansingh, D., Richardson, S., Brunt, P., Mowat, N., Eltahir, A., & Eremin, 

O. (2000). Clinical response of ulcerative colitis with dietary omega-3 fatty acids: a 

double-blind randomized study. British Journal of Surgery-Supplement, 87. 

Vasudevan, A., Yu, Y., Banerjee, S., Woods, J., Farhana, L., Rajendra, S. G., & Majumdar, A. 

P. (2014). Omega-3 fatty acid is a potential preventive agent for recurrent colon 

cancer. Cancer Prevention Research. 

Vaughan, R. A., Garcia-Smith, R., Bisoffi, M., Conn, C. A., & Trujillo, K. A. (2012). Conjugated 

linoleic acid or omega 3 fatty acids increase mitochondrial biosynthesis and 

metabolism in skeletal muscle cells. Lipids in health and disease, 11(1), 142. 

Vedin, I., Cederholm, T., Freund-Levi, Y., Basun, H., Hjorth, E., Irving, G. F., & Palmblad, J. 

(2010). Reduced prostaglandin F2α release from blood mononuclear leukocytes after 

oral supplementation of ω3 fatty acids: the OmegAD study. Journal of lipid 

research, 51(5), 1179-1185. 

Veierød, M. B., Laake, P., & Thelle, D. S. (1997). Dietary fat intake and risk of lung cancer: a 

prospective study of 51,452 Norwegian men and women. European journal of cancer 

prevention: the official journal of the European Cancer Prevention Organisation 

(ECP), 6(6), 540-549. 

Vejux, A., Guyot, S., Montange, T., Riedinger, J. M., Kahn, E., & Lizard, G. (2009). 

Phospholipidosis and down-regulation of the PI3-K/PDK-1/Akt signalling pathway are 

vitamin E inhibitable events associated with 7-ketocholesterol-induced apoptosis. The 

Journal of nutritional biochemistry, 20(1), 45-61. 

Velligan, D. I., Alphs, L., Lancaster, S., Morlock, R., & Mintz, J. (2009). Association between 

changes on the Negative Symptom Assessment scale (NSA-16) and measures of 

functional outcome in schizophrenia. Psychiatry research, 169(2), 97-100. 

Venna, V. R., Deplanque, D., Allet, C., Belarbi, K., Hamdane, M., & Bordet, R. (2009). PUFA 

induce antidepressant-like effects in parallel to structural and molecular changes in the 

hippocampus. Psychoneuroendocrinology, 34(2), 199-211. 

Ventura, J., Hellemann, G. S., Thames, A. D., Koellner, V., & Nuechterlein, K. H. (2009). 

Symptoms as mediators of the relationship between neurocognition and functional 



280 
 

outcome in schizophrenia: a meta-analysis. Schizophrenia research, 113(2-3), 189-

199. 

Vetrivel, U., Ravichandran, S. B., Kuppan, K., Mohanlal, J., Das, U. N., & Narayanasamy, A. 

(2012). Agonistic effect of polyunsaturated fatty acids (PUFAs) and its metabolites on 

brain-derived neurotrophic factor (BDNF) through molecular docking simulation. Lipids 

in health and disease, 11(1), 109. 

Vgontzas, A. N., Papanicolaou, D. A., Bixler, E. O., Lotsikas, A., Zachman, K., Kales, A., & 

Hermida, R. C. (1999). Circadian interleukin-6 secretion and quantity and depth of 

sleep. The Journal of Clinical Endocrinology & Metabolism, 84(8), 2603-2607. 

Vladau, V. V., Bud, I., & Stefan, R. (2008). Nutritive value of fish meat comparative to some 

animals meat. Bulletin UASVM Animal Science and Biotechnologies, 65(1-2), 301-

305. 

Volkow, N. D., Logan, J., Fowler, J. S., Wang, G. J., Gur, R. C., Wong, C., & Pappas, N. 

(2000). Association between age-related decline in brain dopamine activity and 

impairment in frontal and cingulate metabolism. American Journal of Psychiatry, 

157(1), 75-80. 

Wakil, A., Mackenzie, G., Diego‐Taboada, A., Bell, J. G., & Atkin, S. L. (2010). Enhanced 

bioavailability of eicosapentaenoic acid from fish oil after encapsulation within plant 

spore exines as microcapsules. Lipids, 45(7), 645-649. 

Walker, C., West, A., Browning, L., Madden, J., Gambell, J., Jebb, S., & Calder, P. (2015). 

The pattern of fatty acids displaced by EPA and DHA following 12 months 

supplementation varies between blood cell and plasma fractions. Nutrients, 7(8), 

6281-6293. 

Wang, Q., Liang, X., Wang, L., Lu, X., Huang, J., Cao, J., & Gu, D. (2012). Effect of omega-3 

fatty acids supplementation on endothelial function: a meta-analysis of randomized 

controlled trials. Atherosclerosis, 221(2), 536-543. 

Wang, Q., Xi, B., Liu, M., Zhang, Y., & Fu, M. (2012). Short sleep duration is associated with 

hypertension risk among adults: a systematic review and meta-analysis. Hypertension 

Research, 35(10), 1012.     

Wang, Y., & Chen, X. (2011). How much of racial/ethnic disparities in dietary intakes, exercise, 

and weight status can be explained by nutrition-and health-related psychosocial 

factors and socioeconomic status among US adults?. Journal of the American Dietetic 

Association, 111(12), 1904-1911. 

Ward, A., Crean, S., Mercaldi, C. J., Collins, J. M., Boyd, D., Cook, M. N., & Arrighi, H. M. 

(2012). Prevalence of apolipoprotein E4 genotype and homozygotes (APOE e4/4) 

among patients diagnosed with Alzheimer’s disease: a systematic review and meta-

analysis. Neuroepidemiology, 38(1), 1-17. 



281 
 

Wassall, S. R., and Stillwell, W. (2009) Polyunsaturated fatty acid-cholesterol interactions: 

domain formation in membranes. Biochim. Biophys. Acta 1788, 24–32 

Watanabe, N., Matsuoka, Y., Kumachi, M., Hamazaki, K., Horikoshi, M., & Furukawa, T. A. 

(2018). Omega-3 fatty acids for a better mental state in working populations-Happy 

Nurse Project: A 52-week randomized controlled trial. Journal of psychiatric 

research, 102, 72-80. 

Watson, D. J., Ostroff, L., Cao, G., Parker, P. H., Smith, H., & Harris, K. M. (2016). LTP 

enhances synaptogenesis in the developing hippocampus. Hippocampus, 26(5), 560-

576. 

Webb, G. P. (2011). Dietary supplements and functional foods. John Wiley & Sons. 

West, A. L., Kindberg, G. M., Hustvedt, S. O., & Calder, P. C. (2018). A Novel Self-Micro-

Emulsifying Delivery System Enhances Enrichment of Eicosapentaenoic Acid and 

Docosahexaenoic Acid after Single and Repeated Dosing in Healthy Adults in a 

Randomized Trial. The Journal of nutrition, 148(11), 1704-1715. 

Whalley, L. J., Deary, I. J., Starr, J. M., Wahle, K. W., Rance, K. A., Bourne, V. J., & Fox, H. 

C. (2008). n–3 Fatty acid erythrocyte membrane content, APOE ε4, and cognitive 

variation: an observational follow-up study in late adulthood. The American journal of 

clinical nutrition, 87(2), 449-454. 

Whalley, L. J., Deary, I. J., Starr, J. M., Wahle, K. W., Rance, K. A., Bourne, V. J., & Fox, H. 

C. (2008). n–3 Fatty acid erythrocyte membrane content, APOE ε4, and cognitive 

variation: an observational follow-up study in late adulthood. The American journal of 

clinical nutrition, 87(2), 449-454. 

Whelan, J., Gowdy, K. M., & Shaikh, S. R. (2016). N-3 polyunsaturated fatty acids modulate 

B cell activity in pre-clinical models: Implications for the immune response to 

infections. European journal of pharmacology, 785, 10-17. 

Wightman, E., Jackson, P., Khan, J., Forster, J., Heiner, F., Feistel, B., & Kennedy, D. (2018). 

The Acute and Chronic Cognitive and Cerebral Blood Flow Effects of a Sideritis 

scardica (Greek Mountain Tea) Extract: A Double Blind, Randomized, Placebo 

Controlled, Parallel Groups Study in Healthy Humans. Nutrients, 10(8), 955. 

Wilckens, K. A., Erickson, K. I., & Wheeler, M. E. (2018). Physical activity and cognition: a 

mediating role of efficient sleep. Behavioral sleep medicine, 16(6), 569-586. 

Williams, C., Birch, E. E., Emmett, P. M., Northstone, K., & Avon Longitudinal Study of 

Pregnancy and Childhood (ALSPAC) Study Team. (2001). Stereoacuity at age 3.5 y 

in children born full-term is associated with prenatal and postnatal dietary factors: a 

report from a population–based cohort study–. The American journal of clinical 

nutrition, 73(2), 316-322. 



282 
 

Willis, L. M., Shukitt-Hale, B., Cheng, V., & Joseph, J. A. (2008). Dose-dependent effects of 

walnuts on motor and cognitive function in aged rats. British journal of nutrition, 101(8), 

1140-1144. 

Winocur, G., Wojtowicz, J. M., Sekeres, M., Snyder, J. S., & Wang, S. (2006). Inhibition of 

neurogenesis interferes with hippocampus‐dependent memory 

function. Hippocampus, 16(3), 296-304. 

Witte, A. V., Kerti, L., Hermannstädter, H. M., Fiebach, J. B., Schreiber, S. J., Schuchardt, J. 

P., & Flöel, A. (2013). Long-chain omega-3 fatty acids improve brain function and 

structure in older adults. Cerebral cortex, 24(11), 3059-3068. 

Witte, A. V., Kerti, L., Margulies, D. S., & Flöel, A. (2014). Effects of resveratrol on memory 

performance, hippocampal functional connectivity, and glucose metabolism in healthy 

older adults. Journal of Neuroscience, 34(23), 7862-7870. 

Wixted, J. T., Goldinger, S. D., Squire, L. R., Kuhn, J. R., Papesh, M. H., Smith, K. A., & 

Steinmetz, P. N. (2018). Coding of episodic memory in the human 

hippocampus. Proceedings of the National Academy of Sciences, 115(5), 1093-1098. 

Wong, R. H., Evans, H. M., & Howe, P. R. (2016). Poor cerebrovascular function is an early 

marker of cognitive decline in healthy postmenopausal women. Alzheimer's & 

Dementia: Translational Research & Clinical Interventions, 2(3), 162-168. 

Wong, R., Al‐Omary, M., Baker, D., Spratt, N., Boyle, A., Baker, N., & Collins, N. (2019). 

Cognitive dysfunction is associated with abnormal responses in cerebral blood flow in 

patients with single ventricular physiology: Novel insights from transcranial Doppler 

ultrasound. Congenital heart disease. 

Wongwarawipat, T., Papageorgiou, N., Bertsias, D., Siasos, G., & Tousoulis, D. (2018). Olive 

Oil-related Anti-inflammatory effects on atherosclerosis: Potential clinical 

implications. Endocrine, Metabolic & Immune Disorders-Drug Targets (Formerly 

Current Drug Targets-Immune, Endocrine & Metabolic Disorders), 18(1), 51-62.    

World Health Organisation. (2018). Depression Fact Sheet.  Retrieved October 2018 

http://www.who.int/news-room/fact-sheets/detail/depression 

Wright, C. E., Strike, P. C., Brydon, L., & Steptoe, A. (2005). Acute inflammation and negative 

mood: mediation by cytokine activation. Brain, behavior, and immunity, 19(4), 345-

350. 

Wu, A., Ying, Z., & Gomez-Pinilla, F. (2004). Dietary omega-3 fatty acids normalize BDNF 

levels, reduce oxidative damage, and counteract learning disability after traumatic 

brain injury in rats. Journal of neurotrauma, 21(10), 1457-1467. 

Wyatt, J. (2012). Actilife 6 user’s manual. Release Date, 4(03), 2012. 

Yamashima, T. (2012). Hsp70. 1 and related lysosomal factors for necrotic neuronal death. 

Journal of neurochemistry, 120(4), 477-494. 

http://www.who.int/news-room/fact-sheets/detail/depression


283 
 

Yang, C. M., & Spielman, A. J. (2001). The effect of a delayed weekend sleep pattern on sleep 

and morning functioning. Psychology and Health, 16(6), 715-725. 

Yang, C. M., Spielman, A. J., D'ambrosio, P., Serizaw, S., Nunes, J., & Birnbaum, J. (2001). 

A single dose of melatonin prevents the phase delay associated with a delayed 

weekend sleep pattern. Sleep, 24(3), 272-281. 

Yang, J. S., Ko, J. M., & Roh, H. T. (2018). Effects of regular Taekwondo exercise on mood 

changes in children from multicultural families in South Korea: a pilot study. Journal of 

physical therapy science, 30(4), 496-499. 

Yao, J. K., & Keshavan, M. S. (2011). Antioxidants, redox signaling, and pathophysiology in 

schizophrenia: an integrative view. Antioxidants & redox signaling, 15(7), 2011-2035. 

Yaqoob, P., & Calder, P. (1995). Effects of dietary lipid manipulation upon inflammatory 

mediator production by murine macrophages. Cellular immunology, 163(1), 120-128. 

Yassine, H. N., Rawat, V., Mack, W. J., Quinn, J. F., Yurko-Mauro, K., Bailey-Hall, E., & 

Schneider, L. S. (2016). The effect of APOE genotype on the delivery of DHA to 

cerebrospinal fluid in Alzheimer’s disease. Alzheimer's research & therapy, 8(1), 25. 

Yates, L. A., Ziser, S., Spector, A., & Orrell, M. (2016). Cognitive leisure activities and future 

risk of cognitive impairment and dementia: Systematic review and meta-

analysis. International psychogeriatrics, 28(11), 1791-1806. 

Yau, A., Adams, J., & Monsivais, P. (2018). Time trends in adherence to UK dietary 

recommendations and associated sociodemographic inequalities, 1986-2012: a 

repeated cross-sectional analysis. European journal of clinical nutrition, 1. 

Yeh, A., Kruse, S. E., Marcinek, D. J., & Gallagher, E. P. (2015). Effect of omega-3 fatty acid 

oxidation products on the cellular and mitochondrial toxicity of BDE 47. Toxicology In 

Vitro, 29(4), 672-680. 

Yehuda, S. (2003). Omega-6/omega-3 ratio and brain-related functions. World review of 

nutrition and dietetics, 92, 37-56. 

Yehuda, S., Rabinovitz, S., Carasso, R. L., & Mostofsky, D. I. (1998). Fatty acids and brain 

peptides. Peptides, 19(2), 407-419. 

Young, C., & Martin, A. (2003). Omega-3 fatty acids in mood disorders: an overview. Revista 

Brasileira de Psiquiatria, 25(3), 184-187. 

Yuki, E., & Ishikawa, Y. (1976). Tocopherol contents of nine vegetable frying oils, and their 

changes under simulated deep-fat frying conditions. Journal of the American Oil 

Chemists’ Society, 53(11), 673-676. 

Yurko-Mauro, K., Alexander, D. D., & Van Elswyk, M. E. (2015). Docosahexaenoic acid and 

adult memory: a systematic review and meta-analysis. PLoS One, 10(3), e0120391. 



284 
 

Yurko-Mauro, K., McCarthy, D., Rom, D., Nelson, E. B., Ryan, A. S., Blackwell, A., & Midas 

Investigators. (2010). Beneficial effects of docosahexaenoic acid on cognition in age-

related cognitive decline. Alzheimer's & Dementia, 6(6), 456-464. 

Zaouali-Ajina, M., Gharib, A., Durand, G., Gazzah, N., Claustrat, B., Gharib, C., & Sarda, N. 

(1999). Dietary docosahexaenoic acid-enriched phospholipids normalize urinary 

melatonin excretion in adult (n-3) polyunsaturated fatty acid-deficient rats. The Journal 

of nutrition, 129(11), 2074-2080. 

Zhang, B., Wang, P., Chen, C. G., He, Q. Q., Zhuo, S. Y., Chen, Y. M., & Su, Y. X. (2010). 

Validation of an FFQ to estimate the intake of fatty acids using erythrocyte membrane 

fatty acids and multiple 3d dietary records. Public health nutrition, 13(10), 1546-1552. 

Zhang, X. W., Hou, W. S., Li, M., & Tang, Z. Y. (2016). Omega-3 fatty acids and risk of 

cognitive decline in the elderly: a meta-analysis of randomized controlled trials. Aging 

clinical and experimental research, 28(1), 165-166. 

Zhang, Y., Chen, J., Qiu, J., Li, Y., Wang, J., & Jiao, J. (2015). Intakes of fish and 

polyunsaturated fatty acids and mild-to-severe cognitive impairment risks: a dose-

response meta-analysis of 21 cohort studies–3. The American journal of clinical 

nutrition, 103(2), 330-340. 

Zhao, Y., Calon, F., Julien, C., Winkler, J. W., Petasis, N. A., Lukiw, W. J., & Bazan, N. G. 

(2011). Docosahexaenoic acid-derived neuroprotectin D1 induces neuronal survival 

via secretase-and PPARγ-mediated mechanisms in Alzheimer's disease models. PloS 

one, 6(1), e15816. 

Zhu, M., Wang, X., Hjorth, E., Colas, R. A., Schroeder, L., Granholm, A. C., & Schultzberg, M. 

(2016). Pro-resolving lipid mediators improve neuronal survival and increase Aβ 42 

phagocytosis. Molecular neurobiology, 53(4), 2733-2749. 

Zhuo, Z., Zhang, L., Mu, Q., Lou, Y., Gong, Z., Shi, Y., & Zhang, Y. (2009). The effect of 

combination treatment with docosahexaenoic acid and 5-fluorouracil on the mRNA 

expression of apoptosis-related genes, including the novel gene BCL2L12, in gastric 

cancer cells. In Vitro Cellular & Developmental Biology-Animal, 45(1-2), 69-74. 

Zimmer, L., Delion-Vancassel, S., Durand, G., Guilloteau, D., Bodard, S., Besnard, J. C., & 

Chalon, S. (2000). Modification of dopamine neurotransmission in the nucleus 

accumbens of rats deficient in n–3 polyunsaturated fatty acids. Journal of Lipid 

Research, 41(1), 32-40. 

Zimmer, L., Delpal, S., Guilloteau, D., Aıoun, J., Durand, G., & Chalon, S. (2000). Chronic n-

3 polyunsaturated fatty acid deficiency alters dopamine vesicle density in the rat frontal 

cortex. Neuroscience letters, 284(1-2), 25-28. 

Zuta, P. C., Simpson, B. K., Zhao, X., & Leclerc, L. (2007). The effect of α-tocopherol on the 

oxidation of mackerel oil. Food Chemistry, 100(2), 800-807. 


	CHAPTER 1. INTRODUCTION
	1.1. Background
	1.2 Essential Fatty Acids, Chemical Structure and Metabolism
	1.3 Dietary Sources, Consumption and the Importance of the n-3/n-6 ratio
	1.4 The Functions of n-3 PUFAs
	1.4.1 Role of n-3 PUFAs in Cell Membranes and Abundance in the Brain
	1.4.2 N-3 PUFAs Modulate Neurotransmission
	1.4.3 N-3 PUFAs Modulate Inflammation
	1.4.4 Role of n-3 PUFAs on Gut Function and Immune Response
	1.4.5 N-3 PUFAs Modulate Gene expression
	1.4.6 Cardiovascular Effects of n-3 PUFAs
	1.4.7 Summary of Functions

	1.5 The Behavioural Effects of n-3 PUFAs
	1.5.1 The Role of n-3 PUFAs on Mood
	1.5.2 The Role of n-3 PUFAs in Sleep and Neurogenesis
	1.5.3 The Role of n-3 PUFAs in Synaptic Plasticity & Memory Consolidation
	1.5.4 The Role of n-3 PUFAs in Maintaining Brain Health across the Lifespan
	1.5.4.1 The Role of n-3 PUFAs in the Neurodevelopment of Children
	1.5.4.2 The Role of n-3 PUFAs in Early Adulthood
	1.5.4.3 The Role of n-3 PUFAs in Neurodegeneration and Older Adults

	1.5.5 Summary of the Behavioural Effects of n-3 PUFAs

	1.6 Previous Limitations of Randomised Controlled Trials
	1.6.1 Issues with n-3 PUFA Supplements and Bioavailability
	1.6.1.1 Increasing the Bioavailability of n-3 PUFA supplements
	1.6.1.2 Oxidation in n-3 PUFA supplements
	1.6.1.3 Time of Dosage
	1.6.2 Comparisons between DHA and EPA
	1.6.3 Sample Populations

	1.7 Rationale

	CHAPTER 2. GENERAL METHODOLOGY
	1.
	2.
	2.1. Overview of studies
	2.2. Treatments
	2.3. Participants
	2.4. Blinding and Randomisation
	2.5. Blood Sampling & Analysis
	2.6. Cognitive Assessments
	2.7. Treatment Guess Questionnaire & Compliance
	2.8. Data Cleaning Procedures
	2.9. Linear Mixed Models Analysis
	2.10. Analysis between Treatments and Multiple Comparisons

	CHAPTER 3. OMEGA-3 INDEX IS ASSOCIATED WITH CORTICAL BLOOD FLOW AND NEURAL EFFICIENCY DURING SERIAL SUBTRACTION TASKS
	1
	2
	3
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Design
	3.2.2 Participants
	1
	2
	3
	3.1
	3.2
	3.2.1
	3.2.2
	3.2.3
	3.2.4 Physiological Measures
	3.2.4.1 Near Infrared Spectroscopy (fd-NIRS)

	3.2.5 Cognitive Tasks
	3.2.5.1 Serial subtraction tasks (3s, 7s, 17s; 1 minute)
	1
	2
	3
	3.1
	3.2
	3.2.1
	3.2.2
	3.2.3
	3.2.4
	3.2.5
	3.2.5.1
	3.2.5.2 ‘Task Difficulty’ visual analogue scale

	3.2.6 Procedure
	3.2.7 Statistical Methods
	3.2.7.1 NIRS Data
	3.2.7.2 Cognitive Data
	3.2.7.3 Subjective Task Difficulty
	3.2.7.4 Efficiency Index
	3.2.7.5 Exploratory Correlations


	3.3 Results
	3.3.1 Compliance
	3.3.2 Mixed Models Analysis
	3.3.2.1 Resting NIRS
	3.3.2.2 NIRS: Active period
	3.3.2.3 Serial Subtraction and VAS Analysis
	3.3.2.4 Efficiency Index

	3.3.3 Correlational Analysis
	3.3.3.1  NIRS and Blood Fatty Acid Profile
	3.3.3.2 Efficiency Index and Blood Fatty Acid Profile


	3.4 Discussion

	CHAPTER 4: SUPPLEMENTATION WITH DHA- AND EPA-RICH OILS IMPROVES SLEEP EFFICIENCY AND EFFECTS OTHER PARAMETERS OF SLEEP IN HEALTHY, YOUNG ADULTS
	4
	4.1 Introduction
	4
	4.1
	4.2 Materials and Methods
	4.2.1 Design
	4.2.2 Participants
	4.2.3 Actigraphy Measures
	4.2.3.1 Actigraphy analysis

	4.2.4 Subjective Sleep Measures
	4.2.4.1 Leeds Sleep Evaluation Questionnaire (LSEQ)
	4.2.4.2 Awakening VAS

	4.2.5 Biological Sleep Measures
	4.2.5.1 Urinary 6-Sulfatoxymelatonin (aMT6s)

	4.2.6 Procedure
	4.2.7 Statistical Methods
	4.2.7.1 Actigraphy
	4.2.7.2 LSEQ
	4.2.7.3 Awakening VAS
	4.2.7.4 Urinary aMT6s


	4.3 Results
	4.3.1 Compliance
	4.3.2 Mixed Models Analysis
	4.3.2.1 Actigraphy
	4.3.2.2 Subjective Measures
	4.3.2.3 Urinary aMT6s


	4.4 Discussion

	CHAPTER 5: SUPPLEMENTATION WITH DHA- AND EPA-RICH OILS HAS NO EFFECT ON MEASURES OF MEMORY CONSOLIDATION AND MORNING ALERTNESS IN HEALTHY, YOUNG ADULTS
	5
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Design
	5.2.2 Participants
	5.2.3 Cognitive Tasks
	5.2.3.1 Word List Learning & Recall
	5.2.3.2 Computerised Location Learning & Recall
	5.2.3.3 Simple Reaction Time
	5.2.3.4 Digit Vigilance
	5.2.3.5 Peg & Ball
	5.2.3.6 Alertness VAS

	5.2.4 Procedure
	5.2.5 Statistical Methods
	5.2.5.1 Learning, Recall and Morning Cognitive Performance


	5.3 Results
	5.3.1 Compliance
	5.3.2 Learning and Recall
	5.3.3 Morning Cognitive Performance


	5.4 Discussion

	CHAPTER 6: SUPPLEMENTATION WITH EPA-RICH, BUT NOT DHA-RICH, OILS IMPROVES GLOBAL COGNITIVE FUNCTION AND REACTION TIMES ON EPISODIC MEMORY AND EXECUTIVE FUNCTION TASKS IN HEALTHY, YOUNG ADULTS.
	6
	6.1 Introduction
	6.2 Materials and Methods
	6.2.1 Design
	6.2.2 Participants
	6.2.3 Cognitive Tasks
	6.2.3.1 Stimuli Presentation
	6.2.3.2 Immediate Word Recall
	6.2.3.3 Delayed Word Recall
	6.2.3.4 Delayed Picture Recognition
	6.2.3.5 Delayed Word Recognition
	6.2.3.6 Verbal Fluency
	6.2.3.7 Simple Reaction Time
	6.2.3.8 Stroop Task
	6.2.3.9 Numeric Working Memory (NWM)

	6.2.4 Cognitive Demand Battery
	6.2.4.1 Serial Threes Subtraction Task
	6.2.4.2 Serial Sevens Subtraction Task
	6.2.4.3 Rapid Visual Information Task (RVIP)
	6.2.4.4 ‘Mental Fatigue’ Visual Analogue Scale
	6.2.4.5 ‘Alertness’ Visual Analogue Scale

	6.2.5 Mood Assessments
	6.2.5.1 Profile of Mood States (POMS; McNair et al., 1992)

	6.2.6 Procedure
	6.2.7 Statistical Methods
	6.2.7.1 COMPASS Tasks
	6.2.7.2 Cognitive Demand Battery Data
	6.2.7.3 Cognitive Domain Data
	6.2.7.3.1 Attention Domains
	6.2.7.3.2 Memory Domains
	6.2.7.3.3 Global Cognition Domains

	6.2.7.4 Subjective Mood (POMS)
	6.2.7.5 Blood Fatty Acid Profile


	6.3 Results
	6.3.1 Compliance
	6.3.2 COMPASS Task Analysis
	6.3.3 Cognitive Demand Battery Analysis
	6.3.4 Cognitive Domain Analysis
	6.3.5 Subjective Mood (POMS) Analysis
	6.3.6 Blood Fatty Acid Profile

	6.4 Discussion

	CHAPTER 7: GENERAL DISCUSSION
	7
	7.1 Summary of Objectives
	7.2 Associations between Dietary n-3 PUFAs and Brain Function
	7.2.1 Cognitive Function
	7.2.2 Cerebral Haemodynamics and Neural Efficiency
	7.2.3 Sleep
	7.2.4 Memory Consolidation
	7.2.5 Mood
	7.2.6 Separate effects of DHA and EPA

	7.3 Night-time Dosing with SMEDS Formulated Treatments
	7.4 Use of Olive Oil as a Placebo
	7.5 Healthy Adult Samples
	7.6 Limitations
	7.7 Future Research
	7.8 General Conclusions

	APPENDICES
	APPENDIX I: Fish Consumption Questionnaire (Benisek et al., 2002)
	APPENDIX II: Treatment Guess Questionnaire
	APPENDIX III: Sleep & Urine Collection Diary
	APPENDIX IV: Treatment Diary
	APPENDIX V: Chapter 3 Main Effects
	APPENDIX VI: Chapter 4 Average Times in and out of Bed
	APPENDIX VII: Chapter 6 Blood Values Compared to Stonehouse et al., (2013)
	APPENDIX VIII: Fish Consumption Data
	APPENDIX IX: Diurnal Rhythms of EPA and DHA in Blood Plasma (Jackson et al., unpublished data)
	APPENDIX X: Bioavailability of EPA and DHA in Plasma (Jackson et al., unpublished data)
	APPENDIX XI: Blood Fatty Acid Profiles from Chapter 3, 4 & 5

	REFERENCES

