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Abstract 

The most robust and frequently reported cognitive deficits in type 2 diabetes (DM2) are those that 

relate to memory. Behavioural research has identified a number of potential contributory 

physiological factors, including abnormalities in glucose metabolism, such as hyperglycaemia and 

hypoglycaemia. The impact of these mechanisms on memory has been further investigated through 

the use of both structural and functional neuroimaging. Structural brain imaging has indicated that 

memory impairments in DM2 are associated with global atrophy of the brain. Further data suggest 

that localised atrophy in the hippocampal area, a brain region critical to memory formation and 

consolidation, may be primarily responsible for the memory deficits seen in this population. 

Functional imaging data has corroborates these findings, with functional magnetic resonance 

imaging (fMRI) suggesting reduced connectivity between the hippocampus and surrounding brain 

regions, particularly the frontal and temporal gyri. Despite this, little functional neuroimaging 

research has directly investigated differences in regional brain activity between healthy and DM2 

participants whilst memory tasks are being performed. By using neuroimaging techniques to their 

full potential, we can acquire a fuller, more comprehensive picture of the impact that DM2 has on 

memory. 
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Type 2 diabetes (DM2) in older adults is associated with cognitive impairment, reflecting 

accelerated cognitive decline relative to that expected in normal ageing [1-3]. The most frequently 

reported and most robust deficits are seen in verbal episodic memory [4], although other domains of 

memory such as face recognition and working memory may also be affected [5, 6]. However, it is still 

unclear whether these deficits reflect impairments in their encoding or retrieval. These memory 

impairments have been attributed to varied physiological mechanisms, including abnormalities in 

glucose metabolism, insulin resistance, dysregulation of the hypothalamic-pituitary-adrenal (HPA) 

axis and vascular complications [7, 8]. The role of these physiological mechanisms in neurocognitive 

functioning in individuals with DM2 has been investigated using a variety of neuroimaging 

techniques. Methods such as magnetic resonance imaging (MRI) and electroencephalography (EEG), 

have allowed researchers to examine both the structural and functional impact of DM2 on the brain. 

This review will consider these neuroimaging studies and speculate on how these innovative 

techniques could be informative in identifying underlying mechanisms of memory deficits in DM2. 

 

DM2 and cognitive impairment: The mechanisms 

Disturbances in glucose metabolism, including hyperglycaemia and hypoglycaemia, have 

been associated with cognitive dysfunction [7, 9]. Sommerfield, Deary and Frier [7] observed that 

induced acute hyperglycaemia in adults with DM2 impaired cognitive performance, most notably in 

the working memory domain. Relatively few studies have investigated the effects of chronic 

hyperglycaemia on memory. High glycated haemoglobin (HbA1c) levels have been associated with 

general cognitive and memory deficits in DM2 [10, 11], but findings are mixed. The recent ACCORD-

MIND study failed to observe any benefits to working or verbal episodic memory as a result of 

improving glycaemic control (20-40 month follow up) [12]. By contrast, a 24 week long study by Ryan 

et al [5] showed that improved glycaemic control led to improved working memory, although no 

improvement in verbal memory was observed. Whilst comparable cognitive tests were used by both 

Launer et al and Ryan and colleagues, the shorter follow up period and smaller sample size (145 



4 
 

participants vs. over 2000 in the ACCORD-MIND study  of ‘ a  et al s stud  were potentially 

insufficient to account for  longer term effects of tighter glycaemic control. These findings suggest 

that the deficits caused by hyperglycaemia may be irreversible and highlight the importance of very 

early interventions to reduce the length of exposure to chronically high blood glucose. 

Hypoglycaemia has also been shown to adversely affect memory. In healthy adults, induced 

hypoglycaemia via a hyperinsulinemic glucose clamp has been found to impair working and delayed 

visual memory [13]. Aung and colleagues [14] reported that DM2 patients who had a self-reported 

history of severe hypoglycaemia performed significantly worse on age-sensitive neuropsychological 

tests (Verbal Fluency, the Digit Symbol test and Letter-Number sequencing from the Wechsler Adult 

Intelligence Scale III and the Trail-Making Test Part B) compared to those who had no history of this 

condition. The authors derived a general late-life cognitive ability factor from these tests (which they 

alled g , a d reported that hypoglycaemia was a contributing factor to cognitive decline, even 

after pre-morbid intelligence and other confounds were statistically controlled. Despite its apparent 

detrimental effects, the occurrence of hypoglycaemia in DM2 is not commonly reported, possibly 

due to patients being unaware of its symptoms when mild hypoglycaemia occurs [15, 16]. Further 

lo g ter  i estigatio  of h pogl ae ia s effe ts on cognitive performance in DM2 is clearly 

needed. 

In addition to the accelerated cognitive decline observed in DM2, it is also reported that 

people with DM2 are at greater risk of dementia [2, 17]. This risk is most often attributed to the 

effects of hyperglycaemia on the brain, although severe episodes of hypoglycaemia may also 

increase its probability [18]. Further, a combined factor of verbal episodic memory deficits and 

ele ated gl ae ia has ee  fou d to predi t pre-de e tia , highlighti g the o ple  relatio ship 

existing between diabetes, dementia and cognitive function [19]. This may be a consequence of an 

accumulation of advanced glycation end-products and oxidative stress, which are believed to 

contribute to neuronal damage in DM2, and are also see  i  Alzhei er s disease AD  [20, 21]. 

Considering this, research into the damaging effects of type 2 diabetes on brain structure and 
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function is of critical importance to understanding the extent to which cognitive processes, including 

memory, are affected. 

 

DM2 and the brain – Global structure 

Despite continued research, no clear consensus has emerged regarding the effects that DM2 

has on whole brain structure. Some studies suggest that DM2 leads to increased loss of neurons 

(brain atrophy), a higher incidence of brain infarcts caused by blocked blood vessels in the brain, and 

white matter hyperintensities (WMHs), all resulting in poor cognitive performance [4, 22]. 

Considering this, Manschot, Biessels, de Valk, Algra and van der Grond et al [4] used MRI (see 

Appendix 1) to determine the potential effects of abnormal glucose metabolism on the structural 

integrity of the brain and cognition. On MRI measures, patients had significantly more infarcts and 

more severe brain atrophy (cortical and subcortical) than controls, although no specific brain regions 

were reportedly affected. They also found that individuals with DM2 performed significantly worse 

on three cognitive measures (including verbal episodic memory) compared to healthy controls, 

implying hippocampal and temporal gyri specific deficits. However, Christman et al [23] found that 

there was no difference in grey matter volume, white matter volume or number of WMHs between 

healthy participants and those with DM2, although those with DM2 had smaller brain to intercranial 

volumes. This suggests that those with DM2 may experience higher shrinkage of the brain compared 

to their healthy counterparts. These mixed findings may be due to the differing sample sizes and 

patient to healthy control ratios. Manschot et al compared 122 DM2 participants with 56 healthy 

participants; whilst i  Christ a s study, only 25 DM2 participants were compared to 150 controls. 

Whether structural integrity is affected longitudinally and by vascular disease is also of 

interest. In a three year longitudinal study, van Elderen et al [24] used MRI to investigate the 

differences in neurodegenerative progression and cognition between healthy controls and DM2 

patients aged between 70 - 82 years old. Over the three year period, they noted changes in the 

number of infarctions, total brain volume changes and WMH volume changes from baseline. 
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Patients showed significantly more total brain atrophy at follow-up compared to healthy controls, 

but there were no between-group differences in WMH volume changes or number of infarctions. On 

tests of cognitive function, their DM2 participants performed worse at baseline on all three tasks (a 

modified Stroop task and a test of delayed and immediate visual memory recall) than controls. At 

follow-up, their patients only showed significant decline on the Stroop task and immediate recall 

compared to controls, with only visual memory scores correlating with total brain atrophy. Tiehuis 

and colleagues [22] investigated whether vascular disease and DM2 independently affected 

cognition and brain structure in individuals with arterial disease. Overall, individuals with both DM2 

and arterial disease performed worse on tests of attention, memory and visuoperception compared 

to those with arterial disease alone, even after adjustment for vascular risk factors. DM2 participants 

had more brain atrophy, white matter lesions and lacunar infarcts. Global and cortical atrophy were 

significantly negatively associated with an overall composite score of cognition (derived from the 

three aforementioned domains and executive function test scores) in participants with DM2, both 

with and without arterial disease, suggesting that DM2 affects cognition irrespective of arterial 

disease status. In a related study, the authors also found that duration of illness for diabetes 

contributed to global brain atrophy in those with both DM2 and arterial disease [25], indicating that  

duration of impaired glucoregulation is also a modifying factor in DM2 cognition. Both van Elderen 

a d olleagues a d Tiehuis et al s studies i di ate that glo al rain atrophy in DM2 is correlated with 

memory decline, but neither speculate how this atrophy affects specific memory processes, such as 

the encoding, storage or retrieval of memories. By not considering the influence of atrophy on 

precise mechanisms, they overlook neurocognitive mechanisms which may underpin cognitive 

impairment in DM2.  

The pivotal ACCORD trial s su -study, Memory in Diabetes (MIND), has suggested that 

intensive glycaemic therapy (involving the reduction of patient HbA1c levels to less than 6.0%) 

versus standard glycaemic therapy (HbA1c levels targeted between 7.0-7.9%) through a range of 

strategies and drug classes does not reduce the overall effects of diabetes on memory [12]. 
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Regardless, the results did indicate that those on the intensive therapy had higher total brain 

volumes at the end of the trial relative to those on standard therapy, suggesting that the rate of 

brain atrophy can be reduced with improved glycaemic control. However, in this respect none of the 

studies above consider whether type 2 diabetes has an adverse effect on specific brain regions 

critical to cognitive or memory processing, such as the hippocampus. The location of where lesions 

and infarcts occur should be more precisely measured in the hippocampus to fully consider their 

impact. 

 

DM2 and the brain – The hippocampus 

Research suggests that participants with DM2 have increased hippocampal atrophy 

compared to health controls [26] and that this is related to hippocampally-mediated deficits in the 

verbal episodic memory domain (see Appendix 2 for an explanation of the role of the hippocampus 

in memory) [27]. A recent study by Hayashi et al [28] found that in Japanese older adults (aged over 

65), DM2 participants showed more hippocampal and whole brain atrophy than healthy controls. 

They also found that hippocampal atrophy correlated negatively with cognitive function (as 

measured using the Mini-Mental State Examination and the Revised Hasegawa Dementia Scale). 

Reduced hippocampal volume coupled with reports of reduced connectivity to surrounding brain 

regions [29] may explain cognitive impairment in DM2, although the tests employed by Hayashi et al 

are not sufficiently sensitive to specific memory deficits. Another study by Yau et al [30] used 

diffusion tensor imaging (DTI), a type of MRI that allows examination of water molecule diffusion in 

tissues and white matter, to investigate white matter abnormalities and emotional memory in DM2. 

They found that patients had impaired emotional memory compared to healthy controls. The DTI 

results revealed significant white matter abnormalities in DM2 patients, particularly in areas 

involved in memory and emotion processing (right prefrontal and, left middle and left superior 

temporal cortices). Although the above studies attempted to couple structural abnormalities in 
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memory-related brain regions with behavioural evidence, they did not analyse the functional 

integrity of these regions. 

Interestingly, it has been further suggested that there is evidence of sex differences in DM2 

hippocampal volume reductions. In the general population, women are found to have larger 

hippocampi than men [31]. In a study investigating sex effects on hippocampal volume in DM2, 

Hempel and colleagues [32] found that women had more substantial volume reductions relative to 

healthy controls than those observed in men. The authors suggested that women with DM2 may 

therefore suffer more brain complications relative to their male counterparts, despite having better 

glucose control on average [32]. Yau et al [30] found that there was a trend toward blunted 

emotional memory facilitation in female diabetic participants but not in males. Therefore, there is 

robust evidence of an association between hippocampal integrity and cognitive performance in DM2. 

As the hippocampus appears to be the brain region which is preferentially affected in DM2 [27], the 

extent of the impact that hippocampal atrophy may have on functional capacity of this brain region, 

particularly for memory, may be further investigated using functional neuroimaging. 

 

DM2 and functional brain imaging 

The majority of neuroimaging studies have sought to determine which structural 

abnormalities are associated with the cognitive decline observed in DM2. Very few studies to date 

have employed MRI to uncover the functional bases of memory impairments in DM2 (see Appendix 

3). Zhou et al [29] asked DM2 patients and healthy controls to complete a variety of cognitive tests, 

with the aim of comparing cognitive performance to the resting-state functional connectivity (where 

the BOLD response is monitored in the absence of the participant performing an explicit task) of the 

hippo a pus. The  fou d that DM2 parti ipa ts  perfor a e as sig ifi a tl  orse o  a u er 

of neuropsychological tests, including the Auditory Verbal Learning Test of verbal episodic memory, 

relative to healthy controls. This poor performance was associated with poorer glycaemic control as 

indexed by HbA1c levels. DM2 patients also showed reduced hippocampal connectivity to 
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surrounding bilateral brain regions including the frontal gyrus, fusiform gyrus and temporal gyrus. 

These studies suggest that functional networks intimately associated with memory are adversely 

affected by DM2. These regions underpin memory processes such as face recognition [33] and word 

retrieval [34]; thus disruption to these networks may contribute to overall memory deficits. Further 

research should investigate whether there are observable functional differences between healthy 

individuals and those with DM2, allowing the tailoring of interventions to target the brain regions 

involved. 

Little research has looked at EEG frequencies (see Appendix 4) in DM2 (e.g. [35]), although a 

number of studies have been carried out in those with type 1 diabetes (DM1) [36]. Further work in 

the area should use EEG to investigate brain frequencies related to memory, such as the beta and 

gamma wave frequencies, particularly given that this activity has been found to be decreased in the 

temporal lobes of those with controlled DM1 [37]. Brismar et al [37] suggested that this decrease in 

activity may be linked to cognitive decline in DM generally, so future research should address this in 

those with DM2. Few studies have also looked at functional connectivity (the correlation of neuronal 

activity between separate distinct sites across the brain) in either DM1 or DM2. Such studies would 

enable the investigation of connectivity between brain regions associated with memory processing 

such as the frontal gyrus and hippocampus, consolidating research already done in the area using 

fMRI [29]. 

Some studies have indicated that patients with DM2 have a longer P300 latency [35, 38, 39], 

although others have found no differences compared to healthy controls [40]. Importantly, strict 

glycaemic control has been shown to lead to improvements in P300 latency and potential memory 

enhancement [35, 39]. Cooray et al [35] used EEG to investigate the effects of glycaemic control on 

cognitive decline. They compared the behavioural cognitive performance and auditory ERPs of i) 

DM2 patients on their regular treatment, ii) DM2 patients on an intensified glycaemic control regime 

(comprising of optimised drug treatment, frequent daily blood glucose monitoring and instructions 

on improving diet and exercise levels) and iii) healthy controls. Initially, individuals with DM2 
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performed significantly worse on tests of verbal fluency and visuospatial ability relative to healthy 

controls. Participants were presented with an auditory ERP task, whereby they pressed a response 

key in the left hand if they heard a low pitch tone or pressed a response key in the right hand if they 

heard a high pitch tone. The authors observed a lower N100 amplitude (indexing responses to 

unpredictable auditory stimuli [41]) and longer P300 latency in DM2 patients. A lower EEG beta band 

resting activity (which is associated with alertness) was also observed, suggesting that DM2 patients 

were less alert and attentive to the task. Those DM2 patients who then underwent intensified 

glycaemic control performed significantly better on the visuospatial and semantic memory tasks at 

re-test. DM2 participants also demonstrated a significant increase in beta band connectivity, and the 

mean ERP amplitudes of the N100 and P300 components were significantly closer to healthy 

controls (p < .001) than those patients on regular treatment. The improvements in cognitive ability 

and associated neurocognitive ERPs show the importance of glycaemic monitoring and control for 

regulating cognitive performance in DM2. This study further highlights the importance of putting 

interventions in place to attenuate fluctuations in glycaemic control. However, the ERPs considered 

here are not related to more sensitive markers of memory retrieval (i.e. the recollection left-parietal 

and the familiarity old/new effect) [42]. These components have been used elsewhere to 

disentangle the memory impairments in normal ageing [43]  

 

Future directions and conclusions 

 As seen above, neuroimaging can be used to explore the effects of physiological mechanisms 

associated with DM2 on both brain structure and function, although evidence on functional deficits 

in DM2 is sparse. fMRI, EEG and ERP techniques have allowed the identification and investigation of 

specific memory impairments and deficits in other cognitive domains, such as information 

processing and executive functions in DM2. A global effect on cognition could potentially be 

identified through these methodologies to further our understanding of the effects of DM2. EEG 

frequency and connectivity studies have furthered our understanding of the neurocognitive 



11 
 

mechanisms underpinning cognitive deficits in DM1; therefore future work in DM2 should follow a 

similar strategy to enhance current knowledge of deficits both memory and global cognition. 

Neuroimaging has had an impact on knowledge above and beyond that of behavioural 

resear h i  the area  allo i g resear hers to i estigate the rai s stru tural i tegrit  a d its 

influence on DM2 cognition. Both MRI (good spatial resolution) and ERPs (good temporal resolution) 

can be used to determine more precisely the neurocognitive mechanisms that underlie memory 

impairments. These techniques can potentially be used to determine whether deficits are 

predominantly explained by specific impairments in the encoding, storage or retrieval of memories, 

or whether memory deficits are mediated by compromised structural integrity and functioning of 

the hippocampus. By using these neuroimaging techniques to their full potential, there is scope to 

develop targeted interventions that can help individuals with DM2 compensate for memory 

problems they may encounter. Identification of the precise mechanisms that underlie cognitive 

complications in this condition may provide more specific avenues for intervention, including 

capitalisation on those aspects of memory functioning which remain intact. Importantly, these 

laboratory investigations will have i pli atio s for resear h o  real orld  e or  a d the 

cognitive difficulties in the everyday lives for those with DM2, particularly when considering 

important tasks such as taking medications or remembering to attend medical appointments. 
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Abbreviations 

AD  Alzhei er s Disease 

BOLD response Blood oxygen level dependent response 

DM2  Type 2 Diabetes 

DTI  Diffusion Tensor Imaging 

EEG  Electroencephalogram 

ERP  Event-related Potential 

fMRI  Functional Magnetic Resonance Imaging 

HPA axis Hypothalamic Pituitary Adrenal axis 

MRI  Magnetic Resonance Imaging 

WMH  White Matter Hypertensities 

  



13 
 

References 

[1]Messier C. Impact of impaired glucose tolerance and type 2 diabetes on cognitive aging. 

Neurobiology of Aging 2005; 26: 26-30. 

[2]Cukierman T, Gerstein H, Williamson J. Cognitive decline and dementia in diabetes—systematic 

overview of prospective observational studies. Diabetologia 2005; 48: 2460-2469. 

[3]Smith MA, Else JE, Paul L, et al. Functional living in older adults with type 2 diabetes: Executive 

functioning, dual task performance and the impact on postural stability and motor control. Journal 

of Aging and Health in press; 

[4]Manschot S, Biessels G, De Valk H, et al. Metabolic and vascular determinants of impaired 

cognitive performance and abnormalities on brain magnetic resonance imaging in patients with type 

2 diabetes. Diabetologia 2007; 50: 2388-2397. 

[5]Ryan CM, Freed MI, Rood JA, Cobitz AR, Waterhouse BR, Strachan MW. Improving metabolic 

control leads to better working memory in adults with type 2 diabetes. Diabetes Care 2006; 29: 345-

351. 

[6]Yau PL, Javier DC, Ryan CM, et al. Preliminary evidence for brain complications in obese 

adolescents with type 2 diabetes mellitus. Diabetologia 2010; 53: 2298-2306. 

[7]Sommerfield AJ, Deary IJ, Frier BM. Acute hyperglycemia alters mood state and impairs cognitive 

performance in people with type 2 diabetes. Diabetes Care 2004; 27: 2335-2340. 

[8]Hassing LB, Hofer SM, Nilsson SE, et al. Comorbid type 2 diabetes mellitus and hypertension 

exacerbates cognitive decline: evidence from a longitudinal study. Age and Ageing 2004; 33: 355-

361. 

[9]Rizzo MR, Marfella R, Barbieri M, et al. Relationships between daily acute glucose fluctuations and 

cognitive performance among aged type 2 diabetic patients. Diabetes Care 2010; 33: 2169-2174. 

[10]Munshi M, Grande L, Hayes M, et al. Cognitive dysfunction is associated with poor diabetes 

control in older adults. Diabetes Care 2006; 29: 1794-1799. 



14 
 

[11]Cukierman-Yaffe T, Gerstein HC, Williamson JD, et al. Relationship between baseline glycemic 

control and cognitive function in individuals with type 2 diabetes and other cardiovascular rIsk 

factors the action to control cardiovascular risk in diabetes-memory in diabetes (ACCORD-MIND) 

trial. Diabetes Care 2009; 32: 221-226. 

[12]Launer LJ, Miller ME, Williamson JD, et al. Effects of intensive glucose lowering on brain 

structure and function in people with type 2 diabetes (ACCORD MIND): a randomised open-label 

substudy. The Lancet Neurology 2011; 10: 969-977. 

[13]Sommerfield AJ, Deary IJ, McAulay V, Frier BM. Moderate hypoglycemia impairs multiple 

memory functions in healthy adults. Neuropsychology 2003; 17: 125. 

[14]Au g P, Stra ha  M, Frier B, But her I, Dear  I, Pri e J. Se ere h pogl ae ia a d late‐life 

cognitive ability in older people with Type 2 diabetes: the Edinburgh Type 2 Diabetes Study. Diabetic 

Medicine 2012; 29: 328-336. 

[15]MacLeod KM. Hypoglycaemia unawareness: causes, consequences and treatment. Journal of the 

Royal College of Physicians of London 2000; 34: 245-250. 

[16]Davis S, Alonso MD. Hypoglycemia as a barrier to glycemic control. Journal of Diabetes and its 

Complications 2004; 18: 60-68. 

[17]Biessels GJ, Koffeman A, Scheltens P. Diabetes and cognitive impairment. Journal of Neurology 

2006; 253: 477-482. 

[18]Whitmer RA, Karter AJ, Yaffe K, Quesenberry Jr CP, Selby JV. Hypoglycemic episodes and risk of 

dementia in older patients with type 2 diabetes mellitus. JAMA: the journal of the American Medical 

Association 2009; 301: 1565-1572. 

[19]Riby L, Marriott A, Bullock R, Hancock J, Smallwood J, McLaughlin J. The effects of glucose 

ingestion and glucose regulation on memory performance in older adults with mild cognitive 

impairment. European Journal of Clinical Nutrition 2008; 63: 566-571. 

[20]Wellen KE, Hotamisligil GS. Inflammation, stress, and diabetes. Journal of Clinical Investigation 

2005; 115: 1111-1119. 



15 
 

[21]Correia SC, Santos RX, Carvalho C, et al. Insulin signaling, glucose metabolism and mitochondria: 

major players in Alzheimer's disease and diabetes interrelation. Brain Research 2012; 1441: 64-78. 

[22]Tiehuis A, Mali W, van Raamt A, et al. Cognitive dysfunction and its clinical and radiological 

determinants in patients with symptomatic arterial disease and diabetes. Journal of the Neurological 

Sciences 2009; 283: 170-174. 

[23]Christman AL, Vannorsdall TD, Pearlson GD, Hill-Briggs F, Schretlen DJ. Cranial volume, mild 

cognitive deficits, and functional limitations associated with diabetes in a community sample. 

Archives of Clinical Neuropsychology 2010; 25: 49-59. 

[24]Van Elderen S, De Roos A, de Craen A, et al. Progression of brain atrophy and cognitive decline in 

diabetes mellitus A 3-year follow-up. Neurology 2010; 75: 997-1002. 

[25]Tiehuis AM, van der Graaf Y, Visseren FL, et al. Diabetes increases atrophy and vascular lesions 

on brain MRI in patients with symptomatic arterial disease. Stroke 2008; 39: 1600-1603. 

[26]Den Heijer T, Vermeer S, Van Dijk E, et al. Type 2 diabetes and atrophy of medial temporal lobe 

structures on brain MRI. Diabetologia 2003; 46: 1604-1610. 

[27]Bruehl H, Wolf OT, Sweat V, Tirsi A, Richardson S, Convit A. Modifiers of cognitive function and 

brain structure in middle-aged and elderly individuals with type 2 diabetes mellitus. Brain Research 

2009; 1280: 186. 

[28]Hayashi K, Kurioka S, Yamaguchi T, et al. Association of cognitive dysfunction with hippocampal 

atrophy in elderly Japanese people with type 2 diabetes. Diabetes Res Clin Pract 2011; 94: 180-185. 

[29]Zhou H, Lu W, Shi Y, et al. Impairments in cognition and resting-state connectivity of the 

hippocampus in elderly subjects with type 2 diabetes. Neuroscience Letters 2010; 473: 5-10. 

[30]Yau PL, Javier D, Tsui W, et al. Emotional and neutral declarative memory impairments and 

associated white matter microstructural abnormalities in adults with type 2 diabetes. Psychiatry 

Research: Neuroimaging 2009; 174: 223-230. 

[31]Goldstein JM, Seidman LJ, Horton NJ, et al. Normal sexual dimorphism of the adult human brain 

assessed by in vivo magnetic resonance imaging. Cerebral Cortex 2001; 11: 490-497. 



16 
 

[32]Hempel R, Onopa R, Convit A. Type 2 diabetes affects hippocampus volume differentially in men 

and women. Diabetes Metab Res Rev 2012; 28: 76-83. 

[33]Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human extrastriate 

cortex specialized for face perception. The Journal of Neuroscience 1997; 17: 4302-4311. 

[34]Price CJ. The anatomy of language: contributions from functional neuroimaging. Journal of 

Anatomy 2000; 197: 335-359. 

[35]Cooray G, Nilsson E, Wahlin Å, Laukka EJ, Brismar K, Brismar T. Effects of intensified metabolic 

control on CNS function in type 2 diabetes. Psychoneuroendocrinology 2011; 36: 77-86. 

[36]Baskaran A, Milev R, McIntyre RS. A review of electroencephalographic changes in diabetes 

mellitus in relation to major depressive disorder. Neuropsychiatric Disease and Treatment 2013; 9: 

143. 

[37]Brismar T, Hyllienmark L, Ekberg K, Johansson B-L. Loss of temporal lobe beta power in young 

adults with type 1 diabetes mellitus. Neuroreport 2002; 13: 2469-2473. 

[38]Kurita A, Katayama K, Mochio S. Neurophysiological evidence for altered higher brain functions 

in NIDDM. Diabetes Care 1996; 19: 361-364. 

[39]Mochizuki Y, Oishi M, Hayakawa Y, Matsuzaki M, Takasu T. Improvement of P300 latency by 

treatment in non-insulin-dependent diabetes mellitus. Clinical EEG and Neuroscience 1998; 29: 194-

196. 

[40]Vanhanen M, Koivisto K, Karjalainen L, et al. Risk for non-insulindependent diabetes in the 

normoglycaemic elderly is associated with impaired cognitive function. Neuroreport 1997; 8: 1527-

1530. 

[41]Rosburg T, Boutros NN, Ford JM. Reduced auditory evoked potential component N100 in 

schizophrenia? A critical review. Psychiatry Research 2008; 161: 259-274. 

[42]Smith MA, Riby LM, Sünram-Lea SI, Van Eekelen J, Foster JK. Glucose modulates event-related 

potential components of recollection and familiarity in healthy adolescents. Psychopharmacology 

2009; 205: 11-20. 



17 
 

[43]Friedman D, de Chastelaine M, Nessler D, Malcolm B. Changes in familiarity and recollection 

across the lifespan: an ERP perspective. Brain Res 2010; 1310: 124-141. 

[44]Convit A, Wolf OT, Tarshish C, De Leon MJ. Reduced glucose tolerance is associated with poor 

memory performance and hippocampal atrophy among normal elderly. Proceedings of the National 

Academy of Sciences 2003; 100: 2019-2022. 

[45]Smith CN, Wixted JT, Squire LR. The hippocampus supports both recollection and familiarity 

when memories are strong. The Journal of Neuroscience 2011; 31: 15693-15702. 

[46]Polich J. Updating P300: an integrative theory of P3a and P3b. Clinical neurophysiology: official 

journal of the International Federation of Clinical Neurophysiology 2007; 118: 2128. 

 

 

  



18 
 

Appendices 

Appendix 1. Structural brain imaging has allowed researchers to visualise structures and 

abnormalities (e.g. lesions, tumours etc) that may occur within the brain. Magnetic resonance 

imaging (MRI) is a prominent tool frequently used in both structural and functional imaging. In MRI, 

signals from water molecule protons become differentially aligned by the large magnet of an MRI 

scanner, subsequently allows the visualisation of the brain. It has been used to investigate changes 

in brain structure resulting from diabetes-related complications which may mediate the 

physiological mechanisms mentioned above, as well as functional connectivity between the 

hippocampus and surrounding brain regions related to memory [29]. As such, many structural 

imaging studies have investigated the effects of DM2 on the brain as a whole, as opposed to specific 

brain regions. 

 

Appendix 2. A proportion of neuroimaging research has focussed on trying to identify specific 

regions of atrophy within the brain that may explain the specific cognitive deficits exhibited by 

individuals with DM2. In particular, atrophy in the hippocampus and temporal lobes have frequently 

ee  asso iated ith i paired e or , e e  i  health  older adults ith i paired glu ose 

tolerance [44]. The hippocampus supports both recollection (remembering an item and the context 

it was last seen in) and familiarity (remembering an item but not recalling details for when it was 

previously encountered), mechanisms considered integral to memory processing [45]. 

 

Appendix 3. Functional neuroimaging allows researchers to investigate regional brain activity during 

specific cognitive tasks. This is commonly measured through imaging changes in the blood oxygen 

level dependent (BOLD) haemodynamic response in MRI, or via electrical activity through the scalp 

using EEG associated with direct activation of neural populations. 
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Appendix 4. EEG is a neuroimaging method used to investigate cognitive function by measuring 

electrical brain activity through the scalp surface. This methodology offers excellent temporal 

resolution (milliseconds), allowing the measurement of brain frequencies and responses to 

particular events (known as event related potentials [ERPs]). This has enabled researchers to track 

cognitive processes such as unconscious versus conscious aspects of memory or states of alertness. 

One particular ERP component affected by DM2 is the P300. This component is a positive peak in the 

EEG waveform, detectable from approximately 300ms post stimulus onset, often split into two 

separate subcomponents; the P3a associated with executive function and orientation of attention 

and the P3b associated with memory updating and formation of memory representations [46]. 

 

 


