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Abstract
Prevention and treatment of type 2 diabetes mellitus (T2DM), relies heavily on self-care behaviours
such as dietary modification, physical activity, and medication adherence. Ability to perform these
self-care behaviours depends, at least in part, on executive function (EF). Recent evidence suggests a
correlation between T2DM and impaired cognitive function, including EF. Given the importance of
EF for regulation of behaviours, and the importance of self-care in diabetes management, attenuated
EF would represent a potential barrier to proper disease management. Thus the objective of Study 1
was to examine the association between T2DM and EF through meta-analytic techniques. Medline,
PsychoInfo, and Scopus, as well as article references, were used to identify studies comparing
individuals with T2DM to a control population. Effect size was calculated using cohen’s d and
random effects modeling, and the potential impact of moderators (age, sex, and T2DM duration) were
examined. Review of 60 studies (59 articles), revealed a significant, small-to-moderate effect size
(d=-0.249, p<0.001) such that those with T2DM have lower EF. This finding was consistent across all
aspects of EF examined (verbal fluency, mental flexibility, inhibition, working memory, and
attention), and the association was stronger for those with shorter disease duration. The findings of
study 1 illustrate that although individuals with T2DM have a great need for EF, as evidenced by the
reliance of self-care behaviours on EF, this population has lower EF upon which to draw to perform
these behaviours. Thus, strategies that improve EF, such as aerobic exercise, may be particularly
relevant to this population. Acute aerobic exercise has been shown to improve EF in young and older
adults; however this effect had not yet been examined in individuals with T2DM. Thus the objective
of Study 2 was to examine the effects of acute aerobic exercise on EF in adults with T2DM. A withinsubject design was used to compare the change in EF task performance following moderate and
minimal intensity aerobic exercise, using Stroop and GNG to measure EF. Analysis revealed a
significant effect of moderate exercise in women (but not men) and recently active (but not inactive)
individuals, such that moderate exercise mitigated the self-regulatory fatigue effect observed
following exercise. This study provides preliminary evidence of a significant beneficial effect of
moderate aerobic exercise on EF in female and recently active adults with T2DM.
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Chapter 1
Overview
In 2013, an estimated 382 million (8.3%) adults (ages 20-79) worldwide had diabetes mellitus (DM)
and this prevalence is expected to increase to 592 million (10.1%) by 2035 (IDF Diabetes Atlas
Group, 2013). Of these cases, type 2 diabetes mellitus (T2DM) accounts for the majority (up to 90%),
and the prevalence of T2DM is increasing in every country (IDF Diabetes Atlas Group, 2013). T2DM
is associated with a number of complications, such as retinopathy, nephropathy, neuropathy,
cardiovascular and cerebrovascular disease, which can result in disability or mortality, and may
contribute to the association between T2DM and decreased quality of life (Stratton et al., 2000).
Associations between T2DM, decreased quality of life, and increased complications in combination
with increasing prevalence have made T2DM a significant global health concern. Encouragingly,
improved diabetes management, typically measured by glucose regulation, results in reduced risk of
developing diabetes related complications (Skyler, 2004); thus, interventions which target
improvement of diabetes management and glucose regulation may have the capacity to significantly
reduce diabetes-related morbidity and mortality.
The ability to implement diabetes-management behaviours consistently may rely, at least in
part, on cognitive abilities, and executive function may be of particular importance(Thabit et al.,
2009). Executive function (EF) is the key cognitive resource responsible for self-control and selfregulation of behaviours including the ability to plan, initiate, sequence, monitor, and inhibit complex
behaviours (Miyake & Friedman, 2012; Schillerstrom, Horton, & Royall, 2005) ; thus, deficits in EF
would be expected to result in an impaired ability to perform self-management behaviours such as
medication adherence, physical activity adherence, and making healthy dietary choices. In line with
this assumption, an association between executive dysfunction and worse diabetes management
behaviours has been reported in both T2DM (Munshi, Hayes, Iwata, Lee, & Weinger, 2012; Thabit et
al., 2009) and T1DM populations (McNally, Rohan, Pendley, Delamater, & Drotar, 2010) . These
findings indicate that EF could be important for consistent implementation of diabetes management
behaviours and, therefore, germane to secondary prevention.
Beyond the potential influence of cognition on self-management, it is also possible that the
T2DM disease process itself may impair cognitive function. Interest in the effects of T2DM on
cognition, including EF, has been increasing over the past decade (Starr & Convit, 2007) . To date,
evidence from cross-sectional studies has been mixed: some studies suggesting that T2DM is
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associated with impaired EF (Gregg et al., 2000; Hassing et al., 2004; Ishizawa, Kumano, Sato,
Sakura, & Iwamoto, 2010; Lindeman et al., 2001; Yeung, Fischer, & Dixon, 2009) and others
observing no difference in EF of individuals with and without T2DM (Aberle, Kliegel, & Zimprich,
2008; Arvanitakis, Bennett, Wilson, & Barnes, 2010; Bruehl et al., 2009; Espeland et al., 2011;
Helkala, Niskanen, Viinamaki, Partanen, & Uusitupa, 1995) .
Perhaps of most interest is the possibility that the relationship between diabetes and EF may
be characterized by positive and negative feedback loops. For example, the proposed association of
T2DM with impaired EF would have significant implications because of the importance of EF for
diabetes management behaviours. An association of T2DM with impaired EF would imply that
although individuals with T2DM may have a greater need of EF in order to conduct disease
management behaviours such as dietary control and medication adherence, they have lower overall
EF with which to carry out these tasks. Given the importance of EF for T2DM management,
impairment of EF among this population would represent a barrier to effective treatment which may
warrant special clinical attention. Additionally, impaired EF among this population would indicate a
potential utility of screening and interventions/strategies to increase EF; one such strategy is acute
aerobic exercise. Acute aerobic exercise has been shown to improve EF in healthy young (Kamijo,
Nishihira, Hatta, Kaneda, Wasaka, Kida, & Kuroiwa, 2004a; Yanagisawa et al., 2010) and healthy
older adults (Cordova, Silva, Moraes, Simoes, & Nobrega, 2009; Kamijo et al., 2009) . However,
further elucidation of the effects of acute aerobic exercise among individuals with T2DM is necessary
and could inform the use of acute aerobic exercise as a strategy to increase EF in the T2DM
population.
The overall aims of my thesis project are: 1) to assess whether T2DM is associated with
impaired EF using meta-analytic techniques, and 2) to determine whether acute aerobic exercise
improves executive function, specifically response inhibition, among older adults with T2DM. These
goals will be achieved through two studies which will be presented in this thesis paper. The following
section will provide background information relevant to my thesis topic and build the rationale for the
thesis studies.
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Chapter 2
Executive Function and Type 2 Diabetes Mellitus
2.1 Type 2 Diabetes Mellitus
Diabetes mellitus is a metabolic disorder characterized by hyperglycemia and glycosuria which result
from insufficient insulin production/secretion, defective insulin action, or both (Canadian Diabetes
Association Clinical Practice Guidelines Expert Committee, Goldenberg, & Punthakee, 2013) . As
mentioned, T2DM is the most prevalent form of diabetes, and is rapidly increasing in prevalence in
every country around the world (IDF Diabetes Atlas Group, 2013). This increase in prevalence is
believed to be the result of increased prevalence of T2DM risk factors, particularly the increased
prevalence of obesity, which has more than doubled since 1980 (World Health Organization, 2011).
Additionally, in Canada, the United States, and Europe, the majority of individuals with T2DM fall
within the 65 and older age category (Centers for Disease Control and Prevention, 2011; Statistics
Canada, 2013). Therefore, as the proportion of the Canadian population represented by those over the
age of 65 continues to grow in coming years (Milan, 2011), it can be anticipated that the number of
individuals with T2DM will also increase.
Unlike type 1 diabetes mellitus (T1DM) which results from inability to produce insulin
(primarily as a result of insufficient pancreatic beta cell production), T2DM is characterized by both
some degree of insulin resistance and deficient insulin secretion, and may range from predominant
insulin resistance with mild secretory deficit to predominant secretory deficit with mild insulin
resistance (Canadian Diabetes Association Clinical Practice Guidelines Expert Committee et al.,
2013). However, in either case, T2DM results in hyperglycemia, and chronic hyperglycemia is
believed to explain associations between T2DM and a variety of microvascular and macrovascular
complications (Stratton et al., 2000). T2DM has also been associated with decreased quality of life.
However, improved glucose regulation is associated with both reduction in complication rates and
reduced impact on quality of life (Skyler, 2004).

2.2 Executive Function
Executive function (EF) refers to the separable but intricately connected cognitive control
mechanisms that are responsible for regulation of thoughts, emotions, and behaviours (Miyake &
Friedman, 2012) . While definitions of what constitutes EF vary slightly from researcher to
researcher, facets of attentional control (task-shifting), temporal organization, task management,
3

inhibition, monitoring and updating of information (working memory), and planning are widely
agreed upon (Funahashi & Andreau, 2013) . Recently, Miyake et al. (2000; 2012) have proposed that
EF can be broken down to three main subcomponents: an updating-specific EF, a shifting-specific
EF, and a response inhibition component (also known as common EF). They further proposed that all
EF abilities draw on a combination of these three subcomponents. For example, updating ability relies
on both updating-specific EF and common EF; mental flexibility relies on both shifting-specific and
common EF; while response inhibition relies purely on common EF (Miyake & Friedman, 2012).
The broad range of subcomponents of EF highlights its importance in a broad spectrum of
tasks requiring cognitive control. In order to exert control over this spectrum of cognitive processes,
EF primarily involves operation of the prefrontal cortex (PFC) and projections to a number of other
cortical and subcortical regions e.g., premotor cortex, supplementary motor area, frontal eye fields,
and posterior corticies (Funahashi & Andreau, 2013; Ridderinkhof, Ullsperger, Crone, &
Nieuwenhuis, 2004). In situations requiring EF, the PFC sends signals, in a top-down fashion, to
cortical and subcortical regions to configure, modulate, and direct processing (Ridderinkhof, van den
Wildenberg, Segalowitz, & Carter, 2004) . This top-down control of the PFC is central to EF;
however, other brain regions and pathways in the thalamus and cerebellum may also play an
important role (Bellebaum & Daum, 2007; Heyder, Suchan, & Daum, 2004).

2.3 EF & Diabetes Self-Care
From a disease self-care perspective, EF is important for regulation of behaviours, including the
ability to plan, initiate, sequence, monitor, and inhibit complex behaviours (Miyake & Friedman,
2012; Schillerstrom et al., 2005) , and as such, is particularly relevant to T2DM self-care behaviours
which require planning, implementation, assessment, and adaptation (Hajduk et al., 2013). For
example, in order to improve glucose regulation with dietary changes and individual must plan and
implement the dietary change, assess whether the change is having the desired effect, and adapt the
diet based on these results. As such, deficits in EF would be expected to result in impaired ability to
perform key diabetes self-care behaviours such as medication adherence, physical activity adherence
and dietary self-regulation, the primary objective of which is glycaemic control(Skyler, 2004). To
date, several cross-sectional studies have examined the relationship between EF and T2DM
management both indirectly through associations with glycaemic control, and directly in terms of
diabetes self-management behavior implementation; these are reviewed next.
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2.3.1 Glycaemic Control
Glycaemic control is typically measured using percent glycosylated hemoglobin (A1C). Glycosylated
hemoglobin forms as a result of exposure of red blood cells to glucose in the blood stream; over time,
glucose binds to hemoglobin in the red blood cells (RBCs) creating glycosylated hemoglobin. Thus,
A1C is used as a proxy for average blood glucose over the previous 3-4 months–as a result of the
120-day lifespan of RBCs (Khan, Ola, Alhomida, Sobki, & Khan, 2013) . A1C provides an objective
measure of glycaemic control (and diabetes management) and is more generalizable and reliable than
point estimates (such as fasting blood sugar or random blood sugar) or self-report (such as log books).
Association between poor glycaemic control, as measured by A1C, and lower EF has been observed
in a number of studies(Ishizawa et al., 2010; Munshi et al., 2012; Nguyen et al., 2010). For example,
in a study of mixed ethnicity rural older adults, significantly worse performance on EF tasks was
associated with higher A1C, such that a 1-point higher EF score was associated with a 0.47 unit lower
A1C value (Nguyen et al., 2010). Similar findings were reported by Munshi et al. (2012) who
observed a significant association between objective, but not self-report, measures of EF and A1C,
such that a 1-point higher EF score was associated with a 0.22 unit lower A1C. Additionally, Grober
et al. (Grober, Hall, Hahn, & Lipton, 2011) observed that any degree of executive dysfunction was
associated with increased odds of inadequate glycaemic control.
These findings indicate an association between EF and diabetes self-management; however,
the cross-sectional nature of these studies precludes determination of directionality of effect (i.e.,
whether impaired EF leads to worse T2DM management which results in decreased glycaemic
control or if worse glycaemic control results in cortical changes leading to impairment of executive
function). For this reason, associations of EF with various diabetes self-management behaviours
(including medication adherence, physical activity, and dietary control) have also been examined in
order to build the case for an impact of EF on diabetes self-management.
2.3.2 Self Management Behaviours
In self-report measures of overall diabetes self-management behaviours, observational studies have
reported an association between EF and diabetes self-care behaviours among both T2DM and T1DM
populations (McNally et al., 2010; Ohmann et al., 2010; Primozic, Tavcar, Avbelj, Dernovsek, &
Oblak, 2012a; Thabit et al., 2009). These studies typically employ self-report questionnaires that
focus on reported dietary modification, medication adherence, physical activity, smoking cessation,
and foot care (Toobert, Hampson, & Glasgow, 2000). For instance, a cross-sectional study of 98
5

individuals with T2DM, observed a positive correlation between higher EF and better diabetes selfmanagement as measured by the Summary of Diabetes Self-Care (SDSC) questionnaire; furthermore,
among those treated with insulin, EF was the strongest predictor of better diabetes self-care (Primozic
et al., 2012a). In addition to this correlation between EF and T2DM self-care behaviours generally,
EF has been associated with medication adherence, physical activity adherence, and dietary choices
independently.
2.3.2.1 Medication Adherence
Executive function, and particularly aspects of attention, mental flexibility, and working memory,
have been identified as important predictors of medication adherence in populations of older adults
with a variety of comorbidities (Insel, Morrow, Brewer, & Figueredo, 2006; Panos et al., 2014;
Stilley, Bender, Dunbar-Jacob, Sereika, & Ryan, 2010) . Additionally, in individuals with T2DM,
worse performance on the Stroop and TMTB tasks, typically used to measure response inhibition and
task shifting aspects of EF respectively, was associated with worse adherence to metformin (Rosen et
al., 2003).
2.3.2.2 Physical Activity Adherence
Executive function has also been demonstrated to moderate the association between intention and
action for both physical activity and dietary choices (Hall, Fong, Epp, & Elias, 2008). McAuley et al.
(2011) demonstrated that baseline EF predicted adherence to a 12-month exercise program in a
population of 177 older adults, and that this relationship was mediated by effects on self-efficacy.
They observed that individuals with higher EF reported higher self-efficacy regarding their ability to
perform exercise at the start of the program and that these enhanced beliefs about exercise capacity,
correlated with higher attendance of exercise classes. Similarly, EF was an important predictor of
maintenance of physical activity following a structured exercise program in a group of older women,
such that those with greater improvements in EF following the training program demonstrated better
1-year physical activity adherence (Best, Nagamatsu, & Liu-Ambrose, 2014).
2.3.2.3 Dietary Choices
With respect to dietary choices, observational studies point to an association between EF and
healthier dietary behaviours and weight (Allan, Johnston, & Campbell, 2010; Batty, Deary, Schoon,
& Gale, 2007; Chandola, Deary, Blane, & Batty, 2006; Hall, 2012) . This observed relationship may
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occur as a result of a moderating effect of EF on dietary intention and action, such that higher EF
results in an increased ability to turn intentions into actions (Allan et al., 2010; Hall, 2012).
In addition to these observational studies, experimental studies using bogus taste test
paradigms demonstrate greater consumption of appetitive but unhealthy foods among individuals with
greater impulsivity as measured by Barratt Impulsivity Scale (Guerrieri et al., 2007; Guerrieri,
Nederkoorn, Schrooten, Martijn, & Jansen, 2009) or lower scores on measures or response inhibition
such as Stop-Signal Task (SST), Go/No-Go (GNG), and Stroop (Guerrieri et al., 2009; Houben, 2011;
Nederkoorn, Guerrieri, Havermans, Roefs, & Jansen, 2009) . Furthermore, this association persists
among individuals reporting high dietary restraint (“dieting”), such that high restraining individuals
overate only when they were also impulsive (Jansen et al., 2009). Importantly, this relationship
between EF and consumption is affected by hunger, such that individuals with low EF ate more only
when hungry (Nederkoorn et al., 2009), and by facilitating and restraining cues, such that weaker
response inhibition or higher impulsivity may increase susceptibility to environmental cues to
overeating (Hall, Lowe, & Vincent, 2013; Hall et al., 2014; van den Akker, Jansen, Frentz, &
Havermans, 2013).
Adding to the plausibility of a causal relationship between impulsivity/inhibition, some
evidence suggests that manipulation of behavioural impulsivity/inhibition corresponds to changes in
consumption of unhealthy foods (Guerrieri et al., 2009; Guerrieri, Nederkoorn, & Jansen, 2012;
Houben & Jansen, 2011; Houben, 2011; Rotenberg et al., 2005) . For example, priming with words
related to self control resulted in decreased consumption compared to priming with words related to
impulsivity (Rotenberg et al., 2005), and pairing of foods with a “go” signal in modified SST or GNG
tasks resulted in greater consumption of these foods in comparison to control foods (Guerrieri et al.,
2009; Guerrieri et al., 2012). Additionally, Lowe et al. (C. Lowe, Hall, & Staines, 2014)
demonstrated that direct modulation of the DLPFC using continuous theta burst stimulation (cTBS)
resulted in an increased in appetitive food consumption that was mediated by lower performance on
the Stroop task. Thus, evidence suggests that impaired EF (and specifically response inhibition)
increases risk of overeating particularly when it comes to unhealthy foods.
The importance of EF for proper execution of dietary self-management behaviours as evident
through self-report questionnaires and specific evidence of its importance for medication adherence,
physical activity adherence, and dietary choices makes adequate EF critical to T2DM selfmanagement. However, evidence suggests that EF may in fact be impaired in this population.
7

2.4 EF & T2DM
A number of epidemiological studies have demonstrated an association between T2DM and impaired
cognitive function (Awad, Gagnon, & Messier, 2004; Bourdel-Marchasson, Lapre, Laksir, & Puget,
2010) including deficits in executive function and attention (Starr & Convit, 2007) .
Neuroanatomical studies have demonstrated increased number of silent cerebrovascular infarcts
(Manschot et al., 2006; Vermeer et al., 2003), neuronal atrophy(Akisaki et al., 2006; den Heijer et al.,
2003; Manschot et al., 2006), and white matter hyperintensities (WMH) (Akisaki et al., 2006;
Manschot et al., 2006; Reijmer et al., 2013) among individuals with T2DM in comparison with nonT2DM individuals of similar age. Additionally, decreased total brain gray matter volume (Christman,
Vannorsdall, Pearlson, Hill-Briggs, & Schretlen, 2010; Kumar et al., 2008) , prefrontal gray matter
volume (Kumar et al., 2008), and prefrontal cortical gray matter thickness–recall the importance of
the PFC in EF–has been observed in T2DM (Ajilore et al., 2010). These cortical changes have been
further linked to functional deficits through studies showing a significant inverse correlation between
performance on measures of attention/executive function and atrophy, WMH, infarcts(Manschot et
al., 2006) and cortical gray matter thickness(Ajilore et al., 2010). Thus, a significant body of evidence
(both epidemiological and neuroanatomical) suggesting that T2DM is associated with impaired
cognition relative to the non-T2DM population.
In addition to these associations with T2DM, some evidence suggests an association between
impaired EF and pre-diabetic states of impaired glucose tolerance (Gagnon, Greenwood, & Bherer,
2011; Messier, Tsiakas, Gagnon, Desrochers, & Awad, 2003; Messier, Awad-Shimoon, Gagnon,
Desrochers, & Tsiakas, 2011) and impaired fasting glucose(Euser et al., 2010; Takahashi et al., 2011)
with impaired EF, although findings are not consistent and some studies demonstrate no
effect(Vanhanen et al., 1998). Among studies which have examined the effects of hyperinsulinemia/
insulin resistance, impairment of Stroop–response inhibition (Bruehl, Sweat, Hassenstab, Polyakov,
& Convit, 2010) and TMT–set shifting(Abbatecola et al., 2004) have been observed; however,
Schurr et al. (2010) found these effects to be significant for women only.
With respect to EF, a number of cross-sectional studies have observed a significant
association between T2DM and EF (Gregg et al., 2000; Ishizawa et al., 2010; Lindeman et al., 2001;
Maggi et al., 2009; Mehrabian et al., 2012; Rouch et al., 2012; Solanki, Dubey, & Munshi, 2009;
Vanhanen et al., 1999; Watari et al., 2008; Yaffe et al., 2012; Yeung et al., 2009) ; however, other
studies have observed no effect (Aberle et al., 2008; Arvanitakis et al., 2010; Bruehl et al., 2009;
8

Espeland et al., 2011; Helkala et al., 1995; Ruis et al., 2009a; Scott, Kritz-Silverstein, Barrett-Connor,
& Wiederholt, 1998; Takayanagi, Cascella, Sawa, & Eaton, 2012; Van Den Berg et al., 2010) . The
findings of these cross-sectional studies in combination with neuroanatomical studies previously
described suggests that EF may be impaired among the T2DM population; however, given the
diversity of findings of individual studies, further examination and synthesis of findings is needed.
Meta-analytic techniques allow for aggregate analysis of results from multiple studies which
provide a better estimation of effect size than any one study independently; therefore, Study 1
examines the association between T2DM & EF in a meta-analytic review.

9

Chapter 3
Study 1: Meta-analysis of the association between T2DM & EF
There has been recent interest in the relationship between diabetes and cognitive function. A number
of epidemiological studies have documented an association between T2DM and accelerated cognitive
decline (Awad et al., 2004; Bourdel-Marchasson et al., 2010; Starr & Convit, 2007) . Specifically,
impairments in processing speed, memory, and executive function (EF) have been observed in
association with T2DM, although the results have not been uniform across all studies (BourdelMarchasson et al., 2010; Starr & Convit, 2007) . Anatomical brain changes have also been identified
in individuals with T2DM including increased neuronal atrophy (den Heijer et al., 2003; Schmidt et
al., 1992; Schmidt et al., 2004; Vermeer et al., 2003) and, less consistently, number of white matter
lesions (WML) (Manschot et al., 2006; Schmidt et al., 1992; Schmidt et al., 2004). In a large scale
MRI study, Manschot et al. (2006) found that individuals with T2DM had increased deep WMLs,
cortical and subcortical atrophy, and number of (silent) infarcts which were significantly correlated
with an observed impairment of attention and EF. A follow-up study observed impaired informationprocessing speed and memory performance among persons with T2DM and found that degree of
impairment correlated with degree of WM abnormality (Reijmer et al., 2013). These findings suggest
that not only are anatomical brain changes associated with T2DM, but that these changes correlate to
observable deficits at the behavioural level.
Among the cognitive variables studied, one aspect of cognitive function that appears to be
particularly affected among individuals with T2DM is EF. Executive function consists of cognitive
control mechanisms responsible for regulation of human cognition, emotion and action and includes
aspects of attention, mental flexibility, inhibition, and working memory that are important for selfregulation and self-control (Miyake & Friedman, 2012) . Miyake et al. (Miyake et al., 2000; Miyake
& Friedman, 2012) have proposed 3 necessary and sufficient subcomponents for EF: 1) updating and
monitoring, referring to the manipulation and replacement of information within working memory
(known by the term “working memory”); 2) task shifting, referring to the transfer of attention back
and forth between different tasks or mental sets (“mental flexibility”); and 3) response inhibition,
referring to the deliberate suppression of an automatic response (“behavioural inhibition”), as well as
a common EF component which is drawn upon by all three. While Miyake et al. (2012) have
proposed 3 key components of EF, this does not preclude the existence of other components. In fact,
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additional correlated but separable components including verbal fluency have been identified
(Snyder, 2013).
Executive functions are of special concern among older adults in that they underlie
competence in sequencing and coordinating behaviours necessary to maintain functional
independence. In medical populations, EFs are also closely tied to treatment adherence, and those
older adults suffering from low EFs consistently show suboptimal medication adherence, dietary
behaviours, and other self-care activities(Thabit et al., 2009). Given that T2DM involves many
important self-care behaviours, the presence of attenuated EFs would represent a potential barrier to
effective disease management, and may warrant special clinical attention (Primozic et al., 2012a).
Further elucidation of the potential relationship between T2DM and EF could inform the need for
routine screening and intervention for affected individuals within the larger T2DM population. The
purpose of this meta-analytic review was to examine the extent to which T2DM is associated with
reduced EF, and possible modifying factors affecting the strength of any observed association.

3.1 Methods
Cross-sectional and longitudinal studies examining the relationship between T2DM and EF were
included in this meta-analysis. A search of Medline, PsychInfo, and Scopus was conducted in
November 2013 using the following terms: executive function, executive control resources, attention,
prefrontal cortex, working memory, response inhibition, planning, verbal fluency, task shifting, set
shifting, or task switching paired with diabetes, as well as database specific search terms (ex. MeSH
terms). Results were limited to articles in English only, and additional articles were retrieved through
hand searching included article references. A search of the grey literature was conducted using
Google Scholar and PsychInfo. Within the grey literature, two thesis abstracts were identified that fit
the inclusion criteria, one showing a positive association between T2DM and EF impairment and one
with a null result. These abstracts were ultimately excluded from the analysis due to insufficient data
to calculate effect size; given the small sample sizes of the studies a significant impact on the findings
of this meta-analysis is unlikely.
3.1.1 Inclusion/Exclusion
Studies with the following characteristics were included in the analysis: human population and
comparison of T2DM group with control group on at least one measure of EF, regardless of whether
the authors aimed to examine EF specifically. Studies which did not directly compare those with
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T2DM to those without were excluded, as were studies on animals, and those measuring other aspects
of cognition. In the case that two studies were conducted on the same population, the earlier article
was included except in the case that a more recent article included more comprehensive analysis of
EF.
3.1.2 Coding Procedure
Executive function tasks were coded based on the component of EF examined. The following
components of EF were examined by at least one task in an included study: verbal fluency, mental
flexibility, inhibition, working memory, and attention. All tasks were coded as tapping one of these
EF components, and baseline measures for the Trail Making Task (i.e. TMTA) and Stroop task (i.e.
Stroop I, Stroop II) were included as comparison measures. Additionally, a composite measure was
created for each component which combined all tasks for that component, and any task used by 5 or
more studies was analyzed separately. If an individual study had greater than one task measuring the
same EF component, the effect sizes of these tasks were averaged before being entered into the
composite score, but were included separately in task scoring. Finally, due to the interconnected
nature of EF, an overall EF composite was created using a single EF effect size from each study (as
described above).
3.1.3 Moderator Analysis
Studies were further coded for participant age, sex, and T2DM duration. When a moderator variable
was not recorded by a study, that study was excluded from moderator analysis for that variable, but
was included in analysis for all other variables for which data was reported.
3.1.3.1 Age
The mean age of the total study population (T2DM and control groups combined) was included as a
continuous variable in metaregression analysis. Nearly all studies reported the age of the population,
with two exceptions (Mussell, Hewer, Kulzer, Bergis, & Rist, 2004; Solanki et al., 2009).
3.1.3.2 Sex
The proportion of male participants in the total study population (T2DM and control groups
combined) was included as a continuous variable in metaregression analysis. Five studies failed to
report sex distribution of participants (Assisi et al., 1996; Lindeman et al., 2001; Mussell et al., 2004;
Perlmuter, Tun, Sizer, McGlinchey, & Nathan, 1987; Solanki et al., 2009).
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3.1.3.3 T2DM Duration
The mean number of years since T2DM diagnosis was included as a continuous variable in
metaregression analysis. T2DM duration was reported by 45.8% of studies (k=27).
3.1.4 Statistics
The unit of analysis is the study. As previously described, only one article per study was included.
Furthermore, in the case that 2 studies were examined in the same article, these studies were reported
separately for the purpose of analysis when reporting of data allowed.
Results from included studies were converted to standardized mean difference (Cohen’s d).
When mean and standard deviations were provided or could be calculated, the equation

was used. Note that SE was converted to SD using the equation SD=SE
x √n. For studies which reported only regression coefficient (k=1), ANOVA F value (k=1) or T
statistic p-value (k=1) effect sizes were calculated using Wilson’s Practical Meta-Analysis Effect Size
Calculator (Lipsey & Wilson, 2001). The sign of d was set such that negative d indicated worse
performance among the T2DM group in comparison to controls. Outliers with effect sizes ± 3 SD
from the mean effect size (ES) were excluded. Studies were only excluded from the analysis in which
the ES was an outlier (Hunter JE, 1990).
Four studies compared normoglycemic, impaired glycemic, and T2DM individuals. In these
cases, normoglycemia and impaired glycemia groups were combined based on the understanding that
this study aims to compare T2DM to non-T2DM. Similarly, some studies compared two groups of
T2DM participants to one group of controls; in these cases, the two T2DM groups were combined for
ES estimation. When participants were tested more than once (i.e. in longitudinal analysis), the results
from the first test were analyzed, and any longitudinal analysis is presented in the discussion.
Random effects meta-analytic models were used for all analyses because there are likely to be
many sources of variability between study samples other than sampling error; thus, the primary
assumption of fixed effects modeling is violated (Lipsey & Wilson, 2001) . Mean effect size analyses
and moderator analyses were conducted using SPSS meta-analysis macro (Wilson, 2010). An alpha
level of .05 was chosen to indicate significance. Based on the assumption of normal distribution,
moderator analysis was conducted using the mixed-effects models iterative maximum likelihood
estimation. Age, gender, and T2DM duration were included as continuous variables in separate
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weighted regression analyses. Moderator analyses were only conducted for measures with 20 or more
ES as fewer ES would have insufficient power to detect a difference (Marın-Martınez & SanchezMeca, 1998).

3.2 Results
All The final search strategy identified 876 articles after duplicates were removed. Study selection
and exclusion process is summarized in Appendix A.
Ultimately, 59 articles (Aberle et al., 2008; Ajilore et al., 2010; Alosco et al., 2012;
Alvarenga, Pereira, & Anjos, 2010; Arvanitakis, Wilson, Bienias, Evans, & Bennett, 2004;
Arvanitakis et al., 2010; Assisi et al., 1996; Atiea, Moses, & Sinclair, 1995; Brands et al., 2007;
Bruehl et al., 2009; Cooray et al., 2011; Cosway, Strachan, Dougall, Frier, & Deary, 2001; Espeland
et al., 2011; Fontbonne, Berr, Ducimetiere, & Alperovitch, 2001; Gallacher et al., 2005; Gregg et al.,
2000; Hassing et al., 2004; Helkala et al., 1995; Hudetz & Warltier, 2007; Ishizawa et al., 2010;
Krannich, Tobias, Broscheit, Leyh, & Mullges, 2012; Lindeman et al., 2001; Logroscino, Kang, &
Grodstein, 2004; L. P. Lowe, Tranel, Wallace, & Welty, 1994; Maggi et al., 2009; Mehrabian et al.,
2012; Mooradian, Perryman, Fitten, Kavonian, & Morley, 1988; Mussell et al., 2004; Nandipati, Luo,
Schimming, Grossman, & Sano, 2012; Nooyens, Baan, Spijkerman, & Verschuren, 2010; Okereke et
al., 2008; Pavlik, Hyman, & Doody, 2005; Perlmuter et al., 1987; Perlmuter et al., 1984; Reaven,
Thompson, Nahum, & Haskins, 1990; Reijmer et al., 2013; Rouch et al., 2012; Ruis et al., 2009a;
Ryan & Geckle, 2000; Saczynski et al., 2008; Scott et al., 1998; Silva, Ribeiro, dos Santos, Beserra,
& Fragoso, 2012; Solanki et al., 2009; Spauwen, Kohler, Verhey, Stehouwer, & van Boxtel, 2012;
Takayanagi et al., 2012; Takeuchi et al., 2012; U'Ren, Riddle, Lezak, & Bennington-Davis, 1990; van
den Berg et al., 2010; Van Eersel et al., 2013; van Harten et al., 2007; Vanhanen et al., 1997;
Vanhanen et al., 1999; Wahlin, Nilsson, & Fastbom, 2002; Watari et al., 2008; Watari et al., 2006;
Wysokiński et al., 2010; Yaffe et al., 2012; Yeung et al., 2009) on 60 populations, and a total of 9815
T2DM individuals (mean age=69.9, 51.3% male) and 69254 controls (mean age=65.1, 47.5% male)
were included in the meta-analysis. See Appendix B for a description of study populations.
3.2.1 Overall Executive Function
Results of the mean effect analysis for each component are presented in Table 1 (see
Appendix C for forest plot). Results revealed a small negative effect of T2DM status on executive
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function composite (d=-0.248, Z=-9.131, p<0.001). Homogeneity analysis indicates that significant
variability in effect sizes included in the meta-analysis (Q=184.39, p<0.001).
Table 1: Weighted mean effect size analysis
95% CI
Measure

N

k

d

LL

Homogeneity Test

UL

SE

Z

p

v

Q

df

p

Verbal Fluency
Letter Fluency

5427 20

-0.378 -0.501 -0.256 0.0623 -6.070 <0.001 0.0336

38.982 19 0.004

Category Fluency

40242 21

-0.163 -0.213 -0.113 0.026

-6.375 <0.001 0.0024

26.075 20 0.16

Verbal Fluency
Composite

41467 31

-0.218 -0.276 -0.159 0.030

-7.295 <0.001 0.0068

48.525 30 0.018

Mental Flexibility
TMTA

(comparison

5349 13

-0.474 -0.602 -0.345 0.0657 -7.206 <0.001 0.01943

21.284 12 0.046

16545 16

-0.324 -0.476 -0.172 0.0775 -4.180 <0.001 0.0584

72.426 15 <0.001

Shifting Composite 24243 22

-0.362 -0.487 -0.238 0.0636 -5.697 <0.001 0.0588

119.46 21 <0.001

measure)

TMTB

Inhibition
Stroop

4011 11

-0.322 -0.438 -0.206 0.059

-5.442 <0.001 <0.000001 7.804

10 0.65

Inhibition
Composite

4131 13

-0.317 -0.427 -0.207 0.0562 -5.640 <0.001 <0.000001 9.790

12 0.63

Working Memory
Digit Span Forward 5491 17

-0.170 -0.268 -0.072 0.0499 -3.405 0.0007 0.012130 23.985 16 0.090

Digit Span
Backward

26992 18

-0.240 -0.352 -0.128 0.057

Working Memory
Composite

28118 28

-0.126 -0.193 -0.060 0.0341 -3.702 0.0002 0.00853

-4.182 <0.001 0.02873

55.631 17 <0.001
42.028 27 0.033

Attention
DSST

22414 22

-0.433 -0.533 -0.333 0.051

-8.489 <0.001 0.0267

64.78

21 <0.001

Attention
Composite

25669 27

-0.384 -0.479 -0.289 0.0484 -7.931 <0.001 0.0298

87.10

26 <0.001

Executive Function 79069 60
Composite

-0.248 -0.301 -0.195 0.0272 -9.131 <0.001 0.0201

184.39 59 <0.001

N = number of participants; k = number of studies; d = weighted mean effect size; CI = confidence
interval; LL = lower limit; UL = upper limit; v = random-effects variance component; Q =
heterogeneity; df = degrees of freedom
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3.2.2 Moderator Analysis
Table 2 presents the moderator analysis results. There was significant effect of age (B=0.006,
p=0.019) and T2DM duration (B=0.021, p=0.016) on effect sizes in the overall executive function
composite; however, sex (p=0.29) did not influence effect size. Because effect size was coded such
that negative effect size indicates impaired EF in the T2DM group compared to controls, an increase
in effect size corresponds to a smaller effect. Thus, for every 1-year increase in age, there is a 0.006
unit decrease in the magnitude of the effect size. Similarly, for every 1-year increase in T2DM
duration, there is a 0.021 unit decrease in the magnitude of the effect size.
Table 2: Moderator analysis - meta-regression
95% CI
Variable
Age
Sex
Duration
Age
Sex
Age
Sex
Age
Sex
Age
Sex

B

SE

LL

UL

Z

p

Beta

Overall Executive Function
0.0061 0.0026 -0.001 0.0112
2.348 0.019
0.302
-0.118 0.111 -0.336 0.100
-1.059 0.29
-0.147
0.021 0.0089 0.0039 0.039
2.405 0.016
0.350

k

N

QB(df)

QW(df)

58
54
28

78950 5.51(1)
77870 1.12(1)
36294 5.78(1)

54.99(54)
50.48(52)
41.40(26)

0.0097 0.0033 0.0032 0.0162
-0.0446 0.0447 -0.1321 0.0430

Verbal Fluency
2.9254 0.0034 0.4365 29
-0.9977 0.3184 -0.1500 28

41348 8.56(1)
41136 1.00(1)

36.36 (27)
43.23 (26)

0.0025 0.0079 -0.0131 0.0181
-0.514 0.317 -1.135 0.107

Mental Flexibility
0.314 0.75
0.064
22
-1.622 0.10
-0.3195 21

24243 0.10(1)
23404 2.63 (1)

24.12 (20)
23.14 (19)

0.002 0.0023 -0.0025 0.0064
-0.018 0.081 -0.176 0.141

Working Memory
0.865 0.39
0.168
-0.218 0.83
-0.044

27
23

28038 0.75(1) 25.89 (25)
26958 0.048 (1) 24.78 (21)

26
25

25589 0.84 (1)
25377 0.26 (1)

0.0052 0.0057 -0.0059 0.0164
-0.153 0.301 -0.743 0.436

Attention
0.918 0.36
-0.510 0.61

0.169
-0.096

28.64 (24)
28.27 (23)

CI = confidence interval; LL=lower limit; UL = upper limit; k = number of studies; N = number of
participants; QW = within-group (residual) heterogeneity; QB = between-groups (moderator)
heterogeneity; df = degrees of freedom
3.2.3 Verbal Fluency
The results indicate a significant association between T2DM status and reduced verbal fluency (d=0.218, Z=-7.30, p=<0.001). Specifically, both letter (phonemic) fluency (d=-0.378, Z=-6.07,
p=<0.001) and category (semantic) fluency (d=-0.163 Z=-6.38, p=<0.001) were impaired; however,
the effect appears to be larger for letter fluency. Homogeneity analysis revealed that there was
significant variation in effect sizes included in the verbal fluency composite (Q=48.52, p=0.018) and
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letter fluency analysis (Q=38.98, p=0.004), but not in effect sizes of category fluency (Q=26.07,
p=0.16).
3.2.3.1 Moderator Analysis
A sufficient number of studies were available for analysis of age and sex moderators. A significant
effect of age on effect size was observed (B=0.0097, p=0.003) such that for every 1-year increase in
age, there is a 0.0097 decrease in the magnitude of d. Sex did not moderate the association between
T2DM and EF (p=0.318).
3.2.4 Mental Flexibility
Mental flexibility performance was significantly worse among in individuals with T2DM
(d=-0.362, Z=-5.70, p<0.001). In this category, only TMTB and TMTA (used as a comparison
measure only) were reported by >5 studies. Both TMTA (d=-0.474, Z=-7.21, p=<0.001) and TMTB
(d=-0.324, Z=-4.18, p=<0.001) were significantly impaired among those with T2DM indicating that
T2DM is associated with impairment on both processing speed and controlled inhibitory components
of the TMT. Homogeneity analysis revealed significant variability in the effect size for the mental
flexibility composite (Q=119.46, p<0.001), TMTA (Q=21.28, p=0.046) and TMTB (Q=72.42,
p<0.001).
3.2.4.1 Moderator Analysis
A sufficient number of studies were available for analysis of age and sex moderators. Neither age
(p=0.75) nor sex (p=0.10) moderate the association between T2DM and EF.
3.2.5 Inhibition
Inhibition composite performance was significantly worse among individuals with T2DM (d=
-0.317, Z=-5.64, p<0.001). Only the Stroop task was examined in >5 studies and was comparable to
the results of the inhibition composite (d=-0.322, Z=-5.44, p<0.0001). Homogeneity analysis was not
significant for either the inhibition composite (Q=9.79 p=0.63) or the Stroop task (Q=7.80 p=0.65),
indicating similar effect sizes across studies. There was a insufficient number of studies examining
the effect of T2DM on inhibition that also reported moderator variables; therefore, moderator analysis
was not conducted.
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3.2.6 Working Memory
Worse performance on the working memory composite was associated with T2DM (d= 0.126, Z=-3.70, p=0.0002). The digit span forward and backwards were the only tasks reported in >5
studies. Performance on both digit span forward, (d=-0.170, Z=-3.405, p=0.0007) and digit span
backward (d=-0.240, Z= -4.182, p<0.0001) were impaired as a function of T2DM status.
Homogeneity analysis indicates significant variability between effect sizes for working memory
composite (Q=42.03, p=0.033) and digit span backward (Q= 55.63, p<0.001), but not digit span
forward (Q= 23.98, p= 0.09).
3.2.6.1 Moderator Analysis.
A sufficient number of studies were available for analysis of age and sex moderators; however,
neither age (p=0.39) nor sex (p=0.83) moderated the association between T2DM and EF.
3.2.7 Attention
Finally, T2DM status was associated with reduced attention (d=-0.384; Z=-7.93, p<0.001). Only the
digit symbol substitution task (DSST) was examined in >5 studies, and T2DM status was associated
with reduced DSST performance (d=-0.433; Z=-8.49, p<0.001). Homogeneity analysis revealed
significant variability among the effect sizes for attention composite (Q= 87.10, p<0.001) and DSST
(Q= 64.78 p<0.0001).
3.2.7.1 Moderator Analysis
A sufficient number of studies were available for analysis of age and sex moderators. Neither age
(p=0.36) nor sex (p=0.61) moderates the association between T2DM and EF.

3.3 Discussion
The results of this meta-analysis revealed a reliable deficit in EF among individuals with T2DM in
comparison to controls as observed over 60 studies and 9815 individuals with T2DM. Publication
bias, a common limitation of systematic reviews and meta-analyses, may result in the more likely
reporting (and thus retrieval of) significant results. As seen in Appendix D, the funnel plot of
included studies for this meta-analysis is in fact assymetrical indicating that publication bias is
present, and the results of this meta-analysis should be interpreted within this context. Specifically,
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this deficit was observed across all components of EF (verbal fluency, mental flexibility, inhibition,
working memory, and attention) and all EF tasks examined. This finding of an association between
T2DM and EF impairment is consistent with a number of recent reviews which have concluded the
same (Bourdel-Marchasson et al., 2010; Cukierman, Gerstein, & Williamson, 2005; Reijmer, van den
Berg, Ruis, Kappelle, & Biessels, 2010; Rucker, McDowd, & Kluding, 2012; Starr & Convit, 2007).
Despite the finding of an overall effect of T2DM status on EF, there has been variability in
findings between individual studies. One possible explanation for this diversity is the broad array of
research methodology used and sample characteristics (e.g., age range, sex distributions and
comorbitidies). In addition, the relatively small effect size would make detection of the effect difficult
within any single study of relatively low sample size. Meta analytic procedures have the benefit of
enhanced power to detect such effects using statistical aggregation across studies.
3.3.1 Moderator Analysis
In the current meta-analysis, T2DM duration was found to moderate the association between T2DM
and EF composite, however this effect was in the opposite direction as had been expected, such that
an increase in T2DM duration was associated with a small decrease in the effect of T2DM and EF.
One possible explanation for this finding is that individuals who have had T2DM for longer are more
likely to be receiving active treatments that improve both glycemia and cognitive indices. Because
there are few subjective signs of T2DM onset, individuals diagnosed with T2DM have often had the
disease for a number of years and may have had hyperglycemic episodes during this time (IDF
Diabetes Atlas Group, 2013). It is possible, therefore, that upon starting treatment and improving
hyperglycaemia a moderate improvement in EF could be observed (Ryan et al., 2006). This
hypothesis is supported by Cooray et al. (2011) who found that a group of T2DM patients receiving
intensive treatment of T2DM showed improvement in cognitive function while no improvement was
observed among those receiving standard therapy. Additionally, other factors such as type of T2DM
therapy and alcoholism have been proposed to affect the T2DM EF association and were not included
as moderators in this meta- analysis due to the limited number of studies reporting these sample
characteristics. In the few studies examining the effect of medication, insulin therapy has been
associated with a larger association of T2DM and EF than oral anti-hyperglycaemics or diet therapy
alone (Fontbonne et al., 2001; L. P. Lowe et al., 1994; Nandipati et al., 2012). It is therefore possible
that medication type, and not T2DM duration is significant in moderating the effect of T2DM on EF.
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Analysis also revealed a moderating effect of age on the association of T2DM and EF
impairment for the overall EF composite measure, such that increasing age was associated with a
decreased magnitude of the effect size. This finding held for the verbal fluency subcomponent;
however, age did not influence the effect of T2DM on mental flexibility, working memory or
attention subcomponents of EF. An insufficient number of studies were available to assess the effect
of age on the association of T2DM and inhibition; thus, future research should aim to determine if age
moderates the association T2DM and this inhibition component of EF. While some researchers have
hypothesized that the impact of T2DM on cognitive function would increase with increasing age, our
finding of a decreased effect size of the association between T2DM and EF is in line with the findings
of van Eersel et al. (2013) . In a recent study, van Eersel et al.(2013)observed a significant T2DM by
age interaction effect on cognitive function such that the difference in EF measure diminished from
32 points in person aged 32-44 to 2 points in those over the age of 75. One possible explanation for
this interaction is that the cardiovascular risk factors and neurodegenerative changes become more
predominant among both older adults with T2DM and those without and may therefore narrow the
gap between them (Van Eersel et al., 2013). Additionally, given that shorter T2DM duration was also
associated with reduced effect size, it is possible the younger individuals may have shorter disease
duration and that factors such as improved glycemic control with increasing disease duration
(discussed above) may result in a decreased association of T2DM with EF dysfunction. It is also
possible that the reverse is true (i.e. that moderation by age accounts for observed effect of T2DM
duration); however, Ishizawa et al. (2010) found no influence of age on the association between
T2DM and EF in a group of individuals with newly diagnosed T2DM. This finding suggests that
when T2DM duration is held constant, the moderating effect of age may be diminished; however
further research is needed. Additionally, other factors such as medication type and severity of disease
at diagnosis were not examined as moderators in this analysis, but could act as confounders to the
moderating effect of age.
Sex did not significantly influence the strength of association between T2DM and EF. These
findings are similar to those observed by Okereke et al. (2008) , who compared two study populations
(Physicians Health Survey II (male) and the Women’s Health Study (female)), and observed no
T2DM sex interaction effect on cognition. However these findings diverge somewhat from Maggi et
al. (2009), who did find that sex moderates the effect of diabetes on some aspects of cognition.
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3.3.2 Relevance for Clinical Practice and Self-Management
The current findings provide the first comprehensive meta-analysis of the relationship between
T2DM and EF. Our findings support the contention that T2DM is associated with EF impairment
across all facets of EF. However, because of inherent limitations of the studies from which the effects
are estimated, it is not possible to draw conclusions about directionality. The results of longitudinal
studies provide some evidence to indicate that T2DM status is associated with significantly greater
decline in EF relative to control (Gallacher et al., 2005; Hassing et al., 2004; Kanaya, BarrettConnor, Gildengorin, & Yaffe, 2004; Ruis et al., 2009a) . However, these results have not been
uniformly observed and a number of longitudinal studies have observed no difference in the rate of
EF decline as a function of T2DM status (Espeland et al., 2011; Logroscino et al., 2004; Mehrabian et
al., 2012). Furthermore, the finding of EF deficit among newly diagnosed diabetics in a study by
Ishizawa et al. (2010) may indicate that EF deficit precedes T2DM. In fact, it is possible that
impaired EF may act as a risk factor for the development of T2DM because of the importance of EF
for control and monitoring of behaviours including those health behaviours which are protective
against chronic disease such as dietary behaviours, physical activity adherence and the development
of obesity over the lifespan (Hall, 2012). On the other hand, plausible biological mechanism exist to
explain the association between T2DM and EF decline such that hyperglycemia may contribute to
cognitive decline through formation of advanced glycation end products, inflammation, and
cerebrovascular disease. This hypothesis is supported by studies which have shown an association
between higher A1C and impaired cognitive function(Yaffe et al., 2012). It is also possible that EF
deficits both increase the likelihood of T2DM development and are worsened by presence of T2DM.
Notably, there are also a number of T2DM comorbidities which may confound the
association between T2DM and EF. Specifically, individuals with T2DM are at greater risk for renal
disease, depression, stroke, hypertension, hyperlipidemia, and cardiovascular disease, all of which
may impair cognitive performance (Knopman et al., 2001; Strachan, Reynolds, Frier, Mitchell, &
Price, 2008; Yaffe et al., 2012) ; thus, treatment and prevention of these comorbid conditions may
improve EF in this population. However, Yaffe et al. (2012) observed that greater decline in EF over
time in individuals with T2DM remained following adjustment for a variety of comorbid conditions.
Other studies have similarly demonstrated that association between T2DM status and EF remains
following control for hypertension (Ishizawa et al., 2010; Mehrabian et al., 2012) , depression
(Ishizawa et al., 2010; Mehrabian et al., 2012; Ruis et al., 2009b) , or cerebrovascular disease
(Ishizawa et al., 2010; Reijmer et al., 2013).
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Regardless of directionality of effect, reduced EF among T2DM individuals has implications
for diabetes management. T2DM relies heavily on self-management, with some studies reporting that
95% of diabetes management is performed by the patient (Winokur, Maislin, Phillips, & Amsterdam,
1988) , and because the ability to control dietary behaviour, adhere to medical treatment, and a variety
of other behaviours relies heavily of EF, maintaining EF is particularly important among individuals
with T2DM. For example, relatively stronger EF is correlated with better diabetes self-management,
especially among those treated with insulin (Primozic et al., 2012a). Other studies have observed
similar results(Munshi et al., 2012; Thabit et al., 2009)Interestingly, Munshi et al.(2012)found a
significant association between objective, but not self-report, measures of EF and HbA1c, such that a
1-point increase in EF score was associated with a 0.22 unit lower HbA1c. Given the importance of
proper diabetes management and glucose regulation for disease outcomes, EF may be of particular
importance in this population.
3.3.3 Summary
The results of the current meta-analysis indicate a mild-to-moderate EF impairment associated with
T2DM. The presence of EF impairments in individuals with T2DM is of potential clinical importance
because, although individuals with T2DM have a great need for adequate EF (arguably more so than
the general population), they do in fact experience reduced EF at a population level. Thus, the
findings of the current meta-analysis may support the utility of screening for EF impairments with the
objective of supporting those with EF impairments in tackling self-care objectives that come with the
T2DM and thereby reducing T2DM comorbidities.
3.3.4 Implications of Study 1
Individuals with T2DM are required to undertake a number of self-management behaviours that rely
on EF, but they have lower EF to draw upon. Therefore, there is an implication for the potential utility
of screening for impaired EF in the T2DM population, as well as the importance of identifying EF
enhancing interventions. One such strategy which has demonstrated positive effects on EF in healthy
populations is aerobic exercise, both in terms of chronic or long-term effects of regular aerobic
training and acute effects of single aerobic exercise bouts. The following section will review the
existing evidence for the effects of aerobic exercise on EF, with a focus on the acute effects.
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Chapter 4
Aerobic Exercise and Executive Function
4.1 Chronic/ Long-term Effects
Aerobic exercise training has been shown to have beneficial effects on a number of aspects of
cognition including EF. A recent meta-analysis of randomized control trials found that aerobic
exercise training regime for at least 1 month is associated with modest improvements in EF (Cohen’s
g= 0.123) and attention/processing speed (Cohen’s g=0.158) in comparison to control groups that did
not engage in aerobic exercise; however, no effect on working memory was observed (Cohen’s g=
0.032) (Smith et al., 2010) . Interestingly, duration of exercise program and intensity do not appear to
influence these effects of aerobic exercise on cognitive function, nor does the age of participants
(Smith et al., 2010). Additionally, Baker et al. (2010) observed similar results among a population of
individuals with impaired glucose tolerance, such that 6 months of aerobic exercise resulted in
improved executive function relative to a stretching control group. These effects were greatest among
measures task switching (TMTB) and response inhibition (Stroop).
4.1.1 Chronic Aerobic Exercise and Brain Changes
At a physiological level, a number of cross-sectional studies have demonstrated that in comparison to
low-fit counterparts, high fit individuals experience fewer age-related brain changes (Guiney &
Machado, 2013) including less prefrontal and temporal atrophy (Colcombe et al., 2003), greater
preservations of connecting neural tracts between prefrontal cortex and other brain regions(Marks et
al., 2007) and greater gray matter volume in the prefrontal and cingulate cortices (Floel et al., 2010).
Additionally, some evidence suggests higher resting cerebral blood flow velocity in aerobically
trained vs. sedentary individuals (Guiney & Machado, 2013). In support of these cross-sectional
studies, Colcombe et al. (2006) demonstrated significant increases in white and gray matter volume in
areas of the frontal and temporal lobes important to EF in individuals who completed a 6 month
aerobic exercise program in comparison to a stretching control group. Similar findings were observed
by Erickson et al. (2011) such that aerobic exercise training resulted in increased hippocampal
volume and improved spatial memory; furthermore, increases in hippocampal volume were
associated with increased brain-derived neurotrophic factor (BDNF) which may act as a mechanism
for increased brain volume. Taken together, these findings present some possible mechanisms by
which aerobic exercise may impact cognition (specifically, cerebral blood flow and white and gray
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matter volume); however, the precise mechanisms by which these brain changes occur are currently
unknown.

4.2 Acute Effects
Studies examining acute effects of exercise on cognition typically assess predictions of arousal
theories which hypothesize that acute exercise alters the allocation of cognitive resources to task
performance (Dietrich & Audiffren, 2011) including changes to cardiorespiratory, hormonal, and
metabolic processes many of which are sustained following completion of the exercise bout
(Tomporowski, 2003). Three major approaches to examining the effects of exercise on cognition
(based on manipulation of arousal) appear in research: 1) steady-state, 2) inverted U, and 3) fatigue,
which are not mutually exclusive (Lambourne & Tomporowski, 2010). Based on the observation that
moderate intensity steady state exercise improves mood (Paluska & Schwenk, 2000), it is
hypothesized that moderate intensity steady state exercise will similarly result in improved
performance on executive function tasks (Tomporowski, 2003). The inverted U hypothesis, posits that
there is an optimal level of arousal at which executive function and other cognitive processes will be
enhanced but above which fatigue will result in worse performance (McMorris & Graydon, 2000).
Similarly it is hypothesized that high intensity exercise and/or exercise of extended duration will
result in fatigue which will impair cognitive task performance. However, while there is some
indication that intense physical activity in extreme human performance environments may result in
decreased cognitive function (Kamijo, Nishihira, Hatta, Kaneda, Kida et al., 2004) low-moderate
exercise and even intense exercise of relatively short duration or in non-extreme environments leads
to improvements of cognitive function and specifically executive functioning (Lambourne &
Tomporowski, 2010). Additionally, a recent meta-analysis revealed no difference in size or direction
of effect between studies designed to examine steady state exercise, fatiguing exercise or the inverted
U hypothesis (Lambourne & Tomporowski, 2010).
4.2.1 Acute Aerobic Exercise and Brain Changes
Studies have examined event-related potentials (ERPs), specifically the P300 (or P3) subcomponent,
in relation to task performance following acute aerobic exercise. P300 is considered to reflect
allocation of attention and context updating of working memory, and thus is considered to reflect
neural activity underlying cognitive performance, particularly that relating to EF. Improvements in
P300 following acute bouts of exercise, specifically increased amplitude and decreased latency, have
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been observed by a number of studies (Hillman, Snook, & Jerome, 2003; Kamijo, Nishihira,
Higashiura, & Kuroiwa, 2007; Magnie et al., 2000). Additionally, Kamijo et al. (2007) observed that
P300 amplitude increased following light and moderate exercise but not intense, providing some
support for the inverted U hypothesis. While ERP studies provide evidence of increased neural
activity related to cognitive task performance, they are limited in that they provide only rough
estimation of the localization of effect (Hyodo et al., 2012).
To resolve this problem, recent studies have made use of functional near-infrared
spectroscopy (fNIRS) which is a non-invasive means of measuring cerebral hemodynamics. Two
recent studies have incorporated use of fNIRS in examination of the effect of acute aerobic exercise
on EF (as measured by the Stroop task) in young (Yanagisawa et al., 2010) and older adults (Hyodo
et al., 2012). Of note, Stroop interference improved significantly in both studies; however, the cortical
areas involved in Stroop interference tasks were different for younger and older adults, as were the
cortical areas affected by the acute exercise bout (Hyodo et al., 2012; Yanagisawa et al., 2010).
Specifically, Hyodo et al. (2012) observed activation of the bilateral dorsolateral PFC (DLPFC),
ventrolateral PFC (VLPFC), and frontopolar area (FPA) in response to stroop interference tasks in a
population of healthy older adults, whereas Yanagisawa et al. (2010) reported left-dominated
bilateral lateral PFC (LPFC) activation among a population of younger adults. This finding is
consistent with broader recruitment of prefrontal areas during stroop task performance among older
adults in comparison to younger adults using fMRI (Langenecker, Nielson, & Rao, 2004).
Additionally, while increased right FPA (R-FPA) activity corresponded with improved Stroop
performance following exercise in older adults (Hyodo et al., 2012) increased activation of the
DLPFC was associated with improved stroop performance in younger adults (Yanagisawa et al.,
2010). Further research is needed to confirm these findings and to determine whether these acute
changes may contribute to the long-term effects of chronic aerobic exercise.
4.2.2 Acute Aerobic Exercise and Executive Function
The effects of acute aerobic exercise on cognitive function have been examined in a number of metaanalyses (Chang, Labban, Gapin, & Etnier, 2012; Etnier et al., 1997; Lambourne & Tomporowski,
2010; McMorris, Sproule, Turner, & Hale, 2011). Overall, these meta-analyses have observed a small
but significant effect of acute aerobic exercise on cognitive function (ES=0.10, Chang et al., 2012;
ES=0.16, Etnier et al., 1997; ES=0.20, Lambourne & Tomporowski, 2010). The meta-analyses of
Chang et al. (2012) and Lambourne & Tomporowski (2010) differ in that Chang et al. (2012)
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conducted a comprehensive meta-analysis of all studies examining acute effects of aerobic exercise
on cognition whereas Lambourne & Tomporowski (2010) limited their analysis to young adult
populations, and within subject designs which may account for the differences in effect size observed.
Significant improvement in cognition has been consistently observed following exercise
(Chang et al., 2012; Lambourne & Tomporowski, 2010) whether the measurement occurs
immediately following exercise or after a delay (Chang et al., 2012). Moderators of this relationship
include exercise type (cycling > running; Lambourne & Tomporowski, 2010), exercise intensity (light
< all other intensities; Chang et al., 2012), timing of task administration (1-15 minutes > 15+ minutes;
Chang et al., 2012), duration of exercise (with <11 minutes having no effect or a negative effect;
Chang et al. 2012), and study design (less rigorous designs tend to produce greater effect sizes; Chang
et al. 2012; Lambourne & Tomporowski, 2010). Task type also significantly moderated the effect of
exercise on cognition, such that executive function and crystalized intelligence (ability to use skills
knowledge and experience, distinct from memory) were most affected; the ES for the effect of acute
aerobic exercise on EF after a delay was 0.17 (Chang et al. 2012). However, in a meta-analysis of the
effects of acute intermediate intensity exercise on working memory task performance, McMorris et al.
(2011) observed significant beneficial effect on response time (g=−1.41, p<0.001) but a significant
detrimental effect on accuracy (g=0.40, p<0.01). This finding suggests that even with the EF domain,
the effect of aerobic exercise of cognitive function is influenced by cognitive task type.
Furthermore, while the overall effect size with respect to EF displays a significant
improvement, results of individual studies have been inconsistent with some studies showing
moderate to large effects (Chang & Etnier, 2009; Chang, Liu, Yu, & Lee, 2012; Hogervorst, Riedel,
Jeukendrup, & Jolles, 1996; Nanda, Balde, & Manjunatha, 2013; O'Leary, Pontifex, Scudder, Brown,
& Hillman, 2011; Pontifex, Hillman, Fernhall, Thompson, & Valentini, 2009; Sibley, Etnier, & Le
Masurier, 2006; Tam, 2013; Wang, Chu, Chu, Chan, & Chang, 2013; Yanagisawa et al., 2010) and
others showing no effect (Barella, Etnier, & Chang, 2010; Coles & Tomporowski, 2008; Lambourne,
Audiffren, & Tomporowski, 2010; Stroth et al., 2009; Tomporowski & Ganio, 2006). These
inconsistencies may be related to study design, exercise type, or aspect of executive function
examined. Of note, a number of studies examining the effects of acute aerobic exercise on EF have
focused on inhibition using the stroop task (Barella et al., 2010; Hogervorst et al., 1996; Hyodo et al.,
2012; Lambourne & Tomporowski, 2010; Sibley et al., 2006; Yanagisawa et al., 2010), and Stroop
task performance tends to improve following exercise in young adults (Hogervorst et al., 1996; Sibley
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et al., 2006; Yanagisawa et al., 2010); however, results among older adults are inconsistent (Barella et
al., 2010; Hyodo et al., 2012).
The meta-analysis by Chang et al. (2012) included studies conducted on older adult
populations; however, to date, the majority studies have focused on the effects of acute aerobic
exercise in healthy young adults particularly in terms of EF. Recent evidence indicates similar effects
of acute aerobic exercise among older adults on tests of executive function (Barella et al., 2010;
Cordova et al., 2009; Hatta, Nishihira, & Higashiura, 2013; Hyodo et al., 2012; Kamijo et al., 2009)
Table 3 summarizes the results of studies examining acute effects on EF following aerobic exercise.
Significant improvement in EF has been observed following aerobic exercise in older adults(Cordova
et al., 2009; Hyodo et al., 2012; Kamijo et al., 2009). However, Hatta et al. (2013) observed no
change in EF following a light walking exercise; similarly, Barella et al. (2010) observed improved
processing speed limited to immediately following exercise, but no effect on EF following walking at
60% maximal heart rate reserve. The variability of these findings could be attributable to a number of
factors that vary between the above studies. Specifically, as noted in previous meta-analyses, cycling
produced greater cognitive improvements than running (or walking) and light exercise improved
cognition less than moderate or vigorous activity (Chang et al., 2012; Lambourne & Tomporowski,
2010). Both Barella et al. (2010 and Hatta et al. (2013) employed walking as an exercise intervention
and while Barella et al. adjusted walking to a moderate intensity, Hatta et al. used light walking as the
exercise intervention (which would not truly be considered aerobic exercise). It is possible that light
walking was not enough to stimulate improved EF or similarly that differences in cycling and running
account for the null findings of these studies (however, given the overall variability of study
parameters it is difficult to attribute the null findings to any one factor). Additionally, while Kamijo et
al. (2009) observed a dose dependent increase in EF such that EF was most improved following
moderate activity, Cordova et al. (2009) observed no effect at the 60% or 110% of anaerobic
threshold but significant improvement following 90%. They suggested an adverse effect on EF may
occur above 110% of the anaerobic threshold. This finding is in line with the inverted U hypothesis
and may suggest that there is an optimal range for exercise in which EF benefits are seen in an elderly
population. Among the limited number of studies conducted in elderly populations, findings point
towards greater improvements in executive function with aerobic exercise than those in younger
populations (Chang et al., 2012; Cordova et al., 2009; Kamijo et al., 2009), and it is hypothesized that
the greater impact may be attributable to greater executive function deficits at baseline among this
population (Pesce & Audiffren, 2011).
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Table 3: Acute effects of aerobic exercise on cognitive performance after exercise in older adults
Author Sample Age Gender EF measure Type of Duration Intensity of
Findings
yr
Size
(SD) (%M)
Exercise Exercise
Exercise
Barella 40
69.2615%
Stroop (colour Walking, 20 mins + 5 60% MHRR
Beneficial
2010
(8.4)
trials,
treadmill min warm
effect on
interference
up
colour test
trials,
immediately
inhibition
following
trials)
No other
effects
Cordova 48
63.8 0
Tower of
Cycle
20 mins + 5 60, 90, 110 % of 60% no effect
2009
(4.6)
Hanoi, TMTA Ergometer min warm anaerobic
90% beneficial
& B, Simple
up (8 mins threshold
effect on TH
Response
from
TMTB & VF
Time Task,
exercise to
110% no effect
VF
tasks)
Hatta
20
70.5 50%
Wisconson walking 80-120mins light (walking, no effect
2013
(3.4)
Card Sorting
7000-10000 self-paced with
Task
steps
breaks)
Hyodo 33
69.3 81%
Stroop Word Recumbent 10 mins
Ventilatory
Greater
2012
(3.5)
Matching
ergometer (15mins
threshold
improvement in
from
(approx. 50% interference
exercise to VO2 max)
following ex.
tasks)
Kamijo 12
65.5 100% modified
Cycle
20 mins + 5 light (30%
moderate >
2009
(1.5)
flanker task Ergometer min warm- VO2max)
light >baseline
up
moderate (50%
VO2max)
Evidence suggests a small but reliable improvement of EF following acute aerobic exercise in
young adults, and the existing data suggests that this finding is replicable in older adults. However, to
date, the effect of acute aerobic exercise on EF in a T2DM population has not been examined. Due to
the importance of EF in T2DM management, acute aerobic exercise might provide a means of
reducing this deficit. For this reason, Study 2 aims to examine the effect of acute aerobic exercise on
EF in a T2DM population.
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Chapter 5
Study 2: The effects of acute aerobic exercise on EF in individuals
with T2DM
In study 1, we demonstrated that the effect size for the association between T2DM status and
impaired EF, while small-to-moderate in size, is statistically significant. Thus, individuals with
T2DM, have weaker EF compared to those without and this relationship was robust across all aspects
of EF (set shifting, inhibition, working memory, verbal fluency, and attention).
Impaired EF among the T2DM population is particularly significant because of the
importance of EF in performing self-regulatory behaviours such as the planning, implementation,
assessment and adaptation behaviours necessary in disease self-care (Hajduk et al., 2013; McNally et
al., 2010; Ohmann et al., 2010; Primozic, Tavcar, Avbelj, Dernovsek, & Oblak, 2012b; Thabit et al.,
2009) . Executive function has been implicated in the ability to perform healthy dietary behaviours,
adhere to medication regimes, and other diabetes self-management behaviors (Allan et al., 2010; Insel
et al., 2006; C. Lowe et al., 2014; McAuley et al., 2011; Munshi et al., 2012; Nederkoorn et al., 2009;
Rosen et al., 2003; Stilley et al., 2010; Thabit et al., 2009). Given that T2DM requires many
important self-care behaviours and given the importance of EF to execution of these behaviours,
presence of impaired EF among the T2DM population presents a potential barrier to T2DM
management, and implies that optimization of EF is an important objective in this population.
Along these lines, an accumulating body of literature has documented EF-enhancing effects
of aerobic exercise. A recent meta-analysis has demonstrated enhancement of EF following both
longer-term aerobic training programs (Smith et al., 2010) and immediately following an acute bout
of aerobic exercise (Chang et al., 2012; Lambourne & Tomporowski, 2010 in healthy populations.
Aerobic exercise is hypothesized to increase the efficiency of the prefrontal cortex (PFC) and other
structures supporting executive processes (Kramer & Erickson, 2007; Yanagisawa et al., 2010).
This effect of aerobic exercise on cognition may be moderated by a number of factors,
including sex and physical fitness. Kramer and Erikson (2007) noted that studies with larger
proportion of female participants tended to show larger effect sizes of chronic exercise on improved
cognition and hypothesized that this difference may be due to an interaction between estrogen and
BDNF. Although acute aerobic exercise literature has failed to observe a difference between effects in
male and female participants (Chang et al., 2012), to our knowledge few studies have directly
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assessed these differences. Additionally, physical fitness has been shown to act as a moderator of the
effect of exercise on cognition such that during exercise low fit individuals displayed impaired
cognition and high fit displayed improved, while following exercise improvement was observed in
both groups (Chang et al., 2012; Labelle, Bosquet, Mekary, & Bherer, 2013).
While studies have demonstrated evidence of EF enhancement following acute aerobic
exercise in healthy young (Lambourne & Tomporowski, 2010) and healthy older adults (Cordova et
al., 2009; Hyodo et al., 2012; Kamijo et al., 2009), the effect among those with T2DM has not been
previously examined. Thus, the primary aim of the current study is to examine the effects of acute
aerobic exercise on EF in a population of adults with T2DM through a within subject design
comparing moderate intensity exercise to minimal intensity control condition. The potential
moderating effects of sex, physical activity status, as well as diabetes-related factors–disease duration,
A1C, and number of T2DM medications–were also assessed. It was hypothesized that in line with
prior research in other populations, EF would be enhanced following moderate, but not minimal
intensity exercise.

5.1 Methods
5.1.1 Participants
Thirty adults, age 40-69 (Mage=59.6, SD=5.7), with T2DM and not currently taking insulin were
recruited from the community through a combination of a) study posters, b) presentations to diabetes
education classes, and c) study flyers distributed in endocrinologist offices. Characteristics of
included participants are presented in Table 4.
Inclusion criteria were: T2DM, age 40-69, safety for exercise according to the American
Heart Association (Marwick et al., 2009) and American College of Sports Medicine guidelines
(Colberg et al., 2010), using the Physical Activity Readiness Questionnaire (PARQ; see Appendix E)
and additional medical questionnaire. Additional exclusion criteria were mobility limitation
precluding exercise or any of the following factors which could interfere with accuracy of EF testing:
insulin use, anticholinergic drug use, severe vision impairment, colour-blindness, substance abuse in
the past six months, or active depression. Participants were asked not to consume caffeine for 3 hours
prior to participation and if possible to limit food consumption during the hour prior to participation.
Of the 30 individuals who attended at least one session, 2 were excluded due to an inability to
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complete exercise protocol as a result of high blood pressure, thus the final sample consisted of 28
participants.
Table 4: Population Characteristics
n
Age
Sex % female (n)
BMI (n=27)
Ethnicity % (n)
Caucasian
Aboriginal
Other
T2DM Duration (n=29)
A1C (n=16)
No. T2DM Medications % (n)
None
One oral medication
Two oral medications
Three oral medications
Hours Vigorous Activity in past week
(n=28)

30
59.6 (5.7)
50% (15)
33.11 (7.3)
73.3% (22)
6.7% (2)
16.7% (5)
5.95 (4.9)
7.8 (1.8)
16.7% (5)
33.3% (10)
40% (12)
10% (3)
1.75 (3.07)

* Values are mean (standard deviation) unless otherwise specified
5.1.2 Design
A within-subjects design was used to compare performance on EF tasks before and after two
intensities of aerobic exercise (see Appendix F for project overview). Each participant attended two
laboratory sessions in counterbalanced order; both sessions were conducted at the same time of day
and the same day of week. During each session participants completed an exercise bout and two
computer tasks measuring response inhibition (Stroop and Go/No-Go), performed before and after the
exercise session. The exercise session was moderate intensity (30% maximal heart rate reserve;
MHRR) on one visit and minimal (minimal effort pedaling) on another. Informed consent (see
Appendix G for consent form) was obtained at the start of the first session, and participants
completed questionnaires about demographics and health behaviours at the end of the second session.
This study received ethics approval from the institutional research ethics review board and
participants received $50 gift cards in exchange for participation.
5.1.3 Executive Function Measures
Two EF tasks—the Go/No-Go (GNG) task and the Stroop task—were presented on a desktop
computer using E-prime software (Psychology Software Tools Inc). Participants responded via button
press using a response box, and were asked to respond as quickly and accurately as possible for each
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task. Both EF tasks were administered before and after the exercise session at each visit to measure
change in EF resulting from the exercise bout. Order of the tasks was randomized for each visit, but
during a given visit, the order of tasks was the same before and after the exercise session in order to
limit the effect of order of tasks on differences in pre- and post- performance.
5.1.3.1 Stroop Task
In this version of the Stroop task (Stroop, 1992), which has been modeled after the version in Miyake
et al. (2000) , participants were instructed to indicate (by button press) the color of a stimulus, as
quickly and accurately as possible. Stimuli were presented on the screen until the participant
responded, followed by a response to stimulus interval of 1000 ms minus the response time; all
stimuli were presented in red, blue, green, yellow, orange or purple coloured font. Following 10
practice trials, participants were presented with a mixed block of trials: 72 trials with a string of
asterisks appearing in one of the six colors, 12 congruent colour word trials (ex. the word red
appearing in red coloured font) and 60 incongruent color word trials (ex. the word yellow appearing
in purple coloured font). The Stroop task is one of the most widely used measures of inhibition
(Etnier & Chang, 2009; MacLeod, 1991) . The dependent variable of interest was Stroop interference
(calculated as reaction time on incongruent trials minus reaction time on asterisk trials; (Hyodo et al.,
2012) where greater Stroop interference was indicative of weaker EF.
5.1.3.2 Go/No-Go Task
The Go/No-Go (GNG) task measures one’s ability to inhibit a prepotent response (Casey et al., 1997).
In this task, participants were required to press a button, as quickly and accurately as possible,
whenever a lower case letter was presented on the computer screen and withhold their response when
an upper case letter was presented. The stimulus duration was set at 1000 ms, with a 500 ms
interstimulus interval. A total of 10 practice trials were followed by 4 blocks of 60 test trials. In half
of the test blocks upper case letters predominated (5:1) and in the other half of the test blocks lower
case letters predominated (5:1). The dependent variable of interest was reaction time on correct trials
where longer reaction times indicated weaker EF.
5.1.4 Exercise Protocol
Each participant completed 2 exercise bouts, one at each visit (moderate intensity for one and
minimum for the other). Exercise sessions were conducted using a recumbent cycle ergometer and
were over-seen by a CSEP/ACSM Certified personal trainer or exercise physiologist.
32

In the moderate intensity exercise condition, participants completed a 5-minute warm-up, 20minutes exercise at 30% MHRR, and 5-minute cool down for a total of 30 minutes of exercise. Target
heart rate (THR) for the moderate intensity condition (30% MHRR) was calculated using the equation
THR = Resting heart rate (RHR) + 0.3 (Maximal Heart Rate - RHR), where Maximal Heart Rate
(MHR)= 220-age (the equation MHR=164 -0.7*age was substituted for individuals using betablocker) and RHR was measured with participant seated on the cycle ergometer prior to exercise. The
5 minute warm-up and cool-down were conducted at a workload of 5 and rpm of 50-70 (with cool
down approaching 50 rpm). Target heart rate was achieved and maintained throughout the 20-minute
exercise session by adjusting the workload while maintaining rpm between 50 and 70.
In the minimal intensity exercise condition, participants cycled at a slow and steady rate at
the lowest available setting: workload of 5 and rpm 30-50. Every effort was made to keep target heart
rate as close to resting heart rate as possible. In order to maintain a consistent duration of exercise
between the 2 sessions, participants performed minimal exercise for a total of 30 minutes.
5.1.5 Exercise Measures
Resting heart rate and blood pressure were taken while participant sat on the cycle ergometer prior to
starting the exercise bout. Heart rate was monitored throughout the exercise session (and recorded
every 5 minutes) to ensure target heart rate was achieved and maintained and to quickly identify any
irregularities. Blood pressure, rated perceived exertion (RPE), and workload were also be recorded at
the end of each 5 minute interval.
5.1.6 Moderators
Additional information about participant demographics and health behaviours (see Appendix H for
copies of questionnaires) was collected through survey response at the end of the second session.
Recent physical activity status (assessed as reported number of hours of vigorous physical activity
during the past week), T2DM duration (in years), most recently recorded A1C, number of diabetes
medications, and sex were included as potential moderators of the effect.
5.1.7 Statistics
Change scores were calculated as post-exercise score minus pre-exercise score, and separate 1-way
repeated measures analysis of variance (ANOVA) were used to assess whether greater increases in
EF performance on Stroop and GNG tasks emerge following moderate as compared with minimal
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aerobic exercise. Potential moderating effects of order of sessions, sex, recent physical activity
history, years with T2DM, recent self-reported A1C, and number of diabetes medications were
assessed using interaction terms, and further ANOVA analysis were conducted to tease out the details
of any significant relationships. One data point was omitted from Stroop analysis because of accuracy
less than 0.5, as this suggests lack of understanding of the task instruction. Outcome frequency
distributions for Stroop interference and GNG RT were skewed and therefore subject to a square root
transformation to improve normality.

5.2 Results
5.2.1 Preliminary Analyses
An initial comparison of the moderate and minimal conditions was conducted using repeated
measures ANOVA to establish a difference between the moderate and minimal exercise conditions. A
significant effect of condition was observed for both exercise intensity (calculated from Average HR
= RHR + (MHR-RHR) x Intensity) (F(1,22)=194.88, p<0.001) and rated perceived exertion
(F(1,27)=53.589, p<0.001), such that both were higher in moderate (Intensity: M=30.67, SD=3.31
RPE: M= 11.95, SD=1.72,), as compared to minimal exercise (Intensity: M=10.80 SD=6.72; RPE:
M= 9.07 SD=1.74).
One-way repeated measures ANCOVA of difference scores on moderate and minimal
conditions demonstrated that there was no significant interaction between order of sessions (i.e.
whether participants engaged in moderate exercise or minimal exercise in the first session) and
condition indicating that the order of sessions did not significantly impact the effect of exercise
condition on Stroop interference (F(1,25)=0.524, p=0.476) or GNG RT (p=0.194). Mean Stroop
Interference and GNG RT scores are presented in Table 5.
Table 5: Stroop interference and GNG RT by condition and time
Moderate
Pre

Minimal
Post

Pre

Post

Stroop Interference
(ms)

192.40 (172.09)

154.78 (135.98)

150.84 (233.69)

160.65 (161.09)

GNG RT (ms)

491.0 (61.77)

473.02 (56.44)

496.44 (62.6)

478.03 (51.76)

*values are mean (SD), higher values indicate weaker executive function
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5.2.2 Stroop Effects
A 1-way repeated measures ANOVA was conducted to examine the impact of condition (moderate
vs. minimal) on change in Stroop interference score. Analysis revealed no significant main effect for
condition (p=0.339).
However, moderator analysis using repeated measures ANCOVA demonstrated a significant
interaction between sex and condition (F(1,25)=5.668, p= 0.025). To further understand the
relationship between the effect of acute aerobic exercise on EF and sex, a stratified analysis was
conducted in order to observe the effect of exercise on Stroop interference separately for male and
female participants, using 1-way ANOVA of Stroop interference change scores. For male
participants, there was no significant effect of condition on change in Stroop interference
(F(1,13)=0.660, p= 0.431); however, for female participants, there was a significant main effect of
condition on change in Stroop interference (F(1,12)=21.52, p=0.017; see Figure 1) such that there
was an increase in interference following minimal intensity exercise (Mmin=1.3, SDmin=1.99) and a
decrease following moderate (Mmod=-0.518, SDmod=1.60). Further, the increase in Stroop interference
following the minimal intensity exercise (Mpre = 0.219, SDpre=2.24, Mpost=1.52, SDpost=1.44) was
significant (F(1,12)=5.566, p=0.036,) but there was no significant change in Stroop interference
following moderate exercise condition (p=0.265). There was no significant interaction between order
and condition for either male or female participants (F(1,12)=0.481, p=0.753, and F(1,11)=0.549,
p=0.168 respectively) indicating that the order of sessions did not significantly impact the effect of
exercise condition on Stroop interference.
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Change in Stroop Interference

1.5
1
0.5

Minimal

0

Moderate

-0.5
-1
-1.5
Male

Female

Figure 1: Stroop interference change by condition and sex
The above figure depicts change in Stroop interference (Post – Pre) following minimal and moderate
intensity exercise for male (n=14) and female (n=13) participants separately, such that a positive
score indicates an increase in interference and a negative score indicates a decrease. Note, that
because higher Stroop interference indicates worse EF, a higher change score as depicted here
indicates a decrease in EF following exercise. Error bars represent standard error.
Moderator analysis using repeated measures ANCOVA also demonstrated a significant
interaction between hours of recent vigorous activity and condition (F(1,25)=4.738, p=0.039). To
further understand the relationship between the effect of acute aerobic exercise on EF and hours
vigorous physical activity in the past week, participants were separated into two groups based on
hours of physical activity reported. Those reporting more than 1 hour of vigorous activity were
considered active, while those reporting 1 hour of vigorous activity or less were categorized as
inactive. A stratified analysis was conducted in order to observe the effect of exercise on Stroop
interference separately for those active and inactive groups, using 1-way ANOVA of change scores.
For inactive participants, there was no significant effect of condition on change in Stroop interference
(F(1,16)=0.089, p= 0.770); however, for active participants, there was a significant effect of
condition on change in Stroop interference (F(1,9)=5.538, p=0.043; see Figure 2) such that there was
an increase in Stroop interference following the minimal, but not moderate condition (Mmin=1.45,
SDmin=1.89, Mmod=-0.3829, SDmod=1.82). This effect was characterized by a significant increase in
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Stroop interference following minimal intensity exercise (F(1,9)=5.87, p=0.038, Mpre=1.38,
SDpre=3.30, and mitigation of this increase in the moderate condition (p=0.330, Mpost=2.84,
SDpost=2.16). There was no significant interaction between order and condition for inactive or active
participants (F(1,15)=2.040, p=0.174, and F(1,8)= 0.674, p=0.435 respectively).

2

Change in Stroop Interference

1.5
1
0.5

Minimal

0
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-0.5
-1
-1.5
Inactive

Active

Figure 2: Stroop interference change by condition and activity status
The above figure depicts change in Stroop interference (Post – Pre) following minimal and moderate
intensity exercise for inactive (n=17) and active (n=11) participants separately. Note that because
higher Stroop interference indicates worse EF, a higher change score as depicted here indicates a
decrease in EF following exercise. Error bars represent standard error.
There was no moderating effect of disease duration (F(25,1)=0.590, p=0.449), A1C (F(14,1)=2.440,
p=0.141) or number of diabetes medications (F(25,1)=0.520, p=0.478).
5.2.3 GNG Effects
A 1-way repeated measures ANOVA was conducted to examine the impact of condition (moderate
vs. minimal) on change in GNG RT score (calculated as post score – pre score). Analysis revealed no
significant main effect of condition (F(1,27)<0.001, p=0.994). See Table 2 for means. Moderator
analysis using repeated measures ANCOVA demonstrated that there was no significant interaction
between condition and sex (F(1,26)=0.597, p=0.447), hours of vigorous physical activity in the past
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week (F(1,26)=1.032, p=0.319), T2DM duration (F(1,26)=0.017, p=0.898), A1C (F(1,14)=0.590,
p=0.455), or number of T2DM medications (F(1,26)=0.005, p=0.942).

5.3 Discussion
The current study examined the effects of acute aerobic exercise (moderate and minimal) on EF task
performance. Findings revealed a significant beneficial effect of moderate exercise on EF for women
(but not men) and for active (but not inactive) individuals with T2DM. The effect of moderate
exercise on cognition in women and among physically active individuals was characterized by
mitigation of a significant increase in Stroop interference following the minimal intensity exercise
condition. This finding can be explained within the context of the strength model of self-control. The
strength model posits that self-control (similar to muscular strength) is a finite resource which can be
depleted following exertion of concentration (Hagger & Chatzisarantis, 2013; Hagger, Wood, Stiff, &
Chatzisarantis, 2010) . The current study was cognitively demanding in that participants were
required to maintain a specific number of revolutions per minute on the cycle ergometer; this selfregulatory effort may have resulted in self-regulatory fatigue, registering as decreased performance on
the cognitive tasks from pre- to post-bout. This pre- to post-manipulation difference in task
performance emerged in the minimal condition, but appeared to be eliminated in the moderate
exercise condition. Together, this pattern of findings is consistent with reduction in self-regulatory
fatigue following moderate exercise.
Along these lines, neuroimaging studies have demonstrated decreased activity in the anterior
cingulate cortex (ACC; H. C. Leung, Skudlarski, Gatenby, Peterson, & Gore, 2000) as well as the
DLPFC (Hedgcock, Vohs, & Rao, 2012) in association with self-regulatory fatigue. This is
significant because of the DLPFC involvement in EF (and particularly Stroop performance), which
has been demonstrated in both younger and older adults (Hyodo et al., 2012; Yanagisawa et al.,
2010). Furthermore, increased activity in the PFC following exercise has been observed using fMRI
and fNIRS, and this increase in activity is associated with improved performance of Stroop
(Yanagisawa et al., 2010) and a working memory task (Tsujii, Komatsu, & Sakatani, 2013) . These
beneficial effects of acute aerobic exercise are hypothesized to rely on changes to neurotransmitter
availability and/or thermoregulation and glucose distribution changes (Dietrich & Audiffren, 2011) .
Additionally, increased serum brain-derived neurotrophic factor (BDNF), a promoter of neuronal
differential and survival, has been observed following acute aerobic exercise, and may contribute to
beneficial effects of aerobic exercise in the longer term (Ferris, Williams, & Shen, 2007) .
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The T2DM population may be uniquely predisposed to self-regulatory fatigue following
exercise, due to the possible mechanistic role of glucose in self-regulatory fatigue (Gailliot et al.,
2007). Decreases in blood glucose (BG) following self-regulation, predictive ability of lower BG for
self-regulatory fatigue, and restorative effects of glucose consumption have all contributed to the
view that glucose depletion may serve as a mechanism for self-regulatory fatigue (Dewall,
Baumeister, Gailliot, & Maner, 2008; Dvorak & Simons, 2009; Gailliot et al., 2007; Gailliot, Peruche,
Plant, & Baumeister, 2009; C. M. Leung, Stone, Lee, Seidman, & Chen, 2014) and implies that a
predisposition to decreased BG may increase the likelihood of experiencing self-regulatory fatigue.
Among individuals with T2DM—but not healthy lean adults—acute aerobic exercise has been shown
to increase metabolic clearance of glucose (Burstein, Epstein, Shapiro, Charuzi, & Karnieli, 1990)
and decrease BG(Terada et al., 2013). This supports the contention that T2DM individual may be
particularly susceptible to glucose depletion mediated self-regulatory fatigue following exercise.
However, change in BG is highly variable and depends on a variety of factors such that a greater
decrease in BG occurs for those with higher pre-exercise BG, those taking anti-hyperglycaemic
medications, and food intake within the past 2 hours (Terada et al., 2013). Together these findings
suggest that following acute aerobic exercise, individuals with T2DM may experience a greater
decrease in glucose availability than is seen in the general population, and as a result, may be at
greater risk of self-regulatory fatigue following exercise than healthy young or older adults.
A finding of self-regulatory fatigue following exercise was similarly proposed by Barella et
al. (Barella et al., 2010) who suggested that self-regulatory fatigue or effort-reward imbalance
contributed to null findings with respect to EF performance following 25 minutes of moderate
intensity exercise and multiple repeated measures of the Stroop task in a group of older adults.
Additionally, competing attention has been suggested as a possible explanation for the small
decreased effect size in cognitive function during the initial phase of acute aerobic exercise
(Lambourne & Tomporowski, 2010) . While other studies have failed to demonstrate a self-regulatory
fatigue effect following acute aerobic exercise (Ferris et al., 2007; Hyodo et al., 2012; Tsujii et al.,
2013; Yanagisawa et al., 2010) , ours is the first to examine this effect in a T2DM population, which
has an arguably greater susceptibility to self-regulatory fatigue particularly following aerobic
exercise.
With respect to the observed moderating effect of sex on the relationship, our findings
illustrate that self-regulatory fatigue occurred among female, but not male participants. Evidence
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suggests that sex differences exist with respect to the activation of neural pathways during selfcontrol tasks (Diekhof et al., 2012). Similarly, Maluchenko et al. (Maluchenko et al., 2009) observed
that while serotonin deficiency was associated with a lower threshold for self-regulatory fatigue in
men, serotonin excess was associated with a lower threshold in women, thus suggesting that
differences in mechanism of self-regulatory fatigue in men and women may exist. As such, it is
possible that sex differences in degree of self-regulatory fatigue, or interaction of self-regulatory
fatigue with exercise condition may account for this finding. Future research should examine the
possibility of sex differences in neural activity during self-regulatory fatigue, particularly as it
pertains to the effects of aerobic exercise.
With respect to physical activity status, a similar moderating effect was found whereby only
physically active individuals displayed self-regulatory fatigue following minimal intensity aerobic
exercise. In a meta-analysis of the effects of aerobic exercise on cognition, Chang et al. (Chang et al.,
2012) found that physical fitness acted as a moderator of the effect such that during exercise low fit
individuals displayed impaired and high fit displayed improved cognition, while following exercise
improvement was observed in both groups. While overall the effects following exercise seemed to be
consistent among high fit and low fit individuals, differences seen during exercise provide some
evidence of differences between these two groups. Given that these studies typically compared low fit
and high fit within a population of healthy individuals the effects of physical fitness may be
exacerbated in the current study as the overall level of fitness was low and participants share a
common disease status (T2DM). As such, we hypothesize that given the extreme lack of physical
activity in our physically inactive group (less than or equal to 1 hour of vigorous activity per week) it
is possible that even a minimal intensity of aerobic exercise (at an intensity of approximately 11%)
may have been enough to produce aerobic exercise induced benefits. If this is the case, a lack of selfregulatory fatigue following minimal intensity exercise would be indicative of restorative effects
resulting from minimal intensity exercise; however, future research is needed to establish whether
acute minimal intensity exercise among a population of inactive individuals with T2DM induces
cognitive benefits.
The discrepancy between GNG results and Stroop results in the current study suggest that
even among response inhibition tasks there are differences in effect of exercise, a finding which is
consistent with prior research (Audiffren, Tomporowski, & Zagrodnik, 2009) . One reason for this
inconsistency (even within response inhibition tasks) is the reliance of different tasks on different
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cortical areas i.e. while Stroop relies primarily on the DLPFC as well as the ACC (Yanagisawa et al.,
2010) , GNG relies moreso on the dorsal anterior cingulate cortex (dACC) (Welander-Vatn et al.,
2013) . Specifically, while a number of studies have shown improvement in Stroop performance
(Chang et al., 2012; Hogervorst et al., 1996; Hyodo et al., 2012; Sibley et al., 2006; Tam, 2013;
Yanagisawa et al., 2010) results for GNG have been inconsistent (Kamijo, Nishihira, Hatta, Kaneda,
Wasaka, Kida, & Kuroiwa, 2004b; C. Lowe, Hall, Vincent, & Luu, 2014) . This finding suggests that
Stroop but not GNG performance is significantly improved following acute aerobic exercise; however
future research is needed to confirm these findings.
5.3.1 Strengths and Limitations
The current study provides a preliminary look at the effects of acute aerobic exercise on EF in
a population of adults with T2DM. The results of this study are strengthened by strict inclusion
criteria to control for extraneous influences on EF and by the within-subject design which limits the
influence of between subject variability. However, while individuals currently taking insulin or with a
tendency for hypoglycaemic events were excluded from this study, a limitation of the study is a
failure to measure blood glucose following exercise to ensure that hypoglycaemia had not been
induced. Furthermore, although self-regulatory fatigue due to self- regulation during exercise
provides a justifiable explanation of our findings the study was not specifically designed to induce
self-regulatory fatigue. As such there may have been differences in the degree of self-regulatory
fatigue following the minimal and moderate exercise conditions (possibly due to the target pedaling
ranges). Finally, due to the preliminary nature of these results, the possibility of spurious findings
cannot be excluded. Thus, these limitations provide opportunities for future studies to build on the
results of the current study which provides an important first contribution to a previously unexamined
population of interest for the effects of acute aerobic exercise on EF.
5.3.2 Conclusion
Findings indicated a significant (but selective) beneficial effect of moderate exercise on
cognition compared to minimal exercise in individuals with T2DM. The cognitive benefit of exercise
appeared to take the form of mitigation of self-regulatory fatigue effects. Considering the importance
of EF and self-regulation for proper diabetes self-management, including physical activity
performance, ability to make healthy dietary choices, and adherence to medication regimens, ability
to mitigate self-regulatory fatigue resulting from numerous self-regulatory tasks may be of particular
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importance in this population. Future research should aim to confirm and elaborate on these findings
particularly with respect to the moderating effects of sex and physical activity level.

42

Chapter 6
Conclusions and Future Directions
The overarching aim of this thesis was to examine the interactions between T2DM, executive
function, and acute aerobic exercise. In Study 1, the association between T2DM and EF impairment
was examined using meta-analytic techniques, and results indicated that EF is in fact impaired among
the T2DM population. This finding set the stage for Study 2, which examined the effects of acute
aerobic exercise on EF in individuals living with T2DM. Analysis revealed a significant restorative
effect of moderate aerobic exercise on the self-regulatory fatigue effect observed following exercise
in female (but not male) and active (but not inactive) participants, and thus provides preliminary
evidence of a significant (but selective) beneficial effect of aerobic exercise in individuals with
T2DM.
In Study 1, a comprehensive meta-analysis of studies was conducted to compare EF task
performance in individuals with T2DM to that in healthy individuals. Studies were included if they
were case-control in nature and specifically compared EF in those with T2DM to those without. A
total of 59 articles reporting on 60 studies were included in the analysis for a total sample of 9,815
individuals with T2DM and 69,254 controls. Meta-analysis of performance on all tasks proposed to
measure EF using random effects modeling revealed a reliable impairment of EF associated with
T2DM; the effect was small-to-moderate in size (d=-0.248, p<0.001). Moderators of the effect size
included disease duration and age of participants, such that effects were stronger among those of
shorter disease duration and younger age.
Study 1 presents a significant contribution to the field by illustrating a relative deficit in EF
among a population of individuals who have an arguably greater need for EF in their everyday
decision-making because of the importance of self-care behaviours in T2DM-management. However,
the findings are limited by differences in definitions and verification of T2DM status. For example, a
large number of studies rely solely on self-reported T2DM disease status. Given that there are few
subjective signs of T2DM (IDF, 2013) there is a risk of misclassifying undiagnosed diabetes as no
diabetes when relying on self-report. As such, inclusion of these studies may have resulted in an
underestimation of the effect size. Furthermore, the cross-sectional nature of studies examined limits
our interpretation to discussion of the association between T2DM and EF impairment. It is not
possible to determine the directionality of this effect; however, for the purpose of this thesis project
and with respect to public health measures, the association between T2DM and EF impairment is
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relevant regardless of directionality because it implies a deficit in EF among a population who is
heavily reliant on this resource for proper disease management and prevention of complications.
Study 2 then aimed to examine the effects of acute aerobic exercise on EF in those with
T2DM. Significant improvements in EF have been observed following acute aerobic exercise in
healthy young and older adult populations; however, this effect had not yet been examined in the
T2DM population, a population that, as Study 1 demonstrates, has a lower baseline EF and therefore
potentially greater need of EF-enhancing strategies. Findings indicate a significant selective
beneficial effect of moderate intensity aerobic exercise on EF, such that in female participants and
those who were recently active, a restorative effect over self-regulatory fatigue was observed.
While study 2 provides important preliminary evidence of a significant (albeit selective)
effect of aerobic exercise on EF in those living with T2DM, the study is limited by lack of blood
glucose monitoring following exercise to ensure hypoglycemia was not induced. As well, the fact that
study 2 was not designed to induce self-regulatory fatigue may have resulted in differences between
the degree of self-regulatory fatigue induced by the two sessions (possibly due to different pedaling
ranges). However, overall the difference in self-regulatory fatigue between sessions is believed to be
small given the high degree of similarity between sessions.
The current studies contribute novel findings to a relatively new area of research surrounding
EF in individuals with T2DM. These findings may hold significant potential to guide development of
methods to improve EF in individuals with T2DM and subsequent T2DM management; however,
additional research is needed. Future research should endeavor to 1) determine the directionality of
effect of the association between T2DM and EF; 2) determine whether, under conditions not resulting
in self-regulatory fatigue, there is an improvement in EF following moderate physical activity; 3)
confirm restorative effects of acute aerobic exercise on self-regulatory fatigue; 4) characterize and
confirm interactive effects between self-regulatory fatigue, acute aerobic exercise, and sex or physical
activity status.
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Appendix A
Meta-Analysis Article Inclusion Flow Chart

Articles identified through initial
search: 876
762 articles were excluded based on title
and abstract review
Number of full-text articles assessed
for eligibility: 114

Articles remaining:
60

54 articles were excluded
16 no control group
15 glycemic status not T2D
6 not EF
4 glucose administration not T2D
5 insulin resistance not T2D
4 imaging, review, self-management
1 combined Type 1 and Type 2 Diabetes
3 insufficient data

Additional articles obtained
through reference review: 6
# Articles:
66
7 articles excluded due to populations
duplication
Total Aritcles to be included:
59

Figure 1: Article selection process with reasons
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Appendix B
Meta-Analysis Article Included Studies Characteristics
T2DM

Controls

First Author,
year

N

Age

%M Education Duration N

Aberle, 2008
Ajilore, 2010

38
26

62.9
57.8

52.6 9.9
31
14.58

8.53
9.85

421 63.97 50.4 9.9
20 55.2 25 15.2

No
No

Alosco, 2012

110 68.9

64.4 12.9

-

59

11.18 66.4 13.7

No

Alvarenga, 2010

20

85

-

-

20

68.4

Yes

Arvanitakis, 2004 127 74.4

44.9 -

-

697 75.2

28.7 -

No

Arvanitakis, 2010 220 75.9

37.7 13.9

-

1217 78.8

25.1 14.6

No

Assisi, 1996

12

60.5

-

8.9

11

17

61.6

-

8.7

Yes

Atiea, 1995

40

69.1

70

-

10.05

20

68.1

65

-

No

Brands, 2007

119 65.9

52

-

8.7

55

65.2

44

-

Yes

Bruehl, 2009

41

60.0

51.1 15.0

7

47

59.1

53.7 15.8

Yes

Cooray, 2011

28

61

54

9.8

21

59

38

No

Cosway 2001

37

57.7

42.1 11.2

6

38

55.9

39.5 11.8

Yes

Espeland, 2011

179 -

0

-

-

1984 -

0

-

No

71

-

-

768 64.9

41

-

Yes

Fontbonne, 2001 55

71

65.3

12

Age

%M Education

80

-

14

Confirm
ND

Gallacher, 2005

165 -

100

-

-

1573 -

100 -

Yes

Gregg, 2000

682 71.8

0

-

10.2

8997 71.7

0

No

Hassing, 2004

69

83.5

38.9 7.1

7.4

268 82.7

27.7 7.2

No

Helkala, 1995

20

66.2

65

-

10.5

22

64.5

63.6 -

Yes

Hudetz, 2007

30

64.5

100

-

30

61.5

100 -

No

Ishizawa, 2010

27

45.9

100

16.1

0

27

36.8

100 16.7

No

Krannich, 2012

10

-

100

-

-

20

-

100 -

Yes

Lindeman, 2001

188 73.4

-

11.2

-

-

10.9

Yes

Logroscino, 2004 1394 74.2

0

-

12

0

-

No

Lowe, 1994

80

25

-

6.9

651 74
1760
74.2
5
81 55.1

46.9 -

Yes

Maggi, 2009

399 71.8

-

-

12.15

2638 71.6

-

-

Yes

Mattlar, 1985

33

56.3

66.7 -

-

33

55.9

66.7 -

Yes

Mehrabian, 2012 37

56

46

14

7

22

56

41

No

Mooradian, 1988 43

66.3

100

-

13.3

41

65.3

100 -

Yes

Mussell,

26

-

-

-

-

13

-

-

No

Nandipati, 2012

306 74.7

43

14.7

-

3035 74.1

59.3

46

-

14
-

34.9 15.6

No

T2DM

Controls

First Author,
year

N

Age

%M Education Duration N

Nooyens, 2010

61

60.6

49.1 -

-

2538 55.07 50.8 -

Yes

Okereke, 2008a

553 74.3

100

-

-

5354 74.1

100 -

No

Okereke, 2008b

405 71.5

0

-

-

5921 71.9

0

No

Pavik, 2005

131 46.4

43.4 10.8

-

2408 41.0

47.7 13.1

No

Perlmuter, 1984

140 64.3

54

11.7

-

38

63.1

43

12.4

Yes

Perlmuter, 1987

174 64.5

-

-

-

38

62.6

-

-

Yes

Reaven, 1990

29

69.8

65.5 14.7

-

30

68

53.3 15

Yes

Reijmer, 2013

35

71.1

57

-

8.6

35

71

60

-

Yes

Rouch, 2012

12

-

50

-

-

151 -

40.4 -

Yes

Ruis, 2009

183 63

61.2 -

3.5

69

62.7

47.8 -

Yes

Ryan, 2000

50

30

8.1

50

50.5

24

No

Saczynski, 2008

218 75.7

55.5 -

-

1699 75.7

39.98 -

Yes

Scott, 1998

1331 68.6

51.1 -

14.6

178 74.9

40.8 -

Yes

Silva, 2012

50

70.1

34

-

50

70.8

20

-

Yes

Solanki, 2009

50

-

-

-

-

30

-

-

-

No

Spauwen, 2012

68

68.8

50.0 -

-

1222 59.4

50.3 -

No

Takayanagi, 2012 161 45.9

69

-

1128 39.6

76

12.2

Yes

Takeuchi, 2012

42

62.4

61.9 13.7

11.5

32

63.8

56.3 14.5

Yes

U'Ren, 1990
van den Berg,
2010
van Eersel, 2013

26

70

11.5 12

8.77

19

71

15.8 14

Yes

68

65.6

47

-

9.1

38

64.8

50

-

Yes

264 64

63

-

-

3871 54

51

-

Yes

Vanhanen, 1997

35

67.1

37.1 7.2

-

48

63.9

31.3 7.3

Yes

Vanhanen, 1999

183 73.3

35.5 5.9

-

732 73.2

34.9 6.9

Yes

45.5 4.5

Yes

50.8

14.4

12

Age

-

14

Confirm
ND

van Harten, 2007 92

73.2

43.5 4.0

-
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Wahlin, 2002

31

85

7

8.4

-

307 84.3

20

8.7

No

Watari, 2006

20

58.9

35

14.9

-

34

61.0

44

15.4

No

Watari, 2008

23

58.7

35

15.04

-

22

52.6

18

-

No

Wysokinski, 2010 31

46.7

74.2 -

-

50

31.5

50

-

No

Yaffe, 2012

717 74.1

54.5 -

-

2193 74.2

46.5 -

Yes

Yeung, 2009

41

68.6

56.13 15.1

8.29

69.3 15.3

No

Overall

9815 69.9

51.3 11.9

8.91

424 67.8
6925
65.1
4

47.49 12.3

-

N = number of participants; M = male; ND = No Diabetes.
47

72.9

%M Education

Appendix C
Funnel Plot for Overall Effect Size of T2DM-EF Association
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This funnel plot depicts study effect size by sample size for all studies included in the meta-analysis.
The asymmetrical nature of the plot could indicate the presence of publication bias as larger scale
studies typically demonstrated a smaller effect size than smaller scale studies. However, another
possible explanation for this asymmetry is that smaller scale studies were conducted with more
rigorous methods. For example, differences in study quality such as matching on relevant
characteristics such as age, sex, and education, as well as, exclusion of potentially confounding
disorders such as hypertension, cerebrovascular disease or other cognitive disorders may have
occurred differentially in small-moderate sized studies for logistical reasons. The degree to which this
may have occurred or the impact that this would have had on effect size is unknown; however, the use
of self-report T2DM status by larger scale trials presents one explanation of the asymmetry of this
funnel plot.
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Appendix D
Meta-Analysis Forest Plot of Effect Size by EF Category

Executive Function
Component
Letter Fluency

N

Effect Size Estimate (95% CI)

Category Fluency

5427 -0.378 (-0.501 to -0.256)
40242 -0.163 (-0.0213 to -0.113)

Verbal Fluency Composite

41467 -0.218 (-0.276 to -0.159)

TMTA

5349 -0.474 (-0.602 to -0.345)

TMTB

16545 -0.324 (-0.476 to -0.172)

Shifting Composite

Digit Span Forward

24243 -0.362 (-0.487 to -0.238)
4011 -0.322 (-0.438 to -0.206)
4131 -0.317 (-0.427 to -0.207)
5491 -0.17 (-0.268 to -0.072)

Digit Span Backward

26992 -0.24 (-0.352 to -0.128)

Working Memory Composite

28118 -0.126 (-0.193 to -0.06)

DSST

22414 -0.433 (-0.533 to -0.333)

Attention Composite

25669 -0.384 (-0.479 to -0.289)

Executive Function Composite

79069 -0.248 (-0.301 to -0.195)

Stroop
Inhibition Composite

-1

Figure 2: Plot of effect size by executive function category
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Appendix F
Acute Aerobic Exercise and EF in T2DM Project Overview
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Appendix G
Consent Form

Information and Consent Letter
Study Title: Aerobic Exercise and Executive Control Resources in Type 2
Diabetes
Principal Investigator: Dr. Peter Hall, Social Neuroscience and Health Laboratory,
Department of Kinesiology (pahall@uwaterloo.ca, 519-888-4567 ext. 38110)
Student Investigators: Corita Vincent (cmvincen@uwaterloo.ca, 519-888-4567
ext. 38180); Cassandra Lowe (c2lowe@uwaterloo.ca), School of Public Health and
Health Systems
You have been invited to participate in a research project assessing the effects of exercise on thinking
skills in individuals with Type 2 Diabetes. The study consists of two in-laboratory sessions with one
week between them. Each session will take approximately 2 hours to complete.
Procedure:
During the first laboratory session, you will be asked to complete two different computer tasks
designed to measure cognitive function, as well as, a test of general intellectual ability. You will be
asked to complete these tasks prior to and following the exercise session. For the first computer task
you will be asked to hit a key whenever a lower case letter is presented on the screen and refrain from
hitting anything when an upper case letter is presented. For the second task you will be asked to
indicate the colour of a word (or string of characters) that appears on the screen. The last task is a set
of 4 tests that involve thinking about informational questions, reasoning, completing patterns with
blocks and working through visual puzzles. You will be asked to complete 2 of the 4 tests before the
exercise activity. Together, the tasks take about 45 minutes to complete. Following exercise, you will
be asked to complete the other 2 components of the last task and you will be asked to repeat first 2
tasks.
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During the exercise phase of the study, you will be randomly assigned to one of the following
exercise activities: (1) moderate intensity exercise (2) minimal intensity exercise. For the exercise
session, you will be taken to the fitness facilities at the Lyle Hallman Institute for Health Promotion,
where you will meet with a research assistant who is trained in conducting fitness assessments and
overseeing fitness training for individuals with Type 2 Diabetes. The exercise activity itself will be 25
minutes in duration, including a 5 minute warm-up and will be followed by a 5 minute cool down
period. For the moderate intensity exercise session, you will be asked to cycle on a cycle ergometer
(stationary bike with an ergometer to measure work done by exerciser) and will be supervised until
you gradually increase the intensity of your exertion up to a value of 30% of your maximal heart rate
reserve. Maximal heart rate reserve will be calculated as 30% of the difference between resting heart
rate and maximal heart rate. Maximal heart rate will be determined using the following formula, 220your age. For example, if you are 60 years old your maximal heart rate would be 220-60. The
protocol for the minimal intensity exercise activity will be identical to the moderate intensity exercise,
but you will be asked to cycle at a slow and steady pace without significantly increasing your heart
rate.
During exercise, your heart rate will be monitored using a heart rate monitor and your heart rate will
be displayed on the exercise bike and on the heart rate monitor watch. A researcher will record your
heart rate throughout the exercise session.
All exercise activities will be performed at the University of Waterloo in the LHI Fitness Centre.
Immediately after the exercise activity, you will be brought back to the laboratory and asked to
complete the 3 cognitive function tasks. These tasks will be similar to the ones that you completed
prior to the exercise session.
During your second laboratory session one week later, the procedure will be the same; however, if
you did the moderate intensity exercise during the first session, you will do the minimal intensity
exercise during the second session. If you did the minimal intensity exercise during the first session,
you will do the moderate intensity exercise during the second. All other aspects of the session will be
the same. Additionally, at the end of the second laboratory session, you will be asked to fill out
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several questionnaires. Questions will be on items such as frequency of exercise, dietary behaviours,
personality, and demographics (such as gender, age, and race). These questions will help to
understand whether the relationship between thinking skills and exercise in Type 2 diabetic
individuals may be different in individuals with different characteristics (ex. differences according to
gender, age, ethnicity, frequency of exercise, etc.).
Participation and Remuneration:
You will receive a gift certificates for your participation, a $20 gift card following the first session,
and a $30 gift card for the second.
Your participation is completely voluntary and you may withdraw from this study or decline
answering any questions with no penalty. Withdrawal from the study may occur at any time and you
will still receive the gift card for that session.
By signing this consent form, you are not waiving your legal rights or releasing the investigator(s) or
involved institution(s) from their legal and professional responsibilities.
Confidentiality and security of data
All information that is gathered during this study will remain confidential; at no time will your name
be associated with any of the data or information. All information will be encrypted and stored on a
password-protected lab server; the data key linking this information to any identifiable information
will be retained in a locked cabinet in the University of Waterloo Social Neuroscience and Health Lab
(BMH 1013) where only authorized researchers will have access, and will be destroyed 1 year
following study completion.
Risks to Participant: It is possible that, during the exercise session, you may feel uncomfortable or
become fatigued. If you experience discomfort during the exercise session, you are encouraged to
stop the exercise and inform the fitness instructor who is with you. There is a small risk of
experiencing a heart attack, cardiac arrest, or hypoglycaemic event while exercising. Both LHI fitness
staff and the researcher overseeing your exercise session have CPR and first aid certification. Again,
you are encouraged to stop the exercise and inform the fitness instructor if you feel uncomfortable,
experience chest pain, dizziness, or become fatigued.
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Benefits to Participant: This study will not provide any direct benefit to you.
Benefits to Society: The information gained through this study will lead to better understanding of
the effects of exercise on thinking skills in individuals with type 2 diabetes in your age range.
Increased understanding of this relationship may lead to the development of new interventions
involving exercise for type 2 diabetics in the future.
Concerns about Participation
This study has been reviewed and received ethics clearance through the Office of Research Ethics.
However, the final decision about participation is yours. If you have any comments or concerns
resulting from your participation in this study, you may contact the Director of the Office of Research
Ethics, Maureen Nummelin by phone, (519) 888-4567 ext. 36005, or email,
maureen.nummelin@uwaterloo.ca.
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CONSENT FORM
I agree to take part in a research study being conducted by Dr. Peter Hall, Corita Vincent, and
Cassandra Lowe of the Department of Kinesiology and School of Public Health and Health Systems,
University of Waterloo.
I have made this decision based on the information I have read in the information letter. All the
procedures, any risks and benefits have been explained to me. I have had the opportunity to ask any
questions and to receive any additional details I wanted about the study. If I have questions later
about the study, I can ask one of the researchers. I am aware that I may withdraw from the study at
any time without penalty by telling the researcher.
I understand that by signing this consent form, I am not waiving my legal rights or releasing the
investigator(s) or involved institution(s) from their legal and professional responsibilities.
This project has been reviewed by, and received ethics clearance through, the Office of Research
Ethics at the University of Waterloo. I am aware that I may contact the Director of the Office of
Research Ethics, Maureen Nummelin, by phone: (519) 888-4567 ext. 36005 or email:
maureen.nummelin@uwaterloo.ca if I have any concerns or questions resulting from my involvement
in this study.
With full knowledge of all foregoing, I agree of my own free will, to participate in this study.
Signature of volunteer ____________________ Print name ________________
Signature of witness ______________________ Print name ________________
Signature of investigator ___________________
Date___________________________
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Print name ________________

Appendix H
Demographic and Health Behaviour Questionnaires
The Summary of Diabetes Self-Care Activities (Toolbert et al. 2000)
The questions below ask you about your diabetes self-care activities during the past 7 days. If
you were sick during the past 7 days, please think back to the last 7 days that you were not sick.
Diet
How many of the last SEVEN DAYS have you followed a healthful eating plan?
0

1

2

3

4

5

6

7

On average, over the past month, how many DAYS PER WEEK have you followed your eating
plan?
0
1
2
3
4
5
6
7
On how many of the last SEVEN DAYS did you eat five or more servings of fruits and
vegetables?
0
1
2
3
4
5
6
7
On how many of the last SEVEN DAYS did you eat high fat foods such as red meat or full-fat
dairy products?
0
1
2
3
4
5
6
7
Exercise
On how many of the last SEVEN DAYS did you participate in at least 30 minutes of physical
activity? (Total minutes of continuous activity, including walking).
0
1
2
3
4
5
6
7
On how many of the last SEVEN DAYS did you participate in a specific exercise session (such
as swimming, walking, biking) other than what you do around the house or as part of your work?
0
1
2
3
4
5
6
7
Blood Sugar Testing
On how many of the last SEVEN DAYS did you test your blood sugar?
0
1
2
3
4
5
6
7
On how many of the last SEVEN DAYS did you test your blood sugar the number of times
recommended by your health care provider?
0
1
2
3
4
5
6
7
Foot Care
On how many of the last SEVEN DAYS did you check your feet?
0
1
2
3
4
5
6
7
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On how many of the last SEVEN DAYS did you inspect the inside of your shoes?
0
1
2
3
4
5
6
7
Smoking
Have you smoked a cigarette—even one puff—during the past SEVEN DAYS?
0. No
1. Yes. If yes, how many cigarettes did you smoke on an average day?
Number of cigarettes:_________
Additional Items for the Expanded Version of the Summary of Diabetes Self-Care Activities.
Self-Care Recommendations
1A. Which of the following has your health care team (doctor, nurse, dietitian, or diabetes
educator) advised you to do?
Please check all that apply:
☐ a. Follow a low-fat eating plan
☐ b.Follow a complex carbohydrate diet
☐ c. Reduce the number of calories you eat to lose weight
☐ d.Eat lots of food high in dietary fiber
☐ e. Eat lots (at least 5 servings per day) of fruits and vegetables
☐ f. Eat very few sweets (for example: desserts, non-diet sodas, candy bars)
☐ g.Other (specify):___________________________
☐ h.I have not been given any advice about my diet by my health care team.
2A. Which of the following has your health care team (doctor, nurse, dietitian or diabetes
educator) advised you to do?
Please check all that apply:
☐ a. Get low level exercise (such as walking) on a daily basis.
☐ b.Exercise continuously for a least 20 minutes at least 3 times a week.
☐ c. Fit exercise into your daily routine (for example, take stairs instead of elevators, park a
block away and walk, etc.)
☐ d.Engage in a specific amount, type, duration and level of exercise.
☐ e. Other (specify):___________________________
☐ f. I have not been given any advice about exercise by my health care team.
3A. Which of the following has your health care team (doctor, nurse, dietitian, or diabetes
educator) advised you to do?
Please check all that apply:
☐ a.Test your blood sugar using a drop of blood from your finger and a color chart.
☐ b.Test your blood sugar using a machine to read the results.
☐ c.Test your urine for sugar.
☐ d.Other (specify):___________________________
☐ e. I have not been given any advice either about testing my blood or urine sugar level by my
health care team.
4A. Which of the following medications for your diabetes has your doctor prescribed?
Please check all that apply.
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☐ a. An insulin shot 1 or 2 times a day.
☐ b.An insulin shot 3 or more times a day.
☐ c. Diabetes pills to control my blood sugar level.
☐ d.Other (specify):___________________________
☐ e. I have not been prescribed either insulin or pills for my diabetes.
Diet
5A. On how many of the last SEVEN DAYS did you space carbohydrates evenly through the
day?
0
1
2
3
4
5
6
7
Medications
6A. On how many of the last SEVEN DAYS, did you take your recommended diabetes
medication?
0
1
2
3
4
5
6
7
OR
7A. On how many of the last SEVEN DAYS did you take your recommended insulin injections?
0
1
2
3
4
5
6
7
8A. On how many of the last SEVEN DAYS did you take your recommended number of
diabetes pills?
0
1
2
3
4
5
6
7
Foot Care
9A. On how many of the last SEVEN DAYS did you wash your feet?
0
1
2
3
4
5
6
7
10A. On how many of the last SEVEN DAYS did you soak your feet?
0
1
2
3
4
5
6
7
11A. On how many of the last SEVEN DAYS did you dry between your toes after washing?
0
1
2
3
4
5
6
7
Smoking
12A. At your last doctor’s visit, did anyone
ask about your smoking status?
0. No
1. Yes
13A. If you smoke, at your last doctor’s
visit, did anyone counsel you about
stopping smoking or offer to refer you
to a stop-smoking program?
0. No
1. Yes
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2. Do not smoke.
14A. When did you last smoke a cigarette?
☐ More than two years ago, or never smoked
☐ One to two years ago
☐ Four to twelve months ago
☐ One to three months ago
☐ Within the last month
☐ Today
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Demographics Questionnaire
Age in years: ____________
Height: ____________ (feet) ____________ (inches)
Weight ____________ (lbs)
Gender: ◎ Male
◎ Female
5. Estimated household income (all sources, including living assistance and/or social
security):
$0 - $19,999
$20,000 – 39,999
$40,000 – 59,999
$60,000 – 79,999
$80,000 – 99,999
$100,000 +
6. Level of Education:
Some Elementary School
Completed Elementary School
Some High School
Completed High School
Some College/University
Completed College/University
Graduate Studies
7. Ethnicity (e.g., aboriginal/metis, asian, black, caucasian/white, middle
eastern):______________________________
8. Relationship status:
Single
Common law
Married
Separated
Divorced
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Physical Activity Theory of Planned Behaviour Questionnaire
The following questions pertain to exercise that will help us understand how the relationships
found in this study may vary according to exercise habits. You may decline to answer any
questions. Your information will be kept confidential.
1. Exercising daily would be....
Extremely pleasant Somewhat pleasant Neutral Somewhat unpleasant Extremely unpleasant
◎

◎

2. Exercising daily would be...
Extremely boring Somewhat boring
◎

◎

◎

◎

◎

Neutral

Somewhat fun

Extremely fun

◎

◎

◎

3. Exercising Daily would be...
Extremely positive Somewhat positive Neutral Somewhat negative
◎

◎

◎

4. Exercising daily would be...
Extremely
Somewhat satisfying Neutral
satisfying
◎

◎

5. Exercising daily would be...
Extremely
Somewhat
unappealing
unappealing
◎

◎

Extremely negative

◎

◎

Somewhat
dissatisfying

Extremely
dissatisfying

◎

◎

◎

Neutral Somewhat appealing Extremely appealing
◎

◎

◎

6. Do most people who are important to you think you should or should not exercise?
Strongly think I should
Neutral
Strongly think I should not
◎

◎

◎

◎

◎

7. How much control do you think you have over whether or not you exercise daily? (from 0100%): ________ %
8. To what extent do you intend to exercise on a daily basis over the next month?
Not at all
Moderately
Very Strongly
◎

◎

◎

◎

9. How confident are you that you can exercise on a daily basis? (from 0 - 100%):
________%
10.

How energetic have you felt over the past week?
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◎

Not at all energetic
◎

Moderately
◎

◎
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Extremely Energetic
◎

◎

Physical Activity Self Report Habit Index
The following questions pertain to exercise frequency and will help us understand how the
relationships found in this study may vary according to exercise habits. You may decline to
answer any questions. Your information will be kept confidential.
1. For the next 12 questions, please respond to each statement on a scale from 1 to 7, with a
response of 1 indicating you do not agree at all, and a response of 7 indicating you totally
agree.
Physical Activity is...
Disagree

Neutral

Agree

something I do frequently

◎

◎

◎

◎

◎

◎

something I do automatically

◎

◎

◎

◎

◎

◎

something I do without having to
consciously remember

◎

◎

◎

◎

◎

◎

something that makes me feel weird
if I do not do it

◎

◎

◎

◎

◎

◎

something I do without thinking

◎

◎

◎

◎

◎

◎

something that would require effort
not to do

◎

◎

◎

◎

◎

◎

something that belongs in my daily
routine

◎

◎

◎

◎

◎

◎

something I start doing before I
realize I'm doing it
something I would find hard not to
do

◎

◎

◎

◎

◎

◎

◎

◎

◎

◎

◎

◎

something I have not need to think
about doing

◎

◎

◎

◎

◎

◎

something that's typically "me"

◎

◎

◎

◎

◎

◎

something I have been doing for a
long time

◎

◎

◎

◎

◎

◎
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Physical Activity Frequency, Intention, & Action
During the NEXT WEEK, how much total time do you plan to spend doing VIGOROUS
physical activity and MODERATE physical activity? Record only time that you plan to
actually engage in the activity (ignore breaks, rest periods, etc.). Please do not record any
LIGHT physical activity (office work, light housework, very light sports such as bowling, or
any activities involving sitting).
1. VIGOROUS ACTIVITY (activity that causes your heart rate to be significantly increased
and causes you to breathe so heavily that it is difficult to carry on a conversation). Total
hours for next 7 days to nearest 1/2 hour: ___________ hr(s)
2. MODERATE ACTIVITY (activity that causes noticeable increase in heart rate and
breathing rate but you can still carry out a conversation) Total hours for next 7 days to
nearest 1/2 hour: ___________ hr(s)
During the PAST WEEK, how much total time did you spend doing VIGOROUS physical
activity and MODERATE physical activity? Record only time that you actually engaged in
the activity (ignore breaks, rest periods, etc.). Please do not record any LIGHT physical
activity (office work, light housework, very light sports such as bowling, or any activities
involving sitting).
3. VIGOROUS ACTIVITY (activity that causes your heart rate to be significantly increased
and causes you to breathe so heavily that it is difficult to carry on a conversation) Total
hours for past 7 days to nearest 1/2 hour:___________ hr(s)
4. MODERATE ACTIVITY (activity that causes noticeable increase in heart rate and
breathing rate but you can still carry out a conversation) Total hours for past 7 days to
nearest 1/2 hour:___________ hr(s)
PLEASE READ THIS CAREFULLY: SOMETIMES THERE IS A DIFFERENCE
BETWEEN HOW MANY HOURS SOMEONE INTENDS TO EXERCISE AND HOW
MANY HOURS THEY PREDICT THAT THEY WILL ACTUALLY EXERCISE. PLEASE
ANSWER THE FOLLOWING TWO QUESTIONS BASED ON HOW MANY HOURS
YOU PREDICT THAT YOU WILL EXERCISE OVER THE NEXT 7 DAYS,
REGARDLESS OF HOW MANY HOURS YOU PLAN TO EXERCISE OVER THE
NEXT 7 DAYS.
6. How many hours of VIGOROUS intensity activities do you PREDICT that you will
engage in over the NEXT SEVEN (7) DAYS? (Total number of hours to nearest 1/2
hour):___________ hr(s)
7. How many hours of MODERATE intensity activities do you PREDICT that you will
engage in over the NEXT SEVEN (7) DAYS (Total number of hours to nearest 1/2
hour):___________ hr(s)
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Block Fat Screener (Block 2000)
Think about all the foods you ate over the PAST 7 days as part of a meal or as a snack.
Check how often you ate each food item listed – from “did not eat it this week” to “more
than twice each day.” Example: If you had eaten a ham, cheese, and mayonnaise sandwich
with a cookie in the past 7 days, be sure to count each of those foods.
In the past 7 days, how often did you eat ...
Once this
week

2-3 times
this week

4-6 times
this week

1-2 times
each day

>2 times
each day

Did not eat
this week

1. Hamburgers or
cheeseburgers.

◎

◎

◎

◎

◎

◎

2. Beef, such as
steaks or roasts.

◎

◎

◎

◎

◎

◎

3. Fried chicken with
skin.

◎

◎

◎

◎

◎

◎

4. Hot dogs, franks.

◎

◎

◎

◎

◎

◎

5. Cold cuts, lunch
meat, ham. Etc.

◎

◎

◎

◎

◎

◎

6. Salad dressings
(not diet)
mayonnaise.

◎

◎

◎

◎

◎

◎

7. Margarine

◎

◎

◎

◎

◎

◎

8. Butter.

◎

◎

◎

◎

◎

◎

9. Eggs.

◎

◎

◎

◎

◎

◎

10. Bacon or
sausage.

◎

◎

◎

◎

◎

◎

11. Cheese or
cheesespread.

◎

◎

◎

◎

◎

◎

12. Whole milk.

◎

◎

◎

◎

◎

◎

13. 2% milk.

◎

◎

◎

◎

◎

◎

14. French fries.

◎

◎

◎

◎

◎

◎

15. Ice cream (not
low fat).

◎

◎

◎

◎

◎

◎

16. Doughnuts,
pastries, cake, pie,
cookies.

◎

◎

◎

◎

◎

◎
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17. Potato chips,
corn chips, popcorn
(not air popped).

Once this
week

2-3 times
this week

4-6 times
this week

1-2 times
each day

>2 times
each day

Did not eat
this week

◎

◎

◎

◎

◎

◎

Adapted from Block, G., Gillespie, C., Rosenbaum, E. H., & Jenson, C. (2000). A rapid food screener
to assess fat and fruit and vegetable intake. American Journal of Preventive Medicine, 18: 284-288.
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MARLOWE-CROWNE SOCIAL DESIRABILITY SCALE
Listed below are a number of statements concerning personal attitudes and traits. Read each
item and decide whether the statement is true or false as it pertains to you personally.
1. Before voting I thoroughly investigate the qualifications of all candidates.

T

F

2. I never hesitate to go out of my way to help someone in trouble.

T

F

3. It is sometimes hard for me to go on with my work if I am not encouraged.

T

F

4. I have never disliked anyone intensely.

T

F

5. On occasion I have had doubts about my ability to succeed in life.

T

F

6. I sometimes feel resentful when I don’t get my way.

T

F

7. I am always careful about my manners of dress.

T

F

8. My table manners at home are as good as when I eat out at a restaurant.

T

F

9. If I could get into a movie without paying and be sure I was not seen I
would probably do it.

T

F

10. On a few occasions, I have given up on something because I thought too
little of my ability.

T

F

11. I like to gossip at times.

T

F

12. There have been times when I felt like rebelling against people in authority
even though I knew they were right.

T

F

13. No matter who I’m talking to, I always am a good listener.

T

F

14. I can remember “playing sick” to get out of something.

T

F

15. There have been occasions when I took advantage of someone.

T

F

16. I’m always willing to admit it when I make a mistake.

T

F

17. I always try to practice what I preach.

T

F
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18. I don’t find it particularly difficult to get along with loud mouthed,
obnoxious people.

T

F

19. I sometimes try to get even rather than forgive and forget.

T

F

20. When I don’t know something I don’t mind admitting it.

T

F

21. I am always courteous, even to people who are disagreeable.

T

F

22. At times I have really insisted on having things my own way.

T

F

23. There have been occasions when I felt like smashing things.

T

F

24. I would never think of letting someone else be punished for my
wrongdoings.

T

F

25. I never resent being asked to return a favour.

T

F

26. I have never been irked when people expressed ideas very different from
my own

T

F

27. I never make a long trip without checking the safety of my car.

T

F

28. There have been times when I was quite jealous of the good fortune of
others.

T

F

29. I have almost never felt the urge to tell someone off.

T

F

30. I am sometimes irritated by people who ask favours of me.

T

F

31. I have never felt that I was punished without cause.

T

F

32. I sometimes think when people have a misfortune they only got what they
deserved

T

F

33. I have never deliberately said something to hurt someone’s feelings.

T

F

Adapted from Crowne, D. P., & Marlowe, D. (1960). A new scale of social desirability independent
of psychopathology. Journal of Consulting Psychology, 24: 349-354.
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Self-Control Scale
Using the scale provided, please indicate how much each of the following statements reflects
how you typically are.
Not at all

Very Much

1. I am good at resisting temptation

◎

◎

◎

◎

◎

2. I have a hard time breaking bad habits

◎

◎

◎

◎

◎

3. I am lazy

◎

◎

◎

◎

◎

4. I say inappropriate things

◎

◎

◎

◎

◎

5. I never allow myself to lose control

◎

◎

◎

◎

◎

6. I do certain things that are bad for me, if they are
fun

◎

◎

◎

◎

◎

7. People can count on me to keep a schedule

◎

◎

◎

◎

◎

8. Getting up in the morning is hard for me

◎

◎

◎

◎

◎

9. I have trouble saying no

◎

◎

◎

◎

◎

10. I change my mind fairly often

◎

◎

◎

◎

◎

11. I blurt out whatever is on my mind

◎

◎

◎

◎

◎

12. People would describe me as impulsive

◎

◎

◎

◎

◎

13. I refuse things that are bad for me

◎

◎

◎

◎

◎

14. I spend too much money

◎

◎

◎

◎

◎

15. I keep everything neat

◎

◎

◎

◎

◎

16. I am self-indulgent at times

◎

◎

◎

◎

◎

17. I wish I had more self-discipline

◎

◎

◎

◎

◎

18. I am reliable

◎

◎

◎

◎

◎

19. I get carried away by my feelings

◎

◎

◎

◎

◎
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20. I do many things on the spur of the moment

◎

◎

◎

◎

◎

21. I don’t keep secrets very well

◎

◎

◎

◎

◎

22. People would say that I have iron self-discipline

◎

◎

◎

◎

◎

23. I have worked or studied all night at the last
minute

◎

◎

◎

◎

◎

24. I’m not easily discouraged

◎

◎

◎

◎

◎

25. I’d be better off if I stopped to think before
acting

◎

◎

◎

◎

◎

26. I engage in healthy practices

◎

◎

◎

◎

◎

27. I eat healthy foods

◎

◎

◎

◎

◎

28. Pleasure and fun sometimes keep me from
getting work done

◎

◎

◎

◎

◎

29. I have trouble concentrating

◎

◎

◎

◎

◎

30. I am able to work effectively toward long-term
goals

◎

◎

◎

◎

◎

31. Sometimes I can’t stop myself from doing
something, even if I know it is wrong

◎

◎

◎

◎

◎

32. I often act without thinking through all the
alternatives

◎

◎

◎

◎

◎

33. I lose my temper easily

◎

◎

◎

◎

◎

34. I often interrupt people

◎

◎

◎

◎

◎

35. I sometimes drink or use drugs to excess

◎

◎

◎

◎

◎

35. I am always on time

◎

◎

◎

◎

◎

71

References
Abbatecola, A. M., Paolisso, G., Lamponi, M., Bandinelli, S., Lauretani, F., Launer, L., & Ferrucci,
L. (2004). Insulin resistance and executive dysfunction in older persons. Journal of the American
Geriatrics Society, 52(10), 1713-1718. doi:10.1111/j.1532-5415.2004.52466.x
Aberle, I., Kliegel, M., & Zimprich, D. (2008). Cognitive development in young-old type-2 diabetes
patients: A longitudinal analysis from the "interdisciplinary longitudinal study of aging". Current
Psychology: A Journal for Diverse Perspectives on Diverse Psychological Issues, 27(1), 6-15.
doi:10.1007/s12144-008-9020-3
Ajilore, O., Narr, K., Rosenthal, J., Pham, D., Hamilton, L., Watari, K., . . . Kumar, A. (2010).
Regional cortical gray matter thickness differences associated with type 2 diabetes and major
depression. Psychiatry Research, 184(2), 63-70. doi:10.1016/j.pscychresns.2010.07.003;
10.1016/j.pscychresns.2010.07.003
Akisaki, T., Sakurai, T., Takata, T., Umegaki, H., Araki, A., Mizuno, S., . . . Ito, H. (2006). Cognitive
dysfunction associates with white matter hyperintensities and subcortical atrophy on magnetic
resonance imaging of the elderly diabetes mellitus japanese elderly diabetes intervention trial (JEDIT). Diabetes/Metabolism Research and Reviews, 22(5), 376-384. doi:10.1002/dmrr.632
Allan, J. L., Johnston, M., & Campbell, N. (2010). Unintentional eating. what determines goalincongruent chocolate consumption? Appetite, 54(2), 422-425. doi:10.1016/j.appet.2010.01.009;
10.1016/j.appet.2010.01.009
Alosco, M. L., Spitznagel, M. B., van Dulmen, M., Raz, N., Cohen, R., Sweet, L. H., . . . Gunstad, J.
(2012). The additive effects of type-2 diabetes on cognitive function in older adults with heart
failure. Cardiology Research and Practice, 2012, 348054. doi:10.1155/2012/348054;
10.1155/2012/348054
Alvarenga, P. P., Pereira, D. S., & Anjos, D. M. (2010). Functional mobility and executive function in
elderly diabetics and non-diabetics. Revista Brasileira De Fisioterapia (Sao Carlos (Sao Paulo,
Brazil)), 14(6), 491-496.
Arvanitakis, Z., Bennett, D. A., Wilson, R. S., & Barnes, L. L. (2010). Diabetes and cognitive
systems in older black and white persons. Alzheimer Disease and Associated Disorders, 24(1), 3742. doi:10.1097/WAD.0b013e3181a6bed5; 10.1097/WAD.0b013e3181a6bed5
72

Arvanitakis, Z., Wilson, R. S., Bienias, J. L., Evans, D. A., & Bennett, D. A. (2004). Diabetes
mellitus and risk of alzheimer disease and decline in cognitive function. Archives of Neurology,
61(5), 661-666. doi:10.1001/archneur.61.5.661
Assisi, A., Alimenti, M., Maceli, F., Di Pietro, S., Lalloni, G., & Montera, P. (1996). Diabetes and
cognitive function: Preliminary studies. Archives of Gerontology and Geriatrics, Suppl 5, 229232. doi:10.1016/0167-4943(96)86942-1
Atiea, J. A., Moses, J. L., & Sinclair, A. J. (1995). Neuropsychological function in older subjects with
non-insulin-dependent diabetes mellitus. Diabetic Medicine, 12(8), 679-685.
Audiffren, M., Tomporowski, P. D., & Zagrodnik, J. (2009). Acute aerobic exercise and information
processing: Modulation of executive control in a random number generation task. Acta
Psychologica, 132(1), 85-95. doi:10.1016/j.actpsy.2009.06.008; 10.1016/j.actpsy.2009.06.008
Awad, N., Gagnon, M., & Messier, C. (2004). The relationship between impaired glucose tolerance,
type 2 diabetes, and cognitive function. Journal of Clinical and Experimental Neuropsychology,
26(8), 1044-1080. doi:10.1080/13803390490514875
Baker, L. D., Frank, L. L., Foster-Schubert, K., Green, P. S., Wilkinson, C. W., McTiernan, A., . . .
Craft, S. (2010). Aerobic exercise improves cognition for older adults with glucose intolerance, a
risk factor for alzheimer's disease. Journal of Alzheimer's Disease : JAD, 22(2), 569-579.
doi:10.3233/JAD-2010-100768; 10.3233/JAD-2010-100768
Barella, L. A., Etnier, J. L., & Chang, Y. K. (2010). The immediate and delayed effects of an acute
bout of exercise on cognitive performance of healthy older adults. Journal of Aging and Physical
Activity, 18(1), 87-98.
Batty, G. D., Deary, I. J., Schoon, I., & Gale, C. R. (2007). Childhood mental ability in relation to
food intake and physical activity in adulthood: The 1970 british cohort study. Pediatrics, 119(1),
e38-45. doi:10.1542/peds.2006-1831
Bellebaum, C., & Daum, I. (2007). Cerebellar involvement in executive control. Cerebellum
(London, England), 6(3), 184-192. doi:10.1080/14734220601169707
Best, J., Nagamatsu, L., & Liu-Ambrose, T. (2014). Improvements to executive function during
exercise training predict<br />maintenance of physical activity over the following year. Frontiers
in Human Neuroscience, 8, 353. doi:10.3389/fnhum.2014.00353
73

Bourdel-Marchasson, I., Lapre, E., Laksir, H., & Puget, E. (2010). Insulin resistance, diabetes and
cognitive function: Consequences for preventative strategies. Diabetes & Metabolism, 36(3), 173181. doi:10.1016/j.diabet.2010.03.001; 10.1016/j.diabet.2010.03.001
Brands, A. M., Van den Berg, E., Manschot, S. M., Biessels, G. J., Kappelle, L. J., De Haan, E. H., &
Kessels, R. P. (2007). A detailed profile of cognitive dysfunction and its relation to psychological
distress in patients with type 2 diabetes mellitus. Journal of the International Neuropsychological
Society : JINS, 13(2), 288-297. doi:10.1017/S1355617707070312
Bruehl, H., Sweat, V., Hassenstab, J., Polyakov, V., & Convit, A. (2010). Cognitive impairment in
nondiabetic middle-aged and older adults is associated with insulin resistance. Journal of Clinical
and Experimental Neuropsychology, 32(5), 487-493. doi:10.1080/13803390903224928;
10.1080/13803390903224928
Bruehl, H., Wolf, O. T., Sweat, V., Tirsi, A., Richardson, S., & Convit, A. (2009). Modifiers of
cognitive function and brain structure in middle-aged and elderly individuals with type 2 diabetes
mellitus. Brain Research, 1280, 186-194. doi:10.1016/j.brainres.2009.05.032;
10.1016/j.brainres.2009.05.032
Burstein, R., Epstein, Y., Shapiro, Y., Charuzi, I., & Karnieli, E. (1990). Effect of an acute bout of
exercise on glucose disposal in human obesity. Journal of Applied Physiology (Bethesda, Md.:
1985), 69(1), 299-304.
Canadian Diabetes Association Clinical Practice Guidelines Expert Committee, Goldenberg, R., &
Punthakee, Z. (2013). Definition, classification and diagnosis of diabetes, prediabetes and
metabolic syndrome. Canadian Journal of Diabetes, 37 Suppl 1, S8-S11.
doi:10.1016/j.jcjd.2013.01.011; 10.1016/j.jcjd.2013.01.011
Casey, B. J., Trainor, R. J., Orendi, J. L., Schubert, A. B., Nystrom, L. E., Giedd, J. N., . . . Rapoport,
J. L. (1997). A developmental functional MRI study of prefrontal activation during performance
of a go-no-go task. Journal of Cognitive Neuroscience, 9(6), 835-847.
doi:10.1162/jocn.1997.9.6.835; 10.1162/jocn.1997.9.6.835
Centers for Disease Control and Prevention. (2011). National diabetes fact sheet: National estimates
and general information on diabetes and prediabetes in the united states, 2011. Atlanta, GA: U.S.
Department of Health and Human Services, Centers for Disease Control and Prevention.
74

Chandola, T., Deary, I. J., Blane, D., & Batty, G. D. (2006). Childhood IQ in relation to obesity and
weight gain in adult life: The national child development (1958) study. International Journal of
Obesity (2005), 30(9), 1422-1432. doi:10.1038/sj.ijo.0803279
Chang, Y. K., & Etnier, J. L. (2009). Exploring the dose-response relationship between resistance
exercise intensity and cognitive function. Journal of Sport & Exercise Psychology, 31(5), 640-656.
Chang, Y. K., Labban, J. D., Gapin, J. I., & Etnier, J. L. (2012). The effects of acute exercise on
cognitive performance: A meta-analysis. Brain Research, 1453, 87-101.
doi:10.1016/j.brainres.2012.02.068; 10.1016/j.brainres.2012.02.068
Chang, Y. K., Liu, S., Yu, H. H., & Lee, Y. H. (2012). Effect of acute exercise on executive function
in children with attention deficit hyperactivity disorder. Archives of Clinical Neuropsychology :
The Official Journal of the National Academy of Neuropsychologists, 27(2), 225-237.
doi:10.1093/arclin/acr094; 10.1093/arclin/acr094
Christman, A. L., Vannorsdall, T. D., Pearlson, G. D., Hill-Briggs, F., & Schretlen, D. J. (2010).
Cranial volume, mild cognitive deficits, and functional limitations associated with diabetes in a
community sample. Archives of Clinical Neuropsychology : The Official Journal of the National
Academy of Neuropsychologists, 25(1), 49-59. doi:10.1093/arclin/acp091; 10.1093/arclin/acp091
Colberg, S. R., Albright, A. L., Blissmer, B. J., Braun, B., Chasan-Taber, L., Fernhall, B., . . .
American Diabetes Association. (2010). Exercise and type 2 diabetes: American college of sports
medicine and the american diabetes association: Joint position statement. exercise and type 2
diabetes. Medicine and Science in Sports and Exercise, 42(12), 2282-2303.
doi:10.1249/MSS.0b013e3181eeb61c; 10.1249/MSS.0b013e3181eeb61c
Colcombe, S. J., Erickson, K. I., Raz, N., Webb, A. G., Cohen, N. J., McAuley, E., & Kramer, A. F.
(2003). Aerobic fitness reduces brain tissue loss in aging humans. The Journals of
Gerontology.Series A, Biological Sciences and Medical Sciences, 58(2), 176-180.
Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E., . . . Kramer, A. F.
(2006). Aerobic exercise training increases brain volume in aging humans. The Journals of
Gerontology.Series A, Biological Sciences and Medical Sciences, 61(11), 1166-1170.

75

Coles, K., & Tomporowski, P. D. (2008). Effects of acute exercise on executive processing, shortterm and long-term memory. Journal of Sports Sciences, 26(3), 333-344.
doi:10.1080/02640410701591417
Cooray, G., Nilsson, E., Wahlin, Å, Laukka, E. J., Brismar, K., & Brismar, T. (2011). Effects of
intensified metabolic control on CNS function in type 2 diabetes. Psychoneuroendocrinology,
36(1), 77-86. doi:10.1016/j.psyneuen.2010.06.009
Cordova, C., Silva, V. C., Moraes, C. F., Simoes, H. G., & Nobrega, O. T. (2009). Acute exercise
performed close to the anaerobic threshold improves cognitive performance in elderly females.
Brazilian Journal of Medical and Biological Research = Revista Brasileira De Pesquisas Medicas
E Biologicas / Sociedade Brasileira De Biofisica ...[Et Al.], 42(5), 458-464.
Cosway, R., Strachan, M. W., Dougall, A., Frier, B. M., & Deary, I. J. (2001). Cognitive function and
information processing in type 2 diabetes. Diabetic Medicine : A Journal of the British Diabetic
Association, 18(10), 803-810.
Cukierman, T., Gerstein, H. C., & Williamson, J. D. (2005). Cognitive decline and dementia in
diabetes--systematic overview of prospective observational studies. Diabetologia, 48(12), 24602469. doi:10.1007/s00125-005-0023-4
den Heijer, T., Vermeer, S. E., van Dijk, E. J., Prins, N. D., Koudstaal, P. J., Hofman, A., & Breteler,
M. M. (2003). Type 2 diabetes and atrophy of medial temporal lobe structures on brain MRI.
Diabetologia, 46(12), 1604-1610. doi:10.1007/s00125-003-1235-0
Dewall, C. N., Baumeister, R. F., Gailliot, M. T., & Maner, J. K. (2008). Depletion makes the heart
grow less helpful: Helping as a function of self-regulatory energy and genetic relatedness.
Personality & Social Psychology Bulletin, 34(12), 1653-1662. doi:10.1177/0146167208323981;
10.1177/0146167208323981
Diekhof, E. K., Keil, M., Obst, K. U., Henseler, I., Dechent, P., Falkai, P., & Gruber, O. (2012). A
functional neuroimaging study assessing gender differences in the neural mechanisms underlying
the ability to resist impulsive desires. Brain Research, 1473, 63-77.
doi:10.1016/j.brainres.2012.07.010; 10.1016/j.brainres.2012.07.010

76

Dietrich, A., & Audiffren, M. (2011). The reticular-activating hypofrontality (RAH) model of acute
exercise. Neuroscience and Biobehavioral Reviews, 35(6), 1305-1325.
doi:10.1016/j.neubiorev.2011.02.001; 10.1016/j.neubiorev.2011.02.001
Dvorak, R. D., & Simons, J. S. (2009). Moderation of resource depletion in the self-control strength
model: Differing effects of two modes of self-control. Personality & Social Psychology Bulletin,
35(5), 572-583. doi:10.1177/0146167208330855; 10.1177/0146167208330855
Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., . . . Kramer, A. F.
(2011). Exercise training increases size of hippocampus and improves memory. Proceedings of the
National Academy of Sciences of the United States of America, 108(7), 3017-3022.
doi:10.1073/pnas.1015950108; 10.1073/pnas.1015950108
Espeland, M. A., Miller, M. E., Goveas, J. S., Hogan, P. E., Coker, L. H., Williamson, J., . . . Resnick,
S. M. (2011). Cognitive function and fine motor speed in older women with diabetes mellitus:
Results from the women’s health initiative study of cognitive aging. Journal of Women's Health,
20(10), 1435-1443. doi:10.1089/jwh.2011.2812
Etnier, J. L., & Chang, Y. K. (2009). The effect of physical activity on executive function: A brief
commentary on definitions, measurement issues, and the current state of the literature. Journal of
Sport & Exercise Psychology, 31(4), 469-483.
Etnier, J. L., Salazar, W., Landers, D. M., Petruzzello, S. J., Han, M., & Nowell, P. (1997). The
influence of physical fitness and exercise upon cognitive functioning: A meta-analysis. Journal of
Sport & Exercise Psychology, 19, 249-277.
Euser, S. M., Sattar, N., Witteman, J. C., Bollen, E. L., Sijbrands, E. J., Hofman, A., . . . PROSPER
and Rotterdam Study. (2010). A prospective analysis of elevated fasting glucose levels and
cognitive function in older people: Results from PROSPER and the rotterdam study. Diabetes,
59(7), 1601-1607. doi:10.2337/db09-0568; 10.2337/db09-0568
Ferris, L. T., Williams, J. S., & Shen, C. L. (2007). The effect of acute exercise on serum brainderived neurotrophic factor levels and cognitive function. Medicine and Science in Sports and
Exercise, 39(4), 728-734. doi:10.1249/mss.0b013e31802f04c7
Floel, A., Ruscheweyh, R., Kruger, K., Willemer, C., Winter, B., Volker, K., . . . Knecht, S. (2010).
Physical activity and memory functions: Are neurotrophins and cerebral gray matter volume the
77

missing link? NeuroImage, 49(3), 2756-2763. doi:10.1016/j.neuroimage.2009.10.043;
10.1016/j.neuroimage.2009.10.043
Fontbonne, A., Berr, C., Ducimetiere, P., & Alperovitch, A. (2001). Changes in cognitive abilities
over a 4-year period are unfavorably affected in elderly diabetic subjects: Results of the
epidemiology of vascular aging study. Diabetes Care, 24(2), 366-370.
Funahashi, S., & Andreau, J. M. (2013). Prefrontal cortex and neural mechanisms of executive
function. Journal of Physiology, Paris, doi:10.1016/j.jphysparis.2013.05.001;
10.1016/j.jphysparis.2013.05.001
Gagnon, C., Greenwood, C. E., & Bherer, L. (2011). Glucose regulation is associated with attentional
control performances in nondiabetic older adults. Journal of Clinical and Experimental
Neuropsychology, 33(9), 972-981. doi:10.1080/13803395.2011.589372;
10.1080/13803395.2011.589372
Gailliot, M. T., Baumeister, R. F., DeWall, C. N., Maner, J. K., Plant, E. A., Tice, D. M., . . .
Schmeichel, B. J. (2007). Self-control relies on glucose as a limited energy source: Willpower is
more than a metaphor. Journal of Personality and Social Psychology, 92(2), 325-336.
doi:10.1037/0022-3514.92.2.325
Gailliot, M. T., Peruche, B. M., Plant, E. A., & Baumeister, R. F. (2009). Stereotypes and prejudice in
the blood: Sucrose drinks reduce prejudice<br />and stereotyping. Journal of Experimental Social
Psychology, 45, 288-290.
Gallacher, J. E., Pickering, J., Elwood, P. C., Bayer, A. J., Yarnell, J. W., & Ben-Shlomo, Y. (2005).
Glucoregulation has greater impact on cognitive performance than macro-vascular disease in men
with type 2 diabetes: Data from the caerphilly study. European Journal of Epidemiology, 20(9),
761-768. doi:10.1007/s10654-005-2146-9
Gregg, E. W., Yaffe, K., Cauley, J. A., Rolka, D. B., Blackwell, T. L., Narayan, K. M., & Cummings,
S. R. (2000). Is diabetes associated with cognitive impairment and cognitive decline among older
women? study of osteoporotic fractures research group. Archives of Internal Medicine, 160(2),
174-180.
Grober, E., Hall, C. B., Hahn, S. R., & Lipton, R. B. (2011). Memory impairment and executive
dysfunction are associated with inadequately controlled diabetes in older adults. Journal of
78

Primary Care & Community Health, 2(4), 229-233. doi:10.1177/2150131911409945;
10.1177/2150131911409945
Guerrieri, R., Nederkoorn, C., & Jansen, A. (2012). Disinhibition is easier learned than inhibition. the
effects of (dis)inhibition training on food intake. Appetite, 59(1), 96-99.
doi:10.1016/j.appet.2012.04.006; 10.1016/j.appet.2012.04.006
Guerrieri, R., Nederkoorn, C., Schrooten, M., Martijn, C., & Jansen, A. (2009). Inducing impulsivity
leads high and low restrained eaters into overeating, whereas current dieters stick to their diet.
Appetite, 53(1), 93-100. doi:10.1016/j.appet.2009.05.013; 10.1016/j.appet.2009.05.013
Guerrieri, R., Nederkoorn, C., Stankiewicz, K., Alberts, H., Geschwind, N., Martijn, C., & Jansen, A.
(2007). The influence of trait and induced state impulsivity on food intake in normal-weight
healthy women. Appetite, 49(1), 66-73. doi:10.1016/j.appet.2006.11.008
Guiney, H., & Machado, L. (2013). Benefits of regular aerobic exercise for executive functioning in
healthy populations. Psychonomic Bulletin & Review, 20(1), 73-86. doi:10.3758/s13423-0120345-4; 10.3758/s13423-012-0345-4
Hagger, M. S., & Chatzisarantis, N. L. D. (2013). The strength model of self-control: Recent
advances and implications for public health. In P. A. Hall (Ed.), Social neuroscience and public
health: Foundations for the science of chronic disease prevention (). New York: Springer New
York.
Hagger, M. S., Wood, C., Stiff, C., & Chatzisarantis, N. L. (2010). Ego depletion and the strength
model of self-control: A meta-analysis. Psychological Bulletin, 136(4), 495-525.
doi:10.1037/a0019486; 10.1037/a0019486
Hajduk, A. M., Lemon, S. C., McManus, D. D., Lessard, D. M., Gurwitz, J. H., Spencer, F. A., . . .
Saczynski, J. S. (2013). Cognitive impairment and self-care in heart failure. Clinical
Epidemiology, 5, 407-416. doi:10.2147/CLEP.S44560; 10.2147/CLEP.S44560
Hall, P. A. (2012). Executive control resources and frequency of fatty food consumption: Findings
from an age-stratified community sample. Health Psychology : Official Journal of the Division of
Health Psychology, American Psychological Association, 31(2), 235-241. doi:10.1037/a0025407;
10.1037/a0025407

79

Hall, P. A., Fong, G. T., Epp, L., & Elias, L. J. (2008). Executive function moderates the intentionbehavior link for physical activity and dietary behavior. Psychology and Health, 23(3), 309-326.
Hall, P. A., Lowe, C., & Vincent, C. (2013). Executive control resources and snack food consumption
in the presence of restraining versus facilitating cues. Journal of Behavioral Medicine,
doi:10.1007/s10865-013-9528-3
Hall, P. A., Tran, B., Lowe, C., Vincent, C., Mourtzakis, M., Roy, E., & Liu-Ambrose, T. (2014). The
expression of executive control in situational context: Effects of facilitating versus restraining cues
on snack food consumption. Health Psychology, Under Review
Hassing, L. B., Grant, M. D., Hofer, S. M., Pedersen, N. L., Nilsson, S. E., Berg, S., . . . Johansson, B.
(2004). Type 2 diabetes mellitus contributes to cognitive decline in old age: A longitudinal
population-based study. Journal of the International Neuropsychological Society : JINS, 10(4),
599-607. doi:10.1017/S1355617704104165
Hatta, A., Nishihira, Y., & Higashiura, T. (2013). Effects of a single bout of walking on
psychophysiologic responses and executive function in elderly adults: A pilot study. Clinical
Interventions in Aging, 8, 945-952. doi:10.2147/CIA.S46405; 10.2147/CIA.S46405
Hedgcock, W. M., Vohs, K. D., & Rao, A. R. (2012). Reducing self-control depletion effects through
enhanced sensitivity to implementation: Evidence from fMRI and behavioral studies. Journal of
Consumer Psychology, 22(4), 486-495. doi:10.1016/j.jcps.2012.05.008
Helkala, E. L., Niskanen, L., Viinamaki, H., Partanen, J., & Uusitupa, M. (1995). Short-term and
long-term memory in elderly patients with NIDDM. Diabetes Care, 18(5), 681-685.
Heyder, K., Suchan, B., & Daum, I. (2004). Cortico-subcortical contributions to executive control.
Acta Psychologica, 115(2-3), 271-289. doi:10.1016/j.actpsy.2003.12.010
Hillman, C. H., Snook, E. M., & Jerome, G. J. (2003). Acute cardiovascular exercise and executive
control function. International Journal of Psychophysiology : Official Journal of the International
Organization of Psychophysiology, 48(3), 307-314.
Hogervorst, E., Riedel, W., Jeukendrup, A., & Jolles, J. (1996). Cognitive performance after
strenuous physical exercise. Perceptual and Motor Skills, 83(2), 479-488.

80

Houben, K. (2011). Overcoming the urge to splurge: Influencing eating behavior by manipulating
inhibitory control. Journal of Behavior Therapy and Experimental Psychiatry, 42(3), 384-388.
doi:10.1016/j.jbtep.2011.02.008; 10.1016/j.jbtep.2011.02.008
Houben, K., & Jansen, A. (2011). Training inhibitory control. A recipe for resisting sweet
temptations. Appetite, 56(2), 345-349. doi:10.1016/j.appet.2010.12.017;
10.1016/j.appet.2010.12.017
Hudetz, J. A., & Warltier, D. C. (2007). Cognitive function in older diabetic subjects with a history of
alcohol abuse. Psychological Reports, 101(3 II), 1125-1132.
Hunter JE, S. F. (1990). Methods of meta-analysis: Correcting error and bias in research findings.
California: Sage Publications.
Hyodo, K., Dan, I., Suwabe, K., Kyutoku, Y., Yamada, Y., Akahori, M., . . . Soya, H. (2012). Acute
moderate exercise enhances compensatory brain activation in older adults. Neurobiology of
Aging, 33(11), 2621-2632. doi:10.1016/j.neurobiolaging.2011.12.022;
10.1016/j.neurobiolaging.2011.12.022
IDF Diabetes Atlas Group. (2013). Update of mortality attributable to diabetes for the IDF diabetes
atlas: Estimates for the year 2011. Diabetes Res Clin Pract, 100, 277-279.
Insel, K., Morrow, D., Brewer, B., & Figueredo, A. (2006). Executive function, working memory,
and medication adherence among older adults. The Journals of Gerontology.Series B,
Psychological Sciences and Social Sciences, 61(2), P102-7.
Ishizawa, K. T., Kumano, H., Sato, A., Sakura, H., & Iwamoto, Y. (2010). Decreased response
inhibition in middle-aged male patients with type 2 diabetes. BioPsychoSocial Medicine, 4(1), 10759-4-1. doi:10.1186/1751-0759-4-1; 10.1186/1751-0759-4-1
Jansen, A., Nederkoorn, C., van Baak, L., Keirse, C., Guerrieri, R., & Havermans, R. (2009). Highrestrained eaters only overeat when they are also impulsive. Behaviour Research and Therapy,
47(2), 105-110. doi:10.1016/j.brat.2008.10.016; 10.1016/j.brat.2008.10.016
Kamijo, K., Hayashi, Y., Sakai, T., Yahiro, T., Tanaka, K., & Nishihira, Y. (2009). Acute effects of
aerobic exercise on cognitive function in older adults. The Journals of Gerontology.Series B,
Psychological Sciences and Social Sciences, 64(3), 356-363. doi:10.1093/geronb/gbp030;
10.1093/geronb/gbp030
81

Kamijo, K., Nishihira, Y., Hatta, A., Kaneda, T., Kida, T., Higashiura, T., & Kuroiwa, K. (2004).
Changes in arousal level by differential exercise intensity. Clinical Neurophysiology : Official
Journal of the International Federation of Clinical Neurophysiology, 115(12), 2693-2698.
doi:10.1016/j.clinph.2004.06.016
Kamijo, K., Nishihira, Y., Hatta, A., Kaneda, T., Wasaka, T., Kida, T., & Kuroiwa, K. (2004a).
Differential influences of exercise intensity on information processing in the central nervous
system. European Journal of Applied Physiology, 92(3), 305-311. doi:10.1007/s00421-004-1097-2
Kamijo, K., Nishihira, Y., Hatta, A., Kaneda, T., Wasaka, T., Kida, T., & Kuroiwa, K. (2004b).
Differential influences of exercise intensity on information processing in the central nervous
system. European Journal of Applied Physiology, 92(3), 305-311. doi:10.1007/s00421-004-1097-2
Kamijo, K., Nishihira, Y., Higashiura, T., & Kuroiwa, K. (2007). The interactive effect of exercise
intensity and task difficulty on human cognitive processing. International Journal of
Psychophysiology : Official Journal of the International Organization of Psychophysiology, 65(2),
114-121. doi:10.1016/j.ijpsycho.2007.04.001
Kanaya, A. M., Barrett-Connor, E., Gildengorin, G., & Yaffe, K. (2004). Change in cognitive
function by glucose tolerance status in older adults: A 4-year prospective study of the rancho
bernardo study cohort. Archives of Internal Medicine, 164(12), 1327-1333.
Khan, H. A., Ola, M. S., Alhomida, A. S., Sobki, S. H., & Khan, S. A. (2013). Evaluation of HbA1c
criteria for diagnosis of diabetes mellitus: A retrospective study of 12 785 type 2 saudi male
patients. Endocrine Research, doi:10.3109/07435800.2013.828740
Knopman, D., Boland, L. L., Mosley, T., Howard, G., Liao, D., Szklo, M., . . . Folsom, A. R. (2001).
Cardiovascular risk factors and cognitive decline in middle-aged adults. Neurology, 56(1), 42-48.
doi:10.1159/000063462
Kramer, A. F., & Erickson, K. I. (2007). Capitalizing on cortical plasticity: Influence of physical
activity on cognition and brain function. Trends in Cognitive Sciences, 11(8), 342-348.
doi:10.1016/j.tics.2007.06.009
Krannich, J. H., Tobias, T., Broscheit, J., Leyh, R., & Mullges, W. (2012). Diabetes severely affects
attentional performance after coronary artery bypass grafting. Journal of Cardiothoracic Surgery,
7, 115-8090-7-115. doi:10.1186/1749-8090-7-115; 10.1186/1749-8090-7-115
82

Kumar, A., Haroon, E., Darwin, C., Pham, D., Ajilore, O., Rodriguez, G., & Mintz, J. (2008). Gray
matter prefrontal changes in type 2 diabetes detected using MRI. Journal of Magnetic Resonance
Imaging : JMRI, 27(1), 14-19. doi:10.1002/jmri.21224
Labelle, V., Bosquet, L., Mekary, S., & Bherer, L. (2013). Decline in executive control during acute
bouts of exercise as a function of exercise intensity and fitness level. Brain and Cognition, 81(1),
10-17. doi:10.1016/j.bandc.2012.10.001; 10.1016/j.bandc.2012.10.001
Lambourne, K., Audiffren, M., & Tomporowski, P. D. (2010). Effects of acute exercise on sensory
and executive processing tasks. Medicine and Science in Sports and Exercise, 42(7), 1396-1402.
doi:10.1249/MSS.0b013e3181cbee11; 10.1249/MSS.0b013e3181cbee11
Lambourne, K., & Tomporowski, P. (2010). The effect of exercise-induced arousal on cognitive task
performance: A meta-regression analysis. Brain Research, 1341, 12-24.
doi:10.1016/j.brainres.2010.03.091; 10.1016/j.brainres.2010.03.091
Langenecker, S. A., Nielson, K. A., & Rao, S. M. (2004). fMRI of healthy older adults during stroop
interference. NeuroImage, 21(1), 192-200.
Leung, C. M., Stone, W. S., Lee, E. H., Seidman, L. J., & Chen, E. Y. (2014). Impaired facilitation of
self-control cognition by glucose in patients with schizophrenia: A randomized controlled study.
Schizophrenia Research, 156(1), 38-45. doi:10.1016/j.schres.2014.03.010;
10.1016/j.schres.2014.03.010
Leung, H. C., Skudlarski, P., Gatenby, J. C., Peterson, B. S., & Gore, J. C. (2000). An event-related
functional MRI study of the stroop color word interference task. Cerebral Cortex (New York,
N.Y.: 1991), 10(6), 552-560.
Lindeman, R. D., Romero, L. J., LaRue, A., Yau, C. L., Schade, D. S., Koehler, K. M., . . . New
Mexico Elder Health Survey. (2001). A biethnic community survey of cognition in participants
with type 2 diabetes, impaired glucose tolerance, and normal glucose tolerance: The new mexico
elder health survey. Diabetes Care, 24(9), 1567-1572.
Lipsey, M. W., & Wilson, D. B. (2001). Practical meta-analysis. California: Sage Publications.
Logroscino, G., Kang, J. H., & Grodstein, F. (2004). Prospective study of type 2 diabetes and
cognitive decline in women aged 70-81 years. BMJ: British Medical Journal, 328(7439), 548-551.
doi:10.1136/bmj.37977.495729.EE
83

Lowe, C., Hall, P. A., & Staines, W. R. (2014). The effects of continuous theta burst stimulation to
the dorsolateral prefrontal cortex on executive function, food cravings, and snack food
consumption. Psychosomatic Medicine,
Lowe, C., Hall, P. A., Vincent, C., & Luu, K. (2014). The effects of acute aerobic activity on
cognition and cross-domain transfer to eating behavior. Frontiers in Human Neuroscience, 8, 267.
doi:10.3389/fnhum.2014.00267
Lowe, L. P., Tranel, D., Wallace, R. B., & Welty, T. K. (1994). Type II diabetes and cognitive
function: A population-based study of native americans. Diabetes Care, 17(8), 891-896.
MacLeod, C. M. (1991). Half a century of research on the stroop effect: An integrative review.
Psychological Bulletin, 109(2), 163-203.
Maggi, S., Limongi, F., Noale, M., Romanato, G., Tonin, P., Rozzini, R., . . . Crepaldi, G. (2009).
Diabetes as a risk factor for cognitive decline in older patients. Dementia and Geriatric Cognitive
Disorders, 27(1), 24-33. doi:10.1159/000183842
Magnie, M. N., Bermon, S., Martin, F., Madany-Lounis, M., Suisse, G., Muhammad, W., & Dolisi,
C. (2000). P300, N400, aerobic fitness, and maximal aerobic exercise. Psychophysiology, 37(3),
369-377.
Maluchenko, N. V., Schegolkova, J. V., Kulikova, M. A., Timofeeva, M. A., Shlepcova, V. A.,
Sysoeva, O. V., & Tonevitsky, A. G. (2009). Gender effects on association of serotonin
transporter gene polymorphism with symptoms of central fatigue. Bulletin of Experimental
Biology and Medicine, 147(4), 462-465.
Manschot, S. M., Brands, A. M., van der Grond, J., Kessels, R. P., Algra, A., Kappelle, L. J., . . .
Utrecht Diabetic Encephalopathy Study Group. (2006). Brain magnetic resonance imaging
correlates of impaired cognition in patients with type 2 diabetes. Diabetes, 55(4), 1106-1113.
Marın-Martınez, F., & Sanchez-Meca, J. (1998). Testing for dichotomous moderators in metaanalysis. Journal of Experimental Education, 67, 69-81.
Marks, B. L., Madden, D. J., Bucur, B., Provenzale, J. M., White, L. E., Cabeza, R., & Huettel, S. A.
(2007). Role of aerobic fitness and aging on cerebral white matter integrity. Annals of the New
York Academy of Sciences, 1097, 171-174. doi:10.1196/annals.1379.022

84

Marwick, T. H., Hordern, M. D., Miller, T., Chyun, D. A., Bertoni, A. G., Blumenthal, R. S., . . .
Interdisciplinary Council on Quality of Care and Outcomes Research. (2009). Exercise training for
type 2 diabetes mellitus: Impact on cardiovascular risk: A scientific statement from the american
heart association. Circulation, 119(25), 3244-3262.
doi:10.1161/CIRCULATIONAHA.109.192521; 10.1161/CIRCULATIONAHA.109.192521
McAuley, E., Mullen, S. P., Szabo, A. N., White, S. M., Wojcicki, T. R., Mailey, E. L., . . . Kramer,
A. F. (2011). Self-regulatory processes and exercise adherence in older adults: Executive function
and self-efficacy effects. American Journal of Preventive Medicine, 41(3), 284-290.
doi:10.1016/j.amepre.2011.04.014; 10.1016/j.amepre.2011.04.014
McMorris, T., & Graydon, J. (2000). The effect of incremental exercise on cognitive performance.
International Journal of Sport Psychology, 31, 66-81.
McMorris, T., Sproule, J., Turner, A., & Hale, B. J. (2011). Acute, intermediate intensity exercise,
and speed and accuracy in working memory tasks: A meta-analytical comparison of effects.
Physiology & Behavior, 102(3-4), 421-428. doi:10.1016/j.physbeh.2010.12.007;
10.1016/j.physbeh.2010.12.007
McNally, K., Rohan, J., Pendley, J. S., Delamater, A., & Drotar, D. (2010). Executive functioning,
treatment adherence, and glycemic control in children with type 1 diabetes. Diabetes Care, 33(6),
1159-1162. doi:10.2337/dc09-2116; 10.2337/dc09-2116
Mehrabian, S., Raycheva, M., Gateva, A., Todorova, G., Angelova, P., Traykova, M., . . . Traykov, L.
(2012). Cognitive dysfunction profile and arterial stiffness in type 2 diabetes. Journal of the
Neurological Sciences, 322(1-2), 152-156. doi:10.1016/j.jns.2012.07.046;
10.1016/j.jns.2012.07.046
Messier, C., Awad-Shimoon, N., Gagnon, M., Desrochers, A., & Tsiakas, M. (2011). Glucose
regulation is associated with cognitive performance in young nondiabetic adults. Behavioural
Brain Research, 222(1), 81-88. doi:10.1016/j.bbr.2011.03.023; 10.1016/j.bbr.2011.03.023
Messier, C., Tsiakas, M., Gagnon, M., Desrochers, A., & Awad, N. (2003). Effect of age and
glucoregulation on cognitive performance. Neurobiology of Aging, 24(7), 985-1003.
Milan, A. (2011). Age and sex structure: Canada, provinces and territories, 2010. Catalogue no. 91209-X report on the demographic situation in canada () Statistics Canada.
85

Miyake, A., & Friedman, N. P. (2012). The nature and organization of individual differences in
executive functions: Four general conclusions. Current Directions in Psychological Science, 21(1),
8-14. doi:10.1177/0963721411429458
Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D. (2000).
The unity and diversity of executive functions and their contributions to complex "frontal lobe"
tasks: A latent variable analysis. Cognitive Psychology, 41(1), 49-100.
doi:10.1006/cogp.1999.0734
Mooradian, A. D., Perryman, K., Fitten, J., Kavonian, G. D., & Morley, J. E. (1988). Cortical
function in elderly non-insulin dependent diabetic patients. behavioral and electrophysiologic
studies. Archives of Internal Medicine, 148(11), 2369-2372.
Munshi, M. N., Hayes, M., Iwata, I., Lee, Y., & Weinger, K. (2012). Which aspects of executive
dysfunction influence ability to manage diabetes in older adults? Diabetic Medicine : A Journal of
the British Diabetic Association, 29(9), 1171-1177. doi:10.1111/j.1464-5491.2012.03606.x;
10.1111/j.1464-5491.2012.03606.x
Mussell, M., Hewer, W., Kulzer, B., Bergis, K., & Rist, F. (2004). Effects of improved glycaemic
control maintained for 3 months on cognitive function in patients with type 2 diabetes. Diabetic
Medicine, 21(11), 1253-1256.
Nanda, B., Balde, J., & Manjunatha, S. (2013). The acute effects of a single bout of moderateintensity aerobic exercise on cognitive functions in healthy adult males. Journal of Clinical and
Diagnostic Research : JCDR, 7(9), 1883-1885. doi:10.7860/JCDR/2013/5855.3341;
10.7860/JCDR/2013/5855.3341
Nandipati, S., Luo, X., Schimming, C., Grossman, H. T., & Sano, M. (2012). Cognition in nondemented diabetic older adults. Current Aging Science, 5(2), 131-135.
Nederkoorn, C., Guerrieri, R., Havermans, R. C., Roefs, A., & Jansen, A. (2009). The interactive
effect of hunger and impulsivity on food intake and purchase in a virtual supermarket.
International Journal of Obesity (2005), 33(8), 905-912. doi:10.1038/ijo.2009.98;
10.1038/ijo.2009.98
Nguyen, H. T., Grzywacz, J. G., Arcury, T. A., Chapman, C., Kirk, J. K., Ip, E. H., . . . Quandt, S. A.
(2010). Linking glycemic control and executive function in rural older adults with diabetes
86

mellitus. Journal of the American Geriatrics Society, 58(6), 1123-1127. doi:10.1111/j.15325415.2010.02857.x; 10.1111/j.1532-5415.2010.02857.x
Nooyens, A. C., Baan, C. A., Spijkerman, A. M., & Verschuren, W. M. (2010). Type 2 diabetes and
cognitive decline in middle-aged men and women: The doetinchem cohort study. Diabetes Care,
33(9), 1964-1969. doi:10.2337/dc09-2038; 10.2337/dc09-2038
Ohmann, S., Popow, C., Rami, B., Konig, M., Blaas, S., Fliri, C., & Schober, E. (2010). Cognitive
functions and glycemic control in children and adolescents with type 1 diabetes. Psychological
Medicine, 40(1), 95-103. doi:10.1017/S0033291709005777; 10.1017/S0033291709005777
Okereke, O. I., Kang, J. H., Cook, N. R., Gaziano, J. M., Manson, J. E., Buring, J. E., & Grodstein, F.
(2008). Type 2 diabetes mellitus and cognitive decline in two large cohorts of communitydwelling older adults. Journal of the American Geriatrics Society, 56(6), 1028-1036.
doi:10.1111/j.1532-5415.2008.01686.x; 10.1111/j.1532-5415.2008.01686.x
O'Leary, K. C., Pontifex, M. B., Scudder, M. R., Brown, M. L., & Hillman, C. H. (2011). The effects
of single bouts of aerobic exercise, exergaming, and videogame play on cognitive control. Clinical
Neurophysiology : Official Journal of the International Federation of Clinical Neurophysiology,
122(8), 1518-1525. doi:10.1016/j.clinph.2011.01.049; 10.1016/j.clinph.2011.01.049
Paluska, S. A., & Schwenk, T. L. (2000). Physical activity and mental health: Current concepts.
Sports Medicine (Auckland, N.Z.), 29(3), 167-180.
Panos, S. E., Del Re, A. C., Thames, A. D., Arentsen, T. J., Patel, S. M., Castellon, S. A., . . . Hinkin,
C. H. (2014). The impact of neurobehavioral features on medication adherence in HIV: Evidence
from longitudinal models. AIDS Care, 26(1), 79-86. doi:10.1080/09540121.2013.802275;
10.1080/09540121.2013.802275
Pavlik, V. N., Hyman, D. J., & Doody, R. (2005). Cardiovascular risk factors and cognitive function
in adults 30-59 years of age (NHANES III). Neuroepidemiology, 24(1-2), 42-50.
doi:10.1159/000081049
Perlmuter, L. C., Tun, P., Sizer, N., McGlinchey, R. E., & Nathan, D. M. (1987). Age and diabetes
related changes in verbal fluency. Experimental Aging Research, 13(1-2), 9-14.
doi:10.1080/03610738708259294

87

Perlmuter, L. C., Hakami, M. K., Hodgson-Harrington, C., Ginsberg, J., Katz, J., Singer, D. E., &
Nathan, D. M. (1984). Decreased cognitive function in aging non-insulin-dependent diabetic
patients. American Journal of Medicine, 77(6), 1043-1048. doi:10.1016/0002-9343(84)90186-4
Pesce, C., & Audiffren, M. (2011). Does acute exercise switch off switch costs? A study with
younger and older athletes. Journal of Sport & Exercise Psychology, 33(5), 609-626.
Pontifex, M. B., Hillman, C. H., Fernhall, B., Thompson, K. M., & Valentini, T. A. (2009). The effect
of acute aerobic and resistance exercise on working memory. Medicine and Science in Sports and
Exercise, 41(4), 927-934. doi:10.1249/MSS.0b013e3181907d69;
10.1249/MSS.0b013e3181907d69
Primozic, S., Tavcar, R., Avbelj, M., Dernovsek, M. Z., & Oblak, M. R. (2012a). Specific cognitive
abilities are associated with diabetes self-management behavior among patients with type 2
diabetes. Diabetes Research and Clinical Practice, 95(1), 48-54.
doi:10.1016/j.diabres.2011.09.004; 10.1016/j.diabres.2011.09.004
Primozic, S., Tavcar, R., Avbelj, M., Dernovsek, M. Z., & Oblak, M. R. (2012b). Specific cognitive
abilities are associated with diabetes self-management behavior among patients with type 2
diabetes. Diabetes Research and Clinical Practice, 95(1), 48-54.
doi:10.1016/j.diabres.2011.09.004; 10.1016/j.diabres.2011.09.004
Reaven, G. M., Thompson, L. W., Nahum, D., & Haskins, E. (1990). Relationship between
hyperglycemia and cognitive function in older NIDDM patients. Diabetes Care, 13(1), 16-21.
Reijmer, Y. D., Brundel, M., De Bresser, J., Kappelle, L. J., Leemans, A., & Biessels, G. J. (2013).
Microstructural white matter abnormalities and cognitive functioning in type 2 diabetes: A
diffusion tensor imaging study. Diabetes Care, 36(1), 137-144.
Reijmer, Y. D., van den Berg, E., Ruis, C., Kappelle, L. J., & Biessels, G. J. (2010). Cognitive
dysfunction in patients with type 2 diabetes. Diabetes/Metabolism Research and Reviews, 26(7),
507-519. doi:10.1002/dmrr.1112; 10.1002/dmrr.1112
Ridderinkhof, K. R., Ullsperger, M., Crone, E. A., & Nieuwenhuis, S. (2004). The role of the medial
frontal cortex in cognitive control. Science (New York, N.Y.), 306(5695), 443-447.
doi:10.1126/science.1100301

88

Ridderinkhof, K. R., van den Wildenberg, W. P., Segalowitz, S. J., & Carter, C. S. (2004).
Neurocognitive mechanisms of cognitive control: The role of prefrontal cortex in action selection,
response inhibition, performance monitoring, and reward-based learning. Brain and Cognition,
56(2), 129-140. doi:10.1016/j.bandc.2004.09.016
Rosen, M. I., Beauvais, J. E., Rigsby, M. O., Salahi, J. T., Ryan, C. E., & Cramer, J. A. (2003).
Neuropsychological correlates of suboptimal adherence to metformin. Journal of Behavioral
Medicine, 26(4), 349-360. doi:10.1023/A:1024257027839
Rotenberg, K. J., Lancaster, C., Marsden, J., Pryce, S., Williams, J., & Lattimore, P. (2005). Effects
of priming thoughts about control on anxiety and food intake as moderated by dietary restraint.
Appetite, 44(2), 235-241. doi:10.1016/j.appet.2004.09.001
Rouch, I., Roche, F., Dauphinot, V., Laurent, B., Anterion, C. T., Celle, S., . . . Barthelemy, J. C.
(2012). Diabetes, impaired fasting glucose, and cognitive decline in a population of elderly
community residents. Aging Clinical and Experimental Research, 24(4), 377-383.
Rucker, J. L., McDowd, J. M., & Kluding, P. M. (2012). Executive function and type 2 diabetes:
Putting the pieces together. Physical Therapy, 92(3), 454-462. doi:10.2522/ptj.20100397;
10.2522/ptj.20100397
Ruis, C., Biessels, G. J., Gorter, K. J., Van Den Donk, M., Kappelle, L. J., & Rutten, G. E. H. M.
(2009a). Cognition in the early stage of type 2 diabetes. Diabetes Care, 32(7), 1261-1265.
Ruis, C., Biessels, G. J., Gorter, K. J., Van Den Donk, M., Kappelle, L. J., & Rutten, G. E. H. M.
(2009b). Cognition in the early stage of type 2 diabetes. Diabetes Care, 32(7), 1261-1265.
Ryan, C. M., Freed, M. I., Rood, J. A., Cobitz, A. R., Waterhouse, B. R., & Strachan, M. W. (2006).
Improving metabolic control leads to better working memory in adults with type 2 diabetes.
Diabetes Care, 29(2), 345-351.
Ryan, C. M., & Geckle, M. O. (2000). Circumscribed cognitive dysfunction in middle-aged adults
with type 2 diabetes. Diabetes Care, 23(10), 1486-1493.
Saczynski, J. S., Jonsdottir, M. K., Garcia, M. E., Jonsson, P. V., Peila, R., Eiriksdottir, G., . . .
Launer, L. J. (2008). Cognitive impairment: An increasingly important complication of type 2
diabetes: The age, gene/environment susceptibility--reykjavik study. American Journal of
Epidemiology, 168(10), 1132-1139. doi:10.1093/aje/kwn228; 10.1093/aje/kwn228
89

Schillerstrom, J. E., Horton, M. S., & Royall, D. R. (2005). The impact of medical illness on
executive function. Psychosomatics, 46(6), 508-516. doi:10.1176/appi.psy.46.6.508
Schmidt, R., Fazekas, F., Kleinert, G., Offenbacher, H., Gindl, K., Payer, F., . . . Lechner, H. (1992).
Magnetic resonance imaging signal hyperintensities in the deep and subcortical white matter. A
comparative study between stroke patients and normal volunteers. Archives of Neurology, 49(8),
825-827.
Schmidt, R., Launer, L. J., Nilsson, L. G., Pajak, A., Sans, S., Berger, K., . . . CASCADE
Consortium. (2004). Magnetic resonance imaging of the brain in diabetes: The cardiovascular
determinants of dementia (CASCADE) study. Diabetes, 53(3), 687-692.
Schuur, M., Henneman, P., van Swieten, J. C., Zillikens, M. C., de Koning, I., Janssens, A. C., . . .
van Duijn, C. M. (2010). Insulin-resistance and metabolic syndrome are related to executive
function in women in a large family-based study. European Journal of Epidemiology, 25(8), 561568. doi:10.1007/s10654-010-9476-y; 10.1007/s10654-010-9476-y
Scott, R., Kritz-Silverstein, D., Barrett-Connor, E., & Wiederholt, W. C. (1998). The association of
non-insulin-dependent diabetes mellitus and cognitive function in an older cohort. Journal of the
American Geriatrics Society, 46(10), 1217-1222.
Sibley, B. A., Etnier, J. L., & Le Masurier, G. C. (2006). Effects of an acute bout of exercise on
cognitive aspects of stroop performance. Journal of Sport & Exercise Psychology, 28, 285-299.
Silva, J. L. D., Ribeiro, L. T. C., dos Santos, N. R. P., Beserra, V. C. A. S., & Fragoso, Y. D. (2012).
The influence of diabetes mellitus II on cognitive performance. [Influência do diabetes mellitus II
no desempenho cognitivo] Dementia E Neuropsychologia, 6(2), 80-84.
Skyler, J. S. (2004). Diabetes mellitus: Pathogenesis and treatment strategies. Journal of Medicinal
Chemistry, 47(17), 4113-4117. doi:10.1021/jm0306273
Smith, P. J., Blumenthal, J. A., Hoffman, B. M., Cooper, H., Strauman, T. A., Welsh-Bohmer, K., . . .
Sherwood, A. (2010). Aerobic exercise and neurocognitive performance: A meta-analytic review
of randomized controlled trials. Psychosomatic Medicine, 72(3), 239-252.
doi:10.1097/PSY.0b013e3181d14633; 10.1097/PSY.0b013e3181d14633

90

Snyder, H. R. (2013). Major depressive disorder is associated with broad impairments on
neuropsychological measures of executive function: A meta-analysis and review. Psychological
Bulletin, 139(1), 81-132. doi:10.1037/a0028727; 10.1037/a0028727
Solanki, R. K., Dubey, V., & Munshi, D. (2009). Neurocognitive impairment and comorbid
depression in patients of diabetes mellitus. International Journal of Diabetes in Developing
Countries, 29(3), 133-138. doi:10.4103/0973-3930.54291; 10.4103/0973-3930.54291
Spauwen, P. J., Kohler, S., Verhey, F. R., Stehouwer, C. D., & van Boxtel, M. P. (2012). Effects of
type 2 diabetes on 12-year cognitive change: Results from the maastricht aging study. Diabetes
Care, doi:10.2337/dc12-0746
Starr, V. L., & Convit, A. (2007). Diabetes, sugar-coated but harmful to the brain. Current Opinion in
Pharmacology, 7(6), 638-642. doi:10.1016/j.coph.2007.10.007
Statistics Canada. (2013). Diabetes by age group and sex (numbers of persons). Retrieved from
http://www.statcan.gc.ca/tables-tableaux/sum-som/l01/cst01/health53a-eng.htm
Stilley, C. S., Bender, C. M., Dunbar-Jacob, J., Sereika, S., & Ryan, C. M. (2010). The impact of
cognitive function on medication management: Three studies. Health Psychology : Official
Journal of the Division of Health Psychology, American Psychological Association, 29(1), 50-55.
doi:10.1037/a0016940; 10.1037/a0016940
Strachan, M. W. J., Reynolds, R. M., Frier, B. M., Mitchell, R. J., & Price, J. F. (2008). The
relationship between type 2 diabetes and dementia. British Medical Bulletin, 88(1), 131-146.
Stratton, I. M., Adler, A. I., Neil, H. A., Matthews, D. R., Manley, S. E., Cull, C. A., . . . Holman, R.
R. (2000). Association of glycaemia with macrovascular and microvascular complications of type
2 diabetes (UKPDS 35): Prospective observational study. BMJ (Clinical Research Ed.),
321(7258), 405-412.
Stroop, J. R. (1992). Studies of interference in serial verbal reactions. Journal of Experimental
Psychology: General, 121(1), 15-23. doi:10.1037/0096-3445.121.1.15
Stroth, S., Kubesch, S., Dieterle, K., Ruchsow, M., Heim, R., & Kiefer, M. (2009). Physical fitness,
but not acute exercise modulates event-related potential indices for executive control in healthy
adolescents. Brain Research, 1269, 114-124. doi:10.1016/j.brainres.2009.02.073;
10.1016/j.brainres.2009.02.073
91

Takahashi, Y., Iseki, C., Wada, M., Momma, T., Ueki, M., Kawanami, T., . . . Kato, T. (2011).
Impaired glucose metabolism slows executive function independent of cerebral ischemic lesions in
japanese elderly: The takahata study. Internal Medicine (Tokyo, Japan), 50(16), 1671-1678.
Takayanagi, Y., Cascella, N. G., Sawa, A., & Eaton, W. W. (2012). Diabetes is associated with lower
global cognitive function in schizophrenia. Schizophrenia Research, 142(1-3), 183-187.
doi:10.1016/j.schres.2012.08.034; 10.1016/j.schres.2012.08.034
Takeuchi, A., Matsushima, E., Kato, M., Konishi, M., Izumiyama, H., Murata, Y., & Hirata, Y.
(2012). Characteristics of neuropsychological functions in inpatients with poorly-controlled type 2
diabetes mellitus. Journal of Diabetes Investigation, 3(3), 325-330.
Tam, N. D. (2013). Improvement of processing speed in executive function immediately following an
increase in cardiovascular activity. Cardiovascular Psychiatry and Neurology, 2013, 212767.
doi:10.1155/2013/212767; 10.1155/2013/212767
Terada, T., Friesen, A., Chahal, B. S., Bell, G. J., McCargar, L. J., & Boule, N. G. (2013). Exploring
the variability in acute glycemic responses to exercise in type 2 diabetes. Journal of Diabetes
Research, 2013, 591574. doi:10.1155/2013/591574; 10.1155/2013/591574
Thabit, H., Kennelly, S. M., Bhagarva, A., Ogunlewe, M., McCormack, P. M. E., McDermott, J. H.,
& Sreenan, S. (2009). Utilization of frontal assessment battery and executive interview 25 in
assessing for dysexecutive syndrome and its association with diabetes self-care in elderly patients
with type 2 diabetes mellitus. Diabetes Research and Clinical Practice, 86(3), 208-212.
Tomporowski, P. D. (2003). Effects of acute bouts of exercise on cognition. Acta Psychologica,
112(3), 297-324.
Tomporowski, P. D., & Ganio, M. S. (2006). Short-term effects of aerobic exercise on executive
processing, memory, and emotional reactivity. 4(1), 57-72. International Journal of Sport &
Exercise Psychology, 4(1), 57-72. doi:10.1080/1612197X.2006.9671784
Toobert, D. J., Hampson, S. E., & Glasgow, R. E. (2000). The summary of diabetes self-care
activities measure: Results from 7 studies and a revised scale. Diabetes Care, 23(7), 943-950.
Tsujii, T., Komatsu, K., & Sakatani, K. (2013). Acute effects of physical exercise on prefrontal cortex
activity in older adults: A functional near-infrared spectroscopy study. Advances in Experimental

92

Medicine and Biology, 765, 293-298. doi:10.1007/978-1-4614-4989-8_41; 10.1007/978-1-46144989-8_41
U'Ren, R. C., Riddle, M. C., Lezak, M. D., & Bennington-Davis, M. (1990). The mental efficiency of
the elderly person with type II diabetes mellitus. Journal of the American Geriatrics Society,
38(5), 505-510.
van den Akker, K., Jansen, A., Frentz, F., & Havermans, R. C. (2013). Impulsivity makes more
susceptible to overeating after contextual appetitive conditioning. Appetite, 70, 73-80.
doi:10.1016/j.appet.2013.06.092; 10.1016/j.appet.2013.06.092
van den Berg, E., Reijmer, Y. D., de Bresser, J., Kessels, R. P., Kappelle, L. J., Biessels, G. J., &
Utrecht Diabetic Encephalopathy Study Group. (2010). A 4 year follow-up study of cognitive
functioning in patients with type 2 diabetes mellitus. Diabetologia, 53(1), 58-65.
doi:10.1007/s00125-009-1571-9; 10.1007/s00125-009-1571-9
Van Den Berg, E., Reijmer, Y. D., De Bresser, J., Kessels, R. P. C., Kappelle, L. J., & Biessels, G. J.
(2010). A 4 year follow-up study of cognitive functioning in patients with type 2 diabetes mellitus.
Diabetologia, 53(1), 58-65.
Van Eersel, M. E. A., Joosten, H., Gansevoort, R. T., Dullaart, R. P. F., Slaets, J. P. J., & Izaks, G. J.
(2013). The interaction of age and type 2 diabetes on executive function and memory in persons
aged 35 years or older. PLoS ONE, 8(12)
van Harten, B., Oosterman, J., Muslimovic, D., van Loon, B. J., Scheltens, P., & Weinstein, H. C.
(2007). Cognitive impairment and MRI correlates in the elderly patients with type 2 diabetes
mellitus. Age and Ageing, 36(2), 164-170. doi:10.1093/ageing/afl180
Vanhanen, M., Koivisto, K., Karjalainen, L., Helkala, E. -., Laakso, M., Soininen, H., & Riekkinen
Sr., P. (1997). Risk for non-insulin-dependent diabetes in the normoglycaemic elderly is
associated with impaired cognitive function. Neuroreport, 8(6), 1527-1530.
Vanhanen, M., Koivisto, K., Kuusisto, J., Mykkanen, L., Helkala, E. L., Hanninen, T., . . . Laakso, M.
(1998). Cognitive function in an elderly population with persistent impaired glucose tolerance.
Diabetes Care, 21(3), 398-402.

93

Vanhanen, M., Kuusisto, J., Koivisto, K., Mykkänen, L., Helkala, E. -., Hänninen, T., . . . Laakso, M.
(1999). Type-2 diabetes and cognitive function in a non-demented population. Acta Neurologica
Scandinavica, 100(2), 97-101. doi:10.1111/j.1600-0404.1999.tb01045.x
Vermeer, S. E., Hollander, M., van Dijk, E. J., Hofman, A., Koudstaal, P. J., Breteler, M. M., &
Rotterdam Scan Study. (2003). Silent brain infarcts and white matter lesions increase stroke risk in
the general population: The rotterdam scan study. Stroke; a Journal of Cerebral Circulation, 34(5),
1126-1129. doi:10.1161/01.STR.0000068408.82115.D2
Wahlin, Å, Nilsson, E., & Fastbom, J. (2002). Cognitive performance in very old diabetic persons:
The impact of semantic structure, preclinical dementia, and impending death. Neuropsychology,
16(2), 208-216. doi:10.1037/0894-4105.16.2.208
Wang, C. C., Chu, C. H., Chu, I. H., Chan, K. H., & Chang, Y. K. (2013). Executive function during
acute exercise: The role of exercise intensity. Journal of Sport & Exercise Psychology, 35(4), 358367.
Watari, K., Elderkin-Thompson, V., Ajilore, O., Haroon, E., Darwin, C., Pham, D., & Kumar, A.
(2008). Neuroanatomical correlates of executive functioning in depressed adults with type 2
diabetes. Journal of Clinical and Experimental Neuropsychology, 30(4), 389-397.
doi:10.1080/13803390701440486; 10.1080/13803390701440486
Watari, K., Letamendi, A., Elderkin-Thompson, V., Haroon, E., Miller, J., Darwin, C., & Kumar, A.
(2006). Cognitive function in adults with type 2 diabetes and major depression. Archives of
Clinical Neuropsychology, 21(8), 787-796. doi:10.1016/j.acn.2006.06.014
Welander-Vatn, A., Jensen, J., Otnaess, M. K., Agartz, I., Server, A., Melle, I., & Andreassen, O. A.
(2013). The neural correlates of cognitive control in bipolar I disorder: An fMRI study of medial
frontal cortex activation during a go/no-go task. Neuroscience Letters, 549, 51-56.
doi:10.1016/j.neulet.2013.06.010; 10.1016/j.neulet.2013.06.010
Wilson, D. B. (2010). Meta-analysis macros for SPSS 2010. Retrieved from
http://mason.gmu.edu/~dwilsonb/ma.html
Winokur, A., Maislin, G., Phillips, J. L., & Amsterdam, J. D. (1988). Insulin resistance after oral
glucose tolerance testing in patients with major depression. The American Journal of Psychiatry,
145(3), 325-330.
94

World Health Organization. (2011). Noncommunicable diseases country profiles. Retrieved from
http://www.who.int/nmh/countries/can_en.pdf?ua=1
Wysokiński, A., Zboralski, K., Orzechowska, A., Gałecki, P., Florkowski, A., & Talarowska, M.
(2010). Normalization of the verbal fluency test on the basis of results for healthy subjects,
patients with schizophrenia, patients with organic lesions of the chronic nervous system and
patients with type 1 and 2 diabetes. Archives of Medical Science, 6(3), 438-446.
Yaffe, K., Falvey, C., Hamilton, N., Schwartz, A. V., Simonsick, E. M., Satterfield, S., . . . Harris, T.
B. (2012). Diabetes, glucose control, and 9-year cognitive decline among older adults without
dementia. Archives of Neurology, 69(9), 1170-1175. doi:10.1001/archneurol.2012.1117
Yanagisawa, H., Dan, I., Tsuzuki, D., Kato, M., Okamoto, M., Kyutoku, Y., & Soya, H. (2010).
Acute moderate exercise elicits increased dorsolateral prefrontal activation and improves cognitive
performance with stroop test. NeuroImage, 50(4), 1702-1710.
doi:10.1016/j.neuroimage.2009.12.023; 10.1016/j.neuroimage.2009.12.023
Yeung, S. E., Fischer, A. L., & Dixon, R. A. (2009). Exploring effects of type 2 diabetes on cognitive
functioning in older adults. Neuropsychology, 23(1), 1-9. doi:10.1037/a0013849

95

