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Abstract

Glucose, a monosaccharide carbohydrate, is the brain’s primary fuel. As such, numerous research investigations over the past 20 years have sought to determine the influence of acute glucose ingestion on human cognitive performance. Initial work focused on older adults and individuals with age-related memory impairment. The majority of studies in this age group have reported a beneficial effect of oral glucose on performance, most notably in the domain of episodic memory. More recently, this effect has been replicated in younger adults and adolescents. However, in younger individuals, the ‘glucose memory facilitation effect’ appears to be more sensitive to conditions of high cognitive demand. By contrast, numerous studies in children have reported that meals delivering a relatively lower glycaemic load are associated with greater cognitive enhancement than ingestion of a high glycaemic load. This is likely to be best explained by the lower glycaemic load delivering a more prolonged release of glucose into the bloodstream during the hours after food ingestion, which may result in enhanced capacity for attention during this period. These findings have implications for dietary recommendations pertaining to the types of foods that children should be consuming at breakfast and lunch, before attending school classes. In addition, long-term studies which have focused on carbohydrate withdrawal (i.e. in the case of low carbohydrate weight loss diets) have found a detrimental effect of reduced long-term carbohydrate intake on cognitive functioning. Finally, other carbohydrates including sucrose (also known as table sugar, and which is synthesised from glucose) and fructose, and their respective effects on cognitive performance, will be considered. In summary, the findings in this area suggest that both acute and long-term carbohydrate intake play a role in mediating cognitive performance. Further, previous research implies that subtly different effects of carbohydrates on performance may be observed during different stages of the lifespan. 
Introduction
Glucose is a key energy source for the body and serves as the brain’s primary fuel. Glucose is metabolised in the liver from ingested monosaccharide carbohydrates, such as glucose, fructose and galactose. Over the course of the past three decades, many researchers have begun to investigate the role of glucose and carbohydrate ingestion in the modulation of cognitive performance across the lifespan. This chapter will begin by providing some background on carbohydrates and carbohydrate metabolism. We will then discuss those studies which have investigated the influence of glucose administration on acute cognitive performance in a) children, b) young adults, and c) elderly individuals, and will also discuss some studies with have investigated the role of longer-term dietary carbohydrate intake and its effects on cognitive functioning. Finally, it will be considered how dietary intake of carbohydrates other than glucose may influence cognitive performance across the lifespan. 
Carbohydrates and Carbohydrate Metabolism
Carbohydrates are present in numerous different processed and unprocessed foods. Large quantities of carbohydrates are observed in grain based foods (e.g. bread, cereals, rice and pasta), potatoes, other fruits and vegetables and dairy products, as well as highly processed foods such as soft drinks and sweets. A distinction is often made between simple and complex carbohydrates. Complex carbohydrates have a relatively more complex chemical structure (hence the name) and tend to be found in natural foods, such as grains. Simple carbohydrates are typically found in processed foods. Simple carbohydrates are metabolised far easier than complex carbohydrates; therefore, they enter the bloodstream much quicker, resulting in a rapid increase in blood glucose concentration. Conversely, complex carbohydrates are gradually broken down by the liver, resulting in a more prolonged release of glucose into the bloodstream, with a typically lower peak in blood glucose concentration.
In order to maintain homeostasis, it is important for a healthy individual to maintain a blood glucose concentration within a reasonably narrow range. Upon ingestion, carbohydrates are transported to the liver, where they are either a) mobilised via the bloodstream to cells around the body for immediate use as fuel, b) broken down into glycogen for storage in the liver and muscle cells or c) converted to fat. These mechanisms enable homeostasis by ensuring that an adequate supply of stored glucose is available for use as fuel when required. Release of glucose into the bloodstream from the liver is mediated by the hormone insulin. It has been observed that during periods of increased brain activity (e.g. heightened cognitive demand) circulating blood glucose decreases markedly 
 ADDIN EN.CITE 
(Donohoe & Benton, 1999a; Fairclough & Houston, 2004; Scholey, Harper, & Kennedy, 2001; Scholey, Laing, & Kennedy, 2006)
. The authors of these studies have suggested that the ingestion of glucose prior to undertaking a cognitively demanding task may provide the rapid boost in ‘brain fuel’ that is required to cope with these cognitively demanding conditions. A number of comprehensive reviews have now been published on this phenomenon, which has been termed the ‘glucose memory facilitation effect’ (e.g. Smith, Riby, van Eekelen, & Foster, 2011b).  
Glucose enhancement of cognitive performance


The aforementioned ‘glucose memory facilitation effect’ has been well established via several empirical studies conducted over the course of the past 20 years. The typical methodology employed in this area is to measure cognitive performance via one or more cognitive tasks during the 10 minute to two hour time window following oral administration of a) a glucose drink (most often comprising 25g or 50g glucose), or b) an aspartame or saccharine placebo drink (Smith, et al., 2011b). Studies which have been conducted in i) children and adolescents, ii) young adults, and iii) older adults will be discussed herein.
Children and adolescents


Children tend to exhibit a higher basal cerebral metabolic rate than older individuals (Chiron, et al., 1992), due to the larger brain size of children, relative to their body weight, in comparison to adults (Benton & Stevens, 2008). On this basis, children may be particularly sensitive to the potential cognitive benefits arising from acute glucose ingestion. In concordance with this argument, one study has reported glucose enhancement of memory in infants as young as 2-4 days old (Horne, Barr, Valiante, Zelazo, & Young, 2006). In this study, infants given a dose of 2 g/kg glucose were observed to turn their head less frequently to the source of a repeatedly spoken word, suggesting that glucose ingestion facilitated habituation to the stimulus in these babies. While, to the best of our knowledge, this is the only study which has considered the influence of glucose ingestion on cognitive performance in infants, many studies have considered the role of glucose as a cognitive enhancer in older children.

Benton and colleagues have observed glucose enhancement of attention following a 25g glucose load in children aged between 6 and 7 years on a reaction time task (Benton, Brett, & Brain, 1987). However, a subsequent study from this same laboratory failed to replicate these findings in a group of children aged between 9 and 10 years of age (Benton & Stevens, 2008).  However, most of the previous research investing glucose enhancement of memory in children within the pre-adolescent age range has investigated cognitive performance following breakfast meals which differ with regard to the speed by which glucose is released into the bloodstream. This phenomenon is referred to as ‘glycaemic index’ (G.I.) and is discussed in detail elsewhere in this volume (see chapters on breakfast and low carbohydrate weight loss diets). The majority of previous studies conducted in this area have found that breakfast meals which are associated with slower glucose release have conferred cognitive benefits in children, most notably in the domain of attention 
 ADDIN EN.CITE 
(Benton, Maconie, & Williams, 2007; Ingwersen, Defeyter, Kennedy, Wesnes, & Scholey, 2007; Mahoney, Taylor, Kanarek, & Samuel, 2005)
. These studies are reviewed in depth by Ingweresen in her chapter on breakfast. Taken together these findings suggest that glucose reliably enhances cognitive performance in pre-adolescent children, and may be useful for fuelling the brain in order to enable maintenance of attention throughout a prolonged period of cognitive activity such as that which children would typically experience during a morning in the classroom.

In addition to the body of research which has been conducted in younger children, a substantial body of literature has emerged which relates to glucose enhancement of memory in adolescents. In fact, one of the first studies to report a positive effect of glucose on cognitive performance utilised an adolescent sample. In this previous study, ingestion of an oral glucose tolerance test (OGTT) preparatory breakfast and 150 g glucose enhanced recall of low- and high-imagery paired associates, relative to a fasting control condition (Lapp, 1981). More recently, research from our own laboratory has thoroughly investigated glucose influences on verbal episodic memory in healthy adolescents. Generally, we have found that a 25 g glucose dose is effective as an enhancer of verbal episodic memory performance in healthy adolescents, when items are encoded under conditions of divided attention 
 ADDIN EN.CITE 
(Smith & Foster, 2008a; Smith, Hii, Foster, & van Eekelen, 2011a; Smith, Riby, Sunram-Lea, van Eekelen, & Foster, 2009)
. Figure 1 depicts typical findings from these studies. These findings support those from work in adults which suggest that glucose only reliably facilitates memory under dual-task conditions (Sünram-Lea, Foster, Durlach, & Perez, 2002b). This may be related to the notion that healthy young adults are operating at their ‘cognitive peak’; therefore, glucose would only be effective in improving performance when such individuals face increased cognitive demands that allow ‘room for improvement’ (Foster, Lidder, & Sünram, 1998). Previous research which has been conducted in adults will be discussed in further detail below.
INSERT FIGURE 1 ABOUT HERE


Our previous work in adolescents has uncovered some novel findings relating to the glucose memory facilitation effect. For example, in one study, we found that glucose only enhanced verbal episodic memory performance in adolescents with relatively higher trait anxiety (Smith, et al., 2011a). This finding is in concordance with work in adults which suggests that glucose most reliably enhances verbal episodic memory in individuals with some degree of cognitive impairment (due to ageing or cognitive disorders), given that a relationship between negative affective states and cognitive impairment has been established previously 
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(McEwen & Sapolsky, 1995; Sala, et al., 2004)
. Moreover, a further novel finding in our studies with adolescents is that glucose enhances event-related potential (ERP) components of both recollection and familiarity (Smith, et al., 2009; see Figure 2). Recollection refers to recognition memory accompanied by spatiotemporal contextual details, and is thought to be mediated by the hippocampus. Familiarity does not involve this degree of episodic richness, and is subserved by non-hippocamopal brain regions, including the perirhinal cortex (Aggleton & Brown, 2006). Therefore, our ERP findings in adolescents have implications for the ‘hippocampus hypothesis’, which suggests that glucose specifically targets the hippocampus in modulating cognitive performance (Riby & Riby, 2006; Sünram-Lea, Dewhurst, & Foster, 2008). It is also worthy of note that in our study, the familiarity ERP component was small in the placebo condition. This is unsurprising, given previous reports that familiarity does not develop until very late in childhood (Czernochowski, Mecklinger, Johansson, & Brinkmann, 2005). However, the observation of a significantly larger ERP familiarity effect in the glucose condition suggests that glucose may actually elicit cognitive processes at stages of development prior to those at which specific cognitive processes would be expected to emerge.

INSERT FIGURE 2 ABOUT HERE


Further work which we have conducted in adolescents has involved the administration of breakfast cereals, which have differed with regard to G.I., prior to tasks of verbal episodic memory completed under conditions of divided attention (Smith & Foster, 2008b). Contrary to previous work which has typically found that low G.I. meals have a beneficial effect on attention and episodic memory in children and adults (see breakfast chapter for further details), we found that ingestion of a high G.I. breakfast meal prior to encoding resulted in fewer words being forgotten following a 100 minute post-encoding delay (in fact, glucose was associated with recall of items at this long delay phase that hadn’t been remembered at a previous recall phase, see Figure 3). We suggest that only the relatively larger acute increase in blood glucose concentration provided by the high G.I. breakfast was sufficient to enhance cognitive processing, given that encoding took place in this study under dual-task conditions (to-be-remembered words were presented concurrently with a motor task). This relates to the argument presented earlier that glucose may only be effective in improving performance under increased cognitive demands that allow ‘room for improvement’.
INSERT FIGURE 3 ABOUT HERE


In summary, it appears that glucose is effective in facilitating memory performance in children and adolescents. Our work in adolescents suggests that glucose may only be reliable in enhancing verbal episodic memory performance when memory materials are encoded under conditions of divided attention. The following section will elaborate on this point, via the discussion of a series of studies in young adults which supports the notion that dual-task conditions may be essential for reliably observing the glucose memory facilitation effect.

Young adults


A number of studies over the course of the past 20 years have reported that glucose enhances verbal episodic memory performance in healthy young adults 
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(Benton, Owens, & Parker, 1994; Foster, et al., 1998; Meikle, Riby, & Stollery, 2004, 2005; Messier, Pierre, Desrochers, & Gravel, 1998; Morris, 2008; Owen, Finnegan, Hu, Scholey, & Sunram-Lea, 2010; Parker & Benton, 1995; Riby, McLaughlin, & Riby, 2008a; Riby, et al., 2006; Sünram-Lea, Foster, Durlach, & Perez, 2001, 2002a; Sünram-Lea, et al., 2002b; Sünram-Lea, Foster, Durlach, & Perez, 2004; Sünram-Lea, Owen, Finnegan, & Hu, in press)
. In addition, studies in healthy young adults have investigated whether glucose can facilitate performance across a wider range of cognitive domains than those explored in children, including attention 
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(Benton, 1990; Meikle, et al., 2004; Reay, Kennedy, & Scholey, 2006)
, face recognition (Metzger, 2000), semantic memory (Riby, et al., 2006), prospective memory (Riby, Law, McLaughlin, & Murray, in press), verbal fluency (Donohoe & Benton, 1999a), visuospatial functioning (Scholey & Fowles, 2002), visuospatial long-term memory 
 ADDIN EN.CITE 
(Sünram-Lea, et al., 2001, 2002a, 2002b)
 and working memory 
 ADDIN EN.CITE 
(Hall, Gonder-Frederick, Chewning, Silvera, & Gold, 1989; Kennedy & Scholey, 2000; Meikle, et al., 2004; Reay, et al., 2006; Scholey, et al., 2001; Sünram-Lea, et al., 2002b, 2004; Sünram-Lea, et al., in press)
.

With regard to the notion that glucose only reliably enhances memory performance when memory materials are encoded under conditions of divided attention, a number of studies have investigated verbal episodic memory performance under dual-task conditions following administration of a glucose drink. Typically, participants are required to perform a motor task involving sequences of hand movements during presentation of verbal stimuli 
 ADDIN EN.CITE 
(Foster, et al., 1998; Riby, et al., 2006; Sünram-Lea, et al., 2001, 2002a, 2002b, 2004)
, analogous to that of our aforementioned studies in adolescent participants. While all of these studies have reported that oral glucose ingestion improves memory, some studies which have not incorporated a divided attention paradigm have failed to observe a significant effect of glucose on verbal episodic memory performance 
 ADDIN EN.CITE 
(Azari, 1991; Benton & Owens, 1993; Hall, et al., 1989; Manning, Parsons, Cotter, & Gold, 1997; Scholey, et al., 2001; Scholey & Kennedy, 2004; Winder & Borrill, 1998)
. In one study which involved administration of a verbal episodic memory task concurrently with a tracking task, glucose ingestion was associated with improved performance on the tracking task, but not the memory task (Scholey, Sünram-Lea, Greer, Elliott, & Kennedy, 2009). Taken together, these findings suggest that glucose enhancement of cognitive performance, particularly in the domain of verbal episodic memory, may be dependent upon whether the cognitive tests are administered under dual-task conditions. Alternatively, other studies in healthy young adults have suggested that it may not be divided attention per se, but rather cognitive demand more generally, which is important in terms of reliably observing a glucose enhancement effect. For example, task difficulty also seems to be an important determining factor in whether a facilitatory effect of glucose is observed 
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(Kennedy & Scholey, 2000; Meikle, et al., 2004, 2005; Scholey, et al., 2001)
. It has been suggested that more demanding cognitive tasks are associated with a greater depletion in blood glucose concentration 
 ADDIN EN.CITE 
(Donohoe & Benton, 1999b; Fairclough & Houston, 2004; Scholey, et al., 2001; Scholey, et al., 2006)
. It has been suggested that the glucose memory facilitation effect may be attributable to the supply of glucose ‘topping up’ circulating glucose resources under conditions of high cognitive demand (Scholey, et al., 2006).


An important series of findings to arise from the young adult work in this area are from neuroimaging work which has attempted to determine the specific brain regions involved in the glucose memory facilitation effect. A functional magnetic resonance imaging (fMRI) study in patients with schizophrenia conducted by Stone and colleagues (2005), found that parahippocampal activation was significantly enhanced during verbal encoding, relative to placebo, suggesting a role for the medial temporal lobe (MTL) in the mediation of the glucose memory facilitation effect. Further, in a more recent fMRI study by Parent and colleagues (in press), the increased activation of several MTL brain regions were also observed during a visual encoding task, demonstrating further support for the role of the MTL in mediating the glucose enhancement effect. Moreover, these previous fMRI findings are supported by ERP findings in healthy young adults. During an oddball task, Riby, Sünram-Lea and colleagues (2008b) observed significant amplitude reduction of an ERP component that is thought to be modulated by the hippocampus (P3b). This finding was interpreted as a demonstrating that glucose enhances memory by decreasing the cognitive resources required for memory updating (Riby, et al., 2008b). A further fMRI study has adopted a similar argument following the observation that decreased prefrontal activation was observed during a monitoring task subsequent to a drink comprising a combination of glucose and caffeine (Serra-Grabulosa, Adan, Falcon, & Bargallo, 2010).

Taken together, the most notable findings in this area from young adults are that i) glucose appears to enhance performance across a range of cognitive domains, most notably episodic memory, ii) the glucose memory facilitation effect is most reliably demonstrated when two concurrent tasks are administered, or possibly, when the task demands are high more generally, and iii) neuroimaging findings support a role for the MTL in the mediation of the glucose memory facilitation effect.
Older adults

Ageing is typically associated to some degree of cognitive decline, including memory loss 
 ADDIN EN.CITE 
(Craik, 1994; Grady & Craik, 2000; Salthouse, 2003; Winocur, 1988)
. In recent years, a plethora of research has been conducted to investigate potential lifestyle and dietary changes which may reduce the detrimental effects of ageing on cognitive performance. Such research is of vital importance in terms of decreasing the social and economic costs of cognitive ageing.


Many of the early studies investigating the influence of glucose ingestion on cognitive performance were conducted in elderly individuals. A key rationale for this seminal early work was that the ageing process involves dysregulation of a number of key hormones involved in both memory and glucoregulation, such as adrenaline (Gold, 2005; Korol & Gold, 1998). Further impaired glucoregulation is a typical feature of ageing 
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(Awad, Gagnon, Desrochers, Tsiakas, & Messier, 2002; Messier, 2004; Parsons & Gold, 1992)
. Similarly to the studies in young adults, modulation of verbal episodic memory subsequent to glucose ingestion has been investigated in older adults relatively more frequently than other cognitive domains. This may be due to the fact that memory problems are a notable concern for many elderly individuals, as suggested above. The majority of the studies conducted have reported an improvement in verbal episodic memory 
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(Hall, et al., 1989; Manning, Hall, & Gold, 1990; Manning, et al., 1997; Manning, Parsons, & Gold, 1992; Manning, Stone, Korol, & Gold, 1998; Parsons & Gold, 1992; Riby, et al., 2006; Riby, Meikle, & Glover, 2004)
. However, few studies have found evidence for glucose facilitation of other cognitive domains. One study by Allen and colleagues (1996) found that a 50g glucose dose enhanced design fluency, verbal fluency and visual memory in a sample ranging between 61 and 87 years of age. Additionally, Messier and colleagues (1997) found that glucose ingestion improved attention in older adults. Beyond these findings, there is limited evidence to suggest that glucose enhances non-episodic memory cognitive domains (for a review, see Smith, et al., 2011b).

Given the prevalence of cognitive dysfunction among elderly individuals, it would be of interest to investigate whether modulation of long-term carbohydrate intake could improve chronic cognitive performance in elderly individuals. For example, manipulation of dietary carbohydrate and fibre intake could lower the glycaemic load of meals, which may improve chronic glucoregulation in elderly individuals and possibly result in improved cognitive performance. A recent Cochrane review reported that no randomised controlled trials have been conducted to date which could extend current knowledge on whether carbohydrate intake could influence chronic cognitive performance in older individuals (Ooi, Loke, Yassin, & Hamid, 2011). This Cochrane review focussed specifically on mild cognitive impairment, a transient state of cognitive decline between healthy cognition and dementia. However, our understanding of how carbohydrate intake influences cognitive performance in older adults more generally is limited. This should be a priority for future research in this area.  
Long-term studies


As mentioned above, our understanding of the ways in which long-term dietary carbohydrate intake influences cognitive performance is limited. However, in recent years, researchers have begun to consider the role of weight loss diets on cognitive performance. Such diets tend to involve restricted carbohydrate intake and meals and snacks with a low glycaemic load. The chapter by D’Anci in this volume provides a comprehensive review of this body of work. While results of these studies are somewhat mixed, it seems that a severely carbohydrate-restricted diet can be detrimental for long-term cognitive performance. Research by D’Anci and colleagues (2009) has found support for the notion that low carbohydrate diets are associated with a reduction in memory and processing speed. Further, Cheatham and colleagues (2009), failed to find a cognitive benefit from low glycaemic load weight loss diets. This is despite an abundance of previous reports from acute studies that ingestion of a low glycaemic index meal is associated with improvements in cognitive performance, most notably attention, during the period following ingestion of the meal. Carbohydrate restricted dieting is obviously a special case, and as suggested above, more work is clearly needed to ascertain the relationship between dietary carbohydrate intake, glycaemic load and cognitive performance across the lifespan.   
Mechanisms


A number of theories pertaining to the neurocognitive mechanisms underlying the glucose memory facilitation effect have been proposed. Three of these mechanisms will be discussed herein: i) insulin receptors, ii) hippocampal acetylcholine (Ach) synthesis and iii) potassium adenosine triphosphate (KATP) channel function. 
Insulin


Insulin receptors are densely populated in the hippocampus relative to other brain regions (Unger, et al., 1989). Increases in circulating blood glucose subsequent to carbohydrate ingestion triggers insulin release from the pancreas, and therefore increases circulating insulin. Insulin has been observed previously to improve acute memory performance when administered directly 
 ADDIN EN.CITE 
(Martins, et al., 2006; Reger, et al., 2006; Reger, et al., 2008a; Reger, et al., 2008b; Watson & Craft, 2004)
, confirming that insulin can act as a cognitive enhancer in its own right. This has led to suggestions that glucose enhances memory via modulation of insulin release, and subsequent insulin effects on the brain. This hypothesis currently remains speculative, due to the difficulty associated with increasing blood glucose in the absence of a subsequent increase in insulin release.

ACh synthesis 

ACh is a major neurotransmitter which serves many important functions in the autonomic and central nervous systems. Given that glucose metabolism is centrally involved in the synthesis of ACh, it has been investigated as a candidate mechanism underlying the glucose memory facilitation effect (Messier, 2004). Studies in rodents have found that administration of glucose dose-dependently increases both cognitive performance and ACh output 
 ADDIN EN.CITE 
(Ragozzino, Pal, Unick, Stefani, & Gold, 1998; Ragozzino, Unick, & Gold, 1996)
. Additionally, low glucose doses which would not typically enhance performance when administered independently demonstrate a cognitive facilitation effect when administered with choline, a further ACh precursor metabolite in mice (Kopf, Buchholzer, Hilgert, Löffelholz, & Klein, 2001). Taken together, these findings suggest a role for ACh in the modulation of cognitive performance subsequent to glucose administration. However, these findings do not provide conclusive evidence that glucose directly exterts its effects on cognition via ACh, and the pathway by which such a mechanism operates is likely to be complex.
KATP channel function

Related to the previous suggestion that glucose enhances memory via its effects on the synthesis of ACh, it has also been suggested that glucose modulates cognitive performance via its role in the regulation of KATP channel function. Administration of glucose, in addition to other substances which are associated with  KATP channel blockade in rats, results in an increase in hippocampal ACh output and enhanced cognitive performance 
 ADDIN EN.CITE 
(Stefani & Gold, 2001; Stefani, Nicholson, & Gold, 1999)
. While these observations support the hypothesis that glucose exerts an effect on cognitive performance by regulating KATP channel function, and thus increasing hippocampal ACh output, these findings should again be treated with caution. This is because these studies do not directly investigate the direct effects of glucose administration on KATP channel function, but only observe a similar effect on ACh output between glucose and other KATP channel regulators.
Other carbohydrates


Thus far, this chapter has focussed primarily on glucose effects on cognitive performance across the lifespan. While studies investigating chronic glucose consumption and cognitive performance are lacking, evidence from several studies suggests that ingestion of glucose can enhance cognitive performance acutely. In addition to this body of work, some studies have also considered the influence of other dietary carbohydrates on cognitive performance at various stages of the lifespan, including fructose and sucrose. Some of these studies are discussed herein.
Fructose


Fructose is a monosaccharide which is naturally found in high levels in fruit, vegetables, honey and sugar cane. Evidence from both acute 
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(Messier & White, 1987; Rodriguez, Horne, Mondragon, & Phelps, 1994; Rodriguez, Horne, & Padilla, 1999)
 and long-term 
 ADDIN EN.CITE 
(Messier, Whately, Liang, Du, & Puissant, 2007)
 animal studies has supported a role for fructose enhancement of cognitive performance. In this latter study, a high fructose diet administered for three months was associated with faster learning on an operant conditioning task 
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(Messier, et al., 2007)
. By contrast, it has been suggested that increased fructose intake across the lifespan is a risk factor for dementia 
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(Siervo, Wells, Brayne, & Stephan, 2011; Stephan, Wells, Brayne, Albanese, & Siervo, 2010)
. The evidence for such an association is based largely upon epidemiological observations of dietary fructose intake and dementia prevalence, typically at a national, rather than an individual level (Stephan, et al., 2010). However, there are obvious methodological shortcomings associated with such a gross observational research method, and an investigation of this question using a large-scale longitudinal cohort study would be beneficial. While no direct mechanism has yet been determined for the relationship between dementia and fructose intake, fructose, via a number of indirect pathways, increases insulin release, which can lead to insulin resistance and other cardiovascular risk factors for dementia (Stephan, et al., 2010).   
Sucrose


Sucrose is commonly known as table sugar, and is synthesised from fructose and glucose. In addition to the vast literature which now exists relating to glucose effects on cognitive performance, some evidence is beginning to emerge from the animal literature which suggests an association between a high sucrose diet and cognitive impairment. For example, rats fed a high sucrose diet for six weeks demonstrated relatively poor spatial memory (Jurdak, Lichtenstein, & Kanarek, 2008), and in a further study by this same group, rats fed a high sucrose diet for eight weeks showed poor recognition memory performance 
 ADDIN EN.CITE 
(Jurdak & Kanarek, 2009)
. In both of these studies, the animals in the high sucrose condition exhibited relatively poorer glucoregulatory efficiency subsequent to the dietary intervention period, relative to those fed a standard chow 
 ADDIN EN.CITE 
(Jurdak & Kanarek, 2009; Jurdak, et al., 2008)
. On this basis, it may well be that insulin resistance is the mechanism underlying the association between sucrose intake and cognitive performance. It remains to be seen whether these results can be replicated in human studies. Epidemiological studies should investigate this association as a first step to better understanding the relationship underlying sucrose induced cognitive impairment.
Summary and conclusions

In summary, evidence from numerous human studies now exist which support the notion that glucose ingestion enhances cognitive performance across the lifespan. In younger adults, glucose is observed to enhance cognitive performance across a number of cognitive domains, but only reliably under conditions of divided attention. In older adults, findings to date suggest that cognitive enhancement of memory subsequent to glucose ingestion is limited to the domain of verbal episodic memory. In adolescents, research has primarily focussed on the enhancement of attention subsequent to ingestion of a low G.I., relative to a high G.I. meal, which has implications for the nutritional composition of breakfast and lunchtime meals prior to sustained cognitive activity in the classroom. Future research should focus upon the long-term influence of diets differing with regard to carbohydrate composition. Some animal work has incorporated dietary manipulation of sucrose and fructose composition and investigated the impact of such manipulations on cognitive performance. However, more work needs to be done to further elucidate these relationships, and the mechanisms underlying the association between long-term carbohydrate intake and cognitive performance across the lifespan. 


In summary, the literature reviewed in this chapter suggests a relationship between acute carbohydrate ingestion and cognitive performance, as well as between long-term carbohydrate intake and cognition. However, these relationships are complex, and more work is needed, particularly relating to longer-term studies of dietary intake across the lifespan, to further enhance our understanding of the associations which have been established.   
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Figure Legends
Figure 1

Glucose influences on verbal episodic memory performance, as measured by the California Verbal Learning Test (CVLT), in adolescents. Figure 1A shows the total number of items recalled on each immediate free recall trial of the CVLT, subsequent to ingestion of a) glucose, or b) placebo. Glucose ingestion significantly improved performance on immediate free recall trials 4 and 5, relative to placebo. Figure 1B shows that relative to placebo, ingestion of oral glucose enhanced short delay free recall (SDFR), long delay free recall (LDFR) and long delay cued recall (LDCR) performance on the CVLT, but not short delay cued recall (SDCR) performance. Figure 1C shows a trend towards enhanced CVLT free recall, one-week post encoding, subsequent to pre-encoding ingestion of glucose, relative to placebo. There were no long term effects of glucose ingestion on cued recall performance. Data from Smith (2009) and Smith, Hii et al. (2011a), collected in adolescent males aged 14-17 years. Figures adapted and reproduced with permission from Smith, Hii et al. (2011a). *p < 0.05, **p < 0.01.
Figure 2

ERP old-new difference waveforms at three frontal electrodes (F3, Fz, F4) and three parietal electrode sites (P3, Pz, P4), subsequent to the ingestion of a) glucose, or b) placebo. The difference waveforms were significantly larger in amplitude over the frontal sites between the 300-500 ms latency range (labelled FN400) for the glucose condition, relative to the placebo condition. This suggests that glucose significantly enhanced familiarity based recognition memory processing. The difference waveforms were also significantly larger in amplitude over the left parietal sites between the 400-800 ms latency range (labelled LP) for the glucose condition, suggesting that recollection based recognition memory processing was also enhanced by glucose. Figures reproduced with permission from Smith et al. (2009).  
Figure 3
Mean number of items remembered/forgotten for a group who were administered a) a low G.I. breakfast cereal meal group, or b) a high G.I. breakfast cereal meal (± S.E.). There was a significant time x treatment interaction effect, in that those participants who consumed the high G.I. breakfast cereal meal recalled significantly more items following a long delay (100 minutes) than following a short delay (60 minutes). Further, at the long delay, significantly more items were remembered by High G.I. group, relative to the Low G.I. group. Figure reproduced with permission from Smith and Foster (2008b).
