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General Abstract 
 

Approximately 3.5 million individuals are diagnosed with diabetes in the UK, with 90% of cases 

attributed to type 2 diabetes mellitus (T2DM). The worldwide prevalence of T2DM has rapidly 

increased, rising from 108 million in 1980 to 422 million in 2014. In addition to the well-recognised 

microvascular and macrovascular complications, emerging evidence suggests that T2DM is also 

associated with an increased risk of cognitive dysfunction. Considering the increasing prevalence, in 

addition to the increasing life expectancy of older adults, the development of cognitive dysfunction in 

this population may seriously challenge future health services. Therefore, there is an urgent need to 

identify effective strategies that may lead to improved therapy in the future. Whilst exercise, cognitive, 

and dual-task interventions have previously been identified as successful strategies for targeting 

cognition in other population groups, little is known regarding the effect of these types of interventions 

in T2DM. The primary aim of this doctoral thesis was to develop and evaluate exercise, cognitive, and 

dual-task interventions for targeting cognitive dysfunction in individuals with T2DM. 

 
The series of studies presented in this thesis (chapters 2-5) were conducted using a systematic phased 

approach in accordance with the MRC’s framework for the development and evaluation of complex 

interventions. The initial study (chapter 2) involved conducting a systematic review and meta-analysis 

and identified only a limited number of exercise, cognitive, and dual-task trials in T2DM. The overall 

quality of included trials was mixed, with the majority of trials having a moderate to high risk of bias.  

Meta-analyses of exercise trials showed small to moderate effects of exercise on executive function 

(0.31) and memory (0.20), but were not statistically significant. Due to the limited number of cognitive 

and dual-task trials identified, a narrative synthesis was conducted which showed a positive effect of 

these types of interventions for improving tasks of global cognition, executive function and memory. It 

was concluded that larger, more robust trials were needed to further understand the impact of these 

types of intervention in T2DM. The subsequent study (chapter 3) piloted exercise, cognitive, and dual-

task interventions in T2DM to help identify a suitable intervention to test for feasibility and 

acceptability. The findings of this intervention development study found cognitive training was the most 
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enjoyable and preferred. Together, the accumulated evidence identified in study 1 and 2 was used to 

develop a suitable cognitive training study ready to be evaluated for its feasibility and acceptability in 

T2DM.  

 
The final study as part of this doctoral thesis aimed to explore the feasibility (chapter 4) and 

acceptability (chapter 5) of a cognitive training study in T2DM. Feasibility was shown in important 

aspects of the study including the adherence, retention and motivation of participants whilst only minor 

amendments were recommended to the study design, recruitment pathways, and data collection.  

Improvements in several cognitive domains including executive function, visual memory, and reaction 

time were also observed following cognitive training in which serum levels of BDNF were shown to 

unexpectedly reduce following cognitive training. The acceptability findings suggest that participants 

found the cognitive training study highly enjoyable and that the study components were well accepted 

in this population. However, recommendations were made for clearer communication of the study aims 

and processes in addition to greater involvement for those allotted to the control group. Evidence 

derived from both the quantitative (chapter 4) and qualitative (chapter 5) elements of this study were 

used to develop a set of important recommendations that should be considered prior to undertaking a 

future definitive trial. Overall, the findings from this doctoral thesis provide systematic and convincing 

evidence for the potential feasibility, acceptability, and efficacy of a randomised controlled trial to 

evaluate the effectiveness of a cognitive training intervention in T2DM.   
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Chapter 1 
 

Introduction 

 

1.1 Type 2 diabetes mellitus  
 

1.1.1 Definition and diagnosis  
 
Diabetes Mellitus is a group of chronic metabolic disorders characterised by hyperglycemia resulting 

from defects in insulin secretion, insulin action or both (ADA, 2019; Kahn et al., 2014; Fonsesca, 2009). 

The global prevalence of individuals diagnosed with diabetes has risen rapidly from approximately 

4.7% (108 million) in 1980 to an estimated 8.5% (422 million) in 2014 (WHO, 2018a). Type 2 diabetes 

mellitus (T2DM), the most prevalent form of diabetes, accounts for 90-95% of diabetes cases whilst 

type 1 diabetes mellitus (T1DM) and other rare forms of diabetes account for the remaining 5-10% of 

cases. Unlike T1DM, an autoimmune disease characterised by loss of insulin producing beta cells 

(Simmons & Michels, 2015; Atkinson et al., 2014), T2DM is caused predominantly by impaired insulin 

action, also known as ‘insulin resistance’ in combination with varying degrees of insulin deficiency 

(ADA, 2019, WHO, 2018a). Although genetics do play a role in the pathophysiology of T2DM, in most 

cases the development of T2DM is attributable to lifestyle factors including physical inactivity and poor 

nutrition (Wu et al., 2014; Bellou et al., 2018; Dendup et al., 2018). Previously referred to as adult-

onset diabetes or non-insulin dependent diabetes, T2DM typically manifests in late adulthood (aged 

45+); however, this traditional paradigm is no longer accurate with cases becoming more frequent 

amongst younger adults, adolescents, and children  (Alberti et al., 2004; Lascar et al., 2018; Reinehr, 

2013; Koopman et al., 2005; Fazeli & Farsani et al., 2013).  

Due to the inability of the body to produce or use insulin, the hormone responsible for regulating glucose 

homeostasis, the diagnosis of T2DM may be established using several different diagnostic methods that 

measure blood glucose levels. Plasma glucose tests directly measure glucose levels at a single point in 

time and can be assessed using either the fasting plasma glucose test (FPG) > 126mg/dL (7.0mmol/L) 

or the 2-hour plasma glucose (2-h PG) during a 75g oral glucose tolerance test (OGTT) > 200mg/dL 
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(11.1 mmol/L). Alternatively, the analysis of glycated haemoglobin (HbA1c) can also be used which 

measures an individual’s average blood glucose level over the previous 2-3 months providing an 

indication of long-term glycaemic control (Sherwani et al., 2016; Florkowski, 2013). A criteria of 

HbA1c >6.5% (48mmol/mol) is used to diagnose T2DM (ADA, 2019). The FPG, OGTT, and HbA1c 

are all suitable for diagnostic testing of T2DM. Using the HbA1C test has several advantages over the 

FPG or OGTT as patients are not required to fast (greater convenience) and generally patients 

experience less day to day perturbations. In addition, the HbA1c test is also found to have superior pre-

analytical stability compared to FPG and OGTT. However, the greater cost and limited availability of 

HbA1c may offset these advantages (ADA, 2019).  

1.1.2 Pathophysiology   
 

During normal glucose homeostasis, blood glucose levels are maintained through a feedback loop 

involving the intricate crosstalk between pancreatic β-cells and insulin sensitive tissues (Kahn et al., 

2014; Roder et al., 2016). In response to an increase in blood glucose levels, pancreatic β-cells secrete 

the peptide hormone insulin, enhancing the uptake of glucose in target tissues whilst also reducing 

glucose output from the liver and suppressing fatty acids released from adipose tissue (Kahn et al., 

2014; Roder et al., 2016). Upon entering the bloodstream, insulin exerts its major biological effect by 

binding to and activating insulin receptors located in peripheral target tissues. Insulin then facilitates 

the transfusion of glucose into the target tissues by translocating glucose transporter-4 from intracellular 

sites to the cell surface (Huang & Czech, 2007; Lin & Sun, 2010). In response, insulin sensitive tissues 

relay information back to β-cell islets regarding the further requirement or cessation of insulin (Kahn et 

al., 2014; Roder et al., 2016). The amount of insulin secreted to maintain normal glucose homeostasis 

is determined by prevailing insulin sensitivity (Kahn et al., 2014). It is this feedback loop involving the 

coordinated regulation of insulin secretion and its uptake that regulates glucose metabolism to maintain 

blood glucose homeostasis within a narrow physiological range (Roder et al., 2016). 

Under conditions of chronic hyperglycaemia, as observed in pre-diabetic and diabetic states, the 

feedback loop involving the crosstalk between β-cells and insulin sensitive tissues is disrupted (Kahn 
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et al., 2014). The two primary mechanisms involved are β-cell dysfunction and insulin resistance, see 

Figure 1.1 (Cerf, 2013; Del Prato & Marchetti, 2004; Kahn et al., 2003). Initially, the development of 

insulin resistance occurs whereby insulin-induced glucose uptake is inhibited in target tissues, primarily 

as a result of defects in the insulin signalling pathway. Despite the occurrence of insulin resistance, 

glucose tolerance may remain normal due to compensatory hyperinsulinemia in which β-cell islets 

increase insulin secretion to maintain normal blood glucose levels (Kahn et al., 2014; Cerf, 2013). 

However, it is the eventual deterioration of β-cell function, compounded by insults including cytokine-

induced inflammation, obesity and insulin resistance, which is the critical determinant of T2DM (Cerf, 

2013). The continuous compensatory secretion of insulin in response to insulin resistance eventually 

causes a decline in β-cell mass and function leading to β-cell exhaustion and consequently β-cell 

destruction. As β-cell dysfunction and insulin resistance exacerbate, hyperglycaemia amplifies leading 

to the progression of T2DM (Cerf, 2013). 

 

Figure 1.1 Pathophysiology of hyperglycaemia and increased circulating fatty acids in T2DM 

(Stumvoll, 2005). 
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Whilst β-cell dysfunction and insulin resistance are the two fundamental pathogenic mechanisms, a 

number of biochemical and clinical features are also evident that contribute to the development of 

T2DM (Cerf, 2013; Del Prato & Marchetti, 2004; Kahn et al., 2003). Risk factors including a sedentary 

lifestyle, central and abdominal obesity, hypertension, dyslipidemia, and atherosclerosis have all been 

observed in T2DM patients. The clustering of these factors, also referred to as metabolic syndrome, 

metabolic syndrome X, or insulin resistance syndrome is known to increase the risk of developing 

cardiovascular disease, T2DM and all-cause mortality (Bano & Batool, 2007; Gupta & Gupta, 2010; 

Shin et al., 2013). One factor in particular that has been proposed to play a critical role in mediating 

insulin resistance is obesity-induced inflammation (Fuster et al., 2016; McArdle et al., 2013; Shoelson 

et al., 2007). During obesity, white adipose tissue functions by storing triglycerides during states of 

excessive energy whilst also acting as an endocrine organ that releases chemoattractants and pro-

inflammatory mediators (McArdle et al., 2013). Chronic excess energy leads to the expansion of white 

adipose tissue causing an increase in the secretion of chemoattractants and pro-inflammatory cytokines, 

leading to the infiltration of immune cells in adipose tissue (McArdle et al., 2013). Immune infiltration 

subsequently leads to the disruption of adipose lipid metabolism through lipolysis causing an increase 

in free fatty acids, initiating inflammatory signal cascades in the presence of infiltrating immune cells 

(McArdle et al., 2013). Subsequently, a feedback loop involving pro-inflammatory cytokines further 

exacerbates this pathological state, driving additional immune cell infiltration and cytokine secretion 

and thus further disrupting insulin signalling cascade (McArdle et al., 2013). It is the disruption in the 

function of adipose tissue that causes a defect in hepatic and skeletal muscle glucose homeostasis that 

results in systemic insulin resistance thus precipitating T2DM (Johnson et al., 2012; McArdle et al., 

2013). 

1.1.3 Associated complications  
 
T2DM is a complex condition that can affect several organs and systems of the body if poorly managed 

or untreated. The majority of diabetes complications are categorised as either microvascular (due to 

damage to small blood vessels such as capillaries) or macrovascular (due to damage to large blood 

vessels such as arteries and veins) (Cade, 2008), see Figure 1.2. Microvascular complications include 
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retinopathy with the risk of potential blindness, nephropathy with the potential of renal failure, 

neuropathy with risk of foot ulcers, amputation, Charcot joints, and features of autonomic dysfunction 

including sexual dysfunction. Macrovascular complications include cardiovascular disease, 

cerebrovascular disease, and peripheral vascular disease (Fowler, 2008; WHO, 2019). Cardiovascular 

disease in particular is a leading cause of death in individuals with T2DM (Baena-Diez, 2016). 

Specifically, individuals with diabetes have been shown to have a 3-fold increased risk of 

cardiovascular mortality compared to those without diabetes (Taylor et al., 2013). In extreme cases, if 

left untreated, severe chronic hyperglycaemia may lead to ketoacidosis or a hyperosmolar 

hyperglycaemic state that may lead to coma or death (Maletkovic & Drexler, 2013). Whilst 

macrovascular and microvascular complications of diabetes are well recognised there is still a lack of 

awareness regarding other associated conditions that are often exacerbated by vascular complications 

such as cognitive dysfunction (Munshi et al., 2017).   

 

 

Figure 1.2 Microvascular and macrovascular complications of T2DM (Bate & Jerums, 2003) 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwjsjYKJn5XnAhVZCWMBHXIsAFYQjRx6BAgBEAQ&url=https://www.mja.com.au/journal/2003/179/9/3-preventing-complications-diabetes&psig=AOvVaw0vqlzhDB9iHBAh55tzb0KE&ust=1579714586553645
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1.1.4 Management of type 2 diabetes mellitus  
 
The management of T2DM and the prevention of diabetes associated complications is complex, and 

often involves a combination of lifestyle changes and pharmacological treatment (Nyenwe et al., 2011; 

Marin-Penalver et al., 2016). Prior to use of diabetes medication, lifestyle changes are recommended 

for those at risk or newly diagnosed with diabetes. Diabetes self-management education (DSME), 

exercise and nutrition are considered the three cornerstones of lifestyle changes for the prevention and 

management of T2DM (Nyenwe et al., 2011; Praet & van Loon, 2008; Pozzilli & Fallucca, 2014; 

Shrivastava et al., 2013). DSME is one of the most important cornerstones used for the management of 

T2DM and its associated complications (Shrivastava et al., 2013; Chester et al., 2018; Powers et al., 

2016). DSME refers to the process of acquiring the knowledge, skills, and ability required for competent 

diabetes self-management care (Powers et al., 2016). Specifically, DSME interventions are designed to 

target the patient’s current knowledge, practical skills, health beliefs, cultural needs, and emotional 

concerns that affect each participant’s ability to execute adequate diabetes self-management (Powers et 

al., 2016), see figure 1.3 showing the framework for DSME interventions.  

DSME interventions have previously been shown to improve blood glucose levels in individuals with 

T2DM (Steinsbekk et al., 2012; Norris et al., 2002) in addition to enhancing diabetes knowledge, 

improving systolic blood pressure, reducing body weight and reducing the need for diabetic medication 

(Deakin et al., 2005). Furthermore, when combined with other diabetes management techniques, DSME 

has been shown to reduce the onset and progression of diabetes complications (Nathan et al., 1993). 

Consequently, DSME interventions have been shown to reduce both hospital admissions and 

readmissions as well as reducing the costs placed upon health care systems (Healy et al., 2013; Duncan 

et al., 2011). Furthermore, DMSE interventions have also been shown to be important in influencing 

positive disease management behaviours including exercise / physical activity and healthy eating 

(Powers et al., 2016). Exercise and nutrition are also key cornerstones with respect to diabetes 

management whereby evidence suggests that greater engagement in both may lead to improvements in 

key metabolic and cardiovascular outcomes including improved glucose control, reduced blood 

pressure, improved lipid profile, and reduced weight. (Colberg et al., 2016; Kirwan et al., 2017; Ley et 
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al., 2014; Pozzilli & Fallucca, 2014; Nyenwe et al., 2011; Esposito et al., 2009; Esposito & Giugliano, 

2014; Bhatt et al., 2007). However, whilst there is evidence of the importance of non-pharmacological 

interventions for improving several outcomes related to diabetes management, there is nothing included 

in DSME with respect to the benefits of exercise and cognitive training on cognition in T2DM.  

 

Figure 1.3 Framework for DSME interventions in T2DM (Jack et al., 2004) 

 

1.2 Diabetes mellitus and cognitive dysfunction   
 

1.2.1 Diabetes-associated cognitive dysfunction  
 
There is substantial epidemiological evidence that supports an association between T2DM and cognitive 

dysfunction (Biessels & Despa, 2018). It is proposed that cognitive dysfunction is not a unitary concept 

in T2DM but instead is categorised into distinct stages in accordance with the severity of cognitive 

deficits presented including; diabetes-associated cognitive decrements, mild cognitive impairment 

(MCI), and dementia (Biessels & Despa, 2018; Koekkoek et al., 2015). Whilst the effects of each stage 

may be additive, it is suggested that these stages should not be regarded as a continuum but instead 
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viewed as separate entities that have different underlying mechanisms attributed to the marked 

differences in age groups affected and trajectories of cognitive decline (Biessels & Despa, 2018; 

Kokkoek et al., 2015). Diabetes-associated cognitive decrements (the least severe stage) is the term 

used to describe the subtle cognitive deficits in cognition that may be evident in one or more cognitive 

domains, including attention/concentration, executive function, memory, and processing speed 

(Monette et al., 2014; Palta et al., 2014). These subtle cognitive deficits are typically observed to be 

0.3-0.5 standard deviations (SD) lower compared to individuals without diabetes and may affect 

individuals of all ages ranging from adolescents and young adults through to older adults (Kokkoek et 

al., 2015). Diabetes-associated cognitive decrements progress gradually over a period of several years 

at a rate that is only slightly quicker than normal cognitive ageing, and most likely begin to develop 

during the pre-diabetic stages (Biessels et al 2014; Pappas et al 2017; Yaffe et al 2012; Bangen et al 

2015). Individuals with diabetes-associated cognitive decrements may experience minor impairments 

in day-to-day activities e.g. lack of concentration, increased cognitive effort, however diabetes self-

management is generally unaffected (Biessels & Despa, 2018; Biessels et al., 2014). Due to the subtle 

changes in cognition at this stage, individuals would not qualify as impaired on formal testing making 

it difficult for clinicians to actually determine whether a patient’s cognition is affected at an individual 

level (Biessels & Despa, 2018; Koekkoek et al., 2015).  

The next stage proposed in diabetes-associated cognitive dysfunction is MCI (the intermediate stage) 

and identifies as the point between diabetes-associated cognitive decrements and dementia (Biessels & 

Despa, 2018; Koekkoek et al., 2015). Although the proposed pathophysiology for MCI and dementia 

are similar in both individuals with and without T2DM, the impairment of cognitive function in T2DM 

is observed to be typically 1-1.5 SDs lower compared to individuals without diabetes (Biessels & Despa, 

2018; Koekkoek et al., 2015). In addition, the prevalence of MCI is shown to be higher in those with 

T2DM. Gao et al. (2016) reported that out of a total of 1109 participants diagnosed with T2DM, 62.2% 

(mean age 74.3 ± 3.5) were diagnosed with MCI. Furthermore, the prevalence of MCI was shown to 

be significantly higher in T2DM across all age groups measured apart from ages 85+ compared to those 

without T2DM (Gao et al., 2016), see Figure 1.4. In a more recent study, Albai et al. (2019) also 
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observed a high prevalence reporting that out of a total of 207 patients diagnosed with T2DM, 42.03% 

(mean age 63.00, 95% confidence interval (CI) 57.00-71.00) presented with MCI. Furthermore, MCI 

can be subdivided into either amnestic MCI (impaired memory) or non-amnestic MCI (preserved 

memory, but other domains affected) (Csukly et al., 2016; Petersen, 2016). Evidence from two 

prospective population-based studies reporting hazard ratios (HR), that is the ratio showing the 

probability of an event occurring in a treatment group compared to the control group at any point in 

time, observed similar outcomes regarding the risk of MCI in patients with diabetes. One study reported 

a HR of 1.5 (95% CI 1.0-2.2) for those with amnesic MCI and a HR of 1.2 (95% CI 0.9-1.8) for non-

amnesic MCI (Luchsinger et al., 2007) with the most recent study reporting a HR of 1.6 for amnesic 

MCI and 1.4 for non-amnesic MCI (Roberts et al., 2014a). A previous meta-analytical study also 

reported an increased risk of dementia in individuals with T2DM with any type of MCI compared to 

those with diabetes but without MCI reporting a relative risk, that is the probability of an event occurring 

in an exposed group compared to unexposed group, for the conversion to dementia of 1.7 (95% CI 1.1-

2.4) (Cooper et al., 2015). This is further supported by longitudinal data that reports the conversion rate 

of MCI to dementia was higher in individuals with T2DM (57.4%) compared to those without diabetes 

(42.6%) over a two year period (Ciudin et al., 2017). MCI typically occurs in individuals over the age 

of 60-65 in which cognitive complaints are usually expressed by either the patients or carers/clinicians, 

with diabetes self-management potentially affected (Biessels & Despa, 2018; Koekkoek et al., 2015).  
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Figure 1.4 The prevalence of MCI in individuals diagnosed with T2DM (blue) compared to those 

without T2DM (pink). The prevalence of MCI in T2DM was shown to be significantly higher in all age 

groups except ages 85+. *P<0.05, **P<0.01 (Gao et al., 2016).  

 

The final and most severe stage proposed in diabetes-associated cognitive dysfunction is dementia. This 

stage is generally distinguishable from the less severe stages of diabetes-associated cognitive 

dysfunction in that there is a clear deviation in cognition both in terms of the impact on quality of life 

and deficits observed in neuropsychological task performance (Biessels & Despa, 2018). Cognitive 

function is generally impaired across multiple cognitive domains during dementia resulting in cognitive 

complaints in either the patient or carers/clinicians which affect both day-to-day activities and diabetes 

self-management (Biessels & Despa, 2018; Koekkoek et al., 2015). The prevalence of dementia in 

individuals with T2DM is also higher when compared to those without diabetes (Figure 1.5). Out of 

1109 participants diagnosed with T2DM, Gao et al. (2016) reported a total of 132 participants (11.9% 

mean age 77.4 ± 4.5) to have dementia. Li et al. (2016) observed similar prevalence of dementia in 

T2DM, showing that out of 197 T2DM participants 33 participants (16.8% mean age 79.76 ± 5.990) 

were shown to have dementia. Dementia typically manifests in individuals over the age of 60-65 years, 
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although the risk of young-onset dementia, that is, before the age of 65 is increased in individuals with 

T2DM (Biessels & Despa, 2018; Koekkoek et al., 2015). A meta-analysis of 28 prospective 

observational studies reported an estimated risk ratio of 1.73 for all types of dementia, a 1.53 risk ratio 

for Alzheimer’s disease, and a 2.27 risk ratio for vascular dementia for patients with diabetes compared 

to those without diabetes (Gudala et al., 2013; Zhang et al., 2017). Furthermore, there is evidence to 

suggest that the risk of dementia is already elevated in individuals with newly diagnosed diabetes (HR 

1.16) (Haroon et al., 2015). Cognitive decline at this stage is generally progressive over time, and is 

typically characterised by progressive, year-on-year, cognitive decline (Koekkoek et al., 2015).  

 

 

Figure 1.5 The prevalence of MCI and dementia in individuals with T2DM (pink) compared to 

individuals without T2DM. A significant difference (P<0.001) in the prevalence of MCI and dementia 

was found between individuals with T2DM compared to those without diabetes (Gao et al., 2016).  
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1.2.2 Cognitive domains affected 
 
Evidence identified in previous studies suggest that cognitive deficits are present even in those that 

exhibit early indications of T2DM such as impaired glucose (Lamport et al., 2009) and metabolic 

syndrome (Crichton et al., 2012); in which domains including executive function, memory, attention, 

and psychomotor speed appear most affected. Furthermore, findings reported in studies investigating 

cognitive performance in adolescents with T2DM (Yau et al., 2010), in addition to those newly 

diagnosed with T2DM (Ruis et al., 2009), also show worse cognitive performance compared to non-

diabetic controls. Whilst worse cognitive performance was observed across all cognitive domains in 

T2DM the most notable deficits were shown in executive function, memory, psychomotor efficiency, 

and general intellectual ability (Yau et al., 2010; Ruis et al., 2009). Together, these findings show that 

decrements in important cognitive domains are already present in the early stages of T2DM and 

contribute to the growing evidence that suggests the development of cognitive dysfunction in T2DM 

may manifest even in the earliest alterations in glucose metabolism (Biessels et al., 2014).  

A more recent meta-analysis also reported deficits in similar cognitive domains in middle aged T2DM 

patients (aged 65 and under) (Pelimanni et al., 2018). Worse cognitive performance was observed across 

several cognitive domains compared to healthy controls in which information processing speed 

(Hedge’s g (g) = -0.68), attention/concentration (g = -0.55), executive functions (g = -0.51), and 

working memory (g = -0.51) showed the largest deficits (Pelimanni et al., 2018). Furthermore, whilst 

the direction of associations varied across domains, regression analysis revealed that age was 

significantly associated with the effect sizes (ES) observed in information processing speed, language, 

verbal memory, and visual memory; indicating that the worsening of these cognitive domains is 

significantly influenced by age (Pelimanni et al., 2018). Similar deficits in key cognitive domains are 

also shown in older adults with T2DM. A meta-analysis that evaluated cognitive performance in 

predominantly older adults observed worse performance in every cognitive domain measured whereby 

processing speed (Cohen’s d (d) = -0.33),  attention / set shifting (d = -0.36) and motor function (d = -

0.37) (Monette et al., 2014) presented the largest decrements, see Figure 1.6. This is further supported 

by a similar meta-analysis that also showed worse performance decrements in similar cognitive domains 
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including attention/concentration (d = -0.19), visual memory (d = -0.26), verbal memory (d = -0.28), 

processing speed (d = -0.33), executive function (d = -0.33), and motor function (d = -0.36) in older 

adults with T2DM (Palta et al. 2014). Whilst diabetes-associated cognitive decrements, MCI, and 

dementia affect different age groups and are proposed to have differing pathological development 

(Biessels et al., 2014; Biessels & Despa, 2018); evidence suggests that the cognitive domains affected 

are consistent across the cognitive dysfunction spectrum in T2DM, regardless of age or severity of 

impairment and include executive function, memory, attention, processing speed and motor function. 

 

 

Figure 1.6 Meta-analysis showing the average effect (d) and 95% CIs for cognitive performance in 

T2DM compared to non-diabetes controls (Monette et al., 2014). The number of participants included 

in each comparison is listed in brackets after each cognitive ability.  
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1.2.3 Implications 
 
The difficulties associated with daily self-management tasks are often overlooked by individuals 

involved in patient care, and for those with diabetes-associated cognitive dysfunction performing daily 

self-care tasks can become challenging (Hopkins et al., 2016). Clinical diabetes guidelines that include 

the recommendations for the detection of diabetes-associated cognitive dysfunction and how it may 

affect diabetes management have only recently been described for clinicians (Hopkin et al., 2016; 

Moulton, 2016; Munshi, 2017). The identification and management of diabetes associated cognitive 

dysfunction is not as straightforward as a ‘one size fits all approach’ (Biessels & Despa, 2018). For 

example, an individual who presents with memory loss may forget to monitor glucose, forget to take 

medication or forget medical appointments; whereas an individual who presents with executive 

dysfunction may remember important tasks but is unable to integrate them into practice (Munshi et al., 

2017). Furthermore, the different stages proposed in diabetes-induced cognitive dysfunction may have 

differing clinical features that may affect patients in different ways so that each stage requires a unique 

clinical approach (Biessels & Despa, 2018). Self-management tasks that are frequently affected by 

diabetes-associated cognitive dysfunction include glycaemic monitoring, medication management, 

coordination of health care services and appointments, personal hygiene, mobility, physical activity, 

and nutrition (Hopkins et al., 2016). A previous review concerning cognition and diabetes self-

management reported deficits in several cognitive domains in T2DM, including global cognition, 

executive function, and memory, in which decrements in global cognition were significantly associated 

with several diabetes self-management tasks (Tomlin & Sinclair, 2016). It was concluded that 

alterations in cognition may negatively affect disease management in T2DM (Tomlin & Sinclair, 2016). 

Neglecting daily self-management tasks may lead to a vicious spiraling cycle whereby cognitive 

impairment is worsened causing individuals to further neglect important daily management tasks, 

eventually leading to the exacerbation of a patient’s diabetes including the development or worsening 

of vascular complications.  Currently, the annual UK cost of diabetes is estimated at around £10 billion 

pounds, in which £8 billion pounds (80%) is attributed to treating complications (Diabetes UK, 2014). 

The growing prevalence of diabetes-associated cognitive dysfunction may further add to the already 
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high economic burden placed on health care systems. Furthermore, both T2DM and dementia impose a 

significant social burden on family and caregivers with high rates of psychological morbidity, social 

isolation, physical ill-health, and financial hardship (Li et al., 2018; Brodaty & Donkin, 2009).  

1.3 Mechanisms associated with cognitive dysfunction in T2DM 
 
Diabetes-associated cognitive decrements, MCI, and dementia most likely involve different underlying 

mechanisms attributed to the marked differences in age-groups affected and trajectory of cognitive 

decline (Biessels & Despa, 2018). The mechanisms linked to diabetes-associated cognitive dysfunction 

have predominantly been investigated in the context of MCI and dementia, whilst the mechanisms 

linked to the initial subtle cognitive decrements have not yet been elucidated (Biessels & Despa, 2018). 

It is important to understand that each mechanism outlined, although discussed separately, most likely 

overlaps and integrates with other mechanisms and involve neurodegenerative and vascular pathologies 

(Biessels & Despa, 2018).  

1.3.1 Advanced glycation end-products formation   
 
The detrimental effect that hyperglycaemia exerts on the brain may occur through several mechanisms. 

One proposed mechanism is that chronic elevated levels of blood glucose may lead to the development 

of advanced glycation end products (AGEs) (Umegaki 2014; Biessels & Despa, 2018). The formation 

of AGEs are a result of proteins and lipids that are exposed to sugars and eventually become glycated. 

They are known to cause neuronal injury along with the over stimulation of microglia, the resident 

innate immune cells that play an important role in central nervous system functioning (Umegaki, 2014; 

Luchsigner, 2012). Whilst the initial response of microglial cells during neural damage is often 

neuroprotective (Nayak et al., 2014), the over activation of these cells further mediates the inflammatory 

response leading to the release of several neurotoxic factors e.g. tumour necrosis factor alpha, 

interleukin-1beta, and reactive oxygen species that drive neuronal damage (Lull & Block 2010; 

Umegaki, 2014; Block et al., 2007). In environments of chronic hyperglycaemia, such as T2DM, tissues 

have been shown to contain elevated expressions of AGEs in which the sustained activation of its 

receptors (RAGE) signalling pathways has been proposed to further stimulate the formation and 
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accumulation of AGEs creating a positive feedback loop (Yamagishi & Matsui, 2018). AGEs are known 

to elicit oxidative stress generation, and consequently evoke inflammatory, thrombogenic, and fibrotic 

reactions contributing to atherosclerosis, microvascular complications, and pancreatic β-cell apoptosis 

(Yamagishi & Matsui, 2018; Yamagishi, 2012). Although the formation of AGEs is a clinical feature 

observed in the pathology of dementia and Alzheimer’s, a greater expression of AGEs and microglial 

activation has been observed in individuals with dementia who have T2DM compared to those with 

dementia alone (Valente et al., 2010).  

1.3.2 Amyloid beta deposition 
 
A fundamental pathological mechanism that has been identified in the development of dementia and 

Alzheimer’s, and is also implicated in the development of diabetes-associated cognitive dysfunction, is 

the accrual of amyloid beta (AB) (Farris et al., 2003; Umegaki, 2014; Feinkohl et al., 2015; Biessels & 

Despa, 2018). The overexpression of AB is known to result in the formation of amyloid plaque and 

neurofibrillary tangles, both hallmark manifestations of dementia and Alzheimer’s disease. One 

possible mechanism implicated in the buildup of AB is the reduction of the protein insulin degrading 

enzyme (IDE) resulting in a decrease in AB clearance (Umegaki, 2014). IDE plays a critical role in 

degrading AB levels thus preventing amyloid plaque aggregation and neuronal loss that contribute to 

cognitive impairment. Previous research has shown that insulin regulates the production of IDE in the 

brain (Umegaki, 2014). The reduced sensitivity of insulin receptors located on target tissues, as 

observed in insulin resistance, is shown to diminish the production of numerous key proteins, including 

IDE (Umegaki, 2014). Thus, the decrease in IDE is proposed to contribute directly to the overexpression 

of AB. Several studies have observed the presence of AB deposits in individuals with T2DM (Beeler et 

al., 2009; Janson et al., 2004; Miklossy et al 2010). In one study, the increased number of AB plaques 

observed in individuals with T2DM compared to controls were shown to correlate with the diabetes 

duration (Janson et al., 2004). Furthermore, impairments of IDE have even been shown to play a role 

in the development of T2DM (Tang, 2016), and the gene encoding it has been identified as a susceptible 

gene in both T2DM and Alzheimer’s disease (Costes & Butler, 2014).    
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1.3.3 Hyperphosphorylation of tau proteins 
 
Another mechanism involving the dysregulation of insulin is the hyperphosphorylation of tau proteins 

(Umegaki, 2014; Luchsigner, 2012). Tau proteins are microtubule-associated proteins found in neurons 

that facilitates the assembly of tubulin into microtubules in the brain (Gong & Iqdal, 2008). They are 

shown to modify post-transitionally in several ways including through phosphorylation. The 

hyperphosphorylation of tau proteins is detrimental, leading to the development of neurofibrillary 

tangles, a common pathological feature observed in dementia and Alzheimer’s disease (Gong & Iqdal, 

2008). In the context of diabetes, insulin is a crucial regulator of tau protein phosphorylation in neurons 

(El Khoury et al., 2014; Goncalves et al., 2019). Impaired insulin signalling, as a result of insulin 

resistance, has been observed to provoke the hyperphosphorylation of tau through the increased activity 

of various signalling pathways leading to the formation of neurofibrillary tangles (Umegaki, 2014). 

This proposed mechanism is further enhanced by previous evidence showing that the administration of 

intranasal insulin treatment may reverse the hyperphosphorylation of tau in T2DM (Yang et al., 2013; 

Chatterjee et al., 2019).  

1.3.4 Chronic low-grade inflammation  
 
Chronic low-grade inflammation plays a key role in the pathogenesis of insulin resistance and is an 

archetypal feature of both T2DM and dementia (Mushtaq et al., 2015; Calle & Fernandez, 2012). 

Elevated circulating levels of inflammatory markers, including interluekin-6, tumour necrosis factor – 

alpha, and c-reactive protein have previously been observed in individuals with T2DM, and were found 

to be associated with poor cognitive performance (Gorska-Ciebiada et al., 2015). A more recent study 

also reported an increased expression of interleukin-6 and c-reactive protein along with tumour necrosis 

factor-alpha in individuals with T2MD and MCI compared to controls, in which the elevated levels of 

these inflammatory markers were also shown to correlate with cognitive scores (Marioni et al., 2010). 

In the context of diabetes-associated cognitive dysfunction, it has been proposed that the inflammatory 

response may play a central role that both facilitates and aggravates AB pathology and the development 

of neurofibrillary tangles (Kitazawa et al., 2005; Kitazawa et al., 2004; Meraz-Rios et al., 2013; Nisbet 

et al., 2015; Rhein et al., 2009). Furthermore, a recent study in T2DM observed that inflammation was 
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correlated with a reduction in both vasoreactivity and vasodilation, suggesting that inflammation may 

influence the vasoregulation of the brain thus contributing towards vascular pathologies associated with 

cognitive dysfunction in T2DM and increased cardiovascular risk (Chung et al., 2015).  

1.3.5 Vascular dysfunction and ischemia  
 
The endothelium plays an important role in maintaining vascular integrity that allows whole organ 

metabolic homeostasis (Galley & Webster, 2004). The entire circulatory system is lined with vascular 

endothelial cells ranging from small capillaries vessels through to large arteries (Rajendran et al., 2013). 

These cells have important functions that are integral to vascular biology, including fluid filtration, 

blood vessel tone, organ homeostasis, immune cell recruitment, and hormone trafficking (Rajendran et 

al., 2013). Endothelial dysfunction represents a key aetiological factor leading to moderate to severe 

vasculopathies observed in T2DM and dementia (Umegaki et al., 2014). Studies have shown that 

markers of endothelial dysfunction e.g. microalbuminuria (Umegaki et al., 2014) are present in 

individuals with T2DM and are associated with accelerated cognitive decline (de Bresser et al., 2010a; 

Kawamura et al., 2014; Umegaki et al., 2012; Umemura et al., 2013). It is proposed that a reduction in 

vascular endothelial cells may impair the coordinated response of the vascular supply in a timely manner 

that is required by the demand generated by nervous activity (Umegaki et al., 2014). Neural activity 

demands enhanced blood flow to the brain in addition to elevations in neuronal glucose, in which 

haemodynamic neurovascular coupling facilitates these links (Umegaki et al., 2014). Age related 

impairments in cerebral regulation coupled with pathological alterations in blood vessels due to T2DM 

may therefore damage the functioning of neurovascular units thus reducing cerebral blood flow 

(Umegaki et al., 2014). Furthermore, the formation and accrual of toxic lipids, AGE products and other 

aggregated proteins in the vasculature may also occur as a result of endothelial dysfunction in T2DM  

(Bissels & Despa, 2018). The accumulation of proteins on blood vessel walls damages endothelial cells, 

enhancing the formation of reactive oxygen species, and reduces the production of vasodilatory factors; 

resulting in a reduction of cerebral blood flow leading to neurovascular uncoupling and thus neuronal 

injury (Bissels & Despa, 2018).  
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1.3.6 Deterioration of the blood brain barrier 
 
The blood brain barrier (BBB) is a semipermeable barrier that divides the blood flow of the brain from 

the extracellular fluid in the central nervous system (Prasad et al., 2014; Ballabh et al., 2004). It is 

comprised of compact junctions located between endothelial cells and astrocytic projections that control 

cellular flow into the central nervous system (Prasad et al., 2014; Umegaki, 2014; Ballabh et al., 2004). 

Alterations in barrier and transport functions have been observed as a result of diabetes that may be 

associated with impairments in cognition (Umegaki, 2014). Early pioneering research demonstrated 

that specific transport processes of the BBB alter under conditions of chronic hyperglycaemia (McCall 

et al., 1982; Gjedde & Crone, 1981; Mooradian & Morin, 1991), reporting a decrease in glucose 

transport in the BBB as well as reduced density of specific glucose transporters. Similar previous work 

also reports alterations in BBB transport, highlighting a decrease in amino acids transport, including 

tryptophan, phenylalanine, methionine, and lysine (Mans et al., 1987). Several mechanisms have been 

proposed with respect to the deterioration of the BBB, including pathological alterations such as 

decreased capillary density and increased basement membrane thickness, as well as haemodynamic 

alterations including reduced vascular reactivity and artriovenous shunting (Mooradian, 1997). Other 

mechanisms previously described in the development of diabetes-associated cognitive dysfunction have 

been shown to play a role in the deterioration of the BBB. For example, the dysfunction of vascular 

endothelial cells has been proposed to induce inflammatory mediators which may disturb the BBB 

(Bissels & Despa, 2018).  Furthermore, alterations in the BBB may expose brain tissue to toxic proteins, 

fibrin, plasma, and haemoglobin, leading to neuronal injury (Bissels & Despa, 2018). Previous studies 

also show that AB may also contribute to alterations in the BBB integrity leading to BBB leakage (Hartz 

et al., 2012). Similar findings have also proposed a link between taupathies and BBB deterioration 

(Blair et al., 2015). 

1.3.7 Reduced availability of neurotrophins   
 
Neurotrophins are a family of functionally and structurally related proteins that play a crucial role in 

the regulation of neural survival, development, function and plasticity (Huang & Reichardt, 2001; 

Skaper, 2012). The neurotrophin family comprises of four neurotrophins including, brain-derived 
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neurotrophic factor (BDNF), nerve growth factor, neurotrophin 3 and neurotrophin 4 (Huang & 

Reichardt, 2001). BDNF is one of the most extensively researched neurotrophins and is shown to play 

a fundamental role in the development of cognitive decline. BDNF is initially synthesized as a precursor 

protein as pro BDNF within the endoplasmic reticulum which is then transported through the Golgi 

apparatus and into the trans-Golgi network (Bathina & Das, 2015). Pro BDNF is then transported to the 

regulated pathway, where through the actions of carboxy peptidase E and protein convertase enzyme, 

mature BDNF is formed which is then released outside the plasma membrane (Bathina and Das, 2015). 

The reduced availability of BDNF, especially in older adults, may contribute towards a decline in 

cognitive abilities, neurodegeneration, and various other cognitive impairments (Zuccato & Cattaneo, 

2009).   

BDNF plays a crucial role in a wide range of biological processes that are essential in the regulation of 

memory, learning and other cognitive processes. One of the earliest identified in vivo functions of 

BDNF is its role in promoting synaptic plasticity (Bathina & Das, 2015; Ho et al., 2011; Allen & 

Dawbarn, 2006). Synaptic plasticity can be described as the experience-dependent alterations in 

connectivity between neurons that facilitates learning and memory (Ho et al., 2011). It is understood to 

be a mechanism through which individuals learn about the surrounding environment and adapt to it 

(Allen & Dawbarn, 2006). Previous evidence has shown that the application of BDNF in neurons and 

muscle cells elicits neurotransmitter release at presynaptic terminals and potentiates excitatory synaptic 

transmission in hippocampal neurons (Kang & Schuman, 1995; Lessmann et al., 1994). Furthermore, 

BDNF has been shown to play a critical role in learning outcomes in several studies, whilst also 

contributing to hippocampal cognitive performance (Tokuyama et al., 2000; Croll et al., 1998). Another 

key function of BDNF in the context of learning, memory and synaptic plasticity is its role in promoting 

neuronal differentiation and survival in the hippocampus (Bathina & Das, 2015). An increased 

expression of BDNF has been associated with greater long-term potentiation of neurons and synaptic 

plasticity, and could be why increased levels of BDNF are associated with enhanced memory including 

spatial memory, verbal memory, and recognition ability (Korte et al., 1995; Scharfman et al., 2005; Lu 

et al., 2013; Karpova, 2014; Leal et al., 2015).  
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T2DM is strongly associated with the development of cognitive dysfunction in which the reduced 

availability of BDNF has been proposed as a potential pathological mechanism that contributes to the 

development of diabetes-associated cognitive dysfunction. Several previous studies exploring the role 

of BDNF in glucose metabolism show reduced levels of serum and plasma BDNF in individuals with 

T2DM (Krabbe et al., 2007; Fujinami et al., 2008, Zhen et al., 2013; Sun et al., 2018). A recent cross-

sectional study involving 715 patients with T2DM revealed that for each one unit increase in serum 

BDNF, the unadjusted and adjusted risk of MCI reduced by 9% and 6% respectively (Sun et al., 2018). 

This association was suggested to be even stronger in obese diabetics compared to non-obese diabetics 

(Sun et al., 2018). There is also evidence to suggest that changes in BDNF directly influences cognitive 

performance. Zhen et al. (2013) reported significantly reduced levels of serum BDNF in individuals 

with T2DM compared to healthy controls in which individuals with T2DM performed significantly 

worse in tasks of global cognition, immediate memory, delayed memory, and language. No correlations 

between cognitive performance and serum levels of BDNF were observed in the healthy control group 

whilst serum BDNF was shown to positively correlate with delayed memory in individuals with T2DM 

(Zhen et al., 2013). Together these findings suggest that the reduced levels of serum BDNF may play 

an important role in the pathophysiology of T2DM and diabetes related cognitive dysfunction. 

1.4. Structural changes  
 

1.4.1 Cerebral atrophy 
 
Cerebral atrophy is a term used to describe the shrinking of brain tissue due to neurodegenerative 

processes including the loss of neurons and their interconnections (Jobst et al., 1994). Several previous 

studies, using different structural magnetic resonance imaging (MRI) techniques, have observed 

accelerated global and regional cerebral atrophy in individuals with T2DM. (Moran et al., 2013; Liu et 

al., 2017; Fang et al., 2018; Groeneveld et al., 2018; Hayashi et al., 2011; den Heijer et al., 2003; de 

Bresser et al., 2010b). Although the morphological variability at each stage of diabetes-associated 

cognitive dysfunction remains unclear, cerebral atrophy is shown to be worse in individuals who present 

more severe cognitive deficits (Biessels & Despa, 2018). A recent study reported lower grey matter 

volume in individuals with T2DM who were identified with MCI and early dementia compared to those 
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with T2DM but without any cognitive impairment (Groeneveld et al., 2018). The greatest reductions in 

grey matter were observed in the right temporal cortex and subcortical grey matter regions (Groeneveld 

et al., 2018). A similar longitudinal study also observed that T2DM patients who presented with a more 

accelerated cognitive decline over a 4 year period had a higher rate of ventricular expansion and reduced 

white matter volume compared to those with a slower rate of cognitive decline (Reijmer et al., 2011). 

These findings are further supported by evidence that show atrophic changes in the brain even in the 

earliest stages of T2DM. A previous cross-sectional study showed a greater expansion in the lateral 

ventricles in T2DM patients (mean age 46.4) whose illness duration was less than 1 year compared to 

age matched healthy individuals (Lee et al., 2013a). Furthermore, there is evidence to suggest that 

individuals with T2DM may be vulnerable to cerebral atrophy even in the absence of peripheral 

microvascular pathologies associated with other target organs (Fang et al. 2018). Associations between 

cerebral atrophy and poor cognitive performance have been observed in individuals with T2DM across 

several cognitive domains including executive function (Moran et al., 2013; Zhang et al., 2014a), visual 

memory (Moran et al., 2013), speed of processing (Moran et al., 2013), delayed recall, attention (Zhang 

et al., 2014a), and global cognitive performance (Tiehuis et al., 2009; Hayashi et al., 2013). In addition, 

the worsening of cerebral atrophy has been shown to be associated with longer diabetes duration, poor 

glycaemic control, and worse insulin resistance (Bryan et al., 2014; Lee et al., 2018; Willette et al., 

2013). Previous evidence investigating the regional distribution of cerebral atrophy in individuals with 

T2DM compared to those without T2DM showed that the loss of cortical grey matter was mainly 

observed in the temporal, parahippocampal, cingulate, precuneus, insula, and medial frontal regions, 

whilst loss of subcortical grey matter was most evident in the caudate nucleus and putamen in those 

with T2DM (Moran et al., 2013). Interestingly, the left cerebral hemisphere demonstrated greater grey 

matter loss compared to the right (Moran et al., 2013). White matter loss was mostly associated in the 

frontal and temporal regions and atrophy was shown in both the left and right hippocampal in T2DM 

(Moran et al., 2013).  
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1.4.2 Small vessel disease 
 
Cerebral small vessel disease is an umbrella term used to describe the different pathological 

progressions that affect the small vessels of the brain including arteries, arterioles, venules and 

capillaries (Wardlaw et al., 2013). This includes white matter hyperintensities (WMH), microbleeds, 

silent brain infarcts, and lacunar abnormalities, all of which have been observed in individuals with 

T2DM (van Bussel et al., 2017). WMHs are lesions that manifest as areas of intense, high signal 

intensity in regions of white matter when using computed topography or brain MR (Wardlaw et al., 

2013). The underlying mechanisms surrounding the development of WHMs remains unclear but have 

been associated with demyelination and axon loss within white matter regions that are suggested to 

arise through inflammatory or vascular mechanisms (Fazekas et al., 1998; Bissels & Despa, 2018). 

WMHs can manifest as either periventricular WMHs, which are observed close to ventricles, or as deep 

WMHs located in subcortical grey matter (Wardlaw et al., 2013), both of which have been observed in 

individuals with T2DM, and have been shown to be associated with impaired performance in domains 

of processing speed, motor speed, attention and executive function (Manshot et al., 2006; Jongen et al., 

2007; van Harten et al., 2007; Imamine et al., 2011). Microbleeds are also implicated with small vessels 

disease but do not seem to be worsened by T2DM (Moran et al., 2013; Brundel et al., 2014). They are 

observed as small leakages on brain MRIs and are thought to play an important role in cognitive decline 

(Wardlaw et al., 2013). Silent brain infarcts are another manifestation of small vessel disease, and are 

clinically asymptomatic that typically remain unnoticed, but are observable as focal lesions on brain 

MRIs (Vermeer et al., 2007). Individuals with T2DM commonly display silent brain infarcts and have 

been associated with impaired cognitive performance (Manschot et al., 2006; Imamine et al., 2011). 

The increased number of silent brain infarcts has previously been shown to correlate with worse 

performance in tasks of executive function (Imamine et al., 2011). Lacunar abnormalities are another 

type of infarction associated with small vessel disease and manifest as small visible areas that develop 

from an occlusion of small penetrating branches of larger cerebral arteries (Wardlaw et al., 2013). These 

types of infarcts are often progressive (Umegaki, 2010; van Harten et al., 2006; van Bussel et al., 2017) 

in which ischemic mechanisms are proposed to be involved (van Bussel et al., 2017). Cerebral infarcts, 
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including lacunar infarcts, have been identified in individuals with T2DM and have been associated 

with impaired performance in several cognitive domains including global cognition, executive function, 

processing speed, sensory speed, and memory (Manshot et al., 2006; Moran et al., 2013). See Figure 

1.7 for an overview of the structural abnormalities observed in T2DM. 

 

Figure 1.7 Overview of the structural changes which may manifest in individuals with T2DM (b-g). 

(a) MRI image of a healthy young brain. (b) cerebral atrophy, (c) white matter lesions, (d) aneurysm, 

(e) microbleeding, (f) macrobleeding, (g) lacunar infarct. Advanced MRI techniques used to detect 

abnormalities (h-k). (h) fMRI, (i) dMRI, (j) arterial spin labelling, (k) MRS. (van Bussel et al., 2017). 

 

 

 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=5380729_fnins-11-00188-g0001.jpg


25 
 

1.5 Functional changes 
 

1.5.1 Impaired cerebral perfusion 
 
There is a growing evidence base documenting the functional alterations of the brain as a result of 

T2DM. Whilst findings from functional studies that use different methodologies are not as consistent 

as those observed in structural studies, they do contribute to a growing evidence base concerning 

functional alterations, cognitive dysfunction and T2DM (Ryan et al., 2014). Alterations in cerebral 

perfusion have previously been proposed to reflect a significant functional marker of impairment in 

T2DM, although findings from studies have been mixed. Cerebral perfusion is defined as the quantity 

of blood passing through a definitive volume of tissue in a given time (Fantini et al., 2016), and can be 

quantified using several methods including computed tomography, phase contract MRI, intravoxel 

incoherent motion imaging, and arterial spin labelling (van Bussel et al., 2017). Earlier studies using 

single photon emission computed tomography observed a lower cerebral blood flow in individuals with 

T2DM compared to control group findings (Nagamachi et al., 1994; Sabri et al., 2000). More recent 

studies, using phase contrast MRI and arterial spin labelling, did not identify any differences between 

those with T2DM and controls in global cerebral perfusion (Tiehuis et al., 2008; Rusinek et al., 2015), 

suggesting that changes in brain haemodynamics do not play a pathophysiological role in diabetes-

associated cognitive dysfunction. However, studies have reported regional differences in cerebral 

perfusion, showing a reduction in blood flow across numerous areas including the frontal cortices, 

inferior temporal and parietal lobe, precunes and bilateral occipital lobe, posterior cingulate cortex and 

the hippocampus in T2DM relative to controls (Novak et al., 2014; Xia et al., 2015; van Bussel et al. 

2015; Runsinek et al., 2015). Interestingly, individuals with T2DM who were administered with insulin 

were shown to increase regional perfusion in the insular cortex as well as improving performance in 

visuospatial memory and verbal fluency (Novak et al., 2014). These findings suggest improvements in 

regional perfusion that appear to improve cognition may be mediated by a potential insulin related 

vasoreactivity mechanism in T2DM. Similarly, a more recent study observed that improvements in 

cerebral blood flow in areas of grey matter, including the cingulate gyrus and middle temporal gyrus, 

were positively associated with improvements in verbal fluency, but improvements in hippocampal 
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blood flow were found to be negatively associated with memory performance, pointing towards a 

potential vascular mechanism that may be region dependent (Runsinek et al., 2015).  

1.5.2 Neuronal dysfunction  
 
Neuronal dysfunction is a term used to describe the impairments associated with the neuronal system, 

including alterations in functional activity and connectivity between different regions of the brain (Zhou 

et al., 2010). The default mode network (DMN) is a group of functionally and structurally connected 

brain regions that generally show strong functional connectivity at rest and frequently increase and 

decrease in activity synergistically in response to a broad range of cognitive stimulations (Lin et al., 

2017; Smith et al., 2018). The core regions of the DMN include the left and right parietal lobes, the left 

and right hippocampi, the medial prefrontal cortex, and the posterior cingulate cortex (Buckner et al., 

2008). Disruptions in the connectivity of the DMN have previously been shown to contribute to 

cognitive decline in MCI and Alzheimer’s disease (Jones et al., 2011; Cha et al., 2013). Regarding 

T2DM, a previous study that used resting state function MRI showed that individuals with T2DM had 

reduced functional connectivity between the hippocampus and specific regions of the DMN compared 

to controls, including the inferior and medial temporal lobes and the anterior cingulate cortex (Zhou et 

al., 2010). In addition, individuals with T2DM were also observed to perform worse in tasks of memory 

and executive functions but no correlational analysis was performed (Zhou et al., 2010). Alterations in 

DMN connectivity have also been observed in middle aged individuals with T2DM, specifically 

between the posterior cingulate and regions of the DMN including the middle temporal, medial frontal, 

and inferior frontal gyri (Musen et al., 2012). These alterations in functional connectivity were also 

shown to be inversely related to insulin resistance, pointing towards a potential insulin related 

mechanism in T2DM (Musen et al., 2012). This proposed mechanism is further supported by evidence 

that shows an acute increase in functional connectivity between the hippocampus and regions of the 

DMN following the administration of intranasal insulin (Zhang et al., 2015).  

Other potential functional alterations associated with diabetes-related cognitive dysfunction may 

include alterations in signal fluctuations and brain activation (Belfort-Deaguiar et al., 2014). 

Fluctuations in signals are a key characteristic of the resting brain, and their existence is fundamental 
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in quantifying correlated activity between brain regions (Wang et al., 2019). The extent of these 

fluctuations in signals can vary between individuals and can therefore be used as an indicator of 

individual differences of dysfunction. In individuals with T2DM, amplitude of low frequency 

fluctuations, a related measure of signal fluctuations, have been observed in several regions of the DMN 

(Xia et al., 2013; Cui et al., 2014; Zhou et al., 2014). For example, Xia et al. (2013) showed that 

compared with healthy controls, individuals with T2DM showed decreased amplitude of low frequency 

fluctuations in several brain regions including the occipital gyrus, fusiform gyrus, and temporal gyrus 

whilst also showing increased values in middle cerebellum posterior lobe and right cerebellum culmen. 

Similarly, Ciu et al. (2014) reported decreased amplitude of low frequency fluctuations in several brain 

regions including the occipital lobe and postcentral gyrus compared to healthy controls. These observed 

fluctuations were shown to be linked to deficits in cognitive performance, most notably in tasks of 

global cognition, executive function, attention, speed of processing, and memory (Xia et al., 2013; Cui 

et al., 2014; Zhou et al., 2014).  

1.6 Proposed interventions for targeting cognition in T2DM 
 

1.6.1 Exercise training and associated mechanisms 
 
Acute effects of aerobic exercise for improving cognition has previously been shown in middle age and 

older adults (Chang et al., 2012). Chang et al. (2012) conducted a meta-analysis of 79 trials and showed 

an overall small but positive effect (g = 0.097) of acute exercise for improving tasks of executive 

function, reaction time, crystallised intelligence, and short-term memory. This evidence is consistent 

with previous narrative reviews that report positive effects of acute exercise on cognition (Brisswalter 

et al., 2002; McMorris & Graydon, 2000; Tomporowski, 2003; Etnier et al., 1997; Wilke et al., 2019; 

McSween et al., 2019). Likewise, a recent meta-analysis (Wilke et al., 2019) of 12 trials regarding the 

effects of acute bouts of resistance training also showed immediate improvements in several cognitive 

domains including inhibitory control (standardised mean difference (SMD) = 0.73) and cognitive 

flexibility (SMD = 0.36), but not working memory or attention. McSween et al. (2019) also reported 

that acute aerobic exercise did improve measures of cognitive flexibility, executive control, working 

memory and audio-visual perception in healthy adults; however, it was suggested that the limited 
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domains of cognition measured in addition to the large variability between trial protocols and low 

overall quality of studies limits the conclusions that can be drawn from acute exercise studies. Chronic 

aerobic exercise has also been shown to have a positive effect on cognition. An early meta-analysis 

(Colcombe & Kramer, 2003) showed exercise to have a positive impact on several domains of cognition 

including executive function (g = 0.68), spatial tasks (g = 0.42), and speed tasks (g = 0.27). Further 

analysis also revealed that combined strength and aerobic interventions improved cognition to a greater 

extent compared to aerobic exercise, and that longer-term training interventions produces a greater 

effect compared to shorter interventions (Colcombe & Kramer, 2003). Interestingly, no effects on 

cognition were shown as a result of acute bouts of exercise (< 30 minutes) (Colcombe & Kramer, 2003). 

In agreement, Sanders et al. (2019) also show exercise training to improve executive function (d = 0.27) 

and memory (d = 0.24) in healthy older adults. However, in older adults with cognitive impairment, 

shorter interventions with higher session frequency were shown to predict greater improvements in 

cognition (Sanders et al., 2019). In addition, a recent meta-analysis of 24 studies (Landrigan et al., 2019) 

showed positive effects of resistance exercise on composite cognitive scores (SMD = 0.71), cognitive 

screening tools (SMD = 1.28) in addition to executive functions (SMD = 0.39) but not on working 

memory.  

With respect to the effects of exercise training for targeting cognition in T2DM the evidence is 

inconclusive (Hsieh et al., 2013; Podolski et al., 2017; Zhao et al., 2018; Dyer et al., 2019). Two early 

narrative reviews provide evidence to support exercise in producing a beneficial effect on cognition in 

T2DM. Hsieh et al. (2013) identified 3 experimental studies (Baker et al., 2010a; Yanagawa et al., 2011; 

Anderson-Hanley et al., 2012) and concluded that with the appropriate and valid prescription, exercise 

training may have a beneficial impact on cognition, most notably executive function, in those with 

T2DM. Specifically, the positive impact of exercise training was reported to be most advantageous in 

specific regions of the brain, most notably the frontal lobe, a brain region that is particularly sensitive 

to cognitive deterioration (Hsieh et al., 2013). Similar conclusions were also made in a more recent 

review (Podolski et al., 2017) that included a plethora of study designs. The review reported that all 

cross sectional and observational studies were shown to indicate a positive effect of regular exercise on 
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cognition in T2DM (Podolski et al., 2017). Of the 9 interventional studies, beneficial effects of exercise 

were observed among 6 studies showing improvements in tasks of global cognition, executive function, 

verbal memory and learning, and reaction time (Podolski et al., 2017). However, the two most recent 

narrative reviews (Zhao et al., 2018; Dyer et al., 2019) suggest there is still insufficient evidence to fully 

assess the impact of exercise training on cognition in T2DM. Zhao et al. (2018) included six trials that 

were of moderate quality. Overall, four of the six studies reported benefits of greater exercise/physical 

activity participation on certain aspects of cognition, but only 26% of cognitive outcomes were 

significant across all trials. Dyer et al., (2019) included only two trials, the Look-AHEAD study (Rapp 

et al., 2017; Espeland et al., 2018; Espeland et al., 2017a) and the LIFE study (Look Ahead Research 

Group, 2013). Whilst the LIFE study did show greater improvements in global cognition and delayed 

memory as a result of a physical activity, no between group differences were observed in overall 

cognitive scores or in any domain specific cognitive tests in the Look-AHEAD trial (Dyer et al., 2019). 

Considering the inconsistencies in the methods and outcomes of previous reviews, and in light of 

emerging evidence, it may be timely to conduct a systematic review and meta-analysis to further assess 

the effects of exercise on cognition in T2DM.  

Several mechanisms have been identified that potentially govern exercise induced improvements in 

cognition. Exercise has previously been shown to positively influence the structural integrity of the 

brain through reducing the rate of cerebral atrophy and maintaining grey and white matter integrity 

across several brain regions (Best et al., 2015; Colcombe et al., 2006). Enhanced levels of cerebral blood 

flow in addition to other functional mechanisms such as enhanced neurogenesis, angiogenesis and 

synaptogenesis have also been observed following exercise training (Kleinloog et al., 2019; Rhodes et 

al., 2003; Dietrich et al., 2008). Exercise has also been suggested to maintain cognitive integrity by 

protecting the cerebral vasculature and neural tissue through reducing circulating levels of inflammatory 

biomarkers (Cotman et al., 2007; Petersen and Pedersen, 2005). The adaptations in the structure and 

function of the brain as a result of exercise also manifest as improvements in cognition (Pereira et al., 

2007; Erickson et al., 2011), and are particularly significant in the context of executive functions that 

regulate cognitive flexibility, working memory and decision making behaviours in constantly changing 
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environments (Smith et al., 2010; Chang et al., 2012; Verburgh et al., 2014). Whilst a wide range of 

exercise mechanisms have been proposed to play a role in regulating cognition and facilitating cerebral 

plasticity, the enhanced availability of neurotrophins and growth factors, specifically BDNF is 

suggested to be one of the more central mechanisms that governs exercise-induced brain plasticity and 

cognitive development (Berchtold et al., 2005; Cotman et al., 2007; Intlekofer et al., 2013). 

A recent meta-analysis Szuhany et al. (2015) reported that an acute bout of aerobic exercise produced 

a moderate effect on both serum and plasma BDNF (g = 0.46). Likewise, a similar meta-analysis 

comprised of 55 studies (session duration ranging from 7 minutes to 240 minutes) observed a moderate 

effect (g = 0.59) of acute exercise training in enhancing BDNF levels (Dinoff et al., 2017). Furthermore, 

sub-analyses revealed a similar effect in both aerobic and resistance exercise in addition to greater 

positive associations between changes in BDNF and cardiorespiratory fitness, exercise intensity, and 

duration (Dinoff et al., 2017). These findings fall in agreement with more recent studies that show 

enhanced levels of BDNF following acute bouts of exercise (Hung et al., 2018; Dominguez-Sanchez et 

al., 2018). There are also positive findings with respect to the effects of chronic exercise on BDNF 

(Szuhany et al., 2015; Dinoff et al., 2016). The same meta-analysis conducted by Szuhany et al., (2015) 

reported that the effect of regular chronic exercise is also shown to enhance resting BDNF (g = 0.28) in 

a sample of 13 studies (intervention length ranging from 3 weeks to 2 years) in which regular exercise 

was shown to further intensify the effect of a single session of exercise on BDNF levels (g = 0.58). A 

similar meta-analysis comprised of 29 exercise studies (intervention length ranging from 5 weeks to 1 

year) also reported significantly higher levels of peripheral BDNF following chronic exercise training 

(SMD = 0.39) (Dinoff et al., 2016). Sub-analyses of intervention characteristics showed no association 

between changes in BDNF concentrations and number of sessions, session duration, session intensity 

and programme length (Dinoff et al., 2016). These findings are also supported by more recent evidence 

showing positive effects of chronic exercise on BDNF (Nilsson et al., 2020; Hirsch et al., 2018).   

Only a limited number of studies have investigated the effects of exercise training on BDNF in 

individuals with T2DM (Baker et al., 2010a; Swift et al., 2012; Lee et al., 2014; Parsa et al., 2018). An 

earlier study by Baker et al. (2010a) showed no significant differences in plasma BDNF levels in 
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individuals who completed a 6-month aerobic exercise intervention (age 71 ± 7.5) compared to an active 

control group (age 66 ± 6.0) in older adults with T2DM and glucose intolerance. Lee et al. (2014) 

investigated the effects of aerobic exercise training on serum levels of BDNF in juveniles with either 

obesity or T2DM. Twenty six participants were randomised to either an obesity group (age 16.3 ± 0.91), 

T2DM group (age 15.5 ± 2.14) or control group (age 16.45±1.36) and completed a 12-week aerobic 

exercise intervention. Findings showed an increase in serum levels of BDNF in juveniles with obesity 

but not in those with T2DM. Swift et al. (2012) examined the effects of different training modalities on 

serum levels of BDNF in T2DM, including aerobic exercise, resistance exercise, and the combination 

of both. The intervention was conducted over a nine-month period. The aerobic group completed 150 

minutes of physical activity per week whilst the resistance group performed exercise comprising of 2 

sets of 4 upper body exercises, 3 sets of 3 lower body resistance exercises and 2 sets of abdominal and 

back exercise for 10-15 reps. Findings showed no significant differences in serum levels of BDNF in 

any of the training modality groups compared to the control group. Similar findings were also observed 

in a more recent study by Parsa et al. (2018), who reported no significant changes in serum levels of 

BDNF following a 16-week combined aerobic and resistance training programme in T2DM individuals 

with peripheral neuropathy. 

1.6.2 Cognitive training and associated mechanisms 
 
There are several meta-analyses and narrative reviews that provide strong evidence that support the 

effects of cognitive training for improving cognition in both healthy (Lampit, et al. 2014; Kueider et 

al., 2012; Chiu et al., 2017) and cognitively impaired cohorts (Zhang et al., 2019). Chiu et al., (2017) 

conducted a meta-analysis comprised of 31 randomised controlled trials (RCT) and reported small to 

moderate effects of cognitive training for improving cognition in healthy older adults. A moderate effect 

was observed on executive function (g = 0.42) whilst small effects were evident in visual spatial ability 

(g = 0.18), attention (g = 0.21), and memory (g = 0.35) (Chiu et al., 2017). Sub-group analysis signalled 

that intervention characteristics including >24 total training sessions, >8 total training weeks and >3 

training sessions per week yielded the greatest effect (Chiu et al., 2017). Lampit et al. (2014) also 

demonstrated a small to moderate effect of cognitive training across several domains in healthy 
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individuals as part of a meta-analysis of 52 studies. Improvements were observed in working memory 

(g = 0.22), non-verbal memory (g = 0.24), processing speed (g = 0.31) and visuospatial skills (g = 0.30). 

Sub-group analysis showed greater cognitive effects in interventions that included <20 hours of total 

training, training sessions performed 1-3 times a week, and training sessions lasting approximately 31-

60 minutes in duration, see Figure 1.8. There is also evidence that supports the effects of different types 

of cognitive training for improving brain health. An earlier systematic review by Kueider et al. (2012) 

also reported a positive effect of cognitive training interventions from studies in healthy populations 

that used different cognitive training modalities including traditional paper-and-pencil cognitive 

training (ES 0.06 – 6.32), computerized cognitive training (ES 0.19 -7.14), and video game 

interventions (ES 0.09 to 1.70). Cognitive improvements were reported across several domains 

including global cognition, reaction time, speed of processing, working memory, executive function, 

memory, visual spatial ability, and attention (Kueider et al., 2012). The positive effects of cognitive 

training have also been observed within cognitively impaired populations. Zhang et al. (2019) 

conducted a meta-analysis comprising of 18 studies in older adults with MCI and reported small to 

moderate effects across several domains. Moderate effects were observed in working memory (g = 0.39) 

and memory (g = 0.30), whilst small effects were shown in global cognition (g = 0.23), and executive 

function (Zhang et al., 2019).  
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Figure 1.8. Sub-group analyses of the moderators of overall effectiveness of cognitive training in older 

adults (Lampit et al., 2014). 

 
Research concerned with exploring the effects of cognitive training in T2DM is still an emerging area 

of research and to date very few studies have been conducted (Paulo & Yassuda 2012; Whitelock et al., 

2018; Bahar-Fuchs et al., 2020). An earlier study by Paulo & Yassuda (2012) investigated the effects 

of a cognitive psychoeducational programme in elderly individuals with T2DM compared to controls. 

The programme consisted of 8 cognitive training sessions in which the intervention length, frequency, 

duration, or difficulty of training were not specified. Significant improvements were observed that 
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favoured the cognitive training group in several tasks related to global cognition and memory. 

Whitelock et al., (2018) examined the impact of an online working memory training programme on 

cognition in individuals with T2DM. The intervention required participants to complete 25 online 

working memory training sessions within 25 to 50 days. Compared to the control group, greater 

improvements were observed in the working memory training group in both trained tasks (working 

memory span) and non-trained tasks (updating ability). The authors concluded that working memory 

training may be effective in producing cognitive gains in T2DM, especially in domains closely related 

to working memory (Whitelock et l., 2018). A more recent study by Bahar-Fuchs et al., (2020) evaluated 

the effects of an 8 week adaptive tailored computerised cognitive training intervention compared to 

generic computerised cognitive training on cognition in individuals with T2DM. Equal improvements 

in global and memory composite scores were observed in both groups in which scores were shown to 

improve even further at the 6 month follow up (Bahar-Fuchs et al., 2020). It was suggested that 

cognitive training may be effective in improving cognition in T2DM but task tailoring and adaptive 

difficulty may not be important constructs of cognitive training interventions in this population (Bahar-

Fuchs et al., 2020). Whilst the evidence concerning cognitive training in T2DM is limited, findings 

point towards this type of intervention as a potential strategy for targeting cognitive dysfunction in 

T2DM. To clarify the effects of cognitive interventions in T2DM further studies are warranted.   

Several mechanisms that potentially elicit enhancements in cognitive performance and neuroplasticity 

through cognitive training have previously been reported. For instance, cognitive training has been 

proposed to enhance the functional connectivity in several regions of the brain including within the 

DMN, central executive network and hippocampus (Lin et al., 2014; Chapman et al., 2015 Chapman et 

al., 2017; Ten Brinke et al., 2017). Furthermore, evidence suggests that cognitive training may also 

allow for greater organisation of local functional connections in older adults potentially reflecting 

higher efficiency of local functional connectivity networks (Deng et al., 2019). Cognitive training is 

also proposed to enhance the thickness and volume of neurons whilst also enhancing neural activity 

throughout the brain (Park, 2013), but further work is needed to confirm this potential mechanism. 

There is also evidence that points towards shared mechanistic pathways between cognitive and exercise 
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training. For example, studies show cognitive training to also enhance cerebral blood flow (Chapman 

et al., 2015; Mozolic et al., 2010) in addition to improved structural correlates of the brain such as 

increased white matter integrity (Chapman et al., 2015). Most notably, the increased availability of 

BDNF is also proposed as a central mechanism that potentially underpins cognitive training 

improvements. 

Several studies have previously demonstrated a positive impact of both acute and chronic cognitive 

training on BDNF in several populations. Kim et al. (2018) reported significant improvements in serum 

levels of BDNF and short-term memory in healthy individuals as a result of a single 50-minute cognitive 

enhancement fitness session. Arazi et al. (2019) also observed acute improvements in serum levels of 

BDNF after a single session of standard chess matches in both novice and elite chess players, with the 

greatest improvements reported in the elite chess players. Enhancements in levels of BDNF have also 

been reported as a result of chronic structured cognitive training. For instance, Rahe et al. (2015) showed 

significant improvements in tasks of figural memory in addition to peripheral levels of BDNF as a result 

of 7 weeks of cognitive training in healthy older adults. Similar findings have also been observed in 

several patient populations including Parkinson’s disease (Angelucci et al., 2015), heart failure (Pressler 

et al., 2015) and MCI (Damirchi et al., 2018). Interestingly, previous studies in both healthy and 

cognitively impaired populations suggest that structured cognitive training may potentially improve 

levels of BDNF to a greater extent compared to exercise training (Ledreux et al., 2019; Damirchi et al., 

2018). Damirchi et al. (2018) reported significantly greater improvements in working memory and 

processing speed in addition to serum levels of BDNF in individuals with MCI who completed 8 weeks 

of cognitive training compared to those who completed an 8-week multicomponent exercise 

programme. Ledreux et al. (2019) showed no significant improvements in serum levels of BDNF in a 

cohort of healthy older adults who undertook 5 weeks of exercise training whilst those who completed 

5 weeks of cognitive training were shown to significantly improve serum BDNF levels.  
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1.6.3 Dual-task training and associated mechanisms 
 

Whilst both exercise and cognitive training are recognised as potential strategies for targeting cognition, 

it is possible that the simultaneous combination of the two (dual-task) may have shared or 

complementary mechanisms that allow greater cognitive benefits compared to the single underlying 

component. Dual-task training has shown superior improvements in cognition compared to exercise 

and cognitive training alone (Theill et al., 2013; Eggenberger et al., 2015 Yokoyama et al., 2015). Theill 

et al. (2013) investigated the effects of dual-task training comprising of simultaneous treadmill walking 

and working memory against single working memory training and a passive control group. Whilst the 

findings showed greater improvements in executive function in both training groups compared to the 

control group, larger improvements were observed in visual memory and new learning in the dual-task 

group compared to the single working memory training group (Theill et al., 2013). Similar findings 

were also observed when comparing dual-task training against exercise training (Yokoyama et al., 2015; 

Eggenberger et al., 2015). Yokoyama et al. (2015) evaluated dual-task training comprised of concurrent 

cognitive tasks performed during aerobic and resistance exercise against an exercise training group 

only. The authors reported greater cognitive performance in the dual-task group in several cognitive 

domains including registration and recall, attention, verbal fluency and understanding, and visuospatial 

skills whilst no changes were observed in measures of executive function between the two groups 

(Yokoyamma et al., 2015). In agreement, Eggenberger et al. (2015) reported similar findings in that 

treadmill walking simultaneously combined with memory training produced greater improvements in 

attention shifting compared to exercise training alone. These findings are further supported by more 

recent systematic reviews that suggest greater cognitive benefits through simultaneous exercise and 

cognitive training compared to sequential or single component training (Lauenroth et al., 2016; Tait et 

al., 2017). 

Whilst dual-task training has been widely studied in healthy cohorts, only a limited number of trials 

have been conducted concerning the effects of this type of training for targeting cognition in T2DM. 

Shellington et al., (2018) examined the feasibility of a 6 month square stepping intervention consisting 

of visuospatial working memory cued with a stepping response in older adults with T2DM against a 
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concurrent control group. The findings showed significant improvements that favoured dual-task 

training in tasks of planning, a sub-domain of executive function, between 12 -24 weeks when compared 

to the control group (Shellington et al., 2018). Whilst this study showed preliminary evidence of the 

effects of dual-task training for improving cognition in T2DM, specifically executive function, 

challenges were experienced in several aspects of feasibility most notably the recruitment and retention 

of participants. It was concluded that further dual-task interventions should be conducted in T2DM to 

further improve its feasibility and elucidate the effects of this type of intervention on cognition 

(Shellington et al., 2018). 

Whilst numerous mechanisms have been explored that potentially underpin exercise and cognitive 

induced improvements in cognition, the potential mechanisms concerning dual-task training are yet to 

be identified (Laueroth, et al., 2016; Tait et al., 2017). One hypothetical mechanism has previously been 

proposed and coined the theoretical framework of “guided plasticity facilitation” (Fissler et al., 2013). 

This framework suggests that exercise “facilitates” a biological response such as synaptogenesis and 

neurogenesis caused by enhanced availability of neurotrophins and growth factors e.g. increased BDNF 

and insulin-like growth factor-1. In turn, cognitive training successively “guides” this facilitated plastic 

potential by moderating the formation of synapses and increasing neuronal cell survival (Fissler et al., 

2013). Thus, the combined effects of physical and cognitive training may augment the ability to 

restructure neuronal networks, precipitating an enhanced processing efficiency and thus elicit greater 

cognitive benefits compared to single task interventions (Fissler et al., 2013). It is clear that a greater 

number of dual-task interventions are warranted that explore the potential mechanisms that underpin 

simultaneous exercise and cognitive training in both healthy and T2DM populations.  

 

1.7 Theoretical underpinning of study designs  
 

1.7.1 MRC’s framework for developing and evaluating complex interventions 
 
To identify and develop an appropriate exercise, cognitive, or dual-task intervention targeting cognition 

in T2DM, a systematic phased approach will be used based on the medical research council’s (MRC) 

framework for developing and evaluating complex interventions, Figure 1.9 (MRC, 2000; Craig et al., 
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2008). The methodological progression from the conception and development phase through to the 

execution of a large-scale evaluation of a complex intervention may take many diverging paths. The 

key phases recommended by the MRC and their main functions are summarised in Figure 1.9, and the 

interactions between each phase are indicated by arrows. It is logical to view these as linear or cyclical 

phases, although it is common to not follow a linear or cyclical sequence (MRC, 2000; Craig et al., 

2008). The research of the current thesis will focus on the development and feasibility/piloting phase 

of the MRC’s framework and will be conducted over 3 phases including: 1) a systematic review and 

meta-analysis (identifying existing evidence and theory), 2) an intervention development study 

(modelling processes and outcomes) and 3) a feasibility study (feasibility and pilot testing) as described 

below.  

 

Figure 1.9 MRC’s framework for the development and evaluation of complex interventions (Craig et 

al., 2008). 

 

Phase 1 – Systematic review and meta-analysis (Identifying existing evidence and 

developing theory) 

 
Prior to undertaking a large-scale evaluation, the intervention needs to be developed to the stage where 

the research team can be confident that it will have a worthwhile effect (MRC 2000; Craig et al., 2008).  

The first step should establish the theoretical basis by identifying what is already known from similar 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4787211_crap570820.f1_default.jpg
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previous interventions and which methods have been employed to evaluate them (MRC 2000; Craig et 

al., 2008). The justification for the development and evaluation of a complex intervention, the changes 

that might be expected, and how such changes are accomplished may not be fully understood at the 

beginning of the research journey. It is important to therefore develop a theoretical understanding of the 

probable course and cause of change by identifying existing literature and theory (MRC 2000; Craig et 

al., 2008). A systematic review, and if possible, a meta-analysis, of the relevant evidence should be 

conducted at this stage and continuously updated as the evaluation proceeds (MRC 2000; Craig et al., 

2008).  

Phase 2 – Intervention development study (modelling processes and outcomes)  

 
Modelling the processes and outcomes prior to conducting a substantial evaluation can provide crucial 

information regarding the intervention design and evaluation. The modelling process can be conducted 

through several research avenues including small pilot studies or intervention development studies that 

increasingly refine the design of an intervention before initiating a large-scale evaluation (MRC, 2000; 

Craig et al., 2008). An intervention development study is designed to help define the rationale, describe 

the decision making processes and develop the methods and outcomes which materialise between the 

initial conception of an intervention and the formal feasibility, pilot or efficacy testing before 

undertaking a large scale evaluation (Hoddinott, 2015). Put simply, an intervention development study 

helps describe the what, when, how, and why decisions that underpin the design of an intervention 

(Hoddinott, 2015).  

Phase 3 – Feasibility study (feasibility/pilot testing)  

 
A feasibility study is generally conducted before undertaking a large-scale evaluation and intends to 

answer the question “can the study be done?” (NIHR, 2019). Feasibility studies are commonly 

employed to estimate important parameters that are required to develop the design of an intervention 

(NIHR, 2019). Eldridge et al. (2016) propose a conceptual framework for defining pilot and feasibility 

studies that focus on exploratory research in preparation for conducting a RCT, see Figure 1.10. The 

framework proposes that feasibility is the overarching concept within which three distinct types of 

studies exist including randomised pilot studies, non-randomised pilot studies and feasibility studies 
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that are not pilot studies (Eldridge et al., 2016). A randomised pilot study, also known as an internal 

pilot study or randomised feasibility study, is a type of study in which the main RCT, either in its 

entirety or parts of it, is conducted on a smaller scale, including the randomisation of participants to 

determine whether a large scale trial should be conducted (Eldridge et al., 2016). A randomised pilot 

study will largely reflect the design of a future large scale RCT, but if needs be may seek and employ 

alternate strategies to address any outstanding uncertainty (Eldridge et al., 2016). Non-randomised pilot 

studies are almost identical to randomised pilot studies with the exception that the randomisation of 

participants does not take place (Eldridge et al., 2016). Feasibility studies that are not pilot studies are 

those in which researchers investigate whether the components of the future RCT can be achieved but 

do not conduct intervention evaluation or other procedures as part of a future RCT; although 

intervention development may be addressed in some way (Eldridge et al., 2016). As no part of the future 

RCT is being conducted on a smaller scale, this type of study cannot be referred to as a pilot study 

within the conceptual framework but should identify entirely as a feasibility study (Eldridge et al., 

2016). 

 

Figure 1.10. Framework for defining pilot and feasibility studies (Eldridge et al., 2016). 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=4792418_pone.0150205.g007.jpg
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A crucial stage in any research process involving an internal pilot study is the progression towards 

conducting a large-scale evaluation (Avery et al., 2017). This phase is key, as a definitive decision must 

be made by formally reviewing and reflecting on the viability of the study as to whether it is correct to 

advance and conduct a main RCT; or whether it is appropriate to adjust operational components of the 

intervention design to bolster success (Avery et al., 2017). Prior to undertaking an internal pilot study, 

the research team should ideally identify a pre-specified ‘progression’  or ‘decision’ criteria that will 

provide an indication as to whether the study targets have been met and whether a definitive RCT can 

proceed (Avery et al., 2017). Instead of employing a simply stop/go criteria it would be more useful to 

employ a red/ amber/ green traffic light progression criteria to explore whether the main RCT can 

proceed with modifications e.g. stop/red (when there are major issues that cannot be resolved), 

amend/amber (where there are resolvable issues, thereafter proceeding with caution) or continue/green 

(where no concerns have arisen that threaten the success of the RCT) (Avery et al., 2017). This 

progression criteria can be used to assess the viability of completing the main RCT within the specified 

timings and costs and is also useful in addressing the main areas of uncertainty or risk that may affect 

the success of the study (Avery et al., 2017). The final experimental phase of this thesis will be 

concerned with conducting a randomised feasibility study using a traffic light progression criteria that 

indicates whether targets have been met and a definitive RCT can proceed. 

1.8. Thesis aims and objectives 
 
The overarching aim of this doctoral thesis was to develop and evaluate exercise, cognitive, and dual-

task interventions for targeting cognitive dysfunction in individuals with T2DM. To achieve this aim 

three studies were conducted in line with the MRC’s framework.  

1.8.1 Study 1 (Chapter 2) 
 
Title: Effects of exercise, cognitive, and dual-task interventions on cognition in type 2 diabetes mellitus: 

A systematic review and meta-analysis. 

Aim: To systematically review the evidence, and estimate the effects of exercise, cognitive, and dual-

task interventions on cognition in T2DM. 
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Objectives:  

A) Systematically search and identify existing RCTs that investigate the effects of exercise, 

cognitive, and dual-task interventions on cognition in T2DM 

B) Extract and analyse data from included trials and critically appraise the overall quality of trials. 

C) Estimate the size and direction of the effects of exercise, cognitive, and dual-task interventions 

on study specific cognitive variables in T2DM. 

 

1.8.2 Study 2 (Chapter 3) 
 
Title: Walking, cognitive, and dual-task interventions in type 2 diabetes mellitus: An intervention 

development study.  

Aim: To conduct a series of treadmill walking, cognitive training, and dual-task sessions to help identify 

and inform the development of a suitable intervention for targeting cognitive dysfunction in T2DM 

Objectives: 

A) Model the process and outcomes to refine the design of a future intervention aiming to improve 

cognition in T2DM 

B) Compare two different cognitive testing platforms and construct a meaningful test battery for 

evaluation in a T2DM population 

C) Evaluate the acceptability of walking, cognitive, and dual-task activities in individuals with 

T2DM. 

D) Design an intervention and provide recommendations for further feasibility testing based on 

previous research and outcomes from this intervention development study. 

 

1.8.3 Study 3 (Chapters 4 & 5) 
 
Title: Feasibility and acceptability of a cognitive training intervention on cognition in type 2 diabetes 

mellitus.  
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Aim: To determine the feasibility (chapter 4) and acceptability (chapter 5) of a cognitive training study 

in individuals with T2DM.  

Feasibility objectives (chapter 4): 

A) To investigate the feasibility of a cognitive training study in individuals with T2DM. 

B) To investigate the effect of a cognitive training study on cognition in individuals with 

T2DM.  

C) To investigate the effect of a cognitive training study on BDNF in individuals with T2DM.  

Acceptability objectives (chapter 5):  

A) To explore the perceptions of the participant’s experience of taking part in the cognitive 

training study.  

B) To explore and describe the acceptability of the cognitive training study. 
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Chapter 2 
 

Study 1 - Effects of exercise, cognitive, and dual-task interventions on cognition 

in type 2 diabetes mellitus: A systematic review and meta-analysis 

2.1 Introduction 
 
Diabetes mellitus is a group of metabolic disorders characterised by hyperglycaemia and caused by 

defects in insulin production, insulin action or both (ADA, 2010). The number of diabetes cases 

worldwide have rapidly increased over the last four decades, rising from 108 million in 1980 to 422 

million in 2014 (WHO, 2018a). Diabetes is a leading cause of mortality (WHO, 2018b) and is a strong 

risk factor for both microvascular and macrovascular complications with growing evidence suggesting 

an association with cognitive dysfunction (Chatterjee et al., 2016; Guadala et al., 2013; Reijmer et al., 

2011; Ruis et al., 2009; Strachan et al., 2011).   

Deficits in several cognitive domains that are affected in MCI and dementia have been observed in 

those with T2DM (Mansur et al., 2018; Monette et al., 2014; Palta et al., 2014; Pelimanni et al., 2018; 

van de Berg et al., 2006). For example, a previous meta-analysis that included a total of 26,137 

participants across 24 trials (Palta et al., 2014) reported that, compared to those without diabetes, 

individuals with T2DM showed an overall worse performance in tasks of attention/concentration (d = 

-0.19), visual memory (d = -0.26), verbal memory (d = -0.28), processing speed (d = -0.33), executive 

function (d = -0.33), and motor function (d = -0.36). The exact underlying mechanisms precipitating 

cognitive dysfunction in T2DM remain unclear. Evidence has shown poor glycaemic control to be 

strongly associated with the development of cognitive dysfunction (Alosco & Gunstad, 2014; Munshi 

et al., 2006). Cerebral and peripheral vascular complications that develop as a consequence of chronic 

exposure to hyperglycaemia (e.g. neuropathy, white matter disease, stroke, myocardial infarcts, 

peripheral artery disease) have been linked to cognitive impairment in T2DM (Koekkoek et al., 2015; 

Luchsigner et al., 2012). Other proposed mechanisms such as chronic low-grade inflammation, insulin 
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dysregulation, and vascular dysfunction have also been implicated in the development of diabetes-

associated cognitive dysfunction (Biessels & Despa, 2018; Umegaki, 2014).  

Numerous strategies to prevent cognitive dysfunction have been explored in healthy cohorts. Amongst 

these, several meta-analytic studies have shown both exercise (Chang et al., 2012; Colombe & Kramer, 

2003) and cognitive training (Keuider et al., 2012; Lampit et al., 2014; Mowszowski et al., 2016) to 

provide important cognitive benefits. Exercise has been shown to have a positive effect on T2DM 

related outcomes, including improving glucose control, reducing inflammation, improving insulin 

sensitivity, and reducing cardiovascular risk (Colberg et al., 2010), all of which are factors known to 

affect cognition (Umegaki, 2014; Albai et al., 2019). Other mechanisms through which exercise has 

been proposed to improve cognition involve anatomical and biochemical adaptations such as reduced 

cerebral atrophy, increased neurogenesis, improved insulin signalling, enhanced cerebral blood flow, 

and the increased availability of neurotrophins and neurotransmitters (Alfini et al., 2019; Cotman et al., 

2007; Erickson et al., 2011; Hamilton et al., 2015; Park et al., 2019). Similar physiological mechanisms 

are also evident as a result of cognitive training alongside neural mechanisms including improved 

resting state neural activity and enhanced functional connectivity in the DMN and central executive 

network (Chapman et al., 2015 Chapman et al., 2017; Ten Brinke et al., 2017). The engagement in 

simultaneous exercise and cognitive training (dual-task training) has been shown to improve cognition 

beyond the effects of the single underlying components (Eggenberger et al., 2015; Theill et al., 2013; 

Yokoyama et al., 2015), suggesting that the combined effects of these tasks may have a potential 

additive effect on brain and physiological function.  

Whilst no previous review has evaluated the effects of cognitive or dual-task training in T2DM, 

researchers have reviewed the effects of exercise training in this patient population. Two previous 

reviews (Hsieh et al., 2013; Podolski et al., 2017) present findings that support the effects of exercise 

on cognition in T2DM, reporting improvements in several cognitive domains including executive 

function, memory, attention, language, visuospatial ability and global cognition. One review (Hsieh et 

al., 2013) concluded that the beneficial effects of exercise may be most significant in brain regions that 

are most vulnerable to the process of ageing, specifically regions associated with executive function 
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such as the prefrontal and frontal lobe. Conversely, the two most recent reviews (Dyer et al., 2019; Zhao 

et al., 2018) suggest that the strength of the current available evidence does not support these 

conclusions. A limitation of these previous reviews was that they included a broad range of study 

designs and not one statistically quantify the effects of interventions. The current review will be the 

first to synthesis data from interventional trials. Conducting a robust synthesis of available evidence 

will reduce uncertainty about the effects of exercise, cognitive, and dual-task interventions on cognition 

in T2DM. This will inform future interventions with respect to non-pharmacological prevention 

strategies, targeting cognitive impairment in diabetic populations. 

2.1.1 Aim and objectives 
 
The primary aim of this research was to systematically review the evidence, and estimate the effects of 

exercise, cognitive, and dual task interventions on cognition in T2DM. This study aimed to meet the 

following objectives:  

A) Systematically search and identify existing RCTs that investigate the effects of exercise, 

cognitive, and dual-task interventions on cognition in T2DM. 

B) Extract and analyse data from included trials and critically appraise the overall quality of trials. 

C) Estimate the size and direction of the effects of exercise, cognitive, and dual-task interventions 

on study specific cognitive variables in T2DM 

2.2 Method 
 
Methods of analysis and eligibility criteria were specified in advance and documented in a protocol 

(CRD42017058526) registered on the PROSPERO (International Prospective Register of Systematic 

Reviews; www.crd.york.ac.uk/PROSPERO/) (Appendix C). This systematic review and meta-analysis 

was conducted in accordance with the PRISMA checklist (Appendix D) 

2.2.1 Eligibility criteria  
 
Trials were considered for inclusion in this review subject to the following criteria being met. 

Participants: adults aged 18+ diagnosed with T2DM. Intervention: Any structured exercise, 

cognitive, or dual-task intervention. The design of the trial must have been such that the independent 

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42017058526
http://www.crd.york.ac.uk/PROSPERO/
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effects of either exercise, cognitive, or dual-task training on cognition could be analysed. Dual-task 

trials were eligible only if the intervention consisted of the simultaneous engagement of exercise and 

cognitive activities (e.g. treadmill walking whilst performing a memory task) and not the combination 

of the two single underlying components (e.g. treadmill walking followed by memory training). 

Comparison: Any concurrent control group was eligible, including no contact/usual care, waiting list, 

sham exercise, passive training, or alternative active treatment. Outcome: Any validated 

neuropsychological test of cognition reported at baseline and follow up after exposure to either an 

exercise, cognitive, or dual-task intervention. Study design: Any trials that allocated individuals to 

either an intervention or concurrent control group.  

2.2.2 Search strategy 
 
The following electronic databases were searched for completed trials: PubMed, EMBASE, CINAHL, 

PsycINFO, SPORTDiscus, MEDLINE, and Health Technology Assessment (HTA). ClinicalTrial.gov 

and Cochrane Register of Controlled Trials were searched for ongoing trials. Conference Papers Index 

was searched for conference papers and abstracts, and Cochrane, PROSPERO, and the Database of 

Abstracts of Reviews of Effects (DARE) were searched for completed or ongoing systematic reviews. 

Database searching was supplemented by contact with study authors and research groups, forward and 

backward citation tracking from included trials or previous relevant reviews, with further searching via 

Google Scholar. Searches were conducted from database inception to March 2020. No limits on 

language or publication status were set.  

Key search terms for database searching included the following (“Type 2 diabetes mellitus” OR “Non-

insulin dependent diabetes mellitus” OR “Adult-onset diabetes mellitus,”) AND (“Exercise” OR 

“Physical activity” OR “Cognitive training” OR “Brain training” OR “Dual-task” OR “Motor-

cognitive”) AND (“Cognition” OR “Neurocognitive function” OR “Brain function)”. An example 

search strategy for PubMed is provided in Appendix E. All key search terms were combined, where 

possible, with medical subject headings (MeSH) and indexed terms to identify potentially relevant 

studies. Retrieved trials were collated and stored using Endnote referencing software (EndNote X8, 

Clarivate Analytics, Philadelphia, USA). Duplicate citations were removed prior to the independent 
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screening of title and abstract in accordance with the pre-specified eligibility criteria (S.C). Full text 

articles were retrieved for all trials that were not excluded based on title and abstract before 

independently screened for final eligibility (S.C & F.C). All discrepancies were resolved through further 

discussion, or where required, a third reviewer (K.P). 

2.2.3 Data abstraction 

  
Data were extracted using an adapted Cochrane Data Extraction Template for interventions. Trial 

characteristics were extracted from each included trial based upon 1) Trial characteristics (trial aim, 

trial design, inclusion/exclusion criteria, sample size and methods of allocation), 2) Participant 

characteristics (diabetes diagnosis, age, sex, body mass index (BMI), length of diabetes diagnosis, 

medication), 3) Intervention/comparison (type, duration, frequency, intensity, length, delivery of 

intervention/control, site of delivery), and 4) Outcome measurements (all relevant cognitive outcomes 

and measurement tools). S.C undertook data extraction for each trial, with cross checking taking place 

by F.C. All discrepancies between reviewers in certain trials were resolved through further discussion, 

or where required, a third reviewer (K.P). 

2.2.4 Risk of bias assessment 
 
S.C and F.C independently assessed the risk of bias for included trials using the Cochrane Risk of Bias 

assessment tool with the following domains: random sequence generation, allocation concealment, 

incomplete outcome data, blinding of outcome assessment and selective outcome reporting. Each 

domain was categorised as either low, unclear, or high with the risk of bias for each trial classified using 

the following criteria 1) low risk of bias (all criteria graded as low), 2) moderate risk of bias (one 

criterion graded as high or two criteria graded as unclear), and 3) high risk of bias (more than one 

criterion graded as high, or more than two graded as unclear) (Bridle et al., 2012). Disagreements 

between reviewers were resolved through further discussion, or where required, a third reviewer (K.P).  

2.2.5 Data analysis 
 
Trials were pooled based on the intervention type (e.g. exercise, cognitive, or dual-task) and a separate 

set of analyses performed to quantify their effect on cognition in T2DM. Cognitive outcomes were 
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grouped based on the cognitive domain measured (e.g. global cognition, executive function, memory, 

attention) and meta-analyses conducted on subdomains using compatible neuropsychological tasks (e.g. 

the Victorian Stroop task and the Stroop task were used to measure inhibition response, a subdomain 

of executive function). Change from baseline values were used to conduct meta-analyses as it allowed 

the comparison of more trials. Where trial data were presented as pre and post, change from baseline 

scores were calculated by deducting the baseline score from the follow up score. Standard error (SE) 

scores were converted to SD scores using the following equation (Higgins et al., 2011). 

SD = SE x √N 

Change from baseline SD was calculated using the following correlation coefficient equation (Higgins 

et al., 2011).  

SD E/change = √ SD2
E/baseline + SD2

E/final – (2 x 0.5 x SDE/baseline x SDE/final) 

All meta-analyses were performed using Review Manager Version 5.3. Data were quantified using 

SMD and 95% CIs for continuous outcomes. A higher score that reflected a greater task performance 

was represented by a positive effect estimate. A lesser score that reflected a greater task performance 

was represented by a negative effect estimate. A random-effects model was chosen due to the expected 

heterogeneity between trial protocols. Heterogeneity was measured using Higgins I2 statistic (Higgins 

et al., 2002). An I2 threshold of >40% was set to detect heterogeneity. 

2.3 Results  
 

2.3.1 Search results 
 
The search of all electronic databases provided a total of 17,400 distinct citations with an additional 18 

citations identified through other sources, see Figure 2.1. After adjusting for duplicated citations, 10,999 

citations remained. Of these, 10,958 citations were discarded after reviewing for title and abstract as 

these records did not meet the pre-specified eligibility criteria. Of the remaining 41 citations, full texts 

were obtained and examined in detail for inclusion in this review. In total, 32 of these trials did not meet 

the pre-specified inclusion criteria for reason including non-randomised design (n=12), irrelevant 
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intervention (n=8), non-diabetic/no concurrent control (n=6), ongoing trial (n=2), study protocol (n=2), 

and outcome data not reported (n=2), (Figure 2.1). Nine trials met the pre-defined inclusion criteria; six 

trials investigated the effect of an exercise intervention (Baker et al., 2010a; Callisaya et al., 2017; 

Espeland et al., 2017b; Kour et al., 2015; Pisabarro et al., 2018; Yanagawa et al., 2011), two trials 

investigated the effect of a cognitive intervention (Paulo & Yassuda, 2012; Whitelock et al., 2018), and 

one trial investigated the effect of a dual-task intervention (Shellington et al., 2018) on cognitive 

function in T2DM. 

 

Figure 2.1. Study flow chart (Moher et al., 2009) 
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2.3.2 Characteristics of studies 

  
The six included exercise trials were published between 2010 and 2018, see Table 2.1. In total, 604 

participants (43.7% males) were allocated to either an exercise intervention or concurrent control. Study 

sample sizes ranged between 16 and 415. All trials (Baker et al., 2010a; Callisaya et al., 2017; Espeland 

et al., 2017b; Kour et al., 2015; Pisabarro et al., 2018; Yanagawa et al., 2011) recruited patients with 

T2DM. Three trials (Callisaya et al., 2017; Espeland et al., 2017b; Kour et al., 2015) used a multimodal 

exercise design incorporating aerobic exercise, resistance/strength training, flexibility and balance 

training. The remaining three trials (Baker et al., 2010a; Pisabarro et al., 2018; Yanagawa et al., 2011) 

used aerobic training only. The duration of exercise interventions ranged from 2 to 6 months with the 

exception of one trial (Espeland et al., 2017b) which lasted 24 months. The frequency of exercise 

training ranged from 2 to 8 sessions per week, with the duration of training sessions lasting between 30 

minutes and 60 minutes. Further details of all exercise trials are given in Table 2.1   

The two included cognitive trials were published in 2012 and 2018, see Table 2.1. One trial (Whitelock 

et al., 2018) randomised 81 individuals diagnosed with T2DM (60% males) to either a working memory 

training intervention or a concurrent control. The trial intervention required participants to complete 25 

online working memory training sessions within 25 to 50 days. Training tasks included letter span task, 

backwards digit span task, and a visuospatial task. The training was individualised whereby the 

difficulty would increase for every two correct answers or decrease for every two incorrect answers. A 

follow up assessment was included 3 months post intervention. The remaining trial (Paulo & Yussada, 

2012) allocated 34 individuals (59% male) to either a psychoeducational training intervention or 

concurrent control. The intervention consisted of 8 cognitive psychoeducational training sessions. The 

cognitive training components included tasks based upon auditory memory, visual attention, verbal 

fluency, memory and ordination. The intervention length, frequency, duration, or difficulty of training 

was not specified.  

The only dual-task trial (Shellington et al., 2018) randomised 25 individuals (68% males) aged >50 

diagnosed with T2DM to either an intervention or concurrent control see, Table 2.1. The intervention 

consisted of a 6-month squared stepping exercise involving a visuospatial working memory task cued 
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with a stepping response. Participants were shown a stepping pattern across a gridded mat containing 

40 squares in which they were required to memorise and repeat the demonstrated pattern 4 times before 

moving on to a novel pattern. Sessions were performed twice a week lasting 1 hour in duration. The 

task difficulty progressed when 80% of participants performed the task correctly. No follow up 

assessments were included. 
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Table 2.1 Characteristics of included exercise, cognitive, and dual-task trials 

 

 

 

 

Study (country) Population Intervention Comparison Cognitive outcomes 

Exercise trials      

 
Baker et al. (2010a) 

 

(USA)  

 
IGT and T2DM 

 

Total n=28 
Int: n=19 

Con: n=9  

Males: n=10 
Age: 71 ± 7.5 (Int) 

66 ± 6.0 (Con) 

 
6 months 

Aerobic exercise 

4 x/wk  
45-60 mins 

75-85% HR reserve 

 
Stretching and balance 

exercise.  

 
Trail making test 

Task switching 

Stroop colour-word 
interference 

SOPT 

Verbal fluency 
Story recall 

List learning 

 

 

Callisaya et al. (2017) 

 
(Australia)  

 

 

 

T2DM 

 
n=50 

Int: n=26 

Con: n=24 
Males: n=38 

Age: 65.3 ± 5.0 (Int) 

67.1 ± 4.8 (Con)  
 

 

6 months 

Multimodal exercise 
2 x/wk 

60 mins 

Resistance 14-17 RPE  
Aerobic 12-13 - 14-16 

RPE 

 

Stretching and gentle 

movement.  
 

 

Global composite scores 

Victoria Stroop test  
Trail making test 

DSC 

Digit span (WAIS-III) 
HVLT-R 

Rey Complex Figure Copy 

and Delay 
 

 

Espeland et al. (2017b) 
 

(USA)  

 
 

 

T2DM 
 

n=415  

Int: n=199 
Con: n=216 

Males: n=155 

 
 

 

24 months 
Multimodal exercise 

5-6 x/wk 

50 mins  
Aerobic 13 RPE 

Resistance 15-16 RPE 

 
 

 

Education workshops, 
stretching, flexibility. 

 

 

3MSE, 
DSC (WAIS-III),  

HVLT-R 

n-back task 
Task switching paradigm 

Eriksen flanker task 

Kour et al. (2015) 

 

(India)  
 

 

T2DM 

 

n=60 
Int: n=30 

Con: n=30 

Males: n=24 
Age 35.6 ± 3.72 (Int) 

36.4 ± 3.89 (Con) 
 

2 months  

Multimodal exercise 

Aerobic - 5 x/wk 
30 mins 

70-80% HRmax 

Resistance - 3 x/wk, 3 
sets, 8-10 reps 

 

Dietary and medication Stroop test (congruent) 

Stroop test (Incongruent) 

 

Pisabarro et al. (2018) 

 

(Uruguay)  

T2DM 

 

n=35 
Int: n=16 

Con n=19 

Males: n=26 
Age 64.06 ± 5.45 (Int) 

62.68 ± 7.09 (Con) 

5 months 

Aerobic exercise  

6 x/wk 
45 minutes 

Moderate/vigorous 

intensity   

Advised to walk Adenbrooke cognitive exam 

(ACE) – Spanish version 

 
 

Yanagawa et al. (2011) 

 
(Japan)  

 
 

T2DM 

 
n=16  

Int: n=9 

Con: n=7 
Males: n=11 

Age: 71.56 ± 3.84 (Int) 

70.14 ± 3.84 (Con) 

 
 

3-month programme 

Aerobic exercise 
4 x/wk  

45 mins 

 

 
 

Did not specify 

 
 

MMSE 

Japanese Stroop test, 
Word recall 

digit symbol 

Trail making test  
Immediate recall 

Delayed recall 
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Table 2.1 Continued 

T2DM= Type 2 diabetes mellitus, IGT=Impaired glucose tolerance, Int= Intervention group, Con= control group, x/wk = times per 

week, RPE=Rate of perceived exertion scale, mins = Minutes, HRmax = Maximum heart rate, HR reserve = HR reserve, WM = 

Working memory, DSC= Digit symbol coding, WAIS-III= Wechsler adult intelligence scale – third edition, HVLT-R=Hopkins 
verbal learning test-revised, 3MSE= Modified mini-mental state examination, SOPT= Self-ordered pointing test, RBMT=Rivermead 

Behavioural Memory Test. 

 

2.3.3 Adherence 
 
Only two out of the six exercise trials (Callisaya et al., 2017; Espeland et al., 2017b) reported on exercise 

adherence. In one study (Callisaya et al., 2017) attendance to exercise classes was 79% in the 

intervention group, whilst the attendance of control participants to the light stretching and gentle 

movement programme was 75%. Of those who attended exercise classes in the intervention group, only 

75% adhered to the full 60 minutes of exercise. In the remaining exercise study (Espeland et al., 2017b), 

the attendance of individuals in the exercise group and health education control were 67% and 81%, 

respectively. Only one out of the two cognitive trials reported on adherence (Whitelock et al., 2018), 

reporting that only two participants completed <20 out of 25 working memory training sessions in the 

intervention group and only one participant completed <20 out of 25 passive working memory training 

 

Paulo & Yassuda (2012) 

 
(Brazil)  

 

Diabetic 

 
Total n=35  

Int: n=19 

Con: n=15 
Males: n=14 

 

 

Psychoeducational 

cognitive training 
8 training sessions  

 

Did not specify  

 

Verbal fluency 

The short cognitive test  
RBMT 

 
Whitelock et al. (2018) 

 

(UK)  

 
T2DM  

 

Total n=81 
Int: n=45 

Con: n=36 

Males: n=47 

Age: 59.69 ± 8.77 (Int) 

62.14 ± 10.29 (Con) 

 

 
WM training 

25 sessions  

Completed in 25-50 
days. 

Difficulty closely 

followed WM capacity 

 
Passive control 

 
Working memory capacity 

Attention switching task 

Paired associated learning 
Spatial span 

Spatial working memory 

 

Dual-task trials     

 
Shellington et al. (2018) 

 

(Canada)  
 

 

 
T2DM  

 

Total n=25 
Int: n=12 

Con: n=13 

Male: n=38 
Age: 65,9 ± 5.2 (Int) 

71.2 ± 6.9 (Con)  

 
6 months 

Square stepping exercise 

2 x /wk 
60 mins 

Progressive difficulty 

 
Wait-list  

 
Memory (Monkey ladder, 

spatial span, digit span, 

paired associates) 
 

Reasoning (Verbal reasoning, 

double trouble, odd one out) 
 

Concentration (Rotations 

featured match, interlocking 
polygons) 

 

Planning (Tree task, token 

search) 

 

Antisaccade reaction 
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sessions. In the one dual-task trial (Shellington et al., 2018) only 4 of the 12 participants in the 

intervention group attended >50% of the square stepping exercise programme, the remaining 8 attended 

<40% of sessions. The average attendance of those participants who attended >50% of sessions was 

70.2%. 

2.3.4 Measurements of cognition 
 
For the purpose of our analysis, this section will focus on outcomes included in meta-analyses only. 

Three trials investigated the effects of exercise on sub-domains of executive function. Inhibition 

response was measured in three trials using the Victoria Stroop task (Callisaya et al., 2017), the Japanese 

version of the Stroop color-word test (Yanagawa et al., 2011), and the Stroop test (Kour et al., 2015). 

Working memory was measured in two trials using the digit symbol test ( Yanagawa et al., 2011) and 

digit symbol coding (Callisaya et al., 2017). General executive function was measured in two trials 

using the trail making test part A and part B (Callisaya et al., 2017; Yanagawa et al., 2011). Two trials 

investigated the effects of exercise on explicit memory, a sub-domain of memory, using paragraph recall 

(Yanagawa et al., 2011) and the Hopkins verbal learning (Callisaya et al., 2017) test for both immediate 

and delayed recall. Outcome measures of trials that were included in the review but excluded from 

meta-analyses can be found in Table 2.1.   

2.3.5 Risk of bias assessment 
 
The overall risk of bias varied across included trials, see Table 2.2. Only one trial (Callisaya et al., 2017) 

was judged to have had a low overall risk of bias. The remaining eight trials were deemed to have had 

a moderate or high risk of overall bias.  
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Table 2.2 Risk of bias assessment of included trials  

 

2.3.6 Exercise interventions 
 
Three trials (Callisaya et al., 2017; Kour et al., 2015; Yanagawa et al., 2011) reported the effect of 

exercise on the Stroop task. There were 65 individuals in the experimental group and 61 in the control 

group. The point estimate of effect indicated a greater reduction in the time taken to complete the Stroop 

task in two of the included trials (Kour et al., 2015; Yanagawa et al., 2011). Pooled analysis from the 

three trials demonstrated a small, favourable but not statistically significant effect of exercise on the 

time taken to complete the Stroop task (SMD = -0.31, 95% CI -0.71 – 0.09, P=0.13, Figure 2.2). A low 

level of statistical heterogeneity was detected among trial level effect (I2=17%). Compared to other 

trials included in the meta-analysis, one trial had a high risk of bias (Yanagawa et al., 2011). Removal 

of Yanagawa et al. did not change the overall effect (SMD = -0.28, -0.85 – 0.30, P=0.35).  

Two trials (Callisaya et al., 2017; Yanagawa et al., 2011) reported the effect of exercise on the trail 

making test part A and B, digit symbol, immediate recall, and delayed recall. There were 35 individuals 

in the experimental group and 31 in the control group. Pooled analysis indicated no significant effects 

of exercise on the trail making part A (SMD = 0.28, -0.20 – 0.77, P=0.25, Figure 2.3), the trail making 

part B (SMD = -0.15, -0.64 – 0.34, P=0.54, Figure 2.4), digit symbol coding (SMD = 0.09, -0.39 – 0.57, 

P=0.72, Figure 2.5), immediate recall (SMD = 0.20, -0.28 – 0.69, P=0.41, Figure 2.6) or delayed recall 

(SMD = -0.06, -0.55 – 0.42, P=0.80, Figure 2.7). There was no evidence of heterogeneity across all 

Study  Random 

sequence 

generation 

Allocation 

concealment 

Blinding of 

outcome 

assessment 

Incomplete 

outcome data 

Selective bias Overall 

Baker et al.   Unclear Unclear  Low Unclear High High 

Callisaya et al.  Low Low Low Low Low Low 

Espeland et al.  Low Unclear Low Unclear High High 

Kour et al.  Low Unclear Unclear Low Low Moderate 

Paulo & Yassuda  Unclear Unclear Unclear Unclear High High 

Pisabarro et al.  Low Low Unclear Unclear Low Moderate 

Shellington et al.  Low Unclear High Low Low Moderate 

Whitelock et al.  Low Unclear Low Unclear Low Moderate 

Yanagawa et al. Unclear Unclear Unclear Low Low High 
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measures (I2 = 0%). Only two trials (Callisaya et al., 2017; Yanagawa et al., 2011) provided post 

intervention outcome data (the Stroop task) for inclusion in a meta-analysis. The Synthesised data from 

these two studies demonstrated a significant between group effect favouring exercise on the time taken 

to complete the Stroop task (SMD -0.85, 95% -1.24 - -0.45, P=0.0001). However, a substantial level of 

statistical heterogeneity was detected (I2=69%).  

Three of the six exercise trials retrieved (Baker et al., 2010a; Espeland et al., 2017b; Pisabarro et al., 

2018) were not included in the meta-analyses due to the absence of means and SDs or group mean 

differences, and the lack of comparable cognitive outcomes. Individual trials reported statistically 

significant effects of exercise on cognitive tasks including the trail making test part B (P=0.04), task 

switching (P=0.03), the Stroop task (P=0.04) (Baker et al., 2010a), digit symbol coding (P =0.05), 

Hopkins verbal learning test-revised (P =0.005), the Ericksen flanker test (congruent and incongruent 

P=0.005, P=0.006) (Espeland et al., 2017b), and the Adenbrooke cognitive exam Spanish edition 

(P=0.031) (Pisabarro et al., 2018).  

 
 

 
Figure 2.2 Trial level data, effect estimates and forest plot for the effects of exercise on the Stroop task. 
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Figure 2.3 Trial level data, effect estimates and forest plot for the effects of exercise on the trail making test 

(A). 

 

 
Figure 2.4 Trial level data, effect estimates and forest plot for the effects of exercise on the trail making test 

(B). 

 

 
Figure 2.5 Trial level data, effect estimates and forest plot for the effects of exercise on digit symbol 
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Figure 2.6 Trial level data, effect estimates and forest plot for the effects of exercise on immediate recall. 

 

 

 

 
Figure 2.7 Trial level data, effect estimates and forest plot for the effects of exercise on the delayed recall. 

 
 

2.3.7 Cognitive interventions 
 
Two cognitive trials were retrieved but a meta-analysis could not be conducted due to differences in 

reported outcomes. The two trials reported statistically significant effects of cognitive training on 

cognitive tasks including trained working memory capacity (ES = 0.99, 0.53 – 1.46), updating ability 

(ES = -0.41, -0.85 – 0.03) (Whitelock et al., 2018), the short cognitive test memory score (ES = -0.54, 

-1.22 – 0.14) and total score (ES = -0.92, -1.63 - -0.22) (Paulo & Yassuda, 2012).  

 

2.3.8 Dual-task interventions 
 
Only one dual-task was retrieved. The trial reported statistically significant effects of dual-task training 

on tasks of planning, including the tree task (ES = -0.41, -1.30 – 0.48) and token search (ES = 0.92, -

0.01 – 1.85) between weeks 12 and 24 only. No other cognitive outcomes were statistically significant 

(Shellington et al., 2018).  
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2.4 Discussion 
  
The review identified nine trials that met the study inclusion criteria, including one dual-task trial 

(Shellington et al., 2018), two cognitive trials (Paulo & Yassuda, 2012; Whitelock et al., 2018) and six 

exercise trials (Baker et al., 2010a; Callisaya et al., 2017; Espeland et al., 2017b; Kour et al., 2015; 

Pisabarro et al., 2018; Yanagawa et al., 2011). The overall quality of included trials was mixed, with 

the majority of trials having a moderate to high risk of bias. A lack of common outcomes and insufficient 

number of trials limited the meta-analysis to exercise trials only. Small to moderate ESs that favoured 

the experimental group were identified in tasks of executive function and memory including the Stroop 

task (-0.31) and immediate recall (0.20), but were not statistically significant. Whilst a meta-analysis 

could not be conducted using cognitive trials (Paulo & Yassuda, 2012; Whitelock et al., 2018) or dual 

task trials (Shellington et al., 2018), individual trial data were shown to favour these interventions on 

tasks of global cognition, executive function, and memory.  

2.4.1 Comparison with other reviews 
 
The author is aware of four recent systematic reviews (Hsieh et al., 2013; Podolski et al., 2017; Dyer et 

al., 2019; Zhao et al., 2020) that critically appraised the effects of exercise on cognition in T2DM but 

did not statistically quantify the findings of studies into a single numerical estimate of effect. Two 

reviews (Hsieh et al., 2013; Podolski et al., 2017) present findings to support the effects of exercise for 

improving cognitive performance in T2DM, whereas, the two most recent reviews (Dyer et al., 2019; 

Zhao et al., 2018) suggest that the strength of the current available evidence does not support these 

conclusions. The inconsistencies in the findings between previous reviews are most likely attributed to 

the variations in eligibility criteria, in which the inclusion of trials with differing trial designs is evident. 

The current review is the first to synthesise quantitative data from interventional trials assessing the 

effects of exercise training on cognition in T2DM. Whilst we have identified additional studies 

(Callisaya et al., 2017; Kour et al., 2015; Pisabarro et al., 2018) in comparison to previous reviews, 

limited availability of data resulted in only a small number of studies being included within the meta-

analyses. The present meta-analyses do provide an indication of the ES of exercise interventions on 

cognition in T2DM. Small to moderate effects that favoured the experimental group were shown in 
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tasks of executive function and memory including the Stroop task (SMD = -0.31) and immediate recall 

(SMD = 0.20). The observed ESs may be practically important in this population (Bridle et al., 2012), 

but were not significant due to the small sample size of included trials (the Stroop task n=126 and 

Immediate recall n=66). It could be argued that the effect (magnitude) of trials are evident, but the 

power (precision) to detect them as statistically significant is lacking. Interestingly, individual findings 

from the exercise trials included in the present meta-analyses indicate that the improvements observed 

in blood glucose levels, HbA1c, and BMI were significantly associated with improvements in tasks of 

executive function (Kour et al., 2015; Yanagawa et al., 2011). In agreement with previous reviews 

(Hsieh et al., 2013), our findings also suggest that the beneficial effects of exercise on cognition may 

be most significant in domains of executive function, which are possibly mediated through 

improvements in glucose control and body mass. Previous evidence has shown exercise training to have 

a beneficial impact on cognition through several mechanisms directly and indirectly related to glucose 

control. For example, Baker et al. (2010a) reported improvements in executive function and insulin 

sensitivity after a 6 month of aerobic exercise training, reflecting the potential benefit of improved 

glucose metabolism on cognitive processes (Baker et al., 2010a). Other mechanisms identified through 

which exercise may improve cognition, indirectly related to improvements in glucose control, include 

enhanced cerebral perfusion, increased neurogenesis and synaptogenesis, reduced inflammation, 

increased availability of neurotrophins and neurotransmitters, and reduced cerebral atrophy (Alfini et 

al., 2019; Cotman et al., 2007; Erickson et al., 2011; Hamilton et al., 2015).  

2.4.2 Strengths and limitations  
 
The review followed a pre-specified protocol using appropriate methods to identify, examine and 

synthesise relevant evidence. A rigorous search for published and unpublished trials, involving several 

electronic databases and scanning of bibliographies, yielded six exercise trials (Baker et al., 2010a; 

Callisaya et al., 2017; Espeland et al., 2017b; Kour et al., 2015; Pisabarro et al., 2018; Yanagawa et al., 

2017), two cognitive trials (Paulo & Yassuda, 2012; Whitelock et al., 2018), and one dual-task trial 

(Shellington et al., 2018). A strength of the review is that it is the first to provide a meta-analysis 

synthesising the effects of exercise on cognition in T2DM. The review is also the first comprehensive 
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search and evaluation of trials investigating the effect of cognitive and dual-task training on cognition 

in T2DM. The authors recognise that three exercise trials (Baker et al., 2010a; Espeland et al., 2017b; 

Pisabarro et al., 2018) and two cognitive trials (Paulo & Yassuda, 2012; Whitelock et al., 2018) met the 

pre-specified eligibility criteria but were not included in the meta-analyses. The reason for the exclusion 

of these trials included a lack in common outcome measures and/or the absence of means and SDs or 

group mean differences. In the case of missing data, all authors were contacted and the retrieval of 

additional data beyond the published literature is considered a strength of the review.  

The lack of common outcome measures was identified as a limitation of the current review that 

restricted the number of outcomes included in the meta-analyses of exercise trials and precluded the 

combination of trial findings by meta-analysis in cognitive trials. As addressed in several previous 

reviews in T2DM (Podolski et al., 2017; Zhao et al., 2018, Strachan et al., 1997; Wong et al., 2014), 

there is a need for consensus on cognitive assessments. The use of cognitive tasks that differ in format 

but measure the same cognitive domain makes it difficult to directly compare the results from different 

trials. The authors are aware that there are a range of cognitive measures available for a comprehensive 

assessment of cognition, however, the overwhelming number of neuropsychological tests available 

(varying in format and complexity) and the lack of guidelines for researchers make comparative analysis 

of trials difficult. A further limitation were the inconsistencies in the methods used to report data, which 

precluded the inclusion of trials in the meta-analyses. Baker et al. (2010a) reported data using Cohen’s 

F value whereas Espeland et al. (2017b) reported adjusted data only and so could not be compared with 

trials that reported data as means and SDs or group mean differences (Baker et al., 2010a; Espeland et 

al., 2017b).  

The small sample sizes of included studies in the meta-analyses reduces the precision of findings and 

widened the CIs for the point estimate of effect. This combined with the limited number of trials 

included in the meta-analyses reduces the strength of our conclusions with respect to the effect of 

exercise. In addition, the overall quality of evidence was considered poor. All of the trials included in 

the review were classified as having an overall moderate to high risk of bias, with the exception of one 

(Callisaya et al., 2017). The majority of risk of bias domains were graded as unclear and was primarily 
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a result of poor reporting practice. In addition, the adherence to interventions was also underreported, 

with only four out of the nine trials (Callisaya et al., 2017; Espeland et al., 2017b; Whitelock et al., 

2018; Shellington et al., 2018) included in this review reporting adherence rate. Providing adherence 

data is important in the context of interpreting trial findings, as it can affect the magnitude of treatment 

effect and also provide an indication of the acceptability of an intervention (Zhang et al., 2014b).  

The differences in trial design is also a limiting factor that may have contributed to non-significant 

findings of the current meta-analyses of exercise trials. The intervention length of some trials was short 

(Kour et al., 2015; Yanagawa et al., 2011), and may have lacked the sufficient programme length needed 

to elicit neuropsychological adaptations. A previous meta-analysis (Colcombe & Kramer, 2003) 

evaluated the relationship between exercise and cognition and reported that interventions lasting 6 

months or more are most likely to have a greater effect on cognitive performance compared to shorter 

interventions. In addition, the type of exercise used also differed between exercise trials, with previous 

research indicating that combined aerobic and resistance training may produce greater benefits on 

cognition, fasting blood glucose, insulin sensitivity, and body mass compared to aerobic or resistance 

training alone (Colcombe & Kramer, 2003; Oliveira et al., 2012; Snowling et al., 2006). The age of 

participants was also shown to vary between trials, ranging from young adults (Kour et al., 2015) to 

older adults (Callisaya et al., 2017; Yanagawa et al., 2011). Age is a significant factor that drives 

cognitive decline with task performance shown to be worse in older adults (Murman, 2015). It is 

plausible that the non-significant findings observed in the current study may have been influenced by 

the differences in participant age between trials. Finally, there was also a lack of follow up assessments 

across included trials. To date, limited evidence exists regarding the continued effects on cognition 

following the termination of exercise, cognitive, or dual-task training in T2DM.  

2.4.3 Implications for future research 
 
The precision of study estimates in the meta-analyses were considered low, primarily as a result of the 

small sample size of included trials, causing wider CIs for the point estimate of effect. Only one trial 

(Whitelock et al., 2018) included in the review reported a priori power analysis. When exploring the 

effect of working memory training on measures of cognition, Whitelock et al. conducted a sample size 
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calculation which predicted a sample size of 48 participants in total (24 per group). Future trials should 

aim to conduct and report an appropriate a priori power sample size calculation. Based on a small to 

moderate ES (0.3) (Cohen, 1988), as shown in the present meta-analyses of exercise trials on the Stroop 

task, a sample size of 352 (176 in each group) is suggested to detect between group differences in future 

trials using a power of 0.8 and significance level of 0.05. The duration of exercise trials included in the 

meta-analyses were relatively short, and discrepancies in the modality of exercise used was evident 

between trials. Recommendations for the design of future trials include exploration of intervention 

duration with the incorporation of both aerobic and resistance training performed at a moderate 

intensity. Future researchers should also look to develop a set of core guidelines to help standardise 

cognitive outcomes in diabetes research. The lack of homogeneity across cognitive outcomes identified 

in the current review made it difficult to compare trial findings. Attention should be given to those 

domains that have been shown to be clinically important in a T2DM population e.g. executive function, 

visual and verbal memory, attention, processing speed and motor function (Monette et al., 2014; Palta 

et al., 2014; Pelimanni et al., 2018). Furthermore, a notable problem associated with T2DM is the lack 

of intervention to prevent or slow the progression of cognitive decline, especially in those who present 

premorbid cognitive deficits but do not differ statistically from those without diabetes. It is therefore 

important to identify the cognitive domains and neuropsychological tests that are most sensitive to 

cognitive decline in T2DM, as well as those that are most sensitive to change in response to non-

pharmacological interventions such as exercise and cognitive training. In addition, previous evidence 

has shown that exercise and cognitive training may improve cognition in healthy cohorts through 

several mechanism including an increase in neurotrophins and neurotransmitters, enhanced cerebral 

blood flow, reduced inflammation, and through adaptations to the structure of the brain (Alfini et al., 

2019; Cotman et al., 2007; Erickson et al., 2011; Hamilton et al., 2015; Park et al., 2019; Chapman et 

al., 2015). Future studies would also greatly benefit from elucidating the response of biomarkers and 

neuroimaging correlates of brain health in response to exercise and cognitive training in T2DM. Finally, 

the overall risk of bias of the evidence was considered moderate to high. This may be a result of poor 

reporting practices. Future research should be reported using appropriate reporting guidelines (e.g. 

CONSORT) to increase confidence in the validity of reported results.   
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2.5 Conclusion 
 
There is a growing evidence base regarding trials investigating the effect of exercise, cognitive, and 

dual-task interventions on cognition in T2DM. Due to a small number of studies retrieved, a meta-

analysis was limited to exercise trials only. Synthesised data from exercise trials showed small to 

moderate ESs for improving tasks of executive function and memory, which whilst not significant 

warrants further investigation into the practical implications of these findings. Despite no meta-analysis, 

individual cognitive and dual-task trials reported a positive effect of these types of interventions on 

cognition in T2DM. Further exploration into the effects of exercise, cognitive, and dual-task on 

cognition is needed in T2DM to help further clarify their effects in this population. Future trials should 

be developed that include an RCT design that are sufficiently powered to detect small but potentially 

clinically meaningful differences.  
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Chapter 3 

Study 2 - Walking, cognitive, and dual-task interventions in type 2 diabetes 

mellitus: An intervention development study 

3.1. Introduction 
 
With the limited evidence available exploring the effects of exercise, cognitive, and dual-task 

interventions targeting cognition in T2DM (Cooke et al., 2020; Dyer et al., 2019; Zhao et al., 2018) 

there is a need to conduct a preliminary intervention development study. The developmental process is 

an opportunity to challenge critical thinking, validate decisions, and develop the rationale and methods 

which materialise between the conception of an idea prior to the implementation of a feasibility study 

or definitive RCT (Hoddinott, 2015). Conducting intervention development will help to refine the 

proposed intervention(s) by repeatedly modifying their design based on preliminary feasibility and 

acceptability evidence (O’Cathain et al., 2019a).  

A common approach to intervention development involves evaluating each study component using an 

experimental design to help determine the active components of an intervention and to optimise its 

efficiency (O’Cathain et al., 2019a; O’Cathain et al., 2019b). The study components should ideally be 

informed by previous evidence and existing theory (O’Cathain et al., 2019a). Previous meta-analytical 

evidence regarding the moderators of the effectiveness of computerised cognitive training in both 

healthy and cognitively impaired cohorts points towards greater cognitive effects in interventions that 

last <20 hours, with training performed 1-3 times a week, lasting between 31-60 minutes in duration 

(Lampit et al., 2014; Kueider et al., 2012). Similarly, previous evidence from exercise and dual-task 

trials have also shown positive effects on cognition using aerobic exercise (e.g. treadmill walking) 

performed 2-5 times a week, lasting between 30-60 minutes at low to moderate intensity (Cooke et al., 

2020; Thiell et al., 2013; Eggenberger et al., 2015). 

Intervention development is also an opportunity to pilot key study processes such as recruitment 

pathways and eligibility in addition to evaluating key outcomes (Hoddinott, 2015; O’Cathain et al., 
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2019a; O’Cathain et al., 2019b). Refining the study components, processes, and outcomes at this stage 

is imperative as the effectiveness of future interventions depends as much on developing their design 

as their evaluation (Wight et al., 2016), and a poorly designed trial may lead to the implementation of 

an inadequate intervention, wasting public resources through high-cost evaluations (Chalmers et al., 

2014; Wight et al., 2016). The presentation of a set of recommendations summarising the proposed 

study and how it should be delivered should be provided as an indication of the end of the developmental 

phase (Hoddinott, 2015).  

3.1.1 Aim and objectives 
 
The overarching aim of this research is to conduct a series of treadmill walking, cognitive training, and 

dual-task sessions to help identify and inform the development of a suitable intervention for targeting 

cognitive dysfunction in T2DM. This study aimed to meet the following objectives: 

A) Model the process and outcomes to refine the design of a future intervention aiming to improve 

cognition in T2DM 

B) Compare two different cognitive testing platforms and construct a meaningful test battery for 

evaluation in a T2DM population 

C) Evaluate the acceptability of walking, cognitive, and dual-task activities in individuals with 

T2DM. 

D) Design an intervention and provide recommendations for further feasibility testing based on 

previous research and outcomes from this intervention development study. 

3.2 Methods 
 

3.2.1 Study design  
 
This intervention development study used an exploratory research design to pilot treadmill walking, 

cognitive, and dual-task training in individuals with T2DM. The study consisted of a four-week 

programme, see Table 3.1, in which participants were required to complete two treadmill walking 

sessions, two cognitive sessions, two dual-task sessions, and a neuropsychological test battery. 
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3.2.2 Study participants 
 
Upon gaining ethical approval from the School of Psychology Research Ethics Committee, University 

of Lincoln (Appendix F - M), 7 individuals diagnosed with T2DM provided both written and verbal 

consent to take part in this study (Appendix H). Individuals were included in this study if they met the 

following inclusion criteria 1) self-reported T2DM, 2) aged 18 above, and 3) currently work/study or is 

a relative/friend of an individual working or studying at the University of Lincoln. Individuals were 

excluded from this study if they met any the following exclusion criteria 1) diagnosed with T1DM or 

any other significant medical condition/complication including heart disease, cancer and respiratory 

disorders etc. or any significant physical limitation identified using the physical activity readiness-

questionnaire (PAR-Q) form (Appendix J), 2) identified as cognitively impaired using the mini-mental 

state examination (MMSE) (Appendix K)  3) are not aged 18 and above, and 4) do not work/study or 

know anybody who works/studies at the University of Lincoln. 

3.2.3 Recruitment 
 
Participant recruitment took place internally through the University of Lincoln. Recruitment strategies 

included the dissemination of posters and flyers (Appendix I) around the University of Lincoln Brayford 

Pool campus, digital posters advertised on staff and student news feeds, invitation emails sent to staff 

and student emails, contact with the University of Lincoln diabetes support group, and external 

recruitment through word of mouth e.g. friends and family. 

3.2.4 Study protocol 
 
The study protocol consisted of an initial preliminary study visit followed by a four-week programme 

comprising of two treadmill sessions (week 1), two computerised cognitive training sessions (week 2), 

two dual-task training sessions (week 3), and a neuropsychological test battery (week 4). Details of each 

visit are given below in Table 3.1. The frequency (45-60 minutes) and duration (2x/week) of training 

sessions were chosen based on previous studies and reviews in both healthy and T2DM populations 

(Colcombe & Kramer, 2003; Callisaya et al., 2017; Espeland et al 2017; Yanagawa et al., 2011; Baker 
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et al., 2010a; Theill et al., 2013; Eggenberger et al., 2015; Tse et al., 2015; Lampit et al., 2014; Kueider 

et al, 2012), see Table 3.1. 

Table 3.1 Study procedure 

Week Activity 

 

Preliminary visit 

 

Verbal and written informed consent 

PAR-Q form  

MMSE 

 

Week 1 - Walking 

 

2 x treadmill walking sessions 

45-60 minutes duration, walking intensity 12-13 RPE 

 

Week 2 - Cognitive 2 x cognitive training sessions  

Session 1 – CANTAB test battery 

Session 2- PEBL test battery 

45-60 minutes duration 

 

Week 3 – Dual-task 2 x dual-task training sessions  

Session 1 - walking and cognitive training using CANTAB battery  

Session 2 - walking and cognitive training using PEBL battery 

45-60 minute duration, walking intensity 12-13 RPE 

 

Week 4 - Evaluation Neuropsychological test battery 45-60 minutes duration 

Evaluation questionnaire 10-15-minute duration 

 

PAR-Q = Physical Activity Readiness Questionnaire, MMSE= Mini-mental state examination, RPE = RPE exertion, 

CANTAB = Cambridge Neuropsychological Test Automated Battery, PEBL = Psychological Experiment Building 

Language 

 
 

Preliminary study visit 

 
The purpose of this visit was to obtain informed consent, and for participants to complete pre-study 

screening. This visit was conducted in a psychology laboratory at the University of Lincoln. Upon 

arrival, participants were given the opportunity to have any questions answered before being invited to 

provide both written and verbal informed consent. Participants then completed the PAR-Q form and 

MMSE in order to screen for any medical or cognitive complications that may prevent them from 

participating in the study. If participants answered yes to one question or more on the PAR-Q form, 

then they were required to contact their general practitioner (GP) prior to undertaking physical activity 

as part of this study. If participants scored 23 or below on the MMSE, which was indicative of cognitive 

impairment, they were excluded from participating in the study and were recommended to contact their 

local GP for further information.  
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Treadmill walking (week 1) 

  
Participants completed two treadmill walking sessions in a physiology laboratory at the University of 

Lincoln. Upon arrival, participants were instructed on how to use the treadmill and were familiarised 

with the Rating of Perceived Exertion (RPE) scale, a tool used to measure physical activity intensity 

level (Williams, 2017). It was explained to the participants that the RPE scale is a tool used to reflect 

how intense and strenuous the exercise feels to them, based on their sensations of fatigue, effort, and 

physical stress. The scale ranges from 6 to 20, where 6 equates to “no exertion at all” and 20 equates 

“maximal exertion” (Williams, 2017). Participants were told that the RPE scale would appear in front 

of them at 5-minute intervals during the treadmill walking protocol and were instructed to try to walk 

continuously at a perceived exertion rate of 10-12, which has been shown to correspond to a low 

intensity of exercise (Stamford, 1976). Following a 5-minute warm up, participants then treadmill 

walked for 45 minutes at a perceived exertion rate of 10-12, followed by a 5 minute cool down.  

Cognitive training (week 2) 

 
Participants completed two computerised cognitive training sessions in a psychology laboratory at the 

University of Lincoln. The first training session consisted of a cognitive training battery comprised of 

a series of neuropsychological tests derived from the Cambridge Neuropsychological Test Automated 

Battery (CANTAB), see Table 3.2, and was conducted using a touch screen laptop and press pad. The 

second training session involved a cognitive training battery comprising of a series of 

neuropsychological tests developed by the Psychology Experiment Building Language (PEBL), see 

Table 3.3, and was conducted using a standard laptop. Both the CANTAB and PEBL cognitive batteries 

comprised of six neuropsychological tests which were designed to train the following cognitive 

domains; reaction, processing speed, verbal memory, new learning, executive function, attentional set 

shifting, visuospatial working memory, response inhibition, spatial planning, and working memory. 

Initially, instructions were provided on how to use the study equipment. Participants then completed 

either the CANTAB or PEBL test battery lasting approximately 45-60 minutes in duration. Instructions 

on how to conduct each task was provided at the start of each task, along with an opportunity to ask 

questions before starting the task. Cognitive tasks included in the CANTAB battery were explained to 
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participants using a script provided by Cambridge Cognition whilst on screen instructions were given 

for each task during the PEBL battery.  

Table 3.2 CANTAB cognitive training battery 

Task Duration Domain measured 

 

Choice reaction task (CRT) 

 

 

7 minutes 

 

Reaction time & motor speed 

Verbal recognition memory (VRM) 

 

~ Verbal memory & new learning 

Attention switching task (ATS) 

 

5 minutes Attentional set shifting 

Spatial span (SSP) 

 

~ Visuospatial working memory 

Stop signal task (SST) 

 

20 minutes Response inhibition 

One touch stockings of Cambridge 

(OTS) 

 

~ Spatial planning & working memory  

~ denotes tasks that were not strictly time defined  

 Table 3.3 PEBL cognitive training battery  

Task Duration Domain measured 

 

Simple reaction task (SRT) 

 

 

5 mins 

 

Reaction time  

Maths processing task (MP) 

 

10 mins Working memory 

Match to sample (MTS) 

 

4 mins Visual memory 

Colour Stroop task (CST) 

 

7 mins  Attentional set shifting 

Digit span (DS) 

 

~ Working memory  

Item order (IO) ~ Visual memory  

 

~ denotes tasks that were not strictly time defined  

Dual-task (week 3) 

 
Participants completed two dual-task sessions in a physiology laboratory at the University of Lincoln. 

Dual-task sessions required participants to treadmill walk whilst simultaneously performing 

computerised cognitive training. In the first dual-task session, each participant treadmill walked whilst 

simultaneously performing the CANTAB test battery previously described in the first session of week 

2. For this session, dual task training was conducted using a specialist touch screen laptop and press 

pad which was strapped securely to the front of a treadmill, see Figure 3.1. In the second dual-task 

session, each participant treadmill walked whilst simultaneously performing the PEBL test battery as 

previously described in the second session of week 2. For this session, dual-task training was conducted 
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using a keyboard that was securely attached to the front of the treadmill and was connected to a 

computer desktop that was displayed on a television monitor placed in front of the treadmill, see Figure 

3.2. Participants were reminded how to use the study equipment and were given time to familiarise 

themselves with the treadmill and cognitive intervention equipment. It was then explained to the 

participants that instructions on how to conduct each task would be provided at the start of each task, 

and they would have an opportunity to ask questions before starting the task. Participants then 

completed a 5-minute warm up at a self-selected intensity and then completed the dual-task training 

lasting approximately 50-60 minutes in duration. This was then followed by a 5-minute cool down at a 

self-selected intensity. 

 

Figure 3.1 Study set up for dual-task training session 1. 

 

Figure 3.2 Study set up for dual-task training session 2. 
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Neuropsychological test battery (week 4) 

 
Participants completed a computerised neuropsychological test battery and an evaluation questionnaire. 

Both the test battery and questionnaire were completed on two separate occasions in a psychology 

laboratory, University of Lincoln. T2DM is a risk factor for dementia and Alzheimer’s disease (Biessels 

& Despa, 2018; Koekkoek et al., 2015), therefore, a prodromal Alzheimer’s/MCI test battery pre-

specified by CANTAB was chosen, see Table 3.4. This test battery comprised of six neuropsychological 

tests and was completed using a touch screen laptop and touch pad. Upon arrival, a brief outline of the 

session was given along with an opportunity to have any questions answered. Following this, it was 

then explained to the participant that instructions on how to conduct each task would be provided at the 

start of each task, and that they would have an opportunity to ask questions before starting the task. 

Participants then completed the test battery lasting approximately 45-60 minutes in duration. The final 

visit of the study involved participants completing an evaluation questionnaire that was designed to 

assess the participant’s acceptability of all elements of the programme including time, duration, 

modality, intensity, delivery, and study location. The questionnaire took approximately 10 minutes to 

complete.  

 
 Table 3.4. Tasks included in the neuropsychological test battery 

Task Duration Domain measured 

 

Reaction time (RTI) 

 

3 minutes 

 

Reaction time & motor response 

 

Paired associated learning (PAL) 

 

~ Visual memory & new learning 

Spatial working memory (SWM) 

 

~ Visuospatial working memory 

 

Pattern recognition memory (PRM) 

 

4 minutes Visual pattern recognition memory 

Delayed match to sample (DMS) 

 

7 minutes Visual matching ability 

Rapid visual information processing 

(RVP) 

 

7 minutes Sustained attention 

~ denotes tasks that were not strictly time defined 
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3.2.5 Outcome measures 
  

Demographics 

 
 Demographic information including age, height, weight, BMI and sex was collected to help describe 

the population. 

MMSE 

 

Cognitive status was screened using the MMSE (Folstein et al., 1975). The MMSE is a screening tool 

used by clinicians/researchers to help screen for cognitive impairment and monitor the progression of 

cognitive decline. It consists of a series of questions and tasks, each of which scores points if answered 

correctly (Folstein et al., 1975). The MMSE tests a number of different mental abilities, including an 

individual’s memory, attention and language (Folstein et al., 1975). An individual can score between 0 

and 30 with the cut off score for MCI being <23.  

Recruitment rate and method 

 
The number of individuals who expressed initial interest in the study and by which recruitment pathway 

(e.g. poster, advertisement email, word of mouth etc.), the number of individuals who enrolled onto the 

study, and reasons why individuals did not enrol onto the study were recorded.  

Uptake, adherence, and maintenance 

 
The number of individuals who attended the first session compared to the number of individuals invited, 

as well as the number of cognitive training sessions completed. 

Questionnaire feedback 

 
Acceptability of the study was measured using an evaluation questionnaire (Appendix L). The 

questionnaire consisted of 24 likert scales that evaluated each of the study components (e.g. walking, 

cognitive, dual-task sessions, study location, study investigators) specifically focusing on the 

participant’s experience of the frequency, duration, intensity, modality, and delivery of each 

component. In addition, a comment box was provided as part of the questionnaire in which participants 

were encouraged to leave additional comments regarding their experience of the study. 
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Cognition 

 
Cognitive data was collected using three different cognitive batteries as previously described (section 

3.2.4). The CANTAB and PEBL training batteries were performed during both normal and dual-task 

conditions. The neuropsychological test battery was performed during normal conditions only.  

3.2.6 Statistical analysis 
 
All statistical analyses were performed using SPSS (IBM SPSS statistics for Windows, version 22.0, 

Armonk, New York, USA). Due to the small sample size, the median score for each individual cognitive 

task is presented along with the overall median score during cognitive and dual-task training. Between 

subject differences in task performance during cognitive training and dual-task training in both the 

CANTAB and PEBL battery were assessed using the Wilcoxon signed ranked test. Spearman’s rank 

correlational coefficient was performed to identify associations between demographic variables and 

cognitive scores in the neuropsychological test battery. A significance level was set at 0.05. 

3.3 Results 
 

3.3.1 Participants 
 
Seven individuals diagnosed with T2DM (self-reported) provided both written and verbal consent and 

were enrolled onto the study. Participant demographics are described below, see Table 3.5.  

 
Table 3.5 Demographic characteristics of study population 

Demographic P01 P02 P03 P04 P05 P06 P07 Median 

 

Age (years) 

 

57 

 

53 

 

54 

 

56 

 

47 

 

55 

 

48 

 

54 

 

Height (cm) 

 

174 179 165 147 181 168 173 173 

Weight (kg) 

 

78 111 58 51 92 91 118 91 

BMI 

 

25.8 34.6 21.3 23.6 28.1 32.2 39.4 28.1 

Sex 

 

M F F F M M M - 

MMSE 

 

30 28 29 27 30 30 28 29 

cm=centimetre, kg=kilograms, BMI=body mass index, MMSE=mini-mental state examination  
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3.3.2 Recruitment rate and method   
 
Thirteen individuals expressed interest in the study. Of those 13 individuals, 6 chose not to enroll, 

equating to a 54% successful recruitment rate. Reasons for individuals not enrolling onto the study 

included; too much of a commitment (n=3), too far to travel to the university (n=2), and expressing an 

interest outside of the recruitment window (n=1). Of the thirteen individuals who expressed interest, 

recruitment pathways included email advertisements (n=6), Flyer/posters (n=4), and word of mouth 

(n=3). 

 

3.3.3 Adherence rate and maintenance 
 
Five out of the seven participants who enrolled on the study achieved a 100% adherence rate, 

completing all 8 sessions of the 4-week programme. The remaining two participants completed 6 out 

of the 8 sessions only, specifically missing the two dual-task sessions. Reasons for this were due to the 

participants experiencing difficulty whilst treadmill walking as well as experiencing physical 

discomfort during exercise.  

 

3.3.4 Evaluative feedback   
 

Treadmill walking 

 
The majority of participants indicated no issues with completing the treadmill walking protocol. 

Participants found the duration and frequency of treadmill walking to be appropriate and were accepting 

of the modality of exercise and the intensity. Two participants indicated that the exercise protocol was 

too difficult to complete and struggled with the modality and intensity of exercise. 

Quote 1 “Based on my personality type and physical capabilities, I am not naturally drawn to 

physical activity.” 

Computerised cognitive training 

 
Participants indicated no issues in completing the cognitive training elements of the study and found 

the duration and frequency of cognitive training acceptable. Feedback indicated that the cognitive 

training elements were more enjoyable and engaging compared to exercise and dual-task training. 
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Cognitive training was suggested to be more engaging when using the touch screen and press pads as 

part of the CANTAB battery compared to using the keyboard and desktop as part of the PEBL battery. 

Findings also indicated that participants found the CANTAB cognitive tasks more challenging 

compared to the PEBL cognitive tasks.  

Quote 2 “The most enjoyable part was the brain training but overall the whole process was an 

enjoyable experience.” 

Quote 3 “The brain training exercises were most appealing to me, I found the treadmill walking 

difficult.”  

Dual-task training 

 
Participants indicated that dual-task training was more challenging than treadmill walking or cognitive 

training alone. Two participants could not complete the dual-task protocol due to difficulties exercising 

whilst executing cognitive tasks. The experience varied regarding the use of the touch screen/press pad 

or keyboard and desktop for conducting the cognitive tasks. The majority of participants found the touch 

screen/press pad set up easier to use, and found the keyboard set up as part of the PEBL battery 

challenging. No issues were indicated regarding the frequency, duration, and intensity of the dual-task 

protocol. 

Quote 4 “The dual-task was a little tricky trying to maintain balance/focus whilst performing 

tasks. Different people may respond differently due to their physical/balance capabilities.”  

Quote 5 “Using the keyboard during the second dual-task session was difficult to work with 

and ended up giving me cramps. This ultimately meant that I pressed keys that I did not intend to press.” 

Study design 

 
Participants indicated that they clearly understood the purpose and aims of the study, and that each 

session was explained clearly along with clear instructions on how to use study equipment. Participants 

found the study locations used for conducting each component of the programme to be suitable and had 

no issues regarding travelling to/from and finding the study locations. Two participants raised 
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comments regarding comorbidities that affected their cognitive performance and suggested that this 

should be taken into consideration when developing the eligibility criteria in future trials. 

Quote 6 “I think this is a really interesting concept to understand how physical activity and 

cognitive stimulation could improve cognitive function and potentially rejuvenate brain health.”  

Quote 7 “I have glaucoma and find it difficult to observe all of the screen. Perhaps this is 

something you should consider for participant selection.” 

Quote 8 “Issues I had was the tapping of the keyboard in quick succession caused by ticks as 

a result of the complications associated with my diabetes. This resulted in a series of incorrect 

occurrences.” 

3.3.5 Evaluation of cognitive data 
 
Task performance for each outcome included in the neuropsychological test battery is presented in 

Table 3.6. Large variations in task scores were evident in several tasks including the RTI five choice 

reaction time, SWM total error, SWM between error, DMS correct latency, and RVP total hits. 

Compared to normative data (Abbot et al., 2019; Robbins et al., 1994), participants scored below 

average in several tasks including SWM between errors (Figure 3.3) RTI simple reaction time (Figure 

3.4), and RTI five choice reaction time (Figure 3.5). Correlational analysis revealed significant 

correlations between BMI only and cognitive tasks, see Table 3.8. Significant positive correlations were 

observed between BMI and RTI five choice reaction time and DMS latency indicating that as BMI 

increased, scores in these tasks worsened. A significantly negative correlation was observed between 

BMI and SWM total errors, suggesting that as BMI increases the number of errors made in the task 

reduces. There was no indication of any ceiling effects in any of the tasks. Missing data was evident in 

only one participant and was a result of technicalities in study equipment.  
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Table 3.6 Outcomes of the neuropsychological test battery  

Task Outcome measure P01 P02 P03 P04 P05 P06 P07 

  

RTI 

 

Simple reaction time (ms) 

 

313 

 

355 

 

349 

 

- 

 

359 

 

479 

 

434 

 

 Five choice reaction time (ms) 291.5 495.5 403 - 369.5 420.5 543 

 

PAL Total errors (adjusted) 6 1 2 14 11 11 13 

 

 Total trials (adjusted) 9 9 10 12 12 13 11 

 

PRM Percent correct (%) 87.5 100 95.83 95.83 83.33 87.5 83.33 

 

 Latency (ms) 2043 1202 1318 2029 1220 1839 2074 

 

SWM Total error  41 10 60 54 40 20 18 

 

Between errors  

 

41 10 58 51 38 20 17 

Strategy 39 20 36 35 37 25 26 

 

DMS Percent correct (all delays) (%) 96.66 100 96.66 80 86.66 86.66 86.66 

 

 Correct latency (all delays) (ms) 2270.0 3349.5 1799.0 2944.5 3089.5 2504.0 4813.5 

 

RVP Total hits 19 26 29 - 20 18 24 

 

 RVP A 0.9192 0.9242 0.9722 - 0.8866 0.8747 0.9054 

 
RTI = reaction time, PAL= paired associate learning, PRM = pattern recognition memory, SWM = spatial working memory, DMS = 

delayed match to sample, RVP = rapid visual perception, ms= milliseconds, P= participant 

 

 

Figure 3.3 Normative data for SWM between errors (Abbot et al., 2019). Above average performance 

is represented by the blue and purple lines; below average performance is represented by the green, 

yellow, and red lines. 
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Figure 3.4 Normative data for RTI simple reaction time (Abbot et al., 2019). Above average 

performance is represented by the blue and purple lines; below average performance is represented by 

green, yellow, and red lines. 

 

 

Figure 3.5 Normative data for RTI five choice reaction time (Abbot et al., 2019). Above average 

performance is represented by the blue and purple lines; below average performance is represented by 

the green, yellow, and red lines. 
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Task performance for each outcome included in the CANTAB training battery during both cognitive 

training and dual-task conditions are presented in Table 3.9. Performance in tasks of reaction time and 

latency were worse during dual-task training including CRT latency and SST correct reaction time on 

go trials. In addition, treadmill walking speed were also shown to worsen under dual-task conditions, 

see Table 3.7. However, the latency until correct score in the OTS task indicated a greater speed of 

processing during dual-task training compared to cognitive training, which was shown to be significant. 

A potential explanation for this observation could be due to a learning effect. Repeating the same task 

within a short period of time, it may be reasonable to expect significant improvements in the time taken 

to complete the task. The SST task appeared most challenging during dual-task training showing worse 

reaction time scores in addition to a worse proportion of successful stops. Task performance in the CRT 

correct response, VRM percent correct and ATS percent correct showed few errors made, whereby little 

variation was shown between participants indicating a ceiling effect. It may be unnecessary to include 

outcomes of certain tasks that show a ceiling effect when developing a training battery for a future trial. 

Task performance for each outcome included in the PEBL training battery during both cognitive and 

dual-task training is presented in Table 3.10. Reaction time was worse in each task during dual-task 

training, with significant differences observed in SRT, MTS, IO, and MP trial 2. It is important to 

consider whether reaction time during dual-task training was affected by the equipment setup. As 

reported in the qualitative feedback (section 3.3.4), the PEBL dual-task setup was difficult to use. Other 

tasks that were shown to be challenging under dual-task conditions included the MP task showing worse 

scores in both the reaction time and number of correct responses.  Few errors were made in the CST, 

MTS and IO task, with little variation observed between participants pointing towards a ceiling effect. 

Missing data was evident for two participants in both the CANTAB and PEBL batteries and was a result 

of being unable to perform exercise during the dual-task training.  
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Table 3.7. Treadmill walking speed during walking and dual-task sessions 

Participant W1 W2 DT1 DT2 Difference 

 

P_01 

 

3.8 kph 

 

3.8 kph 

 

3.6kph 

 

3.2 kph 

 

 

-0.2 - -0.6 kph 

P_02 

 

3.2–4.0–4.2 kph 

 

4.0–4.3 kph 

 

3.5–3.8 kph 

 

3.3 kph 

 

-0.4 - -1.0 kph 

P_03 

 

2.5–3.0–3.7 kph 

 

3.2–3.8 kph 

 

3.2 kph 

 

3.2 kph 

 

-0.5 - -0.6 kph 

P_04 

 

3.5 kph 

 

3.2–3.6 kph 

 

3.1–3.5 kph 

 

3.0 kph 

 

 0.0 - -0.6 kph 

P_05 

 

3.0–3.5–4.0 kph 

 

4.0 kph 

 

3.5 kph 

 

3.3 kph 

 

-0.5 - -0.7 kph 

P_06 

 

2.3–2.5 kph 

 

2.4–2.7 kph 

 

N/A 

 

N/A 

 

N/A 

P_07 

 

2.8–3.0–2.5kph 

 

2.5 kph 

 

N/A 

 

N/A 

 

N/A 

W1= walking session 1, W2= walking session 2, DT1= dual-task session 1 DT2= dual-task session 2, kph= kilometre per hour 
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Table 3.8 Correlations between age, BMI and cognitive outcomes included in the neuropsychological test battery conducted in week 4. 

 Age BMI Simple 

RT 

Five RT PAL total 

errors 

PAL total 

trials  

PRM total 

correct 

PRM 

latency 

SWM 

total errors 

SWM 

strategy 

DMS total 

correct 

DMS 

latency 

RVP 

total hits 

RVP A 

 

Age 

 

 

- 

 

-.500 

 

-.371 

 

-.371 

 

.36 

 

-.127 

 

.385 

 

.393 

 

.464 

 

.214 

 

-.019 

 

-.643 

 

-.371 

 

.143 

BMI 

 

- - .657 .829* .054 .018 -0.330 .071 -.964** -.607 0.75 .821* -.086 -.371 

Simple RT 

 

- - - .208 .148 .036 .381 .787 .266 .266 .092 .266 .468 0.72 

Five choice RT 

 

- - - - .700 .784 .912 .872 .072 .042 .862 .111 .544 .957 

PAL total correct 

 

- - - - - .688 -.500 .613 .126 .072 -.963* .288 -.493 -.754 

PAL total trials 

 

- - - - - - -.402 .073 .073 -.145 -.829* .055 -.464 -.812* 

PRM total correct 

 

- - - - - - - -.459 .128 -.385 .442 -.257 .441 .677 

PRM latency 

 

- - - - - - - -  .143 .250 -.430 .000 -.371 -.257 

SWM total errors 

 

- - - - - - - - - .679 -.255 -.786* .029 .257 

SWM strategy 

 

- - - - - - - -  - - -.075 -.500 -.200 .029 

DMS total correct 

 

- - - - - - - - - - - -.168 .525 .833* 

DMS latency 

 

- - - - - - - -  - - - - 0.29 -.314 

RVP total hits 

 

- - - - - - - -  - - - - - .829* 

RVP A 

 

- - - - - - - -  - - - - - - 

 
RTI = reaction time, PAL= paired associate learning, PRM = pattern recognition memory, SWM = spatial working memory, DMS = delayed match to sample, RVP = rapid visual perception, *<0.05, **<0.01 
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Table 3.9 Task performance during cognitive and dual-task training using CANTAB training battery 

OUTCOME MEASURE 
P01 P02 P03 P04 P05 P06* P07* Median P value 

CT DT CT DT CT DT CT DT CT DT CT DT CT DT CT DT  

 

CRT 

 

Latency (ms) 

 

364 

 

334 

 

374 

 

387.

5 

 

389 

 

332 

 

417 

 

420 

 

380.5 

 

610 

 

467 

 

- 

 

628.5 

 

- 

 

375.0 

 

387.5 

 

0.68 

 

 Correct response (ms) 

 

100 99 100 98 100 100 99 99 100 100 99 - 100 - 100 99 0.18 

VRM Free recall total correct 

 

8 11 10 10 10 10 8 9 11 10 8 - 8 - 10 10 0.41 

 Free recall total novel 

 

2 0 0 0 0 0 0 1 2 0 0 - 1 - 0 0 0.27 

 Recognition - total correct 

 

24 24 24 24 24 24 23 24 24 24 24 - 23 - 24 24 0.31 

 Recognition -false positives 

 

0 0 
0 

0 0 0 0 0 0 0 0 - 1 - 0 0 1.00 

ATS Percent correct (%) 
 

94.375 96.25 99.375 97.5 93.125 98.125 98.75 98.7
5 

98.75 99.375 97.5 - 98.125 - 98.75 98.12 0.35 

 Switch cost 

 

288.5 192 185.5 146 263.5 98.5 324.5 207 117 222.5 191.5 - 331.5 - 263.5 192 0.25 

 Congruency cost 
 

25 38 81 33.5 152.5 109 22 88 108 94.5 130.5 - 121.5 - 81 88 0.68 

SSP Span length  

 

6 8 8 8 5 6 7 6 6 6 5 - 5 - 6 6 0.14 

 Total errors 
 

10 24 19 22 9 19 26 
12 

15 16 
13 

- 6 - 15 19 0.41 

SST  Successful stops  

 

0.625 0.675 0.8 0.6 0.775 0.775 0.525 0.62

5 

0.675 0.6 0.575 - 0.65 - 0.67 0.62 0.71 

 Correct RT on GO trials 
 

763.5 843 1028 867 1001.5 882 798 933.
5 

776 819.5 836.5  749.5  798 867 0.89 

OTS Problems solved 1st choice 

 

21 20 22 19 10 19 18 14 18 22 17 - 21 - 18 19 0.78 

 Latency until correct (ms) 
 

10512 8054.5 7721.5 7105 16710 10260.5 11048.5 6746 13444 6196 14130 - 17160.5 - 11048.5 7105 0.04 

 
CRT= controlled reaction time, VRM= verbal recognition memory, AST= attention switching task, SSP= spatial span, SST= stop signal task, OTS= one touch stockings of Cambridge, CT= 

cognitive training, DT= dual-task ms= millisecond, P= participant, *not included in statistical analysis 
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Table 3.10 Task performance during cognitive and dual-task training using PEBL training battery. 

OUTCOME MEASURE 
P01  P02  P03  P04  P05  P06*  P07*  Median P value 

CT DT CT DT CT DT CT DT CT DT CT DT CT DT CT DT  

 

SRT 

 

Reaction time (ms) 

 

418.5 

 

421 

 

387 

 

441.5 

 

394.5 

 

480.5 

 

368 

 

397 

 

336 

 

407 

 

461.5 

 

- 

 

377 

 

- 

 

387 

 

421 

 

0.04 

 

CST Correct response  163 151 124 153 146 130 159 149 156 146 156 - 155 - 156 138 0.49 

 

 Reaction time (ms) 823.5 840 1038 1021.5 1045.5 1238.5 1047 1087.5 971.5 1148 1068.5 - 843 - 1045 1087 0.22 
 

MP Correct response trial 1  113 86 94 94 93 84 89 81 106 93 87 - 90 - 93 86 0.71 

 

 Correct response trial 2  67 64 57 61 62 55 62 56 50 68 42 - 64 - 62 61 0.89 
 

 Correct response trial 3 48 48 33 38 50 39 42 49 35 50 30 - 50 - 42 48 0.46 

 

 Reaction time trial 1 
(ms) 

727 1066 974.5 911 963 1033.5 984 1002 742 844.5 994 - 1072 - 963 1002 0.13 
 

 Reaction time trial 2 

(ms) 

1525 1606 1637.5 1705 1601.5 1769 1764 1912 1563 1634 1997 - 1731 - 1601 1705 0.04 

 

 Reaction time trial 3 

(ms) 

2102 2187 2887 2836 2250.5 2504 2506.5 2903 2381 2509 2555 - 2644 - 2381 2509 0.08 

 

MTS Correct response  28 30 30 29 25 28 28 27 24 26 24 - 26 - 28 28 0.22 

 

 Reaction time (ms) 1603.5 1877.5 1120.5 2135.5 1287 1865 1286 1463 1730 2283 1241.5 - 1653 - 1287 1887 0.04 

 

IO Correct response  29 34 34 31 30 30 28 30 28 35 28 - 33 - 29 31 0.27 

 

 Reaction time (ms) 1865.5 2072.5 2241 2897,5 1180 1782 1740.5 1953.5 2097.5 2182.5 1355 - 1467.5 - 1865.5 2072.5 0.04 

 

DS Span length  7 8 7 7 9 7 10 8 10 10 7 - 8 - 9 8 0.27 

 

 
SRT= simple reaction time, CST= colour Stroop task, MP= maths processing, MTS= match to sample, IO= item order, DS= digit span, CT= cognitive training. DT= dual-task, ms= milliseconds, P= 

participant, *not included in statistical analysis
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3.4 Discussion  
 
The overarching aim of this intervention development study was to pilot exercise, cognitive, and dual-

task training in addition to the key study processes and outcomes to help identify and inform the 

development of an intervention for targeting cognitive dysfunction in T2DM. The findings revealed 

that cognitive training was performed competently whilst exercise training was found to be challenging 

by several participants, consequently leading to their exclusion from dual-task training. Evaluative 

feedback suggested that cognitive training was the most enjoyable and preferred type of intervention 

whilst difficulty in conducting exercise and dual-task training were expressed. The previous systematic 

review (Cooke et al., 2020, chapter 2) confirmed that there is very limited research in relation to the 

effects of cognitive training in this population, and the findings from the current pilot study showed 

potentially greater adherence and acceptability associated with cognitive training. As there is already 

more established evidence in relation to exercise (Cooke et al., 2020), in addition to the concerns for 

adherence to exercise interventions as shown in the present study, it would be prudent to establish 

further evidence for cognitive training in T2DM at this point. Once optimum exercise and cognitive 

interventions have been defined, future research should then explore the potential additive effects of 

dual-task interventions in this population. The use of both CANTAB and PEBL cognitive platforms 

was shown to be practical in measuring and training key cognitive domains in T2DM. Worse 

performance was shown using the PEBL battery especially during dual-task training and evaluative 

feedback pointed towards the use of CANTAB as an easier and more engaging platform. The 

recruitment and eligibility data suggest that a greater number of recruitment pathways should be 

considered in future trials along with incorporating a more restrictive eligibility criteria to better reflect 

the study population. The findings presented in this study will be used to inform recommendations for 

the development of a cognitive training study for feasibility and acceptability testing.  

3.4.1 Piloting study processes 
 
Recruitment of participants resulted in a total of 13 individuals expressing interest in the current study, 

of which 7 individuals (54%) provided informed consent. Additional recruitment pathways will need to 
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be explored to attain a larger sample size for future research. Bracken et al. (2019) evaluated the cost 

and efficacy of strategies used to recruit males into a large T2DM prevention trial. Of the 1007 

individuals enrolled, the most effective recruitment pathways included radio advertisement (42%), 

television news coverage (20%), and mass mail-outs (17%) (Bracken et al., 2019). Miller et al. (2016) 

evaluated strategies used for recruiting older adults with T2DM into a community-based exercise and 

nutritional trial. Of the 198 individuals enrolled, the most successful recruitment approaches included 

mass mail-out (39%), state (27%) and local (14%) print media (Miller et al., 2016). Similarly, Johnson 

et al., (2015) reported that a targeted mail out approach yielded a greater number of potential 

participants compared to more conventional recruitment strategies including posters/flyers and clinician 

referrals when recruiting individuals with T2DM into a physical activity RCT (Johnson et al., 2015). 

Future trials should consider employing further recruitment pathways based around more targeted 

strategies such as targeted mass mail outs, newspaper and media prints, and radio advertisement.  

 The cognitive training components were performed successfully, whilst difficulties were experienced 

during the exercise and dual-task training. Two participants struggled with treadmill walking expressing 

discomfort and consequently did not participate in dual-task training. Poor adherence to exercise and 

physical activity interventions have previously been highlighted in T2DM cohorts (Cooke et al., 2020). 

For example, Espeland et al. (2017b) investigated the effect of a 24-month physical activity intervention 

on cognition in T2DM and reported that the average attendance of participants in the physical activity 

group was 67% (Espeland et al., 2017b). Likewise, Shellington et al. (2018) examined the effect of a 

24 week square stepping intervention on cognition in T2DM and reported that only 4 of the 12 

participants attended more than 50% of training sessions (average attendance 70.2%), whilst the 

remaining 8 participants attended less than 40% of training sessions (Shellington et al., 2018). Previous 

studies have described several barriers that may affect the participation in physical activity and exercise 

in T2DM (Thomas et al., 2004; Egan et al., 2013; Advika et al., 2017; Alzahrani et al., 2019; Pati et al., 

2019), in which physical restrictions and discomfort are identified as a common barrier (Thomas et al., 

2004; Egan et al., 2013; Advika et al., 2017). Participant preference for cognitive training was further 
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evidenced through the evaluative feedback in which participants indicated that they found cognitive 

training more enjoyable and engaging compared to exercise training. This is important because for an 

intervention to be successful it needs to be effective, but equally engaging and enjoyable to promote the 

adherence of participants (Lewis et al., 2016; Jekauc et al., 2015; Dishman et al., 2005).     

3.4.2 Evaluation of cognitive data  
 
The neuropsychological test battery was completed successfully and provided a comprehensive 

evaluation of cognitive performance. There was a large variation in task performance with no evidence 

of a ceiling effect in any of the tasks. The majority of participants performed well and scored within the 

expected range for their age group (Abbot et al., 2019; De luca et al., 2003; Robbins et al., 1994). Below 

average task performance was observed in two participants in tasks of pattern recognition memory and 

in four participants in tasks of reaction time and working memory which may reflect the subtle deficits 

associated with T2DM often seen prior to the onset of cognitive impairment (Biessels & Despa, 2018; 

Koekkoek et al., 2015). Correlational analysis identified significant positive correlations between BMI 

and tasks of reaction time and delayed memory suggesting that as BMI increased, performance in these 

tasks worsened. Significant negative correlations were also observed between BMI and errors made in 

a working memory task suggesting that as BMI increases the number of errors made in this task reduces. 

This finding emphasises the importance for future trials to adjust for key demographic covariates that 

have been shown to influence cognitive performance including age, BMI, glycaemic control, illness 

duration (Alosco & Gunstad, 2014; Roberts et al., 2008).  

The use of both CANTAB and PEBL cognitive platforms was shown to be suitable in measuring and 

training cognition in this population. Task performance was generally worse during dual-task training 

compared to normal cognitive training conditions when using both CANTAB and PEBL cognitive 

platforms, in which a reduction in treadmill walking speed was also observed, see table 7. It is evident 

that dual task training does not produce the same physical effects as treadmill walking alone, in which 

performance on cognitive tasks may also be compromised. It is widely acknowledged that performing 

concurrent tasks incurs a cognitive cost (Kemper et al., 2003; Broeker et al., 2018; Wechsler et al., 
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2018; Zentgraf et al., 2019) in which a reduced walking speed during dual-task training has been 

suggested to indicate a diversion in attention during more intricate tasks to help improve cognitive 

performance (Patel et al., 2013). However, it is important to note that previous studies do show a 

combined additive effect of dual-task training on cognitive outcomes as opposed to exercise or cognitive 

training alone (Theill et al., 2013; Eggenberger et al., 2015; Yokoyama et al., 2015). Poorer task 

performance was particularly evident in domains identified as vulnerable to cognitive decline in T2DM 

(Monnette et al., 2014; Pelimanni et al. 2014; Palta et al., 2014), including reaction time and speed of 

processing. These deficits were observed to be greater when using the PEBL training battery, suggesting 

that the PEBL cognitive platform may not be suitable for cognitive testing in this population. However, 

it is also possible that performance using the PEBL battery was influenced by the differences in study 

equipment. Findings from evaluative feedback data suggests that participants found the press pad and 

touch screen as part of CANTAB easier to use, whilst the standard keyboard as part of the PEBL set up 

during dual-task training was reported difficult to use. The variation of responses in certain tasks in 

both the CANTAB and PEBL platform were small, and the scores were high, pointing to a potential 

ceiling effect. Previous evidence suggests that ceiling effects may lead to greater bias and uncertainty 

of findings and parameter estimations (Simkovic and Trauble, 2019; Wang et al., 2009). It is therefore 

recommended that those tasks that show a ceiling effect are removed when refining a suitable test 

battery for feasibility testing. The advantage of using CANTAB is that each task offers several different 

outcome variables. This provides the researcher with other viable measures to use without needing to 

change the task and potentially the domain measured. This is important in the context of designing a 

training battery so that there is an overlap in the cognitive domains rather than an overlap in cognitive 

tasks.   

3.4.3 Evaluative feedback of study components 
 

Evaluative feedback showed that the study processes were well received and that participants found the 

concept of exercise, cognitive, and dual-task training for targeting cognition informative. The duration 

and frequency of training was shown to be acceptable in our study cohort. Our findings suggest that 
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cognitive training was the preferred type of training with participants suggesting it was more appealing 

and enjoyable as opposed to exercise or dual task training. This finding is important in the context of 

previous evidence that points towards enjoyment as an important factor which may influence 

intervention adherence (Dishman et al., 2005; Huberty et al., 2008; Jekauc, 2015). The two participants 

that chose not to participate in the dual-task training stated that they found treadmill walking difficult 

and that they were not naturally drawn to physical activity. Issues were also evident in those who took 

part in the dual-task training, with one participant stating that they found it difficult to maintain balance 

whilst performing cognitive tasks. It is widely documented that balance and gait are impaired to a 

greater extent in individuals with T2DM compared to those without diabetes (Petrofsky et al., 2006; 

Lee & Park, 2014; Mustapa et al., 2016). This may be a potentially important factor to consider with 

respect to dual-task training in T2DM. It may be that it was the modality of exercise (treadmill walking) 

incorporated in the dual-task training that was too difficult in the current study suggesting that other 

modalities should be explored in future trials. Previous work in this area demonstrates beneficial effects 

of dual-task training that use a variety of different exercise modalities, some of which  may be more 

acceptable than treadmill walking for participants with T2DM e.g. resistance training, flexibility 

training and stepping exercises (Norouzi et al., 2019; Yokoyama et al., 2015; Morita et al., 2018; 

Shellington et al., 2018). The current study was also useful in identifying potential eligibility issues 

needing to be addressed prior to further testing. For example, several participants expressed difficulty 

when performing cognitive tasks due to complications associated with their diabetes (e.g. glaucoma and 

neuropathy). Researchers should consider the impact of T2DM complications along with other factors 

including psychiatric and neurological disorders, hearing impairments, changes in medication, and 

substance abuse (Whitelock et al., 2018; Bahar-fuchs et al., 2020) on cognitive performance when 

developing the eligibility criteria for a future trial.  

3.4.4 Evidence-based recommendations for a future intervention 
 
A detailed summary of the proposed recommendations for the development of a cognitive training 

intervention are presented in Table 3.11. Our findings from the previous systematic review and current 
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intervention development study point towards a cognitive training intervention that employs a 

multidomain approach consisting of between 12-16 hours of cognitive training with sessions performed 

twice a week lasting between 30-60 minutes in duration. This should include face to face supervised 

training conducted either in the home or university setting with participants being recruited from several 

exploratory pathways. A more restrictive eligibility criteria should be used to better manage the 

participant’s expectations and to avoid potential poor adherence or drop out. Cognitive assessment and 

training should be conducted using an engaging and valid cognitive platform e.g. CANTAB, in which 

a cognitive training group should be compared to a passive control group.  

 
Table 3.11 Summary of recommendations for the development of a cognitive training intervention. 

 
Intervention Component Recommendations 

Type - Cognitive training intervention 

 

Dose - <20 hours – recommended dose of training 12-16 hours  

 

Frequency - 1-3x/week – ideally aim for 2x/week 

 

Duration - 45-60 minutes 

 

Delivery - Supervised face-to-face 

 

Setting - University/ home visits (depending on the participant’s choice)  

 

Participants  - T2DM – HbA1c/glucose testing should be included in future trials to help better describe the 

study population.  

 

Comparison - T2DM passive control group 

 

Cognitive platform - CANTAB 

 

Outcomes - A multidomain approach should be used that targets key domains which are vulnerable to 

cognitive decline in T2DM e.g. reaction time, verbal recognition memory, visual memory, 

new learning, visuospatial working memory, pattern recognition memory, delayed memory, 

sustained attention.  

 

- Data should be adjusted for key demographic covariates including age, BMI, cognitive 

impairment, diabetes duration etc 

 

Recruitment - Explore more innovative primary recruitment pathways e.g. targeted mail outs, radio 

advertisements, media print outs etc. that are supplemented by secondary pathways e.g. 

poster/flyers, diabetes support groups, social media, student/staff university emails, word of 

mouth etc.  

 

Eligibility - A more restrictive and defined eligibility criteria should be developed based on previous 

cognitive research in T2DM e.g. the exclusion of participants with significant visual, auditory 

or neurological complications that may affect computerised cognitive performance.  

 

CANTAB= Cambridge Neuropsychological Test Automated Battery, T2DM= Type 2 diabetes mellitus 
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3.5 Conclusion 
 
 Evidence gathered as part of this intervention development study points towards the implementation 

of a cognitive training study for feasibility testing. Whilst exercise and dual-task training remain as 

potential avenues for future research to explore, the greater adherence and satisfaction associated with 

cognitive training in the current study suggests that further pilot work would be needed before 

evaluating these types of interventions in T2DM. A greater number of recruitment pathways will need 

to be explored that include a more targeted approach to ensure an adequate sample size is recruited. 

Whilst the eligibility criteria for the current study was relatively broad, our findings suggest that a more 

restrictive criteria will be needed in future work to better reflect the sample population. The CANTAB 

cognitive platform was identified as an easier to use and more appropriate platform for evaluating and 

training cognition in T2DM compared to the PEBL. Based upon the evidence presented in both the 

previous review and current intervention development study, a set of recommendations for the 

implementation of a cognitive training intervention for feasibility testing was provided.  
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Chapter 4 
 

Study 3 - Feasibility of a cognitive training intervention on cognition and serum 

levels of brain-derived neurotrophic factor in type 2 diabetes mellitus 

4.1 Introduction 
 
There are few trials investigating the effects of cognitive training on cognition in T2DM (Cooke et al., 

2020). Prior to the implementation of a large-scale evaluation, a feasibility trial is required to explore 

all elements of a planned intervention to determine whether a comprehensive evaluation is justified 

(Bowen et al., 2009). Conducting a feasibility study will allow the evaluation of the appropriateness of 

an intervention and assess whether the concepts and findings can be modified to be relevant and 

sustainable for further testing (Bowen et al., 2009). The conceptual framework for designing pilot and 

feasibility studies, proposed by Eldridge et al. (2016) (chapter1), suggests that feasibility exists as an 

overarching concept within which several distinct types of feasibility studies exist. A randomised pilot 

study is one of the proposed feasibility studies and involves conducting the main intervention, either in 

its entirety or parts of, but on a smaller scale, and includes the randomisation of participants (Eldridge 

et al., 2016). This type of feasibility study largely reflects the design of a future large-scale trial, but if 

needs be, may seek and employ alternative strategies to address any outstanding uncertainty (Eldridge 

et al., 2016).    

The intervention development study (chapter 3) provides evidence-based recommendations for the 

development of a cognitive training study for feasibility testing. These include using a multidomain 

approach to assess cognition, incorporating an overall training dose of between 12-16 hours, with 

sessions performed 1-3 times a week, lasting between 31-60 minutes in duration (Lampit et al., 2014; 

Kueider et al., 2012). It is recommended that a progression criteria are used and reported clearly in 

feasibility trials to help researchers decide whether to proceed or not with a large-scale evaluation 

(Avery et al., 2017; Hallingberg et al., 2018; Mbuagbaw et al., 2019). To date, the reporting of a 

progression criteria to assess the transition from feasibility testing to large scale evaluation is 
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uncommon, making it difficult for researchers to make informed decisions with regards to main trials 

post feasibility testing (Avery et al., 2017; Hillingberg et al., 2018; Mbuagbaw et al., 2019). A traffic 

light system using green (go), amber (amend), and red (stop) is recommended as opposed to a simple 

stop/go approach (Avery et al., 2017). Providing thresholds enables the researcher to identify where 

problems need to be remediated, making a definitive RCT evaluation viable (Young et al., 2019). 

Existing guidance regarding the key components of RCT progression criteria have broadly been defined 

and should ideally include trial recruitment, participant adherence and retention, outcome data, and 

randomisation (Avery et al., 2017; Shanyinde et al., 2011). 

There is also limited evidence with respect to the mechanisms underlying the effect of cognitive training 

in T2DM. Several mechanisms have previously been proposed that potentially underpin cognitive 

training improvements in healthy cohorts including enhanced cerebral blood flow (Chapman et al., 

2015; Chapman et al., 2017, Mozolic et al., 2010), greater functional connectivity and organisation of 

functional connections in the brain (Chapman et al., 2015; Lin et al., 2014; Ten Brinke et al., 2017; 

Deng et al., 2019), and enhanced structural integrity of the brain (Chapman et al., 2015). The enhanced 

availability of the neurotrophin BDNF is identified as one of the more prominent mechanisms 

associated with cognitive training (Arazi et al., 2019; Rahe et al., 2015; Damirchi et al., 2018). BDNF 

is known to play an important role in facilitating synaptic plasticity and regulating memory and new 

learning (Lu et al., 2014, Cunha et al., 2010, Leal et al., 2017) and the enhanced availability of this 

neurotrophin through cognitive training has previously been suggested to positively influence cognitive 

abilities in healthy cohorts and diseased populations (Kim et al., 2018; Arazi et al., 2019; Angelucci et 

al., 2015; Pressler et al., 2015; Ledreux et al., 2019; Damirchi et al., 2018). Whether or not BDNF acts 

as an intrinsic mechanism that drives cognitive improvement mediated through cognitive training in 

T2DM is currently unknown.  
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4.1.1 Aim and Objectives 
 
The aim of the quantitative element of this study was to determine the feasibility of a cognitive training 

study in individuals with T2DM. This study aimed to meet the following objectives: 

A) To investigate the feasibility of a cognitive training study in individuals with T2DM. 

B) To investigate the effect of a cognitive training study on cognition in individuals with 

T2DM.  

C) To investigate the effect of a cognitive training study on BDNF in individuals with T2DM.  

4.2 Methods 
 

4.2.1 Study design 
 
A randomised pilot study design (Aldridge et al., 2016) was used to investigate the feasibility of a 

cognitive training intervention on cognition and serum levels of BDNF in individuals with T2DM.  

Participants diagnosed with T2DM were randomised to either a computerised cognitive training group 

or a usual care control group. Participants were randomised using computer-generated random numbers 

in which the sequence allocation was concealed from the principal investigator by an independent 

researcher. Participant recruitment ran from August 2018 – July 2019 with data collection running from 

August 2018 and ending in August 2019. All baseline and post-intervention assessments were 

conducted at the University of Lincoln. Cognitive training sessions were conducted either at the 

University of Lincoln or in the participant’s own home. Ethical approval was granted by the Health 

Research Authority (Integrated research application system (IRAS) no.227672) (Appendix N – S) and 

by the School of Psychology Research Ethics Committee, University of Lincoln. (PSY1718435). 

Written and informed consent were obtained from all participants before taking part in this study. This 

study was conducted in accordance with the CONSORT 2010 extension to randomised pilot and 

feasibility trials checklist (Appendix T) (Aldridge et al., 2016; Avery et al., 2017). 
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4.2.2 Study population  
 
Individuals were recruited to participate in this study if they met the following inclusion criteria 1) 

diagnosed with T2DM diabetes (identified through GP registers or self-declared), 2) male or female 

aged 45+, and 3) willing to take part in a 6 week structured cognitive training programme including 

cognitive testing. Individuals were excluded from participating in this project if they met the following 

exclusion criteria 1) diagnosed with pre-diabetes or T1DM, 2) below the age of 45 years, 3)  identified 

as cognitively impaired as indicated using the MMSE, 4) in need of any support for  specific literacy or 

communication skills, 5) have any co-morbidities that may affect computer use e.g. peripheral 

neuropathy or glaucoma, 6) recently (within the last 6 months) changed diabetes treatment e.g. new 

medication, medication to insulin, or the type of insulin treatment, 7) had recently undertaken (within 

the last 3 months) a structured cognitive or physical training regime, and  8) did not speak English.  

4.2.3 Recruitment   
 
The primary recruitment pathway involved posting study information packs containing details of the 

study in stamped envelopes to local GP practices. Each GP practice screened their database whereby 

the researcher packed and posted the information packs to patients who met the study eligibility criteria. 

Potential participants registered their interest either by returning an expression of interest form 

(Appendix R) or by directly contacting the principal investigator. Secondary recruitment methods 

included the dissemination of posters and flyers (Appendix Q) in local GP practices, community centres, 

community boards, diabetic clinics, and at the University of Lincoln, Brayford Pool campus. 

Advertisement emails were sent to both staff and student mailing lists at the University of Lincoln along 

with poster invitations advertised on the staff and student news feeds. Invitation emails containing study 

information were sent to both the University of Lincoln and local diabetes support groups.  
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4.2.4 Study procedure 
 

Enrolment 

 
An enrolment visit was conducted either at the University of Lincoln or the participant’s own home to 

determine study eligibility and obtain informed consent (Appendix P). Initially, individuals provided 

written and verbal informed consent agreeing to take part in the study. Participants were then screened 

against the study eligibility criteria, including screening for any cognitive impairments using the MMSE 

(a score of ≥23 was required for inclusion in the study).  

Baseline visit 

 

All participants visited the Department of Psychology, University of Lincoln to complete the baseline 

assessment. Initially, height and weight were measured using a standiometer and weighing scales (Seca, 

UK), respectively. Participants were then seated in a reclining chair and prepared for venous blood 

extraction. A 6ml venous blood sample was extracted for the purpose of measuring serum levels of 

BDNF using a vacutainer blood collection system (VACUETTE®, Griener Bio One, Austria). Venous 

blood samples were extracted and left to stand for one hour at room temperature before being placed in 

in a 4°C storage fridge and left to stand for a further one hour. Samples were then spun at 2000g for 10 

minutes at 4°C to separate serum and whole blood components. Serum supernatant was extracted and 

then transferred into microcentrifuge tubes and spun at 16,000g for 5 minutes at 4°C to pellet cells and 

debris. Serum supernatant was then removed, transferred into labelled microcentrifuge tubes, and 

immediately placed into a -80°C freezer for later analysis. Serum samples were assayed for BDNF at a 

later date using an enzyme-linked immunosorbent (ELISA) kit (RayBiotech, Georgia, USA). See 

Appendix U and V for human tissue research procedure and phlebotomy training certificate. 

Participants remained seated and were prepared for capillary blood extraction performed for the purpose 

of measuring HbA1c (Appendix U). The participant’s non-dominant arm was straightened in a rested 

position and angled towards the ground to aid blood flow. The index finger was then pierced using an 

automated lancet and blood was then drawn into a capillary tube incorporated as part of a HemoCue 
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HbA1c test cartridge (HemoCue, Ängelholm, Sweden). Capillary blood samples were analysed 

instantly for HbA1c measurement using a HemoCue 501 HbA1c analyser (HemoCue, Ängelholm, 

Sweden). Daily and monthly checks of the analyser function were performed in accordance with the 

manufacturer’s guidelines.  

Participants then completed a computerised cognitive test battery. For the purpose of cognitive testing, 

all participants were asked to refrain from consuming caffeine on the day of testing, and from 

consuming alcohol on both the day of testing and the previous evening. The test battery comprised of a 

selection of neuropsychological tests derived from CANTAB (Cambridge cognition Ltd, Cambridge, 

United Kingdom). The following tests were administered 1) RTI, 2) PAL, 3) SWM, 4) PRM, 5) DMS, 

and 6) RVP. These tests were chosen as they measured performance in cognitive domains that are 

sensitive to cognitive decline in a T2DM population (Palta et al., 2014; Pelimanni et al., 2018; Monette 

et al., 2014; Wong et al., 2014). The test battery was conducted using a specialist touchscreen laptop 

and press pad. The test battery took approximately 45-60 minutes to complete and denoted the end of 

the baseline assessment. Post assessment visits were conducted following the 6 week intervention 

period and replicated the same procedure outlined in the baseline visit with the exception of height, 

weight and HbA1c measurements.  

Intervention 

 

Individuals allocated to the intervention group participated in a structured computerised cognitive 

training programme. Participants were required to complete a total of 12 hours of cognitive training 

over a 6-week period, with sessions being performed 2-3 per week. Each session required the participant 

to complete a cognitive training battery comprised of a series of computerised cognitive tasks derived 

from CANTAB (Cambridge Cognition Ltd, Cambridge, United Kingdom). The following tasks were 

administered: 1) CRT, 2) VRM, 3) AST, 4) SSP, 5) SST, and 6) OTS. These tasks were chosen so as 

to provide an overlap in the domain trained, but not an overlap in tests with respect to the test battery 

described in the baseline visit. All cognitive training was conducted using the same specialist touch 

screen laptop and press pad as in the baseline assessment. Each training battery lasted approximately 
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60 minutes in duration. Participants were given a choice to complete the cognitive training sessions 

either at the University of Lincoln or in the participant’s own home. 

Control group 

 

Participants allocated to the usual care control group were asked to attend the baseline and post-

intervention assessments only. Participants were asked to continue their usual daily activities for the 6 

weeks duration between assessments visits. Participants were asked not to engage in any new structured 

exercise or cognitive training regime throughout the duration of the study.  

4.2.5 Demographic outcomes 
 
Demographic measurements including age, gender, BMI, MMSE score, diabetes duration, education 

status, and HbA1c were recorded for the purpose of describing the population.   

4.2.6. Feasibility outcomes 
 

Design 

 
Efficacy and time required to co-ordinate recruitment processes, screening/eligibility visits, assessment 

visits and training visits, and any alterations made to the study design were recorded.  

Recruitment  

 
The total number of participants who enrolled onto the study in addition to those who consented to be 

contacted or expressed interest was recorded along with their recruitment pathway through which each 

potential participant was identified. The number of GP practices that consented to recruit potential 

participants was recorded. The total number of registered individuals diagnosed with T2DM at each GP 

practice along with the proportion of those individuals who met the study eligibility criteria and the 

number of study information packs sent out was recorded.  
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Uptake, adherence, retention 

 
The number of individuals who attended the baseline assessment compared to the number of individuals 

who expressed interest in the study was recorded. The number of sessions attended by each individual 

enrolled onto the study and the number of individuals who dropped out of the study was also recorded. 

Data collection 

 
Outcome data from each participant was collected at predetermined time points as outlined in the study 

procedure. The completeness of outcome data along with the time point in which outcome data was 

collected was recorded.  

Motivation 

 
The motivation of individuals to participate and complete the training sessions was recorded digitally 

at the start of each training session. Motivation was recorded using the visual analogue scales (VAS), a 

set of psychometric scales that measure subjective states. A sliding scale is presented on screen, with 

two ‘extremes’ opposing answers reading at either end, the participant responded to the questions as 

they appeared on the screen by selecting the on-screen slider and moving it to the appropriate position 

on the scale. Scales were graded 0-100 in which a lower score reflected attitudes/moods associated with 

the left extreme of the scale and a higher score reflecting attitudes/moods associated with the right 

extreme of the scale. Participants completed 4 sliding scales including 1) interested or bored, 2) attentive 

or dreamy, 3) energetic or lethargic, and 4) alert or drowsy. 

4.2.7 Cognition 
 
Cognition was measured using the CANTAB neuropsychological test battery (Cambridge Cognition 

Ltd, Cambridge, United Kingdom) as described in the intervention development study (chapter 3). 

Cognition was measured at baseline and post intervention. 

4.2.8 Brain-derived neurotrophic factor 
  
Venous blood samples were extracted from participants for the purpose of measuring serum levels of 

BDNF. Blood samples were extracted at baseline and post intervention. 
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4.2.9 Progression criteria  
 
The feasibility progression criteria is outlined below in Table 4.1. Outcomes were assessed using the 

following criteria: proceed (e.g. where there are no issues of concern that threaten the success of the 

trial), amend/amber (e.g. where there are remediable issues in which modifications may be needed 

before progressing) and stop/red (e.g. when there are intractable issues that cannot be remedied) (Avery 

et al., 2017).  

 
Table 4.1 Progression criteria used to assess the proposed cognitive training intervention 

Feasibility outcome Proceed Amendments Stop 

Study design  No changes or 

recommendations 

 

Minor to major changes or 

recommendations 

Substantial changes or 

recommendations 

Participant 

Recruitment  

 >70 over 11-month 

recruitment period 

 

>35 - <70 over 11-month 

recruitment period 

<35 over 11-month 

recruitment period 

GP practice 

recruitment 

>4 GP practices 

recruited and only 

minor delays 

experienced with 

recruitment through 

GP practices 

 

1-4 GP practices recruited 

and/or delays experienced 

with recruitment through 

GP practices 

0 GP practices 

recruited or major 

delays experienced 

with recruited GP 

practices 

 

Retention rate >80%  50%-80%   <50%  

 

Adherence rate >80%  50%-80%  

 

<50%  

Data Collection All outcome data 

collected in timeframe  

 

>50% of outcome data 

collected in timeframe 

<50 of data collected 

in timeframe 

Motivation <30 on average scored 

on each VAS outcome 

 

>30 - <70 scored on each 

VAS outcome 

>70 scored on each 

VAS outcome 

    

 

4.2.10 Data analysis 
 
All statistical analyses were performed using SPSS (IBM SPSS statistics for Windows, version 22.0, 

Armonk, New York, USA). All outcome variables were assessed for normality using the Sharpiro -

Wilks test. To assess group differences in demographic variables between the two groups an 

independent samples t-test was used for continuous data and a chi squared test used for categorical data. 
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Pearson’s correlational coefficient was performed to identify associations between demographic 

variables, cognitive scores and serum BDNF levels at baseline. All data are reported as mean ± SD and 

an alpha value of 0.05 was set to detect significant differences between the two groups and significant 

correlations between variables. As this was a feasibility study p-values were reported for cognitive 

outcomes and serum levels of BDNF in addition to mean changes with 95% CIs for within group 

changes to provide an indication of the magnitude and direction of effect. 

4.3 Results  
 

4.3.1 Participant characteristics 
 
Seventy-five individuals expressed interest in the current study. Thirty-three were excluded for various 

reasons including: could not be contacted (n=15), declined to participate (n=8), did not meet the 

eligibility criteria (n=5), and lived too far away (n=5). Forty-six individuals enrolled onto the study but 

only 42 were randomised to either the cognitive training group or usual care control group. One 

participant who was allocated to the cognitive training group dropped out and could not be contacted. 

Forty-one participants completed the study and were included in the follow up analysis, see Figure 4.1. 

The demographic characteristics of individuals in the cognitive training group and usual care control 

group are presented in Table 4.2.  
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Figure 4.1. Study flowchart 

 

 

 

 

Assessed for eligibility (n=46) 

Excluded (n=4) 

• Loss of interest (n=4) 

Analysed (n= 20) 

• Excluded from analysis (n= 0) 

Lost to follow-up (n= 0) 

Discontinued intervention (n= 1 dropped out and 

could not be contacted) 

Allocated to intervention (n= 21) 

• Received allocated intervention (n= 21) 

• Did not receive allocated intervention (n=0) 

Lost to follow-up (n= 0) 

Discontinued intervention (n= 0) 

Allocated to intervention (n= 21) 

• Received allocated intervention (n= 21) 

• Did not receive allocated intervention 

 (n= 0) 

Analysed (n= 21) 

• Excluded from analysis (n= 0) 

 

Allocation 

Analysis 

Follow-Up 

Randomized (n= 42) 

Enrolment 
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Table 4.2. Demographics of individuals in the cognitive training and control group 

Demographic Total (n=41) Intervention (n=20) Control (n=21) P value 

Age (Years) 

 

66.5 ± 9.8 66.3 ± 8.4 

 

66.6 ± 11.1 

 

0.90 

 

Sex (M/F) 

 

23/18 11/9 

 

12/9 

 

0.89 

 

Height (cm) 

 

172.0 ± 11.0 173.1 ± 11.8 

 

170.9 ± 10.3 

 

0.52 

 

Weight (kg) 

 

90.6 ± 20.0 92.7 ± 19.0 

 

88.6 ± 21.1 

 

0.52 

 

BMI 

 

30.4 ± 5.3 30.8 ± 5.3 

 

30.0 ± 5.3 

 

0.65 

 

HbA1c (mmol.mol) 

 

54.0 ± 13.3 52.3 ±12.4 

 

55.6 ± 14.2 

 

0.43 

 

Duration (years) 

 

9.2 ± 5.4 8.2 ± 4.7 

 

10.2 ± 5.9 

 

0.23 

 

MMSE  

 

28.1 ± 1.7 28.0 ± 1.7 28.1 ± 1.8 0.79 

GCSE 

 

n=15 n=8 n=7  

BTEC/HND 

 

n=5 n=2 n=3  

A-Levels 

 

n=4 n=1 n=3 0.77 

Degree 

 

n=10 n=6 n=4  

Postgraduate 

 

n=7 n=4 n=3  

M=male, F=female, cm=centimetre, kg=Kilograms, BMI=body mass index, Hba1c=glycated haemoglobin, 

mmol.mol=millimoles per mole. MMSE=mini-mental state examination. 

 

4.3.2 Feasibility 
 

Design 

 
The coordination of participant recruitment, enrolment visits, and assessment visits were performed 

without any changes to the study protocol. Difficulty was experienced recruiting GP practices in which 

delays due to the recruitment of separate successive practices, recruiting during busy periods e.g. flu 

vaccinations, and recruiting from practices with mixed research experience hindered participant 

recruitment. The inclusion of a participant enrolment visit prior to the baseline assessment was shown 

to be successful in determining eligibility and availability including those who were too busy, lived too 

far away or were unable to participate due to other health reasons. The randomisation of participants to 

either the cognitive training or usual care group was equal (n=21 vs n=21) and the baseline 

characteristics were balanced between the two groups, see Table 4.2. Only one minor change was made 
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to the training visits in that an additional 10-15 minutes was incorporated into the initial two training 

sessions to account for participant orientation of training tasks. 

Offering training visits at both the University of Lincoln and the participant’s own home resulted in an 

equal number of participants choosing both types of visits (Home visits n =10 and university visits n = 

10). Whilst this provided flexibility for participants, it did place a significant burden on the researcher 

as no limit had been established for travel distance which resulted in lengthy data collection trips. 

Venous blood samples could not be obtained from 5 of the 41 participants (Cognitive training group n= 

4 vs. Usual care control n = 1). It is recommended that modifications are made to the study design 

before proceeding with a large-scale evaluation. Alterations should be made specifically to the 

recruitment approach of GP practices, the distance travelled for home training visits, and the duration 

of training visits, see Table 4.3 for proposed modifications.  

Recruitment 

 
A total of n=75 individuals expressed interest in the current study of which n=46 (61%) enrolled onto 

the study over an 11-month period. This resulted in an enrolment rate of approximately 3.8 participants 

per month, see Figure 4.2 below for the breakdown of number of participants enrolled each month over 

the study recruitment period. 
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Figure 4.2. Number of participants who enrolled over the study recruitment period. 

Primary recruitment through GP mail outs was the most successful recruitment approach generating 

n=25 who enrolled onto the study. Four GP practices were identified in which 3 GP practices agreed to 

assist in study recruitment. A total of n=1376 registered individuals diagnosed with T2DM were 

identified across the 3 GP practices of which n=1037 individuals met the study eligibility criteria. 

Targeted mail outs n=749 were sent from only two GP practices in which n=42 individuals expressed 

interest and n=25 individuals enrolled onto the study, see Figure 4.3 for further details. A recruitment 

rate of 0.92 and 1.1 participants per month was estimated for GP practice#1 and GP practice#2 

respectively. 
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Figure 4.3. Flowchart showing the recruitment of participants through GP practices 
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Secondary recruitment pathways including poster/flyers, diabetes support group, social media 

advertisement, word of mouth, previous research, and radio advertisement generated a combined total 

of n=33 individuals who expressed interest of which n=21 enrolled onto the study. Figure 4.4 shows 

the number of individuals who expressed interest and enrolled through both primary and secondary 

recruitment pathways. Overall, the target recruitment rate for the current study as well as the estimated 

recruitment rate per GP practice per month was not met. Alterations will need to be made involving the 

recruitment of further GP practices as well as identifying more innovative secondary recruitment 

pathways to supplement GP mail outs, see Table 4.3 for proposed modifications.  

Figure 4.4 The number of individuals recorded through each recruitment pathway who expressed 

interest and the number of those who enrolled on the study. 
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Retention  

 
Of the 46 participants who provided written and verbal informed consent, 41 (89%) remained in the 

study at the post intervention follow up (n=20 cognitive group vs n=21 usual care group). Four 

participants withdrew before randomisation due to loss of interest whilst one participant, allocated to 

the cognitive training group, withdrew after four training sessions and could not be contacted.  

Adherence  

 
The adherence to training sessions in the 20 participants allocated to the cognitive training intervention 

was 99%, with only two participants missing the last training session. There were no differences in 

adherence in those who visited the university for training visits compared to those who preferred home 

training visits.  

Data collection  

 
There were no missing cognitive data in any of the 41 participants who were included in the follow-up 

analysis. Cognitive data was collected within the specified time frame in 36 of the 41 participants 

(intervention group n=1 vs usual care control group n=4). Difficulty was frequently experienced in 

arranging post-assessment visits with individuals who were allocated to the usual care control group. 

Blood samples could only be extracted from 35 of the 41 participants who completed the trial. 

Modifications specifically aimed at those allocated to the control group should be made to reduce data 

collection outside of the specified time frame, see Table 4.3 for proposed suggestions. 

Motivation 

 
Scores from the VAS scales indicated that participants in general were highly motivated to conduct 

cognitive training, with a group mean score of 15.3 ± 10.6 for interested/bored, 18.5 ± 11.9 for 

attentive/dreamy, 20.3 ± 14.0 for alert/drowsy, and 24.6 ± 13.9 for energetic/lethargic. These findings 

suggest that participants were highly motivated to engage in cognitive training which was sustained 

over the duration of the training period. Figure 4.5 shows the mean scores of each motivation outcome 

at each training session. There were no significant differences between individuals who conducted 
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cognitive training at the university or those who conducted training in their own home. There were also 

no significant differences between the cognitive or control group at baseline or post assessment.  

 

 

Figure 4.5 Motivation of participants at each training session. Data indicates that the interest, alertness, 

energy, and attentiveness of participants were high prior to starting the cognitive training intervention, 

as indicated by low scores on each outcome prior to session 1. The alertness, attentiveness and energy 

of participants were shown to steadily increase over the course of the 12 training sessions as reflected 

by a steady decrease in scores. Whilst the interest of participants was shown to peak at session 3, 

participant interest remained high throughout the 12 training sessions.  
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Table 4.3 Summary of feasibility findings showing progression decision for each feasibility outcome and proposed modifications for each outcome. 

Outcome Summary of main findings 

 

 Decision Summary of proposed modifications 

Study design • No alterations were required to either enrolment or assessment visits. Changes 

were made to initial training visits to include extra 10-15 minutes. Choice of 

training visits were split equally across home (n=10) and university (n=10) but the 

distance travelled to home visits was costly and time consuming for the researcher.  

• Include an extra 10-15 minutes during the initial 2-3 training sessions to better manage 

participant expectations and to allow familiarisation with training tasks. 

 

• Set a limit on the distance the researcher travels to and from home training visits to manage 

expectations of time management. This may include limiting home training visits to certain 

postcodes or setting an upper travel limit e.g. 10 miles   

 

 
Recruitment 

 

 

 

• In total n=75 expressed interest and n=46 enrolled onto the study. Recruitment rate 

of 3.8 participants enrolled a month. 4 GP practices were identified, 3 consented 

to recruit, mail outs sent from only 2. Difficulties in the recruitment of GP practices 

hindered participant recruitment. 

 

• GP mail outs identified n=42 who expressed interest, n=25 consented to 

participate. A recruitment rate of 0.92 and 1.1 participants per GP practice per 

month was estimated. Secondary recruitment pathways identified n=33 who 

expressed interest, n=22 who enrolled onto the study. 

 

 

 

• Based on study and GP recruitment rate, multiple GP practices should be recruited 

concurrently. Ideally more GP practices than needed should be shortlisted for ‘insurance’. 

 

• Supplement GP recruitment with further secondary recruitment pathways e.g. Newspaper 

advertisement, church groups, online advertisement, consultant mail outs. 

  

• Liaise with GP practices to co-ordinate recruitment searches to avoid busy periods e.g. flu 

vaccination season. Prioritise GP practices with greater research experience and allow more 

time for those GP practices with less experience. Potentially employ a dedicated researcher 

or team to manage GP recruitment and conduct follow up telephone recruitment with 

individuals who expressed interest but did not respond to initial email. 

 

 

Retention and 

adherence 

 

 

 

• Of the 46 participants who expressed interest in participating, 41 participants 

completed the post assessment visit equating to an 89% retention rate. The 

adherence rate to cognitive training sessions was high (99%), with only two 

participants missing one training session each. 

 

 

 

 

• No modifications required 

Data collection 

 

 

• Data was collected in the allocated time limit in 36 out of the 41 participants. 

Difficulty was experienced in arranging time and date for post assessment visit with 

individuals allocated to the usual care control group.  

 

• Potentially include an active control group to keep control participants more invested and 

involved in the study e.g. educational group or passive brain training. 

 

• Agree upon time and date of the post assessment visit as early as possible and include 

telephone/text/email reminders of agreed dates with those allocated to the control group to 

avoid delays in data collection. 

 

Motivation 

 

 

 

• Motivation of participants to conduct cognitive training across the 12 sessions was 

high and was maintained for the duration of the study.  

 

 

• No modifications required 
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4.3.3 Cognition  
 
The mean and 95% CI for all cognitive outcomes at baseline by group are presented in Table 4.4. Those 

allocated to the cognitive training group performed worst at baseline in the RTI simple reaction time 

task, RT five choice reaction time task, PAL total errors and PRM total correct compared to the usual 

care group. Significant negative correlations were observed between age and DMS total correct, RVP 

A and RVP total hits, in addition to BMI and PAL total errors and PRM correct latency, indicating that 

as age and BMI increased, performance in these tasks worsened with the exception of PAL total errors. 

Similarly, significant positive correlations were observed between age, PAL total errors, SWM strategy, 

and SWM total errors, also reflecting a worse performance in these tasks as age increased. Significant 

positive correlations were also shown between education and PRM total correct, RVP A, and RVP total 

hits, showing that higher education is associated with greater performance in these tasks. A significant 

positive correlation was observed between BMI and PRM total correct showing that as BMI increased, 

performance improved. All correlations are shown in Table 4.5 

Table 4.4. Baseline performance between the cognitive and usual care control group 
Outcome Cognitive (n=20) Usual care (n=21) P value 

RTI simple (ms) 

 

320.6 (280.0 – 361.2) 305.1 (283.1 – 327.0) 0.52 

RTI Five choice (ms) 

 

342.2 (309.4 – 374.9) 335.0 (311.9 – 358.0) 0.67 

PAL total errors 

 

31.3 (18.4 – 44.1) 23.1 (15.2 – 31.0) 0.16 

SWM strategy 

 

29.0 (24.8 – 33.2) 32.7 (29.3 – 36.0) 0.14 

SWM total errors 

 

23.0 (10.1 – 35.3) 33.1 (23.4 – 42.8) 0.14 

PRM total correct 

 

19.2 (17.9 – 20.5) 21.0 (19.8 – 22.2) 0.01* 

PRM correct latency 

(ms) 

 

1979.9 (1686.8 – 2273.0) 2018.2 (1830.2 – 2206.3) 0.89 

DMS total correct 

 

12.6 (11.8 – 13.4) 12.0 (11.1 – 12.8) 0.23 

DMS correct latency 

(ms) 

 

3202.7 (2650.6 – 3754.7) 3452.3 (3010.2 – 3894.5) 0.50 

RVP total hits  

 

16.8 (14.6 – 18.9) 16.4 (13.6 – 19.3) 0.74 

RVP A 0.90 (0.90 – 0.92) 0.89 (0.84 – 0.93) 0.51 

RTI=reaction time, PAL=paired associated learning, SWM=spatial Working Memory, PRM=pattern recognition Memory, 

DMS=delayed match to sample, RVP=rapid visual information processing. ms= milliseconds  *<0.05
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Table 4.5 Correlation analysis between age, sex, BMI, education, MMSE, disease duration, HbA1c, and cognitive outcomes at baseline 

 Age Sex BMI Education MMSE Disease 

duration 

HbA1c RTI 

simple 

RTI Five 

choice 

PAL total 

errors 

SWM 

strategy 

SWM total 

errors 

PRM total 

correct 

PRM correct 

latency 

DMS total 

correct 

DMS correct 

latency 

RVP A RVP total hits 

Age - -.193 -.432** -.276 -.129 .380* -.127 -.032 .171 .400** .335* .355* -.303 .300 -.311* .100 -.640** -.630** 

Sex - - -.054 -.002 -.098 -.240 -.206 -.071 .131 .002 .115 .254 .193 -.017 -.129 -.212 -.156 -.135 

BMI - - - -.052 .035 -.147 .062 -.075 -.211 -.371* -.142 -.058 .419** -.355* .068 -.128 .053 .042 

Education - - - - 039 -.258 -.026 -.148 -.091 -.295 -.286 -.256 .312* -.014 -.009 .083 .491** .498** 

MMSE - - - - - 012 .196 .134 .066 -.053 -.194 -.059 .305 .085 -.108 -.037 .182 .197 

Disease Duration - - - - - - 064 .040 .040 .215 .103 .084 -.162 -.024 -.057 .004 -.289 -.295 

HbA1c - - - - - - - .102 .042 -.101 .027 -.026 .140 -.067 -.052 -.002 .143 .140 

RTI simple - - - - - - - - 683** .237 .237 .299 -.097 .287 -.237 .109 -.180 -.173 

RTI Five choice - - - - - - - - - .310* .235 .328* -.066 .472** -.180 .291 -.306 -.289 

PAL total correct - - - - - - - - - - .232 .388* -.596** .352* -.400** .361* -.384* -.383* 

SWM strategy - - - - - - - - - - - .767** .013 .319* -.273 -.037 -.534** -.530** 

SWM total errors - - - - - - - - - - - - -.016 .477** -.440** .136 -.599** -.582** 

PRM total correct - - - - - - - - - - - - - -.177 -.063 -.146 .237 .243 

PRM correct latency - - - - - - - - - - - - - - -.091 .550** -.351* -.332* 

DMS total correct - - - - - - - - - - - - - - - -.160 .309* .281 

DMS correct latency  - - - - - - - - - - - - - - - - -.044 -.047 

RVP A - - - - - - - - - - - - - - - - - .995** 

RVP total - - - - - - - - - - - - - - - - - - 

RTI=reaction time, PAL=paired associated learning, SWM=spatial Working Memory, PRM=pattern recognition memory, DMS=delayed match to sample, RVP=rapid visual information processing. All data presented as mean ± SD.*<0.05,**<0.01
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The mean change from baseline scores and 95% CI by group are presented in Table 4.6. Reductions in 

RTI simple reaction time task, RTI five choice reaction time task, PAL total errors, SWM strategy, 

SWM total errors, and PRM correct latency were observed in both groups reflecting a greater 

performance in these tasks. Compared to the usual care control group, greater reductions were observed 

in the cognitive training group in the RTI simple reaction time task, RTI Five choice reaction time task, 

PAL total errors, and SWM strategy. An increase in RVP total hits and RVP A was also shown in both 

groups indicating greater performance in these tasks. A greater increase in RVP total hits was made in 

the control group whilst RVP A equally improved. Improvements in both DMS total correct and DMS 

latency were shown in the control group only, whilst the cognitive training group was shown to worsen 

both DMS total correct score and DMS correct latency score. An increase in PRM total correct score 

was shown in the cognitive training group reflecting a greater performance in this task, whilst no change 

was seen in the control group.  

Table 4.6 Mean change from baseline in cognitive task performance following cognitive training  

RTI=reaction time, PAL=paired associated learning, SWM=spatial working memory, PRM=pattern recognition memory, 

DMS=delayed match to sample, RVP=rapid visual information processing, ms= milliseconds All data presented as mean and 

95% CI, *<0.05 

 

Outcome Cognitive (n=20) Usual Care (n=21) P value 

RTI simple (ms) 

 

-14.0 (-48.7 – 20.7) 

 

-6.9 (-21.0 – 7.2) 

 

0.65 

RTI Five choice (ms) 

 

-10.5 (-41.8 – 20.8) 

 

-1.8 (-24.5 – 20.9)  

 

0.54 

PAL total errors 

 

-16.3 (-23.9 – -8.6) 

 

-6.5 (-11.1 – -2.0) 

 

0.01* 

SWM strategy 

 

-3.2 (-5.3 – -1.0) 

 

-1.5 (-3.0 – -1.0) 

 

0.19 

SWM total errors 

 

-1.5 (-5.8 – 2.8) 

 

-3.9 (-9.0 – 1.2) 

 

0.42 

PRM total correct 

 

1.4 (-0.3 – 3.0) 

 

0.0 (-0.9 – 1.0) 

 

0.13 

PRM correct latency 

(ms) 

 

-149.2 (-401.3 – 102.8) 

 

-157.4 (-340.0 – 25.1) 

 

0.95 

DMS total correct 

 

-0.1 (-0.9 – 0.7) 

 

0.7 (-0.2 – 1.4) 

 

0.19 

DMS correct latency 

(ms) 

 

290.4 (-300.8 – 881.6) 

 

-232.3 (-645.7 – 181.2) 

 

0.10 

RVP total hits  

 

0.6 (-1.7 – 2.6) 

 

0.8 (-1.3 – 2.8) 

 

0.72 

RVP A 

 

0.01 (-0.03 – 0.02) 

 

0.01 (-0.08 – 0.06) 

 

0.99 
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Participants who trained at home were shown to have a greater performance in seven of the eleven 

cognitive outcomes including PAL total errors, SWM strategy, SWM total errors, PRM correct latency, 

DMS total correct, RVP A, and RVP total hits compared to those who trained at the university. 

Participants who trained at the university showed a greater performance RTI simple reaction time, RTI 

Five choice reaction time, PRM total correct and DMS correct latency only, in which the latter was 

shown to worsen in both groups. The mean score for each training task at each training session is 

presented in Appendix W. Improvements were observed across several of the training tasks including 

the CRT, AST, SSP, SST, and OTS, reflecting the improvements observed in the assessment tasks. The 

mean score of several training tasks including RTI, ATS latency (Figure 4.6), ATS switch cost (Figure 

4.7), SSP latency, SST reaction time (Figure 4.8), OTS problems solved on first go (Figure 4.9) and 

OTS latency (Figure 4.10),  were shown to generally improve, along with a reduced variability, up until 

training session 10 & 11 before a plateau was observed.  

 

 

Figure 4.6 Mean task performance in the ATS task latency across the 12 training sessions 
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Figure 4.7 Mean task performance in the ATS task switch cost across the 12 training sessions 

 

 

Figure 4.8 Mean task performance in the SST reaction time across the 12 training sessions 
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Figure 4.9 Mean task performance in the OTS task number of problems solved on first go 

across the 12 training sessions 

 

 
 

 

Figure 4.10 Latency until correct on the OTS task over the 12 training sessions 
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4.3.4 Brain-derived neurotrophic factor 
 
Correlational analysis between demographic variables and levels of BDNF at baseline are presented in 

Table 4.7. A significantly positive correlation was observed between BMI and levels of BDNF at 

baseline, signalling that higher BMI is associated with higher levels of BDNF, see Figure 4.11. Positive 

correlations were also observed between baseline levels of BDNF and both MMSE and HbA1C but 

were not significant. Negative correlations were observed between baseline levels of BDNF and age, 

extraction time at baseline and post intervention but were also not significant. 

Table 4.7. Correlations between baseline levels of BDNF and key demographic variables 

 Age BMI MMSE Duration HbA1c Time 

baseline 

Time post BDNF 

pre 

 

Age 

 

 

- 

 

-.441** 

 

-.130 

 

.401** 

 

-.173 

 

-.331 

 

-.110 

 

-.109 

BMI 

 

- - -.011 -.124 .047 .032 -.154 .421* 

MMSE 

 

- - - -.002 .257 .036 -.179 0.49 

Duration 

 

- - - - .021 -.262 -.190 -.147 

HbA1c 

 

- - - - - .262 -039 .141 

Time baseline 

 

- - - - - - .431** -.041 

Time post 

 

- - - - - - - -.067 

BDNF pre 

 

- - - - - - - - 

BMI=body mass index, MMSE=mini-mental state examination, HbA1c= glycated haemoglobin, BDNF= brain derived-

neurotrophic factor, *<0.05, **<0.01 

 
Serum levels of BDNF at baseline, post intervention and the mean change from baseline are presented 

in Table 4.8. Serum samples of BDNF could only be measured 35 of the 41 participants (n=16 cognitive 

training group and n=19 in usual care control group). Baseline levels of BDNF were shown to be higher 

in the usual care control group at baseline compared to the cognitive training group but were not shown 

to be significant. Change from baseline data show that both groups reduced their serum levels of BDNF 

at post intervention with the greatest reduction shown in the cognitive training group, but these 

differences were not significant.  
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Table 4.8 Baseline, post, and mean change in serum levels of BDNF present with 95% CI 

BDNF Cognitive Control P value 

Baseline (ng/ml) 

 

1258.7 (487.2 – 1472.4) 1303.6 (910.2 – 1837.2) 0.63 

Post (ng/ml) 

 

1186.5 (1034.7 – 1338.4) 1283.9 (1096.9 – 1470.9)  0.41 

Change (ng/ml) 

 

-72.2 (-168.9 – 24.5) -19.7 (-182.7 – 143.2) 0.63 

BDNF=brain-derived neurotrophic factor, ng/ml=Nanograms/millilitres 

 
Correlational analysis between change cognitive data and change BDNF are presented in Table 4.9. 

None of the identified correlations were significant. Negative correlations were observed between 

BDNF and RTI simple reaction time, RTI Five choice reaction time, PAL total errors, SWM strategy, 

and PRM latency, suggesting greater performance in these tasks as BDNF levels reduced. Negative 

correlations were also observed between BDNF and PRM total correct, DMS total correct, RVP total 

hits and RVP A, reflecting worse performance in these tasks as BDNF reduced. Positive correlations 

were observed between BDNF, SWM total errors and DMS latency, also suggesting that performance 

in these tasks worsened as BDNF reduced.  

 

Figure 4.11 Scatterplot showing the relationship between BMI and baseline levels of serum BDNF
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Table 4.9. Correlational analysis between mean change in serum BDNF and mean change in cognitive outcomes 

 BDNF RTI simple RTI Five 

choice 

PAL total 

errors 

SWM 

strategy 

SWM total 

errors 

PRM total 

correct 

PRM correct 

latency 

DMS total 

correct 

DMS correct 

latency 

RVP A RVP total hits 

BDNF - -.005 -.043 -.132 -.028 .025 -.233 -.053 -.007 .189 -.277 -.324 

RTI simple - - .587** .264 0.73 .180 -.327* -.011 .124 .292 .219* .185 

RTI Five choice - - - .234 .217 .160 -.093 .046 .357* .033 .219 .020 

PAL total correct - - - - .364* .038 -.363* -.016 .081 -.239 .205 .114 

SWM strategy - - - - - .082 .133 .442* -.020 -.142 .259 .034 

SWM total errors - - - - - - -.006 .014 .060 .236 -.277 -.232 

PRM total correct - - - - - - - -.398* .071 -.066 -.090 .122 

PRM correct latency - - - - - - - - -.015 .083 .233 .187 

DMS total correct - - - - - - - - - -.071 .185 -.056 

DMS correct latency  - - - - - - - - - - .012 .082 

RVP A - - - - - - - - - - - .618* 

RVP total - - - - - - - - - - - - 

BDNF=brain-derived neurotrophic factor, RTI=reaction time, PAL=paired associated learning, SWM=spatial working memory, PRM=pattern recognition memory, DMS=delayed match to sample, RVP=rapid visual information processing
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4.4 Discussion 
 
The overarching aim of the current study was to determine the feasibility of a cognitive training study 

in individuals with T2DM. Findings from the previous review (Cooke et al., 2020) (chapter 2) and 

intervention development study (chapter 3) pointed towards the implementation of a cognitive training 

study for further evaluation. Prior to undertaking a large-scale evaluation, conducting a feasibility study 

allows the researcher to evaluate whether it is appropriate to proceed with a definitive trial and 

determine whether modifications are required to the trial design before continuing. Using a traffic light 

progression criteria, the findings of the current study demonstrated feasibility in the adherence, retention 

and motivation of participants to conduct and complete the cognitive training study. Going forward, 

several remedial modifications were identified to aspects of the study design, recruitment processes, 

and data collection that should be considered before conducting a future definitive RCT. Minor 

modifications will need to be made to three key areas including 1) limiting the distance travelled by the 

researcher to and from home training visits, 2) recruiting a greater number of GP practices in addition 

to the inclusion of further secondary recruitment pathways, and 3) implementing measures to ensure 

follow up data is collected in the pre-specified time frame. Data signalled towards a positive effect of 

cognitive training compared to usual diabetes care in several cognitive domains including visual 

memory, new learning, reaction time, spatial working memory and visual pattern recognition memory. 

However, an unexpected reduction in serum levels of BDNF was observed in both groups with the 

greatest decrease shown in the cognitive training group. Overall, the findings of the present study 

suggest that it would be appropriate to conduct a definitive RCT in which only minor remedial 

modifications would be required to aspects of the trial design. Whilst the improvements in cognition 

point towards cognitive training as a potential strategy for targeting cognitive dysfunction in T2DM, 

further research would be required to determine whether this type of intervention could be effective. 

The reduction in BDNF following cognitive training was unexpected but may be indicative of a 

potential alternative mechanistic pathway in T2DM that warrants further investigation along with other 

potential cognitive training mechanisms.  
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4.4.1 Study feasibility 
 
Recruitment procedures resulted in 75 individuals registering interest over an 11 month period with 46 

individuals providing informed consent and 41 individuals included in the final analysis. Whilst the 

target sample size for feasibility studies proposed by Teare et al. (2014) was not achieved (n=70), this 

study was more concerned with the feasibility of recruitment pathways for informing future trials. GP 

mail outs yielded the greatest number of potential participants (56%), supporting previous evidence 

which suggests that a targeted mailing approach where potential participants are identified using GP 

registers, should be a primary recruitment pathway for future research trials (Silagy et al., 1991; Johnson 

et al., 2105; Carter et al., 2015). Of the 1376 registered individuals with T2DM, 1037 individuals (75%) 

met the study eligibility criteria. A total of 749 mails out were sent in which a recruitment rate of 0.92 

and 1.1 participants enrolled per month per GP practice, and is comparable to recruitment rates observed 

in several single and multicentre RCTs conducted in the UK that also recruited approximately 0.92 

participants per centre per month (Walters et al., 2017). However, delays in the recruitment of GP 

practices were experienced which consequently hindered participant recruitment. It is common for trials 

to suffer from delays in the contracting and setting-up of GP practices which may consequently lead to 

a deviation from the initial recruitment time plan (Avery et al., 2017). It is also important to consider 

that recruitment rates from GPs may fluctuate seasonally and that the range of research experience GPs 

have may also encumber recruitment (Avery et al., 2017). Our findings suggest that before proceeding 

to a large-scale evaluation, modifications need to be made to the study recruitment processes. Based on 

the extrapolation of recruitment rates, several GP practices should be recruited concurrently and more 

practices than needed should be identified as an ‘insurance’ (Avery et al., 2017). Furthermore, primary 

recruitment through GP mails out should be supplemented with further, more innovative secondary 

recruitment pathways e.g. consultant mail outs, online and newspaper advertisement, church groups etc. 

Furthermore, our findings showed that a large proportion of individuals that expressed interest through 

GP mails did not reply to initial recruitment emails. Evidence from a recent systematic review (Treweek 

et al., 2018) suggest that telephone reminders to individuals who did not respond to postal invitation 

resulted in a 6% (95% CI 3%-9%) improvement in the recruitment of participants. Future trials should 
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also consider follow up telephone calls to those individuals who expressed interest but did not respond 

to the initial recruitment emails.  

The inclusion of an enrolment visit, informed by previous research (Callisaya et al., 2017), was shown 

to be successful in determining eligibility and availability including those who were too busy, lived too 

far away or were unable to participate due to other health reasons. In line with previous evidence 

(Harris-Brown & Paterson, 2015), it is recommended that enrolment visits should be included in future 

trials as it provides vital information regarding the feasibility of studies. The inclusion of a validated 

cognitive screening tool, such as the MMSE, to help identify any cognitive impairments was also an 

important addition to the eligibility screening process as it was short, concise, and minimised the burden 

on the researcher. Despite the relatively small sample size, the baseline characteristics appeared 

balanced between the cognitive training group and usual care control group. The intervention group 

performed cognitive training based on evidence from previous meta-analyses on the moderators of the 

effectiveness of cognitive training (Lampit et al., 2014; Kueider et al., 2012). The intervention 

demonstrated a high retention of participants (89%) with only five dropouts, including four drop-outs 

prior to randomisation and one drop out after training session four. The adherence of participants was 

also high (99%) with only two participants missing the last training session. These findings fall in line 

with previous RCTs (Walters et al., 2017) and are comparable or even better than the retention and 

adherence reported in previous studies investigating cognitive and exercise training in T2DM (Espeland 

et al., 2017b; Callisaya et al., 2017, Shellington et al., 2018; Whitelock et al., 2018). Participant 

motivation has previously been identified as a putative determinant of a participant’s capacity to adhere 

to and benefit from cognitive enhancing therapies (Choi & Twamley, 2013). Our findings show that the 

motivation of participants to conduct the 12 cognitive training sessions was high, which may have 

contributed to the high adherence and retention rate.  

There were no significant differences observed in any of the motivation scores between those who 

conducted training at the university and those who trained at home. Offering the participant the choice 

with respect to timing and training locations of training visits may also have contributed to the high 

adherence and retention rates. Recent evidence suggests logistical issues e.g. travelling to and from 
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studies is an important factor in individuals who declined participation in research (Newington & 

Metcalfe, 2014), and providing patient flexibility/choice may be a successful strategy to engage and 

maintain participants in trials (Heath et al., 2018; Heijmans et al., 2015; Graziotti et al., 2012; Martin 

et al., 2005). As different recruitment rates were being explored, a wide geographical area was included, 

primarily for support group recruitment. Furthermore, home-based training enables the participation of 

frail or immobile individuals who may not be able to travel to and from research trials (Kueider et al., 

2012). However, in the present study no limit was set on the distance the researcher travelled to and 

from the participant’s home for training visits, whereby some journeys were found to be time consuming 

and expensive. It is important to consider whether this type of recruitment should be factored in or out 

of any future trial recruitment options. It is recommended that future trials restrict home visits to specific 

post codes or limits imposed on distances travelled to help minimise the burden placed on the researcher.  

4.4.2 Impact of cognitive intervention on cognition 
 
Correlational analysis was initially conducted to identify key demographic covariates that may 

influence cognitive performance in T2DM. Our findings show that age, BMI and education were 

associated with several tasks at baseline cognitive performance. More specifically, as age and BMI 

increased, performance on tasks of memory, working memory and sustained attention, were poorer. In 

contrast, greater performance in tasks relating to memory and attentional domains were linked to higher 

educational attainment. This was expected as previous evidence generally shows age, BMI, and 

education status to have a significant impact on domains of cognition (Murman, 2015; Kirton & Doston, 

2017; Arvanitakis et al., 2018; Zahodne et al., 2015). These findings are important as they suggest that 

age, BMI and education may potentially influence cognition in T2DM in which future researchers 

should consider adjusting for in future trials. 

Improvements were observed in several cognitive domains as a result of 12 one-hour sessions over 6 

weeks of cognitive training, including visual memory and new learning, reaction time, spatial working 

memory, and recognition memory. Our findings fall in agreement with previous evidence that also show 

improvements in tasks of memory and working memory in T2DM (Paulo & Yassuda, 2012; Whitelock 

et al., 2018). Noticeably, larger improvements were made in tasks of visual memory and reaction time 
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as a result of cognitive training compared to the usual diabetes care group. Visual memory has 

previously been identified as a key cognitive domain that is vulnerable to cognitive decline in 

individuals with T2DM (Palta et al., 2014). The implications of our findings are important as deficits 

in memory related behaviour in individuals with T2DM has been proposed to have a detrimental impact 

on several disease management tasks including glucose monitoring, medication use, nutritional 

planning, and the coordination of health care appointments (Hopkins et al., 2016; Munshi et al., 2017). 

Reaction time is also recognised as an important cognitive domain that is at increased risk of decline in 

T2DM (Palta et al., 2014; Monette et al., 2014; Wong et al., 2014; Pelimanni et al., 2018). Evidence 

suggests that individuals with diabetes are 1.5 to 12 times more likely to experience hip fractures in 

addition to fractures at other sites including the humerus and spine compared to those without diabetes 

(Mayne et al., 2010). Several previous studies have shown that a slower reaction time is a primary cause 

of slips and falls and is a leading contributor to the high fracture rates observed in individuals with 

T2DM (Richerson et al., 2005; Morrison et al., 2010). The improvements observed in visual memory 

and reaction time in the present study may help target cognitive decline in T2DM, which in turn may 

have a positive impact on disease management and quality of life. 

Improvements in spatial working memory and recognition memory were also evident in the cognitive 

training group, but only small gains were made compared to the usual care group. Working memory is 

a core component of executive function that plays an important role in problem solving, planning and 

organisation (Diamond, 2013). Deficits in executive function and working memory in relation to 

planning and problem-solving abilities have been proposed to have a serious impact on the management 

of T2DM (Hopkins et al., 2016; Sinclair et al., 2000). For example, an individual may remember 

instructions to carry out important self-care tasks but are unable to integrate them into practices, which 

may further exacerbate cognitive decline and vascular complication (Hopkins et al., 2016; Munshi et 

al., 2017). Similarly, memory has also been identified as a common domain affected in T2DM and may 

interfere with self-care activities and diabetes control leading to suboptimal adherence to diabetes 

treatment regimens (Hopkins et al., 2016; Cerasuolo & Izzo, 2017). Our findings indicate a positive 

effect of cognitive training on working memory and recognition memory, and although only small gains 



126 
 

were shown compared to the usual care group, these findings could potentially be used in identifying 

primary outcomes in future larger trials. Whilst positive findings were observed in several cognitive 

domains in the current study, it is also important to acknowledge findings that did not support our 

hypothesis. Greater improvements were observed in domains of attention and delayed memory in the 

usual care control group. This finding was unexpected considering that both attention and memory are 

considered susceptible to cognitive decline in T2DM (Palta et al., 2014; Pelimanni et al., 2014; Monette 

et al., 2014). Furthermore, previous meta-analyses have also shown small to moderate improvements 

in these domains following cognitive training (Chiu et al., 2017; Lampit et al., 2014). However, these 

improvements were small, and as this was a feasibility study, further work would be needed to confirm 

the effects of cognitive training on attention and delayed memory in T2DM.  

4.4.3 Brain-derived neurotrophic factor 
 
To date, this is the first study that has examined the effect of cognitive training on serum levels of 

BDNF in a T2DM population. Our findings showed that both groups had reduced serum levels of BDNF 

at follow up, with greater reductions shown in the cognitive training group. This finding is somewhat 

unexpected in context of previous evidence that show an increase in the availability of BDNF following 

cognitive training in healthy middle aged adults (Kim et al., 2018), healthy older adults (Ledreux et al., 

2019), older adults with MCI (Damirchi et al., 2018), and chronic diseased populations including in 

those with Parkinson’s disease (Angelucci et al., 2015) and heart failure (Pressler et al., 2015).  

It is interesting to think about the current findings of reduced BDNF during the testing period in this 

study in the context of previous evidence suggesting BDNF plays an integral role in glucose metabolism 

(Smith et al., 1995; Ono et al., 2000; Krabbe et al., 2007; Fujinami et al., 2008, Zhen et al., 2013; Zhen 

et al., 2017). Ono et al. (2000) observed that the availability of BDNF from the human brain was 

inhibited when blood glucose was elevated, whereas when plasma insulin was increased in the presence 

of normal glucose levels, the availability of cerebral BDNF was augmented. These findings suggest that 

low levels of available BDNF may accompany impaired glucose metabolism, indicating that decreased 

levels of BDNF may be associated with poor glucose control. In agreement, more recent evidence that 

explored the role of BDNF in glucose metabolism also show reduced levels of serum and plasma BDNF 
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in individuals with T2DM (Krabbe et al., 2007; Fujinami et al., 2008, Zhen et al., 2013; Zhen et al., 

2017), in which the availability of cerebral BDNF was also observed to be inhibited when glucose levels 

were increased (Krabbe et al., 2007). Considering the inverse relationship between BDNF and blood 

glucose previously explained, the reduction in BDNF observed at follow up may partly be attributed to 

a possible worsening / elevation in glucose levels over the 6-week study period. However, this can only 

be speculated at this point as no measures of blood glucose were taken beyond baseline HbA1c. 

Our findings of reduced BDNF may also be explained in the context of evidence presented by Passaro 

et al., (2017) suggesting that an increase in levels of BDNF could be viewed as a neuroprotective 

mechanism in response to insult, and that cognitive training may act as a superseding neuroprotective 

mechanism that suppresses or delays the need for enhanced levels of BDNF. Specifically, Passaro et 

al., (2017) evaluated the effect of daily computerised cognitive training during horizontal bed rest (n=8 

mean age 59.1 ± 3.9) over a 14-day period compared to horizontal bed rest without cognitive training 

(n=8 59.1 ± 2.5) in healthy older adults. Post intervention findings revealed that BDNF levels remained 

similar to baseline values in the cognitive training group whilst BDNF levels were shown to increase in 

the bed rest control group. In the present study, it could be speculated that the greater reduction in levels 

of BDNF shown in the intervention group may reflect cognitive training acting as an external overriding 

neuroprotective mechanism; which seems to modify the standardised response, thus potentially 

reducing the need for increased levels of BDNF, or possibly modifying it’s time course. Our findings 

also revealed a significant positive correlation between baseline BDNF levels and BMI, suggesting that 

an increased BMI was associated with increased levels of BDNF. This finding makes sense in the 

context of previous evidence (Passaro et al., 2017) in that the elevated levels of BDNF may act as a 

neuroprotective mechanism is response to insult e.g. obesity and the inflammatory response associated 

with T2DM. This is further supported by evidence that shows greater circulating levels of BDNF in 

obese individuals compared to controls (Golden et al., 2010; Slusher et al., 2015). However, it is 

important to point out that there is evidence to suggest a negative correlation between circulating levels 

of BDNF and obesity across several population groups including children (Roth et al., 2013), middle 

aged female adults (Celik Guzel et al., 2014), and middle aged adults with T2DM (Krabbe et al., 2007). 
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Regardless, our findings highlight the importance of adjusting for important covariates such as BMI 

when examining the impact of future interventions on levels of BDNF in T2DM.   

4.4.4 Strengths and limitations 
 
The present study was executed well using a rigorous methodology that was underpinned by previous 

pilot work to develop and test the feasibility of a cognitive training intervention for future testing (Cooke 

et al., 2020). The use of a traffic light progression criteria was useful in identifying aspects of the study, 

including the design, recruitment processes, and data collection that require modifications prior to 

further testing, potentially making a large-scale intervention more viable as opposed to using a simple 

stop/go criteria (Avery et al., 2017). The inclusion of several neuropsychological tests provides 

preliminary information which may guide future researchers in identifying key primary outcomes for 

future cognitive intervention trials in diabetes. This is also the first study to evaluate the effect of 

cognitive training on BDNF in T2DM, providing a preliminary insight into the biological effects of 

cognitive training in a T2DM population. 

The author acknowledges that higher serum levels of BDNF were observed in the current study 

compared to those reported in previous trials in T2DM (Fujinami et al., 2008; Zhen et al., 2013). Issues 

with the absolute quantification of samples using ELISA techniques were experienced that may have 

contributed towards this finding. However, it is important to note that previous studies using the same 

ELISA kit also show abnormal serum BDNF levels in healthy control participants (Oral et al., 2012; 

Sahin et al., 2014; Oral et al., 2015). There is also evidence that suggests several factors including the 

circadian rhythm and fasting state may have potentially influenced levels of serum BDNF (Cain et al., 

2017; Mattson, 2005; Begliuomini et al., 2008; Giese et al., 2014). As this research was primarily 

focused on the feasibility of a cognitive training study controlling these factors was difficult due to 

providing participant choice with respect to the timings of visits. However, no correlation was found 

between time of day and BDNF and there are several existing studies that measure BDNF and do not 

control for time of day or fasting state (Kalbe et al., 2018; Rahe et al., 2015; Baker et al., 2010a; Casoli 

et al., 2014; Vedovelli et al., 2017; Nuechterlin et al., 2016). 
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Another limitation of the present study was that the cognitive training battery comprised of several 

neuropsychological tasks that were designed for end point measurement only. Although these 

neuropsychological tests can function as training tasks, as demonstrated in the current study, it is 

important to note that these tasks have only been validated at this point in time, for end point 

measurement use. However, CANTAB was previously compared against PEBL, a free open source 

cognitive platform during preliminary pilot work (chapter 3) with evidence indicating that CANTAB 

was more engaging and easier to use compared to open source platforms. Furthermore, several previous 

cognitive training studies have also employed in-house training batteries (Colzato et al., 2011; Casutt 

et al., 2014; Buschkuel et al., 2008; Muijden et al., 2012), similar to CANTAB, in addition to CANTAB 

being routinely used for training purposes as part of undergraduate and postgraduate research projects 

at the University of Lincoln. The added benefit of using CANTAB is that 1) each task is designed and 

validated to target specific cognitive domains which is useful to begin to understand the potential 

mechanistic pathways that may underpin the effects of cognitive training on cognition in T2DM, 2) 

CANTAB is more accessible and cost effective than other commercially available platforms, and 3) 

participants in the intervention development study (chapter 3) were shown to favour CANTAB as 

opposed to PEBL.  

Whilst there are merits in using CANTAB for training purposes, it is acknowledged that this may have 

potential implications in the context of informing the recommendations for the development of larger 

interventions. Furthermore, because these tasks are designed primarily for end point measurement there 

may be a greater risk of experiencing ceiling effects compared to validated adaptive training tasks. 

However, there was no evidence of a ceiling effect within the current study, see training data presented 

in appendix W. There are several alternative cognitive training platforms available that have been 

validated for training use including commercially available platforms e.g. CogniFIt, Elevate, Lumosity, 

Peak etc as well as open source platforms that allow researchers to design and run cognitive training 

batteries e.g. PEBL. Future researchers may want to consider developing a similar training battery based 

upon the current training battery using either validated open source platforms or commercially available 

training platforms. 
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A further limitation of this feasibility study was the uncertainty in ensuring that those allocated to the 

control group did not take on new behaviours during the study period. Whilst participants were asked 

to refrain from undertaking any new structured exercise of cognitive training this was not monitored or 

reported during the study. By taken part in research, participants will be more aware of the importance 

of maintaining good brain health and as such may be more likely to engage in cognitive enhancing 

activities which may affect the study result (Ng et al., 2020; Goghari & Lawlor-Savage, 2018). This is 

problematic as data collected from those allocated to the control group may potentially mask or 

underestimate the impact of the effects of cognitive training on cognition in T2DM when compared 

against the interventional group (Torgerson, 2001; Magill et al., 2019). It has previously been 

highlighted that control group participants may benefit from greater study involvement (Kemmler et 

al., 2005; Steins Bisschop et al., 2015; Cramer et al., 2016), which may prevent control participants 

initiating new behaviours during the study period. This may involve asking participants to keep diaries 

of any activities that may influence study results e.g. cognitive training or exercise / physical activity. 

This could be facilitated through the use of phone or tablets using text messaging / cross platform 

messaging applications e.g. WhatsApp or even an using an application specifically developed for the 

study control group. Finally, the exclusion of a healthy control group is also considered a limitation of 

this study. Similar to previous cognitive trials in diabetes (Espeland et al., 2017), including a healthy 

control would provide broader comparison and potentially provide a greater insight into the impact 

cognitive training may have in T2DM, and should be considered when designing a future RCT. 

4.5 Conclusion 
 
The aim of the current study was to determine the feasibility of a cognitive training study in individuals 

with T2DM. Using a traffic light progression criteria, the findings demonstrated feasibility in the 

adherence, retention, and motivation of participants to complete the cognitive training study. Whilst 

these findings provide evidence to support the implementation of future RCTs, minor remedial 

modifications are recommended to aspects of the study design, recruitment, and data collection 

processes. Improvements in visual memory, new learning, reaction time, spatial working memory, and 

recognition memory were identified as a result of cognitive training, indicating that this type of 
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intervention could be a potential strategy for targeting cognitive dysfunction in T2DM. The reduction 

in serum BDNF following cognitive training, whilst unexpected, points towards an alternate 

mechanistic pathway in T2DM compared to those mechanisms observed in healthy populations. Based 

on the findings of this feasibility study, researchers should proceed with a future definitive RCT and 

continue to explore the potential mechanisms that underpin cognitive training improvements in T2DM. 
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Chapter 5 
 

Study 3 - Exploring the experiences and acceptability of a cognitive training 

intervention in individuals with type 2 diabetes mellitus: a qualitative interview 

study 

5.1 Introduction 
 
The findings from chapter 4 confirmed the feasibility of conducting a cognitive training study with only 

minor amendments to the current methodology. However, it is becoming increasingly important to 

consider acceptability when designing, evaluating, and implementing healthcare interventions (Sekhon 

et al., 2017). Developing an intervention to target cognitive dysfunction in T2DM that is acceptable to 

participants is essential for the success of future trials, as participants will be more likely to adhere to 

proposed guidelines and benefit from improved clinical outcomes (Fisher et al., 2006; Hommel et l., 

2013). The MRC has made available numerous publications that aim to guide researchers as to the most 

appropriate methods for designing and evaluating complex interventions (MRC, 2000; Craig et al., 

2008; Moore et al., 2015), in which the emphasis on the acceptability of interventions has increased 

with each publication (Sekhon et al., 2017). The use of cognitive training to target cognitive dysfunction 

in T2DM is still an emerging area of research (Cooke et al., 2020), and only few previous trials have 

considered the acceptability as part of their study design (Whitelock et al., 2018; Cuevas et al., 2018).  

 
Whitelock et al. (2018) explored the acceptability of a working memory training intervention in T2DM 

using semi-structured interviews. The main findings suggested that participants felt their enthusiasm 

for training declined as the trial progressed and that training was a considerable commitment which was 

perceived as intrusive of their daily routines (Whitelock et al., 2018). Retired individuals reported 

finding it easier to find time to train whilst others found it difficult to manage training around work 

commitments (Whitelock et al., 2018). Participants also expressed a lack of understanding as to how 

improving working memory may influence dietary self-care, which was suggested to be potentially 

linked to the decline in enthusiasm (Whitelock et al., 2018). Comparable findings were also observed 
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in a similar qualitative study by Cuevas et al., (2018) that explored the use of cognitive strategies and 

training in T2DM. Participants suggested that the intervention helped improve their cognition in 

addition to increasing the flexibility with cognitive strategy plans, but the lack of time and discipline to 

training were identified as prominent training barriers (Cuevas et al., 2018). It was noted by participants 

that whilst this type of intervention did not have a direct impact on glucose control, it provided them 

with a greater sense of control and self-efficacy with respect to diabetes self-management (Cuevas et 

al., 2018). However, some participants did express the need for greater practice of tasks and strategies 

in the context of ‘real-life’ situations related to diabetes self-management (Cuevas et al., 2018). 

 
Evidence gathered from previous acceptability studies have been influential in informing the 

development of the current cognitive training study (chapter 4). For example, greater preference with 

respect to the timings and locations of training was incorporated to address common issues including 

finding the time to train and managing training around work commitments (Whitelock et al., 2018; Wu 

et al., 2018). Similarly, to strengthen the participants understanding of the purpose and direction of 

training (Whitelock et al., 2018; Stuifbergen et al., 2011), supervised visits were also included to 

provide greater support for participants. It is clear that exploring the acceptability of a study can provide 

important insight with regards to informing and developing future trials.  

 

5.1.1 Aim and objectives 
 
The aim of the qualitative element of this study was to determine the acceptability of a cognitive training 

study in T2DM. This study aimed to meet the following objectives: 

A) To explore the perceptions of the participant’s experience of taking part in the cognitive 

training study.  

B) To explore and describe the acceptability of the cognitive training study. 

5.2 Methods 
  

5.2.1 Study design 
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A qualitative study design using face-to-face semi-structured interviews was used to assess the 

acceptability of a cognitive training intervention for targeting cognitive dysfunction in people with 

T2DM. This study was conducted, in accordance with aspects of the consolidated criteria for reporting 

qualitative research (Appendix X) (Tong et al., 2007). 

5.2.2 Participant recruitment  
 
 A subset of participants who took part in the feasibility aspect of the cognitive training study (chapter 

4 - cognitive training group n= 10; usual care control group n=3) were invited to take part in a semi-

structured interview. The recruitment procedures and study eligibility criteria are previously described 

in chapter 4. A sample size of 10-15 participants was deemed appropriate based on previous 

recommendations by Braun & Clarke (2006) for conducting a medium sized project (e.g. masters, 

professional doctorate, PhD chapter work) using semi-structured interviews and thematic analysis.  

5.2.3 Data collection  
 
All participants provided written consent as part of the informed consent procedure outlined in chapter 

4 in addition to verbal consent recorded during the interview. Data was collected using face-to-face 

semi-structured interviews which were conducted after the cognitive training study post assessment 

visit. Interviews took place either at the University of Lincoln or in the participant’s own home based 

on participant preference. All interviews were audio-recorded (using a Dictaphone) and transcribed 

verbatim.  

5.2.4 Semi-structured interview protocol 
 
A semi-structured interview guide was developed informed by the evidence gathered from previous 

chapters (chapters 3 and 4), and the wider qualitative literature concerning the acceptability of cognitive 

training in T2DM (Whitelock et al., 2018; Cuevas et al., 2018); in addition to theory-linked interview 

approaches (Ayala & Elder, 2013; DeJonckheere & Vaughn, 2019). Questions were orientated around 

4 main topics including 1) assessment visits, 2) cognitive training, 3) usual care control, and 4) study 

locations, see Table 5.1 regarding the semi-structured interview guide. Those included in the cognitive 

training group were interviewed on topics 1, 2 & 4, whilst those included in the usual care control group 
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were interviewed on topics 1, 3 & 4. An example semi-structured interview including field notes is 

included in Appendix Y. 

 

Table 5.1 Semi-structured interview guide 

1. Assessment visits 

• What were your thoughts and feelings prior to the initial cognitive assessment?  

• How did you find the difficulty of assessment tasks?  

• Did you find the length of the assessment visit appropriate?  

• What were your thoughts and feelings with regards to giving blood samples?  

• Did you think it is appropriate to extract blood samples in adults with T2DM? 

2. Cognitive training 

• What were your thoughts and feeling towards being allocated to the cognitive training group? 

• How did you find the difficulty of tasks throughout the training period? 

• Was the length of training visits appropriate?  

• Was the number of training visits a week suitable?  

• Was the overall length of the training intervention appropriate?  

• How did you find using the study equipment?  

• Did you find using the brain training sessions enjoyable? 

3. Usual care control 

• What were your thoughts and feelings prior to the initial cognitive assessment? 

• What were your thoughts and feelings when allocated to the control group? 

• What were your thoughts and feelings prior to the follow up visits?  

• Was your motivation influenced by the randomisation to the control group? 

• Do you have any suggestions for improving the control group experience?  

4. Study location 

• How did you find travelling to and from the university?  

• What were your thoughts and feelings towards been given the choice of training locations and timings? 

• Did you prefer home or university visits?  

• Do you think an intervention like this would benefit from group sessions? 
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5.2.5 Data analysis  
 
Audio-data were transcribed verbatim, entered into NVivo 12 quantitative data analysis software system 

(QRS International Pty Ltd) to organize data and facilitate analysis. Analysis of data was conducted in 

accordance with the six phases of thematic analysis outlined by Braun and Clarke (2006). Thematic 

analysis was chosen as it allows for flexibility and has been identified as an accessible tool for providing 

rich and detailed qualitative data (Brain & Clarke, 2006; Green et al., 2007). Phase 1 (familiarisation) - 

interview transcripts and audio-recordings were repeatedly read and listened to, to facilitate an in-depth 

knowledge of, and engagement with the data set. Phase 2 (coding) - a systematic process of searching, 

identifying, and coding data into subcategories within NVivo was completed to help identify emerging 

patterns throughout the data set. Phase 3 (searching for themes) - major categories were then formed by 

clustering together similar codes/subcategories to create a plausible mapping of key patterns in the data. 

Phase 4 (reviewing themes) - potential themes were reviewed to ensure that themes exhibit a good fit 

with coded data and with the entire data set, and each had a clear distinct or organizing concept. Phase 

5 (defining and naming themes) - a thematic map was then created in which theme names were defined 

ensuring the conceptual clarity of each theme. Phase 6 (writing the report) – themes were then used to 

provide a framework for the analysis in which the researcher combined the analytic narrative and data 

extracts to form the final report.  

5.3 Results  

 

5.3.1 Participant characteristics  

 
Face-to-face semi-structured interviews were conducted with 13 participants who had taken part in the 

feasibility aspect of this study (chapter 4), including 10 participants from the cognitive training group 

and 3 participants from the usual care control group. Participant characteristics for both groups are 

presented in Table 5.2. Each interview lasted approximately between 20 - 30 minutes depending on 

which group the participant was allocated to. 
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Table 5.2 Participant characteristics  

 
Demographic Cognitive training (n=10) Usual control (n=3) 

Age (years) 69.4 ± 7.0 67.0 ± 12.0 

Sex (m/f) 5/5 2/1 

BMI 29.9 ± 5.7 25.8 ± 2.9 

MMSE 28.0 ± 1.7 28.0 ± 2.0 

HbA1c  53.1 ± 14.3 71.3 ± 27.4 

Diabetes duration  7.1 ± 2.8 17.0 ± 7.9 

m=male, f=female, BMI=body mass index, MMSE=mini-mental state examination, HbA1c=glycated haemoglobin 

 

 

5.3.2 Identification of themes 

 
In total, six overarching themes were identified relating to the acceptability of a cognitive training 

intervention in individuals with T2DM; 1) motivation to participate in research, 2) research 

communication, 3) feelings about the research, 4) facilitators and barriers to cognitive training, 5) 

delivery of training, and 6) desire to continue training.  The six overarching themes and subthemes are 

provided in Table 5.3 along with supporting quotes.   

 

Theme 1: Motivation to participate in research  

 
A subtheme identified regarding the motivation to participate in a cognitive training intervention was 

the participants’ past experiences of family illness. Participants made specific references to the 

cognitive deterioration of family members due to illnesses such as dementia and Alzheimer’s and 

expressed concerns that this could happen to them. Directly linked to the worry associated with the 

experiences of family illness, was the desire to improve brain health. Participants suggested that if 

cognitive training could potentially help prevent or slow the development of such diseases as dementia 

or Alzheimer’s, then they would be willing to try it. Another subtheme linked to the desire to improve 

brain health, was improving diabetes research. Several participants expressed that they were happy to 

take part to help further enhance research into the side effects of diabetes such as cognitive impairment. 

Other subthemes identified that influenced motivation to participate was that the study offered 
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something different to the participants’ usual routine and therefore viewed as an opportunity to get out 

of the house, experience new places, and meet new people.  

Theme 2: Research Communication  

Two subthemes were identified relating to the communication of research including understanding the 

aims and study processes, and the need for better communication. Most participants stated that they 

understood the aims of the study and found the study processes easy to understand and coordinate. 

However, several participants stated that they did not initially fully understand the aims and study 

processes and that the researcher could have made them clearer.  In addition to this, some participants 

were also surprised to learn that the study was not a discrete session and in fact a 6 week intervention, 

further highlighting the need for clarity of communication with respect to the study aims and processes. 

Theme 3: Feelings about the research    

Eight subthemes were identified in the context of the participants’ feelings about the research. 

Apprehension, nervousness, worried about brain health, and not knowing what to expect were common 

feelings expressed by participants prior to the study. Other participants felt relaxed and intrigued, in 

addition to feeling positive about taking part. No concerns were expressed by participants regarding the 

tasks of the assessment visit. Whilst the majority of participants stated that they were used to giving 

blood and found blood extraction acceptable as part of the study, a few did highlight their dislike 

towards needles and blood extraction but did recognise that it was important in the context of research. 

Those allocated to the cognitive training group found cognitive training enjoyable, with some 

participants reporting improved confidence after taking part. Initially participants did describe training 

as frustrating and it was suggested to be a shock to the system at first. However, it was suggested that 

this initial frustration motivated participants to perform better whilst some participants suggested that 

the repetitive nature of tasks made training easier as they could remember answers and knew what to 

expect. Those allocated to the control group group were disappointed not to be able take part in the 

cognitive training arm of the intervention. Participants felt that their motivation decreased throughout 

the trial as being a part of the control group made them feel as if they were not an integral part of the 
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study. Consequently, these individuals suggested that greater involvement is needed for those allocated 

to the study control groups. Finally, the programme length, session duration, and frequency were found 

to be acceptable in the population with the majority of participants having no issues when conducting a 

cognitive training intervention lasting 6 weeks, with sessions performed 2-3 times a week lasting 60 

minutes in duration.  

Theme 4: Facilitators and barriers to cognitive training 

Several subthemes regarding the facilitators and barriers of cognitive training in T2DM were identified. 

Retirement was identified as a prominent facilitator of training in which participants suggested that the 

study was easily managed and did not pose any burden because of the spare time associated with 

retirement. Short travel distances to and from the university in addition to working from home were 

also factors identified by participants as facilitators. Having to travel longer distances to the university 

in addition to managing training around work were considered barriers to training. It was also suggested 

that the university environment could be a barrier to training as some felt out of place in this 

environment. They also described finding it difficult navigating obstacles including students, stairs and 

directions. Providing an option for home or university training visits in addition to the timings of visits 

was perceived as beneficial as it provided flexibility; helping to overcome barriers such a travelling to 

the university, the university environment and work commitments. Other factors that were identified as 

barriers to training included unavoidable commitments such as holidays and family illnesses that were 

suggested to disrupt the rhythm of training.  

Theme 5: Delivery of training  

Several subthemes emerged regarding the delivery of training, some focused on study participation 

experiences, and some considered alternative options for future cognitive training. The participants who 

preferred home training visits suggested that they felt more comfortable in their own environment and 

that they felt more relaxed not having to experience the obstacles associated with visiting the university. 

Home visits were also favoured by some participants because of the convenience associated with not 

having to travel to and from the university. University training visits were preferred by some 
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participants as it was suggested that the university provided more of an academic environment that 

presented less distractions compared to home training visits. Linked to the motivation to participate, 

participants felt that the university training visits also presented an opportunity to get out the house, 

experience new environments, and meet new people. The concept of group training sessions was also 

discussed, some participants liked the idea because of the potential camaraderie, as well as being able 

to compare themselves to others. However, individual supervised training was also perceived as 

advantageous as it would enable greater concentration compared to a group setting, potentially leading 

to greater adherence. Participants also preferred individual supervised training because of the guidance 

with respect to explaining the tasks and support if something went wrong. The idea of a potential brain 

training app that participants could log into at home during their own time was also discussed. Whilst 

participants thought it may be advantageous to use on a phones or tablets, other participants suggested 

that adherence may become an issue, and that participants may become more distracted.  

Theme 6: Desire to continue training  

The final overarching theme identified was the desire to continue brain training in which a common 

subtheme identified was the continuation of training through the use of apps and puzzles at home. 

Participants discussed actively searching for training apps in addition to receiving brain training apps 

as gifts from family members. In addition, participants suggested that they had become more aware of 

their brain health as a result of brain training and have since recommended this type of training to friends 

and family. A factor that was shown to have played a role in the participants desire to continue training 

was the associated enjoyment. The enjoyment of cognitive training had already been identified as a 

subtheme regarding the participants’ feelings towards cognitive training, and participants suggested that 

they wanted to continue because they enjoyed the training. 
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Table 5.3 Analytical themes, descriptive themes, subthemes and supporting quotes 

 
Analytical theme Descriptive theme Sub-theme  Supporting quote 

1. Motivation to 

participate in 

research 

 

 

 

 

 

 

Family Illness 

 

 

 

 

 

Wanting to improve 

brain health  

 

 

Family suffering 

from dementia or 

Alzheimer’s  

 

 

 

Concerned about 

brain health 

 

“To be absolutely truthful I found it worrying because my mum has got dementia 

and since I’ve been going to visit her and seeing all these guys I am terrified, I 

am terrified of getting dementia, so because when this came up I thought well this 

would be interesting to see if you could do anything to help or alleviate it” 

 

“I was concerned, certainly. Undoubtedly as you get older you slow down your 

brain definitely and because of that you want to know how much you slowed 

down, and how much you're still in control over situations.” 

 

2. Research 

communication 

 

 

 

 

 

Better 

communication 

required 

 

Understood the 

study aims and 

processes 

 

Aims could have 

been made clearer  

  

 

Understood the 

aims  

 

“I didn't fully understand the aims of the exercises maybe that could have been 

clearer.”  

 
“I understood perfectly the aim of the study, we had various people in my group 

that were interested, we had 2 or 3 sessions, didn’t we? I think where you 

explained the purpose of the study and yes, I understood.” 

 

3. Feelings about 

the research  

Feelings towards 

cognitive training 

 

 

 

Feelings towards 

being in the control 

group 

Enjoyment 

 

Frustration 

 

 

Greater study 

involvement 

needed 

“Oh yes, yes it was enjoyable. Yes, I certainly would carry on doing it.” 

 

“I found it quite frustrating especially the ones that I wasn’t progressing in so 

much” 

 

“Yeah there could have been something else. Yeah, I don't know what, but it 

would have been nice for there to be something else instead of sort of just being 

left alone” 

 

4. Facilitators and 

barriers to 

cognitive  

training 

 

 

 

 

 

 

Retirement  

 

 

Travel 

 

 

Providing choice 

 

Easy to manage 

when retired 

 

Travel to and 

from university 

 

Essential part of 

the study 

 

“I mean ok I’m fortunate because obviously being retired meant that my time is 

easier to organise” 

 
“I mean the problem is always from anywhere in Lincolnshire is getting into 

Lincoln”  
 

“The fact that you give people the opportunity, either they come here or you go to 

them. I think that’s an essential part of the study.” 

 

5. Delivery of 

training 

 

 

 

 

 

 

 

 

 

 

 

 

 

University training 

visits 

 

 

 

 

 

 

 

Home training visits 

More academic 

environment  

 

 

Opportunity to 

visit new place 

and meet new 

people 

 

Felt more relaxed 

training at home 

 

 

More convenient 

to train at home  

“I think if it’s practical it would be better if they came here (university), the more 

academic environment” 

 

“Yeah, I quite enjoy coming into different environments and meeting new people 

and seeing the big wide world rather than sitting at home moping around, 

especially in the wintertime there's not a lot I can do outside.” 

 

 

“A bit more relaxed, you’re not a little bit hyper because you had to rush through 

traffic or run out of breath because you had to run up the stairs of anything like 

that you’re in your own zone, your own environment I think it’s very useful.” 

 
“Yeah, I mean it’s easier for me, it’s as simple as that really but particularly if 

you were going to do that number of home visits” 

 

6. Desire to 

continue 

training 

Continuing training Using apps and 

puzzles at home 
“I have been using the sudoku, (name of participant) has been busy using an app 

at the moment where you’re given so many letters and how many words can you 

find out of it.”  

 

“It's made me a lot more aware of it and I tend to do crosswords at home and try 

and keep my brain active probably more so now after those training sessions than 

I did before.” 
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5.4 Discussion  
 
The aim of this research was to determine the acceptability of a cognitive training study in T2DM. Six 

overarching themes emerged; the motivation to participate, research communication, feelings about the 

research, facilitators and barriers to cognitive training, delivery of training, and the desire to continue 

training, see Figure 5.1. The participants’ motivation to take part was driven predominantly by past 

experiences of family illness, specifically dementia and Alzheimer’s, in addition to wanting to improve 

brain health and contributing to diabetes research. The level of understanding with regards to the study 

procedures and aims varied amongst participants, suggesting that clearer communication strategies 

should be adopted in future trials. The programme length, assessment visits, session frequency and 

duration were well received and cognitive training whilst challenging was perceived as enjoyable. 

Those allocated to the control group felt disappointed not to take part in the cognitive training which 

consequently reduced their enthusiasm and motivation to engage in the study. Several barriers to 

cognitive training were identified including travelling to the university, the university environment and 

managing training around work. Providing choice with respect to the training time and location was 

perceived as an important aspect of this study that helped mitigate the perceived barriers to training. 

The participants’ enjoyment in conducting cognitive training was further reflected by their desire to 

continue training and actively search for training apps and puzzles post intervention. The findings from 

this qualitative stream of research suggest that the current cognitive training study may be acceptable 

in T2DM. Prior to implementing a definitive RCT remedial modifications should be considered 

regarding better participant communication and greater involvement for control participants. The 

findings of this study, together with the previous feasibility findings (chapter 4), will form a 

comprehensive set of recommendations for the development of a future cognitive training study in 

T2DM. 
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6. Desire to 
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Actively 

searched for 

training apps 

 

Continued 

training at 

home 

 

Expressed 

enjoyment and 

wanted to carry on 

 

Family 

purchasing 

apps as gifts 

 

Increased 

awareness of 

brain health 

Recommend 

to friends 

 

Acceptability of 
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in T2DM 

Figure 5.1 Overarching themes and subthemes identified regarding the acceptability of a cognitive training intervention in T2DM 
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5.4.1 Comparison to existing literature and theory  
 
Only a limited number of trials exist that evaluate the impact of cognitive interventions in T2DM 

(Cooke et al., 2020), of which only few explore the acceptability of these types of interventions. Our 

findings are consistent with recent evidence presented by Ceuvas et al., (2018) suggesting individuals 

with T2DM may be motivated to participate in mentally stimulating activities due to their fears and 

concerns with regards to the development of dementia and Alzheimer’s. The development of dementia 

and Alzheimer’s is shown to be a prevalent concern among older adults (Tang et al., 2017; Cutler, 2015; 

Roberts et al., 2014b), and there is evidence to suggest that individuals with greater worry are more 

likely to change their behaviour in an effort to try and reduce their risk (Tang et al., 2017). This finding 

may be explained in the context of the health belief model developed by Becker & Maiman, (1987) that 

suggests an individual’s belief regarding whether they are at risk of disease, in addition to their belief 

regarding the benefits of taking action to lessen or prevent that risk, influences their readiness to take 

action (Becker & Maiman, 1987). It is most likely that the participants’ perceived risk of developing 

cognitive dysfunction, in addition to their perception of the benefits of cognitive training in alleviating 

that risk, influenced the motivation of participants to take part in the cognitive training study (Becker 

& Maiman, 1987). 

Whilst the majority of participants understood the study aims and processes in the current study, in line 

with previous acceptability findings (Whitelock et al., 2018; Smith et al., 2019; Stuifbergen et al., 2011), 

several participants expressed initial difficulty in understanding the study aims and processes. The lack 

of participant understanding is a common problem in research. This has previously been demonstrated 

in a review by Falagas et al. (2009) who analysed the clinical informed consent literature from 1961-

2006 and reported that only 54% of patients and research participants sufficiently understood the aim 

of their respective study. Whilst the aims and study processes of the cognitive training study were 

communicated using information and consent sheets, only brief opportunity was given to discuss the 

study in greater detail. Several strategies have previously been identified to help further facilitate greater 

participant understanding including enhanced consent forms in addition to extended discussions 

(Nishimura et al., 2013). The implementation of better communicative strategies is important for 
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development of future trials, as the participants’ lack of understanding and comprehension of the 

research aims and processes may potentially have adverse effects on trial outcomes. This is evidenced 

by Whitelock et al. (2018) who suggested that the lack of participant understanding likely influenced 

the participants’ decline in enthusiasm to continue training. 

The programme length, frequency and duration of training sessions were considered appropriate in the 

current study and in line with previous research (Wu et al., 2018; Smith et al., 2019) cognitive training 

was found to be challenging, but enjoyable. Enjoyment has previously been identified as a key 

determinant of intervention acceptability and has directly been linked to the increased adherence and 

long-term compliance to positive health behaviours (Jekauc et al., 2015; Lewis et al., 2016; Huberty et 

al., 2008; Dishman et al., 2005). It is most likely that the enjoyment associated with cognitive training 

influenced the participants’ desire to continue training and actively search for training apps and puzzles. 

Participants also expressed becoming more familiar with tasks as the study progressed whereby several 

participants suggested that cognitive training improved their confidence in attempting complex 

cognitive tasks. The improvement in confidence as a result of cognitive training could be interpreted in 

the context of self-efficacy, a key construct linked to the social cognitive theory proposed by Bandura 

(1986). Self-efficacy refers to the individual’s belief in their ability to execute or complete a set of 

specific tasks or behaviours (Bandura, 1986). The improved confidence expressed by participants may 

reflect improvements in cognitive self-efficacy which could have important implications in relation to 

health behaviour change (Guicciardi et al., 2014) and diabetes self-management (Yao et al., 2019; Al-

Khawaldeh et al., 2012). This is further supported by previous evidence which reported that the use of 

cognitive training and strategies gave individuals a greater sense of control and self-efficacy with 

respect to assisting diabetes self-management tasks (Cuevas et al., 2018). 

Several training barriers were discussed by participants including travelling to the university, work and 

the university environment. Whitelock et al. (2018) also described similar barriers to cognitive training 

in T2DM, in which travel distance and lack of time are amongst acknowledged barriers that are 

proposed to influence participation and adherence (Schweitzer et al., 2015; Garmendia et al., 2013; 

Morgan et al., 2016). Providing preference with respect to the location of training and timings was 
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recognised as an important feature of this study that helped mitigate the identified training barriers in 

the current study. This is supported by previous trials that show similar findings (Heijmans et al., 2015; 

Health et al., 2018), for example Heijmans et al., (2015) showed that the willingness to participate was 

higher in the group that was provided with choice of participation between interviews and 

questionnaires compared to the no choice participation group that were offered interviews only (90% 

vs 72%, P < 0.01). 

As expected, participants expressed disappointment in being allocated to the control group which 

reportedly led to a decrease in motivation in some participants. This finding further supports earlier 

evidence that suggests that participants allocated to the control group may experience a loss in 

motivation especially if the interventional group is perceived as more beneficial (Kisner et al., 2013). 

Furthermore, the reduced enthusiasm and motivation experienced in control participants may possibly 

explain why difficulties were experienced organising and scheduling post assessment visits in those 

allocated to the control group in the feasibility element of this study (chapter 4). Previous evidence in 

both drug and health interventions point towards greater retention of participants when employing an 

active control group approach (Kemmler et al., 2005; Steins Bisschop et al., 2015; Cramer et al., 2016). 

For example, a meta-analysis investigating dropout rates in RCTs investigating the use of antipsychotic 

drugs (Kemmler et al., 2005) identified greater dropout rates in placebo-controlled trials (48.1%) 

compared to active controls (28.3%). Similarly, a systematic review that reviewed the effects of 

different control group designs in exercise oncology trials (Steins Bisschop et al., 2015) reported low 

dropout rates in control groups in those trials that offered the intervention after the initial intervention 

period ceased. In line with recommendations proposed in the quantitative phase of the current study, an 

active control group as opposed to a passive control group could be implemented to help retain control 

group participants in future studies.  

5.4.2 Implications and recommendations for future research. 
 
The findings identified in this qualitative phase of the research may have important implications for the 

implementation of future trials. Whilst this is still a developing area of research (Cooke et al., 2020), 

the acceptability of the study components (e.g. intervention length, duration, frequency, blood 



147 
 

extraction etc) suggests that this evidence could be used as a basis for the development of future 

cognitive trials aimed at targeting cognitive dysfunction in T2DM. Furthermore, providing flexibility 

with respect to the time and location of training visits may be an important characteristic that underpins 

the success of future trials especially in those that conduct research in rural settings or include younger 

cohorts who may need to manage the study around work and family commitments. The enjoyment and 

desire to continue training indicates that this type of study may have significant potential for 

implementing the foundations for long term compliance in maintaining brain health and may 

subsequently have important implications related to diabetes self-management skills. The loss of 

motivation and enthusiasm associated with using a standard care / usual practice control group in the 

current study represents an important issue that needs serious consideration in future trials in order to 

maximise the acceptability, adherence, and success of interventions. Furthermore, the lack of 

understanding of the study aims and processes observed in some participants in the current study 

emphasised poor communication as a potential barrier to the recruitment and retention of participants 

in future trials. Based on the findings from this qualitative stream of work, the following 

recommendations have been developed.  

 
1. Greater communication strategies should be adopted in future trials to better inform the 

participants understanding of the study aims and processes. Potential strategies should include 

more in-depth discussions with potential participants throughout the recruitment, screening, 

and consent stages of the trial. This should also be supplemented by enhanced participant 

information sheets and informed consent documentation in addition to supervised training 

sessions to help provide support for participants in future trials.  

 

2. Whilst supervised training was perceived as important to participants with respect to providing 

guidance and instruction for both the assessment and training tasks, group training was 

discussed as a potential alternative mode of training that appealed to participants. To further 

enhance our understanding of the use of cognitive training as a potential strategy to target 
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cognitive dysfunction in individuals with T2DM, group training should also be explored in 

future trials. 

 
3. To retain individuals who are allocated to the control group engaged and motivated in future 

trials an active control should be considered as opposed to a passive usual care control. This 

may include educational sessions based upon cognitive decline in diabetes and its importance 

in the context of diabetes self-management and the development / progression of diabetes-

associated complications. Another potential avenue may involve using a wait list type control 

group where individuals will eventually be given the opportunity to complete the brain training 

intervention after the initial study period.  

 

4. Providing choice with respect to the timing and location of training visits was perceived as an 

important characteristic of the cognitive training study that provided flexibility for those who 

lived far away or found it difficult to manage training around work and family commitments. 

Despite the recommendations made to limit the distance travelled for home training visits in 

the feasibility phase of this study (chapter 4), providing preference should be considered 

wherever possible to help provide participants with greater access to future trials. 

 

5. The length (6 weeks), duration (60 minutes), and frequency (2 x per week) of the cognitive 

training intervention were perceived as acceptable by study participants. Future research should 

aim to further evaluate the effectiveness of the proposed cognitive intervention in T2DM as 

part of a RCT.   

 
6. The enjoyment and desire to continue training points towards the potential of this type of 

intervention in implementing long term compliance to positive health behaviour. However, the 

continuation of training beyond the initial study period and its impact on important long-term 

health behaviours was not measured in the current study. To further enhance the understanding 

of the impact of cognitive training on improving and maintaining the long-term compliance to 

diabetes related health behaviours should also be evaluated in future trials.  



149 
 

5.5 Conclusion  
 
This chapter formed the qualitative element of the main exploratory trial of this thesis. Semi-structured 

interviews were used to explore the experiences and acceptability of a cognitive training study in 

individuals with T2DM. Six overarching themes emerged; 1) motivation to participate, 2) research 

communication, 3) feelings about the research, 4) facilitators and barriers to cognitive training, 5) 

delivery of training, and 6) desire to continue training. Overall the study procedures and cognitive 

intervention were well received with only few recommendations for future research. With regards to 

the trial design, an active control group may address the decreased motivation and poor engagement in 

control group participants. The understanding of the study aim and processes varied throughout 

participants suggesting that better communication strategies should be adopted in future trials. Whilst 

several training barriers were identified including travel and work commitments, providing participant 

choice with respect to the timing and location of training was described as an important aspect of the 

study that helped manage the potential training barriers and should be considered in future trials. 

Participants found the intervention enjoyable and discussed potential strategies to maintain some form 

of cognitive training activities which is indicative of the longer-term potential of this type of 

intervention in T2DM.   
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Chapter 6 
 

Discussion 

6.1 Summary of findings 
 
The overarching aim of this PhD research was to develop and evaluate exercise, cognitive, and dual-

task interventions for targeting cognitive dysfunction in individuals with T2DM. The series of studies 

presented in this thesis (chapters 2-5) were conducted using a systematic phased approach in accordance 

with the MRC’s framework for the development and evaluation of complex interventions (Craig et al., 

2008; MRC, 2000), see Figure 6.1.  

  

 
 
 
Figure 6.1 The systematic phased methodological approach of the current thesis based on the MRC’s 

framework for the development and evaluation of complex interventions (adapted from MRC, 2000). 

 

Study 1 

Systematic 

review and 

meta-analysis 

Study 2 

Intervention 

development 

study 

Study 3 

Feasibility / 

acceptability 

study 

Future direction 

Implementation 

of a definitive 

RCT 

 

Continuum of increasing evidence 



151 
 

6.1.1 Study 1: Systematic review and meta-analysis 

 
The initial study (chapter 2) involved conducting a systematic review and meta-analysis that aimed to 

systematically review the evidence, and estimate the effect of exercise, cognitive, and dual-task 

interventions on cognition in T2DM (Cooke et al., 2020). Nine trials were retrieved that met the study 

eligibility criteria; six exercise interventions, two cognitive interventions and one dual-task 

intervention. Meta-analysis of exercise trials showed small to moderate effects of exercise for 

improving domains of executive function (inhibitory control SMD = -0.31) and memory (immediate 

recall SMD = 0.20) but were not statistically significant. A narrative summary was presented for 

cognitive and dual-task trials that reported positive effects of these types of interventions on tasks of 

global cognition, executive function, and memory (Cooke et al., 2020). The overall quality of included 

trials was mixed, with most trials being judged as having moderate to high risk of bias. The findings of 

this systematic review and meta-analysis suggested that larger, more robust trials were needed to further 

elucidate the effects of these types of interventions in T2DM (Cooke et al., 2020). 

6.1.2 Study 2: Intervention development study  

 
The intervention development study (chapter 3) aimed to pilot exercise, cognitive, and dual-task 

interventions, in addition to the study processes and outcomes to help identify and inform the 

development of a suitable intervention for feasibility testing. Participants completed a 4-week 

programme comprised of treadmill walking, computerised cognitive training, and the simultaneous 

combination of the two. Whilst the cognitive intervention was well received amongst participants, this 

study confirmed that further acceptability and intervention development work is required for both 

exercise and dual-task interventions. The results from this study also highlighted areas for refinement 

in relation to study processes and outcomes (e.g. study eligibility, recruitment pathways, and cognitive 

test batteries). The accumulative evidence identified in both the systematic review and meta-analysis 

(chapter 2) and intervention development study (chapter 3) were used to inform the recommendations 

for the development of a cognitive training study for feasibility and acceptability testing.  
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6.1.3 Study 3: Feasibility and acceptability  

 
The final study of this thesis involved conducting a randomised pilot study that investigated the 

feasibility (chapter 4) and acceptability (chapter 5) of a cognitive training study in T2DM. The findings 

demonstrated feasibility in the adherence, retention, and motivation of participants to conduct and 

complete the trial. Using a traffic light progression criteria, only minor remedial modifications to the 

study design, data collection procedures, and recruitment were proposed that contributed to the 

development of recommendations for a future definitive trial. Evidence from the semi-structured 

interviews suggested that the type of cognitive training and the dose (frequency, duration, and length) 

of training was broadly acceptable. Analysis of secondary outcomes showed improvements in several 

cognitive domains as a result of cognitive training compared to the usual care control group, including 

tasks of executive function, visual memory, recognition memory, and reaction time. However, greater 

improvements were observed in domains of attention and delayed memory in the usual care control 

group. The reduced levels of serum BDNF were unexpected and suggest that further work is needed to 

explore the potential neurobiological mechanisms that underlie any changes in cognition following 

cognitive training in T2DM. Overall, the findings of this thesis provide convincing systematic evidence 

for the feasibility, acceptability, and potential effectiveness of a cognitive training study for targeting 

cognitive dysfunction in T2DM.  

6.2 Identifying and developing interventions 
 
Only a limited number of exercises, cognitive, and dual-task trials were identified in the systematic 

review and meta-analysis (chapter 2) (Cooke et al., 2020). Whilst the small to moderate effects of 

exercise identified in domains of executive function and memory add to the growing evidence base 

advocating the use of exercise training for targeting cognitive dysfunction in T2DM (Hsieh et al., 2015; 

Podolski et al., 2017), these findings were limited by the poor quality and precision of trials (Cooke et 

al., 2020). The largest effect was observed in inhibitory control, a core domain of executive function 

(Diamond, 2013). This finding is in agreement with numerous previous studies in healthy cohorts that 

have linked exercise to the prevention of cognitive decline, especially the deterioration of executive 

functions (Kramer et al., 1999; Hollamby et al., 2017; Colombe & Kramer, 2003, Smiley-Oyen et al., 
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2008, Hall et al., 2001). Early research suggests that exercise, specifically aerobic, may accumulate in 

selective rather than generalised improvements in cognition, in which tasks associated with frontal-lobe 

executive control may be expected to show larger improvement (Kramer et al., 1999). This is further 

supported by more recent evidence that suggests that the magnitude of this effect is shown to increase 

with age (Stern et al., 2019) suggesting that exercise may become increasingly more important with age 

in mitigating cognitive decline. However, the underreporting of adherence data across the majority of 

included exercise trials was a limiting factor, and in those that did report data, the adherence was poor 

(Cooke et al., 2020).  

Poor adherence to exercise was observed in the intervention development study (chapter 3) where worse 

adherence was evident in exercise and dual-task training when compared to cognitive training in 

individuals with T2DM. Participants expressed interest with respect to the concept of exercise training 

but experienced physical discomfort during training which subsequently discouraged them from 

participating in the dual-task training. As previously discussed in chapter 3, the poor uptake and 

adherence to exercise is a common problem in T2DM (Thomas et al.,  2004; Egan et al., 2013; Advika 

et al., 2017; Alzahrani et al., 2019; Pati et al., 2019). Whilst the findings from the meta-analyses 

highlight the potential of exercise for targeting cognitive dysfunction in T2DM (Cooke et al., 2020), 

the intervention development study suggested that more work is required around the acceptability of 

this type of intervention. Poor acceptability would potentially impact the recruitment and adherence of 

participants (Sekhon et al., 2017) and limit the potential of this type of intervention in T2DM.  

This was the first review to evaluate the effect of cognitive and dual-task interventions in T2DM, 

however, the lack of trials and comparable outcome measures limited the interpretation of these types 

of intervention to a narrative synthesis only (Cooke et al., 2020). Whilst the narrative synthesis of 

cognitive trials described a positive effect of these types of intervention on several cognitive domains,  

the limited number of trials (Paulo & Yassuda, 2012, Whitelock et al., 2018) suggested that cognitive 

training is still an emerging area of research in T2DM that warrants further exploration (Cooke et al., 

2020). The findings from the intervention development study further advocated the investigation of a 

cognitive trial. Participants clearly favoured the cognitive training as opposed to exercise and dual-task 
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training. Previous evidence suggests that conducting cognitive activities is one of the most common 

behaviours undertaken by individuals in an effort to reduce dementia risk (Low & Anstey, 2009; 

Anderson et al., 2011; Roberts et al., 2014b; Smith et al., 2014; Smith et al., 2015), and in line with the 

findings observed in the intervention development study (chapter 3), there is also evidence to suggest 

that individuals perceive cognitive activities as much more beneficial in reducing dementia risk 

compared to physical activity, healthy eating and other cardiovascular health behaviours (Smith et al., 

2014; Smith et al., 2015). 

The review identified only one dual-task trial in T2DM (Shellintgon et al., 2018), which reported 

significant improvements in tasks of planning, a sub-domain of executive function. Previous dual-task 

trials in healthy cohorts have also shown improvements in executive functions (Yokoyama et al., 2015; 

Nishiguchi et al., 2015; Barcelos et al., 2015; Theill et al., 2013; Eggenberger et al., 2015), and further 

highlight the potential of this type of training in demonstrating that the additive effects of exercise and 

cognitive training elicit greater cognitive improvements as opposed to single exercise or cognitive 

training (Eggenberger et al., 2015; Yokoyama et al., 2015; Theill et al., 2013). Whilst the simultaneous 

effect of exercise and cognitive training is yet to be compared to either underlying component, alone in 

T2DM, the limited evidence identified within this thesis suggests that the exploration of a dual-task 

intervention would have been premature at this stage and more evidence is needed for both components, 

particularly cognitive interventions. 

The accumulative evidence gathered from the systematic review and meta-analysis (chapter 2) and 

intervention development study (chapter 3) was also integral with respect to informing the 

modifications to the study processes and outcomes. For example, findings from the intervention 

development process indicated that a more targeted approach to recruitment is needed to help recruit a 

greater number of participants. Consequently, a targeted mail-out approach was implemented as a 

recommendation for exploring the feasibility. Similarly, findings from the evaluative feedback also 

highlighted the need to refine and modify the study eligibility criteria to better reflect the intended study 

population in line with previous evidence (Whitelock et al., 2018; Bahar-Fuchs et al., 2020). Trials have 

previously shown the importance in modifying and refining the eligibility criteria to help optimise trial 
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participation. For example, Jin et al., (2017) show that overly restrictive eligibility limited participants 

in oncology trials and recommended broadening the criteria to help better reflect the study population, 

improve participation and enhance patient access to new therapeutic treatments. Furthermore, the 

adaptive nature of this design allowed for the identification and comparative evaluation of two cognitive 

platforms, CANTAB and PEBL. The use of both cognitive platforms has previously been advocated by 

earlier research, for instance studies have shown CANTAB useful in predicting the development of 

cognitive impairment in preclinical populations whilst also differentiating between different types of 

dementia (Blackwell et al., 2004; Swainson et al., 2001; Lee et al., 2003).  The PEBL testing platform 

has shown to be advantageous as it is a free open-source software that allows researchers to design and 

modify specific tests that can be distributed to other researchers (Mueller & Piper, 2014). The findings 

from the intervention development process showed worse performance when using the PEBL platform, 

and in line with the growing acceptability surrounding touch screen technology in older adults (Joddrell 

& Astell, 2016; Vaportzis et al., 2017) participants suggested CANTAB was more enjoyable and easier 

to use. These findings allowed the development and optimisation of an appropriate cognitive test and 

training battery that was recommended for feasibility testing. 

6.3 Feasibility and acceptability of a cognitive training study  
 
The final study conducted as part of this thesis aimed to determine the feasibility (chapter 4) and 

acceptability (chapter 5) of a cognitive training study in individuals with T2DM. A randomised pilot 

study (Eldridge et al., 2016) was conducted in accordance with the exploratory phase of the MRC’s 

framework (Craig et al., 2008) and was developed based on the continuum of evidence accumulated 

from the systematic review and meta-analysis (chapter 2) and intervention development study (chapter 

3). A traffic light progression criteria (Avery et al., 2017) was employed to identify areas of uncertainty 

and inform the recommendations for the development of a definitive trial. Feasibility was shown in the 

adherence, retention, and motivation of participants whilst modifications were recommended to the 

study design, recruitment, and data collection procedures. The high adherence and retention of 

participants demonstrates the potential feasibility and acceptability of the cognitive training intervention 

in T2DM (Zhang et al., 2014b). Similar to exercise training and medication regimens, cognitive training 
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is unlikely to produce significant benefit unless individuals adhere to them (Bloom et al., 2017; 

Bandura, 1977). Aside from reducing the generalisability of findings, poor compliance is often viewed 

as an adverse outcome that reflects the weakness of a trial independent of any treatment effect (Horwitz 

& Horwitz, 1993; Hayes & Dantes, 1987).  

The success of this cognitive intervention was further evidenced by the findings observed in the 

qualitative interviews. Participants described the intervention as highly enjoyable and reported 

improved confidence with a desire to continue training post intervention. It is widely acknowledged 

that enjoyment is an important factor associated with adherence and long-term compliance of health 

behaviour (Ryan et al., 1997; Salmon et al., 2003; Huberty et al., 2008; Lewis et al., 2016). The 

improved confidence as described by participants possibly reflects greater cognitive self-efficacy in the 

study participants. Improvements in self-efficacy is an important determinant related to adherence in 

health interventions (Sheeran et al., 2016), in which enhanced self-efficacy in T2DM has previously 

been associated with improved disease self-management behaviour (Yao et al., 2019; Sarkar et al., 

2006). The acceptability of this intervention is further highlighted by the high levels of motivation 

maintained throughout the trial. High levels of intrinsic motivation have also been linked to greater 

enjoyment and compliance in participants (Alfosson et al., 2017; Thogersen-Ntoumani et al., 2016), 

and in line with previous qualitative evidence in T2DM (Ceuvas et al., 2018), the motivation of 

participants in the current study was driven initially by the participants’ concerns in developing brain 

related illnesses such as dementia and Alzheimer’s.  

Providing flexibility with regard to the way in which participants can take part in research has 

previously been shown to positively influence recruitment and adherence in trials whilst also improving 

the participants’ access to research (Heath et al., 2018; Heijmans et al., 2015). Providing choice with 

respect to the timing and setting of cognitive training was viewed by participants as an important aspect 

of the cognitive training study, which may have helped participants manage the perceived training 

barriers identified in the qualitative interviews including travel, work, family commitments, and training 

environment. However, whilst the implementation of home training visits met the researcher’s 

expectations in providing preference for the participant, travelling long distances limited the 
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productivity and efficiency of the trial, see Figure 6.2 showing distance travelled to conduct training 

and recruitment visits by the researcher. As pointed out by Pribulick et al. (2010), travelling to wider 

geographical areas to recruit and conduct research activities often requires increased efforts and costs 

for the researcher. The willingness of the researcher to continually travel long distances to recruit and 

train, despite the associated limitations, may have perhaps reflected the researcher’s anxiety in trying 

to obtain an adequate sample size. The importance of obtaining an adequate sample size is frequently 

emphasised in research (Biau et al., 2008; Faber & Fonseca, 2014), and it is widely acknowledged that 

the recruitment of  participants is negatively affected by the distance and duration travelled in addition 

to the associated costs (Schweitzer et al., 2015 Newington & Metcalfe, 2014; Naidoo et al., 2020; Ross 

et al., 1999).  

 

Figure 6.2 Locations in Lincolnshire and Nottinghamshire travelled to and from by the researcher to 

conduct home-based cognitive training visits and recruitment visits. 
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Due to difficulties experienced in arranging post assessment visits, it was not possible to collect post 

intervention data from 5 of the 41 participants within the study timeline. Whilst post assessment data 

was collected for these participants within a week of the originally planned assessment visit, it is 

acknowledged that missing or excluded data may have significant implications regarding the 

generalisability of trial findings (Akl et al., 2012; Woodlard et al., 2004; Kang, 2013). The challenges 

experienced regarding the arrangement of assessment visits during the cognitive training study (chapter 

4) highlight the need to adopt more robust strategies to maximise data collection in future trials 

(Robinson et al., 2007; Brueton et al., 2013). However, as it was a feasibility study, participants were 

still invited to complete the post intervention assessment. The difficulties coordinating post intervention 

assessments were unexpected and predominantly observed in those allocated to the control group. This 

finding may be explained in the context of our acceptability findings in which those allocated to the 

usual care control group expressed becoming less motivated throughout the trial and would have liked 

more involvement in the study. Previous evidence suggests that individuals allocated to a control group 

may become less motivated to remain in a trial if they view the experimental intervention as more 

efficacious compared to their usual care received (Kisner et al., 2013) Whilst the use of a usual care 

control group is advocated for testing interventions that are characteristically different to usual care 

practice (Thompson & Schoenfield, 2007), evidence presented in previous drug and health interventions 

do show greater retention of participants when employing an active control group approach, and should 

be considered in future trials (Kemmler et al., 2005; Steins Bisschop et al., 2015; Cramer et al., 2016).  

Arguably the most important remedial issue identified was the poor recruitment of GP practices to help 

facilitate participant recruitment. The recruitment of GP practices was more challenging than expected, 

and the delays ultimately resulted in suboptimal recruitment of participants. Recruiting GP practices 

and healthcare professionals to assist trial recruitment has previously been shown to be difficult 

(McDonald et al., 2006; Foster et al., 2015; Bower et al., 2007; Williamson et al., 2007), in which trials 

often report experiencing delays in initiating recruitment sites (Avery et al., 2017). Several barriers with 

respect to the recruitment of healthcare professionals to participate in research have previously been 

documented. For instance, Brodaty et al., (2013) identified the lack of time as a main barrier that 
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discouraged GPs from participating in research studies. This is further supported by previous qualitative 

research (Newington & Metcalfe, 2014) and systematic reviews (Fletcher et al., 2012; Ngune et al., 

2012) that highlight the difficulty GPs experience in incorporating research recruitment into the day to 

day practice. Other barriers to GP practice recruitment identified in the existing literature include: not 

being approached in person (Brodaty et al., 2013), lack of interest in the research topic (Pringle & 

Churchill, 1995; Askew et al., 2002; Mason et al., 2007), overwhelming responsibilities and paperwork 

(Brodaty et al., 2013), and inadequate explanation / confusion about the research (Brodaty et al., 2013; 

Foster et al., 2015). 

Research into the facilitators of  GP recruitment suggest that optimal communication between the 

researcher and GP (Williamson et al., 2007; Bell-Syer & Moffett, 2000), reducing the responsibilities 

placed on GP practices  (Foster et al., 2015), and proving benefits and incentives for both the GP practice 

and participant (Williamson et al., 2007; Pringle & Churchill, 1995) are all important factors. 

Furthermore, an earlier study conducted by Bell-Syer et al. (2011) showed that successful participant 

recruitment can also be achieved by recruiting GP practices as early as possible and not relying on the 

initial recruitment of few key practices with additional practices recruited later in the trial (Bell-syer et 

al., 2011). The study reported that those GP practices that were recruited later in the trial recruited fewer 

patients, which was suggested to be a result of practices feeling undervalued and less involved in the 

trial (Bell-syer et al., 2011). It is imperative that future trials aim to recruit and enrol GP practices early, 

and whilst care was taken to reduce the burden and responsibilities placed on GP practices and ensure 

clear study communication, it is evident that these areas needs improvement in future research. 

6.4 Impact on cognition and mechanistic insight 
 
Whist the primary focus of this thesis was concerned with the development and feasibility testing of a 

cognitive training study in T2DM, it also aimed to examine its impact on outcomes of cognition and 

serum BDNF. T2DM and cognition dysfunction are both multidimensional phenomena, in which the 

underlying mechanisms connecting the two are most likely indirect and multidimensional (Biessels & 

Despa, 2018; McFall et al., 2010). For example, research has previously shown that cognitive deficits 

observed in T2DM, especially in older adults, may be exacerbated in the context of more direct 
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biological complications (Nilsson & Wahlin, 2009; Ryan & Geckle, 2000) in addition to more distal 

lifestyle and health factors (Stewart & Liolista, 1999; Cholerton et al., 2016). It was therefore important 

to firstly identify the potential factors that may have influenced cognition in our study population. 

Correlational analysis conducted in chapter 3 and 4 identified several key factors associated with 

cognitive performance in T2DM, including BMI, age and education. Specifically, increasing BMI and 

age were related to worse performance in reaction time, spatial working memory, visual memory, 

delayed memory, and sustained attention whilst higher levels of education was related to greater 

performance in recognition memory and sustained attention. Whilst it is acknowledged that these are 

common factors known to influence cognition in more general populations (Murman, 2015; Bischof & 

Park, 2015; Zahodne et al., 2014), our findings further contribute towards the limited evidence that 

attempts to identify the key factors that possibly underpin cognition dysfunction in T2DM. For example, 

McFall et al. (2010) identified six factors that were shown to influence the cognitive-T2DM relationship 

including BMI, systolic blood pressure, gait-balance integrity, depression, negative affect, and 

subjective health composite. Likewise, BMI in addition to intelligence were also shown to influence 

cognition in middle-aged adults with T2DM (Van Germert et al., 2018). Evidence presented by 

Mallorqui-Bague et al. (2018) showed no association between BMI and sex whilst age, illness duration, 

and sleep duration did predict cognitive performance in T2DM. Mansur et al. (2018) reported no 

association between cognition, BMI and illness duration but did show that HbA1c significantly 

moderated cognition in T2DM. Whilst the relationship between T2DM and cognitive dysfunction 

remains complex, the findings presented in this thesis, in addition to previous literature, may help guide 

and inform future researchers with respect to adjusting for key variables that may influence cognition 

in T2DM.  

As expected, greater cognitive improvements were observed following cognitive training in comparison 

to the usual care group in several domains including reaction time, visual memory, spatial working 

memory, and recognition memory. These findings further add to the accumulating evidence that point 

towards cognitive training as a potential strategy for enhancing cognitive functions in T2DM 

(Whitelock et al., 2018; Paulo & Yassuda, 2012; Bahar-Fuchs et al., 2020). The improvements in spatial 
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working memory, visual and recognition memory complement previous RCTs that also show 

improvements made in executive function and memory (Whitelock et al., 2018; Paulo & Yassuda, 2012) 

whilst the observed improvements in reaction time present a promising novel finding in T2DM. These 

findings may be of great importance with respect to targeting diabetes-associated cognitive dysfunction, 

especially when interpreted in the context of previous meta-analytical evidence that highlight several 

key domains that are sensitive to decline in T2DM including working memory, visual memory, 

recognition memory and reaction time (Palta et al., 2014; Monette et al., 2014; Pelimanni et al., 2018). 

More importantly, a previous review by Tomlin & Sinclair (2016) also reports deficits in several 

cognitive domains in T2DM most notably global cognition, executive function, and memory in which 

worse scores on tasks of global cognition were shown to significantly correlate with several diabetes 

self-management tasks. Adequate cognition is needed to execute even the basic disease management 

behaviours in T2DM including glycaemic monitoring, medication management, foot care, exercising, 

adhering to dietary guidelines and coordinating health care appointments (Munshi et al., 2017; Hopkins 

et al., 2016). Whilst deficits in cognition are known to compromise diabetes self-management, untreated 

diabetes and poor diabetes self-management can lead to the progressive worsening of cognition (Feil et 

al., 2012). Based on the positive findings presented in chapter 4, a conceptual framework is presented 

in Figure 6.3 that best reflects the potential of cognitive training in targeting cognitive dysfunction in 

T2DM.  
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Figure 6.3 Conceptual framework for the potential role of cognitive training in targeting cognitive 

dysfunction in T2DM (adapted from Bloom et al., 2017). 

 
To further enhance our understanding of the positive effects of cognitive training in T2DM, a purposeful 

investigation was conducted into the impact of cognitive training on serum levels of BDNF. 

Correlational analysis showed a positive association between BDNF and BMI at baseline, suggesting 

that increasing levels of BDNF were related to increasing levels of BMI in our study sample. This 

finding is plausible if interpreted in the context of evidence concerning the anti-inflammatory effects of 

BDNF (Xu et al., 2017; Amoureux et al., 2008). It is widely acknowledged that obesity induced 

inflammation plays a significant role in the development of insulin resistance and thus T2DM (Lee et 

al., 2013b; van Greevenbroek et al., 2013). Previous evidence has shown that the administration of 

BDNF suppresses the expression of inflammatory markers including tumour necrosis factor and 

interleukin-6, whilst also increasing the expression of anti-inflammatory markers such as interleukin-

10 (Xu et al., 2017). It is possible that the positive association between BDNF and BMI may reflect the 

anti-inflammatory nature of BDNF in response to increased obesity induced inflammation. Whilst this 
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hypothetical interpretation refutes previous findings showing reduced levels of BDNF in T2DM cohorts 

(Krabbe et al., 2007; Fujinami et al., 2008, Zhen et al., 2013; Zhen et al., 2017), it may be plausible 

when considering evidence that report enhanced levels of BDNF in cohorts that exhibit metabolic or 

biological insult e.g. obesity (Golden et al., 2010; Slusher et al., 2015), spinal cord injury (Garraway & 

Huie, 2016) and traumatic brain injury (Kazanis et al., 2004; Failla et al., 2016). Future work would 

benefit greatly in investigating the relationship between inflammatory markers and BDNF to help 

further elucidate the biological mechanisms linking cognitive dysfunction and T2DM. 

Several neurobiological mechanisms have been proposed that provide insight into the adaptations at the 

molecular, synaptic, and cortical levels that underlie improvements in cognition through cognitive 

training (Chapman et al., 2015; Chapman et al., 2017; Valenzuela et al., 2007). Increased availability 

in BDNF has been identified as one of the more prominent cognitive training mechanisms in several 

cohorts including MCI, Parkinson's and healthy populations (Kim et al., 2018; Arazi et al., 2019; 

Angelucci et al., 2015; Pressler et al., 2015; Ledreux et al., 2019; Damirchi et al., 2018). Unexpectedly 

our findings showed that serum levels of BDNF reduced in both groups at follow up, with the greatest 

reduction observed in the cognitive training group. Whilst this finding contradicts evidence presented 

in other populations, our findings perhaps highlight the inherently unique interaction between BDNF 

and T2DM.  BDNF is known to play an integral role in glucose metabolism including regulating glucose 

levels and food intake, preventing beta-cell exhaustion and reducing hepatic gluconeogenesis 

(Nakagawa et al., 2000; Yamanaka et al., 2007; Jo & Chua, 2013; Rozanska et al., 2020), see Figure 

6.4. As previously speculated in chapter 4, taking into consideration the inverse relationship observed 

between BDNF and HbA1c (Smith et al., 1995; Ono et al., 2000; Krabbe et al., 2007; Fujinami et al., 

2008, Zhen et al., 2013; Zhen et al., 2017), the reduction in serum BDNF observed in chapter 4 may be 

attributed to a possible worsening of glycaemic control over the study period, most notably in the 

intervention group. Whilst the absence of HbA1c measurements at post intervention limits the 

interpretation of this findings, the role of HbA1c in context of BDNF should be considered in the 

planning of future trials in addition to the interpretation of findings.  
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Figure 6.4 Functions of BDNF in T2DM (Rozanska et al., 2020). 

 
Another interesting interpretation of this finding in relation to glycaemic control is the use of metformin. 

Metformin is a common drug used to help lower and manage glucose levels in T2DM (Nasri & Rafieian-

Kopaei, 2014; Rena et al., 2017). Several previous trials have shown the actions of metformin to 

increase circulating levels of serum BDNF (Smieszek et al., 2017; Eyileten et al., 2019 Fang et al., 

2020).  It may be conceivable that the already high baseline levels of serum BDNF shown in the study 

cohort may have been attributed to medication use, specifically metformin, and that cognitive training 

is acting in a positive manner by facilitating the reduction and normalisation of BDNF levels. This may 

make sense in the context of previous evidence that suggests cognitive training may act as an important 

neuroprotective mechanism that is shown to negate or delay the need for elevated levels of BDNF 

(Passaro et al., 2017). However, there is also evidence to suggest that elevations in BDNF may also 

represent an initial adaptation of BDNF to training (Enette et al, 2020). In line with our findings, several 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=7037992_ijms-21-00841-g001.jpg
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previous trials have shown exercise training to unexpectedly reduce the availability of BDNF in 

differing population groups, including those similar to T2DM such as glucose intolerance (Babaei et 

al., 2014; Baker et al., 2010a; Enette et al., 2020). Most interesting were the recent findings presented 

by Enette et al. (2020) that examined the effects of continuous and interval aerobic training on plasma 

BDNF in individuals with Alzheimer’s disease. The continuous training group were shown to increase 

BDNF levels at post intervention which were then shown to further increase at the 4 weeks follow up. 

However, the interval training group who were shown to reduce their BDNF levels at post intervention 

were then shown to increase BDNF levels beyond baseline values at the 4 weeks follow up. It may be 

possible that the reductions in serum BDNF following cognitive training shown in chapter 4 may 

represent an initial adaptive response to cognitive training that is subsequently followed by an increase 

in serum BDNF beyond baseline values after a period of detraining or rest. 

6.5 Strengths and limitations  
 
This thesis employed a systematic phased approach based upon a validated framework that built a 

continuum of increasing evidence allowing for the efficient development and evaluation of a cognitive 

training study in T2DM. The adaptive nature of this approach continually allowed for the identification 

and remediation of areas of weakness that helped develop more suitable and informative 

recommendations for the implementation of a future trial, see Figure 6.5. The systematic review and 

meta-analysis (chapter 2) formed the basis of this research and is the first to quantitatively evaluate the 

effects of exercise on cognition in T2DM in addition to providing a narrative synthesis of the effects of 

cognitive and dual-task interventions. The intervention development study (chapter 3) was integral in 

bridging the gap between the formal identification of the evidence base through to feasibility testing by 

rigorously screening exercise, cognitive, and dual-task training in addition to the study processes and 

outcomes. A strength of the intervention development process was recognising that the implementation 

of a dual-task intervention would be premature at this stage, in which further exploration of exercise 

and cognitive trials would be required first before developing and testing the feasibility and 

acceptability of a dual-task intervention in T2DM. The use of a mixed methods approach was essential 

in gaining a greater understanding of the strengths and areas of improvement concerning the feasibility 
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(chapter 4) and acceptability (chapter 5) of a cognitive training study in T2DM. Most importantly, the 

data obtained from both methods has allowed the researcher to provide more powerful and impactful 

recommendations for future research compared to either approach alone. Furthermore, the use of a 

progression criteria as opposed to using a simple stop / proceed approach has provided the researcher 

with opportunity to reflect on the feasibility of the cognitive training study by allowing study processes 

to be formally reviewed to decide as to whether it is necessary to modify the operational aspect of the 

design to promote its success in a future trial.   

 

Figure 6.5. Schematic diagram showing the difference between a traditional fixed-sample design and 

the adaptive design (Pallman et al., 2018). Using a systematic phased approach to develop and evaluate 

complex interventions has allowed the researcher to adopt an adaptive approach enabling the continual 

modification and improvement of study components at each phase. 

 
The absence of validated cognitive test batteries comprising of key neuropsychological tests for 

evaluating cognition in diabetes research means that future trials will continue to employ outcome 

measures that differ in their design and complexity. The inconsistency in the outcome measures used 

across studies may reduce the comparison of findings by meta-analysis which will greatly diminish the 
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strength of the conclusion that can be drawn from the area of research. The practical reality of this 

problem is exemplified by the systematic review and meta-analysis (chapter 2) (Cooke et al., 2020), 

which showed large heterogeneity between the cognitive outcome measures employed across included 

trials. Consequently, several trials were excluded from the meta-analyses of exercise trials whilst 

cognitive trials were limited to a qualitative comparison only. This was not only an inherent limitation 

of chapter 2, but it also presented wider implications in the context of this thesis as it significantly 

reduced the quantity and quality of evidence available for informing the development of a training 

intervention for feasibility testing. The intervention development study was as a crucial ‘stepping-stone' 

that helped to develop the rationale and methods for a suitable training intervention for feasibility 

testing. However, the lack of comparative efficacy testing between exercise, cognitive, and dual-task 

trials was considered a limitation that perhaps would have provided a more insightful and informative 

comparison of these types of interventions. Furthermore, the decision to implement a cognitive training 

intervention for feasibility testing was in part attributed to difficulties that participants experienced 

when conducting exercise training. However, only treadmill walking was performed as part of the 

exercise and dual task set up. It is therefore unclear if exercise in general was problematic in the 

intervention development study (chapter 3) or whether it was issues surrounding the design of exercise 

training e.g. the modality or experimental set up. The limited exploration of different exercise 

modalities in the developmental phase was considered a limitation of this thesis.  

It is acknowledged that the inclusion of different recruitment pathways can introduce bias. Recruitment 

pathways will always need consideration to minimise sampling bias where possible. However, when 

considering the development and evaluation of interventions it is important to trial a variety of 

recruitment pathways, informed by the target population, to help identify the most optimal recruitment 

pathways for future trials. For example, individuals recruited predominately from a university setting 

in chapter 3 may not have been entirely representative of the wider T2DM target population. Those 

recruited from the university setting would be expected to have a greater level of educational attainment, 

and evidence suggests that those with higher education attainment are more likely to actively seek and 

engage in healthy behaviour change and adhere to them (Margolis, 2013; Yu et al., 2019). Furthermore, 
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T2DM is shown to be more prevalent within deprived communities with lower socioeconomic / 

educational attainment (Rabi et al., 2006; Suwannaphant et al., 2017).  Chapter 4 addressed this by 

employing a wider approach to include multiple recruitment pathways such as recruitment through 

primary care e.g. GP practices, university, local community flyers/posters, social media, radio, and word 

of mouth etc. The inclusion of recruitment via GP practices is considered an ideal pathway for this 

population going forward as the majority of individuals with T2DM will be included withing GP 

databases as they will have engaged with primary care to receive a diagnosis and subsequent diabetes 

care. Including such a broad range of recruitment approaches was considered a strength of this research 

and this data will inform recruitment strategies for future research in T2DM. It is important, however, 

to consider the bias that this approach may introduce as a result of participants volunteering to take part 

in this research. Where a sample of a target population comprises of only those who are willing to 

participate in a study, systematic differences may occur between those who volunteered to take part and 

those who decline to participants, introducing bias with regards to the population characteristics (Jordan 

et al., 2013). The high adherence, retention, and acceptability of participants to conduct and complete 

the cognitive training study reflects the potential success of this type of intervention as a strategy used 

to target cognitive dysfunction in T2DM. This is further supported by the improvements made in several 

important cognitive domains as a result of cognitive training. Furthermore, whilst the feasibility study 

was not powered to detect significance differences, improvements were observed in a key cognitive 

domain that was shown to be statistically significant. This research was also the first to explore the 

impact of cognitive training on serum levels of BDNF in T2DM (chapter 4). However, the reduced 

levels of serum BDNF were unexpected in the context of the extant literature (Krabbe et al., 2007; 

Fujinami et al., 2008; Zhen et al., 2013; Zhen et al., 2017) and were higher than serum levels observed 

in previous studies (Fujinami et al., 2008; Zhen et al., 2013). It is acknowledged that issues with the 

absolute quantification using ELISA techniques were experienced that potentially led to this finding. 

Whilst the manufacturer’s guidelines were followed to the best of the researcher’s ability, several factors 

may have played a role in the high levels of BDNF including poor reagent preparation and poor washing 

technique that may have caused cross-over contamination. There is some evidence that suggests BDNF 

levels are potentially regulated by the circadian rhythm (Begliuomini et al., 2008; Giese et al., 2014) 
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and the extraction of blood samples in the morning is widely practiced (Polacchini et al., 2015; 

Hakansson et al., 2017; Mackay et al., 2017; Figueiredo et al., 2019). The inconsistency in the timings 

of blood sample collection at baseline and post intervention could be a limitation of this thesis possibly 

contributing towards the high levels of BDNF observed in chapter 4.  

6.6 Recommendations for future research 
 
The overarching aim of this thesis was to develop and evaluate exercise, cognitive, and dual-task 

interventions for targeting cognitive dysfunction in individuals with T2DM. Based on the accumulated 

evidence from each study conducted in this thesis a set of general recommendations for cognitive 

research in T2DM are proposed in addition to a set of feasibility / acceptability recommendations for 

the development of a specific future cognitive training study. 

6.6.1 General recommendations 
 
1. Based on the findings identified in the systematic review and meta-analysis (chapter 2), well 

designed interventional trials are needed that explore the effects of exercise, cognitive, and dual-

task interventions on cognition in T2DM. Trials should adhere to clear reporting guidelines (e.g. 

CONSORT). Trials must be sufficiently powered to detect small significant differences and should 

aim to conduct and report a priori sample size calculation. For example, based on a small to 

moderate ES (0.31) identified in the meta-analysis for the effects of exercise on inhibitory control 

(chapter 2), a sample size of 352 (176 in each group) is proposed for future exercise trials to detect 

between group differences using a power of 0.8 and significance level of 0.05.  

 
2. If significant scientific advancement is to be achieved in this area of research, the development and 

application of a set of core neuropsychological test batteries is needed and is pivotal for future 

studies that aim to examine cognition in T2DM. As the manifestation of T2DM is known to differ 

according to age, it may not be appropriate to employ the same core battery for children, young 

adults, and older adults. Likewise, cognition may be altered not only by acute metabolic 

disturbances but also by the more chronic effects of T2DM. Considering the complex and diverse 

relationship between cognition and T2DM, it may be appropriate to employ different test batteries 
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in trials that study different cohorts in addition to those trials that investigate the short and long 

term effects of T2DM on cognition. Assessment batteries should aim to include a diverse set of 

tests focusing on those domains that have been shown most susceptible to cognitive decline in a 

T2DM population, including executive function, attention, visual memory, verbal memory, reaction 

time and motor function.  

 

3. The findings from chapters 3 and 4 identified demographic variables such as age, BMI, and 

education that may potentially influence cognition and BDNF in T2DM. Future research should 

look to advance the current understanding of the T2DM-cognition relationship by further exploring 

the possible predictive and moderating nature of health-related indicators on cognition in T2DM. 

This research will help further clarify the multilateral, and dynamic, relationship between the 

potential mechanisms, comorbidities, and cognition in T2DM.  

 

4. Supervised individual training was perceived as important to participants with respect to providing 

guidance and instruction for both the assessment and training tasks (chapter 5). Participants did 

discuss group training as a potential alternative mode of training. To further enhance our 

understanding of the use of cognitive training as a potential strategy for targeting cognitive 

dysfunction in individuals with T2DM, alternative delivery modes such as group training could also 

be explored in future trials. 

 

5. The components of the proposed cognitive training study (6 weeks, 2-3 sessions a week, 60 minutes 

session duration, assessment visits, blood extraction etc.) were broadly perceived as acceptable by 

study participants. Whilst future trials should continue to explore the proposed cognitive training 

study, future research should also aim to evaluate interventions with different underlying 

components e.g. short-term interventions (e.g. 4 weeks, 4-5 sessions a week, 30 minutes duration) 

as well as long-term interventions (e.g. 24 weeks, 1-2 session a week, 60 minute duration) to help 

better understand the use of cognitive training for improving cognitive-related outcomes in T2DM. 
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6. The improvements observed in cognitive outcomes in chapter 4 highlights the potential of cognitive 

training as a promising strategy for targeting diabetes-associated cognitive dysfunction.  To further 

enhance the ecological validity and applicability of future findings, research would greatly benefit 

from investigating whether improvements in cognition are ‘clinically meaningful’ by examining 

the transfer of trained domains to daily activities and diabetes self-management tasks. Consideration 

should be given to those cognitive domains and sub-domains that have been proposed to potentially 

moderate diabetes self-management e.g. global cognition, executive function and memory in 

addition to those management tasks that are pertinent to diabetes e.g. glucose monitoring, co-

ordination of health care appointments, medication management, nutrition, etc.  

 

7. Findings from chapter 4 showed serum levels of BDNF to unexpectedly reduce in individuals with 

T2DM following the completion of a cognitive training intervention. To further elucidate our 

understanding of the role BDNF may play in response to cognitive training, further research into 

this area is needed. Future researchers should aim to ensure that BDNF samples are extracted in the 

morning and that participants have fasted for a sufficient amount of time prior to blood extraction. 

Future trials should also aim to identify other potential biological or neural mechanisms that may 

potentially mediate improvements in cognition through cognitive training. This should include a 

purposeful investigation into the role that inflammation may play in the context of BMI, BDNF and 

cognitive function in T2DM.  

6.6.2 Recommendations for the development of a future trial 
 
The final study conducted in this thesis aimed to determine the feasibility (chapter 4) and acceptability 

(chapter 5) of a cognitive training study in individuals with T2DM. Feasibility and acceptability were 

demonstrated in several key aspects of the study which will help inform important decisions for future 

research. Based on the quantitative and qualitative elements of this study the following 

recommendations are proposed, see Table 6.1. 
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Table 6.1. Proposed feasibility / acceptability recommendations for a future cognitive training study. 

 

Feasibility recommendations Acceptability recommendations 

 
I. A travel limit should be set to help reduce the burden placed on 

the researcher when travelling to and from home training visits. 

This may include restricting travel to homes in certain postcodes 

or setting an upper travel limit.   

 

 

II. A greater number of GP practices must be recruited to help boost 

participant recruitment. Specifically, GP practices should be 

recruited simultaneously and as early as possible and should be 

supplemented by further secondary recruitment pathways e.g. 

online and newspaper advertisement, church groups/religious 

groups, and consultant mail outs. 

 

 

III. Participant recruitment through GP practices should also be 

coordinated to avoid busy periods e.g. flu vaccination season in 

which priority should be given to those GP practices with greater 

research experience whilst allowing more time for those with less 

experience. 

 

 

IV. Follow up telephone contact should be made with those 

individuals who expressed initial interest in participating through 

the expression of interest form but did not reply to the initial 

recruitment email.  

 

 

V. To avoid delays in data collection, especially in those allocated 

to the control group, strategies should be implemented to keep 

participants aware of important study visits e.g. assessment visits. 

This should include adopting management techniques such as 

agreeing upon timings and dates early which should be 

supplemented with text or email reminders.  

 

 

 

 

 

 

 
I. Greater communication strategies should be adopted in future 

trials to better inform the participants understanding of the study 

aims and processes. Potential strategies should include more in-

depth discussions throughout the recruitment, screening, and 

consent stages of the trial in addition to enhanced participant 

information sheets and supervised training sessions. 

 

 

II. An active control group should be considered as opposed to 

usual / standard care to keep individuals allocated to the control 

group engaged and motivated. This may include educational 

sessions based upon cognitive decline in T2DM. Alternatively 

a wait list could be used where control participants would be 

given the opportunity to complete intervention after the initial 

study period.  

 

 

III. Future trials should consider a flexible approach to data 

collection visits by providing participant choice with respect to 

the timing and location of training.  

 

 

IV. The length (6 weeks), duration (60 minutes), and frequency (2 

x per week) in addition to the assessment visits and blood 

extraction were perceived as acceptable. Researchers should 

continue to develop an appropriate cognitive training study 

specifically building upon these study components. 

 

 

V. The enjoyment and desire to continue training points towards 

the potential of this type of intervention in implementing long 

term compliance to positive health behaviour.  However, the 

continuation of training beyond the initial study period and its 

impact on important long-term health behaviours was not 

measured. Future trials would also benefit greatly in measuring 

the long-term impact of this type of intervention especially in 

the context of important diabetes self-management behaviours.  

 

 

 

6.7 Concluding remarks  
 

The general findings of this thesis provide robust and systematic evidence for the feasibility and 

acceptability of a cognitive training study for targeting cognitive dysfunction in individuals with T2DM. 

The limited number of trials identified in the systematic review and meta-analysis suggests that use of 

exercise, cognitive, and dual-task interventions for addressing cognitive dysfunction in T2DM is still 

an emerging area of research. Whilst positive effects were observed across each type of intervention 

with meta-analyses showing small to moderate effects of exercise on executive function (0.31) and 

memory (0.20), these findings should be interpreted with caution as trials were of poor quality and low 
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precision. The findings of the systematic review and meta-analysis (chapter 2) were integral in 

informing the design of future pilot and feasibility work. The subsequent intervention development 

study (chapter 3) piloted exercise, cognitive, and dual-task training in which the findings pointed 

towards cognitive training as the most suitable and preferred type of intervention to be further developed 

and tested for feasibility. Findings from this study suggest that further developmental work would be 

required before implementing and evaluating exercise or dual task interventions in T2DM. The evidence 

gathered from this study was also used to refine important study processes. This included the 

identification of more targeted recruitment pathways, refining the study eligibility criteria, and 

identifying a suitable cognitive training platform and battery. The intervention development process 

was a crucial ‘stepping-stone’ that bridged the gap between identifying the existing evidence base and 

evaluating the feasibility and acceptability of a cognitive training intervention.  The systematic review 

and meta-analysis (chapters 2) and intervention development study (chapter 3) provided important 

accumulated evidence that helped inform the development of a cognitive training study that would be 

implemented for feasibility (chapter 4) and acceptability (chapter 5) testing.  

The final study as part of this doctoral thesis (chapter 4 and 5) demonstrated good feasibility in several 

important areas of the cognitive training study including the adherence, retention and motivation of 

participants which largely reflected the success of this type of intervention in this population. Only 

minor modifications were proposed to aspects of the study design, recruitment pathways, and data 

collection that represent remedial situations in that if addressed early enough in accordance with the 

proposed recommendations future researchers should be able to progress with implementing and 

evaluating a definitive trial. The potential feasibility of this type of intervention was further supported 

by preliminary data that showed positive improvements in several cognitive domains highlighting the 

potential effectiveness of this type of intervention for targeting cognitive dysfunction in T2DM (chapter 

4). Whilst the reduction in serum BDNF following cognitive training was unexpected, this finding 

proposes a potential alternative mechanistic pathway that demonstrates the complex interaction between 

BDNF and T2DM in the context of cognitive training that may differ to BDNF mechanisms observed 

in healthy populations (chapter 4). The potential of the cognitive training intervention was further 
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reflected through the acceptability findings (chapter 5). Participants found the cognitive training 

intervention highly enjoyable and expressed their desire to continue training post intervention. The 

study components were found to be acceptable in which providing choice with respect to the time and 

location of training was viewed as an important aspect of the study that helped manage training barriers 

including work and travel. Whilst the experiences of this cognitive training study were largely positive, 

our findings pointed towards greater research communication to better help participants to understand 

the study aims and processes in addition to greater involvement for control participants to help those 

participants maintain interest in this study. Together, the findings from this exploratory study highlight 

the potential feasibility and acceptability of a cognitive training study in T2DM in which important 

recommendations based upon both the quantitative and qualitative aspect of this study are proposed 

with respect to implementing and evaluating a definitive future trial. 

 

 

 

 

 

 

 

 

 

 

 

 



175 
 

References 
 

Abbott, R. A., Skirrow, C., Jokisch, M., Timmers, M., Streffer, J., Van Nueten, L., Krams, M., 

Winkler, A., Pundt, N., Nathan, P. J., Rock, P., Cormack, F. K. & Weimar, C. (2018). Normative data 

from linear and nonlinear quantile regression in CANTAB: Cognition in mid-to-late life in an 

epidemiological sample. Alzheimer's & dementia (Amsterdam, Netherlands), 11, 36-44. 

doi:10.1016/j.dadm.2018.10.007 

ADA (2010). Diagnosis and Classification of Diabetes Mellitus. Diabetes Care, 33(1), 62. 

doi:10.2337/dc10-S062 

ADA (2019). 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes—

2019. Diabetes Care, 42(1), 13-28. doi:10.2337/dc19-S002 

Advika, T. S., Idiculla, J. & Kumari, S. J. (2017). Exercise in patients with Type 2 diabetes: 

Facilitators and barriers - A qualitative study. Journal of family medicine and primary care, 6(2), 288-

292. doi:10.4103/2249-4863.219998 

Akl, E. A., Briel, M., You, J. J., Sun, X., Johnston, B. C., Busse, J. W., Mulla, S., Lamontagne, F., 

Bassler, D., Vera, C., Alshurafa, M., Katsios, C. M., Zhou, Q., Cukierman-Yaffe, T., Gangji, A., 

Mills, E. J., Walter, S. D., Cook, D. J., Schunemann, H. J., Altman, D. G. & Guyatt, G. H. (2012). 

Potential impact on estimated treatment effects of information lost to follow-up in randomised 

controlled trials (LOST-IT): systematic review. Bmj, 344, e2809. doi:10.1136/bmj.e2809 

Al-Khawaldeh, O. A., Al-Hassan, M. A. & Froelicher, E. S. (2012). Self-efficacy, self-management, 

and glycemic control in adults with type 2 diabetes mellitus. J Diabetes Complications, 26(1), 10-6. 

doi:10.1016/j.jdiacomp.2011.11.002 

Albai, O., Frandes, M., Timar, R., Roman, D. & Timar, B. (2019). Risk factors for developing 

dementia in type 2 diabetes mellitus patients with mild cognitive impairment. Neuropsychiatr Dis 

Treat, 15, 167-175. doi:10.2147/ndt.S189905 

Alberti, G., Zimmet, P., Shaw, J., Bloomgarden, Z., Kaufman, F. & Silink, M. (2004). Type 2 

Diabetes in the Young: The Evolving Epidemic. The International Diabetes Federation Consensus 

Workshop, 27(7), 1798-1811. doi:10.2337/diacare.27.7.1798 

Alfini, A. J., Weiss, L. R., Nielson, K. A., Verber, M. D. & Smith, J. C. (2019). Resting Cerebral 

Blood Flow After Exercise Training in Mild Cognitive Impairment. Journal of Alzheimer's disease : 

JAD, 67(2), 671-684. doi:10.3233/JAD-180728 

Alfonsson, S., Johansson, K., Uddling, J. & Hursti, T. (2017). Differences in motivation and 

adherence to a prescribed assignment after face-to-face and online psychoeducation: an experimental 

study. BMC psychology, 5(1), 3-3. doi:10.1186/s40359-017-0172-5 

Allen, S. J. & Dawbarn, D. (2006). Clinical relevance of the neurotrophins and their receptors. Clin 

Sci (Lond), 110(2), 175-91. doi:10.1042/cs20050161 



176 
 

Alosco, M. L. & Gunstad, J. (2014). The negative effects of obesity and poor glycemic control on 

cognitive function: a proposed model for possible mechanisms. Curr Diab Rep, 14(6), 495. 

doi:10.1007/s11892-014-0495-z 

Alzahrani, A. M., Albakri, S. B. B., Alqutub, T. T., Alghamdi, A. A. & Rio, A. A. (2019). Physical 

activity level and its barriers among patients with type 2 diabetes mellitus attending primary 

healthcare centers in Saudi Arabia. Journal of family medicine and primary care, 8(8), 2671-2675. 

doi:10.4103/jfmpc.jfmpc_433_19 

Amoureux, S., Sicard, P., Korandji, C., Borey, A., Benkhadra, S., Sequeira-Le Grand, A., Vergely, C., 

Girard, C. & Rochette, L. (2008). Increase in Levels of BDNF is Associated with Inflammation and 

Oxidative Stress during Cardiopulmonary Bypass. International journal of biomedical science : IJBS, 

4(3), 204-211. 

Anderson-Hanley, C., Arciero, P. J., Westen, S. C., Nimon, J. & Zimmerman, E. (2012). 

Neuropsychological benefits of stationary bike exercise and a cybercycle exergame for older adults 

with diabetes: an exploratory analysis. J Diabetes Sci Technol, 6(4), 849-57. 

doi:10.1177/193229681200600416 

Anderson, L. N., Mccaul, K. D. & Langley, L. K. (2011). Common-sense beliefs about the prevention 

of Alzheimer's disease. Aging Ment Health, 15(7), 922-31. doi:10.1080/13607863.2011.569478 

Angelucci, F., Peppe, A., Carlesimo, G. A., Serafini, F., Zabberoni, S., Barban, F., Shofany, J., 

Caltagirone, C. & Costa, A. (2015). A pilot study on the effect of cognitive training on BDNF serum 

levels in individuals with Parkinson's disease. Front Hum Neurosci, 9, 130. 

doi:10.3389/fnhum.2015.00130 

Arazi, H., Aliakbari, H., Asadi, A. & Suzuki, K. (2019). Acute Effects of Mental Activity on 

Response of Serum BDNF and IGF-1 Levels in Elite and Novice Chess Players. Medicina (Kaunas, 

Lithuania), 55(5), 189. doi:10.3390/medicina55050189 

Arvanitakis, Z., Capuano, A. W., Bennett, D. A. & Barnes, L. L. (2018). Body Mass Index and 

Decline in Cognitive Function in Older Black and White Persons. J Gerontol A Biol Sci Med Sci, 

73(2), 198-203. doi:10.1093/gerona/glx152 

Askew, D. A., Clavarino, A. M., Glasziou, P. P. & Del Mar, C. B. (2002). General practice research: 

attitudes and involvement of Queensland general practitioners. Med J Aust, 177(2), 74-7. 

Atkinson, M. A., Eisenbarth, G. S. & Michels, A. W. (2014). Type 1 diabetes. Lancet, 383(9911), 69-

82. doi:10.1016/s0140-6736(13)60591-7 

Avery, K. N., Williamson, P. R., Gamble, C., O'connell Francischetto, E., Metcalfe, C., Davidson, P., 

Williams, H. & Blazeby, J. M. (2017). Informing efficient randomised controlled trials: exploration of 

challenges in developing progression criteria for internal pilot studies. BMJ Open, 7(2), e013537. 

doi:10.1136/bmjopen-2016-013537 

Ayala, G. X. & Elder, J. P. (2011). Qualitative methods to ensure acceptability of behavioral and 

social interventions to the target population. Journal of public health dentistry, 71 Suppl 1(0 1), S69-

S79. doi:10.1111/j.1752-7325.2011.00241.x 



177 
 

Babaei, P., Damirchi, A., Mehdipoor, M. & Tehrani, B. S. (2014). Long term habitual exercise is 

associated with lower resting level of serum BDNF. Neurosci Lett, 566, 304-8. 

doi:10.1016/j.neulet.2014.02.011 

Baena-Diez, J. M., Penafiel, J., Subirana, I., Ramos, R., Elosua, R., Marin-Ibanez, A., Guembe, M. J., 

Rigo, F., Tormo-Diaz, M. J., Moreno-Iribas, C., Cabre, J. J., Segura, A., Garcia-Lareo, M., Gomez De 

La Camara, A., Lapetra, J., Quesada, M., Marrugat, J., Medrano, M. J., Berjon, J., Frontera, G., 

Gavrila, D., Barricarte, A., Basora, J., Garcia, J. M., Pavone, N. C., Lora-Pablos, D., Mayoral, E., 

Franch, J., Mata, M., Castell, C., Frances, A. & Grau, M. (2016). Risk of Cause-Specific Death in 

Individuals With Diabetes: A Competing Risks Analysis. Diabetes Care, 39(11), 1987-1995. 

doi:10.2337/dc16-0614 

Bahar-Fuchs, A., Barendse, M. E. A., Bloom, R., Ravona-Springer, R., Heymann, A., Dabush, H., 

Bar, L., Slater-Barkan, S., Rassovsky, Y. & Schnaider Beeri, M. (2020). Computerized Cognitive 

Training for Older Adults at Higher Dementia Risk due to Diabetes: Findings From a Randomized 

Controlled Trial. J Gerontol A Biol Sci Med Sci, 75(4), 747-754. doi:10.1093/gerona/glz073 

Baker, L. D., Frank, L. L., Foster-Schubert, K., Green, P. S., Wilkinson, C. W., Mctiernan, A., 

Cholerton, B. A., Plymate, S. R., Fishel, M. A., Watson, G. S., Duncan, G. E., Mehta, P. D. & Craft, 

S. (2010a). Aerobic exercise improves cognition for older adults with glucose intolerance, a risk 

factor for Alzheimer's disease. J Alzheimers Dis, 22(2), 569-79. doi:10.3233/jad-2010-100768 

Baker, L. D., Frank, L. L., Foster-Schubert, K., Green, P. S., Wilkinson, C. W., Mctiernan, A., 

Plymate, S. R., Fishel, M. A., Watson, G. S., Cholerton, B. A., Duncan, G. E., Mehta, P. D. & Craft, 

S. (2010b). Effects of aerobic exercise on mild cognitive impairment: a controlled trial. Arch Neurol, 

67(1), 71-9. doi:10.1001/archneurol.2009.307 

Ballabh, P., Braun, A. & Nedergaard, M. (2004). The blood-brain barrier: an overview: structure, 

regulation, and clinical implications. Neurobiol Dis, 16(1), 1-13. doi:10.1016/j.nbd.2003.12.016 

Bandura, A. (1977). Self-efficacy: toward a unifying theory of behavioral change. Psychol Rev, 84(2), 

191-215. doi:10.1037//0033-295x.84.2.191 

Bandura, A. (1986). The explanatory and predictive scope of self-efficacy theory. Journal of Social 

and Clinical Psychology, 4(3), 359-373. doi:10.1521/jscp.1986.4.3.359 

Bangen, K. J., Gu, Y., Gross, A. L., Schneider, B. C., Skinner, J. C., Benitez, A., Sachs, B. C., Shih, 

R., Sisco, S., Schupf, N., Mayeux, R., Manly, J. J. & Luchsinger, J. A. (2015). Relationship Between 

Type 2 Diabetes Mellitus and Cognitive Change in a Multiethnic Elderly Cohort. J Am Geriatr Soc, 

63(6), 1075-83. doi:10.1111/jgs.13441 

Bano, K. A. & Batool, A. (2007). Metabolic syndrome, cardiovascular disease and type-2 diabetes. J 

Pak Med Assoc, 57(10), 511-5. 

Barcelos, N., Shah, N., Cohen, K., Hogan, M. J., Mulkerrin, E., Arciero, P. J., Cohen, B. D., Kramer, 

A. F. & Anderson-Hanley, C. (2015). Aerobic and Cognitive Exercise (ACE) Pilot Study for Older 

Adults: Executive Function Improves with Cognitive Challenge While Exergaming. J Int 

Neuropsychol Soc, 21(10), 768-79. doi:10.1017/s1355617715001083 



178 
 

Bate, K. L. & Jerums, G. (2003). 3: Preventing complications of diabetes. Med J Aust, 179(9), 498-

503. 

Bathina, S. & Das, U. N. (2015). Brain-derived neurotrophic factor and its clinical implications. 

Archives of medical science : AMS, 11(6), 1164-1178. doi:10.5114/aoms.2015.56342 

Becker, M. H. (1974). The Health Belief Model and Sick Role Behavior. Health Education 

Monographs, 2(4), 409-419. doi:10.1177/109019817400200407 

Beeler, N., Riederer, B. M., Waeber, G. & Abderrahmani, A. (2009). Role of the JNK-interacting 

protein 1/islet brain 1 in cell degeneration in Alzheimer disease and diabetes. Brain Res Bull, 80(4-5), 

274-81. doi:10.1016/j.brainresbull.2009.07.006 

Begliuomini, S., Lenzi, E., Ninni, F., Casarosa, E., Merlini, S., Pluchino, N., Valentino, V., Luisi, S., 

Luisi, M. & Genazzani, A. R. (2008). Plasma brain-derived neurotrophic factor daily variations in 

men: correlation with cortisol circadian rhythm. J Endocrinol, 197(2), 429-35. doi:10.1677/joe-07-

0376 

Belfort-Deaguiar, R., Constable, R. T. & Sherwin, R. S. (2014). Functional MRI signal fluctuations: a 

preclinical biomarker for cognitive impairment in type 2 diabetes? Diabetes, 63(2), 396-398. 

doi:10.2337/db13-1685 

Bell-Syer, S. E., Thorpe, L. N., Thomas, K. & Macpherson, H. (2011). GP Participation and 

Recruitment of Patients to RCTs: Lessons from Trials of Acupuncture and Exercise for Low Back 

Pain in Primary Care. Evid Based Complement Alternat Med, 2011, 687349. 

doi:10.1093/ecam/nen044 

Bell-Syer, S. E. M. & Moffett, J. a. K. (2000). Recruiting patients to randomized trials in primary 

care: principles and case study. Family Practice, 17(2), 187-191. doi:10.1093/fampra/17.2.187 

Bellou, V., Belbasis, L., Tzoulaki, I. & Evangelou, E. (2018). Risk factors for type 2 diabetes 

mellitus: An exposure-wide umbrella review of meta-analyses. PLoS One, 13(3), e0194127. 

doi:10.1371/journal.pone.0194127 

Berchtold, N. C., Chinn, G., Chou, M., Kesslak, J. P. & Cotman, C. W. (2005). Exercise primes a 

molecular memory for brain-derived neurotrophic factor protein induction in the rat hippocampus. 

Neuroscience, 133(3), 853-61. doi:10.1016/j.neuroscience.2005.03.026 

Best, J. R., Chiu, B. K., Liang Hsu, C., Nagamatsu, L. S. & Liu-Ambrose, T. (2015). Long-Term 

Effects of Resistance Exercise Training on Cognition and Brain Volume in Older Women: Results 

from a Randomized Controlled Trial. J Int Neuropsychol Soc, 21(10), 745-56. 

doi:10.1017/s1355617715000673 

Bhatt, A. A., Choudhari, P. K., Mahajan, R. R., Sayyad, M. G., Pratyush, D. D., Hasan, I., Javherani, 

R. S., Bothale, M. M., Purandare, V. B. & Unnikrishnan, A. G. (2017). Effect of a Low-Calorie Diet 

on Restoration of Normoglycemia in Obese subjects with Type 2 Diabetes. Indian journal of 

endocrinology and metabolism, 21(5), 776-780. doi:10.4103/ijem.IJEM_206_17 



179 
 

Biau, D. J., Kernéis, S. & Porcher, R. (2008). Statistics in brief: the importance of sample size in the 

planning and interpretation of medical research. Clinical orthopaedics and related research, 466(9), 

2282-2288. doi:10.1007/s11999-008-0346-9 

Biessels, G. J. & Despa, F. (2018). Cognitive decline and dementia in diabetes mellitus: mechanisms 

and clinical implications. Nature reviews. Endocrinology, 14(10), 591-604. doi:10.1038/s41574-018-

0048-7 

Biessels, G. J., Strachan, M. W., Visseren, F. L., Kappelle, L. J. & Whitmer, R. A. (2014). Dementia 

and cognitive decline in type 2 diabetes and prediabetic stages: towards targeted interventions. Lancet 

Diabetes Endocrinol, 2(3), 246-55. doi:10.1016/s2213-8587(13)70088-3 

Bischof, G. N. & Park, D. C. (2015). Obesity and Aging: Consequences for Cognition, Brain 

Structure, and Brain Function. Psychosom Med, 77(6), 697-709. doi:10.1097/psy.0000000000000212 

Blackwell, A. D., Sahakian, B. J., Vesey, R., Semple, J. M., Robbins, T. W. & Hodges, J. R. (2004). 

Detecting dementia: novel neuropsychological markers of preclinical Alzheimer's disease. Dement 

Geriatr Cogn Disord, 17(1-2), 42-8. doi:10.1159/000074081 

Blair, L. J., Frauen, H. D., Zhang, B., Nordhues, B. A., Bijan, S., Lin, Y. C., Zamudio, F., Hernandez, 

L. D., Sabbagh, J. J., Selenica, M. L. & Dickey, C. A. (2015). Tau depletion prevents progressive 

blood-brain barrier damage in a mouse model of tauopathy. Acta Neuropathol Commun, 3, 8. 

doi:10.1186/s40478-015-0186-2 

Block, M. L., Zecca, L. & Hong, J. S. (2007). Microglia-mediated neurotoxicity: uncovering the 

molecular mechanisms. Nat Rev Neurosci, 8(1), 57-69. doi:10.1038/nrn2038 

Bloom, R., Schnaider-Beeri, M., Ravona-Springer, R., Heymann, A., Dabush, H., Bar, L., Slater, S., 

Rassovsky, Y. & Bahar-Fuchs, A. (2017). Computerized cognitive training for older diabetic adults at 

risk of dementia: Study protocol for a randomized controlled trial. Alzheimer's & dementia (New 

York, N. Y.), 3(4), 636-650. doi:10.1016/j.trci.2017.10.003 

Bowen, D. J., Kreuter, M., Spring, B., Cofta-Woerpel, L., Linnan, L., Weiner, D., Bakken, S., Kaplan, 

C. P., Squiers, L., Fabrizio, C. & Fernandez, M. (2009). How we design feasibility studies. American 

journal of preventive medicine, 36(5), 452-457. doi:10.1016/j.amepre.2009.02.002 

Bower, P., Wilson, S. & Mathers, N. (2007). Short report: how often do UK primary care trials face 

recruitment delays? Fam Pract, 24(6), 601-3. doi:10.1093/fampra/cmm051 

Bracken, K., Hague, W., Keech, A., Conway, A., Handelsman, D. J., Grossmann, M., Jesudason, D., 

Stuckey, B., Yeap, B. B., Inder, W., Allan, C., Mclachlan, R., Robledo, K. P. & Wittert, G. (2019). 

Recruitment of men to a multi-centre diabetes prevention trial: an evaluation of traditional and online 

promotional strategies. Trials, 20(1), 366-366. doi:10.1186/s13063-019-3485-2 

Braun, V. & Clarke, V. (2006). Using thematic analysis in psychology. Qualitative Research in 

Psychology, 3(2), 77-101. doi:10.1191/1478088706qp063oa 

Bridle, C., Spanjers, K., Patel, S., Atherton, N. M. & Lamb, S. E. (2012). Effect of exercise on 

depression severity in older people: systematic review and meta-analysis of randomised controlled 

trials. Br J Psychiatry, 201(3), 180-5. doi:10.1192/bjp.bp.111.095174 



180 
 

Brisswalter, J., Collardeau, M. & Rene, A. (2002). Effects of acute physical exercise characteristics 

on cognitive performance. Sports Med, 32(9), 555-66. doi:10.2165/00007256-200232090-00002 

Brodaty, H. & Donkin, M. (2009). Family caregivers of people with dementia. Dialogues in clinical 

neuroscience, 11(2), 217-228. 

Brodaty, H., Gibson, L. H., Waine, M. L., Shell, A. M., Lilian, R. & Pond, C. D. (2013). Research in 

general practice: a survey of incentives and disincentives for research participation. Mental health in 

family medicine, 10(3), 163-173. 

Broeker, L., Liepelt, R., Poljac, E., Kunzell, S., Ewolds, H., De Oliveira, R. F. & Raab, M. (2018). 

Multitasking as a choice: a perspective. Psychol Res, 82(1), 12-23. doi:10.1007/s00426-017-0938-7 

Brueton, V. C., Tierney, J., Stenning, S., Harding, S., Meredith, S., Nazareth, I. & Rait, G. (2013). 

Strategies to improve retention in randomised trials. Cochrane Database Syst Rev, (12), Mr000032. 

doi:10.1002/14651858.MR000032.pub2 

Brundel, M., Reijmer, Y. D., Van Veluw, S. J., Kuijf, H. J., Luijten, P. R., Kappelle, L. J. & Biessels, 

G. J. (2014). Cerebral microvascular lesions on high-resolution 7-Tesla MRI in patients with type 2 

diabetes. Diabetes, 63(10), 3523-9. doi:10.2337/db14-0122 

Bryan, R. N., Bilello, M., Davatzikos, C., Lazar, R. M., Murray, A., Horowitz, K., Lovato, J., Miller, 

M. E., Williamson, J. & Launer, L. J. (2014). Effect of diabetes on brain structure: the action to 

control cardiovascular risk in diabetes MR imaging baseline data. Radiology, 272(1), 210-6. 

doi:10.1148/radiol.14131494 

Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. (2008). The brain's default network: 

anatomy, function, and relevance to disease. Ann N Y Acad Sci, 1124, 1-38. 

doi:10.1196/annals.1440.011 

Buschkuehl, M., Jaeggi, SM., Hutchison, S., Perrig-Chiello, P., Däpp, C., Müller, M., Breil, F., 

Hoppeler, H., & Perrig. W.J. (2008). Impact of working memory training on memory performance in 

old-old adults. Psychology Aging, 23(4):743-53. doi: 10.1037/a0014342 

Cade, W. T. (2008). Diabetes-related microvascular and macrovascular diseases in the physical 

therapy setting. Physical therapy, 88(11), 1322-1335. doi:10.2522/ptj.20080008 

Cain, S. W., Chang, A. M., Vlasac, I., Tare, A., Anderson, C., Czeisler, C. A. & Saxena, R. (2017). 

Circadian Rhythms in Plasma Brain-derived Neurotrophic Factor Differ in Men and Women. J Biol 

Rhythms, 32(1), 75-82. doi:10.1177/0748730417693124 

Calle, M. C. & Fernandez, M. L. (2012). Inflammation and type 2 diabetes. Diabetes Metab, 38(3), 

183-91. doi:10.1016/j.diabet.2011.11.006 

Callisaya, M. L., Daly, R. M., Sharman, J. E., Bruce, D., Davis, T. M. E., Greenaway, T., Nolan, M., 

Beare, R., Schultz, M. G., Phan, T., Blizzard, L. C. & Srikanth, V. K. (2017). Feasibility of a multi-

modal exercise program on cognition in older adults with Type 2 diabetes - a pilot randomised 

controlled trial. BMC geriatrics, 17(1), 237-237. doi:10.1186/s12877-017-0635-9 



181 
 

Carter, A., Humphreys, L., Snowdon, N., Sharrack, B., Daley, A., Petty, J., Woodroofe, N. & Saxton, 

J. (2015). Participant recruitment into a randomised controlled trial of exercise therapy for people 

with multiple sclerosis. Trials, 16, 468-468. doi:10.1186/s13063-015-0996-3 

Casoli, T., Giuli, C., Balietti, M., Giorgetti, B., Solazzi, M. & Fattoretti, P. (2014). Effect of cognitive 

training on the expression of brain-derived neurotrophic factor in lymphocytes of mild cognitive 

impairment patients. Rejuvenation Res, 17(2), 235-8. doi:10.1089/rej.2013.1516 

Casutt, G., Theill, N., Martin, M., Keller, M., & Jäncke, L. (2014). The drive-wise project: driving 

simulator training increases real driving performance in healthy older drivers. Frontiers in aging 

neuroscience, 6, 85. https://doi.org/10.3389/fnagi.2014.00085 

Celik Guzel, E., Bakkal, E., Guzel, S., Eroglu, H. E., Acar, A., Kuçukyalcin, V. & Topcu, B. (2014). 

Can low brain-derived neurotrophic factor levels be a marker of the presence of depression in obese 

women? Neuropsychiatric disease and treatment, 10, 2079-2086. doi:10.2147/NDT.S72087 

Cerasuolo, J. & Izzo, A. (2017). Persistent impairment in working memory following severe 

hyperglycemia in newly diagnosed type 2 diabetes. Endocrinology, diabetes & metabolism case 

reports, 2017, 17-0101. doi:10.1530/EDM-17-0101 

Cerf, M. E. (2013). Beta cell dysfunction and insulin resistance. Frontiers in endocrinology, 4, 37-37. 

doi:10.3389/fendo.2013.00037 

Cha, J., Jo, H. J., Kim, H. J., Seo, S. W., Kim, H. S., Yoon, U., Park, H., Na, D. L. & Lee, J. M. 

(2013). Functional alteration patterns of default mode networks: comparisons of normal aging, 

amnestic mild cognitive impairment and Alzheimer's disease. Eur J Neurosci, 37(12), 1916-24. 

doi:10.1111/ejn.12177 

Chalmers, I., Bracken, M. B., Djulbegovic, B., Garattini, S., Grant, J., Gülmezoglu, A. M., Howells, 

D. W., Ioannidis, J. P. A. & Oliver, S. (2014). How to increase value and reduce waste when research 

priorities are set. The Lancet, 383(9912), 156-165. doi:https://doi.org/10.1016/S0140-6736(13)62229-

1 

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 Res, 1453, 87-101. doi:10.1016/j.brainres.2012.02.068 

Chapman, S. B., Aslan, S., Spence, J. S., Hart, J. J., Jr., Bartz, E. K., Didehbani, N., Keebler, M. W., 

Gardner, C. M., Strain, J. F., Defina, L. F. & Lu, H. (2015). Neural mechanisms of brain plasticity 

with complex cognitive training in healthy seniors. Cereb Cortex, 25(2), 396-405. 

doi:10.1093/cercor/bht234 

Chapman, S. B., Spence, J. S., Aslan, S. & Keebler, M. W. (2017). Enhancing Innovation and 

Underlying Neural Mechanisms Via Cognitive Training in Healthy Older Adults. Frontiers in Aging 

Neuroscience, 9(314). doi:10.3389/fnagi.2017.00314 

Chatterjee, S., Ambegaokar, S. S., Jackson, G. R. & Mudher, A. (2019). Insulin-Mediated Changes in 

Tau Hyperphosphorylation and Autophagy in a Drosophila Model of Tauopathy and Neuroblastoma 

Cells. Frontiers in Neuroscience, 13(801). doi:10.3389/fnins.2019.00801 



182 
 

Chatterjee, S., Peters, S. A., Woodward, M., Mejia Arango, S., Batty, G. D., Beckett, N., Beiser, A., 

Borenstein, A. R., Crane, P. K., Haan, M., Hassing, L. B., Hayden, K. M., Kiyohara, Y., Larson, E. 

B., Li, C. Y., Ninomiya, T., Ohara, T., Peters, R., Russ, T. C., Seshadri, S., Strand, B. H., Walker, R., 

Xu, W. & Huxley, R. R. (2016). Type 2 Diabetes as a Risk Factor for Dementia in Women Compared 

With Men: A Pooled Analysis of 2.3 Million People Comprising More Than 100,000 Cases of 

Dementia. Diabetes Care, 39(2), 300-7. doi:10.2337/dc15-1588 

Chester, B., Stanely, W. G. & Geetha, T. (2018). Quick guide to type 2 diabetes self-management 

education: creating an interdisciplinary diabetes management team. Diabetes, metabolic syndrome 

and obesity : targets and therapy, 11, 641-645. doi:10.2147/DMSO.S178556 

Chiu, H.-L., Chu, H., Tsai, J.-C., Liu, D., Chen, Y.-R., Yang, H.-L. & Chou, K.-R. (2017). The effect 

of cognitive-based training for the healthy older people: A meta-analysis of randomized controlled 

trials. PloS one, 12(5), e0176742-e0176742. doi:10.1371/journal.pone.0176742 

Choi, J. & Twamley, E. W. (2013). Cognitive rehabilitation therapies for Alzheimer's disease: a 

review of methods to improve treatment engagement and self-efficacy. Neuropsychol Rev, 23(1), 48-

62. doi:10.1007/s11065-013-9227-4 

Cholerton, B., Baker, L. D., Montine, T. J. & Craft, S. (2016). Type 2 Diabetes, Cognition, and 

Dementia in Older Adults: Toward a Precision Health Approach. Diabetes spectrum : a publication of 

the American Diabetes Association, 29(4), 210-219. doi:10.2337/ds16-0041 

Chung, C. C., Pimentel, D., Jor'dan, A. J., Hao, Y., Milberg, W. & Novak, V. (2015). Inflammation-

associated declines in cerebral vasoreactivity and cognition in type 2 diabetes. Neurology, 85(5), 450-

8. doi:10.1212/wnl.0000000000001820 

Ciudin, A., Espinosa, A., Simó-Servat, O., Ruiz, A., Alegret, M., Hernández, C., Boada, M. & Simó, 

R. (2017). Type 2 diabetes is an independent risk factor for dementia conversion in patients with mild 

cognitive impairment. J Diabetes Complications, 31(8), 1272-1274. 

doi:10.1016/j.jdiacomp.2017.04.018 

Cohen, J. 1988. Statistical power analysis for the behavioural sciences. 

Colberg, S. R., Sigal, R. J., Fernhall, B., Regensteiner, J. G., Blissmer, B. J., Rubin, R. R., Chasan-

Taber, L., Albright, A. L. & Braun, B. (2010). Exercise and Type 2 Diabetes. Diabetes Care, 33(12), 

2692. doi:10.2337/dc10-1548 

Colberg, S. R., Sigal, R. J., Yardley, J. E., Riddell, M. C., Dunstan, D. W., Dempsey, P. C., Horton, E. 

S., Castorino, K. & Tate, D. F. (2016). Physical Activity/Exercise and Diabetes: A Position Statement 

of the American Diabetes Association. Diabetes Care, 39(11), 2065. doi:10.2337/dc16-1728 

Colcombe, S. & Kramer, A. F. (2003). Fitness effects on the cognitive function of older adults: a 

meta-analytic study. Psychol Sci, 14(2), 125-30. doi:10.1111/1467-9280.t01-1-01430 

Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., Mcauley, E., Elavsky, S., 

Marquez, D. X., Hu, L. & Kramer, A. F. (2006). Aerobic exercise training increases brain volume in 

aging humans. J Gerontol A Biol Sci Med Sci, 61(11), 1166-70. doi:10.1093/gerona/61.11.1166 



183 
 

Colzato, L. S., van Muijden, J., Band, G. P., & Hommel, B. (2011). Genetic Modulation of Training 

and Transfer in Older Adults: BDNF ValMet Polymorphism is Associated with Wider Useful Field of 

View. Frontiers in psychology, 2, 199. https://doi.org/10.3389/fpsyg.2011.00199 

Cooke, S., Pennington, K., Jones, A., Bridle, C., Smith, M. F. & Curtis, F. (2020). Effects of exercise, 

cognitive, and dual-task interventions on cognition in type 2 diabetes mellitus: A systematic review 

and meta-analysis. PLoS One, 15(5), e0232958. doi:10.1371/journal.pone.0232958 

Cooper, C., Sommerlad, A., Lyketsos, C. G. & Livingston, G. (2015). Modifiable predictors of 

dementia in mild cognitive impairment: a systematic review and meta-analysis. Am J Psychiatry, 

172(4), 323-34. doi:10.1176/appi.ajp.2014.14070878 

Costes, S. & Butler, P. C. (2014). Insulin-degrading enzyme inhibition, a novel therapy for type 2 

diabetes? Cell Metab, 20(2), 201-3. doi:10.1016/j.cmet.2014.07.016 

Cotman, C. W., Berchtold, N. C. & Christie, L.-A. (2007). Exercise builds brain health: key roles of 

growth factor cascades and inflammation. Trends in Neurosciences, 30(9), 464-472. 

doi:https://doi.org/10.1016/j.tins.2007.06.011 

Craig, P., Dieppe, P., Macintyre, S., Michie, S., Nazareth, I. & Petticrew, M. (2008). Developing and 

evaluating complex interventions: the new Medical Research Council guidance. Bmj, 337, a1655. 

doi:10.1136/bmj.a1655 

Cramer, H., Haller, H., Dobos, G. & Lauche, R. (2016). A Systematic Review and Meta-Analysis 

Estimating the Expected Dropout Rates in Randomized Controlled Trials on Yoga Interventions. 

Evidence-based complementary and alternative medicine : eCAM, 2016, 5859729-5859729. 

doi:10.1155/2016/5859729 

Crichton, G. E., Elias, M. F., Buckley, J. D., Murphy, K. J., Bryan, J. & Frisardi, V. (2012). Metabolic 

syndrome, cognitive performance, and dementia. J Alzheimers Dis, 30 Suppl 2, S77-87. 

doi:10.3233/jad-2011-111022 

Croll, S. D., Ip, N. Y., Lindsay, R. M. & Wiegand, S. J. (1998). Expression of BDNF and trkB as a 

function of age and cognitive performance. Brain Research, 812(1), 200-208. 

doi:https://doi.org/10.1016/S0006-8993(98)00993-7 

Csukly, G., Sirály, E., Fodor, Z., Horváth, A., Salacz, P., Hidasi, Z., Csibri, É., Rudas, G. & Szabó, Á. 

(2016). The Differentiation of Amnestic Type MCI from the Non-Amnestic Types by Structural MRI. 

Frontiers in aging neuroscience, 8, 52-52. doi:10.3389/fnagi.2016.00052 

Cuevas, H. E., Stuifbergen, A. K. & Ward, C. (2018). Participant Perspectives of Cognitive 

Rehabilitation for Type 2 Diabetes: Expectations and Impact. Journal of aging research, 2018, 

6563457-6563457. doi:10.1155/2018/6563457 

Cui, Y., Jiao, Y., Chen, Y. C., Wang, K., Gao, B., Wen, S., Ju, S. & Teng, G. J. (2014). Altered 

spontaneous brain activity in type 2 diabetes: a resting-state functional MRI study. Diabetes, 63(2), 

749-60. doi:10.2337/db13-0519 

Cunha, C., Brambilla, R. & Thomas, K. (2010). A simple role for BDNF in learning and memory? 

Frontiers in Molecular Neuroscience, 3(1). doi:10.3389/neuro.02.001.2010 



184 
 

Cutler, S. J. (2015). Worries about getting Alzheimer's: who's concerned? Am J Alzheimers Dis Other 

Demen, 30(6), 591-8. doi:10.1177/1533317514568889 

Damirchi, A., Hosseini, F. & Babaei, P. (2018). Mental Training Enhances Cognitive Function and 

BDNF More Than Either Physical or Combined Training in Elderly Women With MCI: A Small-

Scale Study. Am J Alzheimers Dis Other Demen, 33(1), 20-29. doi:10.1177/1533317517727068 

De Bresser, J., Reijmer, Y. D., Van Den Berg, E., Breedijk, M. A., Kappelle, L. J., Viergever, M. A. 

& Biessels, G. J. (2010a). Microvascular determinants of cognitive decline and brain volume change 

in elderly patients with type 2 diabetes. Dement Geriatr Cogn Disord, 30(5), 381-6. 

doi:10.1159/000321354 

De Bresser, J., Tiehuis, A. M., Van Den Berg, E., Reijmer, Y. D., Jongen, C., Kappelle, L. J., Mali, 

W. P., Viergever, M. A. & Biessels, G. J. (2010b). Progression of cerebral atrophy and white matter 

hyperintensities in patients with type 2 diabetes. Diabetes Care, 33(6), 1309-14. doi:10.2337/dc09-

1923 

De Luca, C. R., Wood, S. J., Anderson, V., Buchanan, J. A., Proffitt, T. M., Mahony, K. & Pantelis, 

C. (2003). Normative data from the CANTAB. I: development of executive function over the lifespan. 

J Clin Exp Neuropsychol, 25(2), 242-54. doi:10.1076/jcen.25.2.242.13639 

Deakin, T., Mcshane, C. E., Cade, J. E. & Williams, R. D. (2005). Group based training for self-

management strategies in people with type 2 diabetes mellitus. Cochrane Database Syst Rev, (2), 

Cd003417. doi:10.1002/14651858.CD003417.pub2 

Dejonckheere, M. & Vaughn, L. M. (2019). Semistructured interviewing in primary care research: a 

balance of relationship and rigour. Family Medicine and Community Health, 7(2), e000057. 

doi:10.1136/fmch-2018-000057 

Del Prato, S. & Marchetti, P. (2004). Beta- and alpha-cell dysfunction in type 2 diabetes. Horm Metab 

Res, 36(11-12), 775-81. doi:10.1055/s-2004-826163 

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), 1604-10. doi:10.1007/s00125-003-1235-0 

Dendup, T., Feng, X., Clingan, S. & Astell-Burt, T. (2018). Environmental Risk Factors for 

Developing Type 2 Diabetes Mellitus: A Systematic Review. International journal of environmental 

research and public health, 15(1), 78. doi:10.3390/ijerph15010078 

Deng, L., Cheng, Y., Cao, X., Feng, W., Zhu, H., Jiang, L., Wu, W., Tong, S., Sun, J. & Li, C. (2019). 

The effect of cognitive training on the brain’s local connectivity organization in healthy older adults. 

Scientific Reports, 9(1), 9033. doi:10.1038/s41598-019-45463-x 

Diabetes UK. (2014). The cost of diabetes. Diabetes UK. Available: 

https://www.diabetes.org.uk/resources-s3/2017-

11/diabetes%20uk%20cost%20of%20diabetes%20report.pdf [Accessed October 2nd 2019]. 

Diamond, A. (2013). Executive functions. Annu Rev Psychol, 64, 135-68. doi:10.1146/annurev-psych-

113011-143750 



185 
 

Dietrich, M. O., Andrews, Z. B. & Horvath, T. L. (2008). Exercise-induced synaptogenesis in the 

hippocampus is dependent on UCP2-regulated mitochondrial adaptation. J Neurosci, 28(42), 10766-

71. doi:10.1523/jneurosci.2744-08.2008 

Dinoff, A., Herrmann, N., Swardfager, W. & Lanctot, K. L. (2017). The effect of acute exercise on 

blood concentrations of brain-derived neurotrophic factor in healthy adults: a meta-analysis. Eur J 

Neurosci, 46(1), 1635-1646. doi:10.1111/ejn.13603 

Dinoff, A., Herrmann, N., Swardfager, W., Liu, C. S., Sherman, C., Chan, S. & Lanctot, K. L. (2016). 

The Effect of Exercise Training on Resting Concentrations of Peripheral Brain-Derived Neurotrophic 

Factor (BDNF): A Meta-Analysis. PLoS One, 11(9), e0163037. doi:10.1371/journal.pone.0163037 

Dishman, R. K., Motl, R. W., Saunders, R., Felton, G., Ward, D. S., Dowda, M. & Pate, R. R. (2005). 

Enjoyment mediates effects of a school-based physical-activity intervention. Med Sci Sports Exerc, 

37(3), 478-87. doi:10.1249/01.mss.0000155391.62733.a7 

Domínguez-Sanchéz, M. A., Bustos-Cruz, R. H., Velasco-Orjuela, G. P., Quintero, A. P., Tordecilla-

Sanders, A., Correa-Bautista, J. E., Triana-Reina, H. R., García-Hermoso, A., González-Ruíz, K., 

Peña-Guzmán, C. A., Hernández, E., Peña-Ibagon, J. C., Téllez-T, L. A., Izquierdo, M. & Ramírez-

Vélez, R. (2018). Acute Effects of High Intensity, Resistance, or Combined Protocol on the Increase 

of Level of Neurotrophic Factors in Physically Inactive Overweight Adults: The BrainFit Study. 

Frontiers in Physiology, 9(741). doi:10.3389/fphys.2018.00741 

Duncan, I., Ahmed, T., Li, Q. E., Stetson, B., Ruggiero, L., Burton, K., Rosenthal, D. & Fitzner, K. 

(2011). Assessing the value of the diabetes educator. Diabetes Educ, 37(5), 638-57. 

doi:10.1177/0145721711416256 

Dyer, A. H., Briggs, R., Mockler, D., Gibney, J. & Kennelly, S. P. (2019). Non-Pharmacological 

Interventions for Cognition in Patients with Type 2 Diabetes Mellitus: A Systematic Review. Qjm. 

doi:10.1093/qjmed/hcz053 

Egan, A. M., Mahmood, W. a. W., Fenton, R., Redziniak, N., Kyaw Tun, T., Sreenan, S. & 

Mcdermott, J. H. (2013). Barriers to exercise in obese patients with type 2 diabetes. QJM: An 

International Journal of Medicine, 106(7), 635-638. doi:10.1093/qjmed/hct075 

Eggenberger, P., Schumacher, V., Angst, M., Theill, N. & De Bruin, E. D. (2015). Does 

multicomponent physical exercise with simultaneous cognitive training boost cognitive performance 

in older adults? A 6-month randomized controlled trial with a 1-year follow-up. Clinical interventions 

in aging, 10, 1335-1349. doi:10.2147/CIA.S87732 

El Khoury, N. B., Gratuze, M., Papon, M. A., Bretteville, A. & Planel, E. (2014). Insulin dysfunction 

and Tau pathology. Front Cell Neurosci, 8, 22. doi:10.3389/fncel.2014.00022 

Eldridge, S. M., Lancaster, G. A., Campbell, M. J., Thabane, L., Hopewell, S., Coleman, C. L. & 

Bond, C. M. (2016). Defining Feasibility and Pilot Studies in Preparation for Randomised Controlled 

Trials: Development of a Conceptual Framework. PLoS One, 11(3), e0150205. 

doi:10.1371/journal.pone.0150205 

Enette, L., Vogel, T., Merle, S., Valard-Guiguet, A. G., Ozier-Lafontaine, N., Neviere, R., Leuly-

Joncart, C., Fanon, J. L. & Lang, P. O. (2020). Effect of 9 weeks continuous vs. interval aerobic 



186 
 

training on plasma BDNF levels, aerobic fitness, cognitive capacity and quality of life among seniors 

with mild to moderate Alzheimer's disease: a randomized controlled trial. Eur Rev Aging Phys Act, 

17, 2. doi:10.1186/s11556-019-0234-1 

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., Kim, J. S., Heo, S., 

Alves, H., White, S. M., Wojcicki, T. R., Mailey, E., Vieira, V. J., Martin, S. A., Pence, B. D., 

Woods, J. A., Mcauley, E. & Kramer, A. F. (2011). Exercise training increases size of hippocampus 

and improves memory. Proceedings of the National Academy of Sciences, 108(7), 3017-3022. 

doi:10.1073/pnas.1015950108 

Espeland, M. A., Carmichael, O., Hayden, K., Neiberg, R. H., Newman, A. B., Keller, J. N., Wadden, 

T. A., Rapp, S. R., Hill, J. O., Horton, E. S., Johnson, K. C., Wagenknecht, L. & Wing, R. R. (2018). 

Long-term Impact of Weight Loss Intervention on Changes in Cognitive Function: Exploratory 

Analyses from the Action for Health in Diabetes Randomized Controlled Clinical Trial. J Gerontol A 

Biol Sci Med Sci, 73(4), 484-491. doi:10.1093/gerona/glx165 

Espeland, M. A., Lipska, K., Miller, M. E., Rushing, J., Cohen, R. A., Verghese, J., Mcdermott, M. 

M., King, A. C., Strotmeyer, E. S., Blair, S. N., Pahor, M., Reid, K., Demons, J. & Kritchevsky, S. B. 

(2017b). Effects of Physical Activity Intervention on Physical and Cognitive Function in Sedentary 

Adults With and Without Diabetes. J Gerontol A Biol Sci Med Sci, 72(6), 861-866. 

doi:10.1093/gerona/glw179 

Espeland, M. A., Luchsinger, J. A., Baker, L. D., Neiberg, R., Kahn, S. E., Arnold, S. E., Wing, R. R., 

Blackburn, G. L., Bray, G., Evans, M., Hazuda, H. P., Jeffery, R. W., Wilson, V. M., Clark, J. M., 

Coday, M., Demos-Mcdermott, K., Foreyt, J. P., Greenway, F., Hill, J. O., Horton, E. S., Jakicic, J. 

M., Johnson, K. C., Knowler, W. C., Lewis, C. E., Nathan, D. M., Peters, A., Pi-Sunyer, X., Pownall, 

H., Wadden, T. A. & Rapp, S. R. (2017a). Effect of a long-term intensive lifestyle intervention on 

prevalence of cognitive impairment. Neurology, 88(21), 2026-2035. 

doi:10.1212/wnl.0000000000003955 

Esposito, K. & Giugliano, D. (2014). Mediterranean diet and type 2 diabetes. Diabetes Metab Res 

Rev, 30 Suppl 1, 34-40. doi:10.1002/dmrr.2516 

Esposito, K., Maiorino, M. I., Ciotola, M., Di Palo, C., Scognamiglio, P., Gicchino, M., Petrizzo, M., 

Saccomanno, F., Beneduce, F., Ceriello, A. & Giugliano, D. (2009). Effects of a Mediterranean-style 

diet on the need for antihyperglycemic drug therapy in patients with newly diagnosed type 2 diabetes: 

a randomized trial. Ann Intern Med, 151(5), 306-14. doi:10.7326/0003-4819-151-5-200909010-00004 

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(3), 249-277. 

Eyileten, C., Mirowska-Guzel, D., Milanowski, L., Zaremba, M., Rosiak, M., Cudna, A., Kaplon-

Cieslicka, A., Opolski, G., Filipiak, K. J., Malek, L. & Postula, M. (2019). Serum Brain-Derived 

Neurotrophic Factor is Related to Platelet Reactivity and Metformin Treatment in Adult Patients With 

Type 2 Diabetes Mellitus. Can J Diabetes, 43(1), 19-26. doi:10.1016/j.jcjd.2018.01.014 

Faber, J. & Fonseca, L. M. (2014). How sample size influences research outcomes. Dental press 

journal of orthodontics, 19(4), 27-29. doi:10.1590/2176-9451.19.4.027-029.ebo 



187 
 

Failla, M. D., Conley, Y. P. & Wagner, A. K. (2016). Brain-Derived Neurotrophic Factor (BDNF) in 

Traumatic Brain Injury-Related Mortality: Interrelationships Between Genetics and Acute Systemic 

and Central Nervous System BDNF Profiles. Neurorehabil Neural Repair, 30(1), 83-93. 

doi:10.1177/1545968315586465 

Falagas, M. E., Korbila, I. P., Giannopoulou, K. P., Kondilis, B. K. & Peppas, G. (2009). Informed 

consent: how much and what do patients understand? Am J Surg, 198(3), 420-35. 

doi:10.1016/j.amjsurg.2009.02.010 

Fang, F., Zhan, Y. F., Zhuo, Y. Y., Yin, D. Z., Li, K. A. & Wang, Y. F. (2018). Brain atrophy in 

middle-aged subjects with Type 2 diabetes mellitus, with and without microvascular complications. J 

Diabetes, 10(8), 625-632. doi:10.1111/1753-0407.12646 

Fang, W., Zhang, J., Hong, L., Huang, W., Dai, X., Ye, Q. & Chen, X. (2020). Metformin ameliorates 

stress-induced depression-like behaviors via enhancing the expression of BDNF by activating 

AMPK/CREB-mediated histone acetylation. J Affect Disord, 260, 302-313. 

doi:10.1016/j.jad.2019.09.013 

Fantini, S., Sassaroli, A., Tgavalekos, K. T. & Kornbluth, J. (2016). Cerebral blood flow and 

autoregulation: current measurement techniques and prospects for noninvasive optical methods. 

Neurophotonics, 3(3), 031411-031411. doi:10.1117/1.NPh.3.3.031411 

Farris, W., Mansourian, S., Chang, Y., Lindsley, L., Eckman, E. A., Frosch, M. P., Eckman, C. B., 

Tanzi, R. E., Selkoe, D. J. & Guenette, S. (2003). Insulin-degrading enzyme regulates the levels of 

insulin, amyloid beta-protein, and the beta-amyloid precursor protein intracellular domain in vivo. 

Proc Natl Acad Sci U S A, 100(7), 4162-7. doi:10.1073/pnas.0230450100 

Fazekas, F., Schmidt, R. & Scheltens, P. (1998). Pathophysiologic mechanisms in the development of 

age-related white matter changes of the brain. Dement Geriatr Cogn Disord, 9 Suppl 1, 2-5. 

doi:10.1159/000051182 

Fazeli Farsani, S., Van Der Aa, M. P., Van Der Vorst, M. M., Knibbe, C. A. & De Boer, A. (2013). 

Global trends in the incidence and prevalence of type 2 diabetes in children and adolescents: a 

systematic review and evaluation of methodological approaches. Diabetologia, 56(7), 1471-88. 

doi:10.1007/s00125-013-2915-z 

Feil, D. G., Zhu, C. W. & Sultzer, D. L. (2012). The relationship between cognitive impairment and 

diabetes self-management in a population-based community sample of older adults with Type 2 

diabetes. J Behav Med, 35(2), 190-9. doi:10.1007/s10865-011-9344-6 

Feinkohl, I., Price, J. F., Strachan, M. W. & Frier, B. M. (2015). The impact of diabetes on cognitive 

decline: potential vascular, metabolic, and psychosocial risk factors. Alzheimers Res Ther, 7(1), 46. 

doi:10.1186/s13195-015-0130-5 

Figueiredo, C., Antunes, B. M., Giacon, T. R., Vanderlei, L. C. M., Campos, E. Z., Peres, F. P., Clark, 

N. W., Panissa, V. L. G. & Lira, F. S. (2019). Influence of Acute and Chronic High-Intensity 

Intermittent Aerobic Plus Strength Exercise on BDNF, Lipid and Autonomic Parameters. J Sports Sci 

Med, 18(2), 359-368. 



188 
 

Fisher, P., Mccarney, R., Hasford, C. & Vickers, A. (2006). Evaluation of specific and non-specific 

effects in homeopathy: feasibility study for a randomised trial. Homeopathy, 95(4), 215-22. 

doi:10.1016/j.homp.2006.07.006 

Fissler, P., Küster, O., Schlee, W. & Kolassa, I.-T. (2013). Novelty Interventions to Enhance Broad 

Cognitive Abilities and Prevent Dementia : Synergistic Approaches for the Facilitation of Positive 

Plastic Change. Progress in brain research, 207, 403-34. doi:10.1016/B978-0-444-63327-9.00017-5 

Fletcher, B., Gheorghe, A., Moore, D., Wilson, S. & Damery, S. (2012). Improving the recruitment 

activity of clinicians in randomised controlled trials: a systematic review. BMJ Open, 2(1), e000496. 

doi:10.1136/bmjopen-2011-000496 

Florkowski, C. (2013). HbA1c as a Diagnostic Test for Diabetes Mellitus - Reviewing the Evidence. 

Clin Biochem Rev, 34(2), 75-83. 

Folstein, M. F., Folstein, S. E. & Mchugh, P. R. (1975). "Mini-mental state". A practical method for 

grading the cognitive state of patients for the clinician. J Psychiatr Res, 12(3), 189-98. 

doi:10.1016/0022-3956(75)90026-6 

Fonseca, V. A. (2009). Defining and characterizing the progression of type 2 diabetes. Diabetes Care, 

32 Suppl 2, S151-6. doi:10.2337/dc09-S301 

Foster, J. M., Sawyer, S. M., Smith, L., Reddel, H. K. & Usherwood, T. (2015). Barriers and 

facilitators to patient recruitment to a cluster randomized controlled trial in primary care: lessons for 

future trials. BMC medical research methodology, 15, 18-18. doi:10.1186/s12874-015-0012-3 

Fowler, M. J. (2008). Microvascular and Macrovascular Complications of Diabetes. Clinical 

Diabetes, 26(2), 77-82. doi:10.2337/diaclin.26.2.77 

Fujinami, A., Ohta, K., Obayashi, H., Fukui, M., Hasegawa, G., Nakamura, N., Kozai, H., Imai, S. & 

Ohta, M. (2008). Serum brain-derived neurotrophic factor in patients with type 2 diabetes mellitus: 

Relationship to glucose metabolism and biomarkers of insulin resistance. Clin Biochem, 41(10-11), 

812-7. doi:10.1016/j.clinbiochem.2008.03.003 

Fuster, J. J., Ouchi, N., Gokce, N. & Walsh, K. (2016). Obesity-Induced Changes in Adipose Tissue 

Microenvironment and Their Impact on Cardiovascular Disease. Circ Res, 118(11), 1786-807. 

doi:10.1161/circresaha.115.306885 

Galley, H. F. & Webster, N. R. (2004). Physiology of the endothelium. British Journal of 

Anaesthesia, 93(1), 105-113. doi:https://doi.org/10.1093/bja/aeh163 

Gao, Y., Xiao, Y., Miao, R., Zhao, J., Cui, M., Huang, G. & Fei, M. (2016). The prevalence of mild 

cognitive impairment with type 2 diabetes mellitus among elderly people in China: A cross-sectional 

study. Arch Gerontol Geriatr, 62, 138-42. doi:10.1016/j.archger.2015.09.003 

Garmendia, M. L., Dangour, A. D., Albala, C., Eguiguren, P., Allen, E. & Uauy, R. (2013). 

Adherence to a physical activity intervention among older adults in a post-transitional middle income 

country: a quantitative and qualitative analysis. J Nutr Health Aging, 17(5), 466-71. 

doi:10.1007/s12603-012-0417-1 



189 
 

Garraway, S. M. & Huie, J. R. (2016). Spinal Plasticity and Behavior: BDNF-Induced 

Neuromodulation in Uninjured and Injured Spinal Cord. Neural Plast, 2016, 9857201. 

doi:10.1155/2016/9857201 

Giese, M., Beck, J., Brand, S., Muheim, F., Hemmeter, U., Hatzinger, M., Holsboer-Trachsler, E. & 

Eckert, A. (2014). Fast BDNF serum level increase and diurnal BDNF oscillations are associated with 

therapy response after partial sleep deprivation. Journal of Psychiatric Research, 59. 

doi:10.1016/j.jpsychires.2014.09.005 

Gjedde, A. & Crone, C. (1981). Blood-brain glucose transfer: repression in chronic hyperglycemia. 

Science, 214(4519), 456-7. doi:10.1126/science.7027439 

Goghari, V. M., & Lawlor-Savage, L. (2018). Self-Perceived Benefits of Cognitive Training in Healthy 

Older Adults. Frontiers in aging neuroscience, 10, 112. doi:10.3389/fnagi.2018.00112 

Golden, E., Emiliano, A., Maudsley, S., Windham, B. G., Carlson, O. D., Egan, J. M., Driscoll, I., 

Ferrucci, L., Martin, B. & Mattson, M. P. (2010). Circulating brain-derived neurotrophic factor and 

indices of metabolic and cardiovascular health: data from the Baltimore Longitudinal Study of Aging. 

PLoS One, 5(4), e10099. doi:10.1371/journal.pone.0010099 

Gonçalves, R. A., Wijesekara, N., Fraser, P. E. & De Felice, F. G. (2019). The Link Between Tau and 

Insulin Signaling: Implications for Alzheimer’s Disease and Other Tauopathies. Frontiers in Cellular 

Neuroscience, 13(17). doi:10.3389/fncel.2019.00017 

Gong, C. X. & Iqbal, K. (2008). Hyperphosphorylation of microtubule-associated protein tau: a 

promising therapeutic target for Alzheimer disease. Current medicinal chemistry, 15(23), 2321-2328. 

doi:10.2174/092986708785909111 

Gorska-Ciebiada, M., Saryusz-Wolska, M., Borkowska, A., Ciebiada, M. & Loba, J. (2015). Serum 

levels of inflammatory markers in depressed elderly patients with diabetes and mild cognitive 

impairment. PloS one, 10(3), e0120433-e0120433. doi:10.1371/journal.pone.0120433 

Graziotti, A. L., Hammond, J., Messinger, D. S., Bann, C. M., Miller-Loncar, C., Twomey, J. E., 

Bursi, C., Woldt, E., Nelson, J. A., Fleischmann, D. & Alexander, B. (2012). Maintaining 

participation and momentum in longitudinal research involving high-risk families. J Nurs Scholarsh, 

44(2), 120-6. doi:10.1111/j.1547-5069.2012.01439.x 

Green, H. A. 2011. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0. 

[Online].  [Accessed]. 

Green, J., Willis, K., Hughes, E., Small, R., Welch, N., Gibbs, L. & Daly, J. (2007). Generating best 

evidence from qualitative research: the role of data analysis. Aust N Z J Public Health, 31(6), 545-50. 

doi:10.1111/j.1753-6405.2007.00141.x 

Groeneveld, O., Reijmer, Y., Heinen, R., Kuijf, H., Koekkoek, P., Janssen, J., Rutten, G., Kappelle, L. 

& Biessels, G. (2018). Brain imaging correlates of mild cognitive impairment and early dementia in 

patients with type 2 diabetes mellitus. Nutr Metab Cardiovasc Dis, 28(12), 1253-1260. 

doi:10.1016/j.numecd.2018.07.008 



190 
 

Gudala, K., Bansal, D., Schifano, F. & Bhansali, A. (2013). Diabetes mellitus and risk of dementia: A 

meta-analysis of prospective observational studies. Journal of diabetes investigation, 4(6), 640-650. 

doi:10.1111/jdi.12087 

Guicciardi, M., Lecis, R., Anziani, C., Corgiolu, L., Porru, A., Pusceddu, M. & Spanu, F. (2014). 

Type 2 diabetes mellitus, physical activity, exercise self-efficacy, and body satisfaction. An 

application of the transtheoretical model in older adults. Health psychology and behavioral medicine, 

2(1), 748-758. doi:10.1080/21642850.2014.924858 

Gupta, A. & Gupta, V. (2010). Metabolic syndrome: what are the risks for humans? Biosci Trends, 

4(5), 204-12. 

Håkansson, K., Ledreux, A., Daffner, K., Terjestam, Y., Bergman, P., Carlsson, R., Kivipelto, M., 

Winblad, B., Granholm, A. C. & Mohammed, A. K. (2017). BDNF Responses in Healthy Older 

Persons to 35 Minutes of Physical Exercise, Cognitive Training, and Mindfulness: Associations 

with Working Memory Function. J Alzheimers Dis, 55(2), 645-657. doi:10.3233/jad-160593 

Hall, C. D., Smith, A. L. & Keele, S. W. (2001). The impact of aerobic activity on cognitive function 

in older adults: A new synthesis based on the concept of executive control. European Journal of 

Cognitive Psychology, 13(1-2), 279-300. doi:10.1080/09541440126012 

Hallingberg, B., Turley, R., Segrott, J., Wight, D., Craig, P., Moore, L., Murphy, S., Robling, M., 

Simpson, S. A. & Moore, G. (2018). Exploratory studies to decide whether and how to proceed with 

full-scale evaluations of public health interventions: a systematic review of guidance. Pilot and 

Feasibility Studies, 4(1), 104. doi:10.1186/s40814-018-0290-8 

Hamilton, G. F. & Rhodes, J. S. (2015). Exercise Regulation of Cognitive Function and 

Neuroplasticity in the Healthy and Diseased Brain. Prog Mol Biol Transl Sci, 135, 381-406. 

doi:10.1016/bs.pmbts.2015.07.004 

Haroon, N. N., Austin, P. C., Shah, B. R., Wu, J., Gill, S. S. & Booth, G. L. (2015). Risk of dementia 

in seniors with newly diagnosed diabetes: a population-based study. Diabetes Care, 38(10), 1868-75. 

doi:10.2337/dc15-0491 

Harris-Brown, T. M. & Paterson, D. L. (2015). Reporting of pre-enrolment screening with 

randomized clinical trials: A small item that could impact a big difference. Perspectives in clinical 

research, 6(3), 139-143. doi:10.4103/2229-3485.159937 

Hartz, A. M., Bauer, B., Soldner, E. L., Wolf, A., Boy, S., Backhaus, R., Mihaljevic, I., Bogdahn, U., 

Klunemann, H. H., Schuierer, G. & Schlachetzki, F. (2012). Amyloid-beta contributes to blood-brain 

barrier leakage in transgenic human amyloid precursor protein mice and in humans with cerebral 

amyloid angiopathy. Stroke, 43(2), 514-23. doi:10.1161/strokeaha.111.627562 

Hayashi, K., Kurioka, S., Yamaguchi, T., Morita, M., Kanazawa, I., Takase, H., Wada, A., Kitagaki, 

H., Nagai, A., Bokura, H., Yamaguchi, S. & Sugimoto, T. (2011). Association of cognitive 

dysfunction with hippocampal atrophy in elderly Japanese people with type 2 diabetes. Diabetes Res 

Clin Pract, 94(2), 180-5. doi:10.1016/j.diabres.2011.07.002 

Haynes, R. B. & Dantes, R. (1987). Patient compliance and the conduct and interpretation of 

therapeutic trials. Control Clin Trials, 8(1), 12-9. doi:10.1016/0197-2456(87)90021-3 



191 
 

Healy, S. J., Black, D., Harris, C., Lorenz, A. & Dungan, K. M. (2013). Inpatient diabetes education is 

associated with less frequent hospital readmission among patients with poor glycemic control. 

Diabetes Care, 36(10), 2960-7. doi:10.2337/dc13-0108 

Heath, J., Williamson, H., Williams, L. & Harcourt, D. (2018). "It's just more personal": Using 

multiple methods of qualitative data collection to facilitate participation in research focusing on 

sensitive subjects. Appl Nurs Res, 43, 30-35. doi:10.1016/j.apnr.2018.06.015 

Heijmans, N., Van Lieshout, J. & Wensing, M. (2015). Improving participation rates by providing 

choice of participation mode: two randomized controlled trials. BMC Medical Research Methodology, 

15(1), 29. doi:10.1186/s12874-015-0021-2 

Higgins, J. P. & Thompson, S. G. (2002). Quantifying heterogeneity in a meta-analysis. Stat Med, 

21(11), 1539-58. doi:10.1002/sim.1186 

Hirsch, M. A., Van Wegen, E. E. H., Newman, M. A. & Heyn, P. C. (2018). Exercise-induced 

increase in brain-derived neurotrophic factor in human Parkinson's disease: a systematic review and 

meta-analysis. Translational neurodegeneration, 7, 7-7. doi:10.1186/s40035-018-0112-1 

Ho, V. M., Lee, J. A. & Martin, K. C. (2011). The cell biology of synaptic plasticity. Science, 

334(6056), 623-8. doi:10.1126/science.1209236 

Hoddinott, P. (2015). A new era for intervention development studies. Pilot and feasibility studies, 1, 

36-36. doi:10.1186/s40814-015-0032-0 

Hollamby, A., Davelaar, E. J. & Cadar, D. (2017). Increased Physical Fitness Is Associated with 

Higher Executive Functioning in People with Dementia. Frontiers in public health, 5, 346-346. 

doi:10.3389/fpubh.2017.00346 

Hommel, K. A., Hente, E., Herzer, M., Ingerski, L. M. & Denson, L. A. (2013). Telehealth behavioral 

treatment for medication nonadherence: a pilot and feasibility study. Eur J Gastroenterol Hepatol, 

25(4), 469-73. doi:10.1097/MEG.0b013e32835c2a1b 

Hopkins, R., Shaver, K. & Weinstock, R. S. (2016). Management of Adults With Diabetes and 

Cognitive Problems. Diabetes Spectrum, 29(4), 224-237. doi:10.2337/ds16-0035 

Horwitz, R. I. & Horwitz, S. M. (1993). Adherence to treatment and health outcomes. Arch Intern 

Med, 153(16), 1863-8. 

Hsieh, S.-S., Li, T.-L. & Fang, C.-L. (2013). Effects of exercise on Type 2 diabetes-induced cognitive 

dysfunction. Journal of Exercise Physiology and Fitness, 17, 17-27. doi:10.6127/JEPF.2013.17.02 

Huang, E. J. & Reichardt, L. F. (2001). Neurotrophins: roles in neuronal development and function. 

Annual review of neuroscience, 24, 677-736. doi:10.1146/annurev.neuro.24.1.677 

Huang, S. & Czech, M. P. (2007). The GLUT4 glucose transporter. Cell Metab, 5(4), 237-52. 

doi:10.1016/j.cmet.2007.03.006 



192 
 

Huberty, J. L., Ransdell, L. B., Sidman, C., Flohr, J. A., Shultz, B., Grosshans, O. & Durrant, L. 

(2008). Explaining long-term exercise adherence in women who complete a structured exercise 

program. Res Q Exerc Sport, 79(3), 374-84. doi:10.1080/02701367.2008.10599501 

Hung, C. L., Tseng, J. W., Chao, H. H., Hung, T. M. & Wang, H. S. (2018). Effect of Acute Exercise 

Mode on Serum Brain-Derived Neurotrophic Factor (BDNF) and Task Switching Performance. J Clin 

Med, 7(10). doi:10.3390/jcm7100301 

Iadecola, C. (2013). The pathobiology of vascular dementia. Neuron, 80(4), 844-66. 

doi:10.1016/j.neuron.2013.10.008 

Imamine, R., Kawamura, T., Umemura, T., Umegaki, H., Kawano, N., Hotta, M., Kouchi, Y., 

Hatsuda, S., Watarai, A., Kanai, A., Nakashima, E., Sano, T., Sakakibara, T., Nakamura, J. & Hotta, 

N. (2011). Does cerebral small vessel disease predict future decline of cognitive function in elderly 

people with type 2 diabetes? Diabetes Res Clin Pract, 94(1), 91-9. doi:10.1016/j.diabres.2011.06.014 

Intlekofer, K. A., Berchtold, N. C., Malvaez, M., Carlos, A. J., Mcquown, S. C., Cunningham, M. J., 

Wood, M. A. & Cotman, C. W. (2013). Exercise and sodium butyrate transform a subthreshold 

learning event into long-term memory via a brain-derived neurotrophic factor-dependent mechanism. 

Neuropsychopharmacology, 38(10), 2027-34. doi:10.1038/npp.2013.104 

Jack, L., Jr., Liburd, L., Spencer, T. & Airhihenbuwa, C. O. (2004). Understanding the environmental 

issues in diabetes self-management education research: a reexamination of 8 studies in community-

based settings. Ann Intern Med, 140(11), 964-71. doi:10.7326/0003-4819-140-11-200406010-00038 

Janson, J., Laedtke, T., Parisi, J. E., O'brien, P., Petersen, R. C. & Butler, P. C. (2004). Increased risk 

of type 2 diabetes in Alzheimer disease. Diabetes, 53(2), 474-81. doi:10.2337/diabetes.53.2.474 

Jekauc, D. (2015). Enjoyment during Exercise Mediates the Effects of an Intervention on Exercise 

Adherence. Psychology, 6, 48-54. doi:10.4236/psych.2015.61005 

Jin, S., Pazdur, R. & Sridhara, R. (2017). Re-Evaluating Eligibility Criteria for Oncology Clinical 

Trials: Analysis of Investigational New Drug Applications in 2015. J Clin Oncol, 35(33), 3745-3752. 

doi:10.1200/jco.2017.73.4186 

Jo, Y. H. & Chua, S. C., Jr. (2013). The brain-liver connection between BDNF and glucose control. 

Diabetes, 62(5), 1367-8. doi:10.2337/db12-1824 

Jobst, K. A., Smith, A. D., Szatmari, M., Esiri, M. M., Jaskowski, A., Hindley, N., Mcdonald, B. & 

Molyneux, A. J. (1994). Rapidly progressing atrophy of medial temporal lobe in Alzheimer's disease. 

Lancet, 343(8901), 829-30. doi:10.1016/s0140-6736(94)92028-1 

Joddrell, P. & Astell, A. J. (2016). Studies Involving People With Dementia and Touchscreen 

Technology: A Literature Review. JMIR rehabilitation and assistive technologies, 3(2), e10-e10. 

doi:10.2196/rehab.5788 

Johnson, A. R., Milner, J. J. & Makowski, L. (2012). The inflammation highway: metabolism 

accelerates inflammatory traffic in obesity. Immunol Rev, 249(1), 218-38. doi:10.1111/j.1600-

065X.2012.01151.x 



193 
 

Johnson, E. J., Niles, B. L. & Mori, D. L. (2015). Targeted recruitment of adults with type 2 diabetes 

for a physical activity intervention. Diabetes spectrum : a publication of the American Diabetes 

Association, 28(2), 99-105. doi:10.2337/diaspect.28.2.99 

Jones, D. T., Machulda, M. M., Vemuri, P., Mcdade, E. M., Zeng, G., Senjem, M. L., Gunter, J. L., 

Przybelski, S. A., Avula, R. T., Knopman, D. S., Boeve, B. F., Petersen, R. C. & Jack, C. R., Jr. 

(2011). Age-related changes in the default mode network are more advanced in Alzheimer disease. 

Neurology, 77(16), 1524-31. doi:10.1212/WNL.0b013e318233b33d 

Jongen, C., Van Der Grond, J., Kappelle, L. J., Biessels, G. J., Viergever, M. A., Pluim, J. P. W. & 

Utrecht Diabetic Encephalopathy Study, G. (2007). Automated measurement of brain and white 

matter lesion volume in type 2 diabetes mellitus. Diabetologia, 50(7), 1509-1516. 

doi:10.1007/s00125-007-0688-y 

Jordan, S., Watkins, A., Storey, M., Allen, S. J., Brooks, C. J., Garaiova, I., Heaven, M. L., Jones, R., 

Plummer, S. F., Russell, I. T., Thornton, C. A., & Morgan, G. (2013). Volunteer bias in recruitment, 

retention, and blood sample donation in a randomised controlled trial involving mothers and their 

children at six months and two years: a longitudinal analysis. PloS one, 8(7), e67912. 

https://doi.org/10.1371/journal.pone.0067912 

Kahn, S. E. (2003). The relative contributions of insulin resistance and beta-cell dysfunction to the 

pathophysiology of Type 2 diabetes. Diabetologia, 46(1), 3-19. doi:10.1007/s00125-002-1009-0 

Kahn, S. E., Cooper, M. E. & Del Prato, S. (2014). Pathophysiology and treatment of type 2 diabetes: 

perspectives on the past, present, and future. Lancet, 383(9922), 1068-83. doi:10.1016/s0140-

6736(13)62154-6 

Kalbe, E., Roheger, M., Paluszak, K., Meyer, J., Becker, J., Fink, G. R., Kukolja, J., Rahn, A., 

Szabados, F., Wirth, B. & Kessler, J. (2018). Effects of a Cognitive Training With and Without 

Additional Physical Activity in Healthy Older Adults: A Follow-Up 1 Year After a Randomized 

Controlled Trial. Frontiers in aging neuroscience, 10, 407-407. doi:10.3389/fnagi.2018.00407 

Kang, H. (2013). The prevention and handling of the missing data. Korean journal of anesthesiology, 

64(5), 402-406. doi:10.4097/kjae.2013.64.5.402 

Kang, H. J. & Schuman, E. M. (1995). Neurotrophin-induced modulation of synaptic transmission in 

the adult hippocampus. J Physiol Paris, 89(1), 11-22. doi:10.1016/0928-4257(96)80547-x 

Karpova, N. N. (2014). Role of BDNF epigenetics in activity-dependent neuronal plasticity. 

Neuropharmacology, 76 Pt C, 709-18. doi:10.1016/j.neuropharm.2013.04.002 

Kawamura, T., Umemura, T., Umegaki, H., Imamine, R., Kawano, N., Tanaka, C., Kawai, M., 

Minatoguchi, M., Kusama, M., Kouchi, Y., Watarai, A., Kanai, A., Nakashima, E. & Hotta, N. 

(2014). Effect of renal impairment on cognitive function during a 3-year follow up in elderly patients 

with type 2 diabetes: Association with microinflammation. J Diabetes Investig, 5(5), 597-605. 

doi:10.1111/jdi.12190 

Kazanis, I., Giannakopoulou, M., Philippidis, H. & Stylianopoulou, F. (2004). Alterations in IGF-I, 

BDNF and NT-3 levels following experimental brain trauma and the effect of IGF-I administration. 

Exp Neurol, 186(2), 221-34. doi:10.1016/j.expneurol.2003.12.004 



194 
 

Kemmler, G., Hummer, M., Widschwendter, C. & Fleischhacker, W. W. (2005). Dropout rates in 

placebo-controlled and active-control clinical trials of antipsychotic drugs: a meta-analysis. Arch Gen 

Psychiatry, 62(12), 1305-12. doi:10.1001/archpsyc.62.12.1305 

Kemper, S., Herman, R. E. & Lian, C. H. (2003). The costs of doing two things at once for young and 

older adults: talking while walking, finger tapping, and ignoring speech or noise. Psychol Aging, 

18(2), 181-92. doi:10.1037/0882-7974.18.2.181 

Kim, H. J., Lee, S. Y., Lee, H. G., Cho, Y. H. & Ko, E. M. (2018). Effects of a Single-Session 

Cognitive Enhancement Fitness Program on Serum Brain-Derived Neurotrophic Factor Levels and 

Cognitive Function in Middle-Aged Women. Journal of sports science & medicine, 17(1), 110-116. 

Kinser, P. A. & Robins, J. L. (2013). Control group design: enhancing rigor in research of mind-body 

therapies for depression. Evidence-based complementary and alternative medicine : eCAM, 2013, 

140467-140467. doi:10.1155/2013/140467 

Kirton, J. W. & Dotson, V. M. (2016). The interactive effects of age, education, and BMI on cognitive 

functioning. Neuropsychology, development, and cognition. Section B, Aging, neuropsychology and 

cognition, 23(2), 253-262. doi:10.1080/13825585.2015.1082531 

Kirwan, J. P., Sacks, J. & Nieuwoudt, S. (2017). The essential role of exercise in the management of 

type 2 diabetes. Cleveland Clinic journal of medicine, 84(7 Suppl 1), S15-S21. 

doi:10.3949/ccjm.84.s1.03 

Kitazawa, M., Oddo, S., Yamasaki, T. R., Green, K. N. & Laferla, F. M. (2005). Lipopolysaccharide-

induced inflammation exacerbates tau pathology by a cyclin-dependent kinase 5-mediated pathway in 

a transgenic model of Alzheimer's disease. J Neurosci, 25(39), 8843-53. doi:10.1523/jneurosci.2868-

05.2005 

Kitazawa, M., Yamasaki, T. R. & Laferla, F. M. (2004). Microglia as a potential bridge between the 

amyloid beta-peptide and tau. Ann N Y Acad Sci, 1035, 85-103. doi:10.1196/annals.1332.006 

Kleinloog, J. P. D., Mensink, R. P., Ivanov, D., Adam, J. J., Uludağ, K. & Joris, P. J. (2019). Aerobic 

Exercise Training Improves Cerebral Blood Flow and Executive Function: A Randomized, Controlled 

Cross-Over Trial in Sedentary Older Men. Frontiers in aging neuroscience, 11, 333-333. 

doi:10.3389/fnagi.2019.00333 

Koekkoek, P. S., Kappelle, L. J., Van Den Berg, E., Rutten, G. E. & Biessels, G. J. (2015). Cognitive 

function in patients with diabetes mellitus: guidance for daily care. Lancet Neurol, 14(3), 329-40. 

doi:10.1016/s1474-4422(14)70249-2 

Koopman, R. J., Mainous, A. G., 3rd, Diaz, V. A. & Geesey, M. E. (2005). Changes in age at 

diagnosis of type 2 diabetes mellitus in the United States, 1988 to 2000. Annals of family medicine, 

3(1), 60-63. doi:10.1370/afm.214 

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H. & Bonhoeffer, T. (1995). Hippocampal long-

term potentiation is impaired in mice lacking brain-derived neurotrophic factor. Proc Natl Acad Sci U 

S A, 92(19), 8856-60. doi:10.1073/pnas.92.19.8856 



195 
 

Kour, H., Kothiwale, V. & Goudar, S. (2015). Effect of two months of structured exercises on 

executive functions in patients with type 2 diabetes mellitus: Randomized controlled trial. 

International Journal of Clinical and Experimental Physiology, 2, 119. doi:10.4103/2348-

8093.161541 

Krabbe, K. S., Nielsen, A. R., Krogh-Madsen, R., Plomgaard, P., Rasmussen, P., Erikstrup, C., 

Fischer, C. P., Lindegaard, B., Petersen, A. M., Taudorf, S., Secher, N. H., Pilegaard, H., 

Bruunsgaard, H. & Pedersen, B. K. (2007). Brain-derived neurotrophic factor (BDNF) and type 2 

diabetes. Diabetologia, 50(2), 431-8. doi:10.1007/s00125-006-0537-4 

Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., Mcauley, E., Harrison, C. R., Chason, J., Vakil, 

E., Bardell, L., Boileau, R. A. & Colcombe, A. (1999). Ageing, fitness and neurocognitive function. 

Nature, 400(6743), 418-9. doi:10.1038/22682 

Kueider, A. M., Parisi, J. M., Gross, A. L. & Rebok, G. W. (2012). Computerized cognitive training 

with older adults: a systematic review. PLoS One, 7(7), e40588. doi:10.1371/journal.pone.0040588 

Lampit, A., Hallock, H. & Valenzuela, M. (2014). Computerized cognitive training in cognitively 

healthy older adults: a systematic review and meta-analysis of effect modifiers. PLoS Med, 11(11), 

e1001756. doi:10.1371/journal.pmed.1001756 

Lamport, D. J., Lawton, C. L., Mansfield, M. W. & Dye, L. (2009). Impairments in glucose tolerance 

can have a negative impact on cognitive function: a systematic research review. Neurosci Biobehav 

Rev, 33(3), 394-413. doi:10.1016/j.neubiorev.2008.10.008 

Landrigan, J. F., Bell, T., Crowe, M., Clay, O. J. & Mirman, D. (2019). Lifting cognition: a meta-

analysis of effects of resistance exercise on cognition. Psychol Res. doi:10.1007/s00426-019-01145-x 

Lascar, N., Brown, J., Pattison, H., Barnett, A. H., Bailey, C. J. & Bellary, S. (2018). Type 2 diabetes 

in adolescents and young adults. Lancet Diabetes Endocrinol, 6(1), 69-80. doi:10.1016/s2213-

8587(17)30186-9 

Lauenroth, A., Ioannidis, A. E. & Teichmann, B. (2016). Influence of combined physical and 

cognitive training on cognition: a systematic review. BMC Geriatrics, 16(1), 141. 

doi:10.1186/s12877-016-0315-1 

Leal, G., Afonso, P. M., Salazar, I. L. & Duarte, C. B. (2015). Regulation of hippocampal synaptic 

plasticity by BDNF. Brain Res, 1621, 82-101. doi:10.1016/j.brainres.2014.10.019 

Leal, G., Bramham, C. R. & Duarte, C. B. (2017). BDNF and Hippocampal Synaptic Plasticity. Vitam 

Horm, 104, 153-195. doi:10.1016/bs.vh.2016.10.004 

Ledreux, A., Hakansson, K., Carlsson, R., Kidane, M., Columbo, L., Terjestam, Y., Ryan, E., Tusch, 

E., Winblad, B., Daffner, K., Granholm, A. C. & Mohammed, A. K. H. (2019). Differential Effects of 

Physical Exercise, Cognitive Training, and Mindfulness Practice on Serum BDNF Levels in Healthy 

Older Adults: A Randomized Controlled Intervention Study. J Alzheimers Dis, 71(4), 1245-1261. 

doi:10.3233/jad-190756 



196 
 

Lee, A. C., Rahman, S., Hodges, J. R., Sahakian, B. J. & Graham, K. S. (2003). Associative and 

recognition memory for novel objects in dementia: implications for diagnosis. Eur J Neurosci, 18(6), 

1660-70. doi:10.1046/j.1460-9568.2003.02883.x 

Lee, A. K., Rawlings, A. M., Lee, C. J., Gross, A. L., Huang, E. S., Sharrett, A. R., Coresh, J. & 

Selvin, E. (2018). Severe hypoglycaemia, mild cognitive impairment, dementia and brain volumes in 

older adults with type 2 diabetes: the Atherosclerosis Risk in Communities (ARIC) cohort study. 

Diabetologia, 61(9), 1956-1965. doi:10.1007/s00125-018-4668-1 

Lee, H., Lee, I. S. & Choue, R. (2013b). Obesity, inflammation and diet. Pediatr Gastroenterol 

Hepatol Nutr, 16(3), 143-52. doi:10.5223/pghn.2013.16.3.143 

Lee, I.-H. & Park, S.-Y. (2014). Impairment of balance in elderly subjects with type 2 diabetes. 

Journal of physical therapy science, 26(10), 1519-1520. doi:10.1589/jpts.26.1519 

Lee, J. H., Yoon, S., Renshaw, P. F., Kim, T.-S., Jung, J. J., Choi, Y., Kim, B. N., Jacobson, A. M. & 

Lyoo, I. K. (2013a). Morphometric changes in lateral ventricles of patients with recent-onset type 2 

diabetes mellitus. PloS one, 8(4), e60515-e60515. doi:10.1371/journal.pone.0060515 

Lee, S. S., Yoo, J. H., Kang, S., Woo, J. H., Shin, K. O., Kim, K. B., Cho, S. Y., Roh, H. T. & Kim, 

Y. I. (2014). The Effects of 12 Weeks Regular Aerobic Exercise on Brain-derived Neurotrophic 

Factor and Inflammatory Factors in Juvenile Obesity and Type 2 Diabetes Mellitus. J Phys Ther Sci, 

26(8), 1199-204. doi:10.1589/jpts.26.1199 

Lessmann, V., Gottmann, K. & Heumann, R. (1994). BDNF and NT-4/5 enhance glutamatergic 

synaptic transmission in cultured hippocampal neurones. Neuroreport, 6(1), 21-5. 

doi:10.1097/00001756-199412300-00007 

Lewis, B. A., Williams, D. M., Frayeh, A. & Marcus, B. H. (2016). Self-efficacy versus perceived 

enjoyment as predictors of physical activity behaviour. Psychology & health, 31(4), 456-469. 

doi:10.1080/08870446.2015.1111372 

Ley, S. H., Hamdy, O., Mohan, V. & Hu, F. B. (2014). Prevention and management of type 2 

diabetes: dietary components and nutritional strategies. Lancet (London, England), 383(9933), 1999-

2007. doi:10.1016/S0140-6736(14)60613-9 

Li, J., Cesari, M., Del Campo, N., Andrieu, S., Dong, B., Lim, W. S. & Vellas, B. (2018). Impact of 

diabetes on caregiver stress in patients with Alzheimer's disease: data from the ICTUS study. Int 

Psychogeriatr, 30(8), 1109-1117. doi:10.1017/s1041610217002460 

Li, W., Wang, T. & Xiao, S. (2016). Type 2 diabetes mellitus might be a risk factor for mild cognitive 

impairment progressing to Alzheimer's disease. Neuropsychiatric disease and treatment, 12, 2489-

2495. doi:10.2147/NDT.S111298 

Lin, P., Yang, Y., Gao, J., De Pisapia, N., Ge, S., Wang, X., Zuo, C. S., Jonathan Levitt, J. & Niu, C. 

(2017). Dynamic Default Mode Network across Different Brain States. Sci Rep, 7, 46088. 

doi:10.1038/srep46088 

Lin, Y. & Sun, Z. (2010). Current views on type 2 diabetes. The Journal of endocrinology, 204(1), 1-

11. doi:10.1677/JOE-09-0260 



197 
 

Lin, Z. C., Tao, J., Gao, Y. L., Yin, D. Z., Chen, A. Z. & Chen, L. D. (2014). Analysis of central 

mechanism of cognitive training on cognitive impairment after stroke: Resting-state functional 

magnetic resonance imaging study. J Int Med Res, 42(3), 659-68. doi:10.1177/0300060513505809 

Liu, J., Liu, T., Wang, W., Ma, L., Ma, X., Shi, S., Gong, Q. & Wang, M. (2017). Reduced Gray 

Matter Volume in Patients with Type 2 Diabetes Mellitus. Frontiers in aging neuroscience, 9, 161-

161. doi:10.3389/fnagi.2017.00161 

Look Ahead Research Group., Wing, R. R., Bolin, P., Brancati, F. L., Bray, G. A., Clark, J. M., 

Coday, M., Crow, R. S., Curtis, J. M., Egan, C. M., Espeland, M. A., Evans, M., Foreyt, J. P., 

Ghazarian, S., Gregg, E. W., Harrison, B., Hazuda, H. P., Hill, J. O., Horton, E. S., Hubbard, V. S., 

Jakicic, J. M., Jeffery, R. W., Johnson, K. C., Kahn, S. E., Kitabchi, A. E., Knowler, W. C., Lewis, C. 

E., Maschak-Carey, B. J., Montez, M. G., Murillo, A., Nathan, D. M., Patricio, J., Peters, A., Pi-

Sunyer, X., Pownall, H., Reboussin, D., Regensteiner, J. G., Rickman, A. D., Ryan, D. H., Safford, 

M., Wadden, T. A., Wagenknecht, L. E., West, D. S., Williamson, D. F. & Yanovski, S. Z. (2013). 

Cardiovascular effects of intensive lifestyle intervention in type 2 diabetes. The New England journal 

of medicine, 369(2), 145-154. doi:10.1056/NEJMoa1212914 

Low, L. F. & Anstey, K. J. (2009). Dementia literacy: recognition and beliefs on dementia of the 

Australian public. Alzheimers Dement, 5(1), 43-9. doi:10.1016/j.jalz.2008.03.011 

Lu, B., Nagappan, G., Guan, X., Nathan, P. J. & Wren, P. (2013). BDNF-based synaptic repair as a 

disease-modifying strategy for neurodegenerative diseases. Nat Rev Neurosci, 14(6), 401-16. 

doi:10.1038/nrn3505 

Lu, B., Nagappan, G. & Lu, Y. (2014). BDNF and synaptic plasticity, cognitive function, and 

dysfunction. Handb Exp Pharmacol, 220, 223-50. doi:10.1007/978-3-642-45106-5_9 

Luchsinger, J. A. (2012). Type 2 diabetes and cognitive impairment: linking mechanisms. J 

Alzheimers Dis, 30 Suppl 2(0), S185-98. doi:10.3233/jad-2012-111433 

Luchsinger, J. A., Reitz, C., Patel, B., Tang, M. X., Manly, J. J. & Mayeux, R. (2007). Relation of 

diabetes to mild cognitive impairment. Arch Neurol, 64(4), 570-5. doi:10.1001/archneur.64.4.570 

Lull, M. E. & Block, M. L. (2010). Microglial activation and chronic neurodegeneration. 

Neurotherapeutics, 7(4), 354-65. doi:10.1016/j.nurt.2010.05.014 

Mackay, C. P., Kuys, S. S. & Brauer, S. G. (2017). The Effect of Aerobic Exercise on Brain-Derived 

Neurotrophic Factor in People with Neurological Disorders: A Systematic Review and Meta-

Analysis. Neural plasticity, 2017, 4716197-4716197. doi:10.1155/2017/4716197 

Magill, N., Knight, R., McCrone, P., Ismail, K., Landau, S. (2019) A scoping review of the problems 

and solutions associated with contamination in trials of complex interventions in mental health. BMC 

Medical Research Methodology, 19(1):4. doi:10.1186/s12874-018-0646-z 

Maletkovic, J. & Drexler, A. (2013). Diabetic ketoacidosis and hyperglycemic hyperosmolar state. 

Endocrinol Metab Clin North Am, 42(4), 677-95. doi:10.1016/j.ecl.2013.07.001 

Mallorquí-Bagué, N., Lozano-Madrid, M., Toledo, E., Corella, D., Salas-Salvadó, J., Cuenca-Royo, 

A., Vioque, J., Romaguera, D., Martínez, J. A., Wärnberg, J., López-Miranda, J., Estruch, R., Bueno-



198 
 

Cavanillas, A., Alonso-Gómez, Á., Tur, J. A., Tinahones, F. J., Serra-Majem, L., Martín, V., Lapetra, 

J., Vázquez, C., Pintó, X., Vidal, J., Daimiel, L., Gaforio, J. J., Matía, P., Ros, E., Granero, R., Buil-

Cosiales, P., Barragán, R., Bulló, M., Castañer, O., García-De-La-Hera, M., Yáñez, A. M., Abete, I., 

García-Ríos, A., Ruiz-Canela, M., Díaz-López, A., Jiménez-Murcia, S., Martínez-González, M. A., 

De La Torre, R. & Fernández-Aranda, F. (2018). Type 2 diabetes and cognitive impairment in an 

older population with overweight or obesity and metabolic syndrome: baseline cross-sectional 

analysis of the PREDIMED-plus study. Scientific reports, 8(1), 16128-16128. doi:10.1038/s41598-

018-33843-8 

Mans, A. M., Dejoseph, M. R., Davis, D. W. & Hawkins, R. A. (1987). Regional amino acid transport 

into brain during diabetes: effect of plasma amino acids. Am J Physiol, 253(5 Pt 1), E575-83. 

doi:10.1152/ajpendo.1987.253.5.E575 

Manschot, S. M., Brands, A. M., Van Der Grond, J., Kessels, R. P., Algra, A., Kappelle, L. J. & 

Biessels, G. J. (2006). Brain magnetic resonance imaging correlates of impaired cognition in patients 

with type 2 diabetes. Diabetes, 55(4), 1106-13. doi:10.2337/diabetes.55.04.06.db05-1323 

Mansur, R. B., Lee, Y., Zhou, A. J., Carmona, N. E., Cha, D. S., Rosenblat, J. D., Bruins, R., Kakar, 

R., Rasgon, N. L., Lovshin, J. A., Wroolie, T. E., Sim, K., Brietzke, E., Gerstein, H. C., Rong, C. & 

Mcintyre, R. S. (2018). Determinants of cognitive function in individuals with type 2 diabetes 

mellitus: A meta-analysis. Ann Clin Psychiatry, 30(1), 38-50. 

Margolis, R. (2013). Educational differences in healthy behavior changes and adherence among middle-

aged Americans. Journal of health and social behavior, 54(3), 353–368. 

https://doi.org/10.1177/0022146513489312 

Marín-Peñalver, J. J., Martín-Timón, I., Sevillano-Collantes, C. & Del Cañizo-Gómez, F. J. (2016). 

Update on the treatment of type 2 diabetes mellitus. World journal of diabetes, 7(17), 354-395. 

doi:10.4239/wjd.v7.i17.354 

Marioni, R. E., Strachan, M. W., Reynolds, R. M., Lowe, G. D., Mitchell, R. J., Fowkes, F. G., Frier, 

B. M., Lee, A. J., Butcher, I., Rumley, A., Murray, G. D., Deary, I. J. & Price, J. F. (2010). 

Association between raised inflammatory markers and cognitive decline in elderly people with type 2 

diabetes: the Edinburgh Type 2 Diabetes Study. Diabetes, 59(3), 710-3. doi:10.2337/db09-1163 

Martin, L. R., Williams, S. L., Haskard, K. B. & Dimatteo, M. R. (2005). The challenge of patient 

adherence. Therapeutics and clinical risk management, 1(3), 189-199. 

Mason, V., Shaw, A., Wiles, N., Mulligan, J., Peters, T., Sharp, D. & Lewis, G. (2007). GPs' 

experiences of primary care mental health research: a qualitative study of the barriers to recruitment. 

Fam Pract, 24(5), 518-25. doi:10.1093/fampra/cmm047 

Mattson, M. P. (2005). Energy intake, meal frequency, and health: a neurobiological perspective. 

Annu Rev Nutr, 25, 237-60. doi:10.1146/annurev.nutr.25.050304.092526 

Mayne, D., Stout, N. R. & Aspray, T. J. (2010). Diabetes, falls and fractures. Age and Ageing, 39(5), 

522-525. doi:10.1093/ageing/afq081 

Mbuagbaw, L., Kosa, S. D., Lawson, D. O., Stalteri, R., Olaiya, O. R., Alotaibi, A. & Thabane, L. 

(2019). The reporting of progression criteria in protocols of pilot trials designed to assess the 



199 
 

feasibility of main trials is insufficient: a meta-epidemiological study. Pilot and Feasibility Studies, 

5(1), 120. doi:10.1186/s40814-019-0500-z 

Mcardle, M. A., Finucane, O. M., Connaughton, R. M., Mcmorrow, A. M. & Roche, H. M. (2013). 

Mechanisms of obesity-induced inflammation and insulin resistance: insights into the emerging role 

of nutritional strategies. Front Endocrinol (Lausanne), 4, 52. doi:10.3389/fendo.2013.00052 

Mccall, A. L., Millington, W. R. & Wurtman, R. J. (1982). Metabolic fuel and amino acid transport 

into the brain in experimental diabetes mellitus. Proc Natl Acad Sci U S A, 79(17), 5406-10. 

doi:10.1073/pnas.79.17.5406 

Mcdonald, A. M., Knight, R. C., Campbell, M. K., Entwistle, V. A., Grant, A. M., Cook, J. A., 

Elbourne, D. R., Francis, D., Garcia, J., Roberts, I. & Snowdon, C. (2006). What influences 

recruitment to randomised controlled trials? A review of trials funded by two UK funding agencies. 

Trials, 7, 9. doi:10.1186/1745-6215-7-9 

Mcfall, G. P., Geall, B. P., Fischer, A. L., Dolcos, S. & Dixon, R. A. (2010). Testing covariates of 

Type 2 diabetes-cognition associations in older adults: moderating or mediating effects? 

Neuropsychology, 24(5), 547-562. doi:10.1037/a0019246 

Mcmorris, T. & Graydon, J. (2000). The effect of incremental exercise on cognitive performance. 

International Journal of Sport Psychology, 31. 

Mcsween, M. P., Coombes, J. S., Mackay, C. P., Rodriguez, A. D., Erickson, K. I., Copland, D. A. & 

Mcmahon, K. L. (2019). The Immediate Effects of Acute Aerobic Exercise on Cognition in Healthy 

Older Adults: A Systematic Review. Sports Med, 49(1), 67-82. doi:10.1007/s40279-018-01039-9 

Meraz-Ríos, M. A., Toral-Rios, D., Franco-Bocanegra, D., Villeda-Hernández, J. & Campos-Peña, V. 

(2013). Inflammatory process in Alzheimer's Disease. Frontiers in integrative neuroscience, 7, 59-59. 

doi:10.3389/fnint.2013.00059 

Miklossy, J., Qing, H., Radenovic, A., Kis, A., Vileno, B., Laszlo, F., Miller, L., Martins, R. N., 

Waeber, G., Mooser, V., Bosman, F., Khalili, K., Darbinian, N. & Mcgeer, P. L. (2010). Beta amyloid 

and hyperphosphorylated tau deposits in the pancreas in type 2 diabetes. Neurobiol Aging, 31(9), 

1503-15. doi:10.1016/j.neurobiolaging.2008.08.019 

Miller, E. G., Nowson, C. A., Dunstan, D. W., Kerr, D. A., Solah, V., Menzies, D. & Daly, R. M. 

(2016). Recruitment of older adults with type 2 diabetes into a community-based exercise and 

nutrition randomised controlled trial. Trials, 17(1), 467-467. doi:10.1186/s13063-016-1589-5 

Moher, D., Liberati, A., Tetzlaff, J. & Altman, D. G. (2009). Preferred reporting items for systematic 

reviews and meta-analyses: the PRISMA statement. PLoS Med, 6(7), e1000097. 

doi:10.1371/journal.pmed.1000097 

Monette, M. C., Baird, A. & Jackson, D. L. (2014). A meta-analysis of cognitive functioning in 

nondemented adults with type 2 diabetes mellitus. Can J Diabetes, 38(6), 401-8. 

doi:10.1016/j.jcjd.2014.01.014 



200 
 

Mooradian, A. D. (1997). Central nervous system complications of diabetes mellitus--a perspective 

from the blood-brain barrier. Brain Res Brain Res Rev, 23(3), 210-8. doi:10.1016/s0165-

0173(97)00003-9 

Mooradian, A. D. & Morin, A. M. (1991). Brain uptake of glucose in diabetes mellitus: the role of 

glucose transporters. Am J Med Sci, 301(3), 173-7. doi:10.1097/00000441-199103000-00004 

Moore, G. F., Audrey, S., Barker, M., Bond, L., Bonell, C., Hardeman, W., Moore, L., O’cathain, A., 

Tinati, T., Wight, D. & Baird, J. (2015). Process evaluation of complex interventions: Medical 

Research Council guidance. BMJ : British Medical Journal, 350, h1258. doi:10.1136/bmj.h1258 

Moran, C., Phan, T. G., Chen, J., Blizzard, L., Beare, R., Venn, A., Munch, G., Wood, A. G., Forbes, 

J., Greenaway, T. M., Pearson, S. & Srikanth, V. (2013). Brain atrophy in type 2 diabetes: regional 

distribution and influence on cognition. Diabetes Care, 36(12), 4036-42. doi:10.2337/dc13-0143 

Morgan, F., Battersby, A., Weightman, A. L., Searchfield, L., Turley, R., Morgan, H., Jagroo, J. & 

Ellis, S. (2016). Adherence to exercise referral schemes by participants - what do providers and 

commissioners need to know? A systematic review of barriers and facilitators. BMC Public Health, 

16, 227. doi:10.1186/s12889-016-2882-7 

Morita, E., Yokoyama, H., Imai, D., Takeda, R., Ota, A., Kawai, E., Suzuki, Y. & Okazaki, K. (2018). 

Effects of 2-Year Cognitive⁻Motor Dual-Task Training on Cognitive Function and Motor Ability in 

Healthy Elderly People: A Pilot Study. Brain sciences, 8(5), 86. doi:10.3390/brainsci8050086 

Morrison, S., Colberg, S. R., Mariano, M., Parson, H. K. & Vinik, A. I. (2010). Balance training 

reduces falls risk in older individuals with type 2 diabetes. Diabetes Care, 33(4), 748-50. 

doi:10.2337/dc09-1699 

Moulton (2016). Prevention and management of cognitive impairment in people with type 2 diabetes: 

An evidence-based guide for primary care. Diabetes and Primary Care, 18(2). 

Mowszowski, L., Lampit, A., Walton, C. C. & Naismith, S. L. (2016). Strategy-Based Cognitive 

Training for Improving Executive Functions in Older Adults: a Systematic Review. Neuropsychol 

Rev, 26(3), 252-270. doi:10.1007/s11065-016-9329-x 

Mozolic, J. L., Hayasaka, S. & Laurienti, P. J. (2010). A cognitive training intervention increases 

resting cerebral blood flow in healthy older adults. Frontiers in human neuroscience, 4, 16-16. 

doi:10.3389/neuro.09.016.2010 

MRC .(2000). A framework for development and evaluation of RCTs for complex interventions to 

improve health. London. Medical Research Council. 

Mueller, S. T. & Piper, B. J. (2014). The Psychology Experiment Building Language (PEBL) and 

PEBL Test Battery. Journal of neuroscience methods, 222, 250-259. 

doi:10.1016/j.jneumeth.2013.10.024 

Munshi, M., Grande, L., Hayes, M., Ayres, D., Suhl, E., Capelson, R., Lin, S., Milberg, W. & 

Weinger, K. (2006). Cognitive dysfunction is associated with poor diabetes control in older adults. 

Diabetes Care, 29(8), 1794-9. doi:10.2337/dc06-0506 



201 
 

Munshi, M. N. (2017). Cognitive Dysfunction in Older Adults With Diabetes: What a Clinician Needs 

to Know. Diabetes Care, 40(4), 461-467. doi:10.2337/dc16-1229 

Murman, D. L. (2015). The Impact of Age on Cognition. Seminars in hearing, 36(3), 111-121. 

doi:10.1055/s-0035-1555115 

Musen, G., Jacobson, A. M., Bolo, N. R., Simonson, D. C., Shenton, M. E., Mccartney, R. L., Flores, 

V. L. & Hoogenboom, W. S. (2012). Resting-state brain functional connectivity is altered in type 2 

diabetes. Diabetes, 61(9), 2375-9. doi:10.2337/db11-1669 

Mushtaq, G., Khan, J. A., Kumosani, T. A. & Kamal, M. A. (2015). Alzheimer's disease and type 2 

diabetes via chronic inflammatory mechanisms. Saudi journal of biological sciences, 22(1), 4-13. 

doi:10.1016/j.sjbs.2014.05.003 

Mustapa, A., Justine, M., Mohd Mustafah, N., Jamil, N. & Manaf, H. (2016). Postural Control and 

Gait Performance in the Diabetic Peripheral Neuropathy: A Systematic Review. Biomed Res Int, 

2016, 9305025. doi:10.1155/2016/9305025 

Nagamachi, S., Nishikawa, T., Ono, S., Ageta, M., Matsuo, T., Jinnouchi, S., Hoshi, H., Ohnishi, T., 

Futami, S. & Watanabe, K. (1994). Regional cerebral blood flow in diabetic patients: evaluation by 

N-isopropyl-123I-IMP with SPECT. Nucl Med Commun, 15(6), 455-60. doi:10.1097/00006231-

199406000-00010 

Naidoo, N., Nguyen, V. T., Ravaud, P., Young, B., Amiel, P., Schanté, D., Clarke, M. & Boutron, I. 

(2020). The research burden of randomized controlled trial participation: a systematic thematic 

synthesis of qualitative evidence. BMC Medicine, 18(1), 6. doi:10.1186/s12916-019-1476-5 

Nakagawa, T., Tsuchida, A., Itakura, Y., Nonomura, T., Ono, M., Hirota, F., Inoue, T., Nakayama, C., 

Taiji, M. & Noguchi, H. (2000). Brain-derived neurotrophic factor regulates glucose metabolism by 

modulating energy balance in diabetic mice. Diabetes, 49(3), 436-44. doi:10.2337/diabetes.49.3.436 

Nasri, H. & Rafieian-Kopaei, M. (2014). Metformin: Current knowledge. Journal of research in 

medical sciences : the official journal of Isfahan University of Medical Sciences, 19(7), 658-664. 

Nathan, D. M., Genuth, S., Lachin, J., Cleary, P., Crofford, O., Davis, M., Rand, L. & Siebert, C. 

(1993). The effect of intensive treatment of diabetes on the development and progression of long-term 

complications in insulin-dependent diabetes mellitus. N Engl J Med, 329(14), 977-86. 

doi:10.1056/nejm199309303291401 

Nayak, D., Roth, T. L. & Mcgavern, D. B. (2014). Microglia development and function. Annu Rev 

Immunol, 32, 367-402. doi:10.1146/annurev-immunol-032713-120240 

Newington, L. & Metcalfe, A. (2014). Factors influencing recruitment to research: qualitative study of 

the experiences and perceptions of research teams. BMC Medical Research Methodology, 14(1), 10. 

doi:10.1186/1471-2288-14-10 

Ng, N.F., Schafer, R.J., Simone, C.M., & Osman, A.M. (2020). Perceptions of brain training: Public 

expectations of cognitive benefits from popular activities. Frontiers in Human Neuroscience, 14 (15), 

doi:10.3389/fnhum.2020.00015 



202 
 

Ngune, I., Jiwa, M., Dadich, A., Lotriet, J. & Sriram, D. (2012). Effective recruitment strategies in 

primary care research: A systematic review. Quality in primary care, 20, 115-23. 

NIHR.(2019). Guidance on applying for feasibility studies. Available: 

https://www.nihr.ac.uk/documents/nihr-research-for-patient-benefit-rfpb-programme-guidance-on-

applying-for-feasibility-studies/20474 [Accessed September 12th 2019]. 

Nilsson, E. & Wahlin, Å. (2009). Diabetes and elevated glycosylated haemoglobin: Episodic memory 

and utilisation of cognitive support. European Journal of Cognitive Psychology, 21(2-3), 388-405. 

doi:10.1080/09541440802333133 

Nilsson, J., Ekblom, Ö., Ekblom, M., Lebedev, A., Tarassova, O., Moberg, M. & Lövdén, M. (2020). 

Acute increases in brain-derived neurotrophic factor in plasma following physical exercise relates to 

subsequent learning in older adults. Scientific Reports, 10(1), 4395. doi:10.1038/s41598-020-60124-0 

Nisbet, R. M., Polanco, J.-C., Ittner, L. M. & Götz, J. (2015). Tau aggregation and its interplay with 

amyloid-β. Acta neuropathologica, 129(2), 207-220. doi:10.1007/s00401-014-1371-2 

Nishiguchi, S., Yamada, M., Tanigawa, T., Sekiyama, K., Kawagoe, T., Suzuki, M., Yoshikawa, S., 

Abe, N., Otsuka, Y., Nakai, R., Aoyama, T. & Tsuboyama, T. (2015). A 12-Week Physical and 

Cognitive Exercise Program Can Improve Cognitive Function and Neural Efficiency in Community-

Dwelling Older Adults: A Randomized Controlled Trial. J Am Geriatr Soc, 63(7), 1355-63. 

doi:10.1111/jgs.13481 

Nishimura, A., Carey, J., Erwin, P. J., Tilburt, J. C., Murad, M. H. & Mccormick, J. B. (2013). 

Improving understanding in the research informed consent process: a systematic review of 54 

interventions tested in randomized control trials. BMC Medical Ethics, 14(1), 28. doi:10.1186/1472-

6939-14-28 

Norouzi, E., Vaezmosavi, M., Gerber, M., Puhse, U. & Brand, S. (2019). Dual-task training on 

cognition and resistance training improved both balance and working memory in older people. Phys 

Sportsmed, 47(4), 471-478. doi:10.1080/00913847.2019.1623996 

Norris, S. L., Lau, J., Smith, S. J., Schmid, C. H. & Engelgau, M. M. (2002). Self-management 

education for adults with type 2 diabetes: a meta-analysis of the effect on glycemic control. Diabetes 

Care, 25(7), 1159-71. doi:10.2337/diacare.25.7.1159 

Novak, V., Milberg, W., Hao, Y., Munshi, M., Novak, P., Galica, A., Manor, B., Roberson, P., Craft, 

S. & Abduljalil, A. (2014). Enhancement of vasoreactivity and cognition by intranasal insulin in type 

2 diabetes. Diabetes Care, 37(3), 751-9. doi:10.2337/dc13-1672 

Nuechterlein, K. H., Ventura, J., Mcewen, S. C., Gretchen-Doorly, D., Vinogradov, S. & Subotnik, K. 

L. (2016). Enhancing Cognitive Training Through Aerobic Exercise After a First Schizophrenia 

Episode: Theoretical Conception and Pilot Study. Schizophrenia bulletin, 42 Suppl 1(Suppl 1), S44-

S52. doi:10.1093/schbul/sbw007 

Nyenwe, E. A., Jerkins, T. W., Umpierrez, G. E. & Kitabchi, A. E. (2011). Management of type 2 

diabetes: evolving strategies for the treatment of patients with type 2 diabetes. Metabolism: clinical 

and experimental, 60(1), 1-23. doi:10.1016/j.metabol.2010.09.010 



203 
 

O'cathain, A., Croot, L., Duncan, E., Rousseau, N., Sworn, K., Turner, K. M., Yardley, L. & 

Hoddinott, P. (2019b). Guidance on how to develop complex interventions to improve health and 

healthcare. BMJ open, 9(8), e029954-e029954. doi:10.1136/bmjopen-2019-029954 

O'cathain, A., Croot, L., Sworn, K., Duncan, E., Rousseau, N., Turner, K., Yardley, L. & Hoddinott, 

P. (2019a). Taxonomy of approaches to developing interventions to improve health: a systematic 

methods overview. Pilot Feasibility Stud, 5, 41. doi:10.1186/s40814-019-0425-6 

Oliveira, C., Simões, M., Carvalho, J. & Ribeiro, J. (2012). Combined exercise for people with type 2 

diabetes mellitus: a systematic review. Diabetes Res Clin Pract, 98(2), 187-98. 

doi:10.1016/j.diabres.2012.08.004 

Ono, M., Itakura, Y., Nonomura, T., Nakagawa, T., Nakayama, C., Taiji, M. & Noguchi, H. (2000). 

Intermittent administration of brain-derived neurotrophic factor ameliorates glucose metabolism in 

obese diabetic mice. Metabolism, 49(1), 129-33. doi:10.1016/s0026-0495(00)90988-0 

Oral, E., Canpolat, S., Yildirim, S., Gulec, M., Aliyev, E. & Aydin, N. (2012). Cognitive functions 

and serum levels of brain-derived neurotrophic factor in patients with major depressive disorder. 

Brain Res Bull, 88(5), 454-9. doi:10.1016/j.brainresbull.2012.03.005 

Oral, E., Kirkan, T. S., Yildirim, A., Kotan, Z., Cansever, Z., Ozcan, H., Aliyev, E. & Gulec, M. 

(2015). Serum brain-derived neurotrophic factor differences between the luteal and follicular phases 

in premenstrual dysphoric disorder. Gen Hosp Psychiatry, 37(3), 266-72. 

doi:10.1016/j.genhosppsych.2015.03.001 

Pallmann, P., Bedding, A. W., Choodari-Oskooei, B., Dimairo, M., Flight, L., Hampson, L. V., 

Holmes, J., Mander, A. P., Odondi, L., Sydes, M. R., Villar, S. S., Wason, J. M. S., Weir, C. J., 

Wheeler, G. M., Yap, C. & Jaki, T. (2018). Adaptive designs in clinical trials: why use them, and how 

to run and report them. BMC Med, 16(1), 29. doi:10.1186/s12916-018-1017-7 

Palta, P., Schneider, A. L., Biessels, G. J., Touradji, P. & Hill-Briggs, F. (2014). Magnitude of 

cognitive dysfunction in adults with type 2 diabetes: a meta-analysis of six cognitive domains and the 

most frequently reported neuropsychological tests within domains. J Int Neuropsychol Soc, 20(3), 

278-91. doi:10.1017/s1355617713001483 

Pappas, C., Andel, R., Infurna, F. J. & Seetharaman, S. (2017). Glycated haemoglobin (HbA1c), 

diabetes and trajectories of change in episodic memory performance. J Epidemiol Community Health, 

71(2), 115-120. doi:10.1136/jech-2016-207588 

Park, D. C. & Bischof, G. N. (2013). The aging mind: neuroplasticity in response to cognitive 

training. Dialogues in clinical neuroscience, 15(1), 109-119. 

Park, H. S., Park, S. S., Kim, C. J., Shin, M. S. & Kim, T. W. (2019). Exercise Alleviates Cognitive 

Functions by Enhancing Hippocampal Insulin Signaling and Neuroplasticity in High-Fat Diet-Induced 

Obesity. Nutrients, 11(7). doi:10.3390/nu11071603 

Parsa, T., Hosseini, S., Bije, N. & Nia, M. (2018). The Study of the Effect of a 16-Week Program of 

Resistance-Aerobic Training on BDNF, Hba1c, Pain, and Michigan Neuropathy Score Among Type 2 

Diabetic Patients with Peripheral Neuropathy. Journal of Diabetes & Metabolism, 9. 

doi:10.4172/2155-6156.1000811 



204 
 

Passaro, A., Soavi, C., Marusic, U., Rejc, E., Sanz, J. M., Morieri, M. L., Nora, E. D., Kavcic, V., 

Narici, M. V., Reggiani, C., Biolo, G., Zuliani, G., Lazzer, S. & Pišot, R. (2017). Computerized 

cognitive training and brain derived neurotrophic factor during bed rest: mechanisms to protect 

individual during acute stress. Aging, 9(2), 393-407. doi:10.18632/aging.101166 

Patel, P., Lamar, M. & Bhatt, T. (2014). Effect of type of cognitive task and walking speed on 

cognitive-motor interference during dual-task walking. Neuroscience, 260, 140-8. 

doi:10.1016/j.neuroscience.2013.12.016 

Pati, S., Lobo, E., Pati, S., Desaraju, S. & Mahapatra, P. (2019). Type 2 diabetes and physical activity: 

barriers and enablers to diabetes control in Eastern India. Primary Health Care Research & 

Development, 20, e44. doi:10.1017/S146342361800097X 

Paulo, D. L. V. & Yassuda, M. S. (2012). Elderly Individuals with Diabetes: Adding Cognitive 

Training to Psychoeducational Intervention. Educational Gerontology, 38(4), 257-270. 

doi:10.1080/03601277.2010.544575 

Pelimanni, E. & Jehkonen, M. (2018). Type 2 Diabetes and Cognitive Functions in Middle Age: A 

Meta-Analysis. J Int Neuropsychol Soc, 1-16. doi:10.1017/s1355617718001042 

Pereira, A. C., Huddleston, D. E., Brickman, A. M., Sosunov, A. A., Hen, R., Mckhann, G. M., Sloan, 

R., Gage, F. H., Brown, T. R. & Small, S. A. (2007). An in vivo correlate of exercise-induced 

neurogenesis in the adult dentate gyrus. Proc Natl Acad Sci U S A, 104(13), 5638-43. 

doi:10.1073/pnas.0611721104 

Petersen, A. M. & Pedersen, B. K. (2005). The anti-inflammatory effect of exercise. J Appl Physiol 

(1985), 98(4), 1154-62. doi:10.1152/japplphysiol.00164.2004 

Petersen, R. C. (2016). Mild Cognitive Impairment. Continuum (Minneap Minn), 22(2 Dementia), 

404-18. doi:10.1212/con.0000000000000313 

Petrofsky, J. S., Cuneo, M., Lee, S., Johnson, E. & Lohman, E. (2006). Correlation between gait and 

balance in people with and without Type 2 diabetes in normal and subdued light. Med Sci Monit, 

12(7), Cr273-81. 

Pisabarro, R., Gutiérrez, M., Orellano, P., Charamelo, A., Llado, N., Kamaid, A., Mattiozzi, A. & 

Mazza, M. (2018). Un programa de ejercicio de 20 semanas mejora marcadores de estatus cognitivo, 

inflamatorios y metabólicos en pacientes diabéticos tipo 2. Revista Médica del Uruguay, 34, 62-85. 

Podolski, N., Brixius, K., Predel, H. G. & Brinkmann, C. (2017). Effects of Regular Physical Activity 

on the Cognitive Performance of Type 2 Diabetic Patients: A Systematic Review. Metab Syndr Relat 

Disord, 15(10), 481-493. doi:10.1089/met.2017.0120 

Polacchini, A., Metelli, G., Francavilla, R., Baj, G., Florean, M., Mascaretti, L. & Tongiorgi, E. 

(2015). A method for reproducible measurements of serum BDNF: Comparison of the performance of 

six commercial assays. Scientific Reports, 5, 17989. doi:10.1038/srep17989 

Powers, M. A., Bardsley, J., Cypress, M., Duker, P., Funnell, M. M., Fischl, A. H., Maryniuk, M. D., 

Siminerio, L. & Vivian, E. (2016). Diabetes Self-management Education and Support in Type 2 

Diabetes: A Joint Position Statement of the American Diabetes Association, the American 



205 
 

Association of Diabetes Educators, and the Academy of Nutrition and Dietetics. Clinical diabetes : a 

publication of the American Diabetes Association, 34(2), 70-80. doi:10.2337/diaclin.34.2.70 

Pozzilli, P. & Fallucca, F. (2014). Diet and diabetes: a cornerstone for therapy. Diabetes Metab Res 

Rev, 30 Suppl 1, 1-3. doi:10.1002/dmrr.2512 

Praet, S. F. & Van Loon, L. J. (2008). Exercise: the brittle cornerstone of type 2 diabetes treatment. 

Diabetologia, 51(3), 398-401. doi:10.1007/s00125-007-0910-y 

Prasad, S., Sajja, R. K., Naik, P. & Cucullo, L. (2014). Diabetes Mellitus and Blood-Brain Barrier 

Dysfunction: An Overview. J Pharmacovigil, 2(2), 125. doi:10.4172/2329-6887.1000125 

Pressler, S. J., Titler, M., Koelling, T. M., Riley, P. L., Jung, M., Hoyland-Domenico, L., Ronis, D. 

L., Smith, D. G., Bleske, B. E., Dorsey, S. G. & Giordani, B. (2015). Nurse-Enhanced Computerized 

Cognitive Training Increases Serum Brain-Derived Neurotropic Factor Levels and Improves Working 

Memory in Heart Failure. J Card Fail, 21(8), 630-41. doi:10.1016/j.cardfail.2015.05.004 

Pribulick, M., Willams, I. C. & Fahs, P. S. (2010). STRATEGIES TO REDUCE BARRIERS TO 

RECRUITMENT AND PARTICIPATION. Online journal of rural nursing and health care : the 

official journal of the Rural Nurse Organization, 10(1), 22-33. 

Pringle, M. & Churchill, R. (1995). Randomized Controlled Trials in General-Practice - Gold 

Standard or Fools Gold. BMJ (Clinical research ed.), 311, 1382-3. doi:10.1136/bmj.311.7017.1382 

Rabi, D. M., Edwards, A. L., Southern, D. A., Svenson, L. W., Sargious, P. M., Norton, P., Larsen, E. 

T., & Ghali, W. A. (2006). Association of socio-economic status with diabetes prevalence and 

utilization of diabetes care services. BMC health services research, 6, 124. 

https://doi.org/10.1186/1472-6963-6-124 

Rahe, J., Becker, J., Fink, G. R., Kessler, J., Kukolja, J., Rahn, A., Rosen, J. B., Szabados, F., Wirth, 

B. & Kalbe, E. (2015). Cognitive training with and without additional physical activity in healthy 

older adults: cognitive effects, neurobiological mechanisms, and prediction of training success. 

Frontiers in aging neuroscience, 7, 187-187. doi:10.3389/fnagi.2015.00187 

Rajendran, P., Rengarajan, T., Thangavel, J., Nishigaki, Y., Sakthisekaran, D., Sethi, G. & Nishigaki, 

I. (2013). The vascular endothelium and human diseases. International journal of biological sciences, 

9(10), 1057-1069. doi:10.7150/ijbs.7502 

Rapp, S. R., Luchsinger, J. A., Baker, L. D., Blackburn, G. L., Hazuda, H. P., Demos-Mcdermott, K. 

E., Jeffery, R. W., Keller, J. N., Mccaffery, J. M., Pajewski, N. M., Evans, M., Wadden, T. A., 

Arnold, S. E., Espeland, M. A. & Look, A. R. G. (2017). Effect of a Long-Term Intensive Lifestyle 

Intervention on Cognitive Function: Action for Health in Diabetes Study. Journal of the American 

Geriatrics Society, 65(5), 966-972. doi:10.1111/jgs.14692 

Reijmer, Y. D., Van Den Berg, E., De Bresser, J., Kessels, R. P., Kappelle, L. J., Algra, A. & 

Biessels, G. J. (2011). Accelerated cognitive decline in patients with type 2 diabetes: MRI correlates 

and risk factors. Diabetes Metab Res Rev, 27(2), 195-202. doi:10.1002/dmrr.1163 

Reinehr, T. (2013). Type 2 diabetes mellitus in children and adolescents. World journal of diabetes, 

4(6), 270-281. doi:10.4239/wjd.v4.i6.270 



206 
 

Rena, G., Hardie, D. G. & Pearson, E. R. (2017). The mechanisms of action of metformin. 

Diabetologia, 60(9), 1577-1585. doi:10.1007/s00125-017-4342-z 

Rhein, V., Song, X., Wiesner, A., Ittner, L. M., Baysang, G., Meier, F., Ozmen, L., Bluethmann, H., 

Drose, S., Brandt, U., Savaskan, E., Czech, C., Gotz, J. & Eckert, A. (2009). Amyloid-beta and tau 

synergistically impair the oxidative phosphorylation system in triple transgenic Alzheimer's disease 

mice. Proc Natl Acad Sci U S A, 106(47), 20057-62. doi:10.1073/pnas.0905529106 

Rhodes, J. S., Van Praag, H., Jeffrey, S., Girard, I., Mitchell, G. S., Garland, T., Jr. & Gage, F. H. 

(2003). Exercise increases hippocampal neurogenesis to high levels but does not improve spatial 

learning in mice bred for increased voluntary wheel running. Behav Neurosci, 117(5), 1006-16. 

doi:10.1037/0735-7044.117.5.1006 

Richerson, S. J., Robinson, C. J. & Shum, J. (2005). A comparative study of reaction times between 

type II diabetics and non-diabetics. Biomedical engineering online, 4, 12-12. doi:10.1186/1475-925X-

4-12 

Robbins, T. W., James, M., Owen, A. M., Sahakian, B. J., Mcinnes, L. & Rabbitt, P. (1994). 

Cambridge Neuropsychological Test Automated Battery (CANTAB): a factor analytic study of a 

large sample of normal elderly volunteers. Dementia, 5(5), 266-81. doi:10.1159/000106735 

Roberts, J. S., Mclaughlin, S. J. & Connell, C. M. (2014b). Public beliefs and knowledge about risk 

and protective factors for Alzheimer's disease. Alzheimer's & dementia : the journal of the Alzheimer's 

Association, 10(5 Suppl), S381-S389. doi:10.1016/j.jalz.2013.07.001 

Roberts, R. O., Geda, Y. E., Knopman, D. S., Cha, R. H., Pankratz, V. S., Boeve, B. F., Ivnik, R. J., 

Tangalos, E. G., Petersen, R. C. & Rocca, W. A. (2008). The Mayo Clinic Study of Aging: design and 

sampling, participation, baseline measures and sample characteristics. Neuroepidemiology, 30(1), 58-

69. doi:10.1159/000115751 

Roberts, R. O., Knopman, D. S., Geda, Y. E., Cha, R. H., Pankratz, V. S., Baertlein, L., Boeve, B. F., 

Tangalos, E. G., Ivnik, R. J., Mielke, M. M. & Petersen, R. C. (2014a). Association of diabetes with 

amnestic and nonamnestic mild cognitive impairment. Alzheimers Dement, 10(1), 18-26. 

doi:10.1016/j.jalz.2013.01.001 

Robinson, K. A., Dennison, C. R., Wayman, D. M., Pronovost, P. J. & Needham, D. M. (2007). 

Systematic review identifies number of strategies important for retaining study participants. Journal 

of clinical epidemiology, 60(8), 757-765. doi:10.1016/j.jclinepi.2006.11.023 

Röder, P. V., Wu, B., Liu, Y. & Han, W. (2016). Pancreatic regulation of glucose homeostasis. 

Experimental & molecular medicine, 48(3), e219-e219. doi:10.1038/emm.2016.6 

Ross, S., Grant, A., Counsell, C., Gillespie, W., Russell, I. & Prescott, R. (1999). Barriers to 

participation in randomised controlled trials: a systematic review. J Clin Epidemiol, 52(12), 1143-56. 

doi:10.1016/s0895-4356(99)00141-9 

Roth, C. L., Elfers, C., Gebhardt, U., Müller, H. L. & Reinehr, T. (2013). Brain-derived neurotrophic 

factor and its relation to leptin in obese children before and after weight loss. Metabolism, 62(2), 226-

34. doi:10.1016/j.metabol.2012.08.001 



207 
 

Rozanska, O., Uruska, A. & Zozulinska-Ziolkiewicz, D. (2020). Brain-Derived Neurotrophic Factor 

and Diabetes. International journal of molecular sciences, 21(3), 841. doi:10.3390/ijms21030841 

Ruis, C., Biessels, G. J., Gorter, K. J., Van Den Donk, M., Kappelle, L. J. & Rutten, G. E. (2009). 

Cognition in the early stage of type 2 diabetes. Diabetes Care, 32(7), 1261-5. doi:10.2337/dc08-2143 

Rusinek, H., Ha, J., Yau, P. L., Storey, P., Tirsi, A., Tsui, W. H., Frosch, O., Azova, S. & Convit, A. 

(2015). Cerebral perfusion in insulin resistance and type 2 diabetes. J Cereb Blood Flow Metab, 

35(1), 95-102. doi:10.1038/jcbfm.2014.173 

Ryan, C. M. & Geckle, M. (2000). Why is learning and memory dysfunction in Type 2 diabetes 

limited to older adults? Diabetes Metab Res Rev, 16(5), 308-15. doi:10.1002/1520-

7560(2000)9999:9999<::aid-dmrr141>3.0.co;2-x 

Ryan, J. P., Fine, D. F. & Rosano, C. (2014). Type 2 diabetes and cognitive impairment: contributions 

from neuroimaging. Journal of geriatric psychiatry and neurology, 27(1), 47-55. 

doi:10.1177/0891988713516543 

Ryan, R. M., Frederick, C. M., Lepes, D., Rubio, N. & Sheldon, K. M. (1997). Intrinsic motivation 

and exercise adherence. International Journal of Sport Psychology, 28(4), 335-354. 

Sabri, O., Hellwig, D., Schreckenberger, M., Schneider, R., Kaiser, H. J., Wagenknecht, G., Mull, M. 

& Buell, U. (2000). Influence of diabetes mellitus on regional cerebral glucose metabolism and 

regional cerebral blood flow. Nucl Med Commun, 21(1), 19-29. doi:10.1097/00006231-200001000-

00005 

Sahin, S., Yuce, M., Alacam, H., Karabekiroglu, K., Say, G. N. & Salıs, O. (2014). Effect of 

methylphenidate treatment on appetite and levels of leptin, ghrelin, adiponectin, and brain-derived 

neurotrophic factor in children and adolescents with attention deficit and hyperactivity disorder. 

International Journal of Psychiatry in Clinical Practice, 18(4), 280-287. 

doi:10.3109/13651501.2014.940054 

Salmon, J., Owen, N., Crawford, D., Bauman, A. & Sallis, J. F. (2003). Physical activity and 

sedentary behavior: a population-based study of barriers, enjoyment, and preference. Health Psychol, 

22(2), 178-88. doi:10.1037//0278-6133.22.2.178 

Sanders, L. M. J., Hortobagyi, T., La Bastide-Van Gemert, S., Van Der Zee, E. A. & Van Heuvelen, 

M. J. G. (2019). Dose-response relationship between exercise and cognitive function in older adults 

with and without cognitive impairment: A systematic review and meta-analysis. PLoS One, 14(1), 

e0210036. doi:10.1371/journal.pone.0210036 

Sarkar, U., Fisher, L. & Schillinger, D. (2006). Is self-efficacy associated with diabetes self-

management across race/ethnicity and health literacy? Diabetes Care, 29(4), 823-9. 

doi:10.2337/diacare.29.04.06.dc05-1615 

Scharfman, H., Goodman, J., Macleod, A., Phani, S., Antonelli, C. & Croll, S. (2005). Increased 

neurogenesis and the ectopic granule cells after intrahippocampal BDNF infusion in adult rats. Exp 

Neurol, 192(2), 348-56. doi:10.1016/j.expneurol.2004.11.016 



208 
 

Schweitzer, A., Akmatov, M. K., Kindler, F., Kemmling, Y., Kreienbrock, L., Krause, G. & Pessler, 

F. (2015). The impact of distance and duration of travel on participation rates and participants' 

satisfaction: results from a pilot study at one study centre in Pretest 2 of the German National Cohort. 

BMJ open, 5(8), e007461-e007461. doi:10.1136/bmjopen-2014-007461 

Sekhon, M., Cartwright, M. & Francis, J. J. (2017). Acceptability of healthcare interventions: an 

overview of reviews and development of a theoretical framework. BMC Health Services Research, 

17(1), 88. doi:10.1186/s12913-017-2031-8 

Shanyinde, M., Pickering, R. M. & Weatherall, M. (2011). Questions asked and answered in pilot and 

feasibility randomized controlled trials. BMC medical research methodology, 11, 117-117. 

doi:10.1186/1471-2288-11-117 

Sheeran, P., Maki, A., Montanaro, E., Avishai-Yitshak, A., Bryan, A., Klein, W. M. P., Miles, E. & 

Rothman, A. J. (2016). The impact of changing attitudes, norms, and self-efficacy on health-related 

intentions and behavior: A meta-analysis. Health Psychology, 35(11), 1178-1188. 

doi:10.1037/hea0000387 

Shellington, E. M., Reichert, S. M., Heath, M., Gill, D. P., Shigematsu, R. & Petrella, R. J. (2018). 

Results From a Feasibility Study of Square-Stepping Exercise in Older Adults With Type 2 Diabetes 

and Self-Reported Cognitive Complaints to Improve Global Cognitive Functioning. Canadian 

Journal of Diabetes, 42(6), 603-612.e1. doi:https://doi.org/10.1016/j.jcjd.2018.02.003 

Sherwani, S. I., Khan, H. A., Ekhzaimy, A., Masood, A. & Sakharkar, M. K. (2016). Significance of 

HbA1c Test in Diagnosis and Prognosis of Diabetic Patients. Biomarker insights, 11, 95-104. 

doi:10.4137/BMI.S38440 

Shin, J. A., Lee, J. H., Lim, S. Y., Ha, H. S., Kwon, H. S., Park, Y. M., Lee, W. C., Kang, M. I., Yim, 

H. W., Yoon, K. H. & Son, H. Y. (2013). Metabolic syndrome as a predictor of type 2 diabetes, and 

its clinical interpretations and usefulness. J Diabetes Investig, 4(4), 334-43. doi:10.1111/jdi.12075 

Shoelson, S. E., Herrero, L. & Naaz, A. (2007). Obesity, inflammation, and insulin resistance. 

Gastroenterology, 132(6), 2169-80. doi:10.1053/j.gastro.2007.03.059 

Shrivastava, S. R., Shrivastava, P. S. & Ramasamy, J. (2013). Role of self-care in management of 

diabetes mellitus. Journal of diabetes and metabolic disorders, 12(1), 14-14. doi:10.1186/2251-6581-

12-14 

Silagy, C. A., Campion, K., Mcneil, J. J., Worsam, B., Donnan, G. A. & Tonkin, A. M. (1991). 

Comparison of recruitment strategies for a large-scale clinical trial in the elderly. J Clin Epidemiol, 

44(10), 1105-14. doi:10.1016/0895-4356(91)90013-y 

Šimkovic, M. & Träuble, B. (2019). Robustness of statistical methods when measure is affected by 

ceiling and/or floor effect. PloS one, 14(8), e0220889-e0220889. doi:10.1371/journal.pone.0220889 

Simmons, K. M. & Michels, A. W. (2015). Type 1 diabetes: A predictable disease. World journal of 

diabetes, 6(3), 380-390. doi:10.4239/wjd.v6.i3.380 

Sinclair, A. J., Girling, A. J. & Bayer, A. J. (2000). Cognitive dysfunction in older subjects with 

diabetes mellitus: impact on diabetes self-management and use of care services. All Wales Research 



209 
 

into Elderly (AWARE) Study. Diabetes Res Clin Pract, 50(3), 203-12. doi:10.1016/s0168-

8227(00)00195-9 

Skaper, S. D. (2012). The neurotrophin family of neurotrophic factors: an overview. Methods Mol 

Biol, 846, 1-12. doi:10.1007/978-1-61779-536-7_1 

Slusher, A. L., Whitehurst, M., Zoeller, R. F., Mock, J. T., Maharaj, A. & Huang, C. J. (2015). Brain-

derived neurotrophic factor and substrate utilization following acute aerobic exercise in obese 

individuals. J Neuroendocrinol, 27(5), 370-6. doi:10.1111/jne.12275 

Smieszek, A., Strek, Z., Kornicka, K., Grzesiak, J., Weiss, C. & Marycz, K. (2017). Antioxidant and 

Anti-Senescence Effect of Metformin on Mouse Olfactory Ensheathing Cells (mOECs) May Be 

Associated with Increased Brain-Derived Neurotrophic Factor Levels-An Ex Vivo Study. Int J Mol 

Sci, 18(4). doi:10.3390/ijms18040872 

Smiley-Oyen, A. L., Lowry, K. A., Francois, S. J., Kohut, M. L. & Ekkekakis, P. (2008). Exercise, 

fitness, and neurocognitive function in older adults: the "selective improvement" and "cardiovascular 

fitness" hypotheses. Annals of behavioral medicine : a publication of the Society of Behavioral 

Medicine, 36(3), 280-291. doi:10.1007/s12160-008-9064-5 

Smith, B. J., Ali, S. & Quach, H. (2014). Public knowledge and beliefs about dementia risk reduction: 

a national survey of Australians. BMC public health, 14, 661-661. doi:10.1186/1471-2458-14-661 

Smith, B. J., Ali, S. & Quach, H. (2015). The motivation and actions of Australians concerning brain 

health and dementia risk reduction. Health Promot J Austr, 26(2), 115-121. doi:10.1071/he14111 

Smith, M. A., Makino, S., Kvetnansky, R. & Post, R. M. (1995). Stress and glucocorticoids affect the 

expression of brain-derived neurotrophic factor and neurotrophin-3 mRNAs in the hippocampus. J 

Neurosci, 15(3 Pt 1), 1768-77. 

Smith, P. J., Blumenthal, J. A., Hoffman, B. M., Cooper, H., Strauman, T. A., Welsh-Bohmer, K., 

Browndyke, J. N. & 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 

Smith, S. J., Mcmillan, I., Leroi, I., Champ, C. L., Barr, S., Mcdonald, K. R., Dick, J. P. R. & 

Poliakoff, E. (2019). Feasibility and Acceptability of Computerised Cognitive Training of Everyday 

Cognition in Parkinson’s Disease. Parkinson&#x2019;s Disease, 2019, 5258493. 

doi:10.1155/2019/5258493 

Smith, V., Mitchell, D. J. & Duncan, J. (2018). Role of the Default Mode Network in Cognitive 

Transitions. Cereb Cortex, 28(10), 3685-3696. doi:10.1093/cercor/bhy167 

Snowling, N. J. & Hopkins, W. G. (2006). Effects of different modes of exercise training on glucose 

control and risk factors for complications in type 2 diabetic patients: a meta-analysis. Diabetes Care, 

29(11), 2518-27. doi:10.2337/dc06-1317 

Srodulski, S., Sharma, S., Bachstetter, A. B., Brelsfoard, J. M., Pascual, C., Xie, X. S., Saatman, K. 

E., Van Eldik, L. J. & Despa, F. (2014). Neuroinflammation and neurologic deficits in diabetes linked 

to brain accumulation of amylin. Mol Neurodegener, 9, 30. doi:10.1186/1750-1326-9-30 



210 
 

Stamford, B. A. (1976). Validity and Reliability of Subjective Ratings of Perceived Exertion During 

Work. Ergonomics, 19(1), 53-60. doi:10.1080/00140137608931513 

Steins Bisschop, C. N., Courneya, K. S., Velthuis, M. J., Monninkhof, E. M., Jones, L. W., 

Friedenreich, C., Van Der Wall, E., Peeters, P. H. & May, A. M. (2015). Control group design, 

contamination and drop-out in exercise oncology trials: a systematic review. PLoS One, 10(3), 

e0120996. doi:10.1371/journal.pone.0120996 

Steinsbekk, A., Rygg, L., Lisulo, M., Rise, M. B. & Fretheim, A. (2012). Group based diabetes self-

management education compared to routine treatment for people with type 2 diabetes mellitus. A 

systematic review with meta-analysis. BMC Health Serv Res, 12, 213. doi:10.1186/1472-6963-12-213 

Stern, Y., Mackay-Brandt, A., Lee, S., Mckinley, P., Mcintyre, K., Razlighi, Q., Agarunov, E., 

Bartels, M. & Sloan, R. P. (2019). Effect of aerobic exercise on cognition in younger adults: A 

randomized clinical trial. Neurology, 92(9), e905-e916. doi:10.1212/wnl.0000000000007003 

Stewart, R. & Liolitsa, D. (1999). Type 2 diabetes mellitus, cognitive impairment and dementia. 

Diabet Med, 16(2), 93-112. doi:10.1046/j.1464-5491.1999.00027.x 

Strachan, M. W., Frier, B. M. & Deary, I. J. (1997). Cognitive assessment in diabetes: the need for 

consensus. Diabet Med, 14(6), 421-2. doi:10.1002/(sici)1096-9136(199706)14:6<421::Aid-

dia382>3.0.Co;2-f 

Strachan, M. W., Reynolds, R. M., Marioni, R. E. & Price, J. F. (2011). Cognitive function, dementia 

and type 2 diabetes mellitus in the elderly. Nat Rev Endocrinol, 7(2), 108-14. 

doi:10.1038/nrendo.2010.228 

Stuifbergen, A., Becker, H., Morgan, S., Morrison, J. & Perez, F. (2011). Home-Based Computer-

Assisted Cognitive Training: Feasibility and Perceptions of People with Multiple Sclerosis. 

International journal of MS care, 13(4), 189-198. doi:10.7224/1537-2073-13.4.189 

Stumvoll, M., Goldstein, B. J. & Van Haeften, T. W. (2005). Type 2 diabetes: principles of 

pathogenesis and therapy. Lancet, 365(9467), 1333-46. doi:10.1016/s0140-6736(05)61032-x 

Sun, Z., Yu, J., Liu, Y. L., Hong, Z., Ling, L., Li, G., Zhuo, Y., Wang, W. & Zhang, Y. (2018). 

Reduced Serum Levels of Brain-Derived Neurotrophic Factor Are Related to Mild Cognitive 

Impairment in Chinese Patients with Type 2 Diabetes Mellitus. Annals of Nutrition and Metabolism, 

73(4), 271-281. doi:10.1159/000493275 

Suwannaphant, K., Laohasiriwong, W., Puttanapong, N., Saengsuwan, J., & Phajan, T. (2017). 

Association between Socioeconomic Status and Diabetes Mellitus: The National Socioeconomics 

Survey, 2010 and 2012. Journal of clinical and diagnostic research: JCDR, 11(7), 18–22. 

https://doi.org/10.7860/JCDR/2017/28221.10286 

Swainson, R., Hodges, J. R., Galton, C. J., Semple, J., Michael, A., Dunn, B. D., Iddon, J. L., 

Robbins, T. W. & Sahakian, B. J. (2001). Early detection and differential diagnosis of Alzheimer's 

disease and depression with neuropsychological tasks. Dement Geriatr Cogn Disord, 12(4), 265-80. 

doi:10.1159/000051269 



211 
 

Swift, D. L., Johannsen, N. M., Myers, V. H., Earnest, C. P., Smits, J. A., Blair, S. N. & Church, T. S. 

(2012). The effect of exercise training modality on serum brain derived neurotrophic factor levels in 

individuals with type 2 diabetes. PLoS One, 7(8), e42785. doi:10.1371/journal.pone.0042785 

Szuhany, K. L., Bugatti, M. & Otto, M. W. (2015). A meta-analytic review of the effects of exercise 

on brain-derived neurotrophic factor. J Psychiatr Res, 60, 56-64. 

doi:10.1016/j.jpsychires.2014.10.003 

Tait, J. L., Duckham, R. L., Milte, C. M., Main, L. C. & Daly, R. M. (2017). Influence of Sequential 

vs. Simultaneous Dual-Task Exercise Training on Cognitive Function in Older Adults. Frontiers in 

aging neuroscience, 9, 368-368. doi:10.3389/fnagi.2017.00368 

Tang, W.-J. (2016). Targeting Insulin-Degrading Enzyme to Treat Type 2 Diabetes Mellitus. Trends 

in endocrinology and metabolism: TEM, 27(1), 24-34. doi:10.1016/j.tem.2015.11.003 

Tang, W., Kannaley, K., Friedman, D. B., Edwards, V. J., Wilcox, S., Levkoff, S. E., Hunter, R. H., 

Irmiter, C. & Belza, B. (2017). Concern about developing Alzheimer's disease or dementia and 

intention to be screened: An analysis of national survey data. Arch Gerontol Geriatr, 71, 43-49. 

doi:10.1016/j.archger.2017.02.013 

Taylor, K. S., Heneghan, C. J., Farmer, A. J., Fuller, A. M., Adler, A. I., Aronson, J. K. & Stevens, R. 

J. (2013). All-cause and cardiovascular mortality in middle-aged people with type 2 diabetes 

compared with people without diabetes in a large U.K. primary care database. Diabetes Care, 36(8), 

2366-71. doi:10.2337/dc12-1513 

Teare, M. D., Dimairo, M., Shephard, N., Hayman, A., Whitehead, A. & Walters, S. J. (2014). Sample 

size requirements to estimate key design parameters from external pilot randomised controlled trials: a 

simulation study. Trials, 15(1), 264. doi:10.1186/1745-6215-15-264 

Ten Brinke, L. F., Davis, J. C., Barha, C. K. & Liu-Ambrose, T. (2017). Effects of computerized 

cognitive training on neuroimaging outcomes in older adults: a systematic review. BMC Geriatr, 

17(1), 139. doi:10.1186/s12877-017-0529-x 

Theill, N., Schumacher, V., Adelsberger, R., Martin, M. & Jancke, L. (2013). Effects of 

simultaneously performed cognitive and physical training in older adults. BMC Neurosci, 14, 103. 

doi:10.1186/1471-2202-14-103 

Thøgersen-Ntoumani, C., Shepherd, S. O., Ntoumanis, N., Wagenmakers, A. J. M. & Shaw, C. S. 

(2016). Intrinsic motivation in two exercise interventions: Associations with fitness and body 

composition. Health Psychology, 35(2), 195-198. doi:10.1037/hea0000260 

Thomas, N., Alder, E. & Leese, G. P. (2004). Barriers to physical activity in patients with diabetes. 

Postgraduate medical journal, 80(943), 287-291. doi:10.1136/pgmj.2003.010553 

Thompson, B. T. & Schoenfeld, D. (2007). Usual care as the control group in clinical trials of 

nonpharmacologic interventions. Proceedings of the American Thoracic Society, 4(7), 577-582. 

doi:10.1513/pats.200706-072JK 

Tiehuis, A. M., Mali, W. P. T. M., Van Raamt, A. F., Visseren, F. L. J., Biessels, G. J., Van 

Zandvoort, M. J. E., Kappelle, L. J. & Van Der Graaf, Y. (2009). Cognitive dysfunction and its 



212 
 

clinical and radiological determinants in patients with symptomatic arterial disease and diabetes. 

Journal of the Neurological Sciences, 283(1), 170-174. doi:https://doi.org/10.1016/j.jns.2009.02.337 

Tiehuis, A. M., Vincken, K. L., Van Den Berg, E., Hendrikse, J., Manschot, S. M., Mali, W. P., 

Kappelle, L. J. & Biessels, G. J. (2008). Cerebral perfusion in relation to cognitive function and type 2 

diabetes. Diabetologia, 51(7), 1321-6. doi:10.1007/s00125-008-1041-9 

Torgerson, D.J. (2001) Contamination in trials: is cluster randomisation the answer? BMJ, 

322(7282):355-7. doi:10.1136/bmj.322.7282.355. 

Tokuyama, W., Okuno, H., Hashimoto, T., Xin Li, Y. & Miyashita, Y. (2000). BDNF upregulation 

during declarative memory formation in monkey inferior temporal cortex. Nat Neurosci, 3(11), 1134-

42. doi:10.1038/80655 

Tomlin, A. & Sinclair, A. (2016). The influence of cognition on self-management of type 2 diabetes 

in older people. Psychology research and behavior management, 9, 7-20. doi:10.2147/PRBM.S36238 

Tomporowski, P. D. (2003). Effects of acute bouts of exercise on cognition. Acta Psychol (Amst), 

112(3), 297-324. doi:10.1016/s0001-6918(02)00134-8 

Tong, A., Sainsbury, P. & Craig, J. (2007). Consolidated criteria for reporting qualitative research 

(COREQ): a 32-item checklist for interviews and focus groups. International Journal for Quality in 

Health Care, 19(6), 349-357. doi:10.1093/intqhc/mzm042 

Treweek, S., Pitkethly, M., Cook, J., Fraser, C., Mitchell, E., Sullivan, F., Jackson, C., Taskila, T. K. 

& Gardner, H. (2018). Strategies to improve recruitment to randomised trials. Cochrane Database of 

Systematic Reviews, (2). doi:10.1002/14651858.MR000013.pub6 

Tse, A. C. Y., Wong, T. W. L. & Lee, P. H. (2015). Effect of Low-intensity Exercise on Physical and 

Cognitive Health in Older Adults: a Systematic Review. Sports medicine - open, 1(1), 37-37. 

doi:10.1186/s40798-015-0034-8 

Umegaki, H. (2010). Pathophysiology of cognitive dysfunction in older people with type 2 diabetes: 

vascular changes or neurodegeneration? Age Ageing, 39(1), 8-10. doi:10.1093/ageing/afp211 

Umegaki, H. (2014). Type 2 diabetes as a risk factor for cognitive impairment: current insights. 

Clinical interventions in aging, 9, 1011-1019. doi:10.2147/CIA.S48926 

Umegaki, H., Iimuro, S., Shinozaki, T., Araki, A., Sakurai, T., Iijima, K., Ohashi, Y. & Ito, H. (2012). 

Risk factors associated with cognitive decline in the elderly with type 2 diabetes: baseline data 

analysis of the Japanese Elderly Diabetes Intervention Trial. Geriatr Gerontol Int, 12 Suppl 1, 103-9. 

doi:10.1111/j.1447-0594.2011.00817.x 

Umemura, T., Kawamura, T., Umegaki, H., Kawano, N., Mashita, S., Sakakibara, T., Hotta, N. & 

Sobue, G. (2013). Association of chronic kidney disease and cerebral small vessel disease with 

cognitive impairment in elderly patients with type 2 diabetes. Dement Geriatr Cogn Dis Extra, 3(1), 

212-22. doi:10.1159/000351424 



213 
 

Valente, T., Gella, A., Fernandez-Busquets, X., Unzeta, M. & Durany, N. (2010). 

Immunohistochemical analysis of human brain suggests pathological synergism of Alzheimer's 

disease and diabetes mellitus. Neurobiol Dis, 37(1), 67-76. doi:10.1016/j.nbd.2009.09.008 

Valenzuela, M. J., Breakspear, M. & Sachdev, P. (2007). Complex mental activity and the aging 

brain: molecular, cellular and cortical network mechanisms. Brain Res Rev, 56(1), 198-213. 

doi:10.1016/j.brainresrev.2007.07.007 

Van Bussel, F. C., Backes, W. H., Hofman, P. A., Van Oostenbrugge, R. J., Kessels, A. G., Van 

Boxtel, M. P., Schram, M. T., Stehouwer, C. D., Wildberger, J. E. & Jansen, J. F. (2015). On the 

interplay of microvasculature, parenchyma, and memory in type 2 diabetes. Diabetes Care, 38(5), 

876-82. doi:10.2337/dc14-2043 

Van Bussel, F. C. G., Backes, W. H., Hofman, P. a. M., Van Oostenbrugge, R. J., Van Boxtel, M. P. 

J., Verhey, F. R. J., Steinbusch, H. W. M., Schram, M. T., Stehouwer, C. D. A., Wildberger, J. E. & 

Jansen, J. F. A. (2017). Cerebral Pathology and Cognition in Diabetes: The Merits of Multiparametric 

Neuroimaging. Frontiers in neuroscience, 11, 188-188. doi:10.3389/fnins.2017.00188 

Van Den Berg, E., Kessels, R. P., Kappelle, L. J., De Haan, E. H. & Biessels, G. J. (2006). Type 2 

diabetes, cognitive function and dementia: vascular and metabolic determinants. Drugs Today (Barc), 

42(11), 741-54. doi:10.1358/dot.2006.42.11.1003542 

Van Gemert, T., Wölwer, W., Weber, K. S., Hoyer, A., Strassburger, K., Bohnau, N. T., Brüggen, M. 

A., Ovelgönne, K., Gössmann, E.-M., Burkart, V., Szendroedi, J., Roden, M., Müssig, K. & Group, G. 

D. S. (2018). Cognitive Function Is Impaired in Patients with Recently Diagnosed Type 2 Diabetes, 

but Not Type 1 Diabetes. Journal of diabetes research, 2018, 1470476-1470476. 

doi:10.1155/2018/1470476 

Van Greevenbroek, M. M., Schalkwijk, C. G. & Stehouwer, C. D. (2013). Obesity-associated low-

grade inflammation in type 2 diabetes mellitus: causes and consequences. Neth J Med, 71(4), 174-87. 

Van Harten, B., De Leeuw, F.-E., Weinstein, H. C., Scheltens, P. & Biessels, G. J. (2006). Brain 

Imaging in Patients With Diabetes. Diabetes Care, 29(11), 2539. doi:10.2337/dc06-1637 

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 Ageing, 36(2), 164-70. doi:10.1093/ageing/afl180 

van Muijden, J., Band, G. P., & Hommel, B. (2012). Online games training aging brains: limited transfer 

to cognitive control functions. Frontiers in human neuroscience, 6, 221. 

https://doi.org/10.3389/fnhum.2012.00221 

Vaportzis, E., Clausen, M. G. & Gow, A. J. (2017). Older Adults Perceptions of Technology and 

Barriers to Interacting with Tablet Computers: A Focus Group Study. Frontiers in psychology, 8, 

1687-1687. doi:10.3389/fpsyg.2017.01687 

Vedovelli, K., Giacobbo, B. L., Corrêa, M. S., Wieck, A., Argimon, I. I. D. L. & Bromberg, E. 

(2017). Multimodal physical activity increases brain-derived neurotrophic factor levels and improves 

cognition in institutionalized older women. GeroScience, 39(4), 407-417. doi:10.1007/s11357-017-

9987-5 



214 
 

Verburgh, L., Konigs, M., Scherder, E. J. & Oosterlaan, J. (2014). Physical exercise and executive 

functions in preadolescent children, adolescents and young adults: a meta-analysis. Br J Sports Med, 

48(12), 973-9. doi:10.1136/bjsports-2012-091441 

Walters, S. J., Bonacho Dos Anjos Henriques-Cadby, I., Bortolami, O., Flight, L., Hind, D., Jacques, 

R. M., Knox, C., Nadin, B., Rothwell, J., Surtees, M. & Julious, S. A. (2017). Recruitment and 

retention of participants in randomised controlled trials: a review of trials funded and published by the 

United Kingdom Health Technology Assessment Programme. BMJ open, 7(3), e015276-e015276. 

doi:10.1136/bmjopen-2016-015276 

Wang, L., Zhang, Z., Mcardle, J. J. & Salthouse, T. A. (2009). Investigating Ceiling Effects in 

Longitudinal Data Analysis. Multivariate behavioral research, 43(3), 476-496. 

doi:10.1080/00273170802285941 

Wang, P., Yang, J., Yin, Z., Duan, J., Zhang, R., Sun, J., Xu, Y., Liu, L., Chen, X., Li, H., Kang, J., 

Zhu, Y., Deng, X., Chang, M., Wei, S., Zhou, Y., Jiang, X., Wang, F. & Tang, Y. (2019). Amplitude 

of low-frequency fluctuation (ALFF) may be associated with cognitive impairment in schizophrenia: 

a correlation study. BMC psychiatry, 19(1), 30-30. doi:10.1186/s12888-018-1992-4 

Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R., Lindley, R. I., 

O'brien, J. T., Barkhof, F., Benavente, O. R., Black, S. E., Brayne, C., Breteler, M., Chabriat, H., 

Decarli, C., De Leeuw, F. E., Doubal, F., Duering, M., Fox, N. C., Greenberg, S., Hachinski, V., 

Kilimann, I., Mok, V., Oostenbrugge, R., Pantoni, L., Speck, O., Stephan, B. C., Teipel, S., 

Viswanathan, A., Werring, D., Chen, C., Smith, C., Van Buchem, M., Norrving, B., Gorelick, P. B. & 

Dichgans, M. (2013). Neuroimaging standards for research into small vessel disease and its 

contribution to ageing and neurodegeneration. Lancet Neurol, 12(8), 822-38. doi:10.1016/s1474-

4422(13)70124-8 

Wechsler, K., Drescher, U., Janouch, C., Haeger, M., Voelcker-Rehage, C. & Bock, O. (2018). 

Multitasking During Simulated Car Driving: A Comparison of Young and Older Persons. Frontiers in 

psychology, 9, 910-910. doi:10.3389/fpsyg.2018.00910 

Whitelock, V., Nouwen, A., Houben, K., Van Den Akker, O., Rosenthal, M. & Higgs, S. (2018). Does 

working memory training improve dietary self-care in type 2 diabetes mellitus? Results of a double 

blind randomised controlled trial. Diabetes Res Clin Pract, 143, 204-214. 

doi:10.1016/j.diabres.2018.07.005 

WHO. (2018a). Diabetes - Key facts. World Health Organisation. Available: 

https://www.who.int/news-room/fact-sheets/detail/diabetes [Accessed December 5th 2018]. 

WHO. (2018b). The top ten causes of death. World Health Organisation. Available: 

https://www.who.int/news-room/fact-sheets/detail/the-top-10-causes-of-death [Accessed July 10th 

2019]. 

WHO. (2019). About Diabetes - Complications of diabetes. World Health Organization. Available: 

https://www.who.int/diabetes/action_online/basics/en/index3.html [Accessed November 11th 2019]. 

Wight, D., Wimbush, E., Jepson, R. & Doi, L. (2016). Six steps in quality intervention development 

(6SQuID). J Epidemiol Community Health, 70(5), 520-5. doi:10.1136/jech-2015-205952 



215 
 

Wilke, J., Giesche, F., Klier, K., Vogt, L., Herrmann, E. & Banzer, W. (2019). Acute Effects of 

Resistance Exercise on Cognitive Function in Healthy Adults: A Systematic Review with Multilevel 

Meta-Analysis. Sports Med, 49(6), 905-916. doi:10.1007/s40279-019-01085-x 

Willette, A. A., Xu, G., Johnson, S. C., Birdsill, A. C., Jonaitis, E. M., Sager, M. A., Hermann, B. P., 

La Rue, A., Asthana, S. & Bendlin, B. B. (2013). Insulin resistance, brain atrophy, and cognitive 

performance in late middle-aged adults. Diabetes Care, 36(2), 443-9. doi:10.2337/dc12-0922 

Williams, N. (2017). The Borg Rating of Perceived Exertion (RPE) scale. Occupational Medicine, 

67(5), 404-405. doi:10.1093/occmed/kqx063 

Williamson, M. K., Pirkis, J., Pfaff, J. J., Tyson, O., Sim, M., Kerse, N., Lautenschlager, N. T., 

Stocks, N. P. & Almeida, O. P. (2007). Recruiting and retaining GPs and patients in intervention 

studies: the DEPS-GP project as a case study. BMC medical research methodology, 7, 42-42. 

doi:10.1186/1471-2288-7-42 

Wong, R. H., Scholey, A. & Howe, P. R. (2014). Assessing premorbid cognitive ability in adults with 

type 2 diabetes mellitus--a review with implications for future intervention studies. Curr Diab Rep, 

14(11), 547. doi:10.1007/s11892-014-0547-4 

Woolard, R. H., Carty, K., Wirtz, P., Longabaugh, R., Nirenberg, T. D., Minugh, P. A., Becker, B. & 

Clifford, P. R. (2004). Research fundamentals: follow-up of subjects in clinical trials: addressing 

subject attrition. Acad Emerg Med, 11(8), 859-66. doi:10.1111/j.1553-2712.2004.tb00769.x 

Wu, L. M., Amidi, A., Tanenbaum, M. L., Winkel, G., Gordon, W. A., Hall, S. J., Bovbjerg, K. & 

Diefenbach, M. A. (2018). Computerized cognitive training in prostate cancer patients on androgen 

deprivation therapy: a pilot study. Support Care Cancer, 26(6), 1917-1926. doi:10.1007/s00520-017-

4026-8 

Wu, Y., Ding, Y., Tanaka, Y. & Zhang, W. (2014). Risk factors contributing to type 2 diabetes and 

recent advances in the treatment and prevention. Int J Med Sci, 11(11), 1185-200. 

doi:10.7150/ijms.10001 

Xia, W., Rao, H., Spaeth, A. M., Huang, R., Tian, S., Cai, R., Sun, J. & Wang, S. (2015). Blood 

Pressure is Associated With Cerebral Blood Flow Alterations in Patients With T2DM as Revealed by 

Perfusion Functional MRI. Medicine (Baltimore), 94(48), e2231. doi:10.1097/md.0000000000002231 

Xia, W., Wang, S., Sun, Z., Bai, F., Zhou, Y., Yang, Y., Wang, P., Huang, Y. & Yuan, Y. (2013). 

Altered baseline brain activity in type 2 diabetes: a resting-state fMRI study. 

Psychoneuroendocrinology, 38(11), 2493-501. doi:10.1016/j.psyneuen.2013.05.012 

Xu, D., Lian, D., Wu, J., Liu, Y., Zhu, M., Sun, J., He, D. & Li, L. (2017). Brain-derived neurotrophic 

factor reduces inflammation and hippocampal apoptosis in experimental Streptococcus pneumoniae 

meningitis. J Neuroinflammation, 14(1), 156. doi:10.1186/s12974-017-0930-6 

Yaffe, K., Falvey, C., Hamilton, N., Schwartz, A. V., Simonsick, E. M., Satterfield, S., Cauley, J. A., 

Rosano, C., Launer, L. J., Strotmeyer, E. S. & Harris, T. B. (2012). Diabetes, glucose control, and 9-

year cognitive decline among older adults without dementia. Arch Neurol, 69(9), 1170-5. 

doi:10.1001/archneurol.2012.1117 



216 
 

Yamagishi, S. (2012). Potential clinical utility of advanced glycation end product cross-link breakers 

in age- and diabetes-associated disorders. Rejuvenation Res, 15(6), 564-72. doi:10.1089/rej.2012.1335 

Yamagishi, S. I. & Matsui, T. (2018). Role of Hyperglycemia-Induced Advanced Glycation End 

Product (AGE) Accumulation in Atherosclerosis. Ann Vasc Dis, 11(3), 253-258. 

doi:10.3400/avd.ra.18-00070 

Yamanaka, M., Tsuchida, A., Nakagawa, T., Nonomura, T., Ono-Kishino, M., Sugaru, E., Noguchi, 

H. & Taiji, M. (2007). Brain-derived neurotrophic factor enhances glucose utilization in peripheral 

tissues of diabetic mice. Diabetes Obes Metab, 9(1), 59-64. doi:10.1111/j.1463-1326.2006.00572.x 

Yanagawa, M., Umegaki, H., Uno, T., Oyun, K., Kawano, N., Maeno, H., Yamanouchi, K. & Sato, Y. 

(2011). Association between improvements in insulin resistance and changes in cognitive function in 

elderly diabetic patients with normal cognitive function. Geriatr Gerontol Int, 11(3), 341-7. 

doi:10.1111/j.1447-0594.2011.00691.x 

Yang, Y., Ma, D., Wang, Y., Jiang, T., Hu, S., Zhang, M., Yu, X. & Gong, C. X. (2013). Intranasal 

insulin ameliorates tau hyperphosphorylation in a rat model of type 2 diabetes. J Alzheimers Dis, 

33(2), 329-38. doi:10.3233/jad-2012-121294 

Yao, J., Wang, H., Yin, X., Yin, J., Guo, X. & Sun, Q. (2019). The association between self-efficacy 

and self-management behaviors among Chinese patients with type 2 diabetes. PLoS One, 14(11), 

e0224869. doi:10.1371/journal.pone.0224869 

Yau, P. L., Javier, D. C., Ryan, C. M., Tsui, W. H., Ardekani, B. A., Ten, S. & Convit, A. (2010). 

Preliminary evidence for brain complications in obese adolescents with type 2 diabetes mellitus. 

Diabetologia, 53(11), 2298-306. doi:10.1007/s00125-010-1857-y 

Yokoyama, H., Okazaki, K., Imai, D., Yamashina, Y., Takeda, R., Naghavi, N., Ota, A., Hirasawa, Y. 

& Miyagawa, T. (2015). The effect of cognitive-motor dual-task training on cognitive function and 

plasma amyloid β peptide 42/40 ratio in healthy elderly persons: a randomized controlled trial. BMC 

geriatrics, 15, 60-60. doi:10.1186/s12877-015-0058-4 

Young, H. M. L., Goodliffe, S., Madhani, M., Phelps, K., Regen, E., Locke, A., Burton, J. O., Singh, 

S. J., Smith, A. C. & Conroy, S. (2019). Co-producing Progression Criteria for Feasibility Studies: A 

Partnership between Patient Contributors, Clinicians and Researchers. International journal of 

environmental research and public health, 16(19), 3756. doi:10.3390/ijerph16193756 

Yu, H., Zhang, P., Wang, X., Wang, Y., & Zhang, B. (2019). Effect of Health Education Based on 

Behavioral Change Theories on Self-Efficacy and Self-Management Behaviors in Patients with Chronic 

Heart Failure. Iranian journal of public health, 48(3), 421–428 

Zahodne, L. B., Stern, Y. & Manly, J. J. (2015). Differing effects of education on cognitive decline in 

diverse elders with low versus high educational attainment. Neuropsychology, 29(4), 649-657. 

doi:10.1037/neu0000141 

Zentgraf, K., Müller, H. & Hazeltine, E. (2019). Editorial: Cognitive-Motor Interference in Multi-

Tasking Research. Frontiers in psychology, 10, 1744-1744. doi:10.3389/fpsyg.2019.01744 



217 
 

Zhang, H., Hao, Y., Manor, B., Novak, P., Milberg, W., Zhang, J., Fang, J. & Novak, V. (2015). 

Intranasal insulin enhanced resting-state functional connectivity of hippocampal regions in type 2 

diabetes. Diabetes, 64(3), 1025-34. doi:10.2337/db14-1000 

Zhang, H., Wang, Z., Wang, J., Lyu, X., Wang, X., Liu, Y., Zeng, X., Yuan, H., Wang, H. & Yu, X. 

(2019). Computerized multi-domain cognitive training reduces brain atrophy in patients with amnestic 

mild cognitive impairment. Translational Psychiatry, 9(1), 48. doi:10.1038/s41398-019-0385-x 

Zhang, J., Chen, C., Hua, S., Liao, H., Wang, M., Xiong, Y. & Cao, F. (2017). An updated meta-

analysis of cohort studies: Diabetes and risk of Alzheimer's disease. Diabetes Res Clin Pract, 124, 41-

47. doi:10.1016/j.diabres.2016.10.024 

Zhang, J., Wang, Y., Wang, J., Zhou, X., Shu, N., Wang, Y. & Zhang, Z. (2014a). White matter 

integrity disruptions associated with cognitive impairments in type 2 diabetic patients. Diabetes, 

63(11), 3596-605. doi:10.2337/db14-0342 

Zhang, Z., Peluso, M. J., Gross, C. P., Viscoli, C. M. & Kernan, W. N. (2014b). Adherence reporting 

in randomized controlled trials. Clin Trials, 11(2), 195-204. doi:10.1177/1740774513512565 

Zhao, R. R., O'sullivan, A. J. & Fiatarone Singh, M. A. (2018). Exercise or physical activity and 

cognitive function in adults with type 2 diabetes, insulin resistance or impaired glucose tolerance: a 

systematic review. Eur Rev Aging Phys Act, 15, 1. doi:10.1186/s11556-018-0190-1 

Zhen, Y.-F., Liu, X.-Y., Zhou, D.-H., Du, X., Yin, G., Zhang, Y., Fang, H., Xu, G., Soares, J. C. & 

Zhang, X. Y. (2017). Cognition, serum BDNF levels, and BDNF Val66Met polymorphism in type 2 

diabetes patients and healthy controls. Oncotarget, 9(3), 3653-3662. doi:10.18632/oncotarget.23342 

Zhen, Y. F., Zhang, J., Liu, X. Y., Fang, H., Tian, L. B., Zhou, D. H., Kosten, T. R. & Zhang, X. Y. 

(2013). Low BDNF is associated with cognitive deficits in patients with type 2 diabetes. 

Psychopharmacology (Berl), 227(1), 93-100. doi:10.1007/s00213-012-2942-3 

Zhou, H., Lu, W., Shi, Y., Bai, F., Chang, J., Yuan, Y., Teng, G. & Zhang, Z. (2010). Impairments in 

cognition and resting-state connectivity of the hippocampus in elderly subjects with type 2 diabetes. 

Neurosci Lett, 473(1), 5-10. doi:10.1016/j.neulet.2009.12.057 

Zhou, X., Zhang, J., Chen, Y., Ma, T., Wang, Y., Wang, J. & Zhang, Z. (2014). Aggravated cognitive 

and brain functional impairment in mild cognitive impairment patients with type 2 diabetes: a resting-

state functional MRI study. J Alzheimers Dis, 41(3), 925-35. doi:10.3233/jad-132354 

Zuccato, C. & Cattaneo, E. (2009). Brain-derived neurotrophic factor in neurodegenerative diseases. 

Nat Rev Neurol, 5(6), 311-22. doi:10.1038/nrneurol.2009.54 

 

 

 

 

 



218 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



219 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


