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Abbreviations

ACC= anterior cingulate cortex; BCST= Berg’s Card sorting task; BF= behavioural flexibility;
BIS-11= Barratt Impulsiveness Scale; BMI= body mass index; CPT= Continuous Performance
Task; FBG= fasting blood glucose; Gl= glycemic index; IGT= glucose tolerance test; PBG=
postprandial blood glucose; RT= reaction time; VIF= variance inflation factor; WCST=

Wisconsin Card Sorting Task
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Abstract

Behavioral flexibility (BF) performance is influenced by both psychological and physiological
factors. Recent evidence suggests that impulsivity and blood glucose can affect executive
function, of which BF is a subdomain. Here, we hypothesized that impulsivity, fasting blood
glucose (FBG), glucose changes (i.e. glucoregulation) from postprandial blood glucose (PBG)
following the intake of a 15g glucose beverage could account for variability in BF performance.
The Stroop Color-Word Test and the Wisconsin Card Sorting Test (WCST) were used as
measures of BF, and the Barratt Impulsiveness Scale (B1S-11) to quantify participants’
impulsivity. In Study 1, neither impulsivity nor FBG could predict performance on the Stroop or
the WCST. In Study 2, we tested whether blood glucose levels following the intake of a sugary
drink, and absolute changes in glucose levels following the intake of the glucose beverage could
better predict BF. Results showed that impulsivity and the difference in blood glucose between
time 1 (postprandial) and time 2, but not blood glucose levels at time 2 per se could account for
variation in performance on the WCST but not on the Stroop task. More specifically, lower
impulsivity scores on the BIS-11, and smaller differences in blood glucose levels from time 1 to
time 2 predicted a decrease in the number of total and perseverative errors on the WCST. Our
results show that measures of impulsivity and glucoregulation can be used to predict BF.
Importantly our data extend the work on glucose and cognition to a clinically relevant domain of

cognition.
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1. Introduction

Behavioral flexibility (BF) refers to the ability to adaptively modify behaviors when changes in
environmental demands occur, and is one of the core processes of executive function. BF is
made up of several distinct processing mechanisms including the extinguishing of a response,
inhibition, reversal learning, set-shifting and has been associated with creative ability [1, 2]. Two
commonly used tests of BF include the Stroop Color-Word Test (measuring cognitive inhibition)

[3-5] and the Wisconsin Card Sorting task (measuring set-shifting) [1, 6].

Impairments in tasks measuring BF have been reported in the clinical domain, for example in
schizophrenics [1], OCD patients [7], stimulant addicts [8], frontal lobe patients [9], and in those
suffering from Williams syndrome [10]. Importantly, many of these individuals have reportedly
high levels of the personality trait impulsiveness [11]. One core feature of impulsive-related
behavior is a deficiency in reversal learning and response inhibition, two specific subdomains of

BF [12, 13].

Alongside neuropsychological tools, there have been several attempts to capture impulsivity
using self-report scales. Arguably one of the most commonly adopted and cited scale of
impulsiveness is the Barratt Impulsiveness Scale (B1S-11) [14]. Higher scores on the BIS-11
have been found to be predictive of poorer performance on tests of executive function/BF [15-
18]. Furthermore, causal links have been found between impulsiveness, and biological markers

(e.g. neurotransmitters; [19]), including the brain's primary fuel glucose.

For example, increasing the level of blood glucose by supplementation can reduce impulsive-
related choice behavior [20-22]. Moreover, hypoglycemia (i.e. low blood glucose) has also been

linked to impulsive related acts such as criminal behavior, sexual promiscuity, behaving
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recklessly, and the likelihood of initiating and terminating alcohol and nicotine use [23-26].

Glucose supplementation has also been used to improve cognitive performance, primarily in the
areas of memory and attention [27-33], but more recently, also in tasks assessing executive
function and BF (indexed by performance on the Stroop) [34].While glucose supplementation can
improve cognitive performance, unusually low or high fasting blood glucose levels, as observed
in patients suffering from diabetes (type 1 and 2) can have detrimental effects on various aspects
related to executive function, memory, verbal reasoning, attention/vigilance and dual-tasking [35-

46].

More recently, postprandial glucose levels (plasma glucose concentrations two hours after eating
[[47]) have also been investigated as possible determinants of cognitive performance. There is
good reason for this, as fasting and postprandial blood glucose concentrations are mediated by
independent physiological mechanisms [48]. Thus far, some of these studies have found that a
low but sustained increase in blood glucose concentrations in the postprandial period is most
beneficial to enhance cognition, achieved by the provision of low GI (glycemic index) meals [49,
50]. Additionally, it is also clear that the ability to utilize glucose (i.e. glucoregulation) is a
contributing factor to cognitive functioning. Studies have shown that when examining changes in
blood glucose from the start of cognitive testing until the end, those individuals who displayed
decreased glucose levels performed cognitively better than individuals whose blood glucose
levels stayed at similar levels or even increased [51, 52]. Moreover, "poor” glucoregulators as
evidenced by blood glucose levels above 7.8 mmol/l following a 75-g oral glucose tolerance test
(IGT), demonstrated impaired cognitive performance in measures of executive function but not of

BF specifically [53-55].

Therefore, the objective of this research was to answer the following questions. First, given the
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association between impulsiveness and executive function, we hypothesized that higher scores on
the BIS-11 would predict impaired BF performance, as measured by the WCST, and the Stroop
Color-Word Test. Second, given the relationship between impulsiveness and blood glucose, we
hypothesized that fasting glucose levels could explain additional variance in BF. Previous
findings have been contradictory with respect to an ‘optimum’ fasting blood glucose level as
many of these have been tested in clinical populations (hence with particularly low or high
fasting concentrations) and have assessed different cognitive functions. Third, while glucose
supplementation has been shown to aid cognitive performance, this has most often been reported
in contexts where fasting blood glucose levels are taken as a point of reference. However, in
more realistic settings, it is likely that individuals perform a variety of cognitive-related tasks
when their blood glucose levels are in a postprandial state. Thus, we took participants'
postprandial state as a point of reference for glucose supplementation instead. Here, we predicted
that glucose supplementation would be unlikely to confer a benefit to BF performance. Fourth,
we hypothesized that individuals with lower changes in blood glucose from postprandial to blood
glucose measured after glucose supplementation (i.e. "better" glucoregulators) would have

superior BF performance.

To test this, we administered a more naturalistic dose of glucose (i.e. 15-g or equivalent to a glass
of soda; see [56] for discussion of optimal dose and the inverted U shape curve ) in healthy
populations in their postprandial state. While the IGT has been primarily adopted as a screening
tool to identify individuals with poor glucoregulation (i.e. diabetes), the 75-g glucose drink
provided in the IGT does not represent a typical dosage that an individual would consume prior

to completing a cognitive task.
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2. Methods and materials

2.1. Participants

Sixty undergraduate volunteers (mean age 20.7 years, 38 females and 22 males, S.D. 1.5, study 1)
and forty undergraduate volunteers (mean age 20.3 years, 27 females and 13 males, S.D. 1.4,
study 2) were recruited in the study that was approved by the ethics committee of Sunway
University Department of Psychology and complied with the Declaration of Helsinki. Sample
size was determined using G*Power to establish a minimum power level of 80% based on linear
multiple regression analyses containing three predictors (study 2) with an estimated large effect
size (%) of 0.35. The selection of a smaller sample size in study 2 was in line with previous
recommendations on sample size based on number of predictors in the model, size of the effect
and statistical power [57, 58].Participants were excluded from the study based on a number of
criteria. Approximately 10% of prospective participants who were contacted to volunteer in
taking part in the study did not fulfil the eligibility requirements. Exclusion criteria included
those individuals who declared they were consuming at least two cups of coffee a day on a
regular basis, suffering from diabetes, and/or had other forms of glucose intolerance. After

screening and prior to participation, each volunteer signed an informed consent form.
2.2.  Cognitive measures

Cognitive testing was carried out using the Psychology Experiment Building Language (PEBL)
test battery [59, 60]. Presentation of tasks occurred via laptop computers using VGA color
monitors and to complete the two tasks, participants took approximately 15 minutes. The
description of the cognitive tasks which follows is based on a previously published paper by our

research group [61].
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2.2.1. Stroop Color-Word test

This task is believed to measure selective attention, response inhibition and cognitive flexibility.
Participants were required to determine the color that words appeared in (see Fig.1). In some
trials, the words would correspond to actual color names. When this was the case, participants
had to ignore the written color name and instead select the color of the word. Task measures were
average reaction time (ms) for congruent, incongruent and neutral stimuli and total number of
errors. There were a total of 87 trials. The first 24 were practice trials, while the remaining 63
were made up of congruent (n=20), incongruent (n=24) and neutral (n=19) trials. No other

dependent measures were explored/tested.
2.2.2. Berg’s card sorting test

This task is an adaptation of the Wisconsin Card Sorting Test (WCST) and measures complex
executive functioning such as planning, cognitive flexibility, response inhibition, numerical skills
and rules induction [62]. Participants were required to categorize cards based on the pattern
appearing on them (see Fig.1). Each pile of cards had a different color, number and shape. A
sample card would appear on the screen and participants were required to match this with one of
the four piles of cards depending on a rule. Task measures included total number of errors and
perseverative errors. There were a total of 128 trials with rule changing occurring 9 times (in an

variable fashion across participants). No other dependent measures were explored/tested.

2.3.  Psychological measures

2.3.1. Barratt Impulsiveness Scale (BIS-11)

The BIS-11 is a thirty-item self-report questionnaire designed to measure the personality trait of

impulsivity [63]. Each item is rated on a 4-point Likert scale that ranges from 1 (rarely / never) to
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4 (almost always / always). It is scored to yield a total score, three second-order factors (i.e.
attentional, motor and nonplanning) and six first-order factors (i.e. attention, motor, self-control,
cognitive complexity, perseverance and cognitive instability). Higher scores indicate higher
impulsivity. The Cronbach’s alpha for the current sample for total score was .79 and for each
second-order subscales was .65 for attentional, .56 for motor and .67 for non-planning, similar to
those previously reported [64] Test-retest reliability after a month interval for the total score and

subscales scores has been found to be moderate (i.e. 0.61 to 0.83) [64].

2.4. Physiological measures

2.4.1. Blood glucose

Blood glucose readings were measured via capillary finger prick using Accu-Chek Performa
diagnostic machines and test sticks (Roche Diagnostics, Germany). To minimize discomfort/pain,
finger pricking was performed on the less painful lateral side of the fingertip. This is based on
previous research investigating common practices amongst sufferers of diabetes when taking
blood glucose measurements [65]. Blood glucose was collected once before cognitive tasks began
(study 1). Participants were instructed to refrain from eating and drinking for three hours (i.e.
fasting; for at least 180 minutes and no longer than 195 minutes) before their blood glucose was
sampled (study 1). In study 2, blood glucose measurements were taken from participants having
refrained from eating and drinking for two hours (i.e. postprandial; for at least 120 minutes and
no longer than 135 minutes) instead of three hours as in study 1. A second blood glucose

measurement was taken 15 minutes after having consumed a 15g glucose beverage.
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2.5. Procedure

Testing was conducted in research-dedicated laboratories. Testing was carried out in the
afternoon, between 2:00 p.m. and 4 p.m. Participants were first required to complete the BIS-11
questionnaire. Next, the participants’ blood glucose levels (fasting) were measured by pricking a
sanitized finger with the glucose meter lancet. After blood glucose levels were recorded,
participants completed two computer based tests of behavioral flexibility, the Stroop Test (ST)
and the Berg’s Card sorting task (BCST) (study 1). The two tests were counterbalanced across
participants. The whole experiment lasted approximately 25 to 30 minutes (study 1). Participants
were given Cadbury chocolate bars at the end of testing as compensation. In study 2, following
the first blood glucose measurement (postprandial), all participants received 15¢g of glucose
dissolved in 200 mL of water flavored with 5 mL of no added-sugar lemon squash. The primary
purpose of administering a glucose drink was to understand whether individual variability in the
way glucose is processed modulated BF performance (i.e. glucoregulation). A secondary purpose
was to capture variability in BF due to increased postprandial blood glucose. To avoid potential
expectation bias of drinking a glucose beverage, we instructed participants that they may receive
either a glucose drink or a placebo, even though this was not the case. To avoid this potential
bias, in a prior small pilot study (i.e. n=20), we administered the same drink used during testing
and found that when participants were asked whether they thought they had consumed a glucose
drink or a placebo, the response rate for the glucose drink was at chance factor (i.e. 54%). Fifteen
minutes after the glucose drink, a second blood glucose measurement was taken and cognitive

testing began. The whole experiment (study 2) lasted approximately 45 minutes (see Fig.2).
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2.6. Statistical analyses

Statistical analyses were performed using SPSS Statistics version 22 (IBM, Armonk, NY, USA).
A P value less than .05 was deemed significant. Data are shown as means and SD +. Several
hierarchical multiple regression analyses were performed to examine the contribution of
psychological and physiological predictors (i.e. impulsivity and FBG in study 1 and impulsivity,
blood glucose 15 minutes following glucose intake [time 2] and changes from PBG [time 1] to
blood glucose following the intake of a glucose drink [time 2] in study 2) to outcomes of BF (i.e.
Berg and Stroop task performance). Examinations of collinearity and independence of errors
were used to rule out potential confounding variables. An independent-sample t test was

conducted to compare fasting and postprandial blood glucose between study 1 and 2.
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3. Results

3.1. Study1

In order to determine the contribution of impulsiveness (as measured by the BIS 11 scale), and
fasting blood glucose levels to measures of behavioral flexibility (i.e. Berg and Stroop), we used
hierarchical multiple regression analyses. Mean and standard deviation scores for both predictors
and outcome variables are presented in Table 1. A preliminary examination of collinearity
statistics (i.e. variance inflation factor [VIF] and tolerance) demonstrated that multicollinearity
was not an issue (i.e. VIF= 1.028; Tolerance= 0.98). The data also met the assumption of

independent errors (i.e. Durbin-Watson= 1.52-2.27).

In the first step of the analysis, we added the measure of BIS-11 total score (i.e. impulsiveness)
as predictor. In the second step of the analysis, we added fasting blood glucose levels (eating and
drinking avoided for 3 hours prior to blood glucose testing). The four dependent variables
consisted of the total number of errors in the Pebl’s Berg Card sorting task, perseverative errors,
reaction time (RT) and total errors on the Pebl’s Stroop task. The summary of the hierarchical
multiple regression analyses are presented in Table 2. Neither BIS-11 total score nor fasting
blood glucose levels contributed significantly to the regression model for any of the four criterion
variables. It has been suggested [66] that the BIS-11 total score may be an imperfect measure of
impulsivity, thus we ran additional analyses exchanging the BIS-11 total score with three
subdomains of impulsivity, namely attention, motor and non-planning (which individually

contribute to the BIS-11 total score). Results of these analyses were also non-significant.

To sum up, and contrary to our predictions, neither impulsivity nor fasting blood glucose levels

could account for variability in behavioral flexibility (BF) performance.

12
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3.2. Study 2

An independent sample t-test was conducted to assess whether blood glucose levels were
different between participants in experiment 1 and those in experiment 2 (3 hours fasting versus 2
hours postprandial). This analysis was carried out to ensure that the instructions to refrain from
eating or drinking for either two or three hours did in fact result in differential blood glucose
readings between the studies. Because sample sizes were unequal between the two experiments
(i.e. n=60 vs n=40), we randomly selected a sample of 40 participants (out of the total 60) (using
SPSS’s Select Cases function) in experiment 1 and compared these with the 40 participants in
experiment 2. Results showed that participants in experiment 2 had significantly higher blood
glucose levels (6.23 + 1.36) than participants in experiment 1 (5.58 + 1.02) t (72.47) =2.31, p

=0.024, d =0.61.

As in experiment 1, hierarchical multiple regression analyses were used to determine the
contribution of impulsiveness (as measured by the BIS 11 scale), blood glucose levels after a
glucose drink (time 2) and changes in blood glucose from postprandial blood glucose (time 1) to
time 2 to measures of behavioral flexibility. Mean and standard deviation scores for both
predictors and outcome variables are presented in Table 1. A preliminary examination of
collinearity statistics (i.e. variance inflation factor [VIF] and tolerance) demonstrated that
multicollinearity was not an issue (i.e. VIF=1.021-1.064; Tolerance= 0.94-0.98). The data also

met the assumption of independent errors (i.e. Durbin-Watson= 1.49-1.89).

In the first step of the analysis, we added the measure of BIS-11 total score (i.e. impulsiveness) as
predictor. In the second step of the analysis, we added blood glucose levels after a glucose drink.
In the third step of the analysis, we added changes in blood glucose from postprandial (time 1) to

time 2 (following the sugary drink). The four dependent variables are the same as in experiment

13
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1. The summary of the hierarchical multiple regression results is presented in Table 3 and Figure
3. BIS-11 total score, blood glucose levels after a glucose drink, and changes in blood glucose
from time 1 to time 2 did not contribute significantly to the regression model in two of the four

criterion variables (i.e. reaction time (RT) and total errors on the Pebl’s Stroop task).

However, BIS-11 total score entered at step 1 explained 10.6% of the variance in total number of
errors in the Pebl’s Berg Card sorting task, F(1,38) = 4.51, p=0.040. Introducing blood glucose
levels after a glucose drink at step 2 did not produce a significant change in R? as it only
explained an additional 8.3% of variation in Berg total errors, F(1, 37) = 3.78, p=0.059. Finally,
adding changes in blood glucose from time 1 to time 2 produced a significant change in R?, as it
explained an additional 19.2% of variation, F(1,36) =11.19, p=0.002. Together, the three
independent variables accounted for 38.1% of variance in Berg total errors, F(3, 36) =7.40,

p<0.001.

We then looked at perseverative errors in the Pebl’s Berg Card sorting task, as this represents a
separate measure of behavioral flexibility impairment, namely the repetition of particular
(erroneous) response at least twice consecutively. BIS-11 total score entered at step 1 explained
11.7% of the variance, F(1,38) = 5.04, p=0.031. Introducing blood glucose levels after a glucose
drink at step 2 did not produce a significant change in R?as it only explained an additional 1.8%
of variation in Berg perseverative errors, F(1, 37) = 0.76., p=0.387. Finally, adding changes in
blood glucose from time 1 to time 2 produced a significant change in R, as it explained an
additional 25.3% of variation, F(1,36) =14.89, p<0.001. Together, the three independent

variables accounted for 38.8% of variance in Berg perseverative errors, F(3, 36) =7.61, p<0.001.

Therefore, the lower the blood glucose increases from time 1 to time 2, the better the BF
performance. Moreover, higher postprandial blood glucose levels (time 1) were predictive of

14
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lower changes in blood glucose from time 1 to time 2. In fact, participants in the top quartile of
postprandial blood glucose concentrations (7.85 mmol/l) had an average increase in blood
glucose at time 2 of 1 mmol/l, whereas those in the bottom quartile (4.51 mmol/l) an average
increase of 2.3 mmol/I. These differential responses were in turn related to fewer total and
perseverative errors on the WCST (see Fig.4). A simple linear regression analysis confirmed that
blood glucose levels between the postprandial measurement (time 1) and the difference between
time 1 and time 2 were negatively correlated, r=-.533, n=40, p= < .001. This finding is surprising
given that, for example, fasting blood glucose levels have been reported to have a positive

correlation with postprandial measurements [67].
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4. Discussion

The current investigation had four principal objectives: (1) to further our understanding of the
relationship between impulsiveness and behavioral flexibility (BF) (study 1 and 2); (2) to
explore whether fasting blood glucose levels can be used to predict BF (study 1); (3) to examine
whether glucose levels measured following glucose supplementation from a postprandial state
can explain BF performance (time 2); (4) to investigate whether blood glucose changes from a
postprandial state (time 1) to blood glucose measured following the intake of a sugary drink (time
2) can further be used to predict BF (study 2). To answer these questions, we devised two
separate experiments. In study 1, we found that neither impulsiveness nor fasting blood glucose
levels could account for variation in performance of the BF tasks (WCST and the Stroop task). In
study 2, we found that higher levels of impulsiveness could predict increased number of errors on
the WCST but not on the Stroop task. Moreover, we found that blood glucose levels measured 15
minutes after the sugary drink intake did not explain significant improvements on the WCST nor
on the Stroop. Importantly, however, lower increases in blood glucose from postprandial blood
glucose to 15 minutes after the glucose drink were related to a reduction in the number of errors

on the WCST but not on the Stroop.

At first glance, the findings that impulsiveness could predict BF in experiment 2 but not in 1
seem puzzling, particularly given that mean scores on the BIS-11 were almost identical in both
studies. However, because participants in study 1 and 2 differed on the basis of their fasting
versus postprandial blood glucose profile, and on whether they received additional glucose prior
to cognitive testing, these data should be interpreted taking these methodological differences into
account. A performance comparison on the WCST between study 1 and study 2 participants (30.7

vs 26 errors), does in fact suggest that that a combination of postprandial blood glucose levels

16
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and taking additional glucose can alter negatively performance. Therefore, it is plausible that the
BIS-11 scale is capturing variability in BF when cognitive performance declines. Previous
research had demonstrated a relationship between the BIS-11 and measures of BF [15-17].
However, in the above studies no measures of blood glucose concentrations were taken, and
presumably most participants would have performed tasks of BF in a non-fasting and/or non-
postprandial plus glucose intake state. Therefore, our data indicate that high impulsiveness is
predictive of impaired BF performance in individuals who perform the task during their
postprandial blood glucose levels plus glucose supplementation (more naturalistic state) but not

in those in a fasting state.

We hypothesized that fasting blood glucose (study 1) could predict BF performance, however,
this was not the case. Previous investigations which have reported a link between executive
function and fasting blood glucose have been based on diabetic patients either hypoglycemic at
fasting (i.e. <3.0 mmol/l) or hyperglycemic (i.e. >7.00 mmol/l). Blood glucose values at fasting
below or above these thresholds negatively impact cognition. Some studies have shown that
fasting blood glucose levels in a healthy, younger population below 4.1 mmol-I were detrimental
to executive function (although not BF specifically) [68]. It would thus appear that fasting levels
in the 5.5 mmol/l £ 0.9 range, as in the current study, bring about comparable BF performance
across participants. This is in agreement with a large study in an elderly cohort whereby no
association was found between fasting glucose levels in the 5.14 mmol + 0.78 and executive
function [69]. In contrast, our findings disagree with a recent study in which older, healthy
participants with higher fasting blood glucose levels in the 4.91 mmol/l £ 0.57, showed impaired
executive function performance [70]. However, it should be stressed that there are inherent

difficulties in comparing the findings from studies in which young and older adults were
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employed due to different gluco-regulatory profiles and particularly because we know that
characteristics such as age, BMI (body mass index) and a history of prior disease can negatively

influence cognitive performance [71].

In study 2, we also found that blood glucose measured following the intake of a sugary drink
(time 2) from a postprandial state did not account for variability in BF performance, as per our
hypothesis. This finding suggests that once a certain blood glucose threshold has been reached (in
our study 7.6 mmol/l £1.2), BF performance is unaffected. These results are not particularly
surprising given that previous investigations have shown that cognitive improvements in
memory, attention and executive function are only found when participants blood glucose levels
raise to approximately 8.9 to 10 mmol/l, and when contrasted to placebo groups with fasting
blood glucose levels of 4.2 to 5.3 mmol/l [72, 73]. Because all participants in our study 2 did take
the glucose drink, and because their baseline postprandial blood glucose (i.e. pre-glucose
supplementation) was significantly higher, blood glucose variations across participants were
within a much narrower window (i.e. 7.6 mmol/l £ 1.2) than in previous studies to allow for

cognitive performance differences to be picked up.

The most noteworthy finding from this study is that the lower the change (i.e. from postprandial
blood glucose) in blood glucose levels following the consumption of a 15-g glucose drink, the
better the performance on the WCST. These data are largely in agreement with previous
investigations on other cognitive functions [51-55] and extend to the domain of behavioral
flexibility. Moreover, however, our study uniquely shows the importance of glucoregulation on
cognitive performance even when a small dose of glucose has been administered to individuals in
their postprandial and not fasting state. Those adopting to track blood glucose and obtain an

estimate of glucose regulation throughout the testing session tend to administer 25g or 509
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depending on whether younger or older adults are examined, respectively (see [56] for meta-
analysis; [74] for review). Previous studies have also adopted to administer the glucose tolerance
test (i.e. overnight fasting followed by the ingestion of a 75-g glucose drink) in a separate session
as a measure of glucose regulation. Whilst this method can be used as a diagnostic tool for type 2
diabetes, we aimed to use a smaller glucose dose as a more naturalistic indicator (15-g or
equivalent to a glass of soda) of an individual’s intake prior to performing a cognitive related task

in an everyday setting.

Further analyses of our data also showed that higher postprandial blood glucose levels were
predictive of smaller changes in blood glucose levels following glucose supplementation. This is
in contrast with a previous study in which high fasting blood glucose levels were predictive of
high postprandial blood glucose [67]. Because we measured glucoregulation from a postprandial
state and not a fasting one, a direct comparison with the above study cannot be made.
Importantly, however, our data suggest that glucoregulation is a mechanism that is at least
partially modulated by postprandial glucose levels, rather than being independent from it. Future
studies would need to identify participants with similar postprandial profiles (i.e. within a
1mmol/l range as opposed to over 2mmol/l in this study) to find out whether glucoregulation is

independent from postprandial glucose levels in affecting BF performance.

Finally, in both experiment 1 and 2, impulsiveness, fasting blood glucose levels, glucose levels
at time 2 and changes in blood glucose following the intake of a 15-g glucose drink did not
account for variability in Stroop performance. Nevertheless, our findings may be explained by the
observation that although there is great overlap between the neuronal substrates that determine
performance on the WCST and Stroop, there is also some evidence to suggest that performance

on the Stroop task relies more heavily on the anterior cingulate cortex (ACC) [75-77], whereas
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performance on the WCST on the dorsolateral and ventromedial prefrontal cortex [78-80].
Cognitively there is also good reason to suspect the task tap different processing mechanisms. For
instance, Goshiki & Miyahara [81] in their examination of the tasks within a working memory
framework argue that the WCST recruits both the phonological loop and central executive

components; whereas the Stroop the central executive only.

Future studies would need to address some limitations of the current investigation. First, as
participants verbally reported the time from last consumption of a meal, it is possible that the
fasting and postprandial definitions of three and two hours without eating or drinking may have
not been strictly adhered to. However, the blood glucose values for both the fasting group (study
1) and postprandial group (study 2), are largely in line with previously reported studies [47, 82].
Second, as meal composition intake prior to measuring fasting (study 1) and postprandial (study
2) glucose levels was not monitored, there may have been effects of eating food with different
protein, carbohydrate, fat and micronutrients on BF performance unrelated to absolute blood
glucose concentrations per se, but for example due to variation in glucose metabolism, glucagon

to insulin ratio, hormonal and mood effects [83].

In conclusion, our findings provide support for a larger body of knowledge which links
impulsiveness and glucose regulation to executive function and extend to the domain of BF
specifically. Additionally, the effect of glucose regulation on BF was mediated using more
naturalistic glucose dosages than in previous investigations, and was partially affected by

participants' postprandial blood glucose profile.

This research did not receive any specific grant from funding agencies in the public, commercial,

or not-for-profit sectors.

20



449
450

451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493

References

[1] Floresco SB, Zhang Y, Enomoto T. Neural circuits subserving behavioral flexibility and their relevance
to schizophrenia. Behavioural Brain Research. 2009;204:396-409.

[2] Ritter SM, Damian RI, Simonton DK, van Baaren RB, Strick M, Derks J, et al. Diversifying experiences
enhance cognitive flexibility. Journal of Experimental Social Psychology. 2012;48:961-4.

[3] Homack S, Riccio CA. A meta-analysis of the sensitivity and specificity of the Stroop Color and Word
Test with children. Archives of Clinical Neuropsychology. 2004;19:725-43.

[4] Spreen O, Strauss E. A compendium of neuropsychological tests: Administration, norms, and
commentary: Oxford University Press; 1998.

[5] Archibald SJ, Kerns KA. Identification and description of new tests of executive functioning in children.
Child Neuropsychology. 1999;5:115-29.

[6] Barceld F, Knight RT. Both random and perseverative errors underlie WCST deficits in prefrontal
patients. Neuropsychologia. 2002;40:349-56.

[7] Chamberlain SR, Fineberg NA, Blackwell AD, Robbins TW, Sahakian BJ. Motor inhibition and cognitive
flexibility in obsessive-compulsive disorder and trichotillomania. American Journal of Psychiatry.
2006;163:1282-4.

[8] Li C-sR, Sinha R. Inhibitory control and emotional stress regulation: Neuroimaging evidence for
frontal-limbic dysfunction in psycho-stimulant addiction. Neuroscience & Biobehavioral Reviews.
2008;32:581-97.

[9] Fellows LK, Farah MJ. Ventromedial frontal cortex mediates affective shifting in humans: evidence
from a reversal learning paradigm. Brain. 2003;126:1830-7.

[10] Greer J, Riby DM, Hamiliton C, Riby LM. Attentional lapse and inhibition control in adults with
Williams Syndrome. Research in developmental disabilities. 2013;34:4170-7.

[11] Swann AC, Dougherty DM, Pazzaglia PJ, Pham M, Moeller FG. Impulsivity: a link between bipolar
disorder and substance abuse. Bipolar Disord. 2004;6:204-12.

[12] Franken IH, van Strien JW, Nijs I, Muris P. Impulsivity is associated with behavioral decision-making
deficits. Psychiatry research. 2008;158:155-63.

[13] Romer D, Betancourt L, Giannetta JM, Brodsky NL, Farah M, Hurt H. Executive cognitive functions
and impulsivity as correlates of risk taking and problem behavior in preadolescents. Neuropsychologia.
2009;47:2916-26.

[14] Barratt EE. Anxiety and impulsiveness related to psychomotor efficiency. Perceptual and motor
skills. 1959.

[15] Cheung AM, Mitsis EM, Halperin JM. The relationship of behavioral inhibition to executive functions
in young adults. Journal of Clinical and Experimental Neuropsychology. 2004;26:393-404.

[16] Fino E, Melogno S, lliceto P, D'Aliesio S, Pinto MA, Candilera G, et al. Executive functions, impulsivity,
and inhibitory control in adolescents: A structural equation model. Adv Cogn Psychol. 2014;10:32-8.
[17] Kam JW, Dominelli R, Carlson SR. Differential relationships between sub-traits of BIS-11 impulsivity
and executive processes: An ERP study. International Journal of Psychophysiology. 2012;85:174-87.
[18] Kam JW, Dominelli R, Carlson SR. Differential relationships between sub-traits of BIS-11 impulsivity
and executive processes: an ERP study. Int J Psychophysiol. 2012;85:174-87.

[19] Strac DS, Perkovi¢ MN, Erjavec GN, Kiive E, Dodig-Curkovi¢ K, Curkovic M, et al. Biomarkers of
Impulsivity. Psychology of Impulsivity: New Research: Nova Science Publishers, Inc.; 2014.

[20] Wang XT, Dvorak RD. Sweet future: fluctuating blood glucose levels affect future discounting.
Psychol Sci. 2010;21:183-8.

21



494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541

[21] Denson TF, von Hippel W, Kemp RI, Teo LS. Glucose consumption decreases impulsive aggression in
response to provocation in aggressive individuals. Journal of Experimental Social Psychology.
2010;46:1023-8.

[22] Gailliot MT, Baumeister RF. Self-regulation and sexual restraint: dispositionally and temporarily poor
self-regulatory abilities contribute to failures at restraining sexual behavior. Pers Soc Psychol Bull.
2007;33:173-86.

[23] Svanborg P, Mattila-Evenden M, Gustavsson PJ, Uvnas-Moberg K, Asberg M. Associations between
plasma glucose and DSM-III-R cluster B personality traits in psychiatric outpatients. Neuropsychobiology.
2000;41:79-87.

[24] Donohoe RT, Benton D. Cognitive functioning is susceptible to the level of blood glucose.
Psychopharmacology. 1999;145:378-85.

[25] Linnoila VM, Virkkunen M. Aggression, suicidality, and serotonin. J Clin Psychiatry. 1992;53:46-51.
[26] West R, Willis N. Double-blind placebo controlled trial of dextrose tablets and nicotine patch in
smoking cessation. Psychopharmacology. 1998;136:201-4.

[27] Cooper SB, Bandelow S, Nute ML, Morris JG, Nevill ME. Breakfast glycaemic index and cognitive
function in adolescent school children. British Journal of Nutrition. 2012;107:1823-32.

[28] Gagnon C, Greenwood CE, Bherer L. The acute effects of glucose ingestion on attentional control in
fasting healthy older adults. Psychopharmacology. 2010;211:337-46.

[29] Kennedy DO, Scholey AB. Glucose administration, heart rate and cognitive performance: effects of
increasing mental effort. Psychopharmacology. 2000;149:63-71.

[30] Riby LM, Law AS, Mclaughlin J, Murray J. Preliminary evidence that glucose ingestion facilitates
prospective memory performance. Nutrition Research. 2011;31:370-7.

[31] Scholey AB, Harper S, Kennedy DO. Cognitive demand and blood glucose. Physiology & behavior.
2001;73:585-92.

[32] Brown LA, Riby LM. Glucose enhancement of event-related potentials associated with episodic
memory and attention. Food & function. 2013;4:770-6.

[33] Smith MA, Riby LM, van Eekelen JAM, Foster JK. Glucose enhancement of human memory: a
comprehensive research review of the glucose memory facilitation effect. Neuroscience & Biobehavioral
Reviews. 2011;35:770-83.

[34] Brandt KR, Gibson EL, Rackie JM. Differential facilitative effects of glucose administration on Stroop
task conditions. Behavioral neuroscience. 2013;127:932.

[35] Awad N, Gagnon M, Messier C. The relationship between impaired glucose tolerance, type 2
diabetes, and cognitive function. Journal of Clinical and Experimental Neuropsychology. 2004;26:1044-
80.

[36] Cox D, Gonder-Frederick L, McCall A, Kovatchev B, Clarke W. The effects of glucose fluctuation on
cognitive function and QOL: the functional costs of hypoglycaemia and hyperglycaemia among adults
with type 1 or type 2 diabetes. International journal of clinical practice Supplement. 2002:20-6.

[37] Evans ML, Pernet A, Lomas J, Jones J, Amiel SA. Delay in onset of awareness of acute hypoglycemia
and of restoration of cognitive performance during recovery. Diabetes Care. 2000;23:893-7.

[38] Geddes J, Deary |, Frier B. Effects of acute insulin-induced hypoglycaemia on psychomotor function:
people with type 1 diabetes are less affected than non-diabetic adults. Diabetologia. 2008;51:1814-21.
[39] Maran A, Lomas J, Macdonald I, Amiel S. Lack of preservation of higher brain function during
hypoglycaemia in patients with intensively-treated IDDM. Diabetologia. 1995;38:1412-8.

[40] Mitrakou A, Ryan C, Veneman T, Mokan M, Jenssen T, Kiss |, et al. Hierarchy of glycemic thresholds
for counterregulatory hormone secretion, symptoms, and cerebral dysfunction. American Journal of
Physiology-Endocrinology And Metabolism. 1991;260:E67-E74.

[41] Sommerfield AJ, Deary 1), McAulay V, Frier BM. Short-term, delayed, and working memory are
impaired during hypoglycemia in individuals with type 1 diabetes. Diabetes care. 2003;26:390-6.

22



542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589

[42] Warren R, Zammitt N, Deary |, Frier B. The effects of acute hypoglycaemia on memory acquisition
and recall and prospective memory in type 1 diabetes. Diabetologia. 2007;50:178-85.

[43] Warren RE, Frier BM. Hypoglycaemia and cognitive function. Diabetes, Obesity and Metabolism.
2005;7:493-503.

[44] Wright RJ, Frier BM, Deary ). Effects of acute insulin-induced hypoglycemia on spatial abilities in
adults with type 1 diabetes. Diabetes Care. 2009;32:1503-6.

[45] Jones N, Riby LM, Smith MA. Impaired Word and Face Recognition in Older Adults with Type 2
Diabetes. Archives of Medical Research. 2016;47:372-81.

[46] Smith MA, Else JE, Paul L, Foster JK, Walker M, Wesnes KA, et al. Functional living in older adults
with type 2 diabetes: executive functioning, dual task performance, and the impact on postural stability
and motor control. Journal of aging and health. 2014;26:841-59.

[47] American Diabetes Association. Postprandial Blood Glucose. Diabetes Care. 2001;24:775-8.

[48] Schrot RJ. Targeting Plasma Glucose: Preprandial Versus Postprandial. Clinical Diabetes.
2004;22:169-72.

[49] Nilsson A, Radeborg K, Bjorck I. Effects of differences in postprandial glycaemia on cognitive
functions in healthy middle-aged subjects. Eur J Clin Nutr. 2009;63:113-20.

[50] Nilsson A, Radeborg K, Bjorck I. Effects on cognitive performance of modulating the postprandial
blood glucose profile at breakfast. Eur J Clin Nutr. 2012;66:1039-43.

[51] Galanina N, Surampudi V, Ciltea D, Singh SP, Perlmuter LC. Blood glucose levels before and after
cognitive testing in diabetes mellitus. Experimental aging research. 2008;34:152-61.

[52] Perlmuter LC, Shah PH, Flanagan BP, Surampudi V, Kosman Y, Singh SP, et al. Rate of peripheral
glucose change during cognitive testing predicts performance in diabetes mellitus. Journal of diabetes.
2009;1:43-9.

[53] Gluck ME, Ziker C, Schwegler M, Thearle M, Votruba SB, Krakoff J. Impaired glucose regulation is
associated with poorer performance on the Stroop Task. Physiology & behavior. 2013;122:113-9.

[54] Messier C, Awad-Shimoon N, Gagnon M, Desrochers A, Tsiakas M. Glucose regulation is associated
with cognitive performance in young nondiabetic adults. Behavioural brain research. 2011;222:81-8.
[55] Messier C, Tsiakas M, Gagnon M, Desrochers A, Awad N. Effect of age and glucoregulation on
cognitive performance. Neurobiology of aging. 2003;24:985-1003.

[56] Riby LM. The impact of age and task domain on cognitive performance: a meta-analytic review of
the glucose facilitation effect. Brain Impairment. 2004;5:145-65.

[57] Field A. Discovering statistics using IBM SPSS statistics: Sage; 2013.

[58] Cohen J. Statistical power analysis for the behavioural sciences. Hillside. NJ: Lawrence Earlbaum
Associates. 1988.

[59] Mueller S. PEBL: The psychology experiment building language (Version 0.10)[Computer experiment
programming language]. Retrieved Nov. 2012.

[60] Mueller ST, Piper BJ. The psychology experiment building language (PEBL) and PEBL test battery.
Journal of neuroscience methods. 2014;222:250-9.

[61] Teik DOL, Lee XS, Lim CJ, Low CM, Muslima M, Aquili L. Ginseng and Ginkgo Biloba Effects on
Cognition as Modulated by Cardiovascular Reactivity: A Randomised Trial. PloS one. 2016;11:e0150447.
[62] Dias NM, Seabra AG. Executive demands of the Tower of London task in Brazilian teenagers.
Psychology & Neuroscience. 2012;5:63-75.

[63] Patton JH, Stanford MS. Factor structure of the Barratt impulsiveness scale. Journal of clinical
psychology. 1995;51:768-74.

[64] Stanford MS, Mathias CW, Dougherty DM, Lake SL, Anderson NE, Patton JH. Fifty years of the Barratt
Impulsiveness Scale: An update and review. Personality and Individual Differences. 2009;47:385-95.
[65] Ong WM, Chua SS, Ng CJ. Barriers and facilitators to self-monitoring of blood glucose in people with
type 2 diabetes using insulin: a qualitative study. Patient preference and adherence. 2014;8:237.

23



590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628

629

[66] Reise SP, Moore TM, Sabb FW, Brown AK, London ED. The Barratt Impulsiveness Scale—11:
Reassessment of its structure in a community sample. Psychological assessment. 2013;25:631.

[67] Carroll MF, Izard A, Riboni K, Burge MR, Schade DS. Fasting Hyperglycemia Predicts the Magnitude
of Postprandial Hyperglycemia. Implications for diabetes therapy. 2002;25:1247-8.

[68] Donohoe RT, Benton D. Cognitive functioning is susceptible to the level of blood glucose.
Psychopharmacology. 1999;145:378-85.

[69] Euser SM, Sattar N, Witteman JC, Bollen EL, Sijbrands EJ, Hofman A, et al. A Prospective Analysis of
Elevated Fasting Glucose Levels and Cognitive Function in Older People Results From PROSPER and the
Rotterdam Study. diabetes. 2010;59:1601-7.

[70] Mortby ME, Janke AL, Anstey KJ, Sachdev PS, Cherbuin N. High “normal” blood glucose is associated
with decreased brain volume and cognitive performance in the 60s: the PATH through life study. PloS
one. 2013;8:e73697.

[71] Cournot M, Marquie JC, Ansiau D, Martinaud C, Fonds H, Ferrieres J, et al. Relation between body
mass index and cognitive function in healthy middle-aged men and women. Neurology. 2006;67:1208-
14.

[72] Feldman J, Barshi I. The effects of blood glucose levels on cognitive performance: A review of the
literature. 2007.

[73] Gold PE. Role of glucose in regulating the brain and cognition. The American journal of clinical
nutrition. 1995;61:987S-95S.

[74] Riby L, Riby D. Glucose, ageing and cognition: the hippocampus hypothesis. 2006.

[75] Song Y, Hakoda Y. An fMRI study of the functional mechanisms of Stroop/reverse-Stroop effects.
Behav Brain Res. 2015;290:187-96.

[76] Dvorak-Bertsch JD, Sadeh N, Glass SJ, Thornton D, Newman JP. Stroop tasks associated with
differential activation of anterior cingulate do not differentiate psychopathic and non-psychopathic
offenders. Personality and individual differences. 2007;42:585-95.

[77] Liu C, Chen Z, Wang T, Tang D, Hitchman G, Sun J, et al. Predicting stroop effect from spontaneous
neuronal activity: a study of regional homogeneity. PLoS One. 2015;10.

[78] Mansouri FA, Matsumoto K, Tanaka K. Prefrontal cell activities related to monkeys' success and
failure in adapting to rule changes in a Wisconsin Card Sorting Test analog. J Neurosci. 2006;26:2745-56.
[79] Logue SF, Gould TJ. The neural and genetic basis of executive function: attention, cognitive
flexibility, and response inhibition. Pharmacology Biochemistry and Behavior. 2014;123:45-54.

[80] Klanker M, Feenstra M, Denys D. Dopaminergic control of cognitive flexibility in humans and
animals. Frontiers in neuroscience. 2013;7:201.

[81] Goshiki T, Miyahara M. Effects of individual differences and irrelevant speech on WCST and Stroop
test. Psychologia. 2008;51:28-45.

[82] Moebus S, Gores L, Losch C, Jockel K-H. Impact of time since last caloric intake on blood glucose
levels. European Journal of Epidemiology. 2011;26:719-28.

[83] Fischer K, Colombani PC, Langhans W, Wenk C. Carbohydrate to protein ratio in food and cognitive
performance in the morning. Physiol Behav. 2002;75:411-23.

24



