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Abstract Rationale: It is traditionally assumed that under normal conditions the brain is well supplied with
glucose, its basic fuel. However, given the limited stores
of glucose in the brain and its dependence on a continual
peripheral supply of glucose, it was considered whether
the availability of glucose, and the ability to efficiently
utilise glucose, affects cognitive functioning. Objective:
There is increasing evidence that the provision of blood
glucose influences memory. To date, the impact of blood
glucose on non-memory task performance has received
little attention. The present study investigated whether
the performance of non-memory tasks was susceptible to
the level of blood glucose. Two studies are reported in
which the influence of a glucose containing drink on six
cognitive tests was considered. Results: The consumption of a glucose containing drink resulted in faster performance on the Porteus Maze and greater Verbal Fluency. Higher levels of blood glucose on arrival at the laboratory were associated with better performance on the
Water Jars test. With both the Porteus Maze and Block
Design tests, after taking a glucose drink, poor performance was associated with blood glucose that remained
at higher levels. Conclusion: It was suggested that we
should consider two physiological mechanisms, firstly,
that an equilibrium develops between plasma and brain
glucose, such that those with higher levels of blood glucose could be expected to have higher levels of brain
glucose and secondly, whether there are individual differences in the efficiency with which glucose is taken
from the blood; those with poor glucose control perform
some cognitive tasks more poorly.
Key words Block design · Blood glucose · Embedded
figures · Frontal lobes · Glucose · Logical reasoning ·
Memory · Porteus maze · Verbal fluency · Waters jars
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Introduction
It has been traditionally assumed that the brain is well
supplied with glucose, its basic fuel, and its functioning
is not influenced by normal variations in the level of
blood glucose (Booth 1994). However, there is increasing evidence that exogenous sources of glucose, and individual differences in blood glucose regulation, influence memory (Gonder-Frederick et al. 1987; Hall et al.
1989; Benton and Owens 1993; Benton et al. 1994), although other aspects of cognition have been relatively
ignored.
In both young and aged rodents, glucose administration has been associated with enhanced memory
(Gold 1986, 1991, 1992). A similar phenomenon has
been found in elderly humans (Gonder-Frederick et al.
1987; Hall et al. 1989) and Alzheimer patients (Manning
et al. 1993). More recently, this research has been extended to healthy young adults (Benton and Owens
1993; Benton et al. 1994). To date, the relationship between blood glucose and non-memory tasks has received
limited attention. The aim of the present paper was to
consider whether aspects of cognitive functioning, other
than memory, were susceptible to the provision of blood
glucose. Two studies are presented that extend previous
reports by examining the influence of a glucose containing drink on six cognitive tasks that do not rely primarily
on memory.
The few studies that have looked beyond memory
have examined the impact of blood glucose on attention.
In both adults (Moser et al. 1983; Benton et al. 1994;
Benton 1990) and children (Benton et al. 1987), a glucose drink has been found to improve the ability to sustain concentration. The number of errors made in a driving-simulator was found to decrease when a glucose
drink was consumed (Keul et al. 1982). Benton et al.
(1994) reported that low blood glucose levels were associated with a larger Stroop effect. The report that performance on the Stroop test, a task sensitive to frontal lobe
damage (Stuss and Benson 1984), was susceptible to
blood glucose suggested that it may be profitable to look
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beyond memory and attention to other aspects of cognition. The present study, therefore, examined the influence of blood glucose on frontal lobe functioning. When
examining the impact of frontal lobe damage, one of the
most frequently mentioned features of the resulting behaviour is a lack of flexibility (Walsh 1978). If the provision of blood glucose is having minor effects on the
functioning of the brain, and for this reason influences
cognition, then a possibility that should be considered is
that low blood glucose levels are associated with rigid
rather than flexible thinking.

Experiment 1: influence of blood glucose levels
on the logical reasoning, embedded figures
and water jars tests
Introduction
Although the concept of flexibility/rigidity has been frequently used to summarise the behavioural changes that
are associated with brain damage, the term is used in different senses; as a dimension of personality, a characteristic of perception and as a tendency to display stereotyped behaviour or to perseverate. Chown (1959) noted
that there is no convincing evidence that rigidity represents a single aspect of behaviour. The present study examined the influence of blood glucose levels on two of
these types of measure: the extent that individuals are influenced by set (Water Jars task) and perceptual flexibility (Embedded Figures). A test of logical reasoning was
administered to see if blood glucose levels influenced
another measure of higher level processing.
Materials and methods
Subjects
Sixty-seven female undergraduates, mean age 21.8±5.1 years, received a payment of £3 for participation. All had eaten their normal breakfast of at least 100 kjoules. The procedure was approved
by the local ethics committee and the subjects gave written informed consent.
Water jars test. The test was based on the “Water-Jar Einstellung”
test (Luchins 1942) and consisted of a series of arithmetic problems. The subject was faced with three water jars (labelled A, B
and C) each of a known capacity. By adding and subtracting the
volumes of the three jars the subject was required to create a new
specified volume. The first five problems could only be solved using the method B–A–2C: for example, given three jars with volumes of 50, 81 and 7 obtain a volume of 17. All stages of the arithmetical problem had to be written. The intention of these first
five problems was to establish a “set”. The next four problems, labelled “Critical”, were similar but could be solved with the previously used B–A–2C solution, or alternatively by either A–C or
A+C. For example, when given jars with volumes of 21, 51 and 9,
and asked to obtain 12, both the long and short solutions are possible. The data reported are the times taken to solve the Critical
problems.
Embedded figures test. The version selected for this experiment
was the Finding Embedded Figures Test (Thompson and Melacon

1990), which correlates highly with the Witkin Embedded Figures
task (Melacon and Thompson 1989), but as it is more difficult it is
better suited to a university population. The test consists of 35 embedded figures problems, each of a multiple choice format. The
task was to find a smaller figure that is embedded in one of five
larger, more complex, figures. The task was designed to ensure
that it could not be finished in the 10 min allocated. The test score
was calculated by subtracting the number of incorrect solutions
from the number of correct solutions.
Logical reasoning test. The Baddeley Logical Reasoning Task
(Baddeley 1968) was modified by the addition of new comparisons. A typical example is: if M is smaller than C tick false – Cm.
Subjects were required to respond to each statement by ticking
“true” or “false”. However, if a conditional statement did not describe the two letters correctly, no tick was made. The test score
was calculated by subtracting the number of incorrect solutions
from the number of correct solutions. The test lasted for 5 min and
could not be finished in this time.
Blood glucose. Blood glucose levels were measured using an
ExacTech sensor (Medisense Britain Limited). The sensor uses an
enzymic method that, coupled with microelectronic measurement,
has been shown to be accurate (Matthews et al. 1987).
Glucose drinks. The glucose drinks consisted of 50 g glucose
powder dissolved in a mixture of 250 ml water and two tablespoons of Robinson’s Whole Orange Squash (sugar free). Two teaspoons of lemon juice were added to make the drinks less sweet.
Placebo drinks contained the same ingredients, with the exception
of the glucose powder, which was replaced with 3 g Sweetex, a
low calorie sweetener containing aspartame and saccharin (Crookes Health Care Ltd). The drinks were identical in colour and taste
and could not be distinguished by the subjects. Drinks were randomly allocated to subjects using a double-blind procedure.
Procedure
Blood glucose levels were measured at the start of the experiment.
Following their normal breakfast, subjects consumed either a glucose or placebo drink. After 20 min, blood glucose levels were
measured again. Subjects then performed the Water Jars, Embedded Figures and Logical Reasoning tests in this order. A final
blood glucose level was then determined about 50 min after taking
the drink. Testing occurred between 0900 and 1300 hours.
Statistical analysis
Three blood glucose measures were examined. The level on arrival is described as the baseline value. The change in blood glucose
from baseline to that 20 min after consumption of the drink (prior
to testing) was calculated. Similarly the change in blood glucose
levels from 20 min to the end of the study (while performing the
tasks) was calculated. The changes in blood glucose for placebo
and glucose drinkers were considered separately, as the levels of
blood glucose reflect markedly different experimental conditions.
Blood glucose criterion groups were created by selecting, arbitrarily, those who were in the top and bottom thirds of the distribution, and the performance of those in the top and bottom groups
was contrasted. High and low baseline blood glucose criterion
groups consisted of those subjects whose blood glucose levels
were greater than 4.9 mmol/l (5.56±0.39 mmol/l; n=20) or less
than 4.1 mmol/l (3.61±0.33 mmol/l; n=21) on arrival in the laboratory.
When the change in the level of blood glucose prior to testing
was considered, placebo drinkers were allocated to the rising criterion group if their blood glucose levels increased by at least 0.51
mmol/l (1.41±0.67 mmol/l; n=10). They were contrasted with
those whose blood glucose levels fell by at least 0.11 mmol/l
(–0.20±0.56 mmol/l; n=12). Glucose drinkers were selected for
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the rising criterion group if their blood glucose levels rose by
2.60 mmol/l or more (3.37±0.71 mmol/l; n=12) and were contrasted with those whose blood glucose levels fell or increased by no
more than 1.80 mmol/l (1.26±0.63 mmol/l; n=11).
When the change in blood glucose while performing the tests
was considered, placebo drinkers were allocated to the rising criterion group if their blood glucose levels either rose or fell by no
more than 0.19 mmol/l (0.15±0.16 mmol/l; n=11). They were
compared with those whose blood glucose levels fell by more than
0.80 mmol/l (–1.23±0.43 mmol/l; n=12). Glucose drinkers were
selected for the rising criterion group if their blood glucose levels
increased or fell no lower than 0.09 mmol/l (0.87±0.87 mmol/l;
n=10) and were contrasted with those whose blood glucose levels
fell by at least 1.40 mmol/l (–2.14±0.79 mmol/l; n=11).
The effects of baseline and changing blood glucose levels on
performance were analysed using two-way ANOVAs: baseline
level (high/low) or change in blood glucose (rising/falling)×dependent variable (Critical problem solving time, Embedded Figures score or Logical Reasoning score). One-way ANOVAs examined the influence of type of drink on performance: drink (placebo/active)×dependent variable. Interactions were further explored
by the calculation of simple main effects.

Results
When the blood glucose levels were examined the
Drink×Time interaction reached significance [F(2,130)=
30.09, P<0.001]. At baseline, the blood glucose levels
did not differ (4.5±0.7, 4.4±0.8 mmol/l). However, after
20 min (6.9±1.3 cf. 4.9±0.9 mmol/l, P<0.001), and also
at the end of the experiment (6.1±1.44 cf. 4.5±0.8
mmol/l, P<0.001), those who had consumed the glucose
drink had higher levels of blood glucose.
Effect of drink
The type of drink consumed did not influence the time
taken to solve the Water Jars task [F(1,65)=0.09, n.s.],
Logical Reasoning test [F(1,65)=2.09, n.s.] or Embedded
Figures scores [F(1,52)=1.89, n.s.].
Effect of blood glucose levels
A significant main effect of baseline blood glucose on
Water Jars task performance was found [F(1,39)=5.68,
P<0.022]. As shown in Fig. 1, subjects with a higher level of blood glucose solved the Critical problems significantly faster than those with a lower blood glucose level.
Baseline blood glucose levels did not influence either
Logical Reasoning [F(1,39)=0.02, n.s.] or Embedded
Figures scores [F(1,30)=0.13, n.s.].
Changing blood glucose prior to testing did not effect
the performance of placebo or glucose drinkers on the Water Jars [placebo – F(1,20)=0.56, n.s.; glucose – F(1,21)=
0.19, n.s.], Logical Reasoning [placebo – F(1,20)=0.04,
n.s.; glucose – F(1,21)=0.06, n.s.] or Embedded Figures
tests [placebo – F(1,16)=0.04, n.s.; glucose – F(1,16)=
0.01, n.s.]. Similarly, changing blood glucose levels during
testing did not effect Water Jars [placebo – F(1,21)=1.31,
n.s.; glucose – F(1,19)=0.10, n.s.], Logical Reasoning [pla-
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Fig. 1 The influence of baseline blood glucose levels on the water
jars test. Those who had a higher level of blood glucose solved the
Critical problems significantly faster than those with a lower
blood glucose level. The data are mean±SE

cebo – F(1,21)=2.13, n.s.; glucose – F(1,21)=2.81, n.s.] or
Embedded Figures performance [placebo – F(1,16)=0.75,
n.s.; glucose – F(1,13)=0.45, n.s.].

Experiment 2: influence of blood glucose
on verbal fluency, Porteus Maze and block design
Introduction
In this second study, the influence of blood glucose on
the Porteus Maze, Block Design and Verbal Fluency
tests was examined. It is known that these tests are particularly influenced by frontal lobe damage (Lezak
1983), an area of the brain necessary for a “supervisory
attentional system” that produces a response to novelty
that is planned rather than routine (Shallice 1982).
Materials and methods
Subjects
Sixty-nine female undergraduates, mean age 20.2±2.1 years, who
each received a payment of £3, participated in this experiment. All
subjects had consumed breakfast (over 100 kjoules).
Verbal fluency. In the Controlled Oral Word Association test (Benton and Hamsher 1976) the subjects were required to name as
many words as possible, within 1 min, beginning with a given letter of the alphabet. Proper nouns, numbers and the same word
with a different suffix were excluded. Unlike the other tests two
alternative forms were available allowing the Verbal Fluency test
to be administered as a repeated measure. The availability of two
sets of letters matched for their frequency of use enables increased
statistical power. Before taking a drink subjects responded to the
letters C F L and 20 min after the drink to the letters P R W. The
score was the sum of all acceptable words.
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Block design test. In this sub-test of the Wechsler Adult Intelligence Scale, subjects were presented with a number of cubes.
Each had two red, two white and two red and white sides. Using
these blocks, the task was to reproduce designs of increasing complexity. The first five used four blocks. The first two were treated
as practice; the mean times taken for the next three are the data reported as the easy problems. The next four problems required nine
blocks. The first two were again treated as practice trials and the
time taken to complete a final two trials are reported as the difficult problems.

amined the influence of type of drink on performance: Drink (placebo/glucose)×time taken or test score.

Results
When blood glucose levels were examined the interaction Drink×Time reached significance [F(2,134)=66.46,
P<0.001]. Blood glucose levels did not differ at baseline

Porteus maze. Mazes suitable for those aged 7–14 years and the
adult maze of the Vineland Revision of the Porteus Maze were
used (Porteus 1959). Subjects were instructed to complete the
mazes at their own pace. However, to provide a sensitive measure
of performance, and unknown to the subject, the time taken to
complete each maze was recorded and is the measure reported.
The time taken to complete the mazes for ages 7, 8 and 9 were
combined, as were the times for mazes for ages 10, 11 and 12.
Thus four measures were analysed, the time taken to perform mazes for ages 7–9, 10–12, 14 and the adult maze.
Blood glucose measurement and drinks. Details of drinks and
blood glucose measurement are given in experiment 1.
Procedure
Blood glucose levels were measured at the start of the experiment.
The first Verbal Fluency test was administered after which either a
glucose or a placebo drink was consumed. After 20 min, blood
glucose levels were again measured and the second Verbal Fluency test was administered. The Block Design test was taken followed by the Porteus Maze. Finally, a third blood glucose level
was determined. Testing took place between 0900 and 1300 hours.
Statistical analysis
As in experiment 1, baseline and changing blood glucose criterion
groups were created by selecting, arbitrarily, those who were in
the top and bottom thirds of the distribution.
High and low baseline blood glucose criterion groups consisted of those subjects whose blood glucose levels were greater than
4.3 mmol/l (4.0±0.3 mmol/l; n=23) or less than 4.1 mmol/l
(3.61±0.33 mmol/l; n=21) on arrival in the laboratory.
When changing blood glucose levels prior to testing were considered, placebo drinkers were allocated to the falling criterion
group if their blood glucose levels fell by at least 0.14 mmol/l
(–0.70±0.76 mmol/l; n=11). They were contrasted with those
whose blood glucose levels rose by at least 0.30 mmol/l
(0.86±0.40 mmol/l; n=11). Glucose drinkers were selected for the
falling criterion group if their blood glucose levels either fell or
increased by no more than 1.90 mmol/l (1.47±0.53; n=13) and
were compared with those whose blood glucose levels increased
by 2.90 mmol/l or more (3.47±0.45 mmol/l; n=12).
For consideration of the changes in blood glucose during testing, placebo drinkers were allocated to the falling criterion group
if their blood glucose fell by at least 0.40 mmol/l (–0.95±
0.45 mmol/l; n=12). They were compared with those whose blood
glucose levels increased or stayed the same (0.46±0.35 mmol/l;
n=9). Glucose drinkers were selected for the falling criterion
group if their blood glucose levels fell by at least 0.69 mmol/l
(–1.48±0.94 mmol/l; n=12) and were contrasted with those whose
blood glucose levels rose by 0.30 mmol/l or more (0.88±
0.31 mmol/l; n=11).
Two-way repeated measures ANOVAs examined the impact of
baseline and changing blood glucose levels on performance:
Blood glucose level (high/low, or rising/falling)×Porteus Maze
times (years 7–9, 10–12, 14 and adult); or Block Design times
(easy trials, difficult trials); or Verbal Fluency score (before drink,
after drink). Similarly, two-way repeated measures ANOVAs ex-

Fig. 2 The effect of a placebo or glucose drink on verbal fluency.
Subjects who had taken a glucose drink generated significantly
more words, 25 min after the drink, than placebo drinkers. The data are mean±SE. Black bars placebo, grey bars glucose

Fig. 3 The influence of a placebo or glucose drink on the porteus
maze task. Glucose drinkers tended to complete both difficult
mazes, age 14 and adult, significantly faster than placebo drinkers.
The data are mean±SE. The data are mean±SE. Black bars placebo, grey bars glucose
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Fig. 4 The effect of changing blood glucose levels after a glucose
drink on the block design test. Subjects whose blood glucose levels were falling after performance of the verbal fluency test completed the difficult designs significantly faster than those whose
blood glucose levels were rising. The data are mean±SE. Black
bars falling <1.90 mmol/l, grey bars rising >2.90 mmol/l

Fig. 5 The effect of changing blood glucose levels after a glucose
drink on the Porteus maze task. Subjects whose blood glucose levels were falling after performance of the verbal fluency test completed the adult maze significantly faster than those whose blood
glucose levels were rising. The data are mean±SE. Black bars falling <1.90 mmol/l, grey bars rising >2.90 mmol/l

(4.7±0.7 cf. 4.7±0.5 mmol/l). However, after 20 min
(7.1±0.9 cf. 4.8±0.8 mmol/l, P<0.001), and at the end of
the experiment (6.9±1.3 cf. 4.5±0.5 mmol/l, P<0.001),
those taking the glucose drink had higher values.

Porteus Maze tests [F(3,69)=3.23, P<0.03]. Figure 4
shows that those subjects whose blood glucose levels fell
completed the difficult designs of the Block Design task
significantly faster than those whose blood glucose levels rose (P<0.02).
Although Simple Main Effects failed to substantiate
any significant differences in Porteus Maze performance,
inspection of Figure 5 reveals a tendency for those subjects whose blood glucose levels fell to complete the difficult Adult maze faster than those whose blood glucose
level rose.
Changing blood glucose levels did not significantly
influence Verbal Fluency [F(1,20)=0.20, n.s.]. Placebo
drinkers performance on all three tests was not significantly influenced by changing blood glucose levels.
Changing blood glucose levels during testing did not
influence performance on the Block Design [placebo –
F(1,19)=0.02, n.s; glucose – F(1,21)=1.49, n.s.], Porteus
Maze [placebo – F(1,19)=0.44, n.s; glucose – F(1,21)=
0.01, n.s.] or Verbal Fluency tests [placebo – F(1,19)=
0.03, n.s; glucose – F(1,21)=0.49, n.s.].

Effect of drink
The consumption of the glucose drink did not influence
performance on the Block Design task [F(1,67)=0.27,
n.s.]. However, the Drink×Time interaction reached significance for Verbal Fluency [F(1,67)=17.49, P<0.001].
Figure 2 shows that although scores did not differ before
taking the drink, the Verbal Fluency of those who consumed the glucose drink was greater 25 min following
the drink (P<0.001).
The Drink×Trial interaction was also significant
[F(3,201) = 5.13, p<0.002) when the Porteus Maze data
were examined. Figure 3 shows that the time taken to
solve the more difficult mazes tended to be faster in
those who had consumed a glucose drink (age 14,
P<0.002; adult, P<0.08).

Discussion
Effect of blood glucose levels
The level of baseline blood glucose did not significantly
influence Verbal Fluency [F(1,42)=1.75, n.s.], nor the
times taken to solve the Porteus Mazes [F(3,126)=0.78,
n.s.] and Block Designs [F(1.42)=0.32, n.s.].
Changing blood glucose levels prior to testing significantly influenced the performance of glucose drinkers on
both the Block Design [F(1,23)=4.28, P<0.05] and the

The influence of blood glucose levels on memory is well
documented (see Introduction); the present study examined whether this phenomenon generalised to non-memory tasks. The performance of some, but not all, nonmemory tasks were susceptible to the provision of blood
glucose. The present and previous research of the association between blood glucose levels and aspects of cognition can be viewed as producing a relatively consistent
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pattern. It is, however, necessary to distinguish baseline
blood glucose levels from changes in blood glucose over
time.
Firstly, there have been reports that a high level of
baseline blood glucose was associated with better memory (Benton and Owens 1993; Parker and Benton 1995)
and performance on a vigilance task (Benton et al.
1994). In the present study, a higher level of baseline
blood glucose was associated with better performance
on the Water Jars task (Figure 1). When an association
between baseline blood glucose levels and subsequent
performance has been reported, in every instance a
higher level of blood glucose has been associated with
better performance. As it is known that an equilibrium
develops between plasma and brain glucose (LundAndersen 1979), those with initially high levels of blood
glucose can be expected to have higher levels of brain
glucose. Since the blood glucose levels observed in
the present study were within the normal range
(4.0–8.0 mmol/l; Cryer 1993), the findings are consistent with the suggestion that cerebral functioning may
benefit from even small increases in blood glucose.
These findings provide a practical implication for those
administering standardised cognitive tests. Transient
changes in blood glucose, such as those that occur after
having consumed a meal, may affect performance. If,
and what, subjects have eaten should be considered.
Benton and Parker (1998) reported that subjects who
had eaten breakfast had a better memory than those who
had missed breakfast. In addition, the detrimental effects of fasting on memory were reversed by the consumption of a glucose drink.
Secondly, individual differences in the ability to deal
with blood glucose account for other aspects of the data. Following a meal or drink, blood glucose levels typically rise for half an hour, after which they fall, returning to near baseline levels within approximately 2 h.
Individual differences in blood glucose control determine the rate to which blood glucose levels return to
baseline. There are several reports that better glucose
control is associated with better performance. In the
normal elderly (Gonder-Frederick et al. 1987; Hall et
al. 1989; Craft et al. 1992) memory was better following a glucose drink, but only in those whose blood glucose levels returned to near baseline levels; those
whose blood glucose levels continued to rise had poorer memory. A similar phenomenon was observed in
aged rats; a negative correlation between the peak
blood glucose response to glucose ingestion and inhibitory avoidance retention was reported (Stone et al.
1990). More recently, blood glucose control has been
related to cognitive functioning in healthy young
adults. A falling level of blood glucose, in those who
had consumed a glucose drink, was associated with better memory, reaction times (Benton et al. 1994) and
performance on a dichotic listening task (Parker and
Benton 1995). In the present study, a fall in blood glucose following the glucose drink was associated with
faster performance on the Block Design and Porteus

Maze tasks (Fig. 4 and Fig. 5). If the assumption is
made that with some cognitive tasks, but not others, the
level of blood glucose in the brain limits functioning,
the question arises as to the nature of the tasks that are
susceptible to the level of available glucose. This question is addressed below.
How should the association between falling blood glucose levels and better cognitive functioning be interpreted? Although PET scans clearly demonstrate that increased cognitive functioning is associated with the rapid
uptake of glucose from the blood to the brain (Reivich
and Alavi 1983), it cannot be assumed that the association between the fall in blood glucose and better cognitive performance only reflects uptake by the brain. It is
inevitable that the fall in blood glucose also reflects the
peripheral uptake of glucose. The question arises as to
whether the fall in glucose is anything other than a correlate between an enhanced metabolic rate induced by better motivation, that leads to better performance? Both
heart rate and oxygen consumption have been reported to
increase when subjects played a video game or performed
mental arithmetic (Turner and Carroll 1985). Backs and
Seljos (1994) found that as subjects responded to an increasing number of items in a memory task, metabolism
and cardiorespiratory indices were stimulated.
Another possibility is that blood glucose levels may
have fallen due to an anticipatory release of insulin associated with receiving a glucose drink. However, it has
been reported that only mild activation of islet function,
and thus insulin release, occurs in response to a meal
stimulus, and this effect is largely limited to obese or anorectic individuals (Marks and Rose 1981). Furthermore,
as the allocation of drinks in the present study was double blind, expectation would also have been present in
placebo drinkers. In fact, the blood glucose levels of placebo drinkers remained relatively stable during the
course of the two studies reported here.
Is there in fact any reason to believe that this fall in
blood glucose, even in part, reflects an increased intake
of glucose by the brain? There are a number of reasons
to suggest that the supply of blood glucose acts on the
brain to enhance functioning. PET scans demonstrate
that cognitive demands inevitably increase the brains use
of glucose (Reivich and Alavi 1983). Within minutes
glucose from the bloodstream is metabolised selectively
in those areas of the brain that are used for particular
cognitive tasks. For this reason alone some of the decline
in blood glucose will reflect the uptake of glucose by the
brain. The report that in animals, a central injection of
glucose enhanced memory, suggests that glucose has a
central rather than peripheral action (Lee et al. 1988).
Parker and Benton (1995) found that a decline in blood
glucose preferentially stimulated the functioning of the
left hemisphere, when performing a verbal task that is
known particularly to increase glucose metabolism in the
left hemisphere.
The nature of the supply of glucose to the brain
makes it potentially susceptible to a limited supply particularly in demanding situations. The energy require-
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ment of the brain is about 20% of the whole organism at
rest, although its weight is only 2%. Strangely the energy
stores in the brain are extremely small when compared
with the high rate of glucose utilisation. Without renewal
glucose reserves would be used up in about 10 min
(Marks and Rose 1981); thus the brain is reliant on a
continuous glucose supply.
Although some tests are susceptible to the level of
blood glucose, others are not. Why are only some tests
sensitive? A suggestion of heuristic value is that the
“cognitive demand” induced by the task is critical. Before coming to a firm conclusion there is a need in future
studies to examine the impact of systematically varying
cognitive demand. Although it is difficult to quantify
cognitive demand, the duration of the demand and its
complexity could be considered. Previously the provision of blood glucose has been found to influence the
difficult (incongruent) but not easy trials of the Stroop
test (Benton et al. 1994); responses were faster on a
choice, but not simple reaction time test (Owens and
Benton 1994); it was the more demanding tasks that
were susceptible to falling blood glucose. When the duration of a task was considered blood glucose influenced
a vigilance task, but only towards the end of the test session (Benton 1990; Benton et al. 1994) and in a driving
simulator only after driving 70 km (Keul et al. 1982). In
the present study, it was the difficult rather than easy
Porteus Mazes (Fig. 3 and Fig. 5) that were influenced.
Similarly, with the Block Design tests, it was the difficult, rather than easy trials, that were susceptible to
blood glucose (Fig. 4). The lack of a relationship between blood glucose and Logical Reasoning and Embedded Figures performance may, arguably, reflect the relatively limited demands placed on working memory by
these tasks. It is possible that the influence of blood glucose on the performance of non-memory tasks may be
limited to conditions of cognitive demand.
Given the clear evidence from PET studies that increased cognitive demand is associated with an increased
use of glucose by the brain, it is perhaps not surprising
that an increased supply of glucose benefits more demanding tasks. It is the finding that would be expected if
there were individual differences in the ability to adequately supply local very active areas of the brain with
glucose under demanding conditions.
Although traditionally most physiologists have believed that the brain was well supplied with glucose, resulting in a uniform concentration of extracellular glucose, this view is beginning to be challenged. The concentration of extracellular glucose varies with the strain
of rat and the area of the brain examined (McNay and
Gold 1999). In freely moving rats McNay and Gold
(1997) showed a 25% decrease in hippocampal extracellular glucose during a spatial working memory task. An
injection of glucose but not a placebo prevented this decline in extracellular glucose in the hippocampus. The
assumption that the ability to transport glucose to particular areas of the brain never limits functioning may not
stand examination.

Speculatively, the relationships between blood glucose and non-memory task performance may reflect an
underlying influence of blood glucose on working memory. Previously, blood glucose levels were associated
with enhanced performance on tests known to require
central executive resources (Benton et al. 1994; Parker
1995). Parker (1995) reported that the performance of
primary tasks specific to either the visuospatial scratch
pad, or the articulatory loop, were not influenced by
blood glucose. However, when a secondary verbal or
spatial task was allocated, the disruption caused by overloading a slave system with a concurrent secondary task
was significantly reduced in those subjects with a high
level of blood glucose. This finding was interpreted as
evidence that the provision of blood glucose did not influence the functioning of the slave systems, but was associated with enhanced central executive functioning.
It may be argued that the present associations between
blood glucose and cognitive functioning are consistent
with an influence of blood glucose on working memory,
particularly the central executive mechanism. The Water
Jars, Porteus Maze, Block Design and Verbal Fluency
tests are frontal lobe tasks that require planning ability,
and as such, would rely heavily on central executive resources (Rusted and Warburton 1991). The finding that
the more difficult trials of these tests were susceptible to
the level of blood glucose is consistent with an influence
of blood glucose on the central executive mechanism.
The previous reports of an association between blood
glucose and word list recall (Benton and Owens 1993;
Benton et al. 1994) may also, tentatively, be accounted
for by an influence of blood glucose on working memory. These studies used a supraspan word list that would
require central executive resources. Further research is
needed to determine whether glucose enhances cognition
through a single mechanism responsible for the resource
allocation for cognitive processing.
In conclusion, the present data suggest that in normal
healthy individuals the provision of blood glucose influences the performance of some non-memory tasks. There
is increasing evidence that we should question the assumption that, under normal conditions, the functioning
of the brain is never influenced by fluctuations of blood
glucose levels within the normal range. It should, however, be remembered that blood glucose is a single measure of a dynamic process and must be interpreted with
care. The measurement of blood glucose may tell us little
about the local glucose concentrations in particular sites
in the brain. Changes in blood glucose levels are difficult
to interpret as they can be expected to reflect both present and past cognitive demands as well as dietary history
(Benton and Parker 1998).
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