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The brain has a high metabolic rate and its metabolism is almost entirely restricted to oxi-
dative utilisation of glucose. These factors emphasise the extreme dependence of neural tis-
sue on a stable and adequate supply of glucose. Whereas initially it was thought that only
glucose deprivation (i.e. under hypoglycaemic conditions) can affect brain function, it has
become apparent that low-level fluctuations in central availability can affect neural and con-
sequently, cognitive performance. In the present paper the impact of diet-based glycaemic
response and glucose regulation on cognitive processes across the lifespan will be reviewed.
The data suggest that although an acute rise in blood glucose levels has some short-term
improvements of cognitive function, a more stable blood glucose profile, which avoids
greater peaks and troughs in circulating glucose is associated with better cognitive function
and a lower risk of cognitive impairments in the longer term. Therefore, a habitual diet that
secures optimal glucose delivery to the brain in the fed and fasting states should be most
advantageous for the maintenance of cognitive function. Although the evidence to date is
promising, it is insufficient to allow firm and evidence-based nutritional recommendations.
The rise in obesity, diabetes and metabolic syndrome in recent years highlights the need for
targeted dietary and lifestyle strategies to promote healthy lifestyle and brain function
across the lifespan and for future generations. Consequently, there is an urgent need
for hypothesis-driven, randomised controlled trials that evaluate the role of different
glycaemic manipulations on cognition.
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Background

The rise in nutrition-related illness highlights the need for
targeted health promotion and interventions across the
lifespan and for future generations". Traditionally the
focus of such interventions was on prevention of chronic
disease and premature death. However, there is now a
large body of evidence demonstrating that cognitive
decline accompanies certain metabolic health conditions
such as type 2 diabetes, metabolic syndrome and obesity
and that modifiable lifestyle factors including diet may
contribute significantly to the risk of cognitive decline,

including dementia®. Consequently, there has been an
increasing interest in the effects of nutrition on cognitive
performance and more specifically how cognitive per-
formance can be optimised using nutritional interven-
tions. When looking across the lifespan, broadly
speaking nutritional interventions offer opportunity to
(i) optimise cognitive development during infancy and
childhood, (ii) ensure the highest levels of cognitive func-
tion during adulthood and (iii) prevent cognitive decline
in older age (see Fig. 1).

The macronutrient glucose is perhaps most thoroughly
researched in terms of its effects on cognition. Here the

Abbreviations: GI, glycaemic index; GL, glycaemic load.
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Fig. 1. Nutrition and cognition: potential for optimising cognitive
performance across the lifespan.

impact of diet-based glycaemic response and glucose
regulation on cognitive processes across the lifespan
will be reviewed. Before considering the relationship of
glucose, glycaemic response and cognitive processes,
some features of glucose metabolism important for the
understanding of its role in cognition will be discussed.

Glucose: the major source of energy for the brain

All processes of cells (including nerve cells) require
energy. In human subjects and most animals, ATP
works as the main carrier of chemical energy. The
human body uses three types of molecules to yield the
necessary energy to drive ATP synthesis: fats, proteins
and carbohydrates. Aerobic carbohydrate metabolism
is the main source of energy available for brain tissue'>.
Compared with other organs, the brain possesses para-
doxically limited stores of glycogen, which without
replenishment are exhausted in up to 10 min. In nervous
tissue, glycogen is stored in astrocytes. Astrocytes partici-
pate significantly in brain glucose uptake and metabol-
ism and due to their location and metabolic
versatility”. The entry of glucose into the brain is
mediated by the family of GLUT, which are adapted
to the metabolic needs of the tissue in which it is
found. The primary GLUT isoforms in the brain are
GLUTI1 and GLUTS3 but others have been detected in
different brain regions, at a lower level of expression®.

The immense expenditure of energy by the brain rela-
tive to its weight and volume is thought to be due to the
need to maintain ionic gradients across the neuronal
membrane®. In addition, there is no break from the
brain’s energy demand as the rate of brain metabolism
is relatively steady day and night, and may even increase
slightly during the dreaming phases of sleep'”. Thus the
energy requirements of brain tissue are exceptionally
constant® and glucose deprivation can severely disrupt
neuronal activity, producing electroencephalogram pat-
terns characteristic of lowered cognitive functioning®.
Indeed, when blood glucose drops below 4 mm/l (72
mg/dl; hypoglycaemic condition), it can cause

discomfort, confusion, coma, convulsions, or even
death in extreme conditions"”. Conversely, persistent
blood glucose concentrations above the normal range
(hyperglycaemic condition) can also have damaging
physiological effects. Because glucose exerts osmotic
pressure in the extracellular fluid, extremely high blood
glucose concentrations can cause cellular dehydration,
loss of glucose in the urine, which can affect kidney func-
tion and de})lete the body’s supply of fluids and
electrolytes!! V.

Glucose brain metabolism: changes across the lifespan

The rate of glucose brain metabolism changes across the
lifespan. Initially, there is a rise in the rate of glucose util-
isation from birth until about age 4 years, at which time
the child’s cerebral cortex uses more than double the
amount of glucose compared with adults. This high
rate of glucose utilisation is maintained from age 4 to
10%. Childhood is a time of intense learning and there-
fore coincides with the most metabolically expensive per-
iod"®. The high energy demand of a child’s brain
requires the use of the majority of hepatically generated
plasma glucose"®. In addition, glucose supply needs to
be particularly stable as impairments are thought to
occur at higher plasma glucose level (4-2 mm/1)'.
After this period, there is a gradual decline in glucose
metabolic rate, reaching adult values by age 16-18
years'®. This is followed by a plateau phase until middle
age after when a significant age-related decline in cere-
bral glucose metabolism can be observed'?. This age-
specific metabolic pattern of glucose consumption has
not been observed in other species and it has been argued
that this could be a driver or indeed a consequence of
human cognition'”,

Most children and young adults maintain circulating
glucose within the normal range throughout cycles of
feeding and fasting and balanced alterations in secretions
of regulatory hormones'®!?. In contrast, older adults
have a broader range over which circulating glucose is
maintained and in addition have attenuated counter
regulatory responses®?". Circulating insulin levels
tend to be elevated with age (approximately 8% higher
than in young adults) and are indicative of reduced insu-
lin sensitivity®”. Reduced insulin sensitivity or insulin
resistance is a condition where individuals develop resist-
ance to the cellular actions of insulin, characterised by an
impaired ability of insulin to inhibit glucose output from
the liver and to promote glucose uptake in fat and mus-
cle®. Both effects of insulin insensitivity on liver and
muscle tissue cause elevations in peripheral blood glucose
levels®?. Changes in insulin action have been observed at
different stages of development. Basal insulin secretion
increases during puberty, falling back to pre-pubertal
levels in adulthood®. Yet, fasting glucose levels remain
constant, implying an increase in tissue resistance to insu-
lin coinciding with puberty®®. The reason for the
puberty-induced reduction of insulin sensitivity appears
to be growth-hormone related®’>”. Growth hormone
secretion reaches a peak at around puberty and will
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begin to decrease by age 21 years®?. It is commonly in
middle age where insulin resistance and poor glucose tol-
erance become a health issue®". Given that the brain
uses glucose as a primary substrate for brain function,
it is perhaps not surprising that conditions that affect per-
ipheral and central glucose regulation and utilisation
may also affect cognitive functioning. Moreover, based
on the evidence earlier there might be critical periods in
which alterations in cerebral glucose supply might have
more pronounced effects on cognitive performance.

Acute administration of a glucose load: prototypical
experimental paradigm

Over the past 30 years, a large body of literature has
demonstrated beneficial effects of acute glucose adminis-
tration on cognition in various populations®**¥. The
general methodology used in these studies involves
administration of an oral glucose load (usual range
between 25 and 50 g glucose) after a period of fasting
(ranging from 2 h to overnight fast) followed by assess-
ment of cognitive performance and measurement of
. (32, 34)

capillary blood glucose levels

Using this experimental paradigm, beneficial effects
have been observed across different populations. For
example, glucose administration has been shown to
enhance cognitive performance in adolescents®”, young
adults®**_ older adults“®*” and improvements have
been observed in subjects with mild or severe cognitive
pathologies, including individuals with Alzheimer’s dis-
ease and Down’s syndrome®**?. In addition, facilitation
of cognitive performance induced by elevations in
plasma glucose levels has also been reported in patients
with schizophrenia®®*?. It is important at this point to
note that these results do not reflect a negative effect of
fasting on cognition and memory, as the degree of fasting
in which participants engaged was not exceptional and
participants do not reach blood glucose levels associated
with hypoglycaemia.

In terms of cognitive tasks affected, benefits have been
found to occur in a range of cognitive domains, including

. . . . 53 .
information processing and attention“**°>% working
memory%374243:3 “executive function®® | problem
solving®” and long-term memory3¢38:40-42:58-60) " Tpe

clearest enhancement effects of increased glucose supply
have been observed for long-term memory over a variety
of conditions and paradigms®". As different aspects of
cognition pertain to different neural structures and net-
works, this allows speculation about the areas of the
brain that might be particularly susceptible to glycaemic
fluctuations. The robust effects on long-term memory,
suggest that glucose facilitation may be particularly
pronounced in tasks that pertain to the hippocampal for-
mation®®. The level of task demand is a further moder-
ating factor for cognitive enhancement by increased
glucose availability. Indeed, in younger participants,
glucose-related improvement of cognition appears to be
related to the difficulty of the cognitive tasks. Tasks
which are more cognitively demanding appear to be
more sensitive to the effect of glucose loading®’#3:¢?),

In addition, depletion of memory capacity and/or glu-
cose resources in the brain due to performing a concomi-
tant cognitive task might be crucial to the demonstration
of a glucose facilitation effect®”.

While both young and older adults show cognitive
improvement after the oral administration of glucose,
the effects appear to be more profound in older indivi-
Y Cognitive decline over the aging process has
been well documented®*®Y. Traditionally, cognitive
impairments are assumed to reflect deficits caused by
damage of brain areas or systems in which cognitive pro-
cessing in normal subjects occurs. However, more
recently there has been a focus shift on specific physio-
logic and metabolic impairments that appear to contrib-
ute to the cognitive decline observed in ageing. Older
adults have a broader range over which circulating
glucose is maintained and in addition have attenuated
counter regulatory responses®>®”. These suboptimal meta-
bolic and cognitive conditions are likely to make older indi-
viduals more susceptible to glucose facilitation of cognitive
performance(68’69).

The energy cost for effortful, controlled or executive
processes appears to be significantly higher than that
for automatic or reflexive processes'’”. Effortful, con-
trolled or executive processes are processes that are reli-
ant on the central executive, in which thoughts,
behaviours and actions are coordinated to allow goal
directed and purposeful behaviour, while automatic
and reflexive behaviours are evolutionarily predisposed
or learned behaviours elicited by environmental stim-
uli”". Indeed, lowered peripheral glucose levels follow-
ing performance of a cognitively demanding task have
been reported®*’?. This fall in plasma glucose could
reflect a more efficient transfer of glucose to the brain
which in turn results in increased provision centrally®>.
One should be cautious when making assumptions
about peripheral blood glucose levels and their putative
effects on the brain, as other studies have failed to dem-
onstrate such findings*’*. Nevertheless, the evidence
suggests that cognitively demanding tasks and in particu-
lar those relying on executive functions are sensitive to
changes in glucose availability’’>. Administration of
a glucose drink would consequently provide the brain
with sufficient metabolic resources for extensive cognitive
processing and support the brain areas under greatest
cognitive load, and thus lead to improved performance.

A further moderating factor of the impact of glucose
on cognitive function is dose. As with many substances
affecting cognitive performance, glucose displays an
inverted U-shaped dose-response curve and its effect is
time dependent’®. For older adults 25 g glucose appear
to be the optimal dose, with performance deterioration
observed after administration of 75 g glucose'’”. For
young adults 25 g also seems to most reliably facilitate
cognitive performance; however, there is evidence sug-
gesting that the optimal dose or shape of the dose-
response curve may be dependent on inter-individual dif-
ference in glucose metabolism, and the cognitive domain
being assessed®”. Of note, the cognitive enhancing
effects of pharmaceutical substances such as stimulants
(methylphenidate, modafinil) and acetylcholinesterase
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inhibitor (dementia drugs) in healthy individuals are gen-
erally moderate or small (as estimated by Cohen’s d
effect size) according to systematic reviews'’®’. The
effects of glucose administration are comparable with
those from pharmaceutical interventions, with effect
sizes for glucose effects range from 0-34 to 4-26, with typ-
ical values of 1-02, 0-81 and 1-07 for heavily loaded
working memory and verbal episodic recognition and
recall, respectively®?.

Glucose facilitation of cognitive performance: putative
underlying mechanisms

The precise mechanisms by which increased peripheral
and/or central glucose availability affects cognitive pro-
cesses are still unclear. There are two broad theoretical
approaches: energetic demand models and domain
specific models. Energetic demand models have their
basis in the observation that the amount of mental effort
involved in cognitive processing is an important deter-
minant of a task’s susceptibility to glucose enhance-
ment®>7%7®_ Domain specific theories, alternatively,
stipulate that certain areas of the brain are more suscep-
tible to changes in glucose availability™****1 However,
these different approaches are by no means mutually
exclusive, their relative explanatory value depending on
cognitive task and brain structure.

Glucose metabolism varies throughout tissue/cell types
of the brain, with a clearly established correlation
between increased energy metabolism and increased
neuronal activity and energy metabolism®?. Both the
rate of blood to brain glucose transport® and glucose
metabolism®® are stimulated in different areas in the
brain during cognitive tasks relevant to that area.
There is evidence that performing cognitively demanding
tasks increases total brain consumption by as much as
12%).

As described, glucose exerts quite robust effects on
long-term memory tasks. The hippocampus is the brain
region most strongly implicated in long-term memory
performance®®. Microdialysis measurements of brain
glucose have shown a large decrease in hippocampal
extra cellular fluid (32%) in rats tested for spontaneous
alternation on a four-arm maze (a difficult memory
task), while a smaller decrease (11%) was seen in rats
tested on a simpler three arm-maze, suggesting that the
changes observed in extra cellular fluid glucose are
related to task difficulty. The fall in extra cellular fluid
can be prevented by administration of glucose, which
in turn leads to enhanced memory performance®”.
There is some evidence that the concentration of extracel-
lular glucose in the brain after its transfer across the
blood-brain barrier from plasma glucose varies with
brain region from 1-3 mm/l in the hippocampus to 0-3—
0-5 mm/l in the striatum®®. These findings suggest that
the hippocampal area is particularly sensitive to energy
fluctuations. However, the hippocampus has relatively
greater glycogen stores compared with other areas sug-
gesting that it has evolved some protection against

temporary deficits g13 mm/l compared with 5-6 mm/l in
the cerebral cortex™.

There is evidence suggesting that the cognitive facilita-
tion observed after glucose loading is due to an increase
in enhancement of acetylcholine synthesis and/or
release®?. In addition, elevated insulin in response to
hyperglycaemia rather than glucose levels per se may
moderate memory performance®”. Originally, insulin
was considered only as a peripheral hormone, unable
to cross the blood—brain barrier and to affect the central
nervous system. However, there is now increasing evi-
dence that neuronal glucose metabolism is antagonisti-
cally controlled by insulin and cortisol®').

The hippocampus, the brain region key to memory
and learning, has particularly high levels of insulin recep-
tors®**? which are known to promote cellular glucose
uptake®*”>. Insulin-sensitive GLUT such as GLUT4

established role of the hippocampus in memory, elevated
insulin in response to hyperglycaemia may boost glucose
utilisation in the hippocampus and result in improved
performance®”.

Glucose might also act via peripheral physiological
mechanisms, which in turn facilitate central mechanisms
involved in cognition. Messier and White®* suggested
that changes in cell membrane transport in the liver fol-
lowing administration of high doses of glucose and fruc-
tose (>1000 mg/kg) are detected by the coeliac ganglion,
then transformed into neural signals and finally carried
via the vagus nerve to the brain. In accordance with
this suggestion, coeliac ganglion lesions (which block
most of the efferents of the liver) have been shown to
abolish the mnemonic effect of glucose®”. To date
there is no concrete information available concerning
how this proposed neural signal from the liver might
influence cognitive performance when it reaches the
brain. However, the nucleus of the solitary tract in the
brain stem is the main relay station for afferent vagal
nerve fibres and has widespread projections to numerous
areas in the cerebral cortex, including the hippocampus
and the prefrontal cortex!?.

Research also shows that difficult tasks are more likely
to be susceptible to glycaemic interventions. Difficult
tasks include those involving executive functions pertain-
ing to frontal brain regions: inhibition/self-control, work-
ing memory and mental flexibility'°"'%  Evidence
suggested that tasks that demand such cognitive control
and attentional resources appear to be more energy
demanding”?. Consequently, another area of the brain
which appears to be particularly sensitive to energy
fluctuations is the frontal cortex. The cerebral cortex,
and in particular the prefrontal cortex, represents the
neural basis of higher cognitive functions!!**!%¥.
Aspects of higher-level cognition were probably one of
the last cognitive abilities to develop ontogenetically.
Based on the ‘last-in, first-out rule’, cognitive abilities
that developed last ontogenetically are likely the first to
become impaired when cognitive and/or physiological
resources are compromised. Consequently, optimal per-
formance on tasks pertaining to function of the pre-
frontal cortex might require more energetic fuel than
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others. The research is not yet conclusive, but suggests
that the underlying mechanism is multifarious. The
most likely scenario is that glucose provides additional
metabolic fuel under high demand conditions and that
certain areas of the brain are more susceptible to limita-
tions in fuel supply.

Glycaemic regulation and cognition

Over longer time periods, elevated blood glucose levels
act as an allostatic load to biological systems and can
accelerate disease processes. Chronic hyperglycaemic
conditions negatively affect glycaemic regulation, i.e. the
ability of the body to effectively regulate blood %1ucose
levels and to remove glucose from the blood'*>'%®. In
addition to high carbohydrate loading, fat ingestion is
also associated with development of insulin resistance
through  inflammation mediated mechanisms!'?”,
Evidence suggests that the risk of impaired glucose regula-
tion and type 2 diabetes is associated with a high trans
fatty acid intake and a low poly-unsaturated to saturated
fat intake ratio'®®.

Consequently, glycaemic control is another important
factor when considering cognition across the life-
(109) " Conditions in which glycaemic regulation is
severely compromised are diabetes type 1 and type 2,
impaired glucose tolerance and impaired fasting glucose.
Cognitive impairments were indeed one of the earliest
recognised neurological complications associated with
diabetes''”. To date, numerous studies have compared
cognitive functioning in diabetic patients with non-
diabetic controls!'V. Although these studies differed
widely with respect to patient characteristics (age, dur-
ation and type of diabetes) and cognitive tests used, the
majority of these studies demonstrated cognitive impair-
ments in this population, which included decreased per-
formance on various attention and memory
tasks!! 91127119 " Risk factors associated with cognitive
complications in diabetes appear to be (i) degree of meta-
bolic control™'® and (ii) repeated episodes of hypogly-
caemia''”. It is therefore not surprising that in
children diagnosed with type 1 diabetes before age 10
years, cognitive complications are generally only
observed if they have a history of hypoglycaemic sei-
zures!"'®_ Tt is evident from the literature that type 2 dia-
betes is the preventable metabolic condition associated
with an increased risk of cognitive dysfunction!!*~1?1).

However, there is now increasing evidence of a rela-
tionship between glycaemic control and cognitive func-
tions in non-diabetic populations*!'?) Cognitive
decline over the ageing process has been well documen-
ted and it has been suggested that normal ageing may
represent a condition in which there is greater vulnerabil-
ity to disrupted glucose regulation®. Indeed, evidence
to support this hypothesis is provided by the finding
that memory performance in elderly participants with
poor glucose regulation is impaired relative to elderl;f
participants with good glucose regulation!?>~12%,
Moreover, age-related changes in glucose metabolism
have been identified as a risk factor for Alzheimer’s

disease®>?%129_ Consistent with this notion is the

finding that hyperglycaemia (induced through oral and
intravenous glucose administration) can facilitate mem-
ory performance in Alzheimer’s patients, at least in the
early stages of the disease!'*®. Interestingly, alterations
in blood glucose regulation seem to depend on the sever-
ity of the disease process. More specifically, high insulin
levels are observable at the very early (very mild) stages
and decline as dementia progresses. Moreover, memory
facilitation can be achieved through glucose administra-
tion in the early stages and the degree of facilitation
decreases at more advanced stages of the disease®”.
Indeed, as abnormalities in brain insulin resistance and
deficiency have been observed in Alzheimer’s disease,
and the fact that molecular and biochemical hallmarks
of Alzheimer’s disease, such as neuronal loss, synaptic
disconnection, tau hyperphosphorylation and amyloid-
beta accumulation overlap with type 1 and type 2 dia-
betes, the term ‘type 3 diabetes’ has been suggested to
account for the underlying abnormalities associated
with Alzheimer’s disease-type neurodegeneration>”. A
combination of diet and exercise has been demonstrated
to have cognitive and metabolic benefits (improved glu-
cose and insulin metabolism) in adults with impaired glu-
cose tolerance"**'*”). Dietary lifestyle changes can have
a positive impact throughout the lifespan and appear to
not only reduce the risk of acquiring cognitive impair-
ments, but can also attenuate existing impairments. For
example, a recent study showed that a 4-week low-
saturated fat/low-glycaemic index (GI) diet resulted in
improved memory performance and insulin metabolism
in adults with amnestic mild cognitive impairment'3®.
Perhaps more worryingly, performance decrements
due to poor glucose regulation have been reported in
ST (109,113) .
younger individuals . For example, recent studies
have shown that even in a healthy young student popula-
tion those with better glucose regulation (those who had
the smallest blood glucose rise following §1ucose inges-
tion) perform better on tests of memory**>%-113:131-133)
vigilance®®"*, planning"*" and dichotic listening
compared with those with poorer glucose regulation. In
addition, glucose administration preferentially improved
performance in those with poorer glucose regulation and
the effects are less likely to be observed in good glucose reg-
ulators in both old and young populations®?. This would
suggest that glucose control or tolerance is associated
with cognition throughout the lifespan. Overall there
appears to be some evidence that glucoregulation may
exert direct effects on cognitive function in that those
with poor glucoregulation may demonstrate mild cogni-
tive deficit compared with good glucoregulation.
However, research in young adults is limited, further-
more the methodologies for determining glucoregulatory
control have been varied. Only a few studies have used a
standardised oral glucose tolerance test for the evalu-
ation of glucose tolerance in healthy young adults“*!3%.
The oral glucose tolerance test involves administration of
a 75 g glucose load after a minimum 8 hour fast and is
the gold standard test for the diagnosis of diabetes
mellitus"*®. Moreover, the majority of studies have
only assessed one specific measurement of glucose

(1343
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tolerance. Several glucoregulatory indices have been pre-
viously evaluated for their relationship with cognitive
performance in younger and older participants. These
include: fasting levels, peak glucose levels, recovery and
evoked glucose to baseline levels and incremental area
under the curve®?. At a younger age, the deficits asso-
ciated with poor glucoregulation may be minimal and
hard to detect therefore it is important to identify the
most sensitive marker. A study in our laboratory found
area under the curve, which takes baseline blood glucose
levels into account (area under the curve with respect to
ground’*?), to be the best predictor of cognitive per-
formance, whereas the most commonly used incremental
area under the curve did not show a strong associ-
ation”. This suggests that overall circulating glucose
levels may be an important factor in the assessment of
glucoregulation in sub-clinical; populations with normal
glucose tolerance as defined by the WHO'*®). Indeed, a
recent study identified fasting blood glucose levels as a
predictor for cognitive performance™*®. Young adults
who were obese but otherwise healthy had higher fasting
glucose levels compared with normal weight participants.
In addition, higher glucose levels were associated with
poorer cognitive performance on tests of inhibitory con-
trol, especially among individuals with pre-diabetic
levels. Consequently, subclinical elevations in blood glu-
cose may contribute to cognitive impairments before the
development of clinically defined disease states.

The postprandial glycaemic response and cognition

When considering the nature of glucose availability, the
rate at which food increases and maintains blood glu-
cose, i.e. ‘the GI” appears to be an important modulating
factor. Shortly after intake of a high GI food there is a
relatively rapid rise in blood glucose levels followed by
a corresponding rapid decrease, whereas after the intake
of a low GI food there is a relatively smaller rise in blood
glucose followed by more stable blood glucose concen-
tration. GI solely provides a measure of carbohydrate
quality"*®, whereas glycaemic load (GL) takes into
account the amount of carbohydrates consumed and is
calculated by multiplying the amount of available carbo-
hydrate in a food item by the GI of the food and dividing
this by 10014,

Although the effect of glucose administration has been
extensively studied in an acute, short-term context, much
remains to be done in order to establish the cognitive
effects associated with foods of low or high GI and
GL. Most studies examining the effects of GI on cogni-
tion have focused on the effect of breakfast on children’s
cognitive performance. Children may be particularly sen-
sitive to breakfast interventions due to their greater ener-
getic needs during this period compared with adults'®.
Moreover, it has been suggested that in younger children,
the overnight fast induces greater metabolic stress, as the
higher the ratio of brain to liver weight and the greater
metabolic rate per unit of brain weight, the greater the
demand on glycogen stores'*). It has been shown that
children at risk for malnourishment have improved

cognition and learning at school if provided with break-
fast!*?. Moreover, in developed countries it has been
found that skipping breakfast can result in impaired cog-
nitive performance''*>!*®_ This suggests that increased
plasma glucose availability due to breakfast consump-
tion leads to better cognitive performance. Mahoney
et al. P, investigated the optimal rate of glucose supply
following breakfast consumption, comparing a low GI
breakfast with a high GI breakfast and found that
when children consumed the low GI food they remem-
bered significantly more than when they ate the high
GI breakfast. Ingwersen e al.'*> compared the cogni-
tive effects of a low GI breakfast and a high GI breakfast
across the morning and found that performance on atten-
tion tasks was poorer 130 min after the high GI breakfast
compared with the low GI breakfast. Furthermore, the
low GI breakfast prevented a decline in memory per-
formance. Overall, the results of studies assessing GI in
children suggest that a lower postprandial glycaemic
response may be protective against a decline in memory
and attention throughout the morning'**~'*" However,
the evidence is far from conclusive" **'** and few studies
have actually profiled the glycaemic response in
children">?.

From a metabolic perspective, adolescence might also
be a time where greater susceptibility to glycaemic varia-
tions is observed due to the specific metabolic conditions
observed during that time of development®>>®.
However, few studies have looked at the effects of GI in
adolescent populations and the results are somewhat
contradictory. Wesnes et al*® found that a low GI
breakfast resulted in better memory performance and
attention, but the age range used in this study was quite
large (6-16 years). Other studies found performance ben-
efits following a high GI intervention when assessing

(149,155) :
memory performance whereas a low GI interven-
tion proved to be beneficial for measures of attention/
information processing'*”. Cooper et al "> found no
difference between high GI and low GI on reaction
times, but better performance on an executive function
task following low GI.

In adult populations, the outcome of investigating the
effects of GI has also been somewhat inconsistent. Some
show beneficial effects on cognitive performance of
low-GI foods'471%6:157) whereas others show no such
effects! %19 Benton et al.'*® compared three break-
fasts varying in GL from 2.5 to 17-86 and found that
the higher GL foods led to poorer memory performance.
Lamport er al.'°” investigated the effects of low GI and
high GI evening meals followed by a high GI standard
breakfast on subsequent cognitive performance.
Although no significant differences between evening
meals on cognitive performance were observed, the
high GI evening meal was associated with better memory
performance the following morning after breakfast had
been consumed.

To date only a few studies have been carried out into
the effect of low GI and GL foods on glycaemic control
and cognition in older adults, or populations with pre-
existing metabolic and/or cognitive impairments.
Kaplan er al."® found no differences between meals
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of different GI in performance in elderly adults. Nilsson,
Radeborg and Bjork!">® showed that in a sample ranging
from 49 to 70 years, performance was better in the late
postprandial period after consumption of a low-GI com-
pared with a high-GI breakfast. In adults with type 2 dia-
betes consuming a low-GI carbohydrate meal, relative to
a high-GI carbohydrate meal, has been shown to result in
better cognitive performance in the postprandial per-

iod"®D. However, two other studies by Lamport
et al. (160.162) did not find any benefits following consump-
tion of a low GL breakfast. All of these studies investi-
gated the acute effects of postprandial glycaemic
manipulation and it may be the case that for these popu-
lations cognitive effects will only be evident with chronic
improvements in glycaemic control. Indeed, dietary
interventions (combined with exercise interventions)
have been shown to result in improved cognitive per-
formance in adults with impaired glucose control when
they were implemented for 12 months?®.

Overall, it appears that a quick rise in blood glucose
levels has some short-term benefits, most notably on
memory performance; whereas over longer periods of
time (i.e. throughout the morning) a more stable blood
glucose profile seems to be more beneficial. In normogly-
caemic samples, effects of low GI and/or low GL foods
were usually observed in the late postprandial period
(75-222 min) where the?/ seem to prevent a decline in
attention and memory"**'*>'*D_In populations with
abnormalities in glucose regulatlon, benefits of low GI
foods have been reported in particular following longer-
term intervention.

Conclusion

Based on the evidence it is clear that brain glucose util-
isation changes across the lifespan, and that maintaining
good glucoregulatory function and insulin sensitivity is
key to promoting cognitive resilience as we age.
Administration of a glucose load does not represent a
viable strategy for cognitive improvement over any pro-
longed timeframe since consistently elevated blood glu-
cose leads to insulin resistance. A combination of diet
and exercise has been demonstrated to have cognitive
and metabolic benefits (improved glucose and insulin
metabolism? in adults with impaired glucose toler-
ance!”® 129 Dietary lifestyle changes can have a positive
impact throughout the lifespan and appear to not only
reduce the risk of acquiring cognitive impairments, but
can also attenuate existing impairments. Although the
evidence to date is promising, there is an urgent need
for hypothesis driven, randomised controlled trials that
evaluate the role of different glycaemic manipulations
on cognition. A relatively recent review into the effects
of carbohydrates on cognition in older individuals iden-
tified only one study that fulfilled these criteria!®?. The
study that was included investigated the acute effects of
a glucose drink"®®, whereas studies investigating more
complex carbohydrates were not. Future research com-
paring the effects of different types of carbohydrates
with differing glycaemic profiles, are clearly needed.

What limits our ability to draw strong conclusions
from the findings of previous studies is the fact that
they often differ widely with respect to subject character-
istics and cognitive tests used. Future research needs to
carefully consider conceptual and methodological factors
including potential inter-individual differences, adequate
selection of tests and control of extrancous (confounding)
variables'!®>.

Moreover carbohydrates are rarely ingested in isola-
tion and co-ingestion of other macro-nutrients and nutri-
tional compounds alters the rate of carbohydrate
degradation during digestion and consequently affect
regulation of postprandial blood glucose and insulin
levels. For example, a lowering of glycaemic response
has been found when purlﬁed extracts of fibre are
added to a test food in sufficient quantity®¢16%.
Moreover, high fibre diets have been shown to decrease
postprandlal blood glucose levels"" ", improve glycaemic
control in diabetic Populatlons and decrease the risk of
type 2 diabetes!’"!"?. Similarly, dietary proteins have
been found to have positive effects on insulin production
in populations with normal glucose metabolisms as well
as type 2 diabetics" > 17,

In conclusion, the rise in obesity, diabetes and meta-
bolic syndrome in recent years highlights the need for tar-
geted dietary and lifestyle strategies to promote healthy
lifestyle and brain function across the lifespan and for
future generations. The data indicate that modifiable life-
style factors and most notably dietary changes may con-
tribute significantly to optimal cognition across the
lifespan. Consequently, the therapeutic effects of longer-
term dietary intervention may be a promising avenue of
exploration. Lifestyle changes are difficult to execute and
to maintain, but present an exciting potential for optimis-
ing cognitive performance across the lifespan.
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