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Abstract 

 

Alzheimer’s disease (AD) is a progressive neurodegenerative condition associated with 

pathological accumulations of misfolded proteins, amyloid plaques and neurofibrillary tangles. 

AD manifests clinically with prominent memory complaints, deficits in other cognitive 

domains in addition to brain structural and functional deficits. Research in the recent decades 

has shifted its focus on the marked vascular dysfunction observed in AD and how the 

interaction between vascular senescence and vascular burden arising from modifiable lifestyle 

factors can change the course of the disease. It is unclear whether the presence of vascular 

comorbidities stemming from modifiable lifestyle factors can have an additive effect in AD or 

whether there is an interaction between ageing, AD and cardiovascular comorbidity-related 

mechanisms that can result in a worse AD phenotype. The current thesis thus aims to 

investigate how the additional vascular contributions from modifiable lifestyle factors can alter 

cerebral constituents and cognitive function in normal ageing and AD, using multi-modal 

neuroimaging. This was done by exploring the effects of three common cardiovascular risk 

factors on the brain, that are modifiable through interventions facilitating lifestyle changes, 

namely obesity, hypertension and type 2 diabetes, in cognitively normal individuals and 

patients across the AD spectrum.  

 

With reference to obesity, it appears that having parameters within the healthy weight range 

could make the brain more resilient to age and AD-related effects in later stages of the disease. 

However, in the transitional mild cognitive impairment stage, being in the overweight category 

could contribute towards a worse prognostic profile of AD, while being in the obese weight 

range in cognitively healthy controls could be detrimental to a wide range of cerebral 

constituents and cognitive functions. The baseline differences in the weight categories of the 

different diagnostic groups could have been among the main drivers for the associations found, 

and these differences are also consistent with what is observed in the general population, due 

to age and disease related effects. When comparing AD patients medicated for hypertension 

(who had a medical history of hypertension) with AD patients unmedicated for hypertension, 

no differences were found with respect to neuroimaging parameters or cognitive function. 

However, in the medicated group, dividing the patients according to the class of 

antihypertensive drug treatment revealed a preservative effect of the use of beta-blockers only, 

on brain structure and cerebral blood flow. Moreover, on correlating values of pulse pressure 
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(the difference between systolic and diastolic blood pressure) with neuroimaging parameters 

in the unmedicated AD patient group, a negative correlation was found between cerebral blood 

flow and pulse pressure in subcortical brain regions. On the other hand, when comparing AD 

patients with type 2 diabetes with AD patients without type 2 diabetes, AD patients with type 

2 diabetes presented with a worse AD phenotype than their counterparts. On comparing AD 

patients with type 2 diabetes with age and sex-matched healthy controls, widespread 

differences were found in brain structure, cerebral blood flow and cognition between the two 

groups. 

 

The work from the current thesis highlights that the additional burden from modifiable lifestyle 

factors is additive to the detrimental effects of AD and that these effects are exaggerated 

through the interaction of pathological mechanisms downstream of cardiovascular 

comorbidities, vascular senescence and AD. The irreversible nature of these downstream 

mechanisms is a crucial point for the consideration of implementing primary prevention 

strategies to reduce the prevalence of cardiovascular risk factors as their presence can increase 

the severity of AD in patients and can also lower the threshold for AD onset in healthy 

individuals. Considering the fact that there are several non-modifiable risk factors for AD, that 

there is a paucity in effective treatments and early diagnostic criteria for AD, the modifiable 

nature of cardiovascular risk factors makes them the crux for preventing the clinical 

manifestations of AD and mitigating its severity. The findings from this thesis therefore 

highlight the need for early interventions recommending primary prevention to reduce the 

burden of cardiovascular risk factors to reduce the risk of AD onset in healthy individuals and 

to reduce the severity of the AD phenotype in patients through pharmacological interventions 

and lifestyle modifications.   
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Alzheimer’s Disease (AD) is currently one of the leading causes of dementia that has led to a 

significant increase in the burden on the healthcare budgets, especially in the Western world 

(Patterson, 2018; Prince et al., 2016). As of the ‘World Alzheimer Report’ published in 2018, 

there are fifty million people living with dementia worldwide, with an annual increase of 

roughly ten million new cases every year. Over the next twelve years, this number is expected 

to rise to eighty-two million. Moreover, AD accounts for 60-70% of all dementia cases 

(Patterson, 2018). This disease predominantly affects the older population and the global 

proportions of the ageing population have been rising in tandem with rates of AD incidence 

(Akushevich et al., 2013; Prince, 2015).  

 

AD is a progressive neurodegenerative disorder that is characterised pathologically by a build-

up of misfolded proteins namely, extracellular amyloid plaques and intracellular neurofibrillary 

tangles (NFT) (Selkoe, 2015; Shoghi-Jadid et al., 2002). It manifests clinically with a 

significant decline in cognitive functions, with the most prominent deficits exhibited in the 

memory domain that worsen with disease progression (Buckner, 2004). It is characterised by 

progressive global and regional brain atrophy that is most pronounced in the medial temporal 

lobes (MTL) across various stages of the disease (Rusinek et al., 2004; Selkoe, 2015). This 

atrophy has largely been attributed to the neuropathological deposits observed in AD and also 

to vascular pathology seen in AD brains in the medial temporal lobe regions (Braak & Braak, 

1997; Matsumoto et al., 2007). In addition to the consequences of neurodegeneration, AD 

patients also have brain vascular pathology such as white matter abnormalities and 

microinfarcts, that can reduce cerebral blood flow (CBF) (Strickland, 2018). Although AD 

patients often experience the accumulation of vascular pathology, it is unclear whether this 

accumulation is the result of pathological processes seen in AD, senescence of the vascular 

system or the presence of comorbidities (Rius-Pérez et al., 2018). The detriments resulting from 

this combination of pathologies can not only cause significant reductions in the quality of life 

of patients diagnosed with AD, but the disease can also affect the wellbeing of carers of such 

patients (Cho et al., 2016). Moreover, the presence of comorbidities that can increase vascular 

burden can increase the severity of the AD phenotype or even accelerate the rate of disease 

progression (Chuang et al., 2016; Hayden et al., 2006; Solomon et al., 2011).  

Chapter 1: An introduction to the disease 
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The current literature reflects no definitive diagnostic criteria and effective treatments for early 

stages of AD. The available criteria cannot be used to diagnose definitive AD and the evidence 

base for available treatments is weak, except for established pathobiological criteria (Knopman, 

Petersen, & Jack, 2019). With the numbers of individuals diagnosed with AD and the 

increasing prevalence of the disease there is a need to explore research focussed on biomarker 

identification in order to facilitate the early detection of the disease and in the development of 

targeted treatments. Introducing primary prevention measures to alleviate the harmful effects 

of cardiovasulcar risk factors could aid in delaying the onset of AD dementia, helping reduce 

the additional burden from cardiovascular diseases in AD and improving AD prognosis 

(Kivipelto et al., 2013; Ngandu et al., 2015).   

 

1.1 History  

 

AD was discovered in April 1906 by Aloysius Alzheimer after observing a patient who was 

undergoing treatment at a mental asylum in Frankfurt. The 51-year old patient presented with 

peculiar behavioural symptoms, some of which included loss of memory of newly learnt 

information. Alzheimer studied the patient across their lifespan and then with the help of two 

Italian scientists, Alzheimer performed a post mortem examination of the patient’s brain. He 

identified two types of pathological features, i.e. amyloid plaques and NFT, that are now 

recognised as the hallmarks of AD pathology (Alzheimer, Förstl, & Levy, 1991; Alzheimer, 

1907). Seventy years later, the development of novel cognitive measures such as the Mini-

Mental State Examination (MMSE) facilitated the testing of the degree of cognitive decline 

that serves as a proxy for measuring clinical disease severity even today (Andrews et al., 2019; 

Black et al., 2017; Folstein, Folstein, & McHugh, 1975). In later years, there was subsequent 

development of therapeutic drugs and diagnostic criteria that facilitated the detection of the 

disease in relatively early stages (Jack et al., 2016b; Kumar, Singh, & Ekavali, 2015; McKhann 

et al., 1984; McKhann et al., 2011).  

 

One of the long-standing challenges in AD diagnosis has been screening patients in early 

disease stages as clinical presentation occurs several years after disease onset (Dubois et al., 

2016a; Dubois et al., 2016b). Therefore, irreversible progression of structural, functional and 

neuropathological disease-related changes that that accumulate insidiously before the disease 

can be detected make AD a difficult disease to treat (Chen et al., 2001; Preische et al., 2019; 
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Rami et al., 2012; Tondelli et al., 2012). To add to this conundrum, by far, there is no known 

cure for AD and most of the approved treatments are largely symptomatic (Tan et al., 2018). 

Experts in the field also recommend the introduction of early lifestyle interventions and 

primary prevention measures whereby modifying lifestyle can significantly contribute toward 

improving quality of life and reducing the risk for all-cause dementia and AD (Kivipelto, 

Mangialasche, & Ngandu, 2018; Ngandu et al., 2015). Since the disease has gained popularity 

with increasing awareness and increasing incidence, there have been several changes to how 

AD has been categorised and numerous alterations to the diagnostic criteria through the years. 

However, to date, there is no known cure for AD and no definitive diagnostic criteria that can 

accurately predict AD diagnosis, apart from histopathological ones. 

 

1.2 Risk factors 

 

1.2.1 Non-modifiable risk factors 

 

1.2.1.1 Age 

 

Increasing age is the biggest non-modifiable risk factor for AD with age-related build up of 

cardiovascular burden and reducing efficiency of biological mechanisms (Herrup, 2010). To 

name a few, increasing age is associated with reduced synaptic plasticity, mitochondrial 

dysfunction, increased production of reactive oxidative species and inflammation, all of which 

increase AD risk and facilitate neurodegeneration (Currais, 2015; Hou et al., 2019; Jurk et al., 

2014; Richter, 1995; Trifunovic & Larsson, 2008). Age-associated reductions in efficiency of 

neural networks and cognition have been highlighted through models such as the scaffolding 

theory of ageing and cognition and the HAROLD (Hemispheric asymmetry reduction in older 

adults) model (Cabeza, 2002; Park & Reuter-Lorenz, 2009). Ageing is also accompanied with 

the build of amyloid beta (A) plaques and NFT, pathological depositions that are also found 

in AD and can increase AD risk (Lowe et al., 2018). Moreover, ageing is linked with blood 

brain barrier (BBB) dysfunction that can further aggravate the accumulation of AD pathology 

and neurodegenerative processes in addition to increasing AD risk (Farrall & Wardlaw, 2009; 

Zlokovic, 2011)  

 

The clustering and accumulation of different cardiovascular risk factors over an individual’s 

lifetime plays a role in modifying AD risk. The current trends in the world population leading 
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a primarily sedentary lifestyle, has boosted the prevalence of conditions such as type 2 diabetes 

(T2DM) and obesity, especially among the younger population (Cho et al., 2018b; Perichart-

Perera et al., 2007; Raj, Sundaram, Paul, Deepa, & Kumar, 2007). Considering that the duration 

of risk factors would be higher for a younger age of onset of T2DM, obesity and hypertension, 

individuals diagnosed at a younger age tend to have worse risk profiles and clinical outcome 

trajectories compared to those individuals diagnosed later in life (Armstrong et al., 2005; 

Donnelly et al., 2018; Raškelienė et al., 2009; Steinarsson et al., 2018). Individuals with a 

longer duration of such conditions are also at a higher risk of microvascular and macrovascular 

complications that can contribute towards AD risk (Clark et al., 2017; De Jongh et al., 2004; 

Glowinska et al., 2003; Zoungas et al., 2014). Prevalence of cardiovascular risk factors at 

midlife rather than at late-life, particularly enhance dementia and AD risk in late life 

(Fitzpatrick et al., 2009; Kivipelto et al., 2005; Livingston et al., 2017; Whitmer et al., 2005).  

 

Increasing age is also linked with changes in body fat composition that can modulate 

cardiovascular risk and therefore AD risk. Higher abdominal and visceral fat that is seen in 

ageing can be the root cause of systemic insulin resistance, metabolic dysfunction and glucose 

intolerance, which can significantly increase the risk for T2DM, hypertension and AD (Chuang 

et al., 2006; Pararasa, Bailey, & Griffiths, 2015; Silva et al., 2009; Wong, Janssen, & Ross, 

2003). Higher body mass index (BMI) and waist circumference (WC) in midlife have 

previously been identified as risk factors for AD (Fitzpatrick et al., 2009; Pedditizi, Peters, 

Beckett, & ageing, 2016). On the other hand, older individuals tend to experience a reduction 

in lean body mass and an increase in body fat, especially in the abdominal area (Kuk et al., 

2009; Kyle et al., 2001). Sarcopenia or muscle loss resulting from these changes in body 

composition can impair physical and cognitive function and increase AD risk (Brady, Straight, 

& Evans, 2014; Janssen, Heymsfield, & Ross, 2002; Ogawa et al., 2018; Sugimoto et al., 2016). 

Sarcopenia is highly prevalent in patients across different stages of AD and the prevalence is 

higher than in control participants indicating that there may be a reverse causal effect of loss 

of lean mass in AD pathogenesis (Burns et al., 2010; Ogawa et al., 2018). In this respect, weight 

loss has even been identified as a preclinical, non-cognitive marker of AD (Jimenez et al., 

2017). Therefore, increasing age and changes in body fat composition across the lifetime can 

increase cardiovascular risk, in turn increasing AD risk.  

 

Research has consistently shown that age has a detrimental effect on brain structure and 

function while simultaneously being one of the biggest risk factors for AD dementia (Park & 
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Reuter-Lorenz, 2009). AD, being a neurodegenerative disease, also makes significant 

alterations to brain structure and function (Kumar & Singh, 2015). Phylogenetically and 

ontogenetically grey matter structures that are the first to develop are more resistant to the 

effects of ageing than those brain regions that develop in the later stages of life. Starting from 

first to last, the hippocampus, the thalamus and the prefrontal cortex correspond to the three 

different levels of development, respectively (Kalpouzos et al., 2009). Since the prefrontal 

cortex was evolutionarily one of the more recent brain regions to develop, it is one of the first 

to degenerate in normal ageing (Pini et al., 2016). Another brain region susceptible to ageing 

effects is the hippocampus. While the hippocampus and thalamus were phylogenetically later 

in developing, ontogenetically they show early maturations in foetal brain development, which 

could also make them initial targets of neural damage in an individual’s lifetime (Kalpouzos et 

al., 2009; Toga, Thompson, & Sowell, 2006).  The development of the memory system that is 

heavily dependent on the hippocampus and its connections, follows the hierarchical maturation 

gradient of these neurons (Bachevalier & Vargha-Khadem, 2005). Therefore, the susceptibility 

of neurons in the hippocampus to ageing and AD and their consequent neurodegeneration could 

manifest as characteristic memory impairments seen in AD and ageing (Bachevalier & Vargha-

Khadem, 2005). However, one distinguishing factor between ageing and AD is the 

neurodegeneration of the entorhinal cortex, which is more vulnerable to AD, with relative 

sparing seen in normal ageing (Small et al., 2011).  

 

Of the brain regions that are affected in normal ageing, the hippocampus and the prefrontal 

brain regions also show impairments in AD across various disease stages. Brain regions other 

than the hippocampus and prefrontal cortex that undergo the highest amount of atrophy across 

the lifespan include the cerebellum and the caudate nucleus (Raz et al., 2005). The fact that 

both ageing and AD have some overlap in the areas that they affect and can also independently 

damage other brain regions could imply that the convergence of AD and ageing processes can 

have extensive detrimental effects on brain structure and function. In normal ageing, there 

usually is an anterior to posterior gradient of degeneration in grey matter and white matter, 

where white matter shows greater decline than grey matter (Giorgio et al., 2010; O’Sullivan et 

al., 2001; Pardo et al., 2007; Salat, Kaye, & Janowsky, 1999). However, there are studies that 

contest this anterior-to posterior pattern of decline in ageing (Bettcher, 2017). In contrast, a 

posterior to anterior pattern of decline is seen in AD. This observation highlights that ageing 

and AD might inflict damage in opposing directions that could potentially converge or overlap 

at a later stage (Park & Reuter-Lorenz, 2009; Wang et al., 2015a). This can reduce the total 
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amount of available brain reserve, which can potentially contribute toward increasing the risk 

for AD or even towards exacerbating disease symptoms. Similar to the rostro-caudal decline 

seen in grey matter structures in normal ageing, there also seems to be an anterior-to-posterior 

deterioration in the structural integrity of white matter, possibly due to the higher vulnerability 

of the frontal lobe to vascular damage (Head et al., 2004). This could be attributed to a variety 

of mechanisms associated with ageing, some of which include the accumulation of multiple 

vascular and neural insults over an individual’s lifetime (especially in the frontal lobe) and 

increasing number of AD-related pathological depositions and alterations in brain connectivity 

(Jagust, 2013). This combination of pathological mechanisms can contribute toward the 

development of AD, making age one of the major risk factors for AD dementia.   

 

Detrimental ageing effects could be explained as an ensuing response to varied mechanisms. 

Neural structures and function undergo age-related decline that can worsen cognitive function 

across a range of domains. However, individuals seem to cope well with these cognitive deficits 

despite accumulating substantial amounts of cerebral pathology as discovered post mortem 

(Mitchell et al., 2002).  Park and Reuter-Lorenz propose that there is relative preservation of 

cognitive function due to compensatory neural reorganisation, termed as ‘scaffolding’ (Park & 

Reuter-Lorenz, 2009). Scaffolding refers to the recruitment of additional or substitute resources 

in the face of challenge such as age-related neural insults or whilst engaging in a complex task. 

It is the neuroplastic ability of the brain that helps individuals adapt to demanding 

circumstances (Goh & Park, 2009). During learning and practice, individuals tend to strengthen 

specific networks that become highly interconnected and specialised while performing specific 

tasks (Kelly & Garavan, 2005; Poldrack, 2000). Damage to these highly specialised networks 

or performing the same task under challenge requires the recruitment of these scaffolding 

networks to maintain a certain level of cognitive functioning (Park & Reuter-Lorenz, 2009). 

This property of the brain to adapt efficiently to performing tasks under a challenge is impaired 

in older adults.  

 

In young adults, there is minimal usage of scaffolding networks unless performing a task in the 

face of challenge. Older adults recruit scaffolding networks even during simple tasks as there 

is a global decline in cognitive function and performing simple tasks becomes significantly 

harder with the available neural resources (Park & Reuter-Lorenz, 2009). One of the reasons 

for this observation of recruitment of additional resources could be due to increasing neural 

dedifferentiation with age. Dedifferentiation refers to the age-related reduction in efficiency of 
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specialised networks that are strengthened with practice (Chee et al., 2006). This 

dedifferentiation could partly be attributed to age-related reductions in neuroplastic 

mechanisms (Bondareff & Geinisman, 1976; Burke & Barnes, 2006). Dedifferentiation 

adheres to the HAROLD (hemispheric asymmetry reduction in older adults) model which 

posits that there is greater bilateral frontal activation among the elderly (Cabeza, 2002). This 

pattern of activation represents the utilisation of additional resources or ‘scaffolding’ in order 

to maintain a normal level of cognitive functioning. Therefore, there is a heavy reliance on 

neural scaffolding with increasing age, in order to maintain cognitive function. In the presence 

of AD pathology, there is a global loss in cognitive functions with severe deficits in particular 

domains such as memory (Selkoe, 2015). Pathological changes have a putative role in 

disrupting essential networks (such as the default mode network or DMN) underlying cognitive 

function (Badhwar et al., 2017; Mevel et al., 2011). Pathological depositions can also interrupt 

neuroplastic mechanisms that facilitate this ‘scaffolding’ (Knafo et al., 2009; Lanz, Carter, & 

Merchant, 2003). Thus, with heavy reliance on scaffolding and age-related decline in network 

efficiency, there can be profound detrimental effects on cognitive function in AD.  

 

1.2.1.2 Sex 

 

Sex can play a pivotal role in modifying AD risk due to differences between men and women 

in various aspects such as longevity, physiology, metabolism and hormones (Mauvais-Jarvis, 

2018; Young et al., 1991). Females tend to live longer than men, which confers a higher AD 

risk to females as a factor of higher age (Brookmeyer, Gray, & Kawas, 1998; United Nations 

Department of Economic Affairs, 2015; section 1.2.1.1). This difference in longevity could be 

attributed to higher cardiovascular risk in men compared to women that may result in higher 

risk of mortality before progressing to AD in men (Janghorbani et al., 1993; Jousilahti et al., 

1999). This risk of mortality is even higher in men carrying the APOE 4 allele (a risk factor 

for AD), which could be another explanation for the observed lower AD incidence in men 

(Rosvall et al., 2009). On the other hand, the sex difference in the risk for cardiovascular risk 

factors could be due to the beneficial effect of oestrogen on cardiovascular function via the 

modulation of endothelial cell mediated nitric oxide production in women (Caulin-Glaser et 

al., 1997; Hashimoto et al., 1995; Virdis et al., 2000). The difference in risk for cardiovascular 

disease could also, in part, be attributed to sex difference in body fat composition. In terms of 

body composition, women tend to a have a lower skeletal muscle mass and higher fat mass 

compared to men of the same age, which can promote metabolic dysfunction, glucose 
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intolerance and insulin resistance in women in earlier decades of life (Lemieux et al., 1994). 

However, abdominal visceral fat tends to be higher in men than women, which can increase 

cardiovascular risk in men (Lemieux et al., 1994). Therefore, women may have a higher risk 

for AD than men due to higher average lifespans and longer durations of comorbidities that 

can increase AD risk.  

 

Baseline sex differences in brain structure and function can also increase AD risk in women. 

Men tend to have higher brain reserve than women, which increases the age of onset for AD 

by increasing the capacity to sustain more pathology before clinical presentation becomes overt 

(Katzman et al., 1988; Perneczky et al., 2010; Wolf et al., 2004). Additionally, women are more 

prone to the detrimental effects of psychosocial factors than men due their high affinity for the 

cardiometabolic manifestations of psychosocial and occupational stress that also supplements 

the risk for T2DM (Heraclides et al., 2012; Norberg et al., 2007). The interaction and clustering 

between these factors at various stages of life can thus increase AD risk in women. A recent 

review suggested that another factor that could increase women’s risk for AD might be related 

to their more limited reliance on hippocampal dependent strategies for memory due to the 

effects of sex hormones that make hippocampal structures more vulnerable to ageing processes, 

a hypothesis termed ‘network fragility hypothesis’ (Torromino, Maggi, & De Leonibus, 2020). 

More specifically, the authors propose that women are less reliant on the hippocampus-

dependent memory network because this network is less stable due to oestrogens interfering 

with the synaptic and structural plasticity of the hippocampus (Torromino et al., 2020). 

Therefore, women are more susceptible to AD than man due to several physiological factors.  

 

1.2.1.3 Genetics 

 

Although most individuals are diagnosed with AD much later in life, a small proportion of this 

population can have early-onset AD (EOAD) as a result of inheriting the autosomal dominant 

gene mutation, which is also known as familial AD (Lanoiselee et al., 2017). Around 13% of 

the EOAD cases are familial due to genetic predisposition to the disease (Campion et al., 1999). 

Individuals having mutations in the genes that encode the beta amyloid precursor protein (APP) 

on chromosome 21, Presenilin-1 on chromosome 14 and Presenilin-2 on chromosome 1 are at 

a risk of familial AD (Lanoiselee et al., 2017). The Apolipoprotein (APOE) gene has also been 

identified as a major risk factor for sporadic AD or late-onset AD (LOAD). The APOE gene 

has three variants namely the 2, 3 and 4 alleles. The APOE 2 isoform appears to be 
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protective against AD (Escott-Price et al., 2019; Levy-Lahad & Bird, 1996). On the other hand, 

research has shown a strong association between possessing the APOE 4 isoform and sporadic 

or LOAD, which can also reduce the age of onset by seven to nine years in LOAD (Jack, 2016a; 

Levy-Lahad & Bird, 1996). Downstream mechanisms of APOE 4 can also facilitate the 

deposition of amyloid plaques and NFTs (Lin et al., 2018). This pathological accumulation that 

is evident in the MTL structures which could likely contribute toward poor performance on 

tasks of memory and its accelerated decline in carriers compared to non-carriers (Caselli et al., 

2009; Wolk, Dickerson & ADNI, 2010).  

 

The APOE protein is involved in several biochemical processes that could modulate AD risk. 

It facilitates lipid metabolism that is essential to the integrity, growth and maintenance of 

neurons (Huang & Mahley, 2014). One of these lipids is cholesterol and different isoforms of 

APOE have different binding affinities for low density lipoprotein (LDL) cholesterol. The 4 

isoform has the highest binding affinity with decreasing binding affinity seen in the 3 and 2 

isoforms, in that order (Malloy et al., 2004). This could provide evidence for the ‘protective’ 

factor of the 2 isoform against AD. APOE 4 carriers have inherently high circulating 

cholesterol levels (Eichner et al., 1993; Notkola et al., 1998). Although it is logical to assume 

that elevated serum cholesterol would elevate cerebral cholesterol levels, evidence indicates 

that cerebral cholesterol levels are not affected by serum cholesterol (Dietschy & Turley, 2001; 

Hooijmans et al., 2007a). Instead, elevated serum cholesterol could promote processes such as 

atherosclerosis, which can in turn reduce CBF and increase AD risk (Beeri, et al., 2006a). In 

the past, presence of the APOE 4 allele has also been associated with unexplained weight loss 

in AD patients who are carriers, with a more pronounced effect in women (Vanhanen et al., 

2001). In contrast, obese APOE 4 carriers showed lower progression of cognitive decline, 

improved cognitive performance and lower amyloid load compared to non-carriers (Blautzik 

et al., 2018). Therefore, the APOE gene can significantly alter cardiovascular and AD risk, 

suggesting ways in which the presence of cardiovascular comorbidities could potentially 

contribute towards AD. 
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1.2.2 Modifiable risk factors 

 

1.2.2.1 Cardiovascular risk factors 

A large number of modifiable cardiovascular risk factors have been identified as risk factors 

for AD which include obesity, T2DM, hypertension and metabolic syndrome (Profenno, 

Porsteinsson & Faraone, 2010; Vanhanen et al., 2006; Whitmer et al., 2005). According to the 

vascular dysfunction hypothesis for AD, vascular dysfunction can be a contributor towards 

neurodegeneration and the build-up of AD pathology (Zlokovic, 2011). Vascular dysfunction 

is an observed downstream pathophysiological mechanism that is manifested in such 

cardiovascular risk factors (Di Marco et al., 2015; Lang et al., 2019; Zlokovic, 2011). Given 

the modifiable nature of cardiovascular risk factors such as obesity, hypertension and T2DM it 

is important that measures are taken to mitigate the prevalence of such risk factors to reduce 

AD risk in healthy individuals and to improve AD prognosis in diseased individuals (Ngandu 

et al., 2015). These measures are crucial on account of the irreversible nature of the pathological 

cascade initiated by these factors and the prolonged asymptomatic period during which these 

irreversible changes can increase AD risk (Ammirati et al., 2017; Friedman et al., 2014). A 

more detailed explanation of how these modifiable cardiovascular risk factors can increase AD 

risk will be provided later in Chapter 2, section 2.2.2 of this thesis. 

 

1.2.2.2 Psychosocial factors 

 

Social activities and associated mental stimulation can reduce the risk for cognitive decline and 

are also associated with reduced risk of AD (Kuiper et al., 2015; Wang et al., 2002b). Work in 

animals has highlighted the importance of social activity in reducing the risk for cognitive 

decline and amyloid accumulation (Cracchiolo et al., 2007). These findings were supported by 

a study in which lonely individuals were twice as likely to develop AD and experienced a more 

rapid cognitive decline than individuals who were not lonely, although loneliness was not 

associated with increased AD pathology (Wilson et al., 2007). A different study showed that 

feelings of loneliness rather than physical isolation could be a risk factor for dementia and 

could indicate the beginnings of prodromal stages (Holwerda et al., 2014). Therefore, 

perceptions of loneliness seem to increase dementia risk rather than physical social isolation. 

This theory is lent support from a study on social cognition, which is defined as the processes 

used by an individual to perceive themselves and others (Beer & Ochsner, 2006). In this study 

by Verdon and colleagues, early impairment in social cognition is seen in the prodromal stages 
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of AD (Verdon et al., 2007). Impairment in social cognition could also have a reverse causal 

effect where social cognition could impair abilities to maintain social relationships, which 

could in turn result in increased perceived loneliness and reduced social interaction and 

therefore increase AD risk (Meltzer et al., 2013).  

 

1.2.2.3 Education 

 

Number of years in education can greatly modulate the risk for cognitive decline in AD, 

especially through its beneficial effect on cognitive function (Farmer et al., Regier, 1995; Stern 

et al., 1994). Educational attainment can contribute toward building a higher cognitive reserve, 

which refers to the brain’s ability to adapt to pathology and insults (Stern et al., 2018). Although 

higher educational attainment does not attenuate the degree of pathological accumulations or 

neural insults, the clinical severity of dementia is reduced, possibly due to higher cognitive 

reserve (Brayne et al., 2010). Several studies and theoretical models such as the scaffolding 

theory of ageing and cognition, support the notion that higher educational attainment can 

reduce the risk for AD (Ott et al., 1995; Park & Reuter-Lorenz, 2009, section 1.2.1.1, Para 6 & 

7). However, evidence also indicates faster rates of cognitive decline in individuals diagnosed 

with AD with higher educational attainment, specifically in domains of executive function and 

memory (Scarmeas et al.,  2006). This could possibly be explained by the loss of the protective 

effect of higher educational attainment in later disease stages where AD neuropathological 

accumulations overpower this effect (Koepsell et al., 2008). It is also possible that this rapid 

decline could be attributed to the reduced mental stimulation following retirement or similar 

gaps in occupations that are cognitively demanding (Clouston & Denier 2017). On the other 

hand, lower education levels are associated with a higher occurrence of cardiovascular risk 

factors that can increase the risk for AD through unhealthy lifestyles and habits that are linked 

with lower educational attainment (Hoeymans et al., 1996; Panagiotakos et al., 2004). 

Therefore, education can significantly modulate the risk for AD.  

 

1.2.2.4 Socioeconomic status 

 

Higher prevalence of cardiovascular risk factors is also seen among individuals that have a 

lower socioeconomic status who also tend to have lower years of education, all of which 

contribute toward increased AD risk (Cerin & Leslie, 2008; Kestilä et al., 2012; Sattler et al., 

2012). Individuals belonging to lower socioeconomic classes tend to lead unhealthier lifestyles 
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due to attitudes and beliefs that could contribute towards poorer behavioural choices (Wardle 

& Steptoe, 2003). Other factors such as hardship to support themselves and family and the 

lower availability of opportunities to lead a healthier lifestyle compared to individuals 

belonging to higher socioeconomic classes, could also contribute toward poor lifestyle choices 

in such individuals that can in turn increase the risk for cardiovascular risk factors (Wardle & 

Steptoe, 2003). Higher prevalence of cardiovascular risk factors inadvertently increases the 

risk for AD and thus lower socioeconomic class could be a factor in increasing AD risk 

(Luchsinger et al., 2005, section 2.2.2). Additionally, indulgence in leisure time physical 

activity is higher in individuals belonging to a higher socioeconomic class as such activities 

are more accessible and affordable to such individuals, which reduces AD risk (Beenackers et 

al., 2012; Cerin et al., 2008; Lindström, Hanson & Östergren, 2001; Sattler et al., 2012). This 

could in part be attributed to the contribution of leisure time physical activity toward cognitive 

reserve (Stern et al., 2018). As indicated previously, higher levels of physical activity, 

including leisure time activity can significantly reduce cardiovascular risk and risk for AD 

(Giada et al., 2008; Rovio et al., 2005; Scarmeas et al., 2009). Therefore, the disparity in 

socioeconomic status could contribute toward cardiovascular risk and therefore AD risk 

(Hoeymans et al., 1996).   

 

1.2.2.5 Depression 

 

There is a reverse causality between AD risk and depression where depression can increase 

risk for AD and the development of depressive symptoms is seen in the course of the disease 

(Barnes et al., 2006; Brendel et al., 2015; Chilovi et al., 2009; Ryu et al., 2017). Depression in 

early disease stages could accelerate disease progression as shown by studies where depressed 

MCI patients developed dementia earlier than MCI patients who did not have depression 

(Brendel et al., 2015; Chilovi et al., 2009). Depression shares several pathophysiological 

mechanisms with AD, some of which include the accumulation of AD pathology. Studies have 

shown that worsening anxiety and depressive symptoms are associated with increasing 

deposition of Amyloid Beta (Aβ), the main component of amyloid plaques that are observed 

in AD (Donovan et al., 2018; Wu et al., 2014). This increasing accumulation could be attributed 

to impaired metabolism of Aβ observed in depressed individuals indicating how the onset of 

depression could increase AD risk from a very early stage (Baba et al., 2012). The inverse is 

also true where higher levels of plasma Aβ predicted the onset of late life depression and 

conversion to AD in older adults (Blasko et al., 2010; Direk et al., 2013). Both these studies 
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also proposed that high levels of Aβ at baseline in addition to depressive symptoms observed 

in older individuals is indicative of prodromal AD (Blasko et al., 2010; Direk et al., 2013). 

Comorbid depression in AD is also associated with a higher load of tau pathology (Rapp et al., 

2008). Therefore, neuropsychiatric symptoms such as depression could be indicative of AD in 

its preclinical stages and increased AD risk could be associated with long durations of 

depression.  

 

According to the ‘vascular depression’ hypothesis, ischaemic lesions seen in prefrontal brain 

areas that manifest as deficits in attention and executive function can predispose individuals to 

depressive symptoms (Alexopoulos et al., 1997). Additionally, depression itself is associated 

with the increased risk of developing cardiovascular diseases (Penninx et al., 2001; Van der 

Kooy et al., 2007). Patients with depression show higher loads of vascular pathology than 

patients without depression that can contribute toward cognitive decline and heightened AD 

risk (Diniz et al., 2013; Salo et al., 2019; Yatawara et al., 2019). This association might vary 

with the type of depression where late-onset depression increases AD risk whereas recurrent 

depression could be attributed to increased risk for vascular dementia (Barnes et al., 2012). It 

is possible that depressive symptoms could be aggravated in AD via its modulation of the 

cholinergic and serotonergic systems that can further increase AD risk (Cummings & Kaufer, 

1996; Wisniewski, 2019).  

 

1.3 AD: Clinical presentation 

 

AD is a neurodegenerative condition that is accompanied with a range of cognitive deficits, 

with the most severe impairment observed in the memory domain (Albert et al., 2011; Grober 

et al., 2008). Other cognitive deficits may include deficits in visuospatial attention, executive 

function and language (Albert et al., 2011; Grober et al., 2008). Most cases of AD (95%) are 

sporadic in nature, that is, the disease develops without a family history of AD, while only 5% 

of all AD cases can be considered ‘familial AD with an autosomal dominant inheritance’ 

(Piaceri, Nacmias, & Sorbi, 2013). AD can be divided into two types, namely early onset AD 

(EOAD) and late onset AD (LOAD), where in the former, presentation of symptoms occurs 

below the age of 60 years and in the latter, the presentation of symptoms occurs after the age 

of 60 years (Bateman et al., 2011; Joubert et al., 2016). Both types of AD share identical 

neuropathological features and diagnostic criteria (McKhann et al., 1984; McKhann et al., 

2011). In the sporadic form of the disease, both EOAD and LOAD patients show a gradual and 
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severe decline in episodic memory along with grey matter atrophy beginning in the MTL 

regions before spreading to the rest of the cortex (Bateman et al., 2011; Kinnunen et al., 2018). 

Although both types of sporadic AD predominantly display an amnestic pattern (deficits in the 

memory domain), EOAD patients tend to exhibit more atypical symptoms and tend to have a 

more rapidly declining clinical presentation (Panegyres & Chen, 2013). More specific to the 

memory domain, LOAD patients show more severe impairment of semantic memory compared 

to EOAD patients (Joubert et al., 2016). For the purpose of the current thesis, the focus will be 

on patient populations with sporadic AD.    

 

1.3.1 Mild Cognitive Impairment (MCI) 

 

Mild cognitive impairment (MCI) or minor neurocognitive disorder refers to the transitional 

stage between a definitive disease diagnosis and normal cognitive functioning (American 

Psychiatric Association, 2013). ‘Mild cognitive impairment or MCI’ is used as an umbrella 

term to refer to the transitional stage that precedes a variety of neurodegenerative disorders. In 

this stage, patients with MCI due to AD present with mild memory impairments in isolation or 

along with mild deficits in other cognitive domains (Albert et al., 2011; Petersen et al., 1999). 

Individuals are generally able to manage activities of daily living in this stage. The diagnostic 

criteria for classifying patients as MCI include memory complaints with a gradual onset, 

excluding other disorders that could lead to an MCI diagnosis with adequate tests and 

volumetric magnetic resonance imaging (MRI) measurements of the hippocampus (Petersen et 

al., 1999). The clinical subcategories of MCI are as follows, amnestic single domain, amnestic 

multiple domain, non-amnestic multiple domain and non-amnestic single domain MCI. All 

four subtypes of MCI are likely to progress to AD dementia. However, amnestic MCI is most 

likely to have an AD aetiology (Beal, Lang, & Ludolph, 2005).  

 

1.3.2 AD Dementia (ADD) 

 

With disease progressions, MCI patients with an AD aetiology can progress to AD dementia 

(Albert et al., 2011). According to the diagnostic and statistical manual 5 (DSM-V) criteria, 

‘’dementia is classed as a major neurocognitive disorder, which is defined as having 

significant deficits in one or more cognitive domains that interfere with an individual’s ability 

to perform tasks of daily living,’’ (American Psychiatric Association, 2013). In addition to 

exhibiting progressive impairments in episodic and semantic memory, AD patients who 
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progress to dementia also exhibit more severe detriments in cognition in other domains such 

as executive function (Albert et al., 2011).  

 

1.3.3 Atypical presentations/ Clinical AD variants 

 

AD can also present in atypical forms where the focal effect of the disease could be on brain 

regions and cognitive functions that are not typically affected by AD (Murray et al., 2011).  

 

1.3.3.1 Posterior variant: Posterior cortical atrophy 

 

The posterior variant of AD presents as posterior cortical atrophy and is typically characterised 

by a progressive decline in visual processing with an insidious onset (Mendez et al., 2002). 

This is accompanied with marked progressive atrophy of the parieto-occipital areas that 

progresses to temporal areas with disease progression (Benson, Davis, & Snyder, 1988; Firth 

et al., 2019; Tang-Wai et al., 2004). Additionally, AD pathology has been identified as one of 

the major causes of posterior cortical atrophy (Tang-Wai et al., 2004). This was highlighted in 

a neuropathological study of 40 cases of posterior cortical atrophy, where AD was identified 

as the primary cause of the disease with prominent pathological depositions found in the 

occipital and parietal regions (Tang-Wai et al., 2004). These patients present with an insidious 

onset of visual deficits in the absence of ocular disease, with relative preservation of episodic 

memory in early stages that declines in later stages (Whitwell et al., 2007). Other deficits 

observed in posterior cortical atrophy include Balint’s syndrome and Gerstmann’s syndrome 

(McMonagle et al., 2006; Mendez et al., 2002; Tang-Wai et al., 2004). Posterior cortical 

atrophy can affect both dorsal and ventral visual streams, with the dorsal stream being more 

commonly affected (McMonagle et al., 2006; Tsai et al., 2011).  

1.3.3.2 Logopenic variant: Primary Progressive Aphasia 

 

Another clinical variant of AD is the logopenic variant of primary progressive aphasia, which 

is one of the three variants of primary progressive aphasia (non-fluent/agrammatic variant, 

semantic variant and logopenic variant) (Ahmed et al., 2012). Similar to the posterior variant, 

AD pathology is the most common cause of the logopenic variant of primary progressive 

aphasia and deficits are observed in the phonological loop that could be attributed to 

temporoparietal neurodegeneration and AD pathological depositions (Giannini et al., 2016; 

Josephs et al., 2013; Mesulam et al., 2008; Rabinovici et al., 2008). This syndrome is typically 
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characterised by a prominent language deficit that has an insidious onset with a progressive 

impairment in language functions (Gorno-Tempini et al., 2011; Mesulam, 2001). The deficit 

in language functions could influence other cognitive domains such as memory. In a study by 

Win and colleagues, although MTL subfields were relatively preserved in patients with the 

logopenic variant of primary progressive aphasia, these patients presented with an episodic 

memory deficit, which is generally seen in typical AD (Win et al., 2017). However, these 

deficits were attributed to impaired lexical abilities rather than hippocampus-mediated episodic 

memory deficits (Win et al., 2017).  

 

1.3.3.3 Frontal Variant 

 

The frontal variant of AD shows focal neuropathological deposition and cognitive dysfunction 

associated with the frontal lobe (Johnson et al., 1999). As a result, these patients tend to exhibit 

predominant frontal symptoms such as deficits in attention and executive function 

(Blennerhassett et al., 2014; Johnson et al., 1999; Woodward, et al., 2010b). Patients with 

frontal variant AD also show deficits in memory that are similar to those seen in typical AD 

(Johnson et al., 1999). Therefore, AD patients with the frontal variant tend to present with 

cognitive profiles similar to patients with frontotemporal dementia, at disease onset 

(Woodward, et al., 2010b). A different study by the same authors showed that the presence of 

behavioural symptoms could be used to distinguish between the frontal variants of AD and 

frontotemporal dementia, where behavioural symptoms are seen in the latter (Woodward et al., 

2010a). Compared to the other two variants, the frontal variant is a less common atypical 

presentation of AD (Lam et al., 2013).  

 

1.3.4 Cognitive deficits  

 

AD is accompanied by a variety of cognitive deficits. One of the initial symptoms seen in AD 

is impairments of episodic memory with anterograde amnesia (Weintraub, Wicklund, & 

Salmon, 2012). These changes may start with simple tasks like the individual forgetting their 

keys and then progress to them failing to recall their home address. Deficits in visuospatial 

attention may also be presented in early stages of the disease, and these could ultimately lead 

to visual agnosia with worsening of the symptoms (Quental, Brucki, & Bueno, 2013). Patients 

also present with prominent semantic memory deficits and may present with language 

problems in which the patient finds it difficult to link the knowledge between different objects 
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(Weintraub et al., 2012). Patients also tend to show deficits in executive function, probably as 

a factor of age-related neural loss in the prefrontal brain regions (Perry & Hodges, 1999). AD 

patients may also show behavioural impairments, personality changes or neuropsychiatric 

symptoms such as apathy in prodromal stages (Ismail et al., 2016). The following sections will 

address typical cognitive and neuropsychiatric symptoms seen in AD.  

 

1.3.4.1 Memory 

 

Memory is a cognitive process that encodes an individual’s experiences that can be retrieved 

at a different point in time. It is this construct that undergoes temporal decline with both, normal 

and pathological ageing although the degree and order of decline vary in the two processes 

(Budson & Price, 2005). Several memory systems seem to be relatively preserved in ageing, 

as opposed to episodic memory, which declines significantly with age (Nyberg & Pudas, 2018; 

Tromp, Dufour, Lithfous, Pebayle, & Despres, 2015). These deficits in episodic memory could 

be attributed to age-related volumetric reductions and functional deficits in neural tissue in 

areas such as the cingulate gyrus, prefrontal cortex and MTL structures that help in the 

integration of episodic memory (Tromp et al., 2015). Similarly, working memory is also 

associated with age-related decline due to volumetric reductions in these cerebral structures, 

especially the prefrontal cortex (Gazzaley et al., 2005; Prakash et al., 2009). As it has been 

established, memory systems are also vulnerable to AD pathology and different domains of 

memory are affected differently in the course of the disease. Initially presenting with a 

significant decline in episodic memory and deficits in working memory, there is also a notable 

decline in semantic memory in the early stages among AD patients (Gardini et al., 2013; 

Hodges & Patterson, 1995; Huntley & Howard, 2010; Mardh, Nagga, & Samuelsson, 2013; 

Venneri et al., 2018). Deficits in working memory have been associated with concomitant 

executive and attentional deficits seen in the disease (Belleville, Chertkow, & Gauthier, 2007).  

 

In early AD, the greatest decline is seen in episodic memory and semantic memory (Mickes et 

al., 2007). Semantic memory decline can also be seen years before AD diagnosis (Blackwell 

et al., 2004; Papp et al., 2016; Wilson et al., 2011). Among these, the longitudinal study by 

Wilson and colleagues showed that in addition to an accelerated cognitive decline occurring 5-

6 years before dementia diagnosis, a decline in semantic memory was the most prominent 

followed by working memory, compared to other cognitive domains (Wilson et al., 2011). This 

view was further supported by a review that highlighted the potential prognostic applications 
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of semantic memory tests in AD diagnosis (Venneri et al., 2018). Semantic memory and 

episodic memory tests could also be important in distinguishing between AD and 

frontotemporal dementia (Xie et al., 2010). Additionally, the semantic memory network is 

more left lateralised with overlapping areas with the language network (Binder et al., 2009). A 

similar preference for episodic memory is seen in left temporal lobe regions (Molinuevo et al., 

2011). This lateralisation of memory functions and the stark memory deficit seen in AD makes 

the left cerebral hemisphere more vulnerable to the disease. Although episodic memory is one 

of the prominent and early presentations in AD, a large body of evidence suggests that it is not 

specific to the disease (Brooks, Iverson, & White, 2007; Schmid et al., 2013). Episodic memory 

decline in the disease is characterised by an insidious and progressive onset and has roots in 

MTL structures that degenerate in AD (Gallagher & Koh, 2011; McKhann et al., 2011). In the 

past, studies have shown that episodic memory impairments appear long before semantic 

memory impairments in AD (Giannakopoulos et al., 2009). However, findings from other 

studies contest this view and show that semantic memory decline is observed before a decline 

in episodic memory (Amieva et al., 2008; Wilson et al., 2011).  

 

1.3.4.2 Executive function and attention 

 

Higher order cognitive functions that enable an individual to plan and choose appropriate 

sequences of performing goal-directed tasks are coined as ‘executive functions’ (Jurado & 

Rosselli, 2007; Lezak et al., 2004). Executive function and attention have been closely linked 

and disorders pertaining to these cognitive domains have been associated with frontal lobe 

dysfunction (Alvarez & Emory, 2006). There is a gradual age-related decline in executive 

function, possibly due to the changing patterns of frontal lobe activation and structural integrity 

as proposed by the Hemispheric asymmetry reduction in older adults or ‘HAROLD’ model of 

ageing (Cabeza, 2002, section 1.2.1.1, Para 7). Executive function decline is seen in AD and is 

worse than that of cognitively normal age-matched adults (Kirova, Bays, & Lagalwar, 2015). 

A possible reason for this stark difference might be due to the additional age-related detriments 

in executive function and frontal lobe structure (section 1.2.1.1, Para 4).  

 

It has been posited that executive function decline could be the by-product of impairments in 

working memory, as the latter is a predominant function of the prefrontal cortex (Perry & 

Hodges, 1999). Alternatively, impairments in working memory that are associated with lateral 

parietal lobe dysfunction, also seen in AD, could contribute toward deficits in executive 
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function (Bunge et al., 2000; Salmon et al., 1996). Working memory deficits are some of the 

prominent features seen in AD and could therefore contribute towards deficits observed in 

executive function (Stopford et al., 2012). The study by Stopford and colleagues showed that 

the deficits in attention and executive function seen in AD patients could be attributed to 

working memory functions drawing roots from the temporoparietal brain regions (Stopford et 

al., 2012). Although executive function deficits can appear early in the disease course, these 

are less pronounced than memory deficits in the initial stages and become more pronounced 

later in the disease course with progression of pathology and neurodegeneration in the frontal 

lobe (Baudic et al., 2006; Duarte et al., 2006; Harrison et al., 2019; Waltz et al., 2004). 

Degeneration of the prefrontal cortex in early disease stages could also manifest as executive 

deficits, which could be indicative of the frontal variant of AD (Guarino et al., 2018; Stopford 

et al., 2012, section 1.3.3.3). 

 

1.3.4.3 Visuospatial processing 

 

The ability to perceive a stimulus in space, to identify its location, to mentally manipulate 

spatial constructs and to integrate logical spatial frameworks is classed under visuospatial 

processing (Geldmacher, 2003; Rubenstein & Rakic, 2013). Although visuospatial information 

is integrated across the frontal, temporal, parietal and occipital lobes, this cognitive function 

draws the majority of its inputs from the parietal lobe (Zink et al., 2018). Due to an early 

impairment occurring in the structure and function of the parietal lobes in AD, almost a third 

of AD patients present with visuospatial deficits that worsen with time (Qi et al., 2010; Salimi 

et al., 2017; Tervo et al., 2007; Wang et al., 2009). The posterior variant of AD also involves 

presentation of visual processing deficits early in the disease course, which can be 

distinguished from typical AD with disease progression by monitoring change in cognitive 

profiles (section 1.3.3.1).  

 

1.3.4.4 Language 

 

Language functions apart from language production are relatively preserved in ageing, as 

semantic knowledge increases with age (Shafto & Tyler, 2014). Language deficits have been 

identified previously in AD and MCI patients as measured using tests of semantic processing 

(section 1.3.4.1, Para 2). Although language deficits can be seen early in the course of the 

disease, it is not certain that an individual with AD will present with problems in language 
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(Taler & Phillips, 2008). Language decline is not a common presentation in typical AD and 

this could be indicative of the presence of atypical forms of the disease such as the logopenic 

form or primary progressive aphasia (Foxe et al., 2016; Giannini et al., 2017, section 1.3.3.2). 

Problems in language could also interfere in the diagnostic process as a substantial number of 

cognitive tests are language based, and one should treat this with caution as the impairment 

may lie in the language domain as opposed to what the test actually measures.  

 

1.3.4.5 Neuropsychiatric symptoms 

 

Neuropsychiatric symptoms cause a significant reduction in the quality of life of AD patients 

and their caregivers. Their early presentation in the disease and its association with worsening 

cognitive symptoms has recently drawn some attention from the scientific community 

(Rosenberg et al., 2013; Vogel, Waldorff & Waldemar, 2010). Apathy is one of the 

predominant neuropsychiatric symptoms seen in AD (Craig et al., 2005). It has even been 

proclaimed as a predictor for conversion from cognitively normal to MCI and then transitioning 

from MCI to dementia (Guercio et al., 2015). The frequency of presentation of this symptom 

increases with disease severity, as is the case with agitation, another neuropsychiatric symptom 

commonly seen in AD (Lanctôt et al., 2017). Agitation in AD has been correlated with 

alterations within the structure and function of the salience and emotion regulation networks 

(Rosenberg, Nowrangi, & Lyketsos, 2015). Moreover, depressive symptoms are found in a 

substantial number of AD patients (Lanctôt et al., 2017). They might also be indicative of a 

more severe extent of damage exerted by underlying AD pathology (Holmes et al., 2003). Less 

common neuropsychiatric symptoms presented in AD include psychotic symptoms of 

delusions and hallucinations, where hallucinations are less frequent than delusions. Psychotic 

symptoms presented in AD are also starkly different from those presented in other diseases 

such as schizophrenia (Leroi et al., 2003). Other neuropsychiatric symptoms seen in AD 

include sleep disturbances (Lanctôt et al., 2017).  

 

1.4 Pathophysiology 

 

There has been considerable debate in the literature about the progression and initial 

presentation of pathological mechanisms seen in AD and there are several theories that try to 

highlight the underpinnings of the neurodegenerative processes that are observed in the disease.   
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1.4.1 The amyloid cascade hypothesis 

 

According to ‘the amyloid cascade hypothesis’, Aβ is the main underlying cause of 

neurodegeneration and cognitive decline seen in AD (Hardy & Higgins, 1992). Amyloid plaque 

formation in AD results from an imbalance in the production and clearance of amyloid (Hardy 

& Higgins, 1992). The amyloid precursor protein (APP) is an important membrane protein that 

is modified by the actions of three proteases namely α-, β- and γ- secretases (Suh & Checler, 

2002). APP is cleaved by β-secretase (BACE1) to generate a soluble version of APP (β-APPs) 

and a 99-residue COOH-terminal fragment (CT99) which stays within the membrane. 

Subsequent aberrant proteolysis of the CT99 by the γ-secretase results in the synthesis of the 

Aβ40 and Aβ42 peptides. Of these two, Aβ42 has a longer peptidic chain, is more hydrophobic 

compared to Aβ40 and is heavily implicated in amyloid plaque formation (Iwatsubo et al., 1994; 

Jarrett, Berger, & Lansbury, 1993). The mutations responsible for AD in APP that are located 

near the β-secretase cleavage site accelerate β–site proteolysis, in turn increasing production of 

the Aβ40 and Aβ42 peptides (Cai, Golde, & Younkin, 1993; Citron et al., 1992). Additionally, 

the mutations in APP located near the γ-site specifically increase Aβ42 secretion (Suzuki et al., 

1994). Since Aβ42 is more hydrophobic of the two peptides, it is more amyloidogenic and thus 

more likely to form plaques. With increasing accumulation of this peptide and impaired 

clearance, the incremental effects of these reactions lead to the accumulation of Aβ plaques in 

the brain (Hamley, 2012). However, the assumption that there is a linear causality between AD 

and amyloid accumulation needs to be reviewed due to the multivariate nature of AD 

pathogenesis.  

 

Aβ accumulation begins decades prior to the presentation of clinical symptoms. Initially, 

amyloid deposits begin to appear in adulthood in small patches in the basal neocortex and in 

poorly myelinated areas of the temporal lobe (Fig 1.1). These depositions then multiply and 

spread to neighbouring areas of the neocortex and the hippocampal formation. With disease 

progression, these deposits are eventually found throughout the cortex (Braak & Braak, 1997). 

Nonetheless, these do not correlate with clinical symptoms (Furst et al., 2012; Giacobini & 

Gold, 2013; Jung et al., 2016). These plaques are also found in brains of the elderly (especially 

above the age of 80 years), as there are age-related accumulations of amyloid plaques in the 

brain. However, these are present far less in number in the brain of a healthy individual 

compared to the brain of an AD patient (Rowe et al., 2007). The amyloid hypothesis has been 

heavily debated and its exact contribution toward AD pathophysiology remains obscure. 
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Albeit, quite a few contemporary treatments, therapies and diagnostic criteria are centred 

around amyloid clearance (section 1.7).  

 

1.4.1.1 Cerebral amyloid angiopathy 

 

Cerebral amyloid angiopathy refers to the accumulation of amyloid fibrils within the walls of 

cerebral blood vessels. This kind of pathology has been found in 55-59% of patients with all-

cause dementia and can significantly contribute toward increasing the risk for thrombolysis- 

related intracranial haemorrhage, microbleeds and a consequent reduction in CBF, while 

simultaneously contributing toward cognitive decline (Biffi & Greenberg, 2011; Fotiadis et al., 

2016; Keage et al., 2009; McCarron & Nicoll, 2004). Considering that both cerebral amyloid 

angiopathy and parenchymal amyloid depositions involve abnormal aggregation of Aβ, a 

possible common link between these two processes could be amyloid clearance. Amyloid 

clearance pathways include transport across the BBB, enzymatic degradation, phagocytosis 

and drainage from the perivascular interstitial fluid (Tarasoff-Conway et al., 2015). Of these 

clearance processes, ineffective drainage of Aβ via the perivascular route seems to create the 

most favourable conditions for cerebral amyloid angiopathy accumulation (Greenberg et al., 

2020). Cerebral amyloid angiopathy predominantly occurs in small arteries and capillaries, 

sparing the larger intracranial arteries and is rarely found in the extracranial arteries (Vinters, 

Wang, & Secor, 1996). Topographically, cerebral amyloid angiopathy affects the occipital lobe 

most frequently and severely, followed by the rest of the lobes (Biffi & Greenberg, 2011). In 

contrast, deep brain grey matter, white matter and the brainstem are relatively devoid of 

cerebral amyloid angiopathy (Thal et al., 2003). However, this pathology seems to be 

widespread across the neocortex and the hippocampus and is also highly correlated with severe 

AD pathology (Greenberg et al., 2020). Moreover, the obstruction of blood flow created by 

cerebral amyloid angiopathy, resulting in hypoperfusion, could significantly contribute toward 

increasing AD severity (Daulatzai, 2017). 

 

1.4.2 The neuronal cytoskeletal degradation hypothesis 

 

Another neuropathological mechanism that is characteristic of AD occurs alongside the 

formation of amyloid plaques. This involves the formation of NFT, which are composed of 

paired helical filaments of hyperphosphorylated tau (Lee, Goedert, & Trojanowski, 2001). Tau 

is a microtubule associated protein and has been associated with various functions such as 
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transportation along neuronal axons and stabilizing microtubules that compose neuronal 

cytoskeletons (Lee et al., 2001). It has six main isoforms, out of which varying ratios of the 3R 

and 4R isoforms are responsible for tau-related neurodegeneration (Goedert, 1989). 

Hyperphosphorylation of tau can occur via the modulatory actions of kinases such as cyclin-

dependent kinase 5, glycogen synthase kinase 3, the microtubule-affinity-regulating kinase and 

extracellular signal-regulated kinase 2 and the downregulation of certain phosphatases (Duan 

et al., 2012). This can consequently cause microtubules to depolymerize and therefore damage 

the neuronal cytoskeleton and trigger cell apoptosis (Duan et al., 2012).  

 

In the initial stages, NFT start forming in the transentorhinal region in the temporal lobe (Fig 

1.1.). These tangles then gradually spread to other limbic and association areas, possibly via 

transgene expression in neurons located downstream of the pathology (Braak & Braak, 1997; 

Duan et al., 2012). The pathology then gradually spreads to other areas of the neocortex (Braak 

& Braak, 1997). In the past, NFT pathology has been found in the normal ageing brain, but 

again far less in number compared to an AD patient (Guillozet et al., 2003). More recent studies 

have shown that tau pathology can spread along highly functionally and structurally connected 

networks that coincide with the impaired networks in AD, such as the default mode network 

(DMN) (Cope et al., 2018; Hoenig et al., 2018). The progression of tau pathology (as observed 

using Braak staging) from the entorhinal cortex and MTL to other limbic regions appears to 

spread along the anatomical connections between these brain areas. Additionally, this pattern 

of tau progression is also highly correlated with clinical manifestations of cognitive symptoms 

compared to the progression of amyloid deposition (Giacobini & Gold, 2013). Although 

amyloid plaques and NFT are both the hallmarks of AD, the contributions of these pathological 

processes toward cognitive impairment are still disputed. 

  



 41 

 

Figure 1.1 Stages of the progression of AD pathology 

Top row: Pathological progression of Aβ plaques is highlighted in blue where the accumulation begins 

in the basal forebrain, temporal and orbitofrontal areas before spreading to other brain regions. 

Bottom row: Braak staging of the progression of tau pathology (NFT) is depicted in green. Tau 

pathology begins in the medial temporal areas before progressing to anatomically connected brain 

regions and then further progressing to accumulate in the neocortex, with disease progression.   

Adapted with permission from (Goedert, 2015). Please refer to Appendix A for more details about 

image permissions.  
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1.4.3 Cholinergic hypothesis 

 

AD is also characterised by a significant reduction in the production and circulation of 

acetylcholine (that is synthesised by the enzyme choline acetyltransferase) (Davies & Maloney, 

1976; Perry et al., 1977; White et al., 1977; Wilcock et al., 1982). There is a marked reduction 

of cholinergic neurons observed in the basal forebrain (specifically the nucleus basalis of 

Meynert) in AD (Shinotoh et al., 2000; Teipel et al., 2005). Research suggests that this deficit 

becomes more apparent in the dementia stage and that there could be differential effects on 

cholinergic action depending on diagnostic status or severity of the disease (Davis et al., 1999; 

Ikonomovic et al., 2003; Iyo et al., 1997). There may also be an upregulation of cholinergic 

activity as a compensatory mechanism in response to a loss of connections between the 

hippocampus and the entorhinal cortex in early disease stages (DeKosky et al., 2002; 

Ikonomovic et al., 2003).  

 

In the past, the depletion of cholinergic neurons in AD has been associated with cognitive 

decline (Bohnen et al., 2005; Perry et al., 1978; Shinotoh et al., 2000). The basal forebrain 

cholinergic neurons send projections to brain regions involved in memory function (such as 

the hippocampus), which are also vulnerable to AD pathology (Braak & Braak, 1991; Hedreen 

et al., 1984; Mesulam et al., 1983; Perry et al., 1984). This could potentially explain the 

progressive memory decline seen in AD. However, a PET study on mild to moderate AD 

patients showed that acetylcholinesterase activity was associated with performance on tests of 

attention and working memory rather than primary tests of memory (Bohnen et al., 2005). 

Therefore, disruptions in cholinergic transmission could result in varied changes in cognition 

and might not be the root cause of memory deficits seen in early AD. This was supported by 

findings from a different study that showed that short term memory deficits in MCI patients 

are not explained by cholinergic dysfunction (Ikonomovic et al., 2003). Disruptions in 

cholinergic action and transmission have also been associated with the formation of Aβ 

pathology via the modulation of APP (Mesulam, 1986; Moran, Mufson, & Gomez-Ramos, 

1993; Racchi et al., 2001). The fact that Aβ accumulation begins near the basal forebrain, (one 

of the primary regions involved in cholinergic transmission), appears to suggest that the 

depletion of cholinergic neurons and Aβ pathological formation in AD could be interlinked 

(Baker-Nigh et al., 2015; Teipel et al., 2014).   
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1.4.4 Failure of plasticity hypothesis 

 

A number of dysfunctional processes in AD can alter synaptic plasticity and therefore cause a 

reduction in the brain’s neuroplastic abilities to cope with damage dealt by age and disease-

related effects. According to the synaptic Aβ hypothesis, non-fibrillar Aβ can have adverse 

effects at the synapse and influence synaptic plasticity (Ondrejcak et al., 2010; Walsh et al., 

2002; Wang et al., 2002a). This hypothesis has gained momentum after the much-debated 

amyloid hypothesis which claims amyloid as one of the main underlying causes of 

neurodegeneration and cognitive decline seen in AD (Ellis et al., 2013; Hardy & Higgins, 1992; 

Resnick et al., 2010; Selkoe, 1991). Although the role of amyloid pathology in 

neurodegeneration has been consistent, its role in cognitive decline has been disputed (Furst et 

al., 2012; Jung et al., 2016). Past work has shown that Aβ can disrupt actions of long-term 

potentiation, a process heavily implicated in learning and memory (Rowan et al., 2005; Wang 

et al., 2002a). Research also suggests that long term potentiation may be impaired even before 

the formation of AD pathology and the appearance of memory deficits (Jacobsen et al., 2006; 

Ma et al., 2010). This impairment could be due to the disruptions in synaptic functions that are 

caused by non-fibrillar amyloid or soluble Aβ oligomers (Lambert et al., 1998; Walsh et al., 

2002). This notion is supported from findings from a previous study that showed that the 

accumulation of amyloid pathology did not correspond with deficits in neuropsychological 

measures while a loss in synaptic density did correlate with these measures (Terry et al., 1991). 

Therefore, non-fibrillar Aβ can produce neurotoxicity, inducing synaptic loss that can be 

detrimental to cognition while the accumulation of fibrillar amyloid could contribute toward 

neurodegeneration (section 1.4.4, Para 1). Moreover, the characteristic degeneration of the 

basal forebrain cholinergic system can also hamper neural plasticity (Conner, Chiba, & 

Tuszynski, 2005). Therefore, a reduction in inherent neuroplastic mechanisms resulting from 

dysfunctional processes seen in AD could be the initial signs of developing pathophysiology.  

 

1.4.5 Retrogenesis: “Last in, first out” hypothesis 

 

The retrogenesis hypothesis proposes that white matter degeneration seen in AD is the 

antithesis of myelogenesis (Reisberg et al., 1999). According to this ‘last in, first out’ model, 

neurons with large axonal diameters that were first myelinated in the neural developmental 

process (eg. motor neurons) are the last neurons to be affected in the neurodegenerative process 

(Stricker et al., 2009, section 1.1, Para 4). Conversely, neuronal pathways with smaller axonal 
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diameters that are myelinated later in life are severely affected in AD (Bartzokis, 2004). This 

could, in part, be attributed to the eccentric myelinating properties of oligodendrocytes in early 

neural development. Axons that were myelinated early in the neurodevelopmental process are 

generally myelinated by fewer oligodendrocytes, with some fibres being myelinated by as few 

as a single oligodendrocyte. On the other hand, a single oligodendrocyte that differentiates later 

in life is more likely to myelinate more than one axonal segment per cell (Amlien & Fjell, 

2014). The natural age-related build-up of cardiovascular burden over one’s lifetime and the 

accumulation of AD pathology is detrimental to oligodendrocytes (Cai & Xiao, 2016). 

Therefore, multiple neurons that are myelinated later in life by single oligodendrocytes are 

more susceptible to damage in the presence of these factors, where the ‘last’ neurons to be 

myelinated are the ‘first out.’  

 

The Wallerian degeneration hypothesis states that nerve fibres that suffer damage to their 

axonal segments are susceptible to neurodegeneration (Coleman, 2005; Stricker et al., 2009; 

Waller, 1850). It is possible that the susceptibility of oligodendrocytes to vascular burden and 

AD pathology could play a role in the retrogenesis hypothesis in the light of Wallerian 

degeneration (Coleman, 2005; Waller, 1850). Allocortical and mesocortical brain regions (that 

include structures such as the hippocampus and basal limbic regions) are some of the last areas 

to be myelinated and are therefore poorly myelinated, making them more susceptible to damage 

(Braak et al., 2000; Bartzokis, 2004). In AD, we see significant damage inflicted on structures 

housed in the allocortical and mesocortical regions (Braak et al., 2000). Damage to 

oligodendrocytes in these regions and consequent damage to the axons myelinated by them 

could indicate that the myelinating properties of oligodendrocytes could play a role in AD 

pathogenesis. Additionally, grey matter atrophy as a downstream effect of AD pathology and 

subsequent degeneration of the axons arising from damaged neurons could also be explained 

by Wallerian degeneration.  

 

1.4.6 The vascular dysfunction hypothesis 

 

It is possible that the neurodegenerative process in AD is initiated through the downstream 

effects of chronic hypoperfusion resulting from the effects of ageing and the build-up of 

cardiovascular burden over one’s lifetime (Di Marco et al., 2015). A myriad of microvascular 

changes that are observed in chronic cerebral hypoperfusion can increase levels of 

neurotoxicity (Cai, Zhao, & Ratka, 2011; Kelleher & Soiza, 2013; Sanchez et al., 2013). A 
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simultaneous decrease in nutrient supply and higher exposure to toxicity, seen in hypoperfusion 

can damage neural structure (Menzies et al., 2017). Moreover, damage to the BBB has shown 

to reduce cerebral perfusion while simultaneously augmenting neurodegenerative processes. 

Research also claims that Aβ plaque and NFT accumulations could be the result of the 

downstream mechanisms of chronic cerebral hypoperfusion (Di Marco et al., 2015; Sun & 

Alkon, 2004).  

 

The two-hit vascular hypothesis proposed by Zlokovic suggests that an initial insult or ‘first 

hit’ is inflicted due to damage to the cerebral microvasculature and BBB (Zlokovic, 2011). 

This ‘first hit’ can initiate a cascade of pathological mechanisms that can promote the 

accumulation AD pathology via the non-amyloidogenic pathway (Zlokovic, 2011). The 

‘second hit’ consists of the accumulation of Aβ peptides (as a result of increased generation 

and impaired clearance of Aβ), which results in the release of vasotoxic and neurotoxic 

substrates that further add to the neurodegenerative process (Sweeney, Sagare, & Zlokovic, 

2018). Hence, vascular dysfunction might be one of the underlying mechanisms of AD that can 

contribute to the neurodegenerative process. 

 

1.4.6.1 Mechanisms Influencing Blood Perfusion in AD 

 

Considering that some of the detrimental effects of AD seem to stem from increased vascular 

dysfunction, it is important to investigate the mechanisms underlying them. It is already known 

that AD patients present with vascular pathology and that AD has been known to have a 

vascular aetiology (Toledo et al., 2013). Nevertheless, it is unclear whether the formation of 

vascular pathology is directly associated with AD, whether the AD pathological cascade is 

initiated due to age-related and cardiovascular comorbidity-related mechanisms or whether AD 

and vascular pathology are concurrent processes that are merely additive that increase the 

likelihood of AD (Graham et al., 1996; Hofman et al., 1997a; Launer et al., 2008; Toledo et 

al., 2013). The following sections will discuss how vascular dysfunction could contribute 

toward neural injury at the microstructural level.  

 

1.4.6.1.1 Microvascular: Blood Brain Barrier 

 

The BBB is a cellular barrier that promotes the exchange of essential nutrients while blocking 

the transmission of pathogens in the human brain. Specialised mechanisms which are highly 
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expressed in the neural endothelium allow the BBB to mediate the transportation of large 

molecules such as proteins from the blood to the neural tissue. On account of the vascular 

dysfunction seen in AD, there is a disruption in the homeostatic balance of exchange across the 

BBB (Sweeney et al., 2018). The neurovascular unit is made up of pericytes, tight junction 

proteins, their molecules, adherents junctions and basement membrane proteins in the 

endothelium, that experience decreased tone as a consequence of vascular dysfunction 

mediated injury in AD (Nelson et al., 2016). Additionally, with increasing age and existing AD 

pathology, the number of pericytes gradually decreases over time (Erdő, Denes, & de Lange, 

2017; Halliday et al., 2016). Pericytes are integral components in the formation and 

maintenance of the BBB. Lower pericyte numbers can reduce available tight junction proteins 

resulting in BBB breakdown (Ahmad et al., 2011). These alterations permit the leakage of 

numerous macromolecules into the brain parenchyma (Sweeney et al., 2018). The 

extravasation of these molecules results in the accumulation of superfluous proteins leading to 

detrimental downstream processes, namely cerebral oedema and blocking capillary blood flow 

(albumin and immunoglobulins), neurotoxicity and memory impairment (thrombin), neuronal 

injury (plasmin) and neurovascular damage (fibrin) (Zlokovic, 2011). With disease 

progression, there is extravasation of larger substrates across the BBB. The blood from the 

vessels can also result in the leakage of red blood corpuscles which increases the deposition of 

neurotoxic products that are generated as a by-product of haemoglobin breakdown (such as 

iron). These neurotoxic deposits produce reactive oxygen species that are again, detrimental to 

neural tissue (Sweeney et al., 2018). Prolonged extravasation as a consequence of BBB 

breakdown can thus initiate a cascade of events that can eventually result in neuronal death.  

 

In AD, downstream mechanisms pertaining to BBB breakdown can also contribute toward 

neurodegeneration through vascular injury mediated mechanisms. One of these mechanisms is 

inefficient transportation of glucose across the BBB (Marco et al., 2015; Erickson & Banks, 

2013). In the past, post-mortem studies on AD brains have shown a diminished proportion of 

GLUT1 transporters (Horwood & Davies, 1994; Kalaria & Harik, 1989). A reduction of 

GLUT1 transporters is also observed with the breakdown of the BBB, which can result in a 

loss in glucose supply to the brain tissue (Di Marco et al., 2015). There is conflicting research 

that highlights that the glucose transport impairment does not alter the intracerebral glucose 

metabolism rate (Friedland et al., 1989; Jagust et al., 1991). It is possible that mitochondrial 

dysfunction within the BBB endothelium could contribute to this impairment in glucose 

transport (Di Marco et al., 2015). Additionally, there are other mechanisms that could also 
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contribute toward the neurodegeneration seen in AD. Nitrous oxide is a regulatory molecule 

that mediates neurovascular homeostasis. There is a marked reduction in nitrous oxide 

concentrations in the human body with advancing age that can promote the build-up of 

oxidative stress, a reduction in CBF and impaired vasodilation, also observed in AD (Aliev et 

al., 2009). Both, oxidative stress and nitrous oxide reduction, are salient features of ageing and 

AD (Cahill‐Smith & Li, 2014; Finkel & Holbrook, 2000). Increasing accumulations of cerebral 

amyloid pathology (as seen in ageing and AD) around cerebral microvasculature can increase 

the susceptibility of the BBB endothelium to oxidative damage (section 1.4.1.1). These 

mechanisms can also contribute toward chronic inflammation that can eventually lead to cell 

death (Di Marco et al., 2015). A lot of these mechanisms are inter-dependent, and the initiation 

of the pathological cascade can lead to the manifestation of all of the above mechanisms that 

eventually contribute toward AD pathogenesis (Di Marco et al., 2015).    

 

1.4.6.1.2 Macrovascular: Hypoperfusion/Hypoxia 

 

BBB dysfunction can have profound effects on rCBF and perfusion. Neurovascular coupling 

is a phenomenon that occurs when increased blood flow or metabolism is observed in regions 

displaying neuronal activity (Huneau, Benali, & Chabriat, 2015). Secondary arteries namely 

the pial and intracerebral arteries modulate regional changes in CBF as an effect of 

neurovascular coupling. Effective neurovascular coupling demands intact pial circulation, and 

adequate responses from the arterial walls (controlled by vascular smooth muscle cells) and 

pericytes to vasoactive stimuli (Bell et al., 2010; Iadecola, 2004; Peppiatt et al., 2006). 

Pericytes also regulate the diameter of brain capillaries which can block capillary flow during 

ischaemia (Peppiatt et al., 2006). Therefore, a lower number of pericytes (as seen in AD) could 

increase the chance of exposure to hypoxic conditions. Chronic hypoperfusion can have 

devastating effects on neural tissue. Transient hypoperfusion influences protein synthesis 

required for synaptic plasticity that mediates learning and memory functions (Iadecola, 2004). 

A further, more chronic reduction in rCBF can cause microvascular changes such as 

mitochondrial dysfunction, cerebral oedema, the accumulation of toxins and AD pathology and 

macrovascular changes such as white matter lesions and atherosclerosis (Zlokovic, 2011). In 

the past, animal studies have shown that CBF changes can aggravate the development of AD 

pathology, eliciting the fact that vascular dysfunction resulting in hypoperfusion can not only 

facilitate neurodegenerative mechanisms in AD but can also initiate a cascade of mechanisms 

that accelerates the AD pathological process (Di Marco et al., 2015).  
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In a nutshell, AD is a complex disease that results from a cascade of pathological mechanisms 

involving vascular dysfunction, build-up of AD pathology, the properties of the phylogenetic 

roots of neurons and neurodegeneration. These mechanisms can result in profound detriments 

to brain structure and function. It is important to understand how these mechanisms can alter 

the ageing brain and manifest as a clinical disease. The following sections (section 1.5; section 

1.6), therefore, will explore the diagnostic criteria used to identify clinical AD and the typical 

macrostructural and functional changes associated with it.  

 

1.5 Diagnostic criteria 

 

There are several different diagnostic criteria that have been used in the past to classify 

individuals as having probable AD (Dubois et al., 2016). The use of the word ‘probable’ is on 

account of the dilemma of making a definitive AD diagnosis based on current criteria, as the 

diagnosis cannot be confirmed until after a histopathological examination post-mortem 

(Jonkman et al., 2019; Perl, 2010). However, evidence of cerebral AD pathology can be 

detected using molecular imaging (eg. Positron emission tomography or PET) and analysis of 

cerebrospinal fluid (CSF) (Blennow et al., 2015; Meredith Jr et al., 2013; Okamura et al., 2014). 

The current thesis uses The National Institute on Aging and Alzheimer’s Association (NIA-

AA) criteria for AD dementia diagnosis, which states that ‘’the patient must present with 

cognitive deficits in two or more domains along with an inability to perform tasks of daily 

living’’ (McKhann et al., 2011). This set of criteria proposes three classifications where 

biomarkers are available, namely preclinical AD, MCI due to AD and AD dementia (due to 

AD). In cases where biomarkers are unavailable, the criteria recommend a diagnosis based on 

the core clinical criteria. In addition to fulfilling the criteria for dementia diagnosis, the patient 

must fulfil the other clinical criteria for a diagnosis of probable AD. These criteria state that 

the disease must have a sudden onset with a progressive worsening of cognitive function. 

Initially, cognitive symptoms exhibited might have an amnestic presentation (failure to learn 

or recall newly acquired information) or a non-amnestic presentation that could include deficits 

in visuospatial processing, language or executive function. “Exclusion criteria for AD include 

the presence of cerebrovascular disease, prominent features of primary progressive aphasia 

(semantic variant), Lewy Body Dementia or Frontotemporal Dementia, neurological disease, 

use of cognition-altering medication and a non-neurological medical comorbidity,” (McKhann 

et al., 2011). With respect to biomarkers, individuals are classified into three stages of 
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preclinical AD as follows: Stage 1: Amyloid positive markers (‘low CSF A42 and positive 

PET amyloid’); Stage 2: Amyloid and neuronal injury positive markers (‘increased CSF total 

and phosphorylated tau, lower 18fluorodeoxyglucose or FDG uptake on PET in temporoparietal 

cortices and significant structural atrophy on magnetic resonance imaging (MRI) in medial and 

lateral temporal and medial parietal cortices’); Stage 3: Amyloid and neuronal injury positive 

markers and cognitive impairments. For classification of AD dementia and MCI due to AD, 

abnormal amyloid and neuronal injury markers indicate a high probability of AD. If either of 

these two markers are abnormal in combination with one of the markers being normal, the 

biomarkers are considered as uninformative (McKhann et al., 2011).  

 

According to The International Working Group (IWG)-2 criteria (Dubois & Albert, 2004; 

Dubois et al., 2014) for AD diagnosis, typical AD is classified as individuals exhibiting a 

gradual worsening of episodic memory as measured using neuropsychological tests specific 

for AD, while the NIA-AA criteria did not recommend a specific memory impairment 

(McKhann et al., 2011). Additionally, according to the IWG-2 criteria, the presence of MTL 

atrophy and abnormal cerebrospinal fluid (CSF) markers of amyloid and or tau are supportive 

features contributing toward AD diagnosis (Dubois et al., 2007). Exclusion criteria for the 

diagnosis include those stated as part of the NIA-AA criteria in addition to a sudden onset of 

symptoms, early presentation of symptoms such as hallucinations, extrapyramidal signs, gait 

disturbances, seizures and behavioural changes (Dubois et al., 2014). In terms of biomarkers, 

individuals are classed as having typical AD in the event of positive amyloid markers in 

combination with positive tau markers or evidence of tracer retention as seen in amyloid PET 

imaging or the presence of a genetic mutation for AD (in PSEN1, PSEN2, APP) (Dubois et al., 

2014). Although both IWG-2 criteria and NIA-AA criteria depend on the same biomarkers for 

AD diagnosis, the classification in the two cases differs in terms of how the combination of 

biomarkers is used to determine AD diagnosis (Visser et al., 2012).  

 

The most recent diagnostic criteria known as the ‘A-T-N’ criteria are proposed based on AD 

biomarkers (Jack et al., 2016b). The acronym has been created based on the presence of three 

biomarkers namely, amyloid, tau and neurodegeneration. Indication of Aβ accumulation is 

measured using CSF Aβ42 or retention of amyloid PET tracers, tau pathology is determined 

using measurements of phosphorylated tau (p-tau) in the CSF or tau PET while markers of AD-

type neurodegeneration or neuronal injury are measured using total tau (t-tau) in the CSF, FDG-
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PET hypometabolism and MTL atrophy on structural MRI (Jack Jr et al., 2018a). Although 

these biomarkers are highly correlated with deficits in several cognitive domains (except for 

amyloid markers), the current A-T-N criteria are heavily reliant on biomarkers without 

accounting for cognitive deficits. The criteria overlook the fundamental principles of cognitive 

reserve where an individual is able to perform relatively well on tests of cognition in the 

presence of extensive damage and pathological burden (Groot et al., 2017; Perneczky et al., 

2019). Using the cognitive component as a screening tool for AD is also a cheaper, less invasive 

and a more convenient medium compared to the other elements under the ATN framework. 

The cognitive component could instead be used to facilitate cognitive staging to assess the level 

of cognitive impairment in individuals with AD in order to determine treatment and disease 

management strategies (Jack Jr et al., 2018a). However, clinically, the A-T-N criteria could be 

beneficial in terms of detecting the disease in its presymptomatic or early stages through 

frequent screening. Nevertheless, a criticism of the A-T-N framework is the arbitrary nature of 

the cut-off points for determining positivity for the biomarkers, which need to be defined in 

order to improve the accuracy of AD diagnosis (Jack Jr. et al., 2016b; Knopman et al., 2018).  

 

Considering the diagnostic challenges posed by a disease that is substantially complex (AD) 

and the dynamic nature of the natural course of any disease, it is important that diagnostic 

criteria are constantly reviewed. However, one of the major drawbacks of changing diagnostic 

criteria across the years confounds evidence-based research whereby changing classifications 

over time can alter implications and comparability of current research to previous findings 

(Prince at al., 2016, Bertens et al., 2017). Future research converging on a mutual agreement 

on the use of diagnostic criteria for AD can thus help increase the  

reliability and validity of AD research.  

 

1.6 Neural correlates of AD 

 

1.6.1 Structural neuroimaging in AD 

 

AD pathology is a companied with a myriad of dysfunctional processes. The following section 

examines the pattern in which these dysfunctional processes can affect brain structure and 

function in normal ageing and AD.  
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1.6.1.1 Grey Matter Volume 

 

In AD, there is a global reduction in gross brain matter although there are some typical atrophic 

patterns that are specifically seen in AD that are typically seen along brain regions that undergo 

depositions of AD pathology. The MTL areas are the most severely affected by the harmful 

effects of AD as they are targeted right from the early stages of the disease (Mattsson et al., 

2016). Grey matter loss is initially observed in the hippocampus and entorhinal cortices that 

can be detected on MRI, that can precede the presentation of cognitive symptoms (Killiany et 

al., 2002). This grey matter loss can be attributed to the build-up of NFT, cerebral amyloid 

angiopathy, TDP-43 (Transactive response deoxyribonucleic acid (DNA) binding protein 43) 

pathology and cerebrovascular burden in subfields of the hippocampus and MTL regions 

(Dallaire-Theroux et al., 2017). Another explanation for the hippocampal atrophy could be due 

to its ontogenetic development and its consequent susceptibility to neurodegeneration (section 

1.1, Para 4). With advancing disease stages, substantial atrophic changes are seen in the 

posterior cingulate cortex, cuneus and the basal ganglia with even further atrophy observed in 

the MTL regions (Chételat et al., 2007; Thompson et al., 2003; Wang et al., 2015b). Aside from 

the basal ganglia, these atrophic grey matter regions are part of the DMN (section 1.6.2.1, Para 

1), a network which shows aberrant functional connectivity in very early disease stages and 

subsequent atrophy in its components with disease progression (Goto et al., 2015; Wang et al., 

2015a). 

 

On the other hand, anterior structures involved in the DMN, are relatively less affected until 

later stages of the disease although these areas are functionally and anatomically connected to 

the posterior cingulate gyrus and hippocampus, via the limbic system (Frisoni et al., 2007). 

Researchers have also posited that the grey matter structures that comprise the limbic system 

in the more posterior and basal regions might be more susceptible to the detrimental effects of 

AD compared to those in the frontal brain regions (Thompson et al., 2003; Whitwell et al., 

2012). Frontal grey matter tends to be susceptible to age-related effects (Ge et al., 2002; Park 

& Reuter-Lorenz, 2009). However, the rate of atrophy that is seen in AD is far more aggressive 

than that which is seen in ageing (Frisoni et al., 2007). With age being a risk factor for AD, and 

with it affecting brain regions that are spared in the early stages of AD, the resultant 

convergence of disease and age-related effects could accelerate the degeneration of grey matter.  
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The pattern of structural atrophy seen in AD is mildly asymmetrical, where the left hemisphere 

experiences more grey matter detriments than the right hemisphere (Thompson et al., 2003). 

One of the reasons for this asymmetry might be due to the dominant nature of the left 

hemisphere in humans. Generally, increased activation of the left hemisphere is observed 

during tasks of language, speech and auditory processing in healthy individuals (Rathi et al., 

2014). This increased activation can be attributed to the higher metabolic requirements of the 

brain regions involved in these processes (Tyler et al., 2010). With increasing age, there is a 

reduction in this heterogeneity between the hemispheres, and instead, a bilateral compensatory 

activation of both hemispheres is observed (Tyler et al., 2010). However, due to lifelong higher 

metabolic demands of the left hemisphere compared to the right, there might be insufficient 

resources available to the left hemisphere (as shown by hypometabolism in PET studies), which 

is detrimental to neuronal structure and function. Especially in AD, the repercussions of global 

reductions in metabolism and available neural resources can have severe consequences 

(Bozzali et al., 2011). This deficit in resources could potentially lead to a loss in grey matter 

volume (GMV). With the added effect of AD pathology, there might be further volumetric 

reductions, which are reflected in the asymmetric hemispheric atrophy seen in AD. 

 

1.6.1.2 White Matter Integrity 

 

While grey matter loss has an early onset and slow progression across ageing, white matter loss 

comparatively starts in later stages of life and has a steeper trajectory of decline (Raz et al., 

2005). Therefore, it is possible that white matter loss is an indicator of advanced age (Salat, 

Kaye, & Janowsky, 1999). Similar to the pattern seen in grey matter atrophy, white matter 

integrity (WMI) has an anterior to posterior gradient of decline in normal ageing, while there 

is a posterior to anterior gradient of decline of WMI seen in AD (Head et al., 2004). This 

posterior to anterior gradient of decline of WMI maps well with the grey matter atrophic 

presentations in the disease as, it is the connections arising from atrophic grey matter regions 

(such as the MTL regions) that show the highest reductions in WMI (Bartzokis, 2004; Braak 

et al., 2000; Yin et al., 2015). Areas presenting with lower WMI in AD also undergo 

retrogenesis (section 1.4.5, Para 1), which points towards how age as a cumulative factor could 

contribute toward AD pathogenesis. 

 

There are different mechanisms that could explain the patterns of white matter degeneration 

seen in AD. One of the theories behind white matter damage is the ‘Wallerian degeneration’ 
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hypothesis, that can significantly contribute toward cell death in AD (Coleman & Freeman, 

2010, section 1.4.5, Para 2). White matter contains axons that integrate numerous grey matter 

structures; therefore, a decline in WMI could be a consequence of grey matter atrophy in the 

brain region where the white matter tracts originate or resultant axonal injury (Agosta et al., 

2011). Lower WMI was seen in the tracts connecting the hippocampus and the posterior 

cingulate gyrus among AD patients compared to healthy controls (Zhang et al., 2007b). This 

finding shows patterns similar to what is observed in AD, which is also reflected in a meta-

analysis that showed white matter abnormalities initially presenting in the entorhinal cortex 

and hippocampus before a progressive decline is observed in the temporal and parietal 

association cortices (Sexton et al., 2011). This pattern of neuronal degeneration highlights the 

vulnerability of limbic structures (specifically, posterior and inferior limbic regions, also part 

of the DMN) to AD. It is also possible that decline in WMI follows the pattern of tau 

progression from the hippocampus to the limbic structures in AD (see section 1.4.2, Para 2). 

 

The temporal trajectory of reduction of WMI and its relation to grey matter atrophy is still 

under dispute. Evidence suggests that deficits in WMI are less prominent in the early stages of 

and that these deficits are independent of the volumetric reductions in grey matter seen in the 

disease (Amlien & Fjell, 2014). Additionally, white matter is largely influenced by vascular 

insults that could be inflicted by age and AD-related effects (Jang et al., 2017). Therefore, 

decline in WMI in AD could be explained by different mechanisms. The independence of the 

structural decline in grey matter and white matter was seen in a study where higher white matter 

damage to the fornix was linked with hippocampal atrophy in late-stage MCI patients whereas 

damage to the fornix and hippocampal damage showed no correlation in early-stage MCI 

patients (Zhuang et al., 2013). It is possible that the association between grey matter and white 

matter damage could be interrelated in later stages of the disease (Zhuang et al., 2013). 

However, the determination of the temporal order of the manifestation of the mechanisms and 

the mechanisms that propagate grey matter and white matter damage in AD still remain unclear.  

 

In addition to the limbic structures, lower WMI in AD has also been found in the genu and 

splenium of the corpus callosum, uncinate fasciculus and superior longitudinal fasciculus 

(Sexton et al., 2011; Yin et al., 2015). These white matter tracts are responsible for connecting 

brain regions that are vital to execute a number of cognitive processes effectively (Zhang et al., 

2019). It also appears that different diffusion metrics seem to vary significantly across the AD, 

MCI and control groups suggesting that research should examine these more closely and 
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interpret these data with caution (Amlien & Fjell, 2014). In light of this argument, Amlien and 

colleagues observed that there is a gradual reduction of fractional anisotropy (FA: defines the 

degree of anisotropy of the diffusivity of water molecules), increase in radial diffusivity and 

stable axial diffusivity in AD. In the initial stages of AD however, higher levels of axial 

diffusivity and mean diffusivity were observed (Amlien & Fjell, 2014). Nevertheless, the 

pattern of white matter degeneration displayed in AD seems to be consistent and the product 

of the combined effects of ageing, build-up of cardiovascular burden and AD-related 

pathological changes.  

 

1.6.2 Functional Neuroimaging in AD 

 

1.6.2.1 Resting-state functional magnetic resonance imaging (rs-fMRI): The default 

mode network (DMN)  

 

In light of the structural decline seen in components of the DMN, functional changes in this 

network would be expected. The DMN is a set of interlinked brain areas that exhibit neural 

activity when the brain is at rest and when a person is engaged in self-referential thought, while 

simultaneously not engaging in a goal-directed task. (Broyd et al., 2009). The DMN consists 

of the lateral and inferior parietal cortices, posterior cingulate gyrus, precuneus, regions of the 

prefrontal cortex and the hippocampus (Raichle, 2015; Raichle et al., 2001, Fig 1.2). Past 

evidence has indicated the involvement of the hippocampus in modulating the functional 

connectivity of the DMN (Bellana et al., Moscovitch, 2017; Greicius et al., 2004). Past work 

suggests that different areas of this network are structurally connected by certain white matter 

tracts (De Luca et al., 2006; Greicius et al., 2009). This could possibly be the link that could 

explain how the spread of tau pathology within functionally connected areas could propagate 

neurodegeneration and associated cognitive decline. Moreover, changes in the functional 

connectivity of the DMN, detectable on MRI, can precede cognitive or structural deficits in the 

disease (Jacobs et al., 2013; Nordberg, 2004). This is why it has also been proposed as an early 

marker for AD in the past (Koch et al., 2012; Zhang et al., 2010). Therefore, the underpinnings 

of aberrant functional connectivity seen in the DMN could help opitmise diagnostic markers 

and strategies to target treatments and interventions.  

 



 55 

Altered functional connectivity or hypometabolism in the posterior cingulate gyrus has been a 

consistent finding across various disease stages in AD (Teipel, Grothe, & ADNI, 2016). The 

DMN exhibits aberrant functional connectivity in AD, probably due to the heavy involvement 

of the posterior cingulate gyrus that has connections with the hippocampal formation. A likely 

cause for this aberrant functional connectivity might be the putative disconnection seen 

between the posterior cingulate gyrus and other components of the DMN in AD (Badhwar et 

al., 2017; Mevel et al., 2011). There are two different kinds of disconnections seen in AD, 

where the initial disconnection observed, is between the posterior cingulate gyrus and 

hippocampus (Damoiseaux & Greicius, 2009; Yin et al., 2015). Two of the major contributors 

toward this disconnection could be lower WMI seen between the hippocampus and posterior 

cingulate gyrus in addition to grey matter atrophy seen in the hippocampal formation in the 

early stages of the disease (Radanovic et al., 2013; Wang et al., 2015b). There is evidence that 

shows that both of these phenomena can modulate functional connectivity, albeit this 

relationship is not necessarily reciprocal (Damoiseaux & Greicius, 2009). However, there are 

studies to suggest that grey matter atrophy observed in the hippocampus could lead to a loss of 

connections to the posterior cingulate gyrus as a diaschisis effect, which could be a factor in 

promoting aberrant functional connectivity in the posterior cingulate gyrus (Teipel et al., 2016; 

Yakushev et al., 2011). The contribution of structural decline toward aberrant functional 

connectivity would increase temporally (more so in later stages), as changes in functional 

connectivity can be observed years before structural changes (Jacobs et al., 2013; Nordberg, 

2004). The second kind of disconnection is seen in the later stages of the disease between the 

anterior and posterior components of the DMN, with the spread of age-related insults, 

pathology and neural damage inflicted. There also seems to be a progressive increase in this 

disconnection with disease progression, which could be explained by the opposing trajectories 

of neural decline seen in ageing and AD (Zhang et al., 2010, section 1.1, Para 5). Thus, the 

posterior DMN disconnection and posterior cingulate hypometabolism is a distinctive feature 

seen in the disease and can be used as a biomarker to predict conversion to AD (Jones et al., 

2011). The pattern of altered functional connectivity in the DMN also appears to coincide with 

the structural decline observed in AD (section 1.6.1.1, Para 2; section 1.6.1.2, Para 2). 

However, the specificity of aberrant functional connectivity in the DMN needs to be examined 

closely, as disrupted functional connectivity in the posterior cingulate could also be a marker 

of ‘neural vulnerability to degeneration’ rather than AD-specific neurodegeneration (De 

Marco, Ourselin, & Venneri, 2019).  
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Figure 1.2 The default mode network (DMN) 

This image shows the brain regions that are activated in the default mode network. The image on the 

left shows activation of the posterior cingulate gyrus and medial parietal areas and the anterior cingulate 

gyrus and frontal brain regions in a sagittal section whereas the image in the right represents these 

activations in the axial section in addition to showing activations in lateral parietal brain regions. Reused 

from Graner at al., 2013, under the Creative Commons License agreement included in Appendix A 

(Graner, Oakes, French, & Riedy, 2013). 
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Other resting state networks 

Although the DMN is one of the most profoundly affected networks in AD, there are other 

networks that are influenced by AD pathology. While there is a reduction in functional 

connectivity in the DMN, there seems to be increased activity in the frontal networks in AD 

(Agosta et al., 2012). Although this study found no change in general functional connectivity 

in the frontal region, previous studies have reported higher functional connectivity in the frontal 

lobe in amnestic MCI patients (Agosta et al., 2012; Bai et al., 2009; Qi et al., 2010). Higher 

functional connectivity is particularly observed in the salience network among AD patients, 

which is comprised of the frontoinsular circuit and the anterior cingulate gyrus (Brier et al., 

2012; Seeley et al., 2007; Zhou et al., 2010b). This higher functional connectivity could be the 

result of maladaptive compensatory mechanisms whereby the brain tries to recruit additional 

areas in order to cope with damage to existing regions in the network (Reuter-Lorenz & Park, 

2014). Two studies also showed that frontal resting state networks that exhibit enhanced 

functional connectivity in AD might be involved in executive function and salience appraisal, 

which are impaired in AD (Agosta et al., 2012; Zhou et al., 2010b). This trade-off between 

posterior DMN deactivation and increased frontal resting state network activation could be the 

denouement of compensatory neural reorganisation that form the foundations of cognitive 

reserve, adhering to some principles propounded by the scaffolding theory of ageing and 

cognition (Agosta et al., 2012; Park & Reuter-Lorenz, 2009). Cognitive reserve is a concept 

that refers to the discrepancy between neuronal damage and its clinical manifestations. Having 

high levels of cognitive reserve can help delay the manifestations of clinical symptoms and can 

also help in the effective recruitment of compensatory neural resources to cope with AD 

pathology and neurodegeneration (Stern, 2009). Moreover, frontal lobe damage resulting from 

ageing could hamper the ability to compensate for neural damage, further contributing toward 

the cognitive decline seen in AD. Aberrant functional connectivity as seen in resting-state 

networks could help identify patient populations.  

 

1.6.2.2 Positron Emission Tomography (PET) 

 

PET is an invasive neuroimaging technique that utilises radioactive ligands that are injected 

into the patient in order to infer metabolic processes in the body in vivo, that can aid in disease 

diagnosis (Nordberg, 2004). Owing to its affinity for amyloid, one of the first PET tracers to 

be used was the PiB or ‘11C Pittsburgh Compound B,’ that was used to detect cerebral amyloid 

(Klunk et al., 2007). In AD patients, retention of PiB is seen in the frontal and temporoparietal 
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areas and the magnitude of retention of PiB in AD patients is significantly higher compared to 

controls, specifically in the frontal lobe (Klunk et al., 2004). Some other PET tracers that bind 

to amyloid include florbetapir, florbetaben and flutemetamol. Cortical retention for these 

tracers is slightly different to PiB where flutemetol and florbetaben display higher retention in 

white matter while florbetapir displays lower cortical retention compared to PiB (Landau et al., 

2014; Auvity et al., 2020). The higher binding affinity and lower half lives of florbetapir and 

florbetaben also make them effective imaging tracers to detect aspects of neurodegeneration 

(Auvity et al., 2020). When comparing the use of PiB and florbetaben in examining cortical 

amyloid distribution, results were comparable between the two tracers and a clear distinction 

between healthy controls and patients with AD can be facilitated (Villemagne et al., 2012). 

However, the diffused distribution of amyloid depositions across the neocortex and the 

unspecific nature of the relationship with hypometabolism, atrophy and clinical symptoms 

makes PET amyloid imaging a relatively ineffective tool in definitive AD diagnosis, but an 

effective tool in assessing amyloid load (Ossenkoppele et al., 2016).  

 

In the past decade, the more recent practice of using tau-binding tracers has shed new light on 

the diagnostic applications of this form of molecular imaging. This ligand binds to paired 

helical filament tau pathology. This binding ability has not only shown adherence to the Braak 

staging of tau but is also in accordance with the neuroanatomical progression of tau pathology 

in AD (Cho et al., 2016; Jack Jr, et al., 2018b; Ossenkoppele et al., 2016). Uptake of this type 

of ligand has also been associated with worse cognitive performance (Ossenkoppele et al., 

2016). Therefore, tau tracers could be a useful tool in studying the spread of pathology and 

disease progression and AD diagnosis. However, tau tracers have not been around long enough 

to determine their utility in diagnosis and research (Xia et al., 2013a). Nevertheless, tau-binding 

PET tracers are more specific markers of AD in comparison with amyloid and 

fluorodeoxyglucose PET (FDG-PET). FDG-PET is a consolidated technique to examine 

glucose metabolism in the brain. As measured using FDG-PET, hypometabolism in the 

posterior cingulate gyrus and precuneus is an early marker of AD.  This hypometabolism 

subsequently progresses to the posterior temporoparietal regions followed by the frontal 

cortices, which are relatively spared until advanced disease stages (Valotassiou et al., 2018). 

This pattern of hypometabolism can be attributed to the putative disconnection seen in AD 

between the posterior cingulate gyrus and downstream subcortical and cortical brain regions, 

in some measure (Teipel et al., 2016). In terms of its correlation with clinical manifestations, 
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the temporal link between hypometabolism in the posterior cingulate gyrus as measured using 

FDG-PET and clinical symptoms is inconsistent (Iaccarino et al., 2017).  

 

1.6.2.3 Cerebral Blood Flow Neuroimaging in AD  

 

1.6.2.3.1 Arterial spin labelling  

 

Arterial spin labelling or ‘ASL’ refers to a non-invasive neuroimaging technique used to 

measure CBF. Additionally, ASL, like fMRI can be used to measure brain function, which is 

why some convergence of findings is expected between both these techniques (Detre, Rao, 

Wang, Chen, & Wang, 2012). Results from previous ASL studies show comparable findings 

to those from PET and fMRI studies (section 1.6.2.1; section 1.6.2.2; Alsop et al., 2010; Ma et 

al., 2017; Teipel et al., 2016). A reduction in CBF is observed in previous ASL studies in AD 

patients, particularly to the precuneus, posterior cingulate gyrus, parietal association cortices 

and inferior frontal regions, which sufficiently mirrors findings from past fMRI studies (section 

1.6.2.1; Alsop et al., 2010; Dai et al., 2009; Ma et al., 2017; Verclytte et al., 2016). Changes 

resembling these patterns of reductions in CBF have also been observed in the precuneus, 

inferior parietal lobe and posterior cingulate gyrus in studies including only MCI patients 

(Alexopoulos et al., 2012; Johnson et al., 2005; Xu et al., 2007).  

 

Even though there is a degree of similarity in the patterns of reductions in CBF between MCI 

patients and patients in later stages of AD, the extent of these rCBF reductions is more prfound 

in the latter. However, given the consistently similar pattern of reductions in rCBF across 

various AD stages, ASL has even been investigated as a candidate for predicting conversion to 

AD and MCI from cognitively normal and MCI stages, respectively (Alsop et al., 2010; Chao 

et al., 2010; Zhang, Gordon, & Goldberg, 2017b). As AD pathology typically initiates from the 

MTL regions, regional changes in CBF would be expected in these areas. In contrast to the 

posterior cingulate gyrus, increased CBF is observed in the MTL regions the early stages of 

AD (Alsop et al., 2008; Dai et al., 2009; Fleisher et al., 2009). These changes in CBF in the 

MTL regions could be explained by maladaptive compensatory mechanisms, where a higher 

blood flow to that brain region results from excessive demands from that brain region in order 

to maintain its normal level of cognitive functioning, in the presence of damage (Gardini et al., 

2015). There is a similarity between aberrant functional connectivity seen in the DMN and 
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hypoperfusion seen in AD patients indicating the presence of a strong vascular component in 

the pathophysiology of AD. 

 

1.6.2.3.2 Single photon emission tomography (SPECT) 

 

SPECT or ‘Single Photon Emission Tomography’ is a neuroimaging technique that can help 

detect the retention of specific ligands in certain parts of the body. It can help look at various 

measures such as amyloid burden, cerebral perfusion, metabolism and more (Declercq et al., 

2016). Similar to ASL and FDG-PET studies, perfusion SPECT studies have shown 

hypoperfusion in the precuneus and posterior cingulate gyrus in early stages of the disease, 

with subsequent hypometabolism in the posterior temporoparietal cortices before expanding 

over to the frontal lobes in relatively later stages of AD (Valotassiou et al., 2018). However, 

FDG-PET has more sensitivity and specificity compared to SPECT in distinguishing between 

healthy controls and AD patients and also conversion to AD dementia from MCI (Valotassiou 

et al., 2018). While perfusion SPECT and ASL have equal utility in AD, SPECT is a more 

invasive technique that involves the individual having an injection or inhalation of a radioactive 

agent in order to facilitate perfusion imaging (Takahashi et al., 2014).  

 

In summary, AD seems to have a more posterior effect on cerebral perfusion and functional 

connectivity, specifically in the posterior cingulate gyrus. The disease can propagate 

maladaptive compensatory mechanisms that can manifest as hyperperfusion in the MTL 

structures such as the hippocampus in early disease stages. Taking into account age-related 

reductions in frontal lobe perfusion, expansion of AD-related hypoperfusion to these regions 

in later disease stages can be extremely detrimental to neuronal and cognitive health. This could 

partly explain the late manifestations of executive dysfunction or even early manifestations 

with prefrontal cortex deficits (Guarino et al., 2018). Therefore, vascular dysfunction in AD 

facilitate conditions conducive to the detrimental effects of ageing and the neurodegenerative 

conditions manifested in AD or the hypoperfusion observed could be a reverse-causal effect.  

 

1.7 Treatments 

 

To date, AD remains a disease without a cure and with limited methods available to slow down 

the rate of disease progression (de la Torre, 2010). This scenario is made worse by the lack of 

specificity and effectiveness of available diagnostic criteria in order to detect AD in early stages 
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(section 1.5, Para 2). Some advances have been made which have facilitated certain 

pharmacological treatments that could potentially help slow down the rate of disease 

progression and some others in the form of health interventions that have gone a long way in 

delaying the onset of AD and reducing its incidence. 

 

Pharmacological treatments can be classified depending on their action into ‘disease 

modifying’ and ‘symptomatic’ drugs. Treatments that can retard the progression of structural 

damage are coined as ‘disease-modifying drugs,’ whereby discontinuation of the treatment can 

result in disease progression (Salomone et al., 2012). There are several clinical trials that focus 

on administering drugs that would help in reducing Aβ production, clearance and aggregation. 

One of the most recent drugs that passed Phase III of the clinical trials is ‘aducanumab,’ which 

is a monoclonal anti-body designed to reduce the aggregation of Aβ, using an 

immunotherapeutic approach (Sevigny et al., 2016). However, the use of this drug for AD 

treatment has been heavily criticised as it is solely based on the amyloid hypothesis, and some 

claim that amyloid accumulation has no impact on cognitive function (Giannakopoulos et al., 

2003; Serrano-Pozo et al., 2016). On the other hand, as the name suggests, ‘symptomatic drugs’ 

are those drugs that only help alleviate the symptoms of a disease without tackling the 

underlying causes (Salomone et al., 2011). By far, there are only five approved treatments to 

treat the cognitive symptoms of AD which include cholinesterase inhibitors namely 

rivastigmine, galantamine and donepezil and one N-methyl-D-aspartate receptor antagonist, 

memantine. A fifth treatment option has been approved in the USA, which is a combination of 

memantine and donepezil (Cummings et al., 2019; Deardorff & Grossberg 2016). The limited 

availability of effective treatments for AD has resulted in the foundation and implementation 

of preventive interventions instead (section 1.8).  

 

1.8 Prevention 

 

As the global population multiplies, there has been a concomitant increase in longevity as a 

result of improved healthcare services. The incidence of AD dementia has seen a simultaneous 

increase as age is a predominant risk factor for this disease. As a result of the growing ageing 

population in the world, the G8 nations have raised concerns about the growing rates of AD 

dementia in the Dementia Summit Declaration (Global Action Against Dementia, 2014). This 

has encouraged governments across the globe to formulate policies dedicated toward the 

implementation of prevention strategies, in order to reduce the incidence of AD dementia and 
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in order to improve quality of life in ageing, on a large scale (Norton et al., 2014). Prevention 

strategies can be broadly categorised into primary, secondary and tertiary based on the 

measures taken to implement the strategy. Primary prevention refers to the act of trying to 

reduce the development of risk factors for the disease. Secondary prevention, on the other hand, 

deals with detecting diseases in their prodromal stages based on established biomarkers. 

Diagnosis in the early stages can facilitate the benefits received from interventions to reduce 

the severity of the diseases in progressive stages. Tertiary prevention refers to disease 

management, which entails providing optimal care for those already diagnosed with the disease 

(Matthews et al., 2013). The reason for the establishment of prevention strategies is largely due 

to the modifiable nature of cardiovascular risk factors. Preventing the onset of the 

cardiovascular risk factors can not only help delay or even prevent the onset of AD but can also 

help to reduce the burden on the healthcare economy by helping prevent the development of a 

multitude of diseases (Freisling et al., 2020; Ngandu et al., 2015; Thavendiranathan et al., 

2006).  

 

A review of several different meta-analytical reviews revealed that AD is associated with the 

presence of seven different cardiovascular risk factors namely diabetes, midlife hypertension, 

midlife obesity, depression, smoking, low education levels and physical inactivity. The review 

also assessed the potency of reducing the incidence of the individual risk factors and proposed 

almost a 51% reduction of the risk factors (Barnes & Yaffe, 2011). However, the majority of 

these factors are interdependent and they share some common downstream mechanisms that 

have a detrimental effect on an individual’s health. A caveat in Barnes and Yaffe’s work is the 

lack of consideration of the overlapping nature of these comorbidities. Norton and colleagues 

(2014), on the other hand, attempted to account for these interdependencies to calculate the 

prospective effects of reducing the prevalence of cardiovascular risk factors. Out of the seven 

risk factors mentioned in Barnes and Yaffe’s work, Norton and colleagues presented physical 

inactivity to be the biggest risk factor contributing toward AD incidence (Norton et al., 2014). 

Since most of the literature search consisted of cross-sectional studies, a limitation of this 

research was the variability and ambiguity in the effects of cardiovascular risk factors over 

one’s lifetime. Norton and colleagues posited that taking steps toward primary prevention could 

lower the risk of dementia at the current age that it is contracted at, which could in turn reduce 

the global prevalence of AD (Norton et al., 2014). A consideration of the improvement in 

quality of life as a result of reducing the prevalence of cardiovascular risk factors could possibly 

benefit the global population in the longer run. Thus, preventing the onset of cardiovascular 
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risk factors could be a step toward lowering the incidence of AD, prolonging the age of onset 

and providing a better life for those afflicted with the disease and their caregivers.  

 

The changing approach to primary care with a focus on reducing cardiovascular risk, has shown 

that the increase in dementia incidence and prevalence is not as large as it was predicted to be 

(Matthews et al., 2016; Schrijvers et al., 2012). The cognitive function and ageing study was 

designed to record and examine factors that could contribute towards cognitive decline and 

dementia in individuals aged 65 years and above in the UK (http://www.cfas.ac.uk). 

Examination of the study cohorts showed that individuals that have been born later in the past 

century show a lower prevalence of dementia compared to individuals born earlier in the 

century, while incidence remains relatively stable (Matthews et al., 2013; Matthews et al., 

2016). This could, in part, be due to the increased use of drugs to treat cardiovascular conditions 

in these cohorts (Gao et al., 2018). It appears that adopting recommendations from such studies 

could contribute towards reducing dementia prevalence and incidence (Jagger et al., 2009; 

Valenzuela et al., 2011). Similarly, findings from another cohort study (The Rotterdam Study) 

has shown that cardiovascular risk factors such as smoking and diabetes that increase the risk 

for cognitive decline are also risk factors for AD (Hofman et al., 1997; Ott et al., 1998; Ott et 

al., 1999). There is strong evidence from this initiative that confirms the effectiveness of 

prevention strategies in reducing the risk of developing cardiovascular risk factors that could 

aid in delaying the onset of neurodegenerative diseases such as AD (Bos et al., 2014; de Bruijn 

et al., 2015; Hofman et al., 2006). Similar findings have been reported from some Swedish 

cohort studies that highlight the importance of primary prevention and multi-domain 

interventions to reduce dementia risk (Gatz et al., 2006; Qiu, Winblad, & Fratiglioni, 2005; 

Qiu, Xu, & Fratiglioni, 2010). 

 

1.9 Interventions 

 

Due to the lack of definitive diagnostic criteria and the unavailability of a cure for AD, 

intervention strategies have inclined towards taking a preventive approach. This has led to the 

development of several interventions to reduce the incidence of AD using interventions of 

primary and secondary prevention for AD. One of the biggest initiatives to reduce the 

prevalence of modifiable lifestyle risk factors is the World Wide (WW) – FINGERS initiative 

(https://www.alz.org/wwfingers/overview.asp), which is an arborisation of the The Finnish 

Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) 

https://www.alz.org/wwfingers/overview.asp
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(Rosenberg et al., 2019). The FINGER Study consisted of a two year long multi-domain 

intervention that entailed tailored nutrition advice, fixed physical activity regimens, cognitive 

stimulation and increased social interactions along with help in regulating metabolic and 

vascular risk factors (Kivipelto et al., 2013). The outcomes of the study as measured using 

neuropsychological test batteries showed that monitoring and regulating modifiable lifestyle 

risk factors were associated with a significant preservation of cognitive function, specifically 

in the older population that is at risk of getting AD (Ngandu et al., 2015). As a result of the 

successful outcomes from the study, it is noteworthy that the FINGER study has been extended 

to Australia, China, Singapore, France, Germany, Sweden and The United States of America, 

to create the WW-FINGERS (Ngandu et al., 2015).  

 

There are other similar interventions that have been implemented that did not witness as much 

success as the FINGER. The Prevention of Vascular Dementia by Intensive Care (PreDIVA) 

trial recruited 3700 elderly participants and provided them with intensive vascular care in order 

to examine whether this type of intervention could have any impact on reducing the incidence 

of dementia, cognitive function and mortality (Richard et al., 2009). However, the study did 

not show that the modulation of vascular factors in a population aged between 70-78 years had 

any effect on dementia incidence, mortality, cardiovascular disease or disability (Richard et al., 

2009). A plausible explanation for this trend of results might be that the implementation of 

interventions in early stages (as opposed to implementing in patients with dementia and elderly 

population) and cognitively normal individuals can go a long way in slowing the rate of 

cognitive decline and reducing the incidence of dementia, respectively. On account of their old 

age and being in the later stages of the disease, the beneficial effects of the intervention by 

Richard and colleagues may have been negligible (Richard et al., 2009). Moreover, the study 

only focused on a single aspect of prevention, namely vascular risk (Richard et al., 2009). 

Nevertheless, in a different study, administration of hypertensive medication has been shown 

to prevent cognitive decline and reduce the risk for dementia in 1,346,176 participants with an 

average age of 74 years (Rouch et al., 2015). The differences in the components of the study 

designs could possibly explain the differences in the outcomes. Additionally, some other 

studies exploring the effects of a single-domain intervention did not show promising results 

(Brasure et al., 2018; Rosenberg et al., 2019). Therefore, it is vital that the design and 

components of intervention strategies are carefully considered and catered to the requirements 

of different populations and age groups. Specifically, multi-domain interventions should target 

individuals in midlife as the presence of cardiovascular risk factors in this time period poses 
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the highest risk for AD via the build-up of cardiovascular burden that can cause irreversible 

neuronal damage (Conner et al., 2019). However, it is of note that these intervention studies 

are targeted to reduce dementia risk and although they might have an effect on the course of 

AD in individuals, these studies are not specific to AD.  

 

1.10 Conclusion 

 

AD is a complex disease that entails a variety of pathological mechanisms that contribute 

toward its development. These mechanisms include vascular dysfunction, age-related effects 

(such as build of cerebrovascular burden) and the build-up of AD pathology. It is a progressive 

neurodegenerative disease that presents with progressively worsening cognitive symptoms 

especially in the memory domain with the most prominent deficits seen in semantic and 

episodic memory. Prior to presenting with signs of structural decline, AD presents with 

functional and metabolic reductions in the posterior cingulate gyrus in the early disease stages 

as the possible outcome of a diaschisis effect resulting from a loss of connections from the 

hippocampus. Subsequently, progressive disconnection is seen between components of the 

DMN. This presentation could be due to the initial predominance of a tau-related 

neurodegenerative profile of AD that spreads along functionally and structurally connected 

brain areas. The pathology originates in the MTL regions (such as the hippocampus), and 

subsequently spreads to other brain regions with an affinity for structures housed in the limbic 

system. This progression of pathology can largely be linked with progression of clinical 

symptoms. Amyloid depositions on the other hand originate in frontal and basal brain regions 

before progressing to the rest of the cortex and have a poor temporal link with clinical 

symptoms. Other dysfunctional processes such as failure of neural plasticity and the 

degeneration of the cortico-basal cholinergic system are also involved in the AD pathogenesis. 

These dysfunctional processes are largely irreversible and tend to initiate in the preclinical 

stages. AD patients also present with vascular pathology. The vascular aetiology of AD can 

also contribute towards disease development and progression. However, it is unclear whether 

vascular pathology is a causal effect of AD, whether AD pathology stems from age and 

cardiovascular risk factor-related mechanisms or whether vascular dysfunction and AD are 

independent processes that are additive to each other. Nevertheless, a significant proportion of 

cardiovascular risk factors can be mitigated through lifestyle modification and treatment. Due 

to the lack of available treatments for AD and the irreversible nature of the damage inflicted in 

asymptomatic stages of the disease, more attention has been drawn toward preventive strategies 



 66 

that could potentially help reduce the incidence and prevalence of AD. The current thesis 

therefore explores the vascular mechanisms that contribute toward AD pathogenesis with a 

focus on three different modifiable cardiovascular risk factors, namely type 2 diabetes (T2DM), 

obesity and hypertension.    
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Recently, the vascular hypothesis of AD has received increased scrutiny. Accumulating 

evidence suggests that vascular dysfunction plays a strong role in increasing AD risk and that 

prevention of cardiovascular risk factors can significantly lower AD risk and reduce incidence 

(Luchsinger et al., 2005; Mayer et al., 2018). There has also been a recent rise in the prevalence 

of cardiovascular risk factors such as obesity, hypertension and T2DM (Chowdhury et al., 

2020b; Leiva et al., 2017; Norton et al., 2014). These cardiovascular risk factors are chronic 

conditions that degrade quality of life and have negative health consequences (De Smedt et al., 

2013; Martinelli et al., 2008). The chronic nature of these conditions and need for medical 

attention can be a huge burden on a nation’s economy (Eckel et al., 2014). However, a 

significant proportion of these risk factors are modifiable through early intervention and 

primary prevention (Norton et al., 2014). Additionally, cardiovascular risk factors such as 

diabetes and obesity have been identified as risk factors for AD (Kivipelto et al., 2005; Piepoli 

et al., 2016; Vagelatos & Eslick, 2013). Considering the paucity in AD treatments and 

appropriate markers for a timely AD diagnosis, risk factors that are modifiable and pose a risk 

for AD and cognitive decline need to be targeted to facilitate their prevention (Baumgart et al., 

2015, section 1.5, 1.8, 1.9). Given the asymptomatic phase of AD where structural and 

functional changes in the brain manifest long before the presentation of symptoms, prevention 

of risk factors for AD can substantially help reduce its incidence (Brier et al., 2014; Tondelli 

et al., 2012). Prevention of such risk factors can also go a long way in reducing the burden on 

the healthcare economy, improving the quality of life of individuals and even reducing the risk 

for progressing to AD dementia in patients (de Bruijn & Ikram, 2014). More importantly, 

prevention measures can help delay the onset of dementia in addition to reducing the severity 

of disease symptoms in individuals diagnosed with AD (section 1.8, 1.9). The current thesis 

attempts to focus on these aspects to explore the effects of three caerdiovascular risk factors 

namely obesity, hypertension and T2DM in patients across the AD spectrum and cognitively 

normal individuals.  

 

  

Chapter 2: Vascular Contributions to 

Neurodegeneration in AD 
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2.1 Mechanisms of modifiable risk factors contributing toward 

neurodegeneration in AD 

 

2.1.1 Vascular dysfunction 

 

According to the vascular hypothesis of neurodegeneration, vascular damage can result from 

lower cerebral perfusion/hypoxia or BBB disintegration. Reduction of BBB permeability 

causing the extravasation of vessel contents can facilitate toxic accumulations harmful to neural 

tissue. Lower cerebral perfusion and reduced integrity of the BBB could contribute toward 

neurodegeneration (Zlokovic, 2010). Vascular dysfunction seen in cardiovascular risk factors 

could thus contribute toward neurodegenerative processes and increase the risk of AD or 

increase AD severity.  

 

2.1.1.1 Microvascular 

 

The BBB is a selectively permeable membrane that lines vascular endothelial cells facilitating 

the exchange of compounds between the blood and the brain parenchyma (Ballabh, Braun, & 

Nedergaard, 2004). The layer of endothelial cells is surrounded by pericytes, neurons and 

astrocytes (Sweeney, Ayyadurai, & Zlokovic, 2016). Endothelial cells form the inner lining of 

blood vessels that extends into the capillaries where this lining acts as an interface between 

blood and brain tissue (Rafii, Butler, & Ding, 2016; Zhao, Nelson, Betsholtz & Zlokovic, 

2015). A corollary of the pathological mechanisms of cardiovascular risk factors and AD is 

increased BBB permeability, which can lead to changes in cerebral blood supply (Janelidze et 

al., 2017; Starr et al., 2009). Reduced integrity or increased permeability of the BBB causes 

the extravasation of the vessel contents including neurotoxic proteins such as Aβ that is 

observed in AD and cardiovascular diseases (Zlokovic, 2011). This can lead to the 

accumulation of these toxic proteins in extracellular spaces, causing neuronal damage 

(Sweeney, Sagare & Zlokovic, 2018; Lopez et al., 2014; Pluta, Ułamek, & Januszewski, 2006). 

Accumulation of amyloid plaques has also previously been associated with increased oxidative 

stress, neuroinflammation and reduced BBB integrity in AD (section 1.4.6.1.1, Para 2). There 

is also additional evidence, however, that suggests that AD patients in the prodromal and 

preclinical disease stages do not show any changes in BBB (Janelidze et al., 2017).  
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Insulin can have a profound effect on cerebral perfusion and can modulate the amount of blood 

delivered to tissues, without altering total blood flow (Clark et al., 2003; Richards, Raines, & 

Attie, 2010). Specifically, it can redirect blood flow from non-nutritive to nutritive pathways, 

to maximise the exchange of nutrients (Meijer et al., 2012; Serné et al., 2002). In short, it aids 

in making perfusion more efficient by decreasing blood flow to vessels supplying tissues that 

have little or no exchange with the surrounding interstitial fluid (Clark et al., 2000). 

Simultaneously, it increases blood flow to the underperfused vessels that allows for the 

exchange of nutrients with the interstitial fluid (Clark, 2008; Richards et al., 2010). This shift 

in blood perfusion is facilitated by insulin action on the vasomotion of capillaries and arterioles 

(de Boer et al., 2014). Insulin facilitates the production of vascular endothelial cell-mediated 

secretions of nitric oxide, which possesses vasodilatatory properties in addition to being 

responsible for the release of Endothelin ET-1, which has vasoconstrictive properties (de Boer 

et al., 2014; Mather, Anderson, & Verma, 2001; Muniyappa & Quon, 2007; Randriamboavonjy 

et al., 2004). Insulin resistance (IR), a condition in which the body is not able to process the 

effects of normally regulated insulin, is seen in AD and in the presence of comorbidities such 

as T2DM and obesity (Castro et al., 2013; Kahn, Hull, & Utzschneider, 2006; Talbot et al., 

2012). Therefore, cerebral IR seen in AD, obesity and T2DM could hamper these functions, 

resulting in impaired vasomotion and consequent hypoperfusion of neural tissue that could 

contribute towards neurodegeneration in AD.  

 

Considering the synergistic relationship between insulin and glucose, IR mediated glucose 

dysregulation can also influence BBB integrity. One of the pathological mechanisms 

contributing toward BBB dysfunction is hyperglycaemia (Shao & Bayraktutan, 2014). 

However, the extent of the detrimental effects of hyperglycaemia on the BBB is dependent on 

the duration of the hyperglycaemic episode. Acute hyperglycaemia does not seem to have any 

major effects on the BBB. A magnetic resonance spectroscopy study revealed that acute 

hyperglycaemia did not affect CBF or regional glucose metabolism (Nielsen et al., 2005). 

These results were supported by findings from a different PET study (Hasselbalch et al., 2001). 

Yet another study claims that there are no major CBF or BBB changes mediated by acute 

hyperglycaemia (Seaquist et al., 2005). Chronic hyperglycaemia on the other hand is associated 

with thickening of the capillary beds and vascular basement membranes and the degeneration 

of endothelial cells and pericytes, which can reduce BBB integrity and alter CBF (Duckrow, 

Beard, & Brennan, 1985; Harik & LaManna, 1988; Roy et al., 2010). Endothelial cell 

dysfunction is not only restricted to the downstream actions of IR but can also be the product 
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of hyperglycemia seen in T2DM (Eelen et al., 2015). Therefore, in conditions that promote IR, 

the cross-talk between glucose regulating mechanisms and insulin mediated mechanisms could 

promote BBB dysfunction that could contribute towards neurodegenerative processes.   

 

Increased blood glucose levels commonly observed in diabetes and obesity change the 

metabolic properties of endothelial cells causing increased production of reactive oxygen 

species that promote oxidative stress (Ceriello et al., 2008; Monnier et al., 2006). This leads to 

the generation of advanced glycation end products that are toxic to endothelial cells, 

macromolecular complexes in the extracellular matrix and other cells (Basta et al., 2002; Eelen 

et al., 2015; Miyata et al., 1997; Vlassara & Uribarri, 2014). Therefore, increased production 

of advanced glycation end products is observed under hyperglycaemic conditions, which could, 

in turn, increase the generation of reactive oxygen species and raise oxidative stress (Nowotny 

et al., 2015; Uribarri et al., 2007). Although the nature of the interaction between advanced 

glycation end products and reactive oxidative species is unclear, their production is evident in 

metabolic conditions such as T2DM and obesity and also in normal ageing (Negrean et al., 

2007; Patel et al., 2007; Uribarri et al., 2007). Additionally, production of these species is also 

seen in AD (Sasaki et al., 1998).  

 

Advanced glycation end products facilitate the cross linkage between the molecules that 

compose vessel walls, consequently leading to the thickening of the extracellular basement 

membrane that causes stiffening of the arterial walls (Gardiner et al., 2003; Goldin et al., 2006). 

This could contribute toward arteriosclerosis (section 2.1.1.2, Para 1) that can inadvertently 

influence blood flow (Goldin et al., 2006; Kiuchi et al., 2001). Advanced glycation end 

products can also promote atherosclerosis (Basta et al., 2004; Soro-Paavonen et al., 2008) via 

mechanisms such as the ligation of the advanced glycation end products receptor (RAGE) 

(expressed in monocytes, smooth muscle cells and endothelial cells), which aids the 

intracellular circulation of these substrates and heightens clotting effects exerted by endothelial 

cells (de Vos, et al., 2016; Eelen et al., 2015). RAGE ligation in monocytes increases the 

generation of macrophages, with a resultant increase in the influx of cholesterol (Basta, 2008). 

Increased coagulant action and high cholesterol concentrations (as seen in AD, T2DM and 

obesity) ultimately pave the way for atherogenesis (section 2.1.4, Para 2). Moreover, advanced 

glycation end products contribute toward the development of amyloid plaques and NFTs 

(Carnevale et al., 2012; Pugazhenthi, Qin, & Reddy, 2017; Srikanth et al., 2011). Therefore, 

microvascular changes seen in T2DM, obesity and ageing could contribute toward AD by 
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promoting mechanisms that facilitate neurodegeneration, vascular dysfunction and 

pathological accumulations typical of AD.  

 

2.1.1.2 Macrovascular 

 

There are considerable changes to the haemodynamics of the blood vessels in T2DM, obesity, 

hypertension and AD. Two common age-related arteriopathies presented in these conditions 

are arteriosclerosis and atherosclerosis (Kawamori et al., 1992; Lakka et al., 2001; Matsumoto 

et al., 2002; Schäfer et al., 2016). Arteriosclerosis refers to the age-related stiffening and 

calcification in the media of the arterial walls (Tölle et al., 2015). When blood travels through 

the arteries before it is delivered to the tissue, it is propelled at substantial pressure from the 

heart before it reaches the vascular bed. Efficient transport of the blood through the arteries is 

dependent on the ability of the arterial walls to expand effectively or to contract in response to 

the influx of blood and the diameter of the vessel walls (Aalkjær, Boedtkjer, & Matchkov, 

2011). Therefore, reduction in the elasticity of arterial walls and calcifications lining the media 

of the blood vessel that can develop with age and in cardiovascular diseases results in 

inefficient vascular compliance (Safar, O'Rourke, & Frohlich, 2014; Shirwany & Zou, 2010). 

Stiffening of arterial walls can further contribute toward development of atherosclerotic 

pathology causing alterations in blood flow and vascular compliance (Ohayon et al., 2011). 

Failure to regulate arterial pulse pressure resulting from inefficient vascular compliance in 

large vessels can consequently lead to fluctuations in blood pressure resulting in 

inconsistencies in the volume of blood propelled through the blood vessel during one single 

pulse (Maroules et al., 2014; Schiffrin, 2004; Webb et al., 2012). These inconsistencies damage 

perforator arteries and arteries with a delicate structure, as these arteries do not possess the 

tensile strength to endure erratic ‘bursts’ or pulses of blood (Veglio et al., 2009). This damage 

in addition to increased BBB permeability results in the extravasation of vessel contents from 

small arteries or ‘perforators’ such as the lenticulostriate arteries, causing a reduction in blood 

flow to the target organs, ultimately paving the way for neurodegeneration (Chamorro et al., 

1996; Hu & Feng, 2017; Veglio et al., 2009).  

 

Atherosclerosis is a condition that is characterised by the build-up of plaques in the media of 

blood vessels that narrows the lumen diameter that can lead to reductions in blood flow and 

alterations in blood pressure (Weber & Noels, 2011). As it has been established before, obese 

and hypertensive patients, patients with T2DM and AD have an increased risk of developing 



 72 

atherosclerotic pathology (Hofman et al., 1997; Lakka et al., 2001; Sipahi et al., 2006; Weiss, 

Kools, & Taylor, 2001). A plethora of downstream pathological mechanisms of obesity, 

T2DM, hypertension and AD such as endothelial dysfunction, impaired nitric oxide 

production, high circulating cholesterol levels, release of pro-inflammatory cytokines and 

proliferation of vascular endothelial smooth muscle cells facilitate atherosclerotic plaque 

formation (Casscells et al., 1996; Miyazaki et al., 1999; Mudau et al., 2012; Tsai et al., 1994, 

section 2.1.4). Atherosclerotic lesions have a tendency to accumulate at bifurcations of 

branching arteries and areas of high blood pressure and multi-directional flow (Johansson et 

al., 2006; Morbiducci et al., 2016; Salzar, Thubrikar, & Eppink, 1995; Zarins et al., 1983). 

Accumulations of such plaques also increases the risk for pro-thrombotic events and 

embolisms, where a small portion of the plaque breaks off and travels to distal arteries, lodging 

itself in arteries with smaller lumen diameters to block blood flow (Davies et al., 1993; 

Gutierrez et al., 2015; Prandoni et al., 2017; Rauch et al., 2001). The increased risk of 

developing atherosclerotic plaques also tends to increase Aβ plaque deposits by altering its 

production and clearance from the cerebrovascular system, a phenomenon observed in AD and 

T2DM (Iadecola, 2010; Li et al., 2003). However, there is contradictory evidence that shows 

that intracranial atherosclerosis does not correlate with Aβ depositions in the brain (Gottesman 

et al., 2020). However, there is evidence pointing toward the role of Aβ in promoting 

atherogenesis indicating that AD and atherosclerosis might coexist in a synergistic relationship 

in the pathogenesis of blood vessel damage (Gupta & Iadecola, 2015; Song et al., 2010).  

 

Initially, patients with systemic atherosclerosis tend to develop the pathology in large blood 

vessels such as the subclavian, innominate and common carotid arteries, leading to growing 

build-up of plaques in the arterial walls (VanderLaan et al., 2004). Increase in the size of 

plaques in the bigger arteries increases the risk for embolisms and pro-thrombotic events that 

can occlude blood flow in more distal arteries with smaller diameters (Derdeyn, 2007; Nah et 

al., 2010; Pu et al., 2017). Similarly, following plaque build-up in bigger arteries, the 

development of intracranial atherosclerosis can reduce blood flow and cause fluctuations in 

blood pressure that can result in reduced blood flow and vascular damage. Moreover, cerebral 

lesions resulting from microvascular damage tend to be relatively mild or ‘silent,’ which can 

also be the result of end-organ damage as a consequence of fluctuations in blood pressure 

(Blanco-Rojas et al., 2013; Saji et al., 2012; Veglio et al., 2009). A build-up of substantial 

neural insults over time results in the clinical manifestations of these vascular events that cause 

substantial cognitive decline (Arenillas, 2011; Ghanem et al., 2017; Huijts et al., 2013).  
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2.1.1.3 Brain blood supply 

 

The brain is supplied by the internal carotid arteries and the vertebral arteries that are branches 

of the common carotid and subclavian arteries respectively (Konan & Mesfin, 2019; Manninen 

et al., 2008; Sato et al., 2011). The internal carotid arteries that supply blood to the anterior 

cerebral circulation, enter the brain to form the anterior portion of the Circle of Willis and 

supply a majority of the blood to the anterior cerebral circulation (Alastruey et al., 2007; 

Hendrikse et al., 2001; Kablak-Ziembicka et al., 2006). The Circle of Willis further branches 

out via collaterals giving rise to the anterior and middle cerebral arteries and posterior 

communicating arteries (which branch out to connect the posterior cerebral arteries) (Alastruey 

et al., 2007; Kablak-Ziembicka et al., 2006; Saeki & Rhoton, 1977). The middle cerebral artery, 

being the biggest cerebral artery supplies a vast proportion of the lateral surfaces of the 

cerebrum and is at a high risk of vascular damage (Bustamante et al., 2016; Caplan, 2015; 

Momjian-Mayor & Baron, 2005). The regions supplied by the middle cerebral artery include 

the lateral portions of the frontal lobe (inferior and middle frontal gyri), middle and inferior 

portions of the precentral, central and postcentral gyri, the insula, the temporoparietal junction, 

superior and middle temporal gyri and the striatum (Cilliers & Page, 2017; Goyal et al., 2016; 

Phan et al., 2005).  Occlusions or ischaemic injury to this artery can result in profound 

neurological deficits as it supplies blood to an extensive cerebral territory (Goyal et al., 2016; 

Phan et al., 2005).  

 

Similarly, the anterior cerebral artery which supplies the corpus callosum, anterior portions of 

the caudate and putamen, anterior two-thirds of the cingulate gyrus and medial portions of the 

frontal, paracentral and parietal lobes can also be affected by underlying conditions such as 

obesity, hypertension, T2DM and AD (Tahir et al., 2019). The posterior cerebral artery on the 

other hand supplies the MTL regions (including the hippocampus), the lateral and inferior 

temporal areas, the occipital areas and the midbrain (Brandt et al., 2000; Spallazzi et al., 2019). 

The infero-posterior portions of the brain are mostly irrigated by the posterior circulation 

system that receives its blood supply from the vertebrobasilar system (Tatu et al., 1996). The 

vertebral arteries merge to form the basilar artery at the medulla, which ascends superiorly 

toward the circle of Willis and gives off collaterals namely the posterior cerebral artery, the 

superior cerebellar artery and the anterior inferior cerebellar artery (Tatu et al., 1996). The 

vertebral arteries are also parent arteries to the posterior inferior cerebellar artery. The 

cerebellar arteries supply various portions of the brainstem and cerebellum (Savoiardo et al., 
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1987; Tatu et al., 1996). Compared to the posterior circulation system, the anterior circulation 

system is more susceptible to adverse vascular events and therefore more prone to damage in 

the presence of cardiovascular risk factors (Bamford et al., 1991; Hollander et al., 2002; Sato 

et al., 2008). Considering the systemic effect of the arteriopathies seen in cardiovascular 

diseases, ageing and AD (such as atherosclerosis and arteriosclerosis), a general reduction in 

blood flow would be expected in cerebral arteries. Reduced blood flow, alterations in blood 

pressure and consequent vascular damage fosters neurodegeneration and accumulation of AD 

pathology (section 2.1.1.1, Para 1; section 2.1.1.2, Para 2). The vascular territories of major 

cerebral arteries and the trajectory of cerebral arteries and the Circle of Willis are shown in 

Figure 2.1.  
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Figure 2.1 Cerebral blood supply 

To the left are two images representing the vascular territories supplied by major cerebral arteries in the sagittal 

section in the medial and lateral views respectively (Adapted from the adaptation of Frank Gaillard and Patrick 

J. Lynch’s work by Geeky Meds. Creative Commons license in Appendix A). To the right is an image of the 

trajectory of the cerebral arteries and the Circle of Willis (Adapted from the work by Open Stax. Creative 

Commons license in Appendix A).  
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2.1.2 Glucose regulation 

 

Cerebral glucose is the primary source of energy for the human brain which is why maintaining 

glucose homeostasis is crucial for brain structure and function (Mergenthaler et al., 2013). It is 

vital to brain functions such as neurotransmitter release, adenosinetriphosphate (ATP) 

production, the management of oxidative stress and the regulation of cell apoptosis (Amoroso 

et al., 1990; Baumgartner-Parzer et al., 1995; Dienel, 2019; Gibson & Zhang, 2000). It also 

plays a role in neurovascular coupling, regulation of appetite and memory consolidation 

(Hossain et al., 2020; Ko et al., 1990; Mergenthaler et al., 2013). Glucose regulation in the 

human body relies on the cross-talk between pancreatic insulin and glucagon secretion (Kahn, 

Cooper, & Del Prato, 2014). Impairments in glucose metabolism can alter these functions and 

contribute toward AD risk.  

 

Glucose supply to the brain is mediated via special glucose transporters that facilitate glucose 

supply via the BBB (Barbagallo & Dominguez, 2014; Cornford et al., 1994). Impaired glucose 

metabolism is seen in temporoparietal areas on FDG-PET in patients with early AD (section 

1.6.2.2). This could be attributed to the down regulation of the glucose transporters that is 

commonly observed in AD (Gu et al., 2018; Liu et al., 2008). A downregulation of glucose 

transporters is also seen in normal ageing, which can contribute toward the glucose deficit in 

AD (Hooijmans et al., 2007b; Rahmoune et al., 2005). This phenomenon can not only increase 

tau phosphorylation, but can also impair glucose transport across the BBB and result in lower 

energy supply to the brain parenchyma (Cornford et al., 1994; Patching, 2017). This suggestion 

was supported by a study that showed decreased glucose transporters in known predilection 

sites for tau phosphorylation in AD that could contribute toward neurodegeneration (Liu et al., 

2008). Additionally, higher amyloid load seen in ageing and conditions such as T2DM, obesity 

and hypertension can further impair glucose transport creating an additional energy deficit to 

the brain parenchyma (Bischof et al., 2016; Copani, Koh, & Cotman, 1991; Sweeney et al., 

2018). Glucose dysregulation can significantly influence memory consolidation and structural 

atrophy in the hippocampus (a clinical hallmark of AD), which highlights other potential 

mechanisms through which glucose dysregulation could increase AD severity (Convit et al., 

2003).  

 

Different levels of circulating glucose can also alter the risk for AD. Hyperglycaemia, 

characterised by the chronic circulation of elevated glucose levels, is associated with the 
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generation of advanced glycation end products that have a detrimental effect on cerebral 

microvasculature (Goldin et al., 2006). Hyperglycaemia or chronically high circulating blood 

glucose levels are frequently comorbid in obesity and T2DM (He et al., 2009; Swislocki, 

Hoffman, & Reaven, 1989). Hypertension is often comorbid in obesity and T2DM, and 

hyperglycaemia in the presence of hypertension is even more deleterious to the cerebral 

constituents (Swislocki et al., 1989; Tarr et al., 2013; Tropeano et al., 2004). Hyperglycaemia 

is treatable, but a common problem with its treatment is achieving optimal glycaemic control 

and a strict medical regimen without frequent monitoring can result in intermittent episodes of 

hypoglycaemia (Miller et al., 2001; Turnbull et al., 2009). Both hyperglycaemia and acute and 

severe hypoglycaemic events have been associated with structural brain damage, cognitive 

decline and risk of dementia (Cox et al., 2005; Meneilly & Tessier, 2016; Puente et al., 2010; 

Wang et al., 2017; Whitmer et al., 2009). However, evidence for the association between 

recurrent moderate hypoglycaemic events and cognitive decline and dementia risk is currently 

lacking (Sheen & Sheu, 2016). Therefore, impairments in glucose regulation seen in AD and 

the presence of cardiovascular comorbidities could contribute towards neurodegenerative 

processes that increase AD severity.  

 

2.1.3 Insulin resistance 

 

Insulin contributes towards several key processes in the brain such as synaptic function and 

plasticity, nutrient homeostasis, neuroprotection and modulating cognition (especially 

memory) and mood (Blázquez et al., 2014; Cheng et al., 2000; Spinelli et al., 2017). The 

hormone enters the brain either as a function of endemic production or via the transport of 

peripheral insulin across the blood brain barrier, although the former has a limited evidence 

base (Arnold et al., 2018; Banks et al., 1997; Blázquez et al., 2014; Devaskar et al., 1994; 

Kullmann et al., 2015; Lacroix et al., 2008). Past work has shown de novo insulin production 

in brain areas that are implicated in memory which include the hippocampus, prefrontal cortex, 

olfactory bulb and the entorhinal cortex (Devaskar et al., 1994; Mehran et al., 2012). These 

areas are also known predilection sites vulnerable to neurodegeneration due to AD pathology, 

except for the olfactory bulb, which has variable vulnerability to the disease (Murphy, 2019; 

Servello et al., 2015; Thomann et al., 2009). Studies suggest that most of the brain’s insulin is 

derived from pancreatic secretions via transport across the cerebrospinal fluid (CSF) and the 

BBB, where a majority of the insulin is delivered across the BBB (Banks, 2004; Gray, Meijer, 

& Barrett, 2014; Heni et al.,, 2015). Therefore, in conditions that induce systemic IR, a 
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condition in which the body is unable to process the effects of normally regulated insulin, there 

is a high probability that this pathological process could have detrimental effects on the brain 

and initiate neurodegenerative processes (Arnold et al., 2018; Moroz et al., 2008).  

 

A current conundrum in the literature is that IR is seen in the brains of patients with AD in the 

absence of an underlying metabolic condition (Arnold et al., 2018; Talbot et al., 2012).  IR has 

also previously been associated with memory deficits and structural hippocampal deficits, 

which are both seen in AD (Fadel & Reagan, 2016; Spinelli et al., 2017). IR initiates a 

pathological cascade promoting the build-up of AD pathology, neurodegeneration, and 

increasing neural vulnerability (Baranowska-Bik & Bik, 2019; Ma, Wang, & Li, 2015). Several 

studies have shown increased accumulation of Aβ plaques and NFT in the brain associated 

with IR, which is even higher in individuals carrying the APOE 4 allele (Craft et al., 2000; 

Ekblad et al., 2018; Matsuzaki et al., 2010; Špolcová et al., 2014; Starks et al., 2015; Willette 

et al., 2015). Moreover, insulin has vasodilatory properties that modulate the coupling of 

metabolic and haemodynamic homeostasis under normal conditions (Anderson & Mark, 1993; 

Miller et al., 2002; Xiang et al., 2008). Therefore, IR and resultant compromises in vasodilation 

can lead to irregularities in blood pressure, a factor that is additive to vascular dysfunction 

mediated cerebral insults (Hamburg et al., 2008; Han et al., 2011). IR, therefore, seems to foster 

neurodegenerative processes, the accumulation of AD pathology and the promotion of vascular 

dysfunction, all of which can increase AD severity. 

 

2.1.4 Cholesterol regulation 

 

Cholesterol is a lipoprotein that is essential for the maintenance of cellular membranes, while 

in the brain it largely contributes towards myelin sheath maintenance and composition (Cooper, 

1978; Saher et al., 2005). Cholesterol has an age-dependent effect on AD risk, where high 

cholesterol in midlife is associated with increased AD risk, whereas high cholesterol in late-

life is associated with reduced AD risk (Anstey, Ashby-Mitchell, & Peters, 2017; Kivipelto et 

al., 2001; Kivipelto et al., 2005; Mielke et al., 2005; Solomon et al., 2007). Like all lipoproteins, 

cholesterol can be categorised into low density lipoprotein (LDL), very low density (VLDL) 

and high density (HDL) cholesterol, respectively (Wang & Eckel, 2014). HDL cholesterol 

(‘good’ cholesterol) has antiatherogenic properties that promote reverse cholesterol transport 

and clearance of cholesterol from the rest of the body back to the liver (Rader et al., 2009). 
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LDL and VLDL cholesterol, on the other hand, promote atherosclerosis as these substrates 

facilitate the delivery of fat to cells, which can be deposited within arterial walls (Fernández-

Friera et al., 2017; Knouff et al., 2004; Nakajima & Tanaka, 2018). Varying concentrations of 

different cholesterol density can also alter formations of AD-type pathological depositions 

(Reed et al., 2014). This was highlighted in a study which showed that AD patients had lower 

HDL cholesterol and higher LDL cholesterol levels compared to controls (Warren, Hynan, & 

Weiner, 2012).  

 

The APOE protein is closely linked with modulating cholesterol action to facilitate neuronal 

growth, repair and maintenance (Boyles, Notterpek, & Anderson, 1990; Poirier et al., 1991). 

Among the different alleles of APOE, the 4 allele has the highest binding affinity to VLDL 

cholesterol (Mamotte et al., 1999). This binding affinity to VLDLs confers a risk of developing 

atherosclerotic pathology in APOE 4 carriers, a pathological process that can increase AD risk 

(Cheng et al., 2005; Li et al., 2013). Considering this relationship and the fact that APOE 4 is 

one of the most significant modulators of AD risk, cholesterol could be the link between APOE 

and AD that contributes towards AD pathogenesis (Borroni et al., 2006; Hoshino, Kamino, & 

Matsumoto, 2002). Increased AD risk and risk of AD progression as a consequence of 

cholesterol and APOE 4 interaction has been observed in several studies (Borroni et al., 2006; 

Evans et al., 2000; Hall et al., 2006). However, some work suggests that cholesterol can alter 

AD risk independent of APOE (Toro et al., 2014). This discrepancy could be explained via 

APOE independent tau phosphorylation discussed later in this section.  

 

Cholesterol is associated with the increased accumulation of AD pathology. Higher brain 

cholesterol can increase accumulation of amyloid plaques by promoting the -secretase 

cleavage of APP followed by -secretase, in the amyloidogenic pathway (Burns et al., 2003; 

Frears et al., 1999; Hughes et al., 2014; Reed et al., 2014). This increase in amyloid deposition 

could in turn increase tau hyperphosphorylation, thus increasing accumulation of AD 

pathology (Ghribi et al., 2006; Nicholson & Ferreira, 2009). On the contrary, there is evidence 

for increased tau phosphorylation in animals deficient in APOE activity indicating how 

cholesterol increases AD risk independent of APOE (Glöckner et al., 2011; Rahman et al., 

2005). In addition to pathological depositions typical of AD, high circulating cholesterol also 

increases the risk for atherosclerotic plaque formation, resulting in reduced CBF that can 

contribute toward neurodegeneration (Gao et al., 2017; Seijkens et al., 2014).  
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Apart from modulating formation of pathological depositions, cholesterol can alter neuronal 

and cerebrovascular structure and function. High circulating cholesterol can increase BBB 

permeability, induce neuroinflammation, cause a loss of cholinergic function and reduce nitric 

oxide levels, altering vasodilation (Chen et al., 2008; Creager et al., 1990; Ehrlich & Humpel, 

2012; Ullrich, Pirchl, & Humpel, 2010). Some of these pathological mechanisms can also lead 

to cognitive deficits in memory (Ullrich et al., 2010). Additionally, higher serum cholesterol 

levels can result in hypometabolism in known predilection sites for AD that is more 

pronounced in APOE 4 carriers (Reiman et al., 2010). Therefore, cholesterol can increase the 

risk of AD via interaction with APOE, vascular dysfunction and facilitating the accumulation 

of AD pathology.  

 

2.1.5 Adipokine regulation 

 

Adipokines or adipocytokines are secretions derived from adipose tissue that have several 

metabolic, endocrine and anti-inflammatory properties that can protect the brain against 

neurodegeneration and alter AD risk (Chen et al., 2009; Lee et al., 1999; Ng & Chan, 2017; 

Nicolas et al., 2017). Levels of circulating adipokines change in the presence of metabolic 

conditions such as T2DM and obesity that can independently alter AD risk (Misra et al., 2001; 

Silha et al., 2003). Unstable glucose metabolism can alter the expression and secretion of 

adipokines, which can in turn alter AD risk (Padilha et al., 2011; Wellhoener et al., 2000). This 

relationship can also be reciprocal, where altered serum adipokine levels can alter glucose 

metabolism and insulin action, although this effect is indirect and is executed via secretions 

from the hypothalamus following signalling from adipokines (Bates et al., 2004; Frühbeck & 

Salvador, 2000; Koch et al., 2010; Minokoshi, Haque, & Shimazu, 1999).  

 

2.1.5.1 Leptin  

 

Leptin (also known as the ‘satiety hormone’) is a hormone derived from adipose tissue that 

helps regulate appetite through communication with the hypothalamus in addition to altering 

glucose metabolism and insulin sensitivity (Koch et al., 2010; Morton et al., 2005; Van De 

Wall et al., 2008; Zimmet et al., 1998). Leptin has a number of beneficial effects on the brain 

that can help preserve brain structure in the presence of conditions inflicting cerebrovascular 

insults (Dicou, Attoub, & Gressens, 2001; Zhang et al., 2007a). Higher circulating leptin levels 
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in late-life reduce AD risk (but not in obese individuals), whereas midlife leptin levels are not 

associated with AD risk (Gustafson et al., 2012; Lieb et al., 2009; Zeki Al Hazzouri et al., 

2013). Therefore, higher circulating leptin as a function of higher body mass could be 

protective against neurodegeneration in late-life in the presence of age-related weight loss 

(Lieb et al., 2009; Power et al., 2011). Higher circulating leptin levels are associated with 

increasing body mass, but this relationship is reversed when correlating circulating leptin levels 

with abdominal fat mass (Lönnqvist, Wennlund, & Arner, 1997; Perego et al., 2005). On the 

contrary, intra-abdominal fat mass is associated with IR, while subcutaneous fat mass is 

associated with elevated levels of leptin (Cnop et al., 2002). Age-related changes in body fat 

distribution (specially increasing abdominal mass) could thus play a role modulating 

circulating leptin levels, which alter AD risk. Lower leptin levels have previously been found 

in AD patients (Baranowska-Bik et al., 2015; Warren et al., 2012). Additionally, gender could 

also play a role in leptin action and AD risk, where age-related reductions in leptin are seen in 

women, an association that is absent in men (Schautz et al., 2012). This could confer a higher 

risk of AD in women due to comparatively reduced protective actions of leptin against 

neurodegeneration in AD (Schautz et al., 2012).  

 

Leptin has several properties that protect the brain against neurodegeneration. One of these 

properties is the role of leptin in preventing amyloid accumulation (Greco et al., 2009; 

Niedowicz et al., 2013; Perez-Gonzalez et al., 2014). Amyloid accumulation on the other hand 

could be a driver of weight loss, which can in turn lower leptin secretion, thereby reducing its 

protective effects (Ishii et al., 2014; James, Kang & Park, 2014). In addition to amyloid 

accumulation leptin action can also attenuate tau phosphorylation and reduce AD risk (Greco 

et al., 2008; Marwarha et al., 2010). Moreover, leptin plays a significant role in synaptic 

plasticity and therefore has important implications in promoting memory function (Greco et 

al., 2010; Oomura et al., 2006). It is already known that hampered synaptic plasticity and 

memory deficits are early features of AD, therefore altered leptin function could reduce its 

beneficial effects on memory and plasticity, increasing AD risk (section 1.3.4.1, Para 1; section 

1.4.4).  

 

Similar to its effect on neuronal function, leptin can also have a protective effect on 

cerebrovascular function. Leptin treatment in rats with cerebrovascular damage showed 

improved vascular tone over a course of twenty-four hours, pointing towards beneficial effects 

of leptin on vascular function (Busch et al., 2011). Leptin delivery to the brain is mediated by 
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transporters located in the BBB; increased BBB permeability in AD and cardiovascular 

diseases reduces leptin delivery to the brain parenchyma and this reduction can lead to 

neurodegeneration (Banks, Kastin, Huang, Jaspan, & Maness, 1996; Stranahan et al., 2016). 

Recent evidence also suggests that a deficiency in leptin receptors could be implicated in BBB 

disintegration, which increases AD risk (Corem et al., 2019). Leptin can also modify sensitivity 

to insulin and therefore regulate insulin-mediated mechanisms such as vascular compliance 

that could alter CBF (Haffner et al., 1997; Segal, Landt, & Klein, 1996). Therefore, reduced 

sensitivity to leptin can increase AD risk, which is seen in obesity, T2DM and normal ageing 

(Gabriely et al., 2002; Platt et al., 2016).  

 

2.1.5.2 Adiponectin 

 

Adiponectin is another adipokine that has distinct effects to leptin and it acts by increasing 

energy expenditure to create a negative energy balance. Unlike leptin, higher body mass is 

associated with lower levels of adiponectin (Arita et al., 1999; Coimbra et al.,  2014). This is 

because changes in levels of adiponectin and leptin as a factor of ageing are inversely related, 

which can be independent of age-related changes in body fat distribution (Schautz et al., 2012, 

section 1.2.1.1, Para 3). However, adiponectin levels tend to reach higher thresholds with 

increasing age, which are even higher in women compared to men (Cnop et al., 2003; Schautz 

et al., 2012). Higher plasma adiponectin levels can be found in AD patients, are associated with 

increased cardiovascular risk and can also be a strong predictor of clinical outcomes following 

ischaemic cerebral injury (Shen et al., 2014; Une et al., 2011). This claim has been supported 

by studies that have found higher adiponectin levels in AD patients compared to controls 

(Khemka et al., 2014; Letra et al., 2019). Similar to leptin, effects of adiponectin on the brain 

seem to be modified by gender, where women show cognitive deficits associated with higher 

adiponectin levels (van Andel et al., 2020). It is possible that these gender differences in 

adiponectin action could confer a higher AD risk in women.  This notion is supported by a 

study which showed that adiponectin levels were associated with a heightened AD risk in 

women (Van Himbergen et al., 2012).  

 

Adiponectin can significantly alter AD risk by influencing the formations of AD pathological 

accumulations primarily by altering insulin sensitivity. A study showed that decreased insulin 

sensitivity as a consequence of chronic deficiency of adiponectin led to the increased 

accumulations of A and hyperphosphorylated tau in addition to the presentation of memory 
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and spatial deficits in mice (Ng et al., 2016). These mice also exhibited neuronal and synaptic 

loss (Ng et al., 2016). Most importantly, mechanisms of adiponectin can protect the brain and 

the BBB against A induced neurotoxicity and inflammation (Chan et al., 2012; Jian et al., 

2019; Song et al., 2017). Additionally, adiponectin has myriad beneficial effects on vascular 

function that can reduce risk for cardiovascular diseases and therefore could have implications 

for neurodegeneration in AD (Kojima et al., 2003; Pischon et al., 2004). An example of such 

an effect is reductions in atherosclerotic accumulations attributed to the mechansims of 

adiponectin (Bang et al., 2007; Yamauchi et al., 2003). Studies have also shown adiponectin 

involvement in the generation of endothelial cell mediated nitric oxide production that helps in 

the regulation of blood pressure, which could affect vascular function and therefore 

neurodegeneration (Cheng et al., 2007; Osuka et al., 2012). Therefore, adiponectin can alter 

AD risk by reducing the risk for cardiovascular diseases and altering AD pathological 

accumulations by modulating insulin sensitivity and vascular function, which is more 

pronounced in women.  

 

2.1.6 Neurodegeneration 

 

There are multiple downstream mechanisms of cardiovascular risk factors that can contribute 

toward neurodegenerative processes. One of these mechanisms is mitochondrial dysfunction, 

a phenomenon seen in ageing, AD and metabolic conditions such as T2DM and obesity (Bach 

et al., 2005; Hirai et al., 2001; Pugazhenthi, Qin & Reddy, 2017; Zorzano et al., 2009). The 

mitochondria produce energy in the form of ATP which is derived from glucose, the primary 

energy source for the brain (Drew & Leeuwenburgh, 2003). The formation of ATP involves 

closure of ATP-sensitive potassium channels and high influx of intracellular calcium that 

facilitates insulin secretion (Fuhrer, Kobayashi & Jiang, 2001). Glucose is transported across 

the BBB via specialised glucose transporters (section 2.1.2, Para 2). Impairment in glucose 

transport and increased BBB permeability that can induce hypoxia is seen in metabolic 

conditions such as T2DM and obesity and could therefore result in reduced ATP delivery to 

the brain parenchyma (Minet & Gaster, 2010; Tran et al., 2019).  

 

Mitochondria within the endothelial cells power sodium-potassium and calcium pumps using 

ATP that control the levels of substrates within the interstitial fluids (Lee et al., 2003; 

Rottenberg, 1973). Levels of these substrates control action potentials that regulate neuronal 

activity and can also modulate vasodilation (Erecińska & Dagani, 1990; Filosa et al., 2006). 



 84 

Therefore, mitochondrial dysfunction observed in the presence of cardiovascular risk factors, 

ageing and AD impairs synaptic plasticity and vascular function. Mitochondrial dysfunction 

additionally contributes toward accumulation of oxidative stress that eventually leads to cell 

death (Ott et al., 2007). Elevated oxidative stress, primarily a consequence of mitochondrial 

dysfunction, is a central feature seen in ageing, AD, obesity, T2DM and hypertension (Finkel 

& Holbrook, 2000; Furukawa et al., 2017; Minuz et al., 2002; Monnier et al., 2006; Zafrilla et 

al., 2006). It also has a reverse causal effect where elevated oxidative stress can damage 

mitochondria (Belhadj Slimen et al., 2014; Liu et al., 2012).  

 

Vascular dysfunction seen in conditions such obesity, T2DM and hypertension can reduce 

blood supply to neurons and create hypoxic conditions that can initiate a pathological cascade 

of mechanisms that leads to neurodegeneration. In turn, hypoxia can induce inflammation via 

the activation of microglia and inflammatory mediators, increase oxidative stress and BBB 

permeability (Brooks et al., 2005; Stolp et al., 2005). Low-grade inflammation resulting from 

the release of inflammatory mediators is also commonly observed in ageing and in the presence 

of cardiovascular risk factors (Zhang et al., 2017a; Zhao et al., 2004). Additionally, modulators 

of neuroinflammation are found in AD patients that add further detriments to neurons in the 

presence of vascular hypoxia mediated insults (Zhang et al., 2017a). Hypoxic conditions also 

facilitate the accumulation of neurotoxic products such as A and hyperphosphorylated tau that 

can result in neuronal death (Gao et al., 2013; Raz et al., 2019). Hypoxia facilitates the splicing 

of APP via the amyloidogenic pathway in addition to promoting tau phosphorylation that can 

increase AD neuropathological accumulation (Li et al., 2009). The corollary of effects resulting 

from cardiovascular risk factor-induced hypoxia thus contributes towards promoting 

neurodegenerative processes that increase AD risk or could increase the severity of the disease.  

 

2.1.7 Neuropathology in vascular comorbidities 

 

2.1.7.1 AD pathology in vascular comorbidities 

 

2.1.7.1.1 Obesity 

 

Obesity has previously been associated with higher accumulations of AD pathology. 

Neuropathological examination and amyloid imaging in demented and non-demented 

individuals revealed that higher midlife body mass index was associated with a higher burden 
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of AD pathology (Chuang et al., 2016). The same study showed that each unit increase in body 

mass index predicted an earlier onset of AD (Chuang et al., 2016). A different study showed 

similar neuropathological findings of AD pathology in the brains of a small sample of elderly 

morbidly obese individuals (Mrak, 2009). However, some studies using animal models show 

no evidence of obesity-mediated formations of AD pathology (Moroz et al., 2008; Niedowicz 

et al., 2014), while other studies show contradictory evidence (Ho et al., 2004; Walker et al., 

2017). Niedowicz and colleagues also proposed that obesity/T2DM in mice could induce 

vascular dysfunction that can alter cognition and that this could be independent of Aβ 

deposition (Niedowicz et al., 2014).  Similar to what is seen in T2DM, accumulation of AD 

pathology in obesity can be higher in the presence of the APOE 4 allele (Moser & Pike, 2017). 

However, lower AD pathological accumulation is also observed in obese carriers of APOE 4 

who also show slower progressive cognitive decline and higher metabolism in the posterior 

cingulate regions (Blautzik et al., 2018). It is possible that higher leptin circulation seen in 

individuals with higher BMI could provide protection against age and disease related insults 

(leptin) in late-life (section 2.1.5.1). Therefore, the relationship between obesity and AD risk 

needs to be examined more closely.  

 

2.1.7.1.2 Hypertension 

 

Similarly, hypertension is also associated with the increased accumulation of AD pathology. A 

study showed higher depositions of senile plaques and NFT in hypertensive individuals than 

patients with coronary artery disease and controls (Sparks et al., 1995). This was supported by 

a study in rats, which showed increased A depositions in hypertensive animals (Diaz-Ruiz et 

al., 2009). As is seen in T2DM, medication seems to attenuate the formation of AD 

neuropathology in hypertensive individuals (Hoffman et al., 2009). Analogous to the effects 

seen in obesity and T2DM studies, APOE 4 significantly modulates cerebral AD 

neuropathological accumulation. A study by Jeon and colleagues showed increased A 

depositions in hypertensive APOE 4 carriers while non-carriers exhibited reductions in 

cortical thickness similar to those observed in AD (Jeon et al., 2019). An unusual finding in 

the same study was lower A depositions in hypertensive AD patients compared to 

normotensive AD patients that was independent of APOE status (Jeon et al., 2019). It is 

possible that this discrepancy could be explained by the effect of medication on the attenuation 

of AD neuropathological accumulation in hypertensive AD patients (Hoffman et al., 2009).  
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2.1.7.1.3 Type 2 Diabetes 

 

There is some degree of variability in the neuropathological accumulations observed in T2DM 

and hypertension. Although AD and T2DM share several pathophysiological mechanisms, 

evidence shows that T2DM is not commonly associated with the deposition of Aβ plaques and 

NFTs (Abner et al., 2016; dos Santos Matioli et al., 2017; Malek-Ahmadi et al., 2013). In fact, 

patients with diabetes present with lower pathological depositions typical of AD, than those 

without diabetes (Ahtiluoto et al., 2010; Beeri et al., 2005). It is possible that the medical 

regimen among these patients could have alleviated the pathological processes facilitated in 

T2DM that could explain the lack of AD-like pathological depositions (Ahtiluoto et al., 2010a; 

Beeri et al., 2005). This was supported by an animal study which showed that in obese, leptin-

resistant mice, administration of metformin (a medication used for glycaemic control in T2DM) 

limits the accumulation of AD pathology (Li et al., 2012). However, accumulations of Aβ 

plaques do seem to increase with longer duration of T2DM (Janson et al., 2004; Zhang et al., 

2017c). A subset of studies that looked at APOE status also showed that individuals with 

T2DM carrying the APOE ε4 allele did show the presence of typical AD pathology (dos Santos 

Matioli et al., 2017; Malek-Ahmadi et al., 2013; Peila, Rodriguez, & Launer, 2002).  Therefore, 

interactions between APOEε4 and diabetes duration could pose a higher risk for AD as opposed 

to a diabetes diagnosis by itself. 

 

2.1.7.2 Vascular pathology in comorbidities 

 

2.1.7.2.1  Obesity 

 

In obesity, there is evidence to show cerebrovascular pathological depositions that can increase 

AD risk. Increasing waist to hip ratio is associated with a higher burden of white matter 

hyperintensities (WMH) that is independent of the effects of blood pressure and glucose levels 

(Marini et al., 2020). Animal studies support these associations and have shown vascular 

dysfunction and cognitive impairment associated with diabetes and obesity (Niedowicz et al., 

2014). Particularly, high visceral fat is linked with the development of WMH in obese 

individuals and this relationship is mediated by the release of proinflammatory markers seen 

in such patients (Lampe et al., 2019). The WMH exhibit a preference to form in the prefrontal 

cortex in obesity that can alter functional and structural connectivity (Cohen, Cazettes, & 

Convit, 2011; Park et al., 2020). The prefrontal cortex is not affected by AD until later stages, 
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therefore vascular pathology in this brain region resulting from obesity could increase the 

severity of AD (section 1.6.1).  

 

2.1.7.2.2 Hypertension 

 

Hypertension on the other hand, has largely been associated with the formation of cerebral 

microbleeds, especially in subcortical structures and cerebral white matter (De Leeuw et al., 

2002; van Dijk et al., 2004). A study by Hajjar and colleagues showed a high frequency of 

WMH in hypertensive individuals. These WMH were also associated with impairments in 

cognition and mood alterations (Hajjar et al., 2011). The co-occurrence of cerebral amyloid 

angiopathy observed in AD and hypertension-induced small vessel disease can result in more 

profound effects on brain structure and function, by increasing the risk for intracranial 

haemorrhage (Ritter et al., 2005). Cerebral amyloid angiopathy not only obstructs blood flow, 

but it is also a cause for increased BBB permeability and increased accumulation of AD 

pathology (section 1.4.1.1). However, cerebral amyloid angiopathy and hypertension induced 

small vessel disease tends to affect varied brain regions that are not typically affected in AD 

(Pasi et al., 2017). Therefore, comorbid hypertension could increase disease severity in AD 

patients.   

 

2.1.7.2.3 Type 2 Diabetes 

 

It has already been established that T2DM contributes towards the development of vascular 

pathology (Paneni, Costantino, & Cosentino, 2014). Studies have shown more frequent 

occurrences of cerebrovascular pathology as opposed to depositions of typical AD pathology 

in T2DM, and these have been associated with deficits in cognition (Abner et al., 2016; 

Ahtiluoto et al., 2010; Nelson et al., 2009). This finding was supported by a meta-analysis 

which showed that T2DM patients had a higher frequency of cerebral infarcts than AD 

pathology and that this higher frequency lowered the threshold of AD pathology required for a 

clinical dementia diagnosis (Vagelatos & Eslick, 2013). The same study showed that dementia 

is associated with both AD pathology and cerebrovascular lesions (Vagelatos & Eslick, 2013). 

Therefore, it is possible that cognitive deficits and neurodegeneration seen in T2DM might 

stem from the cumulative effects of cerebrovascular and AD pathology. Additionally, vascular 

dysfunction mediated by T2DM can also facilitate neurodegenerative mechanisms, thereby 

increasing the risk of AD (Di Marco et al., 2015).  
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Figure 2.2 Shared mechanisms between obesity, T2DM and hypertension that contribute 

toward AD risk or AD progression 

Key: The following colours represent the specific effects exerted by the respective conditions (It is 

important to note that although the image indicates a detrimental effect of specific conditions on 

cognitive domains and specific brain regions, it represents a predominant effect of that condition and 

that the cognitive domains and brain regions can be affected by other factors in addition to those 

represented in the image by the respective colours) 

Yellow: T2DM; Orange: Obesity; Blue: AD; Purple: T2DM + Obesity + T2DM; Green: AD + T2DM; 

Red: Vascular dysfunction.  

Abbreviations: AGE: Advanced glycation end products; A1: Arteriosclerosis; A2: Atherosclerosis; 

BBB: Blood brain barrier; CAA: Cerebral amyloid angiopathy; CBF: Cerebral blood flow; FL: Frontal 

lobe; HDL: High density lipoprotein; HTN: Hypertension; IR: Insulin resistance; LDL: Low density 

lipoprotein; MTL: Medial temporal lobe; ND: Neurodegeneration; NFT: Neurofibrillary Tangles; PL: 

Parietal lobe 

This image has been altered and reused from the work by Osman et al., 2020 (Shabir et al., 2020). 

Permissions to alter and reuse image obtained from the authors (Appendix A). Link to manuscript 

included in Appendix D, D.2.  

 

  



 89 

2.2 Risk factors for AD and Cardiovascular Disease  

 

2.2.1 Lifestyle factors 

 

2.2.1.1 Diet 

 

Diet plays a vital role in regulating blood pressure, glucose homeostasis, fat percentage and 

hormones (Blumenthal et al., 2010; Miyashita et al., 2004; Norat, 2019; Sacks et al., 2001). 

With the advancements in technology, there has been a rapid growth in the food distribution 

industry, making access to a broad variety of food, especially fast food, a widely available 

commodity (Ludwig, 2011; Popkin, 2015). Consumption of fast food has increased 

significantly in developing countries due to aggressive campaigning from multinational food 

corporations to increase their consumer market (Kearney, 2010). This trend has contributed 

toward the obesity pandemic and towards the simultaneous increase in the incidence of T2DM, 

obesity and hypertension (Commodore-Mensah et al., 2018; Kotsis et al., 2018; Price et al., 

2018; Zobel et al., 2016). This increasing prevalence of CRF has led to an increased risk of AD 

(Hazar et al., 2016; Luchsinger et al., 2005). 

 

On the other hand, diet composition can significantly contribute toward modulating 

cardiovascular risk. A meta-analysis investigating ‘how diet can modify the risk of developing 

T2DM,’ showed that whole grain, cereal fibre and moderate levels of alcohol intake reduced 

the risk of developing cardiovascular risk factors (Norat, 2019). Conversely, it also showed 

that the consumption of processed meat, sweetened drinks and red meat was associated with 

increased risk of developing cardiovascular risk factors (Norat, 2019). Nevertheless, the 

independent effect of diet on the risk of cardiovascular risk factors cannot be isolated and needs 

to be adjusted depending on other lifestyle tendencies. The dietary approach to stop 

hypertension that advocates increased consumption of fruits and vegetables and decreased 

consumption of high-fat dairy products has also proven effective in reducing overall 

cardiovascular risk (Blumenthal et al., 2010; Moore et al., 2001). Although diet by itself can 

help reduce cardiovascular risk, when adhered to in combination with aerobic activity and 

caloric restriction, it has a broad range of benefits that include weight loss, improved glucose 

regulation and insulin sensitivity in addition to lowering the levels of circulating total 

cholesterol and triglycerides (Blumenthal et al., 2010). A meta-analysis on this dietary 

approach showed a significant reduction in cardiovascular risk and blood pressure while 
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simultaneously indicating a potential attenuation of the Framingham risk score for 

cardiovascular disease (Siervo et al., 2015). Following the Mediterranean diet has also shown 

relatively reduced risk of cardiovascular disease and AD (Sofi et al., 2008). The dietary 

approach to stop hypertension, the Mediterranean diet and a hybrid of the two have all shown 

promise of reducing AD risk (Morris et al., 2015; Sofi et al., 2008). Therefore, diet that is rich 

in fresh food, whole grains and legumes, low in saturated and trans fats is recommended to 

help reduce cardiovascular risk and therefore AD risk (Barnard et al., 2014).  

 

2.2.1.2 Alcohol consumption 

 

There is conflicting evidence regarding alcohol consumption and dementia risk (Verplaetse et 

al., 2020; Wiegmann et al., 2020). This conflicting evidence may arise from the quantity and 

frequency of alcohol consumption. High consumption of alcohol is associated with elevated 

cardiovascular risk, especially high blood pressure (Foerster et al., 2009; Nanchahal, Ashton, 

& Wood, 2000). Research indicates that heavy alcohol use increases the risk of AD, reduces 

the age of onset, in addition to accelerating disease progression (Harwood et al., 2010; 

Heymann et al., 2016; Rehm et al., 2019; Xu et al., 2017). However, there is conflicting meta-

analytical evidence indicating that there is no difference in dementia risk between heavy 

drinkers and individuals who do not drink (Anstey, Mack, & Cherbuin, 2009). On the other 

hand, light to moderate consumption of alcohol has largely been associated with reduced risk 

of cardiovascular disease, thus reducing AD risk (Albert et al., 1999; Foerster et al., 2009; 

Naimi et al., 2005; Xu et al., 2017). This association may also be age-dependent where 

moderate alcohol consumption in late-life may reduce dementia risk (Anstey et al., 2009; 

Huang et al., 2002). There is some evidence for the type of alcohol consumption and AD risk 

where consumption of beer and wine is considered less harmful than hard liquor in modulating 

dementia risk (Heymann et al., 2016; Luchsinger et al., 2004). This is conflicted by findings 

from the Rotterdam study that found no difference in the type of alcohol and dementia risk 

(Ruitenberg et al., 2002). A different study showed that a higher frequency of alcohol 

consumption is associated with higher AD risk (Langballe et al., 2015). Therefore, it appears 

that heavy alcohol consumption with high frequency can increase AD risk, whereas low to 

moderate alcohol consumption, especially in late-life is associated with reduced AD risk.  
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2.2.1.3 Exercise/ Physical Activity  

 

Exercise plays a pivotal role in reducing cardiometabolic risk. High levels of physical inactivity 

can promote the development of visceral adiposity, cardiovascular irregularities, hypertension, 

insulin resistance and atherosclerosis, consequently increasing the risk of the development of 

cardiovascular disease and AD (Fogelholm et al., 2007; Hamburg et al., 2007; Sobngwi et al., 

2002). Moreover, physical activity can facilitate improvements in cognitive performance in 

addition to protection from myriad other conditions such as cancer, that significantly reduce 

quality of life and increase rates of disability and mortality (Neufer et al., 2015; Weuve et al., 

2004). Physical activity can also reduce AD risk by modulating levels of AD pathology, 

stimulating the production of neurotransmitters and growth factors and reducing inflammation 

(Coelho et al., 2014; Law et al., 2018; Ryan & Kelly, 2016; Sutoo & Akiyama, 2003). A study 

also showed that cardiorespiratory fitness can reduce AD risk in at-risk individuals (Boots et 

al., 2015). In the study, higher cardiovascular fitness was associated with higher grey matter 

volume (GMV) in areas that are known predilection sites for AD, lower burden of WMH and 

also better cognitive performance (Boots et al., 2015). A different study showed that while 

aerobic and mind-body exercises helped reduce dementia risk, stretching and toning exercises 

were not associated with reduced dementia risk (Lee et al., 2015). Even leisurely physical 

activity such as walking can help reduce dementia risk (Abbott et al., 2004; Ogino et al., 2019; 

Rovio et al., 2005). It is evident that following regular exercise regimes can significantly reduce 

AD risk (Cox et al., 2019a; Dougherty et al., 2016; Ogino et al., 2019). 

  

2.2.1.4 Smoking 

 

Smoking can significantly increase AD risk by influencing the cardiovascular system, inducing 

neuroinflammation and facilitating the accumulation of AD pathology. One of the key 

pathological effects of smoking is elevated production of reactive oxidative species that can 

increase oxidative stress and neuroinflammation, both of which are seen in AD (Al Rifai et al., 

2017; Khanna et al., 2013). In addition to these factors, smoking can also facilitate vascular 

dysfunction that contributes toward AD risk. Tobacco smoke can result in reduced integrity of 

the BBB in addition to promoting atherogenic processes, both of which can reduce CBF 

(Kianoush et al., 2017; Lee et al., 2017). Other ways smoking can alter blood flow are by 

restricting nitric oxide synthesis, which can hamper vasomotion and vascular tone, therefore 

affecting CBF (Kugiyama et al., 1996; Morita‐Tsuzuki, Bouskela, & Hardebo, 1993). 
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Additionally, smoking can accelerate the accumulation of AD pathology. Animal studies have 

shown increased amyloid accumulation, and tau phosphorylation associated with cigarette 

smoke (Ho et al., 2012; Moreno-Gonzalez et al., 2013). The downstream pathological effects 

of smoking that increase AD risk can also result in deficits in cognition and cerebral glucose 

metabolism that are most pronounced in APOE 4 carriers (Durazzo et al., 2015).  

 

Smoking can interact with the APOE 4 allele to modify AD risk significantly. Studies have 

shown that midlife smoking was associated with a higher AD risk in APOE 4 carriers in 

comparison to non-carriers (Kivipelto et al., 2008; Rusanen et al., 2010).  However, there is 

contradictory evidence that indicates the opposite where increased dementia risk is more 

prominent in smokers who are non-carriers of APOE 4 compared to smokers who are carriers 

(Ott et al., 1998; Reitz et al., 2007a). It is possible that elevated cardiovascular risk in APOE 

4 smokers could have increased risk for mortality before individuals could develop AD 

(Grammer et al., 2013; Jacobsen et al., 2010). Additionally, both studies were derived from 

cohorts from the Rotterdam study that could explain the discrepancy in the findings from these 

studies and other studies (Ott et al., 1998; Reitz et al., 2007a).  

 

2.2.2 Modifiable risk factors 

 

2.2.2.1 Obesity 

 

Obesity, which is a condition characterised by excess body fat can significantly increase the 

risk for cardiovascular disease and AD (Pérez et al., 2007; Xu et al., 2011). Higher body fat 

can negatively influence the vascular system and cause alterations in CBF that is detrimental 

to neural health (Selim et al., 2008; Willeumier, Taylor, & Amen, 2011). However, this 

relationship can change across the lifespan as there are age-related changes in body fat 

metabolism and distribution (Arner et al., 2019; Unger, 2005). Studies examining dementia 

risk and indices of body mass have found a paradoxical relationship between these two 

variables which show that higher body mass in midlife can increase dementia risk whereas 

higher body mass in late-life is associated with reduced dementia risk (Fitzpatrick et al., 2009; 

Hughes et al., 2009; Kivimäki et al., 2018; Whitmer et al., 2007; Xu et al., 2011). Findings 

from the study by Kivimaki and colleagues highlighted this, where BMI measured more than 

twenty years before dementia onset was associated with increased dementia risk while BMI 

measured less than ten years before dementia onset was associated with reduced dementia risk 
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(Kivimäki et al., 2018). Considering that the age of onset for dementia is in the later decades 

of life, BMI measured twenty years before the age of dementia onset could be closer to midlife. 

Higher midlife BMI has the most negative effects on the brain compared to other stages of life 

(Anstey et al., 2011; Fitzpatrick et al., 2009; Pedditizi et al., 2016). The obesity paradox is 

further supported by a study that showed that in late-life, there was a reduction in dementia risk 

with higher baseline BMI and slower rate of decline in BMI (Hughes et al., 2009). The same 

study also showed that a rapid decline in BMI could be indicative of preclinical AD, which 

could be more pronounced for individuals who have a history of obesity or overweight (Hughes 

et al., 2009).  The obesity paradox could be due to observed age and disease-related weight 

loss, where higher BMI in late-life could help preserve neural constituents and help the brain 

cope with damage via the availability of additional resources and better nutrition (Buchman et 

al., 2005; Hsu et al., 2015; Lieb et al., 2009; Pancani et al., 2013).  Therefore, it is evident that 

higher BMI in midlife increases the risk for AD while late-life high BMI could have some 

protective effects against neurodegeneration in the disease. Nevertheless, a majority of the 

studies on obesity do not consider the effect of sex.  

 

Detrimental effects of obesity in midlife that increase the risk for cognitive decline and AD 

could be attributed to inflammatory pathways activated by obesity (de Kloet et al., 2014; 

Jayaraman, Lent-Schochet, & Pike, 2014a; Pugazhenthi et al., 2017). In obesity, a release of 

pro-inflammatory cytokines is observed due to the initiation of an immune response via toll-

like receptors (TLR) (DeFuria et al., 2013; Mohamed-Ali et al., 1997). Low grade systemic 

inflammation as a result of higher circulating pro-inflammatory cytokines can in turn lead to 

IR and facilitate neurodegeneration, increasing AD risk (Hildreth, Van Pelt, & Schwartz, 2012; 

Ho et al., 2004; Hunter et al., 2007; Matsuzaki et al., 2010; Yudkin et al., 1999). Defective 

insulin action and neuroinflammation can not only contribute toward accumulation of AD 

pathology, but it can also alter BBB permeability resulting in a reverse causal effect which can 

increase pathological depositions typical of AD (Clifford et al., 2007; Huber, VanGilder & 

Houser, 2006; Iadecola, 2015; Matsuzaki et al., 2010; Pluta et al., 2006; Takechi et al., 2017). 

Systemic inflammation can also induce mitochondrial dysfunction (a phenomenon often seen 

in metabolic conditions like obesity), facilitating neurodegenerative processes by elevating 

levels of oxidative stress (Arruda et al., 2014; Hunter et al., 2007). Obesity is also associated 

with high total cholesterol, which can facilitate atherogenesis that furthers the contributions 

towards neurodegeneration in AD via the vascular dysfunction route (Casserly & Topol, 2004; 

Garrison et al., 1980; Kivipelto et al., 2005; Kusters et al., 2017). The metabolic dysfunction 
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seen in obesity can also increase the risk for other cardiovascular risk factors such as T2DM 

and hypertension, which are independent risk factors for AD (Lavie, Milani, & Ventura, 2009). 

Therefore, systemic inflammation, mitochondrial dysfunction, increased oxidative stress and 

vascular dysfunction can contribute toward obesity-mediated neurodegeneration and increase 

AD risk. Moreover, a longer duration of such an obesogenic profile could explain why mid-

life obesity poses a higher risk for AD than in late-life (Fitzpatrick et al., 2009). 

 

2.2.2.2 Hypertension 

 

Hypertension is defined as the ‘chronic elevation of systemic arterial pressure above a 

thresholded value’ that can significantly alter haemodynamics and vascular architecture (Giles 

et al., 2005; Giles et al., 2009; Williams et al., 2018). Similar to obesity and several other 

cardiovascular risk factors, hypertension at midlife is a risk factor for AD, especially 

uncontrolled hypertension (Launer et al., 2000; Lennon et al., 2019; Livingston et al., 2017). 

A majority of the AD risk conferred from possessing chronically high blood pressure is the 

resultant irreversible vascular damage that can contribute toward neurodegeneration (de la 

Torre, 2012). At the microvascular level, hypertension can increase BBB permeability by 

damaging components of the neurovascular unit (de Montgolfier et al., 2019; Van Deurs, 

1976). This can lead to the extravasation of plasma contents into the brain parenchyma, 

increasing AD pathological accumulations, which could be more pronounced in APOE 4 

carriers (Clifford et al., 2007; Iadecola, 2015; Jeon et al., 2019; Pluta et al., 2006). Amyloid 

accumulation in AD can be seen around cerebral microvessels (also known as cerebral amyloid 

angiopathy) and this process is aggravated by hypertension (Cifuentes et al., 2015; Faraco et 

al., 2016; section 1.4.1.1). Hypertension, in combination with cerebral amyloid angiopathy can 

increase the risk for cerebral microbleeds that are more prominent in deep brain regions and 

can contribute toward neurodegeneration, cognitive decline and AD dementia (Akoudad et al., 

2016; De Reuck et al., 2011; Gurol et al., 2012; Romero et al., 2014). These alterations are 

largely irreversible and therefore, pathological burden due to hypertension tends to accumulate 

across the lifetime. Hypertension is also accompanied with a prolonged asymptomatic or 

‘silent’ phase, which can result in significant irreversible cerebral damage before treatment can 

be initiated (Cova et al., 2013). Therefore, strategies to improve primary prevention measures 

could help reduce the damaging effects of hypertension on the brain and reducing AD risk 

(section 1.8).    
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Microvascular damage inflicted by hypertension can negatively impact CBF at the 

macrostructural level in AD. Increased amyloid load mediated by hypertension can form 

depositions within capillaries and constrict them, therefore causing a reduction in rCBF 

(Carrano et al., 2011; Nortley et al., 2019). Evidence also shows that alterations in 

haemodynamics of blood vessels in hypertension can damage the delicate structure of distal 

cerebral microvasculature (Scuteri, 2012). Variations in blood pressure can also be attributed 

to age-associated arterial stiffening and consequent erratic changes in arterial blood pressure 

(Lam et al., 2009; Laogun & Gosling, 1982). These erratic ‘bursts’ or pulses of blood can 

damage the walls of arteries and further reduce rCBF (Lam et al., 2009). Moreover, arterial 

stiffening can increase pulse pressure (the difference between systolic and diastolic blood 

pressure) that increases the risk for neural damage, which is more pronounced in APOE 4 

carriers (Dao et al., 2005; Mitchell et al., 2011; Nation et al., 2016; Wallace et al., 2007). 

Hypertension can also impair neurovascular coupling which can manifest as detriments in 

cognitive function (Capone et al., 2012; Elias et al., 1993; Jennings et al., 2005). Therefore, 

hypertension can increase AD risk through a myriad of dysfunctional vascular processes.  

 

2.2.2.3 Type 2 diabetes 

 

Type 2 diabetes (T2DM) is a chronic condition that is characterised by IR and insufficient 

insulin secretion by pancreatic beta cells (American Diabetes Association, 2016). T2DM and 

AD share common mechanisms that can double the risk of AD (Moreno-Gonzalez et al., 2017; 

Ott et al., 1999). One of these mechanisms is disruption in the cerebral glucose metabolism 

rate, which is commonly seen in T2DM (Baker et al., 2011; Sabri et al., 2000). In addition to 

increasing AD risk, these disruptions in glucose metabolism increase the risk of cognitive 

decline in cognitively normal individuals (Rawlings et al., 2017). Glucose dysregulation is also 

a feature seen in AD (Drzezga et al., 2003; Li et al., 2008b). The marked IR seen in T2DM 

could contribute toward impaired cerebral glucose metabolism (Baker et al., 2011). In the past, 

insulin has proved to be beneficial in protecting the integrity of the BBB and arterial vessel 

walls via mediating actions of vascular endothelial cells (Rask-Madsen et al., 2010). In the 

presence of IR, there is insufficient insulin delivery to cells, which can reduce integrity of the 

BBB and promote the extravasation of vessel contents (Ito et al., 2017; Takechi et al., 2017). 

This process can in turn accelerate the accumulation of misfolded proteins such as Aβ and tau 

(which form characteristic aggregations seen in AD pathology) and facilitates the acceleration 

of neurodegenerative processes (Acharya et al., 2013; Fujii et al., 2017). There can also be a 
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reverse-causal effect where pre-existing pathological accumulations of tau and Aβ (seen in 

AD) can increase BBB permeability and therefore increase these pathological accumulations 

(section 1.4.6.1.1, Para 2). Additionally, IR and glucose dysregulation can induce the 

production of advanced glycation end products that are implicated in the pathogenesis of 

arteriopathies (namely atherosclerosis and arteriosclerosis), which cause a reduction in cerebral 

blood supply that is detrimental to neural health (Brüel & Oxlund, 1996; Soro-Paavonen et al., 

2008; Tahara et al., 2012; Wolffenbuttel et al., 1998). Pathological mechanisms as a 

consequence of increased production of advanced glycation end products can also increase 

BBB permeability, increasing AD risk (Niiya et al., 2012; Shimizu et al., 2013). Downstream 

effects of T2DM can also result in cognitive decline, specifically in the domains of memory, 

also seen in AD (Gold et al., 2007; Sadanand, Balachandar & Bharath, 2016; section 1.3.4.1).  

 

Therefore, the systemic alterations induced by the T2DM pathophysiological cascade can 

negatively affect cerebral blood vessels, promote neurodegenerative processes and cognitive 

decline that can increase the risk of AD. Obesity and hypertension are often comorbid in T2DM 

and the pathological effects of these conditions could be additive to the detriments inflicted by 

T2DM on the brain (Iglay et al., 2016; Jelinek et al., 2017). Along with increasing the risk for 

neurodegenerative diseases, the presence of comorbidities such as T2DM that induce vascular 

dysfunction in diseases that already present with vascular pathology (such as AD), could 

increase the severity of the symptoms or accelerate the rate of disease progression 

(Alagiakrishnan & Sclater, 2012; Jayaraman & Pike, 2014b).  

 

2.2.2.4 Metabolic Syndrome 

 

With a surge in the proportion of the global obese population, there has been a proportionate 

rise in the prevalence of metabolic syndrome (Piepoli et al., 2016). It is a condition that is 

characterised by the presence of three main symptoms namely, visceral or abdominal obesity, 

IR and hypertension (Punthakee, Goldenberg, & Katz, 2018). Complementary with these 

symptoms, dyslipidaemia, endothelial dysfunction and chronic stress are often comorbid with 

metabolic syndrome (Grundy et al., 2005; O'neill & O'driscoll, 2015). These pathological 

mechanisms contribute toward increased BBB permeability, accumulation of AD pathology, 

neurodegeneration and cognitive decline (Barron et al., 2013; Campos-Pena et al., 2017; Lin 

et al., 2014; Segura et al., 2009; Van Dyken & Lacoste, 2018). In addition to increasing the 

risk of developing T2DM (almost 5-fold), metabolic syndrome increases the probability of 
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having an adverse vascular episode(s) resulting from thrombotic events such as stroke and 

myocardial infarction (Kaur, 2014; Li et al., 2008a). The culmination of symptoms seen in 

metabolic syndrome also increases the risk of AD dementia (Alberti et al., 2009; Alberti et al., 

2005). The downstream pathological mechanisms of metabolic syndrome that increase AD risk 

are similar to those seen in obesity, T2DM and hypertension (Nguyen et al., 2008; Raffaitin et 

al., 2009; Suzanne, 2012; Vanhanen et al., 2006).  

 

2.2.3 Non-modifiable risk factors 

 

2.2.3.1 Genetics 

 

Genetics are inherited factors and therefore cannot be modified and different genes that 

increase risk of cardiovascular risk factors could also therefore increase AD risk. T2DM is a 

known risk factor of AD and can significantly increase AD risk (Paul, Jerrett, & Ritz, 2018). 

A network-based analysis on differentially expressed genes showed common pathways that 

were disturbed by upregulated genes in T2DM and AD. Twenty-one such genes were 

identified, some of which include HLA-DRB4 (cell adhesion molecules), IGH 

(immunoglobulins) and IGHA2 (Beta cell regulation) (Chowdhury et al., 2020). In addition to 

disturbing pathways such as beta cell regulation, upregulated genes in T2DM also disturbed 

pathways mediating long term potentiation, dopaminergic synapses, beta cell receptor 

signalling and Ras signalling, which are common pathways disturbed in AD (Chowdhury et 

al., 2020). Therefore, the upregulation of genes in T2DM that can disturb pathways commonly 

affected in AD could increase the risk of AD. 

 

With respect to obesity there are several genes that have been identified that increase polygenic 

risk for obesity, some of which include FTO, PCSK1 and MC4R (Benzinou et al., 2008; Ewens 

et al., 2011). Of these, possessing genetic variations on introns 1 and 2 of the FTO gene can 

increase AD risk (Reitz et al., 2012). Furthermore, interaction with the APOE 4 gene and the 

FTO gene (especially carriers of the AA variant) can substantially increase risk of AD (Keller 

et al., 2011). A different study using bioinformatics analysis identified thirty-one single 

nucleotide polymorphisms on seven genes that are shared between AD and obesity namely 

PSMC3, CELF1, MYBPC3, SPI1, APOE, MTCH2 and RAPSN (Zhuang et al., 2017). With 

respect to hypertension, the genes that can alter blood pressure often modulate the risk of 

hypertension (Levy et al., 2009). The study by Levy and colleagues found that only the 
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ATP2B1 gene was associated with hypertension (Levy et al., 2009). This finding was replicated 

in a different study on Korean individuals (Hong et al., 2010). However, there is limited 

evidence indicating a link between genetic risk of hypertension and AD. This was highlighted 

in a study which showed that hypertensive AD individuals instead present with a heterogeneous 

genotype (Nazarian et al., 2019). Therefore, it is possible that hypertension might increase AD 

risk predominantly through mechanisms that propagate vascular dysfunction.  

 

2.2.3.2 Demographic factors 

 

Demographic factors such as age, sex, educational attainment and socioeconomic status can 

also modulate AD risk (section 1.2). 

 

2.3 Conclusions 

 

Several pathological changes observed in cardiovascular risk factors such as T2DM, obesity 

and hypertension initiate a pathological cascade that predisposes the brain to neurodegeneration 

and increases the risk of AD (Figure 2.2). The presence of comorbid cardiovascular risk factors 

propagates neurodegenerative changes primarily through vascular mechanisms. Developing 

these risk factors at midlife and clustering of these risk factors significantly furthers this risk. 

Chronic effects of these conditions reduce blood flow to vital brain regions via BBB 

dysfunction and development of arteriopathies such as atherosclerosis and arteriosclerosis that 

can even impair cognitive function. These pathological changes also create an environment 

conducive to the development of AD pathology and neurodegeneration that increase AD risk. 

Additionally, these pathological changes occur years before the clinical onset of symptoms of 

cognitive decline and can lower the threshold for AD. However, it is still unclear whether the 

neurodegenerative process in AD is initiated as a result of the presence of comorbidities, 

whether the effect of cardiovascular risk factors is additive, and therefore may increase disease 

severity or whether AD and cardiovascular risk factor-mediated mechanisms are independent 

pathobiological processes that contribute toward neurodegeneration  
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AD has long been identified as a disease that is associated with a compromised vascular system 

(section 1.4.6). However, it remains unclear whether this vascular compromise has an aetiology 

stemming from AD, vascular senescence or the presence of a cardiovascular comorbidity. The 

presence of a cardiovascular comorbidity can increase the risk of AD by hastening disease 

progression or increasing disease severity by driving vascular dysfunction-mediated changes 

in neuronal structure and function, accelerating the formations of AD pathology or by 

facilitating other downstream mechanisms of cardiovascular comorbidities in propagating 

these effects (Zlokovic, 2011; section 2.1.7). This gives rise to the possibility that the vascular 

compromise in AD could partly be a reflection of the distinct reductions in brain tissue and 

decline in cognitive function observed as an effect of ageing and the presence of vascular 

comorbidities. Nevertheless, it is uncertain whether the effects exerted by the presence of a 

cardiovascular comorbidity stemming from modifiable lifestyle factors are additive to the 

effects mediated by ageing and AD or whether there is an interactive effect between ageing, 

AD and the cardiovascular comorbidity that increase AD severity.  Thus, the gap in the 

literature currently lies in understanding the precise nature of cardiovascular comorbidities in 

driving the evident vascular compromise in AD. Considering the paucity in available 

therapeutic options to treat AD, a focus on understanding how preventable and treatable 

cardiovascular risk factors can affect the brain in AD is imperative. Therefore, this thesis 

primarily aims to explore whether different cerebral properties quantified using multi-modal 

neuroimaging are vulnerable to the mechanistic interplay between cardiovascular 

comorbidities, normal ageing and AD or whether this vulnerability is grounded in the additive 

effect of the presence of a cardiovascular comorbidity. Three highly prevalent cardiovascular 

risk factors that have also been recognised as risk factors for AD include obesity, hypertension 

and type 2 diabetes (section 2.2.2). Each of the experimental chapters investigates how each of 

these specific comorbid conditions can affect the brain in AD and normal ageing. The 

secondary aim of this thesis is to examine whether the additional burden of cardiovascular 

comorbidities is associated with a comparable deficit in cognitive function.  

 

The use of multi-modal MRI provides a holistic approach to visualise the pattern of insults 

inflicted by vascular comorbidities and AD at the whole brain and regional levels. Although 

Chapter 3: Aims and Objectives 
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past work has shown that vascular dysfunction tends to co-localise with brain regions that show 

detriments in brain structure and function, this has not been done in AD patients before (as has 

been elucidated in the review of neuroimaging studies in the respective experimental chapters). 

In this thesis, arterial spin labelling (ASL) has been used to approximate CBF, diffusion tensor 

imaging (DTI) to estimate white matter integrity (WMI) and voxel based morphometry (VBM) 

to quantify grey matter volume (GMV) among the participants. These brain parameters will 

then be used in statistical models to draw inferences about the effects of comorbidities, ageing 

and AD.  

 

At present, primary prevention strategies and interventions to modify cardiovascular risk have 

proven to be the most effective in reducing dementia incidence and slowing down disease 

progression, although the majority of these studies is not specific to AD (section 1.8 and 1.9). 

It is imperative that research examines how modifiable comorbid conditions can alter brain 

properties and whether modifiable comorbidities could contribute towards increasing the risk 

of neurodegeneration in AD. Such an investigation could help identify downstream 

mechanisms of modifiable comorbidities that could be prevented through interventions in early 

stages in order to improve AD prognosis or to reduce AD risk. Therefore, the current thesis 

also aims to examine the manner in which the additional burden from modifiable 

cardiovascular risk factors could increase the vulnerability of the brain to neurodegeneration 

in healthy ageing and in patients with AD. A specific focus has been given to the manner in 

which macrovascular changes and the trajectory of cerebral arteries can increase the 

susceptibility of brain macrostructure to the insults inflicted by AD, cardiovascular 

comorbidities and ageing, in the interpretation of the results. More specifically, the current 

thesis attempts to use multi-modal neuroimaging to address the following aims: 

 

1. To investigate the association between anthropometric measures of obesity, cerebral 

blood flow and brain structure in normal ageing, MCI and AD dementia: In order to 

clarify the relationship between obesity measures and the brain, in this study, the 

participants were stratified according to their cognitive status into cognitively normal 

individuals (CN), patients with MCI and patients with AD dementia (ADD). The 

relationships between obesity measures and measures of brain parameters were 

investigated for each of the groups stratified by cognitive status. The findings related 

to the associations between cerebral parameters and obesity measures are presented in 

chapter 4. A detrimental effect of higher anthropometric measures of obesity in CN was 
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expected primarily in the frontal lobe and MTL regions, which would be less severe in 

MCI and ADD patients, in that order. This is the first study to explore the association 

between obesity measures and the brain using multi-modal neuroimaging measures 

with CBF imaging in AD dementia patients. 

 

2. To investigate the differences in GMV, WMI and CBF between AD patients medicated 

and unmedicated for hypertension: Patients with mild to moderate AD were stratified 

into groups of medicated and unmedicated patients and compared to examine 

differences between the two groups in terms of cerebral properties namely GMV, WMI 

and CBF and cognitive function in chapter 5. It was predicted that AD patients on 

antihypertensive treatment would show less detriments in cognitive function and 

cerebral properties in subcortical and frontal regions compared to unmedicated AD 

patients. Limited studies have explored the association between antihypertensive drug 

use and cerebral parameters in AD patients while this is the first study to use multi-

modal neuroimaging to address this issue. 

 

3. To investigate whether the vascular contributions of T2DM in AD can alter brain 

structure: This investigation was carried out by comparing three groups, namely, 

patients across the AD spectrum diagnosed with T2DM, AD patients without T2DM 

and cognitively normal individuals. The main aim of this study was to show that there 

are AD- and T2DM-mediated mechanisms that can be detrimental to CBF, brain 

structure and function in MTL and subcortical regions. This relationship was 

investigated across neuroimaging experiments that are presented in chapter 6. It was 

expected that the comparison between the three groups would help highlight that there 

is a gradual increase in the deficits accrued from CN to AD patients without T2DM to 

AD patients with T2DM and that the additional burden of T2DM can exacerbate the 

detriments observed in AD. This is the first study to investigate the relationship between 

AD and T2DM using multi-modal neuroimaging that assesses CBF and brain structure. 
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4.1 Introduction 

 

Obesity, a condition that is widely prevalent across the world, is characterised by the 

accumulation of excess body fat resulting from an imbalance between energy consumption and 

energy expenditure (Faria, et al., 2012). According to the World Health Organisation, obesity 

prevalence has tripled since 1975 accumulating to about 1.9 billion adults who were overweight 

in 2016 and 34% of these individuals were obese (https://www.who.int/en/news-room/fact-

sheets/detail/obesity-and-overweight). If current trends continue, rates of obesity and 

overweight will see a substantial rise by 2025 (Abarca-Gómez et al., 2017). Accumulating 

evidence shows that obesity and its downstream pathological mechanisms can induce systemic 

inflammation, promote neurodegeneration, induce cerebrovascular dysfunction and facilitate 

the build-up of AD pathology in the brain (section 2.1.7.1.1 and 2.1.7.2.1). All of these factors 

contribute toward increasing the risk of AD. With the disproportionate rise in obesity numbers, 

there is an urgent need to investigate the precise impact of obesity on the brain that can increase 

this risk. Examining the vulnerability of cerebral constituents to the downstream effects of 

obesity in patients with mild to moderate AD and cognitively normal individuals, could help 

develop interventions to target individuals at risk of AD or to prevent a more severe 

neurodegenerative phenotype in individuals diagnosed with AD. Therefore, the current chapter 

uses multi-modal neuroimaging to explore the effects of anthropometric obesity measures on 

brain structure, CBF and cognitive function in patients with ADD, MCI and CN.  

 

Obesity classification 

 

The National Institute for Health and Care Excellence (NICE) has proposed guidelines that 

outline different weight categories based on body mass index (BMI). According to these 

guidelines, individuals with a BMI below 18.5 fall in the underweight category and those 

ranging between 18.5 and 24.9 are within the healthy weight category (Stegenga et al., 2014). 

An individual is classed as overweight if their BMI ranges between 25 and 29.9 and they are 

classed as obese if their BMI exceeds 30 (Schutz et al., 2019; Stegenga et al., 2014). Obesity 

Chapter 4:  Effects of Obesity on the brain and 

cognition in ageing and Alzheimer’s disease 

https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
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can further be graded into three obesity classes with an incremental increase of 5 units for each 

subsequent class (Schutz et al., 2019) (Table 4.1). While BMI provides a more general measure 

of obesity, abdominal obesity is a better indicator of visceral fat that increases cardiometabolic 

risk (Liao et al., 2018; Lofgren et al., 2004; Lukács et al., 2019; Seo, Choe, & Torabi, 2017). 

Abdominal obesity, as measured using waist circumference, increases cardiometabolic risk if 

it exceeds 88cm in women and 94 cm in men (Schutz et al., 2019) (Table 4.1).  

 

Table 4.1 Weight categories with limits for anthropometric measures of central and global 

obesity (National Institute for Health and Care Excellence, 2016; Conolly, Saunders & Neave, 

2017; Schutz et al., 2019) 

Weight category BMI (in kg/m2) WC* (in cm)  

  Men Women 

Underweight <18.5   

Normal weight 18.5-24.9 <94  <80 

Overweight 25.0-29.9 94-102 80-88 

Obese ≥30 >102 >88 

Class I 30.0-34.9   

Class II 34.9-39.9   

Class III ≥40   

*WC is normally used to assess cardiometabolic risk and is not used to assess clinical obesity 

 

 

4.1.1 Neuroimaging 

 

The brain has variable vulnerability to obesity related effects and this vulnerability can be 

exaggerated in the presence of AD. The following sections will review the effects of obesity 

on brain structure and function across different imaging modalities in normal ageing and in 

patients across the AD spectrum.  

 

4.1.1.1 Structural neuroimaging in obesity and AD 

4.1.1.1.1 Grey Matter Volume 

 

Structures housed in the frontal, temporal and cerebellar brain regions are predominantly 

vulnerable to the detrimental effects of obesity as shown by meta-analytical evidence (García-
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García et al., 2019; Herrmann et al., 2019). This was highlighted by a study in women that 

showed that higher BMI was associated with lower GMV in the bilateral prefrontal areas, the 

right precentral gyrus, the right inferior and MTL regions and the right cerebellum (Walther, 

et al., 2010). Obese women also showed poorer performance on tasks of executive function, 

and this poorer performance was associated with lower GMV in the right orbitofrontal region 

(Walther et al., 2010). This study showed a predominant effect of obesity in the right 

hemisphere (Walther et al., 2010). Results from this study were fairly consistent with those of 

another study that showed atrophy in frontal brain regions (including the anterior cingulate 

gyrus), the hippocampus and the thalamus associated with higher BMI (Raji et al., 2010). Both 

of these studies were conducted on cognitively normal individuals (>50 years), indicating a 

negative effect of higher BMI on GMV. These findings are contradictory to some of the 

research that shows that higher BMI in late-life can be protective for the brain (section 2.2.2.1, 

Para 1). High midlife BMI on the other hand, is associated with AD, neurodegeneration and 

cognitive decline (Dahl et al., 2013; Shaw et al., 2017). Therefore, the wide age range and the 

fact that only female participants are included in the study by Walther and colleagues could be 

a factor in this inconsistency (Walther et al., 2010). However, the study by Raji and colleagues 

included elderly individuals (> 70 years) and could imply that overweight and obesity might 

have a negative effect on the brain even in late-life (Raji et al., 2010).  

 

Often, waist circumference (WC) and waist to hip ratio are used as measures of abdominal 

obesity, whereas BMI is used as a measure of general obesity (Goh et al., 2014). Abdominal 

obesity is associated with a higher cardiometabolic risk than general obesity and can therefore 

exert more detrimental effects on the brain (Lukács et al., 2019). This was highlighted in a 

study that showed lower hippocampal volume associated with higher waist to hip ratio, another 

measure of abdominal obesity (Jagust et al., 2005). This decrease in hippocampal volume was 

attributed to an increase in vascular burden as measured by WMH volume (Jagust et al., 2005). 

The comparatively higher detrimental effect of abdominal obesity was also highlighted in 

different studies that showed that WC was a more reliable indicator of the detrimental effects 

of obesity than BMI, especially among women (Hayakawa et al., 2018; Kurth et al., 2013). The 

study by Kurth and colleagues revealed negative associations between GMV and obesity 

measures in the anterior prefrontal cortex, orbitofrontal cortex the middle and superior temporal 

gyri and hippocampi, which were more widespread with WC than BMI (Kurth et al., 2013). 

Additional negative associations between GMV and WC were also found in the insula, globus 

pallidus and inferior parietal lobe, which were not found with BMI (Kurth et al., 2013). In the 
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study by Hayakawa and colleagues, obesity measures were negatively correlated with GMV in 

the precuneus, inferior parietal lobe, cingulate gyrus, insula, superior temporal gyrus, lingual 

gyrus, thalamus, precentral gyrus and frontal gyrus (Hayakawa et al., 2018). Therefore, 

abdominal obesity can have a widespread detrimental effect on GMV, which can be more 

extensive than that exerted by general obesity as measured using BMI.  

 

Longitudinal decline in GMV in relation to various obesity indices is observed in the 

precuneus, cingulate gyrus (anterior and posterior), the occipital lobe, hippocampus and 

orbitofrontal gyri (Bobb et al., 2014; Driscoll et al., 2012; Shaw et al., 2017). Nevertheless, this 

decline can be influenced by weight loss in the elderly (Pegueroles et al., 2018). A study that 

performed a stratified analysis on individuals ranging from normal weight to obese categories 

showed that stable weight was associated with atrophy in the hippocampus, occipital, parietal 

(precuneus) and the frontal brain regions, whereas weight loss was associated with increased 

cortical thickness (Pegueroles et al., 2018). These findings indicate that obesity and overweight 

can exert negative effects on cerebral constituency over time and that weight loss could be 

protective by changing body composition and alleviating the negative effects exerted by 

obesity and overweight (Pegueroles et al., 2018). Although varied, findings from studies 

examining the association between obesity measures and the brain implicate structures 

involved in the DMN. This is particularly evident in the work by Hayakawa and colleagues 

that shows negative correlations between GMV and WC and BMI across the cingulate gyrus, 

parahippocampal gyrus and lateral parietal areas in addition to other brain regions (Hayakawa 

et al., 2018).  Structural alterations in the DMN are found in patients with AD, thus pointing 

toward shared vulnerability of brain regions to obesity and AD and how obesity could increase 

the radiological severity of the AD phenotype (section 1.6.1.1, Para 2; section 1.6.1.2, Para 2). 

In addition to regions involved in the DMN, there is also evidence for subcortical involvement 

in obesity-related detriments to GMV (Dekkers, Jansen, & Lamb, 2019; Hamer & Batty, 2019). 

Another potential link between AD and obesity is the deficits in cognitive function associated 

with obesity-related detriments. Studies have shown obesity-related deficits in domains of 

memory, attention and executive function, that are also seen in AD (Isaac et al., 2011; Walther 

et al., 2010). Obesity is predominantly associated with a decline in executive function, a 

cognitive domain which is substantially affected in much later stages of AD (Isaac et al., 2011; 

Walther et al., 2010; section 1.3.4.2, Para 2). This again illustrates how the presence of 

comorbid obesity could increase the clinical severity of the AD phenotype or even lower the 

age of onset for clinical AD in cognitively normal individuals. 
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There are limited studies that have explored the association between obesity and GMV in AD 

patients. One of these studies examined 700 AD and MCI patients using tensor-based 

morphometry (Ho et al., 2010a). The study found lower regional volumes associated with 

higher BMI across widespread brain regions including the brainstem and cerebellum (Ho et al., 

2010a).  A different study showed negative effects of obesity on the frontal lobe in AD patients 

(Boyle et al., 2015). In this study on patients with AD dementia and MCI, a conjunction 

analysis between diagnosis and BMI showed lower brain volumes that were widespread, with 

the most prominent deficits found in frontal brain regions (Boyle et al., 2015). In a different 

study, a region-specific analysis on the hippocampus showed that the anterior hippocampus 

was most vulnerable to the effects of obesity in AD patients (Ho et al., 2011). The anterior 

hippocampus is also affected in initial stages of AD (Braak & Braak, 1991). Therefore, findings 

from the above studies highlight how the cumulative effects of AD and higher BMI could 

increase the radiological severity of the AD phenotype. This is in contrast to a wealth of 

evidence indicating a protective effect of higher BMI in individuals with AD (section 2.2.2.1). 

This discrepancy could be explained by the baseline measures of BMI in the patient cohorts 

used in the above studies that are slightly above the cut-off for the normal weight category for 

BMI (>25) (Boyle et al., 2015; Ho et al., 2010a; Ho et al., 2011). In support of this, a recent 

study showed that higher late-life BMI was linked with lower levels of AD neuropathological 

and neurodegenerative markers, in addition to larger volumes observed in the hippocampus, 

entorhinal cortex and MTL regions in individuals with prodromal AD (Sun et al., 2020). 

Therefore, obesity and overweight in AD seem to be detrimental to widespread brain regions, 

with a higher affinity for frontal lobe structures and structures within the DMN. Although there 

is evidence indicating that higher BMI could be beneficial for GMV in prodromal AD, no 

neuroimaging studies have established this effect in individuals with ADD.  

 

4.1.1.1.2 White Matter Integrity 

 

Several studies have explored the relationship between measures of obesity and WMI. These 

studies indicate that obesity has a variable but profound effect on a variety of white matter 

tracts, with a predominant negative effect seen in the frontal white matter. In a study by 

Kullman and colleagues, alterations in mean and axial diffusivity were found in the white 

matter tracts connecting structures housed in the limbic system to prefrontal brain regions in 

obese individuals, compared to lean and overweight counterparts (Kullmann et al., 2016). 
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Other studies also indicate a negative effect of obesity on white matter tracts in learning and 

reward-based circuits. In one such study that included obese individuals, higher BMI was 

linked with lower FA in the cingulum (including the hippocampal white matter), anterior and 

posterior thalamic radiations, inferior fronto-occipital fasciculus, superior and inferior 

longitudinal fasciculus, uncinate fasciculus, corticospinal tracts, internal capsule and corpus 

callosum (Papageorgiou et al., 2017). These findings were supported by another study that 

reported similar decrements in WMI associated with higher BMI in obese women (Shott et al., 

2015). This study also showed disruptions in connectivity in tracts linking the limbic system 

with prefrontal brain regions, similar to the findings from the study by Kullman and colleagues 

(Kullmann et al., 2016; Shott et al., 2015). WMI disruptions associated with higher BMI have 

also been reported in the fornix and corpus callosum (Stanek et al., 2011). Furthermore, 

alterations in the white matter tracts comprising the taste-reward circuitry with a predominant 

negative effect seen in frontal white matter were found in other studies on obese individuals 

(Marqués-Iturria et al., 2015; Riederer et al., 2016). A couple of studies also show lower WMI 

in the cerebellar white matter tracts associated with obesity (Kullmann et al., 2016; Zhang et 

al., 2018). Therefore, obesity-associated detriments to white matter tracts are predominantly 

found in the frontal lobe and those connecting limbic and reward-based circuits.  

 

Sex differences in body fat distribution can alter the relationship between obesity measures and 

WMI (section 1.2.1.2, Para 1). On correlating BMI with diffusivity measures among males and 

females matched for age and BMI, abnormal axial diffusivity was found in the corpus callosum 

in women only (Mueller et al., 2011). However, only women exhibited a positive association 

between radial diffusivity (indicating lower WMI), BMI and leptin levels in the genu of the 

corpus callosum (Mueller et al., 2011). Yet another study on men and women showed a 

negative correlation between total body fat and mean diffusivity in women (Dekkers et al., 

2019). Therefore, sex differences in body fat patterning could increase the propensity of women 

to white matter damage. This effect in women could largely be due to their higher affinity to 

accumulate fat around the abdominal region, as abdominal fat tends to be more detrimental to 

brain health than subcutaneous fat (Kurth et al., 2013; section 1.2.1.2, Para 1). Similar to the 

effects seen in grey matter, although both global and abdominal obesity are associated with 

detriments to white matter, abdominal obesity exerts more profound and widespread negative 

effects on white matter than global obesity (Debette et al., 2014; Marks et al., 2011; Spieker et 

al., 2015).  
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Compromised WMI could also manifest as deficits in cognitive function. Higher BMI and 

waist to hip ratio were associated with lower FA in white matter tracts connecting visual and 

associative areas (Zhang et al., 2018). This negative association was linked with poor 

performance on tasks of executive function and processing speed (Zhang et al., 2018). 

However, a different study showed no associations between compromised WMI and cognitive 

performance although obese patients did show impairments in long term memory compared to 

controls (Samara et al., 2020).  The average age of participants in the latter study was twenty 

years less than the average age of the participants in the former study, a difference that could 

account for the discrepancy in the findings as a longer duration of an obesogenic profile in 

older participants would have exerted more detrimental effects on the brain (section 1.2.1.1, 

Para 2). The evidence elucidating the relationship between obesity measures and WMI in AD 

patients is sparse. One study that examined individuals with a family history of dementia and 

carriers of the APOE 4 allele found that obesity was linked with damage to the right 

parahippocampal cingulum bundle (Mole et al., 2020). However, to our knowledge, no studies 

have explored the relationship between WMI and obesity measures in patients with AD so far.  

 

4.1.1.1.3  White Matter Hyperintensities 

 

Accounting for the vascular dysfunction facilitated by the downstream pathological processes 

in obesity, the occurrence of WMH in obese individuals is widely prevalent (Kim et al., 2017; 

Park et al., 2020). The majority of the studies indicates a strong link between abdominal obesity 

and the occurrence of WMH (Kim et al., 2017; Lampe et al., 2019; Marini et al., 2020; Nam et 

al., 2019; Pasha et al., 2017). In fact, one of these studies showed that a genetic predisposition 

to higher waist to hip ratio was associated with an increased risk of elevated WMH volume that 

was not seen in associations with a genetic predisposition to higher BMI (Marini et al., 2020). 

The dominant role of abdominal obesity in increasing WMH burden could be attributed to 

inflammatory pathways activated in obesity (Lampe et al., 2019). It is also due to the higher 

cardiometabolic risk posed by abdominal obesity compared to general obesity (Lukács et al., 

2019). This effect of obesity is stipulated to be independent of comorbidities such as 

hypertension, which frequently co-occur in obesity (Jagust et al., 2005; Lampe et al., 2019). 

Moreover, WMH could contribute toward altering brain function as evidenced in a study that 

showed that WMH in the prefrontal cortex modulate functional connectivity in obese 

individuals (Park et al., 2020). It has already been established that midlife vascular risk factors 

can increase the risk of dementia in late-life (Livingston et al., 2017). Mid-life obesity is linked 
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with a higher burden of WMH in late-life and higher WMH burden has previously been 

associated with heightened AD risk (Brickman et al., 2015; Vuorinen et al., 2011). This could 

again be attributed to longer durations of an obesogenic profile with increasing age (section 

1.2.1.1, Para 2). However, there is contradictory evidence that shows that midlife overweight 

and obesity are not associated with increased WMH burden (Albanese et al., 2015). Therefore, 

the relationship by which midlife obesity and WMH burden can elevate AD risk is still unclear.  

 

Often, WMH tend to be clinically silent and begin to accumulate long before the emergence of 

any related cognitive symptoms (Pasha et al., 2017). However, the accumulation of a 

significant volume of WMH can manifest as overt deficits in cognitive function (Au et al., 

2006). This property of WMH to increase risk of cognitive decline tends to increase the risk of 

AD (Brickman et al., 2015). This was highlighted in a study that showed that the presence of 

WMH in the parietal lobes was associated with incident AD (Brickman et al., 2015). 

Accelerated cognitive decline as a result of increased WMH burden and cerebral atrophy in 

patients with mild AD supports the notion that the presence of WMH burden in AD facilitates 

cognitive impairment (Brickman et al., 2008; Carmichael et al., 2010).  This was supported by 

findings from another study that showed that higher WMH burden was associated with lifestyle 

related vascular risk factors (obesity as measured using BMI being one of these factors) and 

cognitive impairment (Arai et al., 2012).  

 

4.1.1.2 Functional neuroimaging in obesity and AD 

4.1.1.2.1 Resting-state functional magnetic resonance imaging (rs-fMRI): The default 

mode network (DMN) 

 

Obesity and AD both have been associated with aberrant functional connectivity in the DMN.  

This association with obesity was evidenced in a study that found higher functional 

connectivity in the bilateral precuneus and decreased functional connectivity in the right 

anterior cingulate gyrus in the DMN in cognitively normal obese individuals (Kullmann et al., 

2012). The intensity of the blood oxygenation level dependent signal in these regions was 

modulated by BMI (Kullmann et al., 2012). A different study showed that obese individuals 

had lower functional connectivity in the medial prefrontal cortex, posterior cingulate cortex 

and the precuneus within the DMN compared to individuals within the normal weight range 

(Ding et al., 2020). Another study showed that higher BMI was associated with lower 

functional connectivity in the posterior cingulate cortex and the precuneus in older adults 
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(Beyer et al., 2017). Altered functional connectivity in the posterior cingulate and precuneus 

are proposed biomarkers that mark very early stages of AD even before the manifestations of 

structural or cognitive decline (section 1.6.2.1, Para 2). Therefore, the convergence of the DMN 

regions affected by AD and obesity highlights pathways through which obesity could 

potentially increase AD risk.  

 

Obesity can also have an effect on other resting-state networks. The salience network and 

naturally the central executive network (on account of the predominant effect of obesity on 

executive function) are significantly impaired in obese and overweight individuals (Doucet et 

al., 2018; García‐García et al., 2013; Lips et al., 2014). However, this relationship changes with 

fasting states in obese individuals where stronger functional connectivity is observed between 

brain regions involved in reward, motivation and cognitive control during fasting (Lips et al., 

2014). However, following food intake, the increased functional connectivity was diminished 

(Lips et al., 2014). The reward and learning circuits are heavily impaired in obesity 

pathogenesis (Horstmann, 2017; Stice et al., 2013). Several studies show disruptions in the 

functional connectivity of the putamen to resting-state networks, including the salience 

network and other networks involved in the reward-based circuits (Baek, et al., 2017; García‐

García et al., 2013; Hogenkamp et al., 2016; Kullmann et al., 2012). These findings 

complement the findings from studies that show altered structural connectivity in white matter 

tracts connecting limbic and reward-based circuitry, some of which are also impaired in AD 

(section 1.6.1.2, Para 2; section 4.1.1.1.2, Para 1).  

 

Most of these studies, however, show that obesity is associated with aberrant functional 

connectivity in the frontal lobe (Kullmann et al., 2012; Zhang et al., 2015). This disruption in 

frontal cortex connectivity can hamper its ability to suppress the striatum resulting in an 

impaired reward-based circuitry (Zhang et al., 2015). This impairment in reward-based 

circuitry could potentially lead to a reverse causal effect where a failure to suppress the striatum 

could lead to overeating and obesity (Zhang et al., 2015). There is a substantial gap in the 

literature in terms of understanding the relationship between obesity and functional 

connectivity in individuals with AD. From the existing data, it can be inferred that obesity tends 

to affect functional connectivity in widespread brain regions. It can increase the risk for AD by 

altering functional connectivity in known predilection sites for AD (such as the posterior 

cingulate cortex) (Jacobs et al., 2013). Comorbid obesity could thus increase disease severity 

by affecting functional connectivity in brain regions that are affected in AD in later stages such 
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as the frontal lobe or by augmenting the damage inflicted by AD in addition to increasing the 

risk of it.  

 

4.1.1.2.2 Perfusion studies 

 

Obesity being a cardiovascular risk factor is detrimental to CBF and alterations in CBF can 

significantly contribute toward increased AD risk (section 1.4.6.1.2). This is exemplified in the 

work done by Selim and colleagues who showed that higher BMI was associated with lower 

CBF velocities and increased cardiovascular risk (Selim et al., 2008). Moreover, the 

predominant detrimental effect of obesity on the frontal lobe is seen in parameters of blood 

flow as well. A study using single photon emission tomography (SPECT) found that rCBF was 

associated with higher BMI in prefrontal brain regions that are involved in modulating 

attention, executive function and reasoning (Willeumier et al., 2011). Another SPECT study 

found that compared to their lean counterparts, obese women displayed higher CBF in the left 

hemisphere predominantly in the frontal and prefrontal brain regions (Karhunen et al., 2000). 

The findings from these studies illustrate the preferential effect that obesity has on CBF in 

frontal and prefrontal brain regions. However, a more recent SPECT study on 35,442 

participants with ages ranging from 18 to 94 years, showed more widespread deficits in 

perfusion associated with BMI during adulthood (Amen et al., 2020). This study shows a more 

global pattern of obesity-related detriments on CBF, including known predilection sites for 

AD, such as the hippocampus (Amen et al., 2020). It is possible that this finding reflects 

variable effects of higher BMI across different age groups, therefore confounding the 

predominant effect of obesity found in the frontal lobe in the later decades of life.  

 

Functional connectivity studies on obese individuals have previously found a strong effect of 

obesity on structures in the DMN, a finding that could imply a negative effect on CBF in these 

regions. A study found lower rCBF in structures that comprise the DMN in addition to some 

subcortical regions associated with obesity (MacIntosh et al., 2020). In contrast, Silvah and 

colleagues report findings where obese women show higher rCBF in limbic and prefrontal 

brain regions in the DMN (Silvah et al., 2020). This was further supported by a PET study that 

showed lower rCBF in the posterior cingulate, temporal and the orbitofrontal cortices in obese 

individuals compared to their lean counterparts (DelParigi et al., 2005). The discrepancy in 

findings of higher CBF associated with obesity could be attributed to maladaptive 

compensatory processes in obese individuals exhibiting higher CBF parameters (Mohan & 
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Vanneste, 2017). The study by Silvah and colleagues also showed higher CBF in the salience 

network and in the left frontoparietal network (Silvah et al., 2020). In conjunction with the 

work by Karhunen and colleagues, obese individuals tend to exhibit higher rCBF in 

frontoparietal regions, a finding that could be reflective of maladaptive processes that could 

impair the ability to detect alterations in energy homeostasis in obesity (Karhunen et al., 2000; 

Silvah et al., 2020). Generally, AD patients exhibit lower CBF compared to healthy controls, 

a difference probably reflective of an underlying vascular dysfunction (Roher et al., 2012; 

Yoshiura et al., 2009). In this context, the vascular dysfunction facilitated by obesity and the 

resultant additional cerebrovascular burden could all lower CBF in AD patients even further. 

Although studies have looked at modulations in CBF associated with AD and obesity 

independently, no study has investigated how the interaction between obesity and AD could 

affect CBF in AD patients.  
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4.2 Hypotheses and Rationale 

 

As evidenced by the literature, obesity has a profound detrimental effect on cerebrovascular 

blood supply that could enhance AD severity (section 4.1.1). However, there is a paradoxical 

temporal relationship between body mass and AD risk where higher body mass measures in 

midlife are associated with increased AD risk, while in late-life, higher body mass is protective 

against AD (section 2.2.2.1, Para 1). There are still several points of contention surrounding 

this paradox and the relationship between body mass measures and AD continues to remain 

vague. The majority of neuroimaging studies on healthy elderly (>60 years) obese individuals 

indicate a stark detrimental effect of obesity on cerebral constituents (section 4.1.1). 

Nevertheless, there is an indication in the available evidence that the ‘protective’ effect of 

higher body mass in late-life could be a product of the availability of better nutrition in 

individuals with a higher body mass, that could help the brain cope with damage in the face of 

AD and ageing related detriments (Besser et al., 2014; Sun et al., 2020). Weight loss in healthy 

elderly has also been proposed as a non-cognitive sign of preclinical AD (Jimenez et al., 2017). 

Therefore, higher indices of body mass in individuals with AD could suggest that individuals 

with better nutrition could be better equipped to preserve brain structure and function in the 

presence of ageing and disease related insults. It is unclear whether this effect is a factor 

mediated via the beneficial effects on CBF or other obesity-related mechanisms. It is also 

unclear whether this phenomenon is observed as a confounding effect of sex differences in 

hormones that can modulate effects of obesity on the brain and AD risk (Torromino et al., 

2020).  

 

So far, no neuroimaging study has identified protective effects of higher body mass in AD 

patients nor used multi-modal neuroimaging (that includes CBF imaging) to clarify this 

relationship. Therefore, the current study uses maps of GMV, WMI and CBF to explore the 

associations between these neuroimaging parameters and anthropometric measures of 

abdominal and global obesity in normal and pathological ageing. This will be done by 

stratifying the study participants into groups by cognitive staging namely ADD, MCI and CN. 

We hypothesised that we would find the following associations: 

 

Cognitively normal individuals (CN): Negative associations would be found between 

neuroimaging parameters and anthropometric measures of obesity that would be predominantly 
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located in the prefrontal and parietal brain regions. This was predicted due to the susceptibility 

of these brain regions to the detrimental effects of obesity. Associations found in these brain 

areas would also be linked with poor performance on tasks of executive function.  

 

Mild cognitive impairment (MCI): Negative correlations were expected between neuroimaging 

parameters and anthropometric measures of obesity. It was predicted that these associations 

would be found in prefrontal, parietal and MTL regions. In this group, it was expected that the 

results would reflect a combination of both AD and obesity related effects, with a primary 

effect of AD expected on the MTL, and a primary effect of obesity on prefrontal and parietal 

brain regions. Simultaneously, assuming that there is a protective effect of higher body mass 

in individuals with AD, less severe associations were expected in MCI patients with increasing 

obesity measures than the associations found with obesity measures in CN. Additionally, it was 

expected that these associations would be linked with poor performance on tasks of memory 

and executive function.  

 

AD dementia (ADD): There would be a negative correlation between obesity measures and 

brain parameters in the prefrontal brain regions. However, in light of the protective effect of 

higher body mass in AD, these associations would be the least severe in the ADD group 

compared to MCI and CN. 

 

It was also predicted that measures of abdominal obesity would yield more severe negative 

associations than measures of general obesity, as the former has a higher propensity for 

cardiometabolic risk and therefore risk of vascular insult (Lukács et al., 2019).   
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4.3 Methods 

 

4.3.1 Participants 

 

The current study used multi-modal neuroimaging to study the main and interaction effects 

between diagnostic group (ADD, MCI and CN; N = 172) and body mass categories, where 

those with BMI below 25 lay in the low body mass category and those with BMI above 25 

were included in the high body mass category. Additionally, the study correlates maps of GMV, 

WMI and CBF with measures of global and abdominal obesity across three diagnostic groups 

(N = 172) that were stratified according to their cognitive status as follows: 47 patients with 

mild to moderate ADD, 68 MCI patients and 57 cognitively normal individuals (CN). The 

study uses data collected as a part of the VPH-DARE project, a multi-centre neuroimaging 

initiative focusing on the effects of modifiable lifestyle factors in ageing and AD (Seventh 

Framework Program - FP7/2007e2013 - under grant agreement no. 601055, VPH-DARE@IT). 

This data has also been used in a study that is published in the Journal of Alzheimer’s Disease 

Reports (Dake at al., 2021; Appendix D, D.1). Participants were recruited from memory clinics 

across Sheffield (UK) and Kuopio (Finland).  All participants were required to undergo 

neuropsychological assessments (section 4.3.4) and physical assessments (section 4.3.2) to 

obtain anthropometric measurements. Patients with ADD were diagnosed by a senior 

neurologist using the NINCDS-ADRDA (National Institute of Neurological and 

Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders 

Association) criteria (McKhann et al., 2011), while the diagnosis for MCI patients was 

determined using the MCI criteria given by Petersen and colleagues (Petersen, 2001; Petersen 

et al., 1999). Patients with MCI were also in fulfilment of the criteria that was suggestive of an 

AD aetiology (Albert et al., 2011). The diagnosis of the patients was determined following the 

examination of their clinical profiles by a senior neurologist and a senior clinical 

neuropsychologist. All patients were followed up regularly for a minimum duration of four 

years at regular intervals to confirm the diagnosis.  

 

Participants were excluded from the study if they were suffering from any major medical 

conditions, including the presence of transient ischaemic attacks, chronic or acute 

cardiovascular/cerebrovascular disease and a history of stroke. These were included as 

exclusion criteria to rule out any major medical conditions that could have impacted 
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cerebrovascular health. Participants who were ineligible to qualify for an MRI due to the 

presence of metallic implants such as pacemakers were also excluded from the study. The 

presence of neuropathy with conduction defects, sick sinus syndrome, uncontrolled seizures 

and peptic ulcers were also part of the exclusion criteria to assess for eligibility for the study. 

These were included in the exclusion criteria to eliminate any confounding factors that could 

interfere in studying the effects of modifiable vascular risk factors on the brain. Participants 

who were identified with structural defects or vascular abnormalities on the MRI scans by a 

senior clinician were also considered to be ineligible for enrolment. Additionally, participants 

with abnormal levels of thyroid stimulating hormone, vitamin B12 and folate were excluded.  

 

Ethical approval for this study was obtained from Regional Ethics Committee of Yorkshire and 

Humber for patients recruited at the memory clinical in Sheffield and from the ethics committee 

of the Northern Savonia Hospital District for the participants recruited from the memory clinic 

in Kuopio.  Written, informed consent was given by all participants at the time of recruitment 

and all patients had the mental capacity to provide consent. All the experimental procedures 

complied with the regulations of the declaration of Helsinki. 

 

4.3.2 Physical assessments 

 

All participants had to undergo physical assessments. The assessment included a health 

questionnaire pertaining to lifestyles habits that included diet, smoking and physical activity. 

Part of the assessment also included recording the participants’ medications and other medical 

conditions. All patients also underwent physical assessments carried out by an experienced 

research nurse in order to obtain information about different anthropometric measures that 

included height, weight, waist and hip circumference, blood pressure and heart rate. 

 

4.3.3 Obesity measures 

 

Two different measures of body mass were used to examine the association between obesity 

measures and the neuroimaging parameters. Quetelet’s index was used to obtain BMI 

(kg/m2); this index is calculated as an individual’s weight in kilograms divided by the square 

of their height in metres. BMI was used as a measure of global or general obesity (Goh et al., 

2014). On the other hand, WC, measured in cm, was used as a measure of abdominal or 
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central obesity (Goh et al., 2014).  

 

4.3.4 Neuropsychological assessment 

 

The neuropsychological assessment was administered as a battery of tests that measured 

performance on several cognitive domains including tests of memory (prose memory tests, 

category fluency), attention (digit span-forward), executive function (stroop task, digit span-

backward, phonemic fluency), and language (similarities test, confrontational naming test). 

The prose memory test has been designed to assess new learning, episodic memory and short 

term retention, where a short story paragraph is read aloud to the participant after which they 

are asked to iterate the short story (immediate recall condition) and then reiterate the same story 

after a delay period (delayed recall condition). Scores are determined based on the number of 

elements the participant can recall about the story (Wechsler, 1987). These prose memory tests 

are part of the Wechsler Memory Scale. Higher scores on the tests were indicative of better 

performance. The similarities test is a subset of the Wechsler Adult Intelligence Scale and 

measures abstract and conceptual thought where the participant is given a pair of words and is 

asked to identify how these words are interconnected or ‘similar’ to each other. The test is 

scored using a predetermined key that assigns points (ranging from 0 to 2) to the terms used to 

describe the similarities between the words (Wechsler, 1958). The higher the score, the better 

the performance.   

 

The digit span test, a subset of the Wechsler Adult Intelligence Scale, measures immediate 

auditory recall and attention. The digit span forward is administered by reading out a 

predetermined string of numbers to the participant, after which the participant is asked to iterate 

the numbers in the same order. The numbers begin with strings of three and the strings 

incrementally increase by one. The strings are administered sequentially until the participant 

makes an error. In the digit span backward, the participant is asked to repeat the numbers read 

out to them in reverse order. Similar to the digit span forward, the number strings start with a 

length of three and increase incrementally by one until the patient makes a mistake. In both 

tasks, a string of two numbers is given initially to demonstrate the procedure for the test to the 

participant. Additionally, if the patient makes a mistake, the assessor can pick another 

predetermined string of numbers of the same length to allow the participant to try again. If the 

second attempt fails, that trial is considered as an error and the test is stopped there. The highest 

string recalled by the participant without any error is considered as their final score in both 
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conditions and higher strings are associated with better cognitive performance (Wechsler, 

1981).  

 

The semantic fluency or the category fluency test is a test of semantic memory, which refers to 

a type of declarative memory or knowledge that an individual accumulates over their lifetime 

(Lezak et al., 2004). The semantic memory test is administered by first presenting the 

participant with a category, and then asking them to list all the words that they can associate 

with that category, within one minute. The test is then scored by counting the number of correct 

responses while excluding intrusions (incorrect responses in that category) and perseverations 

(repetitions) in the final scoring. The three categories presented to the participants in the current 

study were cities, animals and fruits. However, the test that was administered on the 

participants from Finland only used the ‘animals’ category. To overcome this difference and 

between-centre variability only data from shared categories across centres were included in the 

analysis. Phonemic fluency or letter fluency is a test that measures language production and 

executive function (Lezak et al., 2004). It is administered in a similar manner to the semantic 

fluency test where the individual is given a letter (instead of a category) and is asked to produce 

a list of words beginning with that letter. The number of correct responses is then counted in 

order to score the test, while excluding intrusions and perseverations. The three letter categories 

used in the present study were ‘F,’ ‘P’ and ‘L’ (Lezak et al., 2004). Again, only data from 

shared letters across centres were used.  

 

As part of the neuropsychological assessment, participants also underwent the Consortium to 

Establish a Registry for Alzheimer’s Disease (CERAD) test battery (Welsh et al., 1994). The 

Boston naming test, which is a subset of the CERAD, is a test of visual confrontational naming 

that is used to measure language function. The longer version consists of 60 items and is widely 

used as a test for confrontational naming. The present study uses the shorter version, which 

consists of 15 items. The test is administered by showing the participant a picture for a duration 

of 20 seconds, after which the participant is asked to identify the object in the picture. If the 

individual is unable to identify the picture correctly, the assessor may provide a phonemic cue 

(the initial sound in the word to be said) that could help the participant. The test is scored by 

counting the number of correct responses and better performance is associated with higher 

scores (Kaplan, Goodglass, & Weintraub, 1983).  
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The Stroop task measures inhibitory control or executive function where the participant is 

presented with three different conditions. In the first condition, the participant is presented with 

a sheet that has a list of thirty names of different colours written in black ink in three vertical 

columns, with ten names in each column. Starting from left to right and top to bottom, the 

participant is asked to read the names of the colours out loud. In the second condition, 

participants are presented with another sheet containing columns of coloured dots (instead of 

names of colours as was done in the first condition), where the participant is asked to identify 

the colour that they see from left to right and from top to bottom. The third task entails another 

sheet that contains names of colours written in coloured ink, but the colour of the ink does not 

correspond with the name of the colour that appears on the sheet. Again, all the words are 

placed in a matrix of 3 x 10, similar to the first two conditions. The participant is asked to name 

the colour of the ink that the word (name of the colour) is written in from left to right and from 

top to bottom. The discrepancy between the automatic response to read the word as opposed to 

identifying other features of the word (such as the colour of the ink that the word is written in), 

is what helps measure inhibitory control. For all three conditions, the time taken for each 

individual condition is recorded, along with the number of errors and correct responses (Stroop, 

1935). The lower the number of errors and lesser the time taken to complete the task, the better 

the performance. The final score of the test was calculated as a composite error interference 

score by combining the error scores across the three conditions. This was done by subtracting 

the average of the error scores from conditions 1 and 2 from the errors in condition 3 (Caffarra 

et al., 2002).  

 

4.3.5 Imaging protocol 

 

All MRI scans for this study were acquired using a Philips Ingenia 3.0 T Scanner. The imaging 

protocol included the acquisition of T1-weighted, T2-weighted, Fluid Attenuated Inversion 

Recovery (FLAIR), diffusion tensor imaging and arterial spin labelling scans. 

 

4.3.5.1 T1-weighted scan 

 

Three-dimensional structural T1-weighted scans were acquired sagittally using the following 

acquisition parameters: Slice thickness: 1 mm; Slice gap: 0 mm; FOV (Field of view): anterior 

to posterior (ap): 240mm, foot to head (fh): 240mm, right to left (rl):170; Voxel dimensions: 
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0.94 × 0.94 × 1.0 mm; Field of view (FOV): 256 mm; Matrix size: 256 × 256 × 124; Repetition 

time: 8.2 ms; Echo time: 3.84 ms; Flip angle: 8°.  

 

4.3.5.2 T2-weighted scan 

 

The T2-weighted scans were acquired using the following acquisition parameters: Slice 

thickness: 1mm; Slice gap: 0 mm ; FOV (Field of view): ap: 230mm, fh : 140mm, rl :181.81; 

Voxel dimensions: 0.532 × 0.532 × 4 (in mm); Matrix size: 432 × 432 × 35; Repetition time: 

3000 ms; Echo time: 80 ms; Flip angle: 8°. 

 

4.3.5.3 Diffusion Tensor Imaging 

 

Diffusion-weighted echo planar images were acquired axially using the following parameters:  

FOV: 240 x 240 mm2; Slice thickness: 2.5 mm; TR: 3000 ms; Echo time: 98 ms; Directions: 

32; Diffusion-encoding gradients b = 0 and 1000 s/mm2; Matrix size = 96 x 94. 

 

4.3.5.4 Arterial spin labelling  

 

All ASL images were acquired as part of the resting state WIP pCASL SENSE protocol using 

the following acquisition parameters: TR: 4000 ms; Echo time: 14 ms; Slice orientation: Axial; 

Slice thickness: 7 mm; Slice gap: 1mm; FOV: ap: 240 mm, fh: 135 mm, rl: 240mm; Matrix 

size: 80 x 80 ;Number of slices /axial sections: 17; Number of label/control pairs: 73; Total 

scan time: 592 seconds; Flip angle: 40° ;Voxel dimensions: 3 x 3 x 8; Labelling gap: 20 mm; 

Labelling duration: 1.65 seconds; Post-labelling delay time: 1.525sec 

The M0 estimation scan was acquired using the same parameters apart from the repetition time 

which was 10000 ms and the scan acquisition time which was 50 ms.  

 

4.3.5.5 FLAIR 

 

3D T2-weighted fluid attenuated inversion recovery (FLAIR) images were acquired using: 

FOV: 250 x 250 mm2; Slice thickness: 1.12 mm; TR: 4800 ms; Echo time: 289 ms; Matrix size 

= 224 x 224. 
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4.3.6 Preprocessing 

 

4.3.6.1 Voxel-based morphometry 

 

 

The T1-weighted scans were preprocessed using voxel-based morphometry, which was 

performed using the Statistical Parametric Mapping (SPM12) software developed by the 

Wellcome Centre for Human Neuroimaging, London, UK, running in a Matlab (Mathworks 

Inc., UK) environment. Voxel-based morphometry is a technique that enables the measurement 

of brain volume using a whole brain approach which facilitates statistical analysis on voxels 

without an a priori identification of a hypothesis encompassing specific brain regions 

(Ashburner & Friston, 2000). This is done by parcellating the brain into many different voxels 

that act as 3-dimensional units of measurement of brain tissue using T1-weighted MRI scans 

(Ashburner & Friston, 2000). All scans were initially checked to ensure that there were no 

image abnormalities or artefacts.  

 

Reorientation and segmentation 

 

First, all images were spatially reoriented to set a uniform origin located at the anterior 

commissure that was aligned with the anterior commissure-posterior commissure plane (AC-

PC line). Next, a tissue classed probabilistic segmentation was run to separate the different 

types of neural tissue into grey matter, white matter and cerebrospinal fluid (CSF) in the native 

MNI (Montreal Neurological Institute) space. The segmentation was checked to rule out any 

deviations or processing abnormalities. The ‘get_totals’ script 

(http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m) in Matlab was used to extract the 

volumes of grey matter, white matter and CSF. The sum of these three volumes was calculated 

to obtain total intracranial volume (TIV).  

 

Normalisation and smoothing 

 

In order to normalise the segmented scans, the standard template in SPM12 for European brains 

was used to reconstruct the images. These images were then warped and modulated to co-

register with the template in order to facilitate statistical analysis. All the images were finally 

smoothed using a Gaussian kernel with a full-width half-maximum value of 8 mm3 

(https://www.fil.ion.ucl.ac.uk/~john/misc/VBMclass10.pdf). The smoothed images were 

subsequently used to run the statistical models.  
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4.3.6.2 Tract-based spatial statistics 

 

Tract-based spatial statistics (TBSS) was used to infer the anisotropic diffusion properties of 

water molecules in white matter tracts in order to derive information about structural 

connectivity between different brain regions from diffusion tensor imaging (DTI) scans (Smith 

et al., 2006). In DTI, the motion of water molecules is used to derive the neuroanatomical 

structure of white matter tracts. This motion of water is derived by detecting the direction of 

travel along three principal axes that are fitted to a 3-dimensional ellipsoid (Mori & Zhang, 

2006). This ellipsoid represents the direction and distance of diffusion along these axes. The 

parameters of these axes are obtained from the properties of the ellipsoid where the lengths of 

the axes are represented by eigenvalues and their orientations are represented by eigenvectors. 

These measurements are then converted into a 3 x 3 matrix called a tensor that is then used in 

the TBSS analysis (Mori & Zhang, 2006). TBSS is performed on scans acquired using diffusion 

tensor imaging parameters. The most commonly used diffusivity measure is FA, but TBSS also 

allows the extraction of information about other diffusivity measures namely axial diffusivity, 

radial diffusivity and mean diffusivity. The values are calculated based on the diffusion tensor 

that can be visualised as an ellipsoid (Alexander et al., 2007). The ellipsoid consists of three 

eigenvectors that represent the directions of the principal axes and eigenvalues representing the 

radii of the ellipsoid (Alexander et al., 2007).   

 

While FA is the most widely used measure used to examine the structural integrity of white 

matter, the other diffusivity measures can give us different information pertaining to different 

properties of white matter (Assaf & Pasternak, 2008; Heni, Kullmann, Preissl, Fritsche, & 

Häring, 2015). FA measures the degree of anisotropy of diffusion thus forming a measure of 

the directional restriction of water molecules, although it cannot represent the shape of the 

tensor in its entirety (Alexander et al., 2007). It is calculated as follows (Basser & Pierpaoli, 

2011): 

 

where ‘λ’ represents the eigenvalue and MD refers to mean diffusivity. Mean diffusivity is 

calculated as the average of the three eigenvalues and helps measure the extent of the restriction 

of water molecules or the extent of obstructions in diffusion of water molecules (Le Bihan et 
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al., 2001). Most importantly, mean diffusivity is independent of the direction of diffusion. 

Axial diffusivity calculated as the largest eigenvalue ‘λ1’ (in anisotropic tissue like white 

matter) gives the degree of diffusion in the direction parallel to the axon, which could help 

reveal information about axonal integrity (Song et al., 2002). Radial diffusivity is calculated as 

the average of the smallest two eigenvalues (λ2 + λ3) and gives a measure of the diffusion of 

water molecules in the direction perpendicular to the axon. This could help derive information 

about the integrity of the myelin sheath encasing the axons (Alexander et al., 2007).  

 

4.3.6.2.1 Fractional Anisotropy (FA) 

 

The diffusion-weighted data were processed initially using the FMRIB Software Library v5.0.8 

(FSL, http://www.fmrib.ox.ac.uk/fsl). The FSL Diffusion Toolbox was used to correct for MRI 

and motion artefacts. Following this, a fractional intensity threshold of 0.5 was applied to the 

resultant image in order to strip bone tissue from the skull and generate a binary brain mask 

using the Brain Extraction Tool. The binary brain mask was then used to create FA maps in the 

form of eigenvalues for each patient, by fitting the mask with the diffusion tensor model at 

each voxel. This step also generated other eigenvalues, some of which corresponded with other 

diffusivity measures. Tract based spatial statistics was then used to process the generated FA 

maps (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide). In the first step, the FA maps 

were eroded in order to eliminate any outliers that were produced in the previous steps. Next, 

all the FA maps were examined to identify the most representative FA map or the ‘target image’ 

in the sample. The subsequent step facilitated the non-linear registration of all images to the 

target image, affine alignment to the standard MNI space and an output containing an average 

of the FA maps. The resultant ‘average’ FA map was then skeletonised by creating a binary 

mask applying a threshold of 0.2, in order to preserve only those voxels that were common to 

the participants used to create the ‘target image’ 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide). The final step consisted of projecting 

the FA images onto the skeletonised FA maps. These maps were then used to assess group 

differences in structural connectivity.  

 

4.3.6.2.2 Other diffusivity indices (Axial, Mean and Radial diffusivity) 

 

The FA non-linear warps and skeleton projections and the respective diffusivity values were 

used for the TBSS preprocessing of the rest of the diffusivity indices (namely axial diffusivity, 

http://www.fmrib.ox.ac.uk/fsl
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide
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mean diffusivity and radial diffusivity) (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide). 

In order to do this, non-linear registrations were applied to the eigenvalues corresponding to 

the correct diffusivity measure and warped eigenvalue data for each participant were merged 

together to create an average image. This image was then projected onto the mean FA skeleton 

created in the preceding tract based spatial statistics steps. The output maps were then used to 

run statistical models using the ‘randomise’ tool.  

 

4.3.6.3 Arterial spin labelling 

 

ASL is a non-invasive technique used to measure blood perfusion, which refers to the amount 

of blood delivered to the tissue. ASL utilises a blood-borne tracer, which is generated when the 

patient is inside the MRI scanner via the magnetic inversion of hydrogen nuclei present in the 

blood (Alsop et al., 2015). This process is known as ‘labelling.’ A delay period is allowed for 

the labelled blood to travel to the brain, at which point a snapshot of the labelled blood is taken 

in order to record the extent to which the labelled blood accumulates in the tissue before the 

inversion signal decays. A separate control image is obtained without labelling any blood. The 

control image and the labelled image are then subtracted to obtain the perfusion maps. Due to 

the low signal to noise ratio seen in ASL, the control and labelled images are acquired multiple 

times and an average of the subtractions between the corresponding images is used as the 

perfusion map (Chappell, MacIntosh, & Okell, 2018).  

 

There are three different labelling approaches used in ASL, continuous ASL (CASL), pulsed 

ASL (PASL) and pseudo-continuous ASL (pCASL). In CASL, the labelling period is relatively 

long and a continuous radio frequency pulse is applied to invert the blood water (Detre, Leigh, 

Williams, & Koretsky, 1992; Wang et al., 2005). In PASL, multiple short pulses or a single 

long pulse is applied to label the blood water (Wong, 2005). Owing to the relatively short 

exposure to the radiofrequency pulse and the limiting properties of the radio frequency coil to 

transmit the pulse in terms of spatial coverage, PASL renders lower signal to noise ratio to 

images compared to CASL images (Alsop et al., 2015). A third labelling technique, pCASL, 

which is the clinically recommended standard for ASL imaging, combines the benefits of both, 

PASL and CASL. It is a form of CASL that is acquired by applying over a 1000 radiofrequency 

pulses to the blood water in quick succession (Alsop et al., 2015). By virtue of its labelling 

efficiency and recommendations for clinical use, the current thesis uses images acquired using 

the pCASL labelling technique.  

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/TBSS/UserGuide
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Perfusion maps 

 

Perfusion maps were created using the nordicICE software 

(http://www.nordicneurolab.com/products/nordicICE/), using the pCASL and M0 estimation 

images. Average CBF maps obtained from the subtractions between the labelled and the control 

images were used as the perfusion maps.  

 

Co-registration with structural images 

 

Perfusion maps were co-registered with the structural images in SPM12 running in a Matlab 

environment. Two sets of co-registrations were run to improve the anatomical demarcation of 

the different types of brain tissue and to improve the spatial locations of brain regions. This 

was done by first co-registering the perfusion map with the T2-weighted scan and then the 

resultant image was co-registered with the T1-weighted scan. Co-registrations were run to 

improve the spatial mapping of the ASL data for accurate anatomical tessellation and to 

account for the low signal to noise ratio of ASL (Kim et al., 2013). Co-registration of these 

images is also required for the normalisation of the image to the MNI space and the partial 

volume correction (Abad, García-Polo, O'Daly, Hernández-Tamames, & Zelaya, 2016). After 

the co-registrations, the maps were corrected to minimise the contribution of CSF to the 

cerebral perfusion signal and in order to increase statistical power. This was done by only 

considering CBF values in voxels that enclosed more than 50% of the grey and white matter 

(i.e., grey matter + white matter > 0.5). This was done using the ‘ImCalc’ function in SPM12 

using the following formula (Kim et al., 2013): 

 

i1.*(i2 + i3 > 0.5) 

 

where, i1 = co-registered rCBF map; i2 = grey matter; i3 = white matter 

This step helped improve the signal to noise ratio and the resultant image was named ImCalc1. 

 

Partial volume correction 

 

The segmented maps from the voxel-based morphometry pre-processing (section 4.3.6.1) were 

used to generate an image to perform a partial volume correction using the ‘ImCalc’ function 

in SPM12. In functional neuroimaging techniques like Positron Emission Tomography and 

Arterial Spin Labelling, there is low signal to noise ratio due to low spatial resolution. In order 
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to account for the deficits in low resolution, it is common practice to perform a correction for 

partial volume effects (Borogovac & Asllani, 2012). Partial volume effects are seen due to 

differences in the metabolic and absorptive properties of different brain tissues which can 

distort the contributions to the signal from the respective tissues (Rousset, Rahmim, Alavi, & 

Zaidi, 2007). Therefore, a fundamental difference is expected in the perfusion properties of 

white matter and grey matter. Under the assumption that the perfusion of white matter accounts 

for only 40% of that of grey matter, the following formula was used to generate the image used 

for the partial volume correction (Kim et al., 2013):  

 

i1 + 0.4*i2 

 

where, i1 = grey matter; i2 = white matter 

 

The resultant image was named ImCalc2. The image division was performed using fslmaths 

using the ‘-div’ command in the shell script terminal by dividing ‘ImCalc1’ by ‘ImCalc2.’  

 

Normalisation and smoothing 

 

All the scans were normalised to the standard fMRI template for European brains in order to 

apply diffeomorphic parameters so that the images tessellated with each other. All images were 

then smoothed using a 10mm x 10mm x 12mm full-width at half-maximum Gaussian kernel 

(Kim et al., 2013). The smoothed images were then used in statistically modelling the data.  

 

4.3.6.4 Lesion segmentation 

 

The ‘LST’ or the lesion segmentation tool was used to quantify the number of lesions and the 

volume of these lesions (in millilitres). The LST is an open-source toolbox and was run in 

SPM12 in order to segment T2 hyperintense lesions using a combination of T1-weighted and 

FLAIR images (Schmidt et al., 2012). Although the algorithm was originally developed to 

quantify lesions in multiple sclerosis, it can also help identify lesions that are the downstream 

effects of diseases such as AD and T2DM (Schmidt et al., 2012). The Lesion Growth Algorithm 

(LGA) was used in order to segment the lesions. This was done by initially using a tissue-

classed probabilistic segmentation of the T1-weighted images into grey matter, white matter 

and CSF and then subsequently applying this information to the FLAIR intensities to quantify 
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a lesion probability map. A thresholded kappa value of 0.3 was applied in order to obtain a 

binary lesion map before applying the segmented information from T1-weighted images to the 

hyperintense voxels on FLAIR images to obtain a binary lesion probability map. The number 

of lesions and lesion volumes for each participant were then obtained from html reports 

generated by the toolbox.  

 

4.3.7 Statistical analysis 

 

4.3.7.1 Demographic variables 

 

A one-way ANOVA was performed in SPSS to compare the ADD, MCI and CN groups on 

their demographic characteristics. Post hoc analyses were run to identify which two groups 

differed in their specific demographic characteristics. All the demographic variables were 

checked to make sure that they met the assumptions of parametric data for a one-way ANOVA. 

A t-test was performed post hoc, in order to determine which two specific groups differed from 

one another. A Kruskal-Wallis H test was run on the variables that did not meet the assumptions 

in order to determine if the three groups significantly differed from one another. The Mann-

Whitney U test was carried out post hoc to identify specifically which groups were significantly 

different from one another. Chi-square tests were run to assess whether categorical variables 

were independent of one another.  

 

4.3.7.2 Cognitive variables 

 

In order to compare the cognitive profiles of the three groups, a one-way ANOVA was run to 

examine differences in neuropsychological tests followed by a post hoc analysis using t-tests, 

that was to determine which two groups differed from one another. On the other hand, the 

Kruskal-Wallis H tests were used to analyse groups that violated the assumptions of parametric 

data followed by a post hoc analysis using Mann-Whitney U tests to identify which of the 

groups specifically differed from one another.  

  

4.3.7.3 Voxel-based morphometry 

 

Initially, an analysis was run to study the main and interaction effects between the diagnostic 

groups and body mass categories on GMV. This model was controlled for the effects of age, 

TIV, centre of recruitment and sex.  Age was used as a covariate to control for the age-related 
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effects in the current analysis, such as vascular senescence, changes in body fat distribution 

and accumulation of AD pathology (section 1.2.1.1). TIV was used as a covariate to account 

for inter-individual differences in head size and as a proxy for brain reserve (Groot et al., 2017; 

Stern et al., 2018). Sex was included as a covariate to control for the effects of sex due to 

inherent differences in body fat distribution and hormones between the sexes (section 1.2.1.2, 

Para 1) and for the effects of centre to account for variability in geographical location and 

lifestyle that could influence body fat (Katzmarzyk et al., 2015; Zhou et al., 2019). Sex and 

centre were converted into categorical variables, where numerical values represented the 

membership of a participant to a particular category. For example, females and males were 

categorised as values of 1 and 0 where ‘1’ was representative of a female participant while ‘0’ 

signified a male participant. A threshold of p < .001 and 500 voxels was used at the set-level 

whereas a family-wise error corrected threshold (to correct for multiple comparisons) of p < 

.05 was used at the cluster level to identify the significant clusters. A threshold of p < .001 was 

used based on previous literature (Ashburner, 2015; Lieberman & Cunningham, 2009). Blood 

pressure was not included as a covariate as only a single time point measurement was available, 

and this measurement is highly variable through the day and from visit to visit (Lim et al., 

2019). 

 

Next, a linear regression was performed between BMI and maps of GMV obtained using voxel-

based morphometry in the ADD group. Identical independent analyses between BMI and GMV 

maps were run among the MCI and CN groups. Both, positive and negative correlation 

contrasts were run for each of the groups. The entire procedure was repeated to assess the 

relationship between WC (in place of BMI) and maps of GMV across all three groups. All the 

analyses were controlled for the effects of age, TIV, MMSE (except CN), sex and centre of 

recruitment for the reasons specified earlier in this section. The MMSE was used as a covariate 

to account for differences in disease severity. The MMSE measures general level of cognitive 

functioning and is often used as a proxy for disease severity (Andrews et al., 2019; Clark et al., 

1999; Teng, Chui, Schneider, & Metzger, 1987). The MMSE was excluded as a covariate in 

the analyses conducted among the CN group due to lack of variance in scores. A threshold of 

p < .001 and 500 voxels was used at the set-level whereas a family-wise error corrected 

threshold (to correct for multiple comparisons) of p < .05 was used at the cluster level to 

identify the significant clusters.  
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4.3.7.4 Tract-based spatial statistics 

 

The ‘randomise’ tool in FSL was used to perform the statistical analysis on maps of diffusivity 

indices namely FA, mean diffusivity, axial diffusivity and radial diffusivity, derived using 

TBSS. The analysis using the ‘randomise’ tool was restricted to the skeleton of the white matter 

tracts, a procedure that removed the need for correction for multiple comparisons. Similar to 

what was done in the voxel-based morphometry analysis, first an analysis was run to study the 

main and interaction effects between the diagnostic groups and body mass categories on WMI. 

The model was controlled for the effects of age, TIV, centre of recruitment and sex for the 

reasons specified in section 4.3.7.3, Paragraph 1. A data matrix was created that included all 

the participants that were divided into six groups. Each of the three diagnostic groups (i.e. 

groups divided by cognitive stageing: ADD, MCI and CN) were further divided into groups 

with low BMI and high BMI. The data matrix was coded to indicate group assignment of the 

participants and also included the covariate values in the corresponding columns. The contrast 

matrix included eight contrasts that tested the main and interaction effects between cognitive 

stageing and body mass categories.  

 

For the subsequent regression analysis, a data matrix was created for each diagnostic group 

separately, that listed the main independent variable, which was BMI and the control variables. 

The control variables used were identical to the ones used in the VBM analysis namely age, 

MMSE, TIV, sex and centre of recruitment. Similar to what was done in the voxel-based 

morphometry analysis, sex and centre of recruitment were converted into numerical variables 

(section 4.3.7.3). The first column of the matrix was coded as ‘1’ to indicate that the participant 

was assigned to that group. The contents of the following columns consisted of values of the 

control variables or covariates. Subsequently, a contrast matrix was created to perform the 

multiple regressions. The contrast matrix consisted of two contrasts; the first contrast ‘0 1’ 

represented a positive correlation between BMI and the diffusivity map. The second contrast 

‘0 -1’ signified a negative correlation between BMI and the diffusivity map. Using the 

‘randomise’ tool, five thousand permutations were carried out in order to build the null 

distribution to test each contrast and a value of p < .05 was used as a threshold to identify 

significant white matter tracts. The procedure was repeated to examine the associations 

between maps of diffusivity indices and WC (instead of BMI).  
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4.3.7.5 Arterial spin labelling 

 

Analogous to the voxel-based morphometry statistical analysis, main and interaction effects 

were examined between the diagnostic groups and body mass categories on CBF. The analysis 

was controlled for the effects of age, MMSE, TIV, sex and centre of recruitment. The analyses 

were conducted by using a cluster-forming threshold of p < .01 and 500 voxels at the set-level. 

The family-wise error corrected threshold of p < .05 was used to identify significant clusters at 

the cluster level. Additionally, linear regressions were performed between maps of CBF and 

BMI while controlling for the effects of age, MMSE, TIV, sex and centre of recruitment. 

Separate analyses were conducted for the independent diagnostic groups. Both, positive and 

negative correlation contrasts were run for each of the analyses. The procedure was repeated 

to examine associations between CBF and WC across the three groups. The analyses were 

conducted by using a cluster-forming threshold of p < .01 and 500 voxels at the set-level. A 

less conservative threshold of p < .01 was used to account for the lower spatial resolution in 

arterial spin labelling and differences in voxel size (Woo, Krishnan & Wager, 2014). This 

threshold has also been used in a previous experimental study (Kim et al., 2013). The family-

wise error corrected threshold of p < .05 was used to identify significant clusters at the cluster 

level.  

 

4.3.7.6 Post hoc analysis 

 

4.3.7.6.1 Identification of brain regions 

 

Brain regions that were significant in the statistical analyses that were run across all three 

modalities were identified using co-ordinates within the MNI space. The MNI co-ordinates 

were converted into Talairach co-ordinates using the Java application ‘GingerALE’ 

(http://brainmap.org/ale). The Talairach co-ordinates were then examined using the Talairach 

Daemon Client (http://www.talairach.org/client.html) to identify the significant brain regions 

of interest. The location of the co-ordinates was cross-checked by mapping the MNI co-

ordinates on the following atlases using FSL view 

(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases): Harvard-Oxford cortical and subcortical 

structural atlases (Desikan et al., 2006; Frazier et al., 2005; Goldstein et al., 2007; Makris et 

al., 2006) and the JHU white-matter tractography atlas (Hua et al., 2008; Mori, Wakana, Van 

Zijl, & Nagae-Poetscher, 2005; Wakana et al., 2007).  

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases
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4.3.7.6.2 Signal extraction 

 

Following the voxel-wise analysis, the signal from the significant clusters was extracted for the 

post hoc analysis. For the voxel-based morphometry and ASL analysis, the significant clusters 

were saved at their thresholded values to create a region of interest. The region of interest was 

then used to create a binary mask that would be used to define the regions for signal extraction 

using ‘fslmaths’ (https://fsl.fmrib.ox.ac.uk/fslcourse/lectures/practicals/intro3/index.html). 

For analyses that revealed widespread results across the brain, regions of interest were created 

using the ‘Wake Forest University (wfu) PickAtlas’ tool from the SPM12 toolbox 

(http://www.nitrc.org/projects/wfu_pickatlas/). This was done to ensure that signal was 

extracted from specific regions as the significant clusters extended over several brain regions. 

For regions of interest created using this method, the created region was co-registered with a 

structural 3D T1-weighted image before extracting the values to ensure tessellation of the 

region of interest with the MNI space. The voxel values within the regions of interest were 

treated as a collection of several samples of the same signal. Therefore, all the voxels contained 

within a region of interest were calculated as a summary value in order to represent a collective 

value for all the voxels, as an average. The ‘get_totals’ 

(http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m) script was then used in Matlab to 

extract the mean signal values within the regions of interest.  

 

In order to extract the average signal values from the tract based spatial statistics analysis, a 

similar procedure was carried out using ‘fslmaths’. First, a region of interest was created using 

the JHU white-matter tractography atlas to select the tracts of interest. The region of interest 

was subsequently thresholded at 12 voxels to exclude voxels that lay outside the tract of 

interest. There are no definite rules as to the threshold to be used that allows for the creation of 

a binary mask of the white matter (Wasserthal, Neher & Maier-Hein, 2018). Therefore, 

following a visual inspection, a liberal threshold of 12 voxels was applied to preserve voxels 

within the tracts of interest and to eliminate those voxels that lay outside these tracts. Although 

12% probability may be considered liberal, it only served to create the binary mask that was 

skeletonised in subsequent steps. Subsequently, the mean FA skeleton mask was binarised and 

the binarised mask created using the region of interest was subtracted from this to obtain the 

difference image between the two. This difference image was binarised again and subtracted 

from the mean FA skeleton mask to obtain the skeletonised region of interest. To ensure the 

https://fsl.fmrib.ox.ac.uk/fslcourse/lectures/practicals/intro3/index.html
http://www.nitrc.org/projects/wfu_pickatlas/
http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m
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exclusion of unwanted voxels, this image was binarised again and was then used to extract the 

FA signal from the tract of interest. This procedure was repeated for the other diffusivity indices 

namely (axial, mean and radial diffusivity).  The mean signal values were subsequently used 

to correlate the extracted signal with neuropsychological tests to assess whether the signal was 

associated with performance on the tests. For the data that violated the assumptions of 

parametric data, non-parametric tests were used to perform the correlations. The Bonferroni 

correction was applied to account for multiple comparisons and a resultant threshold of p < 

.005 was used to identify the significant correlations. All the analyses were corrected for 

multiple comparisons to account for the number of variables correlated. When a large number 

of simultaneous statistical inferences are concerned, the use of an uncorrected threshold can 

increase the likelihood of a type 1 error (Abdi, 2007). A correction for multiple comparisons 

helps minimise this error, and that is the reason why this correction was applied to these 

analyses.   
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4.4 Results 

 

4.4.1 Demographic characteristics 

 

The three diagnostic groups did not differ in terms of age, WC, WMV and TIV. The statistics 

for the demographic variables have been reported in Table 4.2. In terms of their distributions, 

age, WC, GMV, CSF and TIV were variables that were normally distributed whereas 

education, MMSE, BMI, WMV and WMH volume were variables with non-parametric 

distributions. Means and standard deviations for non-parametric data have been included in 

Appendix B, Table B4.2. The CN group had higher number of years in education than the 

ADD, U = 679.00, p < .001, and MCI, U = 1128.50, p < .001, groups. There was no difference 

between the ADD and MCI groups with respect to years in education. The CN group had higher 

scores on the MMSE than the ADD, U = 216.50, p < .001, and the MCI, U = 974.50, p < .001, 

groups. Between the two patient groups, MCI patients had higher MMSE scores than the ADD 

patients, U = 633.00, p < .001. When comparing BMI, only the CN group had higher BMI 

indices than the ADD group, U = 679.00, p = .005, while no significant differences were found 

in BMI indices between the MCI and CN groups and also between the MCI and ADD groups. 

The CN group had more GMV than the ADD, t(102) = -4.85, p < .001, and MCI, t(123) = -

2.36, p = .020, patients. Among the patient groups, MCI patients had more GMV than ADD 

patients, t(113) = -2.72, p = .008. With respect to CSF, CN had less volumes of CSF than ADD 

patients, t(102) = 3.30, p < 0.001, whereas in the patient groups, ADD patients had more CSF 

than MCI patients,  t(113) = 3.12, p = .002. There was no difference in CSF between the MCI 

and CN groups. CN had lower volumes of white matter hyperintensities than ADD, U = 781.00, 

p < .001, and MCI, U = 1508.00, p = .05, patients. On comparing the two patient groups, no 

difference was observed in WMH volume.  
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Table 4.2 Demographic characteristics of ADD, MCI and CN groups reported using means 

and standard deviations for parametric data and medians and interquartile ranges for non-

parametric data. 

Demographic 

variable (units) 

ADD  

(n = 47) 

MCI 

 (n = 68) 

CN 

(n = 57) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) F 

Age (years) 68.09 (9.88) 68.56 (9.45) 66.51 (11.11) 0.67 

WC (cm) 92.11 (10.95) 96.08 (14.39) 96.40 (13.22) 1.69 

GMV (ml) 567.01 (74.62) 605.37 (74.34) 636.19 (70.40) 11.52*** 

CSF (ml) 516.31 (136.19) 438.22 (129.32) 428.71 (133.42) 6.68** 

TIV (ml) 1488.36 (155.90) 1454.14 (143.53) 1495.70 (173.28) 1.24 

Non - Parametric 

testsb 

Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Education (years) 11 (8 – 15) 12 (8 – 14) 15 (12 – 17) 23.70*** 

MMSE 21 (17 – 25) 26 (25 – 28) 28 (27 – 29) 69.10*** 

BMI (kg/m2) 24.82  

(22.86 – 28.37) 

26.76  

(23.41 – 30.13) 

27.70  

(24.94 – 31.01) 

7.87* 

WMV (ml) 416.04  

(369.51– 416.04) 

407.54  

(370.71 – 446.86) 

430.04  

(381.55 – 469.56) 

4.08 

WMH volume (ml)  3.53 (1.83 – 7.79) 2.22 (0.64 – 7.86) 1.70 (0.22 – 3.55) 11.44** 

Chi square testsc n n n 2 

Males/Females 29/18 31/37 26/31 3.54 

APOE genotype: 

22/23/33/42/

43/44 

0/6/13/0/16/11 0/3/28/5/28/4 0/7/38/2/9/1 36.96*** 

APOE 4 non-

carriers/ 4 carriers 

19/27 31/37 45/12 19.15*** 

Centre (UK/Finland)  24/23 29/39 38/19 7.27* 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 

Key: n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = Interquartile range, which 

has been reported as Quartile 1 – Quartile 3; H = H-statistic; 2 = Chi-square statistic 
a A one-way ANOVA was run for data that was normally distributed 
b Non-parametric Kruskal-Wallis H tests were run for data that were not normally distributed.  
c Pearson Chi-square tests were run to examine the independence of categorical variables. 

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B4.2.  
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4.4.2 Cognitive variables 

 

There were significant differences in the cognitive profiles of all three groups and all the 

variables had a non-parametric distribution (Table 4.3). Means and standard deviations for the 

data have been included in Appendix B, Table B4.3. The groups had a comparatively similar 

performance on the digit span forward task that measures immediate auditory recall and 

attention (section 4.3.4). On the prose memory-immediate recall task, CN scored higher than 

ADD, U = 118.00, p < 0.001, and MCI, U = 488.50, p < .001, patients. When the patient groups 

were compared, MCI patients performed better than the ADD patients on the prose memory-

immediate recall task, U = 700.50, p < .001. On the prose memory-delayed recall task, CN 

performed better than ADD, U = 76.00, p < .001, and MCI, U = 388.50, p < .001, patients, 

while MCI patients performed better than the ADD patients U = 646.00, p < 0.001. No 

significant differences were found between the digit span - forward test between any of the 

groups. On the digit span backward test, CN performed better than ADD patients, U = 592.00, 

p < 0.001, and MCI patients, U = 1310.00, p = .010. The patient groups also differed on the 

digit span backward test, where MCI patients performed better than the ADD patients, U = 

1044.50, p = .032.  

 

On tests of semantic fluency, CN performed better than the ADD patients, U = 315.50.00, p < 

.001, and MCI patients, U = 1185.00, p < .001, and among the patient groups, the MCI patients 

performed better than the ADD patients, U = 723.50, p < 0.001. Similar to the results found 

with semantic fluency, CN performed better than ADD patients, U = 374.50, p < .001, and MCI 

patients, U = 949.50, p < .001, on the phonemic fluency test, and consistent with what has been 

observed for other tests, MCI patients also performed better than ADD patients on the 

phonemic fluency test, U = 1001.50, p = .005. On the similarities test, CN performed better 

than ADD patients, U = 378.00, p < 0.001 and MCI patients, U = 853.50, p < .001, whereas 

among the patient groups, MCI patients had better performance than ADD patients, U = 991.00, 

p = .007. On the test of confrontational naming, CN performed better than the ADD patients, 

U = 408.00, p < .001, and the MCI patients, U = 841.50, p < .001 and between the patient 

groups, MCI patients performed better than ADD patients, U = 1161.00, p = .032. Moreover, 

on the Stroop task, CN performed better than ADD patients, U = 577.00, p < .001, and MCI 

patients, U = 1228.00, p = 0.003, while in the patient groups, MCI patients had better 

performance than ADD patients, U = 864.50, p = 0.039.  
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Table 4.3 Cognitive profiles of CN and patients with MCI and ADD, reported using medians 

and interquartile ranges for non-parametric data. 

Neuropsychological test ADD  

(n = 47) 

MCI 

 (n = 68) 

CN 

(n = 57) 

Statistic 

Non- Parametric testsa Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Prose Memory-

Immediate recall 

6 (2.25 – 9.75) 10 (7.50 – 13.00) 17 (14.00 – 19.00) 81.04*** 

Prose Memory-Delayed 

recall 

4 (2 – 8) 11 (6 – 14) 18 (16 – 20) 90.64*** 

Digit Span-Forward 6 (5 – 8) 6 (5 – 8) 7 (5 – 8) 0.76 

Digit Span-Backward 4 (3 – 5) 5 (4 – 6) 5 (4 – 6) 19.75*** 

Semantic Fluency 12 (9.00 – 15.25) 16.50 (14 – 21.75) 21 (17 – 25) 51.95*** 

Phonemic Fluency 22 (14 –32) 29 (20.00 – 44.25) 45 (32.50 – 55.00) 43.75*** 

Similarities 13 (8.00 – 20.75) 18 (12.50 – 23.50) 25 (21.50 – 27.50) 45.90*** 

Confrontational Naming 

Task 

12 (10.75 – 14.00) 13 (12-14) 15 (14-15) 45.80*** 

Stroop-Error interference 2.50 (0 – 14.25) 0.50 (0 – 2.00) 0 (0 – 0) 17.80*** 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 

Key: n = sample size; Mdn = median; IQR = Interquartile range which has been reported as Quartile 1 – Quartile 

3; H = H-statistic  
a Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B4.3.  
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4.4.3 Voxel-based morphometry 

 

4.4.3.1 Main effects and interaction analysis 

The analysis showed a main effect of body mass categories on GMV where the participants in 

the lower body mass category showed better preservation of GMV than those that lay in the 

higher body mass category in the bilateral cerebellum and the left orbitofrontal cortex (Table 

4.4, Fig 4.1). The opposite contrast did not yield any significant findings. A significant 

interaction was observed between diagnostic group and body mass categories where the low 

BMI > high BMI difference in GMV between the body mass categories was higher in the ADD 

group than the difference in the CN and MCI groups. This interaction effect was observed in 

the right prefrontal cortex and the right occipital lobe (Table 4.4, Fig 4.1). Another interaction 

effect was observed where the low BMI > high BMI difference in GMV between the body 

mass categories was higher in MCI than in the ADD and CN groups in the primary and 

supplementary motor areas and the bilateral occipital lobes (Table 4.4, Fig 4.1). No other 

significant interactions were observed using the other contrasts.  

 

Table 4.4 Brain regions showing main and interaction effects between diagnostic group and 

body mass categories on GMV 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann area) Side Z-score MNI co 

ordinates 

x y z 

Low BMI > High BMI 

1081 0.003 Orbitofrontal cortex (47) L 5.39 -50 40 -15 

  Broca’s area (45) L 4.53 -57 27 8 

  Orbitofrontal cortex (47) L 4.45 -56 30 -6 

1724 0.000 Cerebellum – Posterior lobe R 5.28 32 -82 -48 

586 0.044 Cerebellum – Posterior lobe L 5.27 -33 -78 -54 

587 0.044 Orbitofrontal cortex (11) L 4.43 -10 66 -15 

ADD (low BMI > high BMI) > MCI + CN ( low BMI > high BMI) 

748 0.018 Anterior prefrontal cortex (10) R 4.69 26 56 20 

  Dorsolateral prefrontal cortex (9) R 4.26 21 45 33 

796 0.013 Occipital lobe (18) R 4.17 36 -87 -3 

  Occipital lobe (18) R 3.77 33 -86 8 
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Figure 4.1 Brain regions showing main and interaction effects between diagnostic group and 

body mass categories on GMV 

The three rows show main and interaction effects between diagnostic group and body mass measures 

on GMV. Each of the rows are represented in the sagittal, coronal and axial orientations from left to 

right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: Main 

effect of body mass measures on GMV where participants in the low body mass category show better 

preservation of GMV than participants in the high body mass category; Middle row: The low BMI > 

high BMI difference in GMV between participants belonging to different body mass categories is 

greater in the ADD group compared to the CN and MCI groups; Bottom row: The low BMI > high BMI 

difference in GMV between participants belonging to different body mass categories is greater in the 

MCI group compared to the CN and ADD groups 

  

MCI (low BMI > high BMI) > ADD + CN ( low BMI > high BMI) 

7561 0.000 Occipital lobe (18) R 5.07 -6 -92 -10 

799 0.013 Occipital lobe (19) L 4.34 -21 -90 20 

702 0.023 Premotor cortex (6) L 4.33 -51 2 32 

  Primary motor cortex (4) L 3.83 -42 -10 20 
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4.4.3.2 Regression analysis 

 

4.4.3.2.1 ADD 

 

BMI 

 

A positive correlation was found between BMI and GMV among the ADD patients in the 

postero-inferior brain regions in the right hemisphere (Table 4.5, Fig 4.2). The cluster spanned 

across regions of the temporoparietal junction extending posteriorly into the cuneus, precuneus 

and a major proportion of the occipital lobe. While a majority of the voxels lined the borders 

of the surface of the cerebrum, significant voxels were also found in the medial parietal areas 

and medial occipital areas. Anteriorly, the extensions of the cluster spilled into the MTL (in 

close proximity to the hippocampus) and superior temporal regions. When correlating the 

extracted signal with tests of cognition, a positive correlation was found between the extracted 

signal and the prose memory-delayed recall test, rs = .35, p = .021, and the similarities test, rs 

= .40, p = .008. On correlating the extracted GMV signal with WMH volume, no correlations 

were found. No significant negative correlations were found between BMI and the GMV maps.  

 

WC 

A considerable proportion of the positive associations found with WC were co-localised with 

the associations found between BMI and GMV among ADD patients (Table 4.5, Fig 4.2). 

Although most of the results were lateralised to the right hemisphere, some significant voxels 

were also found in the precuneus in the superior parietal lobe in the left hemisphere.  In the 

occipital brain regions, voxels displaying significant associations with WC were more scattered 

and appeared more ‘attenuated’ compared to the associations found with BMI. Additionally, 

associations with WC also partially involved frontal brain regions in the insula and inferior 

frontal gyrus. A positive correlation was found between the extracted signal and scores on the 

prose memory - delayed recall test, rs = .37, p = .014, and the similarities test, rs = .38, p = .012. 

No correlations were found on correlating the extracted GMV signal with WMH volume. No 

significant negative correlations were found between WC and the GMV maps. 

 

Results from associations with both indices of body mass and GMV were located in the 

territories supplied by the middle cerebral and posterior cerebral arteries (Fig 4.9).  
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Table 4.5 Brain regions showing a positive correlation between GMV and obesity measures 

in ADD patients  

 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann 

area) 

Side Z-score MNI co 

ordinates 

x y z 

BMI 

16986 0.000 Superior parietal lobule (7) R 5.64 40 -58 42 

  Cuneus (18) R 4.91 22 -88 18 

  Middle temporal gyrus (39) R 4.76 57 -44 6 

  Superior temporal gyrus (22) R 4.76 44 -33 10 

634 0.036 Superior temporal gyrus (39) L 3.89 -46 -61 22 

  Superior temporal gyrus (39) L 3.83 -50 -53 28 

WC 

13284 0.000 Superior parietal lobule (7) R 6.11 42 -58 39 

  Superior parietal lobule (7) L 4.70 -24 -62 47 

  Superior occipital gyrus (19) R 4.39 38 -73 22 

  Superior temporal gyrus (22) R 4.16 55 -48 8 

905 0.009 Inferior frontal gyrus (44) R 4.30 44 6 11 

  Insula (13) R 4.08 32 -13 17 

787 0.016 Posterior lobe of the cerebellum  R 

4.05 28 -52 

-

40 
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Figure 4.2 Brain regions showing a positive association between GMV and obesity indices in 

ADD patients.  

The three rows show positive associations between GMV and obesity measures using voxel-based 

morphometry in ADD patients. Each of the associations is represented in the sagittal, coronal and axial 

orientations from left to right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been in MNI space. Top row: 

Positive associations found between BMI and GMV in the right hemisphere in and around the 

temporoparietal junction, superior hippocampus, occipital lobe and precuneus have been depicted in 

blue; Middle row: Positive associations found between WC and GMV in the right hemisphere around 

the temporoparietal junction, superior hippocampus, occipital lobe and precuneus, insula and in the 

superior and lateral parietal lobe and occipital lobe in the left hemisphere are highlighted in green; 

Bottom row: Overlap between the associations found between GMV, BMI and WC.  
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4.4.3.2.2 MCI 

 

BMI 

 

In MCI patients, negative associations were found in various brain regions that included frontal, 

occipital and cerebellar brain regions (Table 4.6, Fig 4.3). The associations mostly covered the 

lateral surfaces of the brain. In the frontal brain regions, associations were found in bilateral 

orbitofrontal cortices while in the posterior brain regions, the associations enclosed most of the 

lateral surfaces of the occipital lobe bilaterally, with relative sparing of the majority of the 

postero-lateral surface. Moreover, some significant voxels were also found in the medial 

portions of the occipital lobe. In the cerebellum, negative associations were found only in the 

right cerebellar hemisphere that covered the infero-lateral surfaces. The extracted GMV signal 

was positively correlated with scores on the phonemic fluency test, rs = .29, p = .02. On 

correlating the extracted GMV signal with WMH volume, a negative correlation was found, rs 

= -.42, p < .001. No significant positive correlations were found between BMI and the GMV 

maps. 

 

WC 

Negative associations found with WC were almost entirely identical to the associations found 

with BMI (Table 4.6, Fig 4.3). Some additional associations found included a small cluster that 

stretched across the lateral parts of Broca’s area, the insula, the premotor cortex and the 

supramarginal gyrus. The extent of the associations found in the medial portions of the occipital 

lobe were slightly wider than those found with BMI. Furthermore, negative associations with 

WC were found in the left cerebellum in the lateral inferior areas. The extracted GMV signal 

was positively correlated with performance on the phonemic fluency test, r = .35, p = .004 and 

the digit span – backward test, rs = .25, p = .05. Similar to what was seen in associations with 

BMI, a negative correlation was found between the extracted GMV signal (from the association 

between GMV and WC) and WMH volume, rs = -.43, p < .001. No significant positive 

correlations were found between WC and the GMV maps. 

 

Across the two obesity measures negative associations with GMV were located across the 

territories of a range of cerebral arteries that included the cerebellar arteries, the anterior 

cerebral artery, the middle cerebral artery and the posterior cerebral artery. However, these 

associations were primarily restricted to the distal ends of these arteries (Fig 4.9).  
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Table 4.6 Brain regions showing a negative association between GMV and obesity measures 

in MCI patients 

 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann 

area) 

 

Side 

 

 

Z-

score 

 

MNI co 

ordinates 

x y z 

BMI 

1178 0.002 Inferior frontal gyrus (47) L 5.29 -48 32 -16 

4662 0.000 Inferior occipital gyrus (18) R 4.77 48 -82 -3 

  Cerebellum- posterior lobe R 4.71 40 -74 -40 

615 0.043 Cerebellum- posterior lobe L 3.88 -40 -77 -33 

611 0.044 Inferior frontal gyrus (47) R 4.50 53 27 -11 

1872 0.000 Inferior occipital gyrus (18) L 4.49 -38 -91 -8 

1478 0.001 Precentral gyrus (6) L 4.24 -57 4 20 

WC 

1178 0.002 Inferior frontal gyrus (47) L 5.29 -48 32 -16 

4662 0.000 Inferior occipital gyrus (18) R 4.77 48 -82 -3 

  Posterior lobe of the 

cerebellum 

R 

4.71 40 -74 -40 

615 0.043 Insula (13) L 3.88 -40 -77 -33 

611 0.044 Inferior frontal gyrus (47) R 4.50 53 27 -11 

1872 0.000 Inferior occipital gyrus (18) L 4.49 -38 -91 -8 

1478 0.001 Precentral gyrus (6) L 4.24 -57 4 20 
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Figure 4.3 Brain regions showing a negative association between GMV and obesity indices 

in MCI patients  

The three rows show negative associations between GMV and obesity measures using voxel-based 

morphometry in MCI patients. Each of the associations is represented in the sagittal, coronal and axial 

orientations from left to right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI 

space. Top row: Negative associations found between BMI and GMV in the bilateral occipital lobes, 

cerebellum and the orbitofrontal cortices depicted in blue; Middle row: Negative associations found 

between WC and GMV in the bilateral occipital lobes, cerebellum and the orbitofrontal cortices 

highlighted in green; Bottom row: Overlap between the associations found with BMI and WC.  
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4.4.3.2.3 CN 

 

BMI 

 

Negative associations were found between BMI and GMV in CN individuals that were 

dispersed across various brain regions, mostly concentrated in the inferior areas (Table 4.7, Fig 

4.4). In the frontal brain regions, negative associations were found in the bilateral ventrolateral 

prefrontal cortex and the orbitofrontal brain regions in addition to some portions of the body 

of the cingulate gyrus. The left insula and the right lateral anterior temporal lobe were also 

significant areas that displayed negative associations between BMI and GMV. Significant 

voxels were also found superiorly in the left posterior hippocampus. In the more posterior brain 

areas, negative associations were mostly located on the lateral surfaces of the bilateral occipital 

and cerebellar lobes. Within the deep brain regions, negative associations were also found in 

the bilateral thalamus lining the medial borders. The extracted GMV signal was positively 

correlated with performance on the semantic fluency test, r = .41, p = .002, the prose memory 

- immediate recall test, rs = .48, p < .001, the prose memory - delayed recall test, rs = .38, p = 

.004 and the similarities test, r = .38, p = .004. No significant correlations were found between 

the extracted GMV signal and WMH volume. No significant positive correlations were found 

between BMI and the GMV maps. 

 

 

WC 

Negative associations observed between WC and GMV were fairly consistent with the 

associations found with BMI (Table 4.7, Fig 4.4). A discrepancy between the two measures 

was the absence of negative associations in the right dorsolateral prefrontal cortex in the 

analysis with WC. Instead, a cluster showing negative associations between WC and GMV was 

found located in and around the insula. Another inconsistency was the absence of the 

association found in the posterior hippocampus with WC. The rest of the associations were 

identical to those found with BMI. A positive correlation was found between the extracted 

GMV signal and scores on the semantic fluency test, r = .44, p = .001, the prose memory - 

immediate recall test, rs = .43, p = .001, the prose memory - delayed recall test, rs = .41, p = 

.002, and the similarities test, r = .40, p = .002. No significant correlations were found between 

the extracted GMV signal and WMH volume. No significant positive correlations were found 

between WC and the GMV maps. 
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Similar to the observation in the MCI patients, the negative associations in the CN group 

spanned across a multitude of vascular territories of cerebral arteries that included the 

cerebellar arteries, middle cerebral artery, anterior cerebral artery and the posterior cerebral 

artery. The associations found were restricted to the distal ends of the major arteries including 

certain subcortical regions that showed volumetric detriments in grey matter (Fig 4.9).  

 

Table 4.7 Brain regions showing a negative association between obesity measures and GMV 

in CN 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region 

 

 

Broadmann 

area 

 

Side 

 

 

Z-

score 

 

MNI co 

ordinates 

x y z 

BMI 

1701 0.000 Thalamus   L 3.60 -12 -12 18 

1029 0.001 Cerebellum-posterior 

lobe 

 R 4.43 36 -81 -35 

543 0.024 Cerebellum-posterior 

lobe 

 L 4.27 -36 -81 -38 

1015 0.001 Anterior cingulate gyrus 24 L 4.36 -3 16 21 

631 0.013 Inferior occipital gyrus 18 L 4.34 -38 -91 -9 

1218 0.000 Inferior frontal gyrus 47 R 3.94 50 40 -15 

1386 0.000 Insula 44 L 4.19 -36 14 1 

879 0.002 Inferior frontal gyrus 47 L 3.92 -46 44 -16 

793 0.000 Inferior occipital gyrus 18 R 3.89 39 -91 -6 

WC 

1506 0.000 Inferior occipital gyrus 19 L 4.80 -36 -92 -9 

669 0.001 Middle temporal gyrus 38 R 4.77 62 6 -30 

1096 0.001 Cerebellum-posterior 

lobe 

 R 

4.67 

38 -81 -48 

1451 0.000 Thalamus  L 4.05 -12 -11 19 

704 0.008 Anterior cingulate gyrus 24 L 4.48 -2 17 19 

1769 0.000 Lingual gyrus 18 R 4.30 42 -92 -9 

821 0.003 Insula 13 L 4.28 -42 -10 -5 
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Figure 4.4 Brain regions showing a negative association between GMV and obesity indices in 

CN participants 

The three rows show negative associations between GMV and obesity measures using VBM in CN 

participants. Each of the associations is represented in the sagittal, coronal and axial orientations from 
left to right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: 

Negative associations were found between BMI and GMV in the bilateral occipital lobes, cerebellum 

and the prefrontal frontal cortices including the left hippocampus and the left insula depicted in blue; 

Middle row: Negative associations were found between WC and GMV in the bilateral occipital lobes, 

cerebellum and the prefrontal frontal cortices including the left insula highlighted in green; Bottom row: 

Overlap between the associations found between GMV, BMI and WC.  

 

 

  

661 0.003 Cerebellum-posterior 

lobe 

 L 

4.26 -39 -80 -50 

641 0.012 Insula 13 L 4.22 -39 9 -15 

503 0.033 Middle frontal gyrus 10 R 4.04 34 58 -16 
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4.4.4 Tract-based spatial statistics 

4.4.4.1 Main effects and interaction analysis 

There were no main effects or interactions found between any of the diffusivity measures 

across the three groups and the body mass categories.  

 

4.4.4.2 Correlation analysis 

 

4.4.4.2.1 ADD 

There was no significant correlation between any of the diffusivity or FA maps and both the 

obesity measures across both contrasts in the ADD group.  

 

4.4.4.2.2 MCI 

 

There was no significant correlation between any of the diffusivity or FA maps and both the 

obesity measures in the across both contrasts in the MCI group.  

 

4.4.4.2.3 CN 

 

BMI 

Widespread negative correlations were found between BMI and maps of FA in the CN 

participants. Specifically, these were found in the corpus callosum, superior longitudinal 

fasciculus, inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, cingulum, 

uncinate fasciculus, optic radiations, cerebellar peduncles, forceps minor and major, cingulum, 

parahippocampal and hippocampal white matter and the fornix. Additionally, associations were 

also found in the subcortical white matter that were situated in and around the basal ganglia 

and thalamus (Table 4.8, Fig 4.5). No other relationships with other diffusivity indices namely 

mean diffusivity, radial diffusivity and axial diffusivity were found. There was a positive 

correlation between the extracted signal and scores on semantic fluency, r = .52, p < .001 and 

prose memory - immediate recall, rs = .52, p < .001, tests. On examining the association 

between WMH volume and the extracted FA signal, a negative correlation was found, rs = -

.34, p = .013. No significant positive correlations were found between any of the diffusivity 

measures and BMI.  
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WC 

The associations between WC and maps of FA revealed similar findings to those seen with 

BMI (Table 4.8, Fig 4.5). The negative associations were found in the same white matter tracts 

listed above. No other relationships with other diffusivity measures were found. There was a 

positive correlation between the extracted signal and scores on semantic fluency, r = .52, p < 

.001 and prose memory - immediate recall, rs = .51, p < .001, tests. A negative correlation was 

found between the extracted FA signal and WMH volume, rs = -.33, p = .011. No significant 

positive correlations were found between any of the diffusivity measures and WC. 

Negative correlations between the obesity indices and FA were located across a wide range of 

vascular territories of major cerebral arteries (Fig 4.9). 

 

Table 4.8 Regions showing a negative association between obesity measures and fractional 

anisotropy in CN  

 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region 

 

 

Side 

 

 

Z-

score 

 

MNI co 

ordinates 

x y z 

BMI 

54045 0.001 Fornix L 7.75 -28 -27 -4 

  Fornix L 7.13 -28 -29 -1 

  Superior longitudinal fasciculus L 6.9 -37 34 6 

  Cingulum R 6.66 9 -5 34 

  Inferior fronto-occipital fasciculus R 6.62 26 29 -10 

  Superior longitudinal fasciculus L 6.62 36 14 18 

WC 

55438 0.001 Anterior thalamic radiation L 7.49 -28 -30 0 

  Inferior fronto-occipital fasciculus R 7.47 26 29 -10 

  Fornix L 7.05 -29 -26 -3 

  Cingulum R 6.92 9 -5 34 

  Inferior fronto-occipital fasciculus L 6.85 -35 -55 0 

  Inferior fronto-occipital fasciculus L 6.8 -37 34 6 
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Figure 4.5 Brain regions showing a negative association between fractional anisotropy and 

obesity indices in CN participants 

The three rows show negative associations between WMI and obesity measures using TBSS in CN 

participants. Each of the associations is represented in the sagittal, coronal and axial orientations from 

left to right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: 

Negative associations found between BMI and fractional anisotropy in the tracts connecting limbic 

and subcortical brain regions to prefrontal areas are represented in yellow; Middle row: Negative 

associations found between BMI and fractional anisotropy in the tracts connecting limbic and 

subcortical brain regions to prefrontal areas are highlighted in pink; Bottom row: Overlap between the 

associations found with BMI and WC.  
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4.4.5 Arterial spin labelling 

 

4.4.5.1 Main effects and interaction analysis 

A main effect of body mass categories was observed where the participants in the low body 

mass category showed better preservation of CBF compared to the participants in the high body 

mass category. This main effect was observed primarily in the basal brain regions extending 

across areas of the midbrain, corticospinal tracts, inferior temporal regions and parts of the 

cingulum bundle (Table 4.9, Fig 4.6). The other contrast did not yield any significant results. 

No interaction effects were observed between diagnostic group and body mass categories on 

CBF.  

 

Table 4.9 Brain regions showing main and interaction effects between diagnostic group and 

body mass categories on CBF 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann area) 

 

 

Side 

 

 

Z-score 

 

MNI co 

ordinates 

x y z 

Low BMI > High BMI 

3108 0.002 Corticospinal tracts (WM) L 3.72 -12 -20 -12 

  Corticospinal tracts (WM) R 3.65 16 -8 -10 

  Inferior temporal gyrus (20) L  3.61 -40 -24 -18 

999 0.176 Cingulum (WM) L 3.47 -14 -10 40 

  Cingulum (WM) L 3.09 -8 0 34 

  Superior longitudinal fasciculus (WM)  2.98 -20 6 40 
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Figure 4.6 Brain regions showing a main effect of body mass categories on GMV.  

The row shows a main effect of body mass categories on CBF where participants belonging to the lower 

body mass category showed better preservation of CBF than participants in the high body mass 

category. The main effect is represented in the sagittal, coronal and axial orientations from left to right. 
The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space.   
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4.4.5.2 Regression analysis 

 

4.4.5.2.1 ADD 

 

There were no significant associations found between obesity measures and CBF in ADD 

patients across both contrasts. Although the results did not survive the significance threshold, 

a trend of a positive correlation was found in and around the regions of the temporoparietal 

junction across both obesity measures. This was the same brain region that showed a positive 

correlation between obesity measures and GMV in ADD patients (Appendix C, Fig C.1).  

 

4.4.5.2.2 MCI 

 

BMI 

BMI was negatively correlated with CBF in MCI patients mainly in the frontal, MTL, 

subcortical and brainstem regions. In the frontal lobe, one large cluster was found in the left 

hemisphere that began in the anterior frontal lobe and extended rostro-caudally until the 

posterior border of the frontal lobe (Table 4.10, Fig 4.7). A different cluster that ran parallel to 

this cluster (in the frontal lobe) in the right hemisphere had a smaller expanse; beginning at the 

primary motor cortex, it extended rostro-caudally toward the parietal lobe. This cluster was 

restricted to the anterior portions of the parietal lobe. Negative associations between CBF and 

BMI were also found in MTL regions that included the left parahippocampal parenchyma. 

Additionally, significant clusters were found in the posterior portions of the brainstem and 

cerebellum. No correlations were found with the extracted signal and performance on 

neuropsychological tests. However, a negative correlation was found between the extracted 

CBF signal and WMH volume, rs = -.34, p = .004. No significant positive correlations were 

found between CBF and BMI.  

 

WC 

Negative associations found between WC and CBF in MCI patients were similar to the findings 

with BMI (Table 4.10, Fig 4.7). However, the extent of the results found with WC as an obesity 

measure was more widespread than the associations found with BMI. The clusters that ran 

parallel had analogous trajectories beginning in the anterior frontal lobe and extending rostro-

caudally until the anterior parietal lobe. In the temporal areas, negative associations with CBF 

extended to the bilateral hippocampi, while associations in the brainstem remained largely the 
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same. No significant correlations were found with the extracted CBF signal and performance 

on neuropsychological tests. A negative correlation was found between the extracted CBF 

signal and WMH volume, rs = -.39, p = .001. No significant positive correlations were found 

between CBF and WC. 

 

The negative associations with CBF in the MCI patients visibly appeared to follow the 

trajectory of the anterior cerebral arteries in the anterior brain regions. Additionally, negative 

correlations were observed in vascular territories supplied by the posterior cerebral and 

cerebellar arteries (Fig 4.9). 

 

Table 4.10 Brain regions showing a negative association between obesity measures and CBF 

in MCI patients 

 

 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann area) 

 

 

Side 

 

 

Z-

score 

 

MNI co 

ordinates 

x y z 

BMI 

4529 0.000 Inferior fronto-occipital fasciculus L 3.77 -28 39 11 

  Middle frontal gyrus (6) L 3.39 -34 5 27 

  Corticospinal tract L 3.67 -22 -23 45 

2555 0.002 Midbrain L 3.68 -6 -28 -9 

  Parahippocampal gyrus L 3.52 -42 -32 -9 

3266 0.000 Superior longitudinal fasciculus R 3.42 22 0 42 

  Precuneus (39) R 3.32 28 -65 29 

WC 

5626 0.001 Hippocampus (36) R 5.23 36 -11 -16 

  Thalamus R 3.77 12 -16 -4 

  Hippocampus  L 3.52 -28 -22 -11 

10179 0.001 Anterior cingulate gyrus (BA 32) L 4.64 -20 31 28 

  Corticospinal tracts  L 4.44 -22 -23 47 

  Middle frontal gyrus (BA 6) R 3.75 28 -13 49 

  Superior longitudinal fasciculus R 3.53 36 -43 33 
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Figure 4.7 Brain regions showing a negative association between CBF and obesity indices in 

MCI patients 

The three rows show negative associations between CBF and obesity measures in MCI patients. Each 

of the associations is represented in the sagittal, coronal and axial orientations from left to right. The 

‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: Negative 

associations found between BMI and CBF in the bilateral MTL, frontoparietal areas (largely 

periventricular), cerebellum and brainstem depicted in purple. These were slightly attenuated in the 

right hemisphere; Middle row: Negative associations found between BMI and CBF in the bilateral 

MTL, frontoparietal areas (largely periventricular), cerebellum and brainstem highlighted in red; 

Bottom row: Overlap between the associations found with BMI and WC.   
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4.4.5.2.3 CN 

 

BMI 

Negative associations between CBF and BMI were found in frontal, parietal, cerebellar and 

temporal brain regions (Table 4.11, Fig 4.8). In the frontal lobe, a small cluster was located on 

the lateral borders of the right dorsolateral prefrontal cortex. The other negative correlations 

found, lay deeper in the frontal lobe. Two parallel clusters toward the midline (one in the left 

hemisphere and the other in the right hemisphere) beginning at the posterior ends of the anterior 

cingulate gyrus, stretched rostro-caudally into the parietal lobe. These clusters diverged in the 

parietal lobe away from the midline and continued caudo-rostrally towards more inferior brain 

regions. In the right hemisphere, some voxels from the cluster in the right hemisphere spilled 

into the posterior temporal lobe. In the left hemisphere, some voxels from the cluster spilled 

into the occipital lobe. These two clusters appeared to follow the trajectory of the lateral 

ventricles. Negative associations with CBF were also found in the inferior cerebellum that were 

predominantly located in the left cerebellar hemisphere. No correlations were found with the 

extracted CBF signal, neuropsychological tests and WMH volume. No significant positive 

correlations were found between CBF and BMI. 

 

WC 

Negative associations between WC and CBF were far more pervasive than those found with 

BMI (Table 4.11, Fig 4.8). In addition to the associations found with BMI (that slightly 

expanded in the associations with WC), the two clusters that ran parallel to each other joined 

at the midline in the medial parietal areas before extending inferiorly. Posteriorly and inferiorly, 

these two clusters closely followed the trajectory of the lateral ventricles, with significant 

voxels found in the MTL (in close proximity to the hippocampus) and occipital areas. Negative 

associations were also found in subcortical brain regions specifically in the caudate nucleus 

and the thalamus.  Associations found in the brainstem and cerebellum were more or less 

identical, but more extensive in the association with WC. On using a more conservative 

threshold of p < .001 at the set-level only the associations found in the medial parietal lobes 

and the cerebellum remain significant. No correlations were found between the extracted CBF 

signal, performance on neuropsychological tests and WMH volume. No significant positive 

correlations were found between CBF and WC. 
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Negative correlations between the obesity indices and CBF were located across a wide range 

of vascular territories of major cerebral arteries (Fig 4.9).  

 

Table 4.11 Brain regions showing a negative association between obesity measures and CBF 

in CN 

 

 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region 

 

 

Side 

 

 

Z-

score 

 

MNI co 

ordinates 

x y z 

BMI 

1438 0.045 Cerebellum-posterior lobe L 4.10 -8 -56 -48 

  Medulla oblongata R 3.89 4 -44 -54 

2365 0.015 Superior longitudinal fasciculus L 3.23 -26 -14 36 

  Cingulum (posterior) L 2.83 -24 -47 2 

1432 0.045 Cingulum (anterior) R 3.41 16 20 26 

  Superior longitudinal fasciculus R 3.39 16 46 48 

2546 0.011 Superior longitudinal fasciculus R 3.33 22 -8 39 

  Inferior longitudinal fasciculus R 2.84 42 -31 -2 

WC 

1879 0.041 Cerebellum- posterior lobe L 4.55 -10 -54 -39 

  Cerebellum- posterior lobe R 2.70 20 -70 -34 

13608 0.000 Superior longitudinal fasciculus R 3.73 32 -47 30 

  Superior longitudinal fasciculus L 3.72 -28 -51 30 

  Superior longitudinal fasciculus 

(temporal) 

L 

3.56 -42 -33 0 

  Superior longitudinal fasciculus 

(temporal) 

R 

3.43 42 -39 6 
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Figure 4.8 Brain regions showing a negative association between CBF and obesity indices in 

CN participants 

The three rows show negative associations between CBF and obesity measures in CN participants. Each 

of the associations is represented in the sagittal, coronal and axial orientations from left to right. The 

‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: Negative associations 

found between BMI and CBF in the bilateral temporoparietal areas, posterior frontal areas, cerebellum, 

brainstem and MTL depicted in purple; Middle row: Negative associations found between BMI and 

CBF in the bilateral temporoparietal areas, posterior frontal areas, cerebellum, brainstem and MTL 

depicted in red. These were slightly more extensive than the associations found with BMI; Bottom row: 

Overlap between the associations found with BMI and WC. 
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Figure 4.9 Vascular territories of major cerebral arteries and their overlap with the 

associations found between obesity measures and neuroimaging parameters among ADD and 

MCI patients and CN participants 

The three rows show negative associations between neuroimaging parameters (namely GMV, WMI 

and CBF) and obesity measures in ADD and MCI patients and CN participants. The associations have 

been mapped onto the vascular territories of major cerebral arteries. The key on the right indicates the 

colour codes for the respective vascular territories irrigated by the major cerebral arteries. All the 

associations are represented in the sagittal, coronal and axial orientations from left to right. The ‘x’, ‘y’ 

and ‘z’ co-ordinates have been reported based on the MNI space. Top row: Positive associations found 

between obesity measures and GMV around the right temporoparietal junction primarily lie in the 

vascular territory of the middle cerebral artery; Middle row: Negative associations found between 

obesity measures, GMV and CBF in MCI patients lie in vascular territories primarily supplied by the 

anterior cerebral artery in addition to some cerebellar arteries and the posterior cerebral artery in 

addition to some territories of the middle cerebral artery; Bottom row: Negative associations found 

between obesity measures, GMV, WMI and CBF in CN participants lie in vascular territories supplied 

by numerous major cerebral arteries. 
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4.4.6 White Matter Hyperintensity Volume 

 

On correlating the volume of WMH with neuropsychological performance, no correlations 

were found in ADD patients. In the MCI patients, a negative correlation was found between 

WMH volume and performance on the semantic fluency test, rs = -.33, p = .005, the prose 

memory - immediate recall test, rs = -.26, p = .047, and the prose memory - delayed recall test, 

rs = -.26, p = .047. Among the CN group, a negative correlation was found between WMH 

volume and performance on the semantic fluency test, rs = -.31, p = .022.  
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4.5 Discussion 

 

Using multi-modal neuroimaging the current study shows for the first time, a positive 

correlation between indices of obesity in patients with ADD. The detected associations, 

however, vary across the three diagnostic groups assessed in the study, possibly as a factor of 

the evident baseline differences in the distribution of their obesity indices.  These baseline 

differences in BMI could be among the drivers of the associations found.  The distribution of 

BMI in the CN group fell in part within the obese range, that of the MCI group fell in the 

overweight range, while the distribution of the ADD group was within the normal range. These 

differences could be the result of observed age and disease-related weight loss, where the trends 

of body mass distributions seen in this study are consistent with the existing literature (Jimenez 

et al., 2017; Kuk et al., 2009; Kyle et al., 2001). The interaction analysis revealed that overall, 

participants who fell in the lower BMI category were more likely to show preservation of GMV 

and CBF. It is noteworthy that this main effect in terms of GMV was observed in the 

orbitofrontal cortex and the cerebellum, brain regions that also tend to be affected in obesity. 

This might indicate that as a general trend, having a lower BMI appeared to be beneficial to 

cerebral constituents in the presence of age and disease-related insults in the participants 

included in the current study.  

 

In contrast to the associations found in the ADD group, negative associations were found 

between obesity indices and neuroimaging parameters in the CN and MCI groups. 

Nevertheless, the groups did not differ on measures of abdominal obesity, as measured using 

WC, although there was a trend indicating that CN had the highest parameters of WC followed 

by the MCI and ADD patients, respectively. Higher WC is a factor that is associated with 

elevated cardiometabolic risk as opposed to BMI (Liao et al., 2018; Lofgren et al., 2004; 

Lukács et al., 2019; Seo, Choe, & Torabi, 2017). Although there was an absence of a significant 

difference in WC, the trend of WC measurements in the different diagnostic groups could have 

accounted for the differences in associations with obesity measures found. However, the groups 

did not differ on age, which made the groups comparable to one another. There was also no 

significant difference in terms of the years in education. The differences found in the MMSE 

scores, neuropsychological performance and cerebral parameters namely GMV and CSF are 

consistent with the pattern of these parameters found across the different diagnostic groups, 

where CN have the highest parameters followed by the MCI and then the ADD patients, 

respectively.  
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The findings indicate that higher indices of obesity within the overweight and obese ranges are 

linked with lower volumetric or integrity measurements of brain structure and CBF in CN and 

MCI patients. In contrast, higher indices of body mass within the normal range are linked to 

higher retention of GMV parameters in ADD patients. This trend could be linked with 

downstream mechanisms resulting from circulating hormones associated with body fat such 

leptin, gender, age and disease related weight loss and the interaction between AD and obesity. 

The following discussion tries to elaborate on and identify such mechanisms that could offer 

an explanation for the findings, with a specific focus on the vascular contributions of obesity.  

 

4.5.1 ADD 

 

In the initial interaction analysis, the comparison where participants in the low BMI category 

showed better preservation of GMV than participants in the high BMI category showed a 

higher difference in the ADD group compared to the other two groups. This finding suggests 

that having a body mass index between the normal weight range could aid in the preservation 

of GMV among the ADD patients compared to the other two groups. The positive correlation 

between GMV and both indices of obesity in ADD patients is a novel finding that supports the 

findings from the interaction analysis and suggests a resilient effect of higher body-fat store 

within the normal weight range in progressive disease stages. This suggests that among those 

patients who have progressed to ADD, those with better nutrition are better able to cope with 

the progressive cerebral damage inflicted by age and disease, that could result in a better 

prognostic profile of ADD (Coin et al., 2012; Vassallo, Poynter, Sharma, & Kwan, 2016). In 

fact, a study shows that cognitively impaired patients with a BMI below 20 who were admitted 

for rehabilitation (aimed at improving nutrition and physical activity) were less likely to show 

improvements in functional activities following rehabilitation, compared to cognitively 

impaired patients with a BMI above 20 (Vassallo et al., 2016). The preclinical phase of AD is 

often associated with weight loss (Jimenez et al., 2017; Johnson, Wilkins & Morris, 2006). 

Findings from the study by Vassallo and colleagues and the weight loss observed in preclinical 

AD might indicate the need for early diagnosis and intervention to prevent extensive weight 

loss in the preclinical disease stages to improve the effectiveness of multi-domain interventions 

in ADD patients. Further support for this finding comes from a different longitudinal study by 

Cova and colleagues which shows that higher indices of BMI were linked with lower risk of 

AD and dementia in older individuals with MCI (~75 years) (Cova et al., 2016). The same 
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study indicated a higher dementia risk associated with being underweight in MCI patients 

(Cova et al., 2016). 

 

There are a couple of mechanisms that could be extrapolated from the results found in the 

study. One of these could be grounded in vascular mechanisms. Although the results did not 

survive the significance threshold, a positive correlation between CBF and obesity measures 

was found in and around the temporoparietal junction in the ADD patients (Appendix C, Fig 

C.1). This trend of findings could insinuate that higher BMI in the normal weight range and its 

downstream secretions, could supplement vascular function and therefore aid in the 

preservation of brain structure. However, the cross-sectional nature of this study limits the 

derivation of any causal inferences. Therefore, the observation showing a spatial overlap in the 

positive associations found between obesity measures, GMV and CBF, is speculative. There is 

evidence to suggest that obesity-mediated hormones such as adiponectin and leptin interact 

with insulin to exert beneficial effects on the structure and haemodynamics of the cerebral 

vasculature (Serné et al., 2002; Zalatel, Barlovic & Prezelj, 2010). Therefore, body-fat 

mediated secretions of adipokines could help alleviate the detrimental effects of vascular 

dysfunction seen in AD. Additionally, leptin has previously indicated a direct beneficial effect 

on brain structure through its independent actions and its role in protecting against vascular 

injury (Dicou et al., 2001; Zhang et al., 2007a). This factor could be crucial in limiting 

progressive decrements in ADD patients with extensive cerebral damage, in the presence of 

age and disease related insults. Obesity-mediated secretions as a result of higher body weight 

within the normal weight range could thus contribute toward preservation of grey matter in 

ADD patients.  

 

Moreover, a major proportion of these brain regions is supplied by the middle cerebral artery 

that is the biggest cerebral artery and most prone to adverse vascular events (Goyal et al., 2016; 

Huang et al., 2007). Research even shows that the right middle cerebral artery is more prone to 

adverse vascular events than the left middle cerebral artery (Stead et al., 2015). Therefore, the 

results from the current study suggest that brain regions most vulnerable to the damaging 

effects of obesity and AD on cerebral vasculature may benefit the most from the resilient effects 

of higher body mass in ADD. Higher BMI in the normal weight ranges could potentially 

promote the anti-atherogenic and vasodilatatory properties of adiponectin, an adipokine which 

could help preserve vascular function and brain structure in ADD patients (Yamauchi et al., 

2003; Bang et al., 2007; Cheng et al., 2007; Osuka et al., 2012). Therefore, higher body mass 
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within the normal weight range in ADD patients could help provide a resilient quality to the 

brain that could aid in preserving brain structure through myriad mechanisms. This notion is 

supported by findings from some animal studies that show improved cognition and 

preservation of brain structure with nutritional supplementation in AD mice (Van der Auwera 

et al., 2005; Wolf et al., 2012). In fact, a study among AD patients showed that the 

administration of a ketogenic compound was successful in improving cognition among AD 

patients (Henderson et al., 2009). These results provide further insight into the obesity paradox 

that states that there might be a beneficial effect of higher BMI in vulnerable populations. The 

findings from the present study also lend further support to the speculations made by 

Pegueroles and colleagues that weight loss observed in preclinical AD could change the 

relationship between the brain and BMI, where higher BMI in later stages could confer greater 

resilience to the brain from progressive disease-related damage (Pegueroles et al., 2018).  

 

Furthermore, the positive association between GMV and obesity measures was linked with 

better performance on tests measuring long-term memory (prose memory - delayed recall test) 

and abstract reasoning (similarities test) (Wechsler, 1958; Wechsler, 1987). This association is 

particularly of note, as these cognitive sub-domains are affected early in the disease course 

with progressive decline observed with disease progression (Jacobs et al., 1995; Stern et al., 

1999). This could indicate that in addition to preserving brain structure, a healthy weight within 

the normal weight range could potentially help limit progressive damage to these cognitive 

domains, which could improve AD prognosis in the dementia stage. This was supported by 

findings from a previous longitudinal study that examined changes in BMI and cognitive 

decline in MCI patients over intervals of six months and one year (Cronk et al., 2010). The 

study found that lower baseline BMI was linked with a more rapid decline in MCI patients. 

However, the study found no association between baseline BMI and conversion to ADD 

(Cronk et al., 2010). It is possible that this association was not detected due to the short one-

year period of monitoring of the patients (Cronk et al., 2010). It is difficult to speculate whether 

the observations found in the present study are an effect of higher BMI within the healthy 

range, or whether life-long changes in BMI could have resulted in the observed association 

with preservation of brain structure and cognitive function, due to its cross-sectional design. 

Nevertheless, this is the first multi-modal neuroimaging study to find preservation of cognitive 

function and brain structure associated with higher obesity measures within a healthy weight 

range, in patients with ADD.  

 



 165 

4.5.2 MCI 

 

The initial interaction analysis showed that MCI patients in the lower weight category showed 

better preservation of GMV than MCI paatients in the high BMI category. In this comparison, 

there was a higher difference compared to the ADD and CN groups. This finding appears to 

suggest that being in the low BMI category could be more beneficial for the preservation of 

GMV in the MCI patients compared to the other two groups. The fact that a negative correlation 

is found between GMV and obesity indices in the overweight MCI group lends further support 

to the notion that being in the low BMI category might lead to better preservation of GMV in 

this patient group.  

 

In contrast to the associations found in the ADD patients, in MCI patients, negative correlations 

were observed between obesity indices and GMV and CBF. It is important to note that the MCI 

patients in the current study lay in the overweight range and belonging to this weight category 

could be one of the main drivers of the associations found in this group. Negative associations 

between the obesity measures and GMV were found in frontal, occipital and cerebellar brain 

regions. This is fairly consistent with the results found in two separate meta-analytical studies 

on the effects of obesity on the brain (García-García et al., 2019; Herrmann et al., 2019). 

However, there was a discrepancy between the findings of the studies in this thesis and those 

from one of the published meta-analytical studies that showed increased GMV in obese patients 

in the occipital lobe and the precuneus (Herrmann et al., 2019). Hermann and colleagues 

attributed this increase in GMV to practice effects to tasks performed by participants in the 

studies or higher activation in patients with anxiety disorders, and due to the fact that a vast 

proportion of anxiety disorders are often linked with obesity (Herrmann et al., 2019). The 

negative correlations found in the current study between obesity measures and GMV in the 

occipital lobe are equally poorly explained. However, this observation could be related to the 

longitudinal obesity related detriments on the occipital lobe, a finding observed in several 

neuroimaging studies (section 4.1.1.1.1). However, the data used in the current study are cross-

sectional in nature.  This methodological shortcoming limits the examination of life-long 

changes in BMI and how these could have affected neural structure.  

 

Higher neuritic plaque and neuropil thread accumulation has previously been found in temporal 

and occipital lobes compared to other brain regions in patients with AD, a pathological process 

that could also potentially contribute toward structural damage in these brain regions (Arnold 
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et al., 1991; Braak, Braak, & Kalus, 1989; Rafalowska et al., 1988). Nevertheless, atrophy in 

the occipital lobes is not found in AD patients until later disease stages and therefore the current 

results could be indicative of a more severe radiological AD phenotype in the sample of MCI 

patients (Karas et al., 2003; Zakzanis, Graham, & Campbell, 2003). Additionally, past studies 

have shown that a genetic risk for obesity or higher BMI can be linked with lower brain 

volumes in the occipital and frontal lobes (Gazdzinski et al., 2008; Ho, et al., 2010b; 

Pannacciulli et al., 2006; Raji et al., 2010). Therefore, an interaction between AD pathology 

and obesity-related structural deficits could explain the negative associations found between 

GMV and obesity measures in the occipital lobe in MCI patients.  

 

The negative associations found between obesity measures and GMV in the orbitofrontal 

cortex could reflect a predominant effect of obesity. There is ample evidence that suggests that 

the frontal lobe and especially the prefrontal cortex is specifically vulnerable to the detrimental 

effect of obesity and that these might be linked with deficits in executive function (section 

4.1.1). This is particularly of note as the extracted GMV signal was linked with poor 

performance on the phonemic fluency test, a task of executive function and attention. 

Pronounced deficits in executive function and structural damage in the frontal lobe are usually 

presented in much later stages of AD (section 1.3.4.2, Para 2; section 1.6.1.1, Para 2). If the 

observed association were assumed to be causal, an earlier executive deficit and frontal 

impairment could indicate that overweight in MCI patients could result in heightened clinical 

disease severity. Therefore, overweight in MCI patients that may be detrimental to brain 

structure in the orbitofrontal cortex could clinically manifest as deficits in executive function 

and attention.  

 

It is of significance that executive function was not associated with vascular burden (as 

measured using WMH volume), as higher vascular burden is often associated with deficits in 

this cognitive domain (Heinzel et al., 2014; Villeneuve et al., 2009). However, the extracted 

GMV and CBF signal from the analyses was negatively correlated with WMH load, which 

could indicate that executive function could be hampered as a secondary effect on GMV from 

the additional vascular burden in overweight MCI patients. Nevertheless, the directionality of 

the causality between these associations remains in contention. On the other hand, WMH load 

in the MCI patients was associated with poor performance on memory domains (semantic 

memory and long-term memory). It is noteworthy that the association between the extracted 

GMV and CBF signal were not associated with memory performance, although WMH load 
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was negatively associated with the extracted GMV and CBF signal. Therefore, these 

associations could signify that the additional vascular burden from being overweight is linked 

with deficits in volumetric brain structure and CBF and that vascular pathology could have a 

secondary effect on executive function through mediation of CBF and GMV, while higher 

vascular burden could have a primary effect on the memory domain. It is possible that the MCI 

patients may have a higher baseline WMH load as a result of the amalgamation of AD and 

overweight-related vascular pathology (Holland et al., 2008; Lampe et al., 2019). Therefore, 

an effect of the interaction between AD and vascular pathology on cerebral constituents could 

be reflective of additive decrements in cognitive function in overweight MCI patients.  

 

Another observation that could indicate increased radiological severity due to overweight in 

MCI is the negative associations found in the cerebellum. The cerebellum is relatively resistant 

to the effects of AD and does not present with atrophy until much later in the disease course 

(Braak & Braak, 1997b; Thal et al., 2002; Xu et al., 2019). The cerebellum also has extensive 

connections to the frontal lobe and the observed associations could be attributed to the ‘die 

back’ effect due to loss of input from the frontal lobe (Allen et al., 2005; Watson et al., 2014). 

The fact that the cerebellum is linked with lower GMV associated with overweight in MCI 

patients could indicate increased radiological severity in addition to the detriments found in the 

occipital and frontal lobes. Additionally, all the negative associations with GMV were found 

in brain regions that are supplied by the distal branches of major cerebral arteries (Hendrikse 

et al., 2008). Distal branches have smaller lumen diameters that make them prone to adverse 

vascular events such as embolisms, especially in the presence of conditions such as obesity 

(Gutierrez et al., 2015). This quality of distal arteries could offer an explanation for the negative 

associations found in brain structures supplied by terminating branches of major cerebral 

arteries.  

 

The absence of any associations between obesity measures and WMI in the presence of GMV 

deficits was inconsistent as white matter is more prone to ischaemic damage compared to grey 

matter (Jang et al., 2017). One possible explanation for this discrepancy is the difference in the 

methodologies used to assess these two cerebral properties, where TBSS (the methodology 

used to analyse WMI) might be less sensitive in detecting these associations than those detected 

using voxel-based morphometry. This finding could also indicate a less profound effect of 

overweight in the MCI group compared to the CN group as negative associations between 

obesity measures and WMI were found in the latter. However, there is a possibility that the 
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MCI patients could have been obese in earlier decades of life and experienced disease-related 

weight loss that could have limited progressive detriments to the brain. Another possibility is 

that this subset of patients did not reach the overweight/obesity threshold for extensive damage 

to white matter, which could explain the absence of this effect. The cross-sectional design of 

the study limits the inferences that can be drawn to explain the absence of this association. As 

predicted in our hypothesis, less detrimental associations with obesity measures and brain 

parameters are seen in the MCI group, possibly as a factor of the resilient effect of higher body 

mass indices in diseased individuals (Pegueroles et al., 2018). However, it is also possible that 

the effect of obesity is less profound in this group due to the baseline differences in the range 

of obesity indices between the MCI and CN groups that lay in the overweight and obese ranges, 

respectively.  

 

In terms of CBF, negative correlations with obesity measures were found mainly in fronto-

parietal, MTL, cerebellar and brainstem regions in MCI patients. The clusters in the frontal 

lobe extending posteriorly into the parietal lobe, traversed the trajectory of the anterior cerebral 

artery, running parallel to one another. There was a slight difference in the associations between 

obesity measures and CBF, where the associations with WC were more extensive than those 

observed with BMI. This could be attributed to the property of WC as a better predictor of 

cardiometabolic risk than BMI (Lukács et al., 2019). Pathological effects of obesity such as 

atherosclerosis can contribute toward reduced CBF in cerebral arteries (McGill Jr et al., 2002). 

Atherosclerotic plaques tend to form at bifurcations and at arterial junctions involving multi-

directional flow and fast-flowing blood (Johansson et al., 2006; Morbiducci et al., 2016; Salzar 

et al., 1995; Singh & Tubbs, 2018; Zarins et al., 1983). The Circle of Willis is one such site 

and obesity has been associated with increased plaque deposition in the Circle of Willis in the 

past (Rodríguez-Flores, Rodríguez-Saldaña, Cantú-Brito, Aguirre-García, & Alejandro, 2013). 

Moreover, past studies have also shown that atherosclerosis in the Circle of Willis is associated 

with sporadic AD (Beach et al., 2007; Roher et al., 2003). A reduction in CBF in the Circle of 

Willis can thus result in a reduction in CBF to the arteries irrigated by it, which could offer an 

explanation for the pattern of results found.  

 

Just as lower CBF could contribute toward damage to GMV, the inverse may also be true that 

structural atrophy could manifest as lower CBF in that brain region, which could explain the 

associations found in the MTL in MCI patients. However, the current study controlled for 

partial volume effects, which should have accounted for any negative associations with CBF 
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found due to atrophy (Matsuda et al., 2002). In support of the findings from the present study, 

a longitudinal study in healthy individuals that showed that lower parenchymal volume at 

baseline was associated with reductions in CBF in individuals below the age of 65 years 

(Zonneveld et al., 2015). In contrast, this relationship was inverted in individuals above the age 

of 65 years where lower CBF at baseline was linked with declining brain volumes (Zonneveld 

et al., 2015). Considering that the MCI patients in the current study had an average age of 69 

years, the findings from the study by Zonneveld and colleagues could provide a possible 

support for the theory that the negative association found between CBF and obesity measures 

in the MTL regions could be an additive effect of overweight in these patients. Midlife obesity 

has also been associated with lower CBF in the MTL regions (Amen et al., 2020). This could 

indicate that the interaction between AD and obesity could have an additional negative effect 

on CBF in the MTL regions. This highlights that overweight-mediated lower CBF in the MTL 

regions that is additional to that seen in AD could add to the progressive MTL deficits seen in 

AD, another indication of heightened radiological disease severity. Similarly, negative 

associations with CBF in the brainstem, in the tracts going to and from the cerebellum, the 

cerebral peduncles and potentially certain brainstem nuclei could indicate that overweight in 

MCI patients can be detrimental to CBF in brain regions affected by AD. Thus, the pattern of 

results observed in the MCI group represents that of detriments that appear to exaggerate the 

insults already inflicted by AD as an effect of the additional vascular burden seen in overweight 

patients.  

 

4.5.3 CN 

 

Aligned with the associations seen in MCI patients, CN also presented with negative 

associations between indices of obesity, GMV and CBF. Additionally, negative associations 

with maps of WMI were also found in this group. The associations found with CBF and GMV 

were more extensive compared to those seen in the MCI group. The CN group also ranked 

highest in the range of obesity measures, falling in the obese and overweight categories, which 

could be contributing factors to the extensive associations found in these participants compared 

to the patient groups. Analogous to the associations found between the obesity measures and 

GMV in the MCI groups, CN showed deficits in GMV in the orbitofrontal cortex, occipital and 

cerebellar brain regions in addition to certain deep brain regions (thalamus), the insula, the 

posterior hippocampus and the cingulate gyrus. Another similar finding in the CN group 

compared to the MCI group was that the negative associations between GMV and obesity 
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measures were located in the brain regions supplied by the distal ends of cerebral arteries. This 

finding could be attributed to the susceptibility of the distal ends of arteries to adverse vascular 

events (section 4.5.2, Para 5). 

 

The detriments found in the anterior cingulate gyrus and insula can be attributed to frontal lobe 

vulnerability to obesity that has been highlighted by past neuroimaging evidence (section 

4.1.1). The deep brain regions on the other hand could be susceptible to obesity-related 

comorbidities such as high blood pressure or other downstream pathobiological processes, 

mainly due to the delicate nature of the vasculature supplying these structures (Cox et al., 

2019b). Lower GMV values were further linked with poor performance on long-term and short-

term memory (prose memory tests) in addition to abstract reasoning (similarities test). AD 

patients tend to have poor performance on these cognitive domains (Amieva et al., 2008; 

section 1.3.4). The convergence of findings of poor performance on memory and reasoning 

tasks associated with obesity measures in obese CN, with the cognitive deficits observed in 

typical AD points towards how obesity could lower the threshold for AD in CN. No significant 

correlations were found between the extracted GMV and WMH load that could indicate that 

mechanisms other than an underlying vascular pathology could have contributed to the 

observed associations.  

 

Extensive negative associations with FA, an index of WMI were also seen in CN participants. 

The deficits were primarily located in the genu of the corpus callosum, the optic radiations and 

diffused across the cingulum bundle. Other notable associations were scattered across other 

tracts including the inferior fronto-occipital fasciculus, superior longitudinal fasciculus, 

subcortical white matter, corticospinal tracts and cerebellar white matter tracts. Overall, it 

appears that damage in structural integrity was mainly found in the tracts connecting the grey 

matter structures that showed obesity-related detriments in these individuals. One of the 

mechanisms that could explain this observation is Wallerian degeneration, where damage to 

one part of the nerve fibre could promote neurodegeneration in a part that is distal to the injury 

(Conforti, Gilley, & Coleman, 2014; Pierpaoli et al., 2001). However, this assumption is 

speculative as the directionality of the white matter and grey matter damage cannot be inferred 

due to the cross-sectional nature of the data. Nevertheless, these tracts also show detriments in 

obese individuals and AD patients as evidenced in the review of neuroimaging studies (section 

4.1.1.1.2; section 1.6.1.2).  
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A large proportion of the white matter tracts showing obesity-related detriments overlapped 

with the negative associations found with CBF. This could indicate that reductions in CBF that 

could lead to reductions in WMI in the tracts connecting grey matter regions could explain the 

patterns of findings, if these relationships were causal. The extracted FA signal was also linked 

with higher WMH load in CN. This could indicate that the additional vascular burden from 

being obese could impact the structural integrity of white matter in CN individuals. In support 

of this finding, past studies have previously indicated higher WMH load in obese cognitively 

healthy individuals (Gustafson, Steen & Skoog, 2004; Jagust et al., 2005). Moreover, the 

extracted FA signal was associated with poor performance on memory tasks that could indicate 

that obesity-associated modulations of WMI could have an impact on cognition, especially on 

domains typically affected in AD. 

 

It is of note that the CBF signal was not associated with WMH load that could indicate that 

these associations could be indicative of underlying damage to brain structure. However, the 

partial volume correction applied to the analyses in the current study helps rule out this 

possibility (Matsuda et al., 2002). Additionally, past work has also indicated divergent patterns 

of CBF and grey matter atrophy in AD patients (Wirth et al., 2017). Therefore, it is also possible 

that the associations found with CBF could be a manifestation of downstream obesity-related 

pathological mechanisms independent of related vascular pathology. However, WMH load was 

correlated with poor performance on tasks of semantic memory, a cognitive domain heavily 

affected through the course of AD (section 1.3.4.1). This could be an indication of how the 

presence of obesity in CN individuals with an underlying vascular pathology could lower the 

threshold for AD.  

 

Combining the negative associations found across all three imaging modalities, there appears 

to be a considerable overlap between areas that exhibit obesity-associated vascular dysfunction 

and brain regions showing negative associations with brain structure (especially WMI) in CN 

individuals. The pattern of findings also had a similar appearance to the ‘disconnection’ 

typically seen in AD (section 1.6.2.1, Para 1). This indicates that the vascular damage 

associated with obesity could alter cerebral structure in brain regions that are typically affected 

by AD. Another novel finding in the current study is the poor performance on tasks of memory 

associated with WMH load and the extracted signal from the negative associations found in 

brain structure, in the absence of poor performance in executive function (that are typically 

seen in obesity). A similar cognitive profile is typically seen in AD patients where memory 
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deficits are more pronounced than less-prominent deficits in executive function (section 

1.3.4.1; section 1.3.4.2). Therefore, the constellation of obesity-related detriments observed in 

the present study in CN participants have a strong resemblance to an AD-like phenotype.  

 

4.5.4 Limitations 

 

It is important to note that due to the cross-sectional nature of the data, we cannot draw 

inferences about the life-long effects of obesity or high body fat or how the interaction between 

body weight changes with the development of AD pathology. It also limits the examination of 

the manner in which changes in body fat could alter cerebral properties. Additionally, the 

inherent differences in the weight categories between the different diagnostic groups also limit 

the inferences that can be drawn if the participants belonged to a different range of weight 

categories. It is possible that a different pattern and direction of associations could be found if 

the participants in the MCI and CN groups fell within the normal weight range. Moreover, as 

a consequence of age and disease related weight loss, there is a limited population of obese 

ADD patients and therefore, it is difficult to measure the relationship between obesity and AD 

among patients in later disease stages.    

 

4.5.5 Conclusions 

 

In conclusion, our study found diminished CBF, structural and cognitive measures associated 

with obesity in CN that resemble features that are typically induced by AD. With respect to the 

MCI group, the associations found resemble an amalgamation of the detrimental effects exerted 

by obesity and AD. The associations found were also linked with higher vascular burden that 

could indicate that in MCI patients, the additional burden from being overweight in the 

presence of AD pathology increases the severity of the AD phenotype. This trend of findings 

could indicate that susceptible pathways that are shared between AD and obesity could 

contribute toward the initiation of a pathophysiological cascade that may push the brain over 

the threshold for potential progression from CN to MCI and from MCI to ADD. Therefore, 

primary prevention measures to help reduce the prevalence of cardiovascular risk factors such 

as obesity could contribute toward reducing the risk for AD risk and progression. Specifically, 

interventions to improve anterior cerebral artery and parietal lobe blood flow could help 

alleviate some of the obesity-related risk in AD patients. However, this relationship may 

change in individuals in later disease stages, where having a higher body weight remaining 
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within the normal weight range may confer a resilient quality to brain structure in the presence 

of ageing and disease related insults. This effect seems to be the most pronounced in brain 

regions supplied by the middle cerebral artery. Therefore, introducing measures to promote 

early diagnosis and timely nutritional interventions to modulate the weight of ADD patients to 

fit within the higher weight measures, but within the normal weight range, could help preserve 

brain structure and potentially limit disease progression in addition to reducing clinical disease 

severity. It is noteworthy that these results were consistent across the two different 

anthropometric indices of obesity.  
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5.1 Introduction 

 

Hypertension is a chronic condition which is characterised by persistently elevated levels of 

blood pressure in the arteries (Jones et al., 2020). According to the guidelines proposed by the 

European Society of Cardiology and the European Society of Hypertension, hypertension is 

defined as chronic systolic blood pressure values of 140 or higher and diastolic blood pressure 

values of 90 or higher (Williams et al., 2019a). It has different levels of classification as listed 

in Table 5.1. It is the leading cause of mortality with roughly 1.3 billion cases of hypertension 

worldwide and the majority of this population is still untreated for hypertension 

(https://www.who.int/news-room/fact-sheets/detail/hypertension). In addition to being one of 

the leading causes of mortality and increasing cardiovascular risk, it has a systemic effect and 

can damage several organs if not treated in a timely manner (Jones et al., 2020; Stanaway et 

al., 2018). This is largely due to the ‘silent’ nature of the disease that can allow it to go 

undetected before the accumulation of significant insult that can eventually manifest as 

symptoms (Eguchi, Kario, & Shimada, 2003; Sawicka et al., 2011).  

 

As is the case with several other cardiovascular risk factors, hypertension can increase the risk 

of AD (Lennon et al., 2019). More specifically, midlife hypertension has been identified as a 

bigger risk factor of AD than hypertension in late-life (Lennon et al., 2019; McGrath et al., 

2017; Walker et al., 2019). This could be attributed to the cumulative insults inflicted by 

chronically elevated blood pressure on the brain. Hypertension is frequently associated with 

the accumulation of brain infarcts that are clinically ‘silent’ or asymptomatic but can contribute 

toward considerable cognitive decline (Gottesman et al., 2014). The ‘silent’ nature of the 

damage caused by hypertension is particularly dangerous because if it passes undetected, 

especially in AD patients who already present with significant cognitive decline, it can lead to 

the patient developing a more severe radiological and clinical phenotype of AD in addition to 

increasing the risk of mortality (Bellew et al., 2004; Stanaway et al., 2018). Considering that 

the majority of patients are diagnosed with AD in late-life, those with longer durations of 

Chapter 5: The Impact of Hypertension and its 

Treatment on the Brain in Alzheimer’s Disease  

https://www.who.int/news-room/fact-sheets/detail/hypertension
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hypertension, having accumulated significant irreversible damage across their lifetime, would 

have a more severe clinical AD phenotype than those individuals who develop hypertension in 

late-life (Bellew et al., 2004; Gottesman et al., 2014).  

 

Table 5.1 Blood pressure measurements (in mmHg) classified into hypertensive and 

normotensive ranges (Jones et al., 2020) 

Category Systolic Diastolic 

Optimal <120 <80 

Normal 120-129 80-84 

High normal 130-139 85-89 

Hypertension: Grade 1 140-159 90-99 

Hypertension: Grade 2 160-179 100-109 

Hypertension: Grade 3  180  110 

 

 

5.1.1 Neuroimaging 

 

Life-long fluctuations in blood pressure, especially chronically high blood pressure as is seen 

in hypertension, is detrimental to brain structure and function (Bellew et al., 2004; Lane et al., 

2019). This vulnerability of the brain to the effects of high blood pressure can not only increase 

the risk of AD, but also increases the severity of the AD phenotype in patients (Bellew et al., 

2004; Lane et al., 2019). There is also evidence to suggest that a timely administration of 

antihypertensive treatment could protect the brain against damage resulting from elevated 

blood pressure and limit the development of AD pathology (Hoffman et al., 2009; Kivipelto et 

al., 2018). In order to explore the effects of chronically elevated blood pressure on different 

cerebral properties and how these effects could result in a more severe pathological and 

cognitive phenotype of AD, the following sections will review studies that explore the 

relationship between the brain and hypertension in AD across various imaging modalities. The 

review examines how the administration of antihypertensive treatment could change this 

relationship.  
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5.1.1.1 Structural neuroimaging in hypertension and AD 

 

5.1.1.1.1 Grey Matter Volume 

 

Fluctuations in blood pressure can result in variable damage to GMV. In healthy elderly 

individuals untreated for hypertension (>60 years), high systolic blood pressure was linked 

with lower hippocampal volume and this damage was amplified in medicated individuals with 

low diastolic blood pressure (den Heijer et al., 2005). These findings were replicated in a 

different study that looked at the effect of antihypertensive medication and blood pressure on 

hippocampal volume (Korf et al., 2004). Therefore, the hippocampus, a brain region most 

commonly affected in AD is susceptible to the damaging effects of hypertension. In addition 

to the hippocampus, the cerebellum also seems susceptible to the effects of hypertension and 

these GMV deficits have been associated with poor performance on tasks of memory and 

language (Alosco et al., 2014; Strassburger et al., 1997). With higher age, the detrimental effect 

of hypertension also affects the occipital lobe (Strassburger et al., 1997). Moreover, frontal 

brain regions are vulnerable to the negative effects of hypertension. This was demonstrated in 

a study that showed accelerated atrophy in the prefrontal cortex and the hippocampus in 

hypertensive individuals (Raz et al., 2007). Furthermore, the duration of hypertension can 

accelerate the rate of cortical thinning especially in the right superior temporal gyrus, a 

detrimental effect that was further accelerated by greater variability in systolic blood pressure 

but not diastolic blood pressure (Gonzalez et al., 2015). 

 

Sex may modulate the effects of blood pressure on regional GMV as evidenced in a study by 

Taki and colleagues (Taki et al., 2004). The study showed that higher systolic blood pressure 

was linked with lower GMV in the left cuneus and right inferior temporal gyrus in men while 

in women, similar associations were found in the right cuneus and left medial frontal gyrus 

(Taki et al., 2004). Gender differences were also found in a different study where lower GMV 

was found in men in the medial frontal and right superior frontal areas and the left superior 

temporal lobe whereas no associations were found in women (Chen et al., 2006). Although the 

study controlled for the effects of other vascular risk factors, there were more hypertensive men 

than women, an imbalance that could have resulted in a larger effect that could reach 

significance in men, but not in women (Chen et al., 2006). Nevertheless, a different study found 

similar findings in men who had lower regional GMV in the anterior cingulate gyrus, 

supplementary motor area, superior frontal gyrus and the middle temporal gyrus associated 
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with systolic blood pressure, that were linked with deficits in executive function and working 

memory (Gianaros et al., 2006). No significant associations were found in women (Gianaros 

et al., 2006). In addition to being more vulnerable to developing hypertension, men also seem 

to have a higher susceptibility to grey matter detriments due to high blood pressure (Vokonas, 

Kannel & Cupples, 1988, Gelber et al., 2007).  

 

Several studies have shown that blood pressure lowering medication does not have much of a 

beneficial effect on GMV in hypertensive, cognitively normal individuals (Jennings et al., 

2012; Raz, Rodrigue, & Acker, 2003). In a study on hypertensive and normotensive 

individuals, a year long treatment for hypertension did not affect the rate of grey matter atrophy 

in the anterior cingulate, thalamus and the entorhinal cortex (Jennings et al., 2012). This could 

be due to the baseline difference between the normotensive and hypertensive participants on 

BMI, where the average BMI of the hypertensive group fell within the obese range (Jennings 

et al., 2012). Although the study controlled for the effects of BMI, the negative effects of 

obesity could have contributed to the deficits found in these regions as has been highlighted in 

previous studies (Kivipelto et al., 2005; Herrmann et al., 2019). Additionally, the participants 

were treated for hypertension only for a year, which might not have been a sufficient duration 

of the medication regime to attenuate the damaging effects of hypertension on GMV (Jennings 

et al., 2012). Similar findings were observed in a different cross-sectional study which showed 

lower brain volumes in the prefrontal cortex that were associated with lower performance in 

executive function in medicated hypertensive individuals (Raz et al., 2003). Hypertensive 

participants also showed increased WMH in the frontal lobe, alterations that could be 

responsible for the volumetric deficits observed in this region (Raz et al., 2003). In contrast to 

the former study, the duration of antihypertensive treatment is not reported in the study by Raz 

and colleagues (Jennings et al., 2012; Raz et al., 2003). Therefore, it cannot be extrapolated 

what length of duration of antihypertensive treatment may be required to mitigate the effects 

of high blood pressure on GMV. Nevertheless, an absence of a beneficial effect of 

antihypertensive treatment on GMV has been observed in other studies (Alosco et al., 2014; 

Salerno et al., 1992). It is possible that in the majority of these studies, the antihypertensive 

treatment was initiated after significant insults were inflicted during the asymptomatic or 

‘silent’ phase of the disease, which could explain the absence of findings of beneficial effects 

of blood pressure lowering medication in cognitively normal individuals (Sierra et al., 2004; 

Van Boxtel et al., 2006). Adherence to medication is also an important factor in attenuating the 

damaging effects of hypertension and several studies have reported medication adherence as a 
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major problem in assessing the treatment for hypertension (Macquart de Terline et al., 2019; 

Ramli, Ahmad, & Paraidathathu, 2012; Vrijens et al., 2017).  

 

Examining anti-hypertensive medication type more closely, it appears that different types of 

antihypertensive treatment could exert differential effects on the brain in AD patients (Jin, 

2016b). A cross-sectional study on GMV showed that angiotensin II receptor blockers helped 

protect against atrophy whereas angiotensin-converting enzyme inhibitors and beta-blockers 

could increase the risk of cerebral atrophy and cognitive decline (Jin, 2016b). Cognitive 

impairment associated with beta-blockers has also been indicated in a different study 

(Burkauskas et al., 2016). It is possible that the detrimental effect of beta-blockers on the brain 

could be attributed to the property of beta-blockers to increase variability in blood pressure that 

in turn increases dementia risk (Ma et al., 2019; Rothwell et al., 2010a). Considering the 

detrimental effect of beta-blockers on cognitive function, a study investigated the association 

between the risk of all-cause dementia and the use of beta-blockers (Holm et al., 2020). 

Findings from this study indicated that there was no association between the use of beta-

blockers for hypertension and incident AD although use of beta-blockers was associated with 

higher risk of vascular dementia (Holm et al., 2020). A review suggests that antihypertensive 

treatment using angiotensin receptor blockers, angiotensin-converting enzyme inhibitors and 

calcium channel blockers might be effective in combating the vascular and non-vascular 

elements of AD (Lebouvier et al., 2020). Although this review did take beta-blockers into 

account, no strong recommendations were made regarding this class of antihypertensive 

medication (Lebouvier et al., 2020). In support of this, a different study showed impairments 

in learning in individuals without dementia who were administered with beta-blockers 

(Burkauskas et al., 2016). Another study suggests that calcium channel blockers and 

angiotensin-converting enzyme inhibitors could be more beneficial to cognitive function in 

hypertensive individuals (Amenta et al., 2002). Therefore, the literature is confounded in terms 

of the beneficial effects of different classes of antihypertensive treatment on the brain and more 

research is needed to highlight how different classes of antihypertensive drugs could affect 

cognition and cerebral parameters in individuals with AD.  

 

To our knowledge, only one study has explored the association between hypertension and 

GMV in patients with AD (García‐Alberca et al., 2020). Medical history for the patients was 

collected regarding history of hypertension and antihypertensive treatment. In this study, the 

majority of the AD patients with hypertension were on antihypertensive drugs (84%) (García‐
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Alberca et al., 2020). This study showed higher WMH burden and MTL atrophy in AD patients 

with hypertension compared to AD patients without hypertension indicating how comorbid 

hypertension could increase radiological disease severity in AD despite medication (García‐

Alberca et al., 2020). On the other hand, the work in cognitively normal individuals shows a 

predominant effect of hypertension in prefrontal, MTL (especially the hippocampus) and 

subcortical areas. Hippocampal deficits observed in hypertensive individuals could thus 

indicate how this risk factor could increase the radiological severity of AD by exerting additive 

detrimental effects in brain regions affected by AD, as highlighted in the study by García‐

Alberca and colleagues (García‐Alberca et al., 2020). Considering that the prefrontal cortices 

are affected much later in AD, in the presence of hypertension, a more severe radiological 

phenotype of AD could be observed in patients with the added effect of hypertension. In light 

of this, a previous longitudinal study has shown that cognitively normal hypertensive 

individuals have a high probability of future MCI (Reitz et al., 2007b). A different study 

examining how the presence of cerebrospinal fluid biomarkers of AD and hypertension 

influences grey matter showed no interactive effects of these two variables (Glodzik et al., 

2012). However, the study did show independent and additive effects of the two conditions in 

the pre-symptomatic AD phase showing how the presence of hypertension could exacerbate 

the effects of AD (Glodzik et al., 2012). Therefore, hypertension appears to increase the 

radiological severity of the AD phenotype by promoting grey matter atrophy, especially in 

known predilection sites for AD (such as the hippocampus).  

 

5.1.1.1.2 White matter Integrity 

 

White matter is particularly susceptible to ischaemic damage, making it highly vulnerable to 

the negative effects of hypertension and high blood pressure (Wang et al., 2015a). This was 

highlighted in a study that showed that higher systolic blood pressure was associated with lower 

FA and increased mean diffusivity in the inferior fronto-occipital fasciculus, genu of the corpus 

callosum and the anterior thalamic radiations (Maillard et al., 2012). These participants 

belonged to a younger age group (<40 years), an observation that indicates a detrimental effect 

of higher systolic blood pressure beginning from the early decades of life (Maillard et al., 

2012). This effect could also extend to participants belonging to a wider age range.  This 

hypothesis was supported by the findings from a different study that showed a negative effect 

of higher mean arterial blood pressure on the frontoparietal white matter and diffusion 

parameters in individuals between an age range of 43 and 87 years (Salat et al., 2012). Greater 
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susceptibility of the frontoparietal white matter to the negative effects of high blood pressure 

was also observed in a different study including older hypertensive participants with an average 

age of 65 years (Li et al., 2015). This effect was proposed to be mediated by alterations in 

functional connectivity that could also manifest as executive deficits (Li et al., 2015). Similar 

associations were found in long-range association tracts connecting frontal and posterior brain 

regions in hypertensive, cognitively normal older individuals that were linked with poor 

performance in tasks of memory and executive function (Luo, Tseng, & Chang, 2019). 

Negative effects of higher blood pressure were also observed in white matter tracts in the 

cingulum bundle, frontostriatal and frontotemporal regions in another study on elderly 

individuals (60-86 years) with depression (Hoptman et al., 2009). Since high blood pressure 

can negatively impact cerebral white matter, chronically elevated blood pressure as seen in 

hypertension could further exaggerate these effects. 

 

Several other studies have explored the relationship between WMI and hypertension. One of 

these include a study on normotensive, hypertensive-medicated and hypertensive-unmedicated 

cognitively healthy individuals (Hannesdottir et al., 2009). In this study, diffusion parameters 

were associated with poor performance on tasks of executive function in untreated hypertensive 

participants. Medicated hypertensive patients however, showed poor performance on tasks of 

memory (Hannesdottir et al., 2009). This pattern of findings indicates that despite medications 

prescribed to combat the negative effects of hypertension, these effects may still persist. This 

hypothesis is supported by the findings from a study which show that lower white matter 

volumes (in addition to GMV) in the prefrontal cortex in hypertensive individuals were also 

linked with poor performance on tasks of executive function (Raz et al., 2003). Moreover, the 

presence of WMH coincided with the finding of lower regional parenchymal volumes in the 

prefrontal cortex (Raz et al., 2003). Participants in this study were medicated for hypertension 

indicating that in addition to damage to cerebral white matter, hypertension can also have 

clinical manifestations despite treatment in cognitively normal individuals (Raz et al., 2003).  

 

Findings from a study by McEvoy and colleagues further clarify the relationship between 

medication for hypertension and brain health. The study showed widespread deficits in WMI 

in hypertensive patients not medicated for hypertension that persisted in individuals with a 

shorter disease duration of hypertension who were on antihypertensive treatment (McEvoy et 

al., 2015). Yet another study showed that medicating for hypertension did not have any 

beneficial effects on white matter (Haight et al., 2018). Participants on antihypertensive 
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medication with blood pressure within the normotensive range did not show any associations 

with WMI. On the other hand, those participants within the hypertensive ranges showed lower 

WMI, despite antihypertensive treatment (Haight et al., 2018). A variety of factors such as 

medication adherence, appropriate medication and regular follow-up and evaluation of medical 

regimens to control blood pressure could modulate the effects of medication on blood pressure 

and consequently white matter (Fici et al., 2017; Fung et al., 2007). Therefore, it is possible 

that participants within the hypertensive range exhibiting detriments in WMI might need 

additional measures for appropriate blood pressure control (Haight et al., 2018). This indicates 

that despite medication for hypertension, the individual differences in maintaining blood 

pressure control could have introduced a bias in the literature, where the effects of hypertension 

medication could be inaccurately reflected in research findings.   

 

Hypertension could also have differential lateralised effects on the cerebral hemispheres, as 

seen in an experiment by Sabisz and colleagues who showed lower FA in the fornix and 

projection pathways in the left hemisphere (Sabisz et al., 2019). AD patients tend to experience 

more detriments in the left hemisphere, highlighting how the negative effects of hypertension 

could increase the radiological disease severity in AD (Liu et al., 2018). However, other studies 

do not indicate a predominant effect of hypertension on the white matter in the left hemisphere. 

In fact, a different study indicated a predominant right-lateralised negative effect of 

hypertension and pre-hypertension in the superior longitudinal fasciculus and superior thalamic 

radiation (Suzuki et al., 2017). Studies reviewed in this chapter do not show a preferential effect 

of hypertension on cerebral hemispheres. Therefore, there does not seem to be a specific 

susceptibility of cerebral hemispheres to the effects of hypertension.  

 

Hypertension also tends to have effects on the brain similar to those observed in AD. A study 

using magnetic resonance spectroscopy showed that elderly hypertensive patients had higher 

myoinositol/creatine ratio in the cerebral white matter compared to their normotensive 

counterparts (Catani et al., 2002). This rise in myoinositol/creatine ratio mirrored the effect that 

was observed in patients with early AD, a finding that could point towards converging 

pathways between hypertension and AD that could increase AD severity (Catani et al., 2002). 

In support of the additive role of hypertension in increasing AD radiological severity, another 

study examining diffusion tensor imaging parameters and positron emission tomography found 

variability in WMI associated with lower glucose metabolism in white matter tracts implicated 

in AD (Chetouani et al., 2018). These white matter tracts included the posterior cingulum and 
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other white matter tracts in the posterior associative areas and the MTL regions (Chetouani et 

al., 2018). Moreover, these associations were also linked with poor performance on tests of 

memory and executive function, deficits that are also commonly observed in AD patients 

(Chetouani et al., 2018; section 1.3.4.1; section 1.3.4.2). On examining the effect of 

hypertension in APOE 4 carriers, a negative effect of hypertension was found in the tracts 

connecting frontal brain regions to other brain regions (McEvoy et al., 2015). These effects 

were stronger in hypertensive individuals who were APOE 4 carriers compared to non-carriers 

(McEvoy et al., 2015). As it has been exemplified previously, frontal brain regions show 

detriments in much later stages of AD (section 1.6.1.1, Para 2). This vulnerability of the brain 

might indicate that the additional burden exerted by hypertension in individuals at a higher risk 

for AD could increase the radiological severity of the AD phenotype detected in these 

individuals. So far, no studies have explored the effects of hypertension on WMI in individuals 

already diagnosed with AD.  

 

5.1.1.1.3 White Matter Hyperintensities 

 

Hypertension can inflict substantial cerebrovascular damage that can result in the accumulation 

of vascular pathology that can be ‘clinically silent’ for an extended period of time (section 

2.2.2.2, Para 1). This damage can begin at the microvascular level as observed in a study that 

showed that increased BBB permeability was associated with hypertension and a higher 

volume of WMH, abnormalities that could be detrimental to WMI (Muñoz Maniega et al., 

2017). Detriments to WMI mediated by WMH were observed in a study by Haight and 

colleagues that showed widespread WMH that were associated with lower FA in the tracts in 

close proximity to these abnormalities (Haight et al., 2018). This study also showed a greater 

burden of WMH in the white matter tracts in the right hemisphere compared to the left (Haight 

et al., 2018). Moreover, the detrimental effect of WMH on WMI of the tracts was attenuated 

by the effects of duration and level of medication for hypertension (Haight et al., 2018). This 

could indicate that medicating for hypertension could be beneficial in preventing hypertension-

related damage that could increase radiological AD severity. 

 

As observed in previous studies, there seems to be a predominant effect of hypertension in the 

prefrontal brain regions with respect to WMH (Raz et al., 2003). The development of WMH in 

this brain region could also be linked with poor performance on executive function (Raz et al., 
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2003). Apart from prefrontal brain regions, the development of hypertension associated WMH 

can also be detrimental to other brain regions. This was evidenced in a study that showed higher 

hippocampal and amygdaloid atrophy in individuals with a higher WMH load (den Heijer et 

al., 2005). In a different longitudinal study, there was a significant increase in WMH volume 

(more than twice the volume at baseline) in the frontal and parietal brain regions associated 

with hypertension (Raz et al., 2007). Although frontal brain regions showed the highest 

increments in WMH burden, the parietal lobe showed the greatest expansions in the WMH 

volumes (Raz et al., 2007). Since the temporoparietal regions are affected early in the disease 

course, this observation could point towards common brain regions affected by early AD and 

hypertension and how their convergence could exacerbate the AD phenotype. Additionally, 

hypertension has a profound negative effect on the prefrontal cortex, a brain region affected 

much later in AD indicating how this comorbidity could increase radiological disease severity 

in AD patients. Moreover, hypertension is also associated with cerebral microbleeds and 

lacunes in the subcortical brain regions (Lee et al., 2004). 

 

Only a handful of studies have explored the relationship between WMH and hypertension in 

AD patients. One of these examined how the presence of hypertension and related WMH could 

alter patients’ response to cholinesterase inhibitors, a common treatment for AD (Connelly, 

Prentice, & Fowler, 2005; section 1.7, Para 2). Although the presence of hypertension or WMH 

by themselves did not alter the outcome of cholinesterase inhibitor treatment, the presence of 

both, hypertension and WMH can significantly influence patients’ activities of daily living and 

social cognition (Connelly et al., 2005). In another study that examined the association between 

hypertension and AD, hypertensive AD patients presented with higher volumes of WMH and 

MTL atrophy (García‐Alberca et al., 2020). In addition to having higher vascular burden, 

hypertensive AD patients presented with more severe deficits in cognitive function and had 

neuropsychiatric symptoms (García‐Alberca et al., 2020). Although some patients in this 

sample were on medication for hypertension, a major proportion of the patients was not, an 

issue that could have contributed to the magnitude of detriments found (García‐Alberca et al., 

2020). However, in a different study, individuals treated with antihypertensive drugs with 

uncontrolled hypertension had higher odds of WMH compared to treated hypertensive 

individuals with controlled hypertension (Liao et al., 1996). While comorbid hypertension in 

AD patients could increase clinical and radiological disease severity, the beneficial effect of 

blood pressure altering medication on cerebral constituents in these patients is debatable. 

Future studies exploring the effects of medication on WMH could be informative in 
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determining whether antihypertensive treatment could be beneficial in limiting the clinical and 

pathological severity of AD in such patients.    

 

5.1.1.2 Functional neuroimaging in hypertension and AD 

 

5.1.1.2.1 Resting-state functional magnetic resonance imaging  

 

Considering that a majority of the negative effects of hypertension have a preference to 

influence the frontal lobe, a similar pattern of detriments is expected in resting state functional 

connectivity. This was shown by a study by Li and colleagues that revealed lower functional 

connectivity between frontoparietal networks specifically in the left inferior frontal lobe, 

precuneus and inferior parietal lobule (Li et al., 2015). Not only did the study find that the 

hypertensive participants performed worse on tasks of executive function, but also that altered 

functional connectivity in the relevant networks could have influenced the WMI of the tracts 

forming these networks, as examined by the authors using diffusion tensor imaging scans (Li 

et al., 2015). Altered functional connectivity in anterior and posterior brain regions among 

hypertensive individuals was also found in a different study (Gu et al., 2019). Therefore, 

functional connectivity in hypertensive patients seems to be altered mainly in the frontoparietal 

regions. This loss of functional connectivity is similar to the typical ‘disconnection’ observed 

in AD, indicating common pathways between hypertension and AD that could increase 

radiological AD severity (section 1.6.2.1, Para 2).  Hypertension can also alter inter-network 

connectivity as highlighted in a study by Carnevale and colleagues (Carnevale et al., 2019). In 

this study, compared to normotensive participants, hypertensive individuals showed lower 

functional connectivity between the dorsal attention network and several other networks that 

included the sensorimotor network, the visual network and the frontoparietal network 

(Carnevale et al., 2019). Moreover, altered functional connectivity in the frontoparietal and 

salience networks was lateralised to the left hemisphere (Carnevale et al., 2019).  

 

While a history of hypertension can increase the risk of MCI, functional connectivity could be 

affected differentially in hypertensive patients with some level of cognitive impairment (Reitz 

et al., 2007b). This was demonstrated in a study that examined functional connectivity in 

hypertensive patients on antihypertensive treatment with and without cognitive impairment 

(Gu et al., 2019). The findings showed a disconnection within the components of the DMN in 

cognitively normal hypertensive patients. In contrast, hypertensive patients with cognitive 
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impairment displayed increased functional connectivity between the DMN subsystems that was 

associated with poor performance on tests of general cognition (Gu et al., 2019). This contrast 

in findings and increased functional connectivity in the DMN components among cognitively 

impaired hypertensive patients could be indicative of maladaptive compensatory mechanisms 

employed to overcome the cognitive deficits to maintain a certain level of cognitive functioning 

(Park & Reuter-Lorenz, 2009; Gu et al., 2019). In a different study comparing AD patients with 

and without hypertension, lower functional connectivity was found between the posterior 

cingulate gyrus and the anterior cingulate gyrus in the hypertensive patients. Additionally, 

higher functional connectivity was found between the posterior cingulate gyrus and the inferior 

parietal lobe (Son et al., 2015). Altered functional connectivity in the posterior cingulate gyrus 

is observed in very early stages of AD (Zhou et al., 2008; Rami et al., 2012). Thus, it appears 

that an increased functional connectivity in the posterior components of the DMN might 

represent a pathophysiological response in cognitively impaired hypertensive patients with 

abnormal upregulation of activity in these regions reflecting more effortful cognitive 

functioning. Considering that a further impairment is seen in the components of the DMN as 

an effect of AD, this observation could be indicative of the additive detrimental effect of 

comorbid hypertension in AD.  

 

5.1.1.2.2 Perfusion studies 

 

The presence of hypertension can severely affect CBF as has been elucidated in several studies. 

One such study showed reduced CBF in hypertensive patients in the basal ganglia and frontal 

cortex (Fujishima et al., 1995). Lower CBF in subcortical structures was also observed in a 

different study in hypertensive individuals compared to normotensive individuals (Fujii et al., 

1990). Therefore, in addition to the frontal lobe, subcortical structures also seem to be 

susceptible to the negative effects of hypertension, particularly with respect to CBF. The 

inverse may also be true where ischaemic damage due to hypertension to the basal ganglia 

could have resulted in lower CBF to this region (Bouma et al., 1992; Pulsinelli, Levy, & Duffy, 

1982). The authors of the study by Fujii and colleagues also propose that lower CBF in the 

hypertensive group could be attributed to antihypertensive treatment in some of the individuals 

(Fujii et al., 1990). However, previous work has also shown that antihypertensive treatment 

does not lower CBF, indicating that prolonged periods of high blood pressure could be a factor 

in reduced CBF observed in hypertensive individuals (Lipsitz et al., 2005). Therefore, the 
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direction of causality between structural damage due to hypertension and CBF reductions needs 

to be explored in future studies.  

 

Similar to the observations in functional connectivity studies in hypertensive individuals, CBF 

is altered in components of the DMN. This is exemplified in a study by Dai and colleagues that 

compared hypertensive and normotensive participants (Dai et al., 2008). The study showed 

lower CBF in various regions of the DMN including the anterior cingulate gyrus, left posterior 

cingulate gyrus and medial precuneus in addition to prefrontal brain regions (Dai et al., 2008). 

Moreover, the hypertensive participants showed lower CBF in subcortical structures namely 

the putamen and globus pallidus in addition to the left hippocampus (Dai et al., 2008). While 

the hippocampus is one of the predominantly affected structures in AD, the left hemisphere is 

also more susceptible to the effects of AD than the right hemisphere (Thompson et al., 2003; 

Liu et al., 2018). This susceptibility of the left hippocampus and prefrontal brain regions to 

reductions in CBF could indicate increased radiological disease severity in AD patients with 

comorbid hypertension (Dai et al., 2008). Hypertensive individuals in the study were taking 

antihypertensive drugs and had systolic blood pressure readings approaching hypertensive 

levels, a finding that could be an indication of poor control of blood pressure in hypertensive 

participants (Dai et al., 2008).  

 

Vulnerability of CBF in the cingulate gyrus and the prefrontal cortex to the prolonged effects 

of hypertension was also observed in a different study (Beason-Held et al., 2007). Reduced 

CBF in the temporal and occipital lobes was found in yet another study on hypertensive 

individuals (Alosco et al., 2014). Similar to what was observed in the functional connectivity 

studies, hypertensive patients also appear to exhibit increased perfusion responses. This was 

observed in a study in which hypertensive patients displayed enhanced CBF in the right 

hippocampus while performing memory tasks (Jennings et al., 2005). Participants had a 

minimal lifetime exposure to antihypertensive treatment (<12 months) or did not have a history 

of pharmacological intervention for hypertension (Jennings et al., 2005). An enhanced CBF 

signal was also found in parietal brain regions and the thalamus during memory tasks, but this 

enhancement was far less than that observed in normotensive individuals (Jennings et al., 

2005). Therefore, it could be inferred that although the presence of hypertension can increase 

CBF in the initial stages, reductions in CBF due to prolonged elevation in blood pressure can 

be observed.  
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Treatment for hypertension can have variable effects in hypertensive individuals, effects that 

could also alter the presentation of symptoms. In a study that administered blood pressure 

lowering medication to mildly hypertensive individuals, those participants who displayed 

symptoms of cerebrovascular disease consistently displayed incremental decreases in CBF 

from baseline, even after initiating treatment (Meyer, Rogers, & Mortel, 1985). On the other 

hand, asymptomatic individuals with mild hypertension displayed increased CBF following 

treatment, an increase that plateaued in the last year (out of three years) of treatment (Meyer et 

al., 1985). It is possible that individuals who were symptomatic had already accrued a 

significant level of irreversible insults during the undiagnosed and asymptomatic phase of 

hypertension that could have contributed toward future detriments in CBF and cognition 

despite antihypertensive treatment (Murray et al., 2012; Triantafyllou et al., 2014). However, 

this study had a small sample size and therefore these results may not be sufficient to 

extrapolate these findings to the general hypertensive population (Meyer et al., 1985). In a 

different study on asymptomatic hypertensive individuals, although medicated individuals 

displayed areas of hypoperfusion, this was less extensive than the hypoperfusion observed in 

the unmedicated hypertensive individuals (Nobili et al., 1993). Specifically, the unmedicated 

hypertensive group showed hypoperfusion in the left occipital and right frontoparietal brain 

regions, an alteration that was attenuated in the medicated group who showed hypoperfusion 

in the left frontoparietal brain regions only (Nobili et al., 1993). Therefore, hypertensive 

medication could also alter the pattern of hemispheric perfusion of the brain.  

 

It is possible that the type of medication used to treat hypertension could alter the effect on 

CBF (Muller et al., 2012). In a longitudinal study by Muller and colleagues, individuals 

administered with angiotensin receptor blockers did not show a decline in CBF although 

individuals on other classes of antihypertensive treatment did show a decline in CBF (Muller 

et al., 2012). The study also showed that individuals with untreated and poorly controlled 

hypertension and those with high blood pressure measurements exhibited reduced CBF over 

time (~4 years) (Muller et al., 2012). A different study that used angiotensin-converting enzyme 

as the only class of administered antihypertensive treatment showed improved CBF after six 

months of treatment in individuals with uncontrolled hypertension (Lipsitz et al., 2005). This 

shows that angiotensin converting enzymes could be a potential candidate for treatment of 

hypertension in AD patients that could improve disease prognosis, although it is difficult to say 

whether this effect can be observed with other classes of antihypertensive treatment. In support 

of this, a different study showed that the use of diuretics, angiotensin receptor blockers and 
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angiotensin converting enzymes was associated with reduced risk of AD dementia (Yasar et 

al., 2013). However, a different study showed that older individuals (>60 years) prescribed 

with angiotensin receptor blockers and angiotensin converting enzymes were less likely to 

develop AD than individuals prescribed with other classes of antihypertensive drugs (Davies 

et al., 2011). The angiotensin receptor blockers however showed a stronger effect in reducing 

the likelihood of AD compared to angiotensin converting enzymes (Davies et al., 2011). 

Therefore, more research is needed to examine the precise effects of different classes of 

antihypertensive treatment on the brain in AD patients.  

 

The literature examining the effect of comorbid hypertension in AD is limited. However, there 

are studies that have investigated the effects of blood pressure lowering medication in patients 

with AD. In one such study, AD patients who had been medicated with nilvadipine (a calcium 

channel blocker) for six months showed increased CBF in the bilateral hippocampi and stable 

CBF in the posterior cingulate (de Jong et al., 2019). This observation indicates that 

antihypertensive treatment to manage cerebral autoregulation (the ability of vessel walls to 

maintain stability in blood flow with changes in blood pressure) could help preserve CBF or 

even improve cerebrovascular function in AD patients, especially in brain regions targeted by 

AD (de Jong et al., 2019). A different study has shown that cerebral autoregulation is not altered 

due to the presence of AD (Zazulia et al., 2010). Although cerebral autoregulation is not altered 

in AD, this biological mechanism does undergo age-related decline, which could be even more 

pronounced in the presence of comorbid hypertension (Zazulia et al., 2010). Therefore, the use 

of blood pressure lowering medication could not only contribute toward preserving CBF to 

help reduce AD risk but could also help reduce the clinical and radiological severity of the 

disease in individuals with abnormal blood pressure.  
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5.2 Aims and Hypotheses 

 

So far, no study has used blood flow imaging in combination with other multi-modal 

neuroimaging techniques to take a holistic approach to investigate the effects of blood pressure 

lowering agents in AD patients. Although antihypertensive treatment in hypertensive 

individuals could help prevent further cognitive decline and reduce the risk of damage to 

cerebral constituents, there does not appear to be a substantial beneficial effect of 

antihypertensive medication in cognitively normal individuals (Dai et al., 2008; Haight et al., 

2018; Korf et al., 2004). In fact, some studies show an absence of a protective effect of 

medication on cognitive decline and risk of dementia in hypertensive individuals (Jennings et 

al., 2012; Raz et al., 2003). However, medication can be fairly effective in alleviating the 

negative effects exerted by high blood pressure in AD patients (de Jong et al., 2019). Therefore, 

the primary aim of this study was to investigate whether AD patients medicated for 

hypertension had a less severe clinical and radiological AD phenotype than unmedicated AD 

patients. This will be done by dividing the patients (N = 133) into two groups namely AD 

patients medicated for hypertension (with a medical history of hypertension) and AD patients 

unmedicated for hypertension. The groups were compared with each other to examine 

differences in neuroimaging parameters using maps of GMV, WMI and CBF and differences 

in cognitive function. Among AD patients who have blood pressure measurements within the 

hypertensive range and who are not medicated for hypertension, it is unclear whether blood 

pressure can alter cerebral properties and cognitive function. Therefore, the secondary aim of 

the study was to explore how the variability in pulse pressure could modulate neuroimaging 

parameters and cognitive function in AD patients who were not medicated for hypertension. 

Although antihypertensive medication could aid in protecting against future cognitive decline 

and increasing the clinical severity of the AD phenotype, this protective effect may vary 

depending on the class of antihypertensive treatment (Holm et al., 2020; Jin, 2016b; Lebouvier 

et al., 2020; Muller et al., 2012). Studies have shown that the use of angiotensin-converting 

enzymes, angiotensin receptor blockers could aid in reducing AD risk whereas beta-blockers 

may be less effective due to their property to increase variations in blood pressure (Davies et 

al., 2011; Ma et al., 2019; Rothwell et al., 2010b; Yasar et al., 2013). So far, no study has 

examined how different classes of antihypertensive treatment can modulate cerebral 

constituents and cognitive function in AD patients. Therefore, a third aim of the study was to 

examine whether the type of antihypertensive treatment affects neuroimaging parameters and 
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cognitive function in patients across the AD spectrum. It was hypothesised that the following 

will be observed: 

 

Primary aim: Medicated vs. Unmedicated AD patients: AD patients who were on 

antihypertensive treatment (n = 71) would present with higher GMV, WMI and CBF 

parameters and better performance on neuropsychological tests compared to AD patients who 

were not on antihypertensive treatment (n = 62). The differences would primarily be observed 

in subcortical and frontoparietal and MTL regions. 

 

Secondary aim: Unmedicated AD patients: The association between pulse pressure, 

neuroimaging parameters and cognition in AD patients who were not on antihypertensive 

treatment (n = 71). Negative associations will be observed between measures of blood pressure 

and neuroimaging parameters primarily in the frontoparietal and subcortical brain regions. The 

negative associations found with CBF were predicted to overlap with the negative associations 

found with brain structure namely GMV and WMI. The extracted signal from these 

associations would be linked with poor performance on tests of memory and executive 

function.  

 

Third aim: AD Patients Stratified by Class of Antihypertensive Treatment: The comparison 

between groups stratified based on the class of antihypertensive treatment into AD patients 

who were on all classes of antihypertensive treatment except for beta-blockers (Group 1, n = 

34), AD patients who were on beta-blockers only (Group 2, n = 13) and AD patients who were 

on both, beta-blockers and other classes of antihypertensive treatment (Group 3, n = 24). AD 

patients who were on other classes of antihypertensive treatment other than beta-blockers only 

(Group 1) and AD patients on both beta-blockers and other classes of antihypertensive 

treatment (Group 3) would show a less severe radiological and clinical phenotype of AD 

compared to AD patients on beta-blockers only (Group 2).  
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5.3 Methods 

 

5.3.1 Participants and participant groups 

 

Details about the study inclusion and exclusion criteria and diagnostic criteria used to classify 

patients as AD dementia and MCI are outlined in section 4.3.1, Para 1. In addition to the 

participants included in Chapter 4 from Sheffield, UK, and Kuopio, Finland, as outlined in 

section 4.3.1, participants who were recruited from the memory clinics in Venice, Italy were 

also included in this study. Ethics approval for these participants was obtained from the joint 

ethics committee of the Health Authority Venice and San Camillo IRCCS (Protocol number 

2014.08). Patients with mild to moderate AD (N = 133) were divided into two groups namely, 

AD patients medicated for hypertension (n = 71) and AD patients unmedicated for hypertension 

(n = 62).  

 

5.3.1.1 Unmedicated AD patients 

 

The 62 AD patients from the unmedicated patient group were included in an analysis to explore 

associations between pulse pressure, neuroimaging parameters and cognitive function.  

 

5.3.1.2 AD Patients Stratified by Class of Antihypertensive Treatment 

 

A third analysis was performed to examine whether the type of medication differentially altered 

cerebral properties and cognitive function in AD patients. Therefore, the AD patients 

medicated for hypertension (N = 72) were divided into three groups, depending on the class of 

antihypertensive medication that they were taking. The three groups were as follows: Group 1 

(n = 34): Other (all classes of antihypertensive medication except beta-blockers); Group 2 (n = 

13): beta-blockers; Group 3 (n = 24): Both (beta-blockers and other classes of 

antihypertensives).  

 

5.3.2 Physical assessments 

 

All participants underwent a physical assessment to obtain blood pressure measurements and 

other biological measures. These were obtained as detailed in section 4.3.2.   
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5.3.3 Neuropsychological assessment 

 

The neuropsychological assessment was administered as a battery of tests that measured 

performance on several cognitive domains including tests of memory (prose memory tests, 

semantic fluency), attention (digit span-forward), executive function (Stroop task, digit span-

backward, phonemic fluency), and language (similarities test, test of confrontational naming). 

For a detailed description of the assessment, please refer to section 4.3.4. 

 

5.3.4 Blood pressure measurements 

 

Pulse pressure was used as a continuous variable to test the associations between blood pressure 

measurements and neuroimaging parameters in the unmedicated patient group. “Pulse pressure 

is calculated as the difference between systolic and diastolic blood pressure.” Pulse pressure is 

often used as an indicator of arterial stiffness which could be used as proxy for the damaging 

effects of diastolic and systolic blood pressure combined and as an index of arterial stiffness 

(Martins et al., 2001; Muxfeldt et al., 2008). An increasing difference between systolic and 

diastolic blood pressure or ambulatory pulse pressure, is associated with greater damage 

inflicted on the brain (Thorin-Trescases et al., 2018). 

 

5.3.5 Imaging protocol 

 

The imaging protocols for the T1-weighted, T2-weighted, FLAIR, DTI and ASL MRI scans 

has been specified in section 4.3.5.  

 

5.3.6 Preprocessing 

 

For the procedure carried out for the preprocessing of T1-weighted MRI scans using voxel-

based morphometry, please refer to section 4.3.6.1, to section 4.3.6.2 for the preprocessing of 

DTI data, to section 4.3.6.3 for the preprocessing of the ASL scans and to section 4.3.6.4 for 

the preprocessing and extraction of WMH values.  
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5.3.7 Statistical analysis 

 

5.3.7.1 Demographic variables 

 

5.3.7.1.1 Medicated vs Unmedicated AD patients 

 

An independent samples t-test was conducted in SPSS to examine the differences between the 

two groups in terms of their demographic characteristics. For variables that violated the 

assumptions of parametric data, non-parametric Mann-Whitney U tests were used. Chi-square 

tests were run on the categorical variables to ensure that these variables were independent of 

one another (Table 5.2). 

  

5.3.7.1.2 Unmedicated AD patients 

 

Statistics for the demographic variables have been reported in Table 5.2. 

 

5.3.7.1.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

A one-way ANOVA was conducted in SPSS to examine the differences between the three 

groups in terms of their demographic characteristics. For variables that violated the 

assumptions of parametric data, non-parametric Kruskal-Wallis H tests were run to compare 

the groups on the respective variables. Chi-square tests were run on the categorical variables 

to ensure that these variables were independent of one another (Table 5.3).  

 

5.3.7.2 Cognitive variables 

 

5.3.7.2.1 Medicated vs Unmedicated AD patients 

Similar to what was done with the demographic variables, independent samples t-tests were 

performed in SPSS to compare the medicated and unmedicated groups to examine whether the 

patients differed on various tests of cognitive function. For data that were not normally 

distributed, non-parametric Mann-Whitney U tests were conducted to assess the differences 

(Table 5.4). 

  

5.3.7.2.2 Unmedicated AD patients 

Statistics for the scores on neuropsychological tests have been reported in Table 5.4. 
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5.3.7.2.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

A one-way ANOVA was conducted in SPSS to examine the differences between the three 

groups in terms of their demographic variables. For variables that violated the assumptions of 

parametric data, non-parametric Kruskal-Wallis H tests were used to compare the groups on 

the respective variables. Chi-square tests were run on the categorical variables to ensure that 

these variables were independent of each another (Table 5.5).  

 

5.3.7.2.4 Collinearity analysis 

A collinearity analysis was added to examine whether blood pressure and BMI parameters 

significantly predicted each other. A linear regression was run between the blood pressure 

parameters and BMI to assess this.  

 

5.3.7.3 Voxel-based morphometry 

 

5.3.7.3.1 Medicated vs Unmedicated AD patients 

An ANCOVA was run using maps of GMV to examine the differences between medicated and 

unmedicated AD patients using both, positive and negative contrasts. The analysis was 

controlled for the effects of age, MMSE, waist circumference and centre as the groups were 

significantly different from each other with respect to these variables that could have an impact 

on blood pressure (Table 5.2). The analysis was also controlled for TIV for the reasons 

specified in section 4.3.7.3. Sex was excluded as a covariate as the groups did not differ in their 

distributions of this variable.  Centre of recruitment was excluded as a covariate as effects of 

geography need not be considered in evaluating and treating blood pressure in the participants 

from the specific regions in this study (Duranton et al., 2017). In order to identify the significant 

clusters, a threshold of p < .001 and 1000 voxels was used at the set-level to identify the 

significant clusters, whereas a family-wise error corrected threshold of p < .05 was used at the 

cluster-level to identify the significant brain regions. Justifications for thresholding decisions 

are included in section 4.3.7.3 

 

5.3.7.3.2 Unmedicated AD patients 

A linear regression was carried out between pulse pressure and maps of GMV obtained after 

performing standard voxel based morphometric procedures. Both, positive and negative 

correlation contrasts were run. The analysis was controlled for the effects of age, MMSE, TIV, 
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sex, systolic blood pressure and diagnosis. The analysis controlled for the effects of age and 

TIV for the reasons specified in section 4.3.7.3. The analysis controlled for the effects of sex 

as men are more susceptible to hypertension than women, a potential feature that could have 

confounded the results due to a higher susceptibility of men to hypertension than women 

(Everett & Zajacova, 2015; Ghosh, Mukhopadhyay, & Barik, 2016). Systolic blood pressure 

was used as a covariate because the literature often shows a negative effect of greater variability 

in systolic blood pressure compared to diastolic blood pressure (Eto et al., 2005; Tatasciore et 

al., 2007; Stevens et al., 2016). Diagnosis was used as a covariate to account for clinical disease 

severity, whereas MMSE was used to control for the variability in the general level of cognitive 

functioning (Pezzotti et al., 2008). Centre of recruitment was excluded as a covariate for the 

reasons specified in section 5.3.7.3.1. For the analysis, a threshold of p < .001 and 1000 voxels 

was used at the set-level to identify clusters that emerged significant. At the cluster-level, a 

family-wise error corrected rate of p < .05 was used to identify significant brain regions. 

Justifications for thresholding decisions are included in section 4.3.7.3 

 

5.3.7.3.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

Independent ANCOVAs were carried out to examine the differences between the three groups 

using positive and negative contrasts. The analyses were carried out as follows: Other (Group 

1) vs beta-blockers (Group 2), Beta blockers (Group 2) vs Both (Group 3) and Other (Group 

1) vs Both (Group 3). The analyses were controlled for TIV and white matter hyperintensity 

volume. A threshold of p < .001 and 500 voxels was used at the set-level to identify clusters 

that emerged significant. Justifications for thresholding decisions are included in section 

4.3.7.3. At the cluster level, a family-wise error corrected rate of p < .05 was used to identify 

significant brain regions. 

 

5.3.7.4 Tract-based spatial statistics 

 

The statistical analysis on the different diffusivity maps namely FA, mean diffusivity, radial 

diffusivity and axial diffusivity was conducted using the ‘randomise’ tool in FSL using both, 

positive and negative contrasts. 

 

5.3.7.4.1 Medicated vs Unmedicated AD patients 

Data matrices were created to run the ANCOVA between the AD patients who were medicated 

and unmedicated for hypertension. Similar to what was done in the voxel-based morphometry 
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analysis, the analysis included age, MMSE, waist circumference and centre of recruitment as 

covariates to control for their effects. The first two columns of the matrix were coded so that 

the number ‘1’ indicated that the participant was assigned to that group and the number ‘0’ 

indicated that the participant was not. Subsequently, the covariates were entered into the data 

matrix as outlined in section 4.3.7.4, Para 1. A contrast matrix was then created to compare the 

groups which consisted of two contrasts to facilitate the testing of a two-tailed hypothesis. The 

first contrast ‘1 -1’ tested whether the medicated AD patients had higher diffusivity parameters 

compared to the unmedicated AD patients. On the other hand, the second contrast ‘-1 1’ tested 

whether medicated AD patients had lower diffusivity parameters compared to the other. 

Separate statistical analyses were run for each of the diffusivity measures.  

 

5.3.7.4.2 Unmedicated AD patients 

Independent data matrices were created to run the linear regression analyses among the two 

groups. These data matrices contained the main independent variable which was pulse pressure 

and the covariates which included age, MMSE, TIV, gender, systolic blood pressure and 

diagnosis. These were identical to the covariates used in the statistical analysis of GMV 

(section 5.3.7.3). The diagnostic status was converted into a categorical variable to facilitate its 

inclusion in the matrices, similar to the procedure followed for other categorical variables as 

specified in section 4.3.7.4, Para 1. Following the data matrices, the contrast matrices to 

perform the correlation were created as described in section 4.3.7.4, Para 2. Separate statistical 

analyses were run between each of the diffusivity measures and pulse pressure. 

 

5.3.7.5 Arterial spin labelling 

 

The statistical models for the ASL analysis were analogous to those run in the statistical 

analyses using voxel-based morphometry and were run using both positive and negative 

contrasts. 

 

5.3.7.5.1 Medicated vs Unmedicated AD patients 

An ANCOVA was run as outlined in section 5.3.7.3.1 using the covariates specified in section 

5.3.7.3.1. The analysis was thresholded at p < .01 and 500 voxels at the set level and at a family-

wise error corrected rate of p < .05 at the cluster-level to identify the significant brain regions. 

Justifications for thresholding decisions are included in section 4.3.7.5. 
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5.3.7.5.2 Unmedicated AD patients 

Linear regression analyses were run between pulse pressure and maps of CBF independently 

for the unmedicated patient group while controlling for the effects of age, MMSE, TIV, sex, 

systolic blood pressure and diagnosis as was done in section 5.3.7.3.2. A cluster-forming 

threshold of p < .01 and 1000 voxels was used at the set-level while a family-wise error 

corrected threshold of p < .05 was used at the cluster-level to identify significant brain regions. 

Justifications for thresholding decisions are included in section 4.3.7.5.   

 

5.3.7.5.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

Independent samples t-tests were run to compare the three groups among one another as 

specified in section 5.3.7.2.3. To identify significant brain regions of interest, a cluster-forming 

threshold of p < .01 and 1000 voxels was used at the set-level while a family-wise error 

corrected threshold of p < .05 was used at the cluster level. Justifications for thresholding 

decisions are included in section 4.3.7.5. 

 

5.3.7.6 White Matter Hyperintensities 

5.3.7.6.1 Medicated vs Unmedicated AD patients 

Non-parametric correlations (Spearman correlation) were run to examine the association 

between WMH volume and performance on neuropsychological tests and blood pressure 

measures for the two groups independently.  

 

5.3.7.6.2 Medicated AD patients: Stratified by Class of Antihypertensive medication 

For each of the independent groups, correlations were run between WMH volume and 

performance on neuropsychological tests and blood pressure measures using non-parametric 

tests (Spearman correlation). 

 

5.3.7.7 Post hoc Analysis Identifying Significant Brain Regions and Exploring 

Associations With Cognitive Tests 

Significant brain regions were identified using the steps detailed in section 4.3.7.6.1. 

Additionally, the signal was extracted from significant brain regions using the procedure 

outlined in section 4.3.7.6.2. The extracted signal was then correlated with neuropsychological 

tests to investigate whether the observed associations were linked with cognitive performance 



 198 

in each of the analyses. These analyses were performed in SPSS and non-parametric tests were 

run for the data that were not normally distributed. 
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5.4 Results 

 

5.4.1 Demographic characteristics 

 

5.4.1.1 Medicated vs Unmedicated AD patients 

In terms of their distributions, the demographic variables namely WC, GMV, WMV, CSF and 

diastolic blood pressure had parametric distributions and independent samples t tests were 

performed to compare the groups. On the other hand, age, years in education, MMSE, BMI, 

WMH volume, systolic blood pressure and pulse pressure had non-parametric distributions and 

Mann-Whitney U tests were performed to compare the groups. On comparing the groups, the 

medicated patient group was older than the unmedicated patient group. The medicated AD 

patient group also had higher MMSE scores, WC and WMH volume compared to the 

unmedicated group. Conversely, the medicated group had lower number of years in education 

and GMV compared to the unmedicated group. No group differences were found with respect 

to BMI, WMV, CSF, TIV, systolic and diastolic blood pressure and pulse pressure. After 

controlling for the effect of factors that can increase cerebrovascular burden that differed 

between the groups namely age, WC and the presence of type 2 diabetes, the significant 

difference in GMV, MMSE and WMH volume did not persist. The statistics for the 

demographic variables are specified in Table 5.2. Means and standard deviations for variables 

with non-parametric distributions are included in Appendix B, Table B5.2. The APOE 

genotypes, and sex were uniformly distributed in the two groups. Within the APOE genotypes, 

there was no significant difference in the number of APOE 4 carriers in each group either. 

However, the groups were not evenly distributed with respect to the centre of recruitment. 
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Table 5.2 Demographic characteristics of medicated and unmedicated patients with mild to 

moderate AD reported using means and standard deviations for parametric data and 

medians and interquartile ranges for non-parametric data 

Demographic variable (unit) Medicated 

(n = 71) 

Unmedicated 

(n = 62) 

Statistic 

Parametric testsa M (SD) M (SD) t  

WC (cm) 97.05 (13.81) 92.15 (11.52) -2.21* 

GMV (ml) 568.36 (75.98) 596.94 (77.30) 2.15* 

WMV (ml) 402.74 (58.86) 412.15 (49.83) 0.99 

CSF (ml) 494.56 (145.66) 455.03 (137.62) -1.61 

TIV (ml) 1462.57 (152.50) 1464.12 (152.16) 0.06 

BP: Diastolic (mmHg) 79.61 (11.41) 82.31 (10.68) 1.40 

Non- Parametric testsb Mdn (IQR) Mdn (IQR) U 

Age (years) 76 (68 – 80) 64 (58 – 72) 1054.00*** 

Education (years)  10 (8 – 13) 12 (10 – 15) 1568.00** 

MMSE 26 (24 – 28) 25 (20 – 27) 1653.00* 

BMI (kg/m2)  26.50 (24.13 – 29.43) 24.85 (22.26 – 28.73) 1801.00 

WMH volume (ml)  4.14 (1.46 – 9.43) 2.59 (0.61 – 5.77) 1718.50* 

BP: Systolic (mmHg) 138 (126 – 158) 143 (133 – 154) 2039.00 

Pulse pressure (mmHg)  59 (49 – 74) 61 (49 – 69) 2195.00 

Chi square testsc n n 2 

Males/Females 30/41 35/27 2.67 

APOE genotype: 

22/23/33/42/43/44 

0/4/30/3/24/5 0/7/19/2/20/11 5.73 

APOE 4 non-carriers/ 4 

carriers 

34/33 26/33 0.03 

Diagnosis: AD dementia/AD 

MCI 

20/51 26/36 2.77 

Centre (UK/Finland/Italy)  38/19/14 23/34/5 11.64** 

Type 2 diabetes/ Obese or 

overweight  

17/46 6/30 4.71*/3.64 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 
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Key: n = sample size; M = mean; SD = standard deviation; t = t-statistic; Mdn = median; IQR = Interquartile range; U = U-

statistic; 2 = Pearson Chi-square statistic; BP = Blood pressure 
aIndependent samples t tests were run for normally distributed data. 
b Non-parametric Mann-Whitney U tests were run for data that was not normally distributed.  
cPearson Chi-square tests were run to examine the independence of the categorical variables.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.2. 
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5.4.1.1.1 Post hoc analysis 

 

Since the medicated and unmedicated patients did not differ on any measures of blood pressure, 

a post hoc analysis was conducted where the medicated patient group (N = 71) was further 

stratified into normotensive (n = 33) and hypertensive (n = 38) patients and the unmedicated 

patient group (N = 62) was further divided into groups of hypertensive (n = 40) and 

normotensive patients (n = 22). The four groups, namely medicated hypertensive AD patients, 

medicated normotensive AD patients, unmedicated hypertensive AD patients and unmedicated 

normotensive AD patients, were then compared on their demographic characteristics (Table 

5.2.1). In terms of their distributions, age, WC, GMV, WMV, CSF, TIV, diastolic blood 

pressure and pulse pressure were normally distributed variables and a one-way ANOVA was 

used to compare the groups with independent samples t tests performed post hoc to idenetify 

which specific groups differed from one another. On the other hand, years in education, 

MMSE, BMI, WMH volume and systolic blood pressure were variables that had non-

parametric distributions. Kruskal-Wallis H tests were performed to examine whether the 

groups differed from one another and Mann-Whitney U tests were performed post hoc to 

identify which specific groups differed from one another.  The groups did not differ 

significantly from one another on MMSE, WC, BMI, GMV, WMV, CSF, TIV and WMH 

volume. The medicated hypertensive patients were older than the unmedicated hypertensive, 

t(76) = 5.40, p < .001, and unmedicated normotensive patients, t(58) = 4.52, p < .001. Similarly, 

the medicated normotensive patients were older than the unmedicated hypertensive, t(71) = 

3.26, p = .002, and unmedicated normotensive patients t(53) = 3.15, p = .003. No other group 

differences in age were found. With respect to years in education, medicated hypertensive AD 

patients had less years in education than medicated normotensive AD patients, U = 464.00, p 

= .003, unmedicated hypertensive AD patients, U = 437.00, p = .028, and unmedicated 

normotensive patients, U = 172.50, p < .001. There was no difference in education between 

any of the other groups.  

 

The medicated hypertensive patients had higher systolic blood pressure than the unmedicated 

normotensive patients, U = 25.50, p < .001, and the medicated normotensive patients, U = 

22.50, p < .001. Similarly, the unmedicated hypertensive patients had higher systolic blood 

pressure than the medicated normotensive patients, U = 46.00, p < .001, and the unmedicated 

normotensive patients U = 35.50, p < .001. No other group differences in systolic blood 

pressure were found. Analogous to what was found with systolic blood pressure, medicated 
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hypertensive patients had higher diastolic blood pressure than the unmedicated normotensive 

patients, t(58) = 3.69, p < .001, and the medicated normotensive patients, t(69) = 4.45, p < .001, 

whereas the unmedicated hypertensive patients had higher diastolic blood pressure than the 

medicated normotensive patients, t(71) = 5.98, p < .001, and the unmedicated normotensive 

patients , t(60) = 5.14, p < .001. With respect to pulse pressure, medicated hypertensive patients 

had higher pulse pressure than the unmedicated normotensive patients, t(58) = 5.58, p < .001, 

and the medicated normotensive patients, t(47) = 6.78, p < .001, whereas the unmedicated 

hypertensive patients had higher pulse pressure than the medicated normotensive patients, t(52) 

= 5.09, p < .001, and the unmedicated normotensive patients , t(60) = 3.35, p < .001. There 

were no differences in the distribution of AD diagnosis, APOE genotype, sex or the distribution 

of APOE 4 carriers across the groups. However, the patients were not uniformly distributed 

with respect to the centre of recruitment. The statistics for the different demographic variables 

have been reported in Table 5.2.1. Means and standard deviations for variables with non-

parametric distributions are included in Appendix B, Table B5.2.1. 
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Table 5.2.1 Post hoc analysis: Demographic characteristics of medicated normotensive and 

hypertensive AD patients and unmedicated normotensive and hypertensive AD patients 

reported using means and standard deviations for parametric data and medians and 

interquartile ranges for non-parametric data 

Demographic 

variable 

Medicated 

Hypertensive 

(n = 38) 

Medicated 

Normotensive 

(n = 33) 

Unmedicated 

Hypertensive 

(n = 40) 

Unmedicated 

Normotensive 

(n = 22) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) M (SD) F 

Age (in years)  75.03 (6.83) 72.24 (9.23) 65.20 (9.13) 63.82 (10.40) 12.32*** 

WC (in cm) 96.16 (13.31) 98.08 (14.51) 91.40 (11.29) 93.50 (12.06) 1.86 

GMV (in ml3)  571.54 (73.15) 546.70 (80.10) 589.33 (79.28) 610.79 (73.30) 1.94 

WMV (in ml3)  417.93 (64.80) 385.26 (46.21) 412.15 (49.83) 419.37 (42.90) 2.31 

CSF (in ml3)  499.01 (154.98) 489.43 (136.33) 447.76 (130.39) 468.25 (152.17) 1.00 

TIV (in ml)  1462.57 

(152.50) 

1498.39 

(150.09) 

1445.27 

(151.84) 

1498.39 

(150.09) 

1.06 

BP: Diastolic (mmHg)  84.55 (11.26) 73.91 (8.70) 86.65 (9.35) 74.41 (8.23) 15.73*** 

Pulse pressure 

(mmHg)  

73.03 (18.84) 50.85 (6.69) 61.52 (16.64) 52.68 (9.34) 17.02*** 

Non- Parametric 

testsb 

Mdn (IQR) Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Education (years)  9 (7 – 11) 11 (8 – 15) 12 (8 – 15) 12 (11 – 15) 14.74** 

MMSE  25 (24 – 28) 27 (24 –28) 25 (20 – 27) 24 (20 – 27) 7.22 

BMI (kg/m2)  26.00  

(24.15 – 27.91) 

27.53  

(24.11 – 31.58) 

24.91  

(21.74 – 29.73) 

24.85  

(23.65 – 28.13) 

4.20 

WMH volume (ml) 5.87  

(1.83 – 10.56) 

2.95  

(0.90 – 8.52) 

2.71  

(0.54 – 5.35) 

2.34  

(0.63 – 7.53) 

7.53 

BP: Systolic  (mmHg) 157 (146 – 169) 126 (119 – 130) 151 (143 – 162) 129 (121 – 135) 85.94*** 

Chi square testsc n n n n 2 

Males/Females 19/19 11/22 22/18 13/9 4.73 

APOE genotype: 

22/23/33/42/ 

43/44 

3/13/1/16/4/1 1/17/2/8/1/4 4/14/2/9/8 3/5/0/11/3 20.49 
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APOE 4 non-

carriers/  

APOE 4 carriers 

14/21 13/11 18/19 8/14 7.33 

Diagnosis: AD 

dementia/ 

AD MCI 

14/24 6/27 17/23 9/13 5.51 

Centre 

(UK/Finland/Italy) 

22/12/4 16/7/10 17/20/3 6/14/2 18.70** 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 

Key: n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = Interquartile 

range; H = H-statistic; 2 = Chi-square statistic; BP = Blood pressure 
aA one-way ANOVA was run for normally distributed data. 
b Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  
cChi-square tests were run to examine the independence of the categorical variables.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.2.1   
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5.4.1.2 Medicated AD patients: Stratified by Class of Antihypertensive medication 

In terms of their distributions, the variables WC, GMV, WMV, CSF, TIV, systolic blood 

pressure and diastolic blood pressure had parametric distributions. A one-way ANOVA was 

performed to compare the groups with independent samples t tests performed post hoc to 

idenetify which specific groups differed from one another. On the other hand, age, years in 

education, MMSE, BMI, WMH volume and pulse pressure were variables that had non-

parametric distributions. Kruskal-Wallis H tests were performed to examine whether the 

groups differed from one another and Mann-Whitney U tests were performed post hoc to 

identify which specific groups differed from one another. There was no statistically significant 

difference between the groups in terms of age, number of years in education, BMI, WC, WMV, 

TIV, blood pressure measurements (systolic, diastolic and pulse pressure) and also in the 

distribution of sex, APOE genotype and number of APOE 4 carriers (Table 5.3) across the 

groups. However, there was a trend that showed better parameters in the AD patient group on 

beta-blockers for blood pressure control in addition to being younger and having higher number 

of years in education. The groups were significantly different on MMSE scores, GMV, CSF 

and volume of WMH, described as follows. Group 3 had lower MMSE scores than Group 1, 

U = 259.00, p = .018. No other between-group differences were found in terms of MMSE. In 

terms of GMV, Group 2 had higher GMV than Group 1, t(45) = 2.71, p = .01, and Group 3, 

t(35) = 2.44, p = .02, while no differences were observed between Groups 1 and 3. Comparably, 

Group 2 had lower CSF volumes than Group 1, t(45) = -2.35, p = .023, and Group 3, t(35) = -

3.38, p = .002, while no differences were found between Groups 1 and 3. With respect to the 

volume of WMH, Group 2 had lower volumes compared to Group 1, U = 89.00, p = .002, and 

Group 3, U = 66.00, p = .003. No difference was observed between Group 1 and Group 3 in 

WMH volume. The voxel-wise analysis for WMI was not carried out in these patient groups 

as no differences were found between the groups with respect to WMV. The groups were 

uniformly distributed in terms of sex, centre of recruitment, AD diagnosis and APOE genotype. 

Within the APOE genotype, the groups also had a uniform distribution of APOE 4 carriers. 

The statistics for the different demographic variables have been reported in Table 5.3. Means 

and standard deviations for variables with non-parametric distributions are included in 

Appendix B, Table B5.3. 

  



 207 

Table 5.3 Demographic characteristics of AD patients on antihypertensive treatment 

stratified by medication type reported using means and standard deviations for parametric 

data and medians and interquartile ranges for non-parametric data 

Demographic variable Group 1 

Other (n = 34) 

Group 2 

-blocker (n = 13) 

Group 3 

Both (n = 24) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) F 

WC (in cm) 97.60 (14.19) 94.39 (11.15) 97.71 (14.90) 0.29 

GMV (in ml3) 546.02 (68.77) 621.31 (86.77) 557.15 (70.12) 4.22* 

WMV(in ml3) 402.76 (61.78) 418.50 (48.56) 394.18 (60.18) 0.71 

CSF(in ml3) 514.12 (166.83) 395.08 (117.40) 520.74 (102.81) 4.05* 

TIV (in ml3) 1466.45 (159.47) 1434.89 (118.25) 1472.08 (162.63) 0.27 

BP: Systolic (in mmHg) 146.12 (19.54) 135.08 (19.24) 140.88 (21.84) 1.48 

BP: Diastolic (in mmHg) 81.12 (9.45) 76.00 (8.10) 79.42 (14.93) 0.95 

Non- Parametric testsb Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Age (in years) 76 (68 – 80) 71 (59 – 79) 76 (69 – 81) 4.20 

Education (in years) 10 (8 –13) 11 (9 – 14) 9 (7 – 13) 1.82 

MMSE 28 (24 – 29) 26 (24 – 27) 25 (24 – 26) 6.39* 

BMI (kg/m2) 26.59  

(23.71 – 29.71) 

27.53  

(24.35 – 30.34) 

26.26  

(24.65 – 29.18) 

0.21 

WMH volume (ml)  7.46 (1.81 – 18.84) 0.95 (0.39 – 3.11) 3.99 (2.01 – 7.64) 11.78** 

Pulse pressure (in mmHg)  63 (51 – 81) 56 (49 – 62) 58 (48 – 73) 0.58 

Chi square testsc n n n 2 

Males/Females 16/18 4/9 10/14 1.03 

APOE genotype: 

22/23/33/42/43/

44 

0/2/13/1/15/1 0/0/6/1/3/1 0/2/11/1/6/3 7.33 

APOE 4 non-carriers/ 4 

carriers 

11/17 3/5 13/10 4.35 

Diagnosis: AD 

dementia/AD MCI 

9/25 3/10 8/16 5.43 

Centre (UK/Finland/Italy) 17/9/8 6/3/4 15/7/2 3.32 
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Type 2 diabetes/ Obese or 

overweight 

9/20 2/9 6/17 0.66/1.03 

*Comparison is significant at 0.05 level (two tailed) 

**Comparison is significant at 0.01 level (two tailed) 

Key: n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = Interquartile 

range; H = H-statistic; 2 = Chi-square statistic; BP = Blood pressure 
aA one-way ANOVA was run for normally distributed data. 
b Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  
cPearson Chi-square tests were run to examine the independence of the categorical variables.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.3. 
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5.4.2 Cognitive tests 

 

5.4.2.1 Medicated vs Unmedicated AD patients 

In terms of their distributions, only the similarities test has a parametric distribution whereas 

the rest of the neuropsychological tests had non-parametric distributions. On comparing the 

two groups on tests of cognition a significant difference was observed only on the semantic 

fluency test, where the patients in the medicated AD group performed better than the 

unmedicated group. The statistics for the respective neuropsychological tests are reported in 

Table 5.4. Means and standard deviations for variables with non-parametric distributions are 

included in Appendix B, Table B5.4. There was no difference observed on the prose memory 

tests (immediate and delayed recall), digit span tasks (forward and backward conditions), 

phonemic fluency test, similarities test and the Stroop task. After controlling for the effect of 

WC and the presence of type 2 diabetes post hoc using Quade’s ANCOVA, medicated AD 

patients performed better than the unmedicated patient group on the semantic fluency test, F(1, 

131) = 7.11, p = .005, the prose memory-immediate recall test, F(1, 125) = 4.06, p = .046 and 

the digit span-forward test, F(1, 125) = 4.43, p = .037,. 
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Table 5.4 Cognitive profiles of AD patients medicated and unmedicated for hypertension, 

reported using means and standard deviations for parametric data and medians and 

interquartile ranges for non-parametric data 

Neuropsychological test Medicated 

(n = 71) 

Unmedicated 

(n = 62) 

Statistic 

Parametric testsa M (SD) M (SD) t 

Similarities 16.78 (6.47) 16.92 (6.64) 0.12 

Non- Parametric testsb Mdn (IQR) Mdn (IQR) U 

Prose Memory-Immediate recall 9 (7 – 12) 7 (4 – 11) 1470.00 

Prose Memory-Delayed recall 8 (5 – 13) 6 (2 – 13) 1696.00 

Digit Span-Forward 6 (5 – 8) 6 (5 – 7) 1670.00 

Digit Span-Backward 4 (3 – 5) 4 (3 – 5) 1954.00 

Phonemic Fluency 28 (20 – 38) 24 (19 – 38) 1858.00 

Semantic Fluency 17 (14 – 26) 14 (11 – 21) 1567.00** 

Confrontational naming test 13 (12 – 15) 14 (12 – 14) 2067.50 

Stroop task- error interference 1 (0 – 4) 1 (0 – 5) 1726.00 

*Comparison is significant at 0.05 level (two-tailed) 
*Comparison is significant at 0.05 level (two tailed) 
Key: n = sample size; M = mean; SD = standard deviation; t = t-statistic; Mdn = median; IQR = Interquartile range; U = U-

statistic; 2 = Pearson Chi-square statistic; BP = Blood pressure 
aIndependent samples t tests were run for normally distributed data. 
b Non-parametric Mann-Whitney U tests were run for data that was not normally distributed.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.4. 
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5.4.2.1.1 Post hoc analysis 

In terms of their distributions, only the similarities test and the prose memory – immediate 

recall test had parametric distributions whereas the rest of the neuropsychological tests had 

non-parametric distributions. In the post hoc analysis where the medicated and unmedicated 

AD patients were further divided into hypertensive and normotensive groups, a significant 

difference was found in performance on the semantic fluency test. The medicated normotensive 

group had better performance on the semantic fluency test than the unmedicated hypertensive, 

U = 415.50, p = .007, and unmedicated normotensive, U = 216.50, p = .021, groups. No other 

group differences were found in performance on the semantic fluency test or any other 

neuropsychological tests (Table 5.4.1). Means and standard deviations for variables with non-

parametric distributions are included in Appendix B, Table B5.4.1. 
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Table 5.4.1 Cognitive profiles of medicated AD patients, unmedicated normotensive AD 

patients and unmedicated hypertensive AD patients, reported using means and standard 

deviations for parametric data and medians and interquartile ranges for non-parametric 

variables 

 

Neuropsychological 

test 

Medicated  

Hypertensive 

(n = 38) 

Medicated 

Normotensive 

(n = 33) 

Unmedicated 

Hypertensive 

(n = 40) 

Unmedicated 

Normotensive 

(n = 22) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) M (SD) F 

Prose Memory -

Immediate recall 

9.24 (4.02) 9.16 (3.69) 7.81 (4.96) 7.00 (4.72) 1.70 

Similarities 17.51 (6.00) 15.94 (6.98) 16.49 (6.29) 14.37 (7.34) 0.49 

Non- Parametric testsb Mdn (IQR) Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Prose Memory -

Delayed recall 

8 (4 – 13) 9 (6 – 13) 6 (3 – 13) 6 (2 – 12) 2.47 

Digit Span - Forward 7 (5 – 8) 6 (5 – 8) 6 (5 – 8) 6 (5 – 7) 3.07 

Digit Span - Backward 5 (4 – 5) 4 (3 – 5) 4 (3 – 6) 4 (3 – 5) 3.16 

Phonemic Fluency 29 (20 – 35) 28 (19 – 43) 23 (20 – 38) 24 (19 – 36) 2.05 

Semantic Fluency 16 (13 – 21) 19 (15 – 27) 14 (11 – 21) 15 (10 – 19) 9.57* 

Confrontational naming 

test 

13 (11 – 14) 14 (12 – 18) 14 (11 – 14) 13 (12 – 15) 4.87 

Stroop task - error 

interference 

1.25  

(0 – 4.00) 

1.00  

(0 – 2.00) 

0.50  

(0 – 3.25) 

1.50 

(0.25 – 9.38) 

2.38 

*Comparison is significant at 0.05 level (two-tailed) 

Key: n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = Interquartile 

range; H = H-statistic; 2 = Chi-square statistic  

aA one-way ANOVA was run for normally distributed data. 
b Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.4.1   
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5.4.2.2 Medicated AD patients: Stratified by Class of Antihypertensive medication 

On comparing the three groups on various neuropsychological tests, no significant differences 

were found between the groups (Table 5.5). Means and standard deviations for variables with 

non-parametric distributions are included in Appendix B, Table B5.5. 

 

Table 5.5 Cognitive profiles of medicated AD patients stratified by class of antihypertensive 

treatment reported using means and standard deviations for parametric data and medians and 

interquartile ranges for non-parametric data. 

Neuropsychological test Group 1 

Other  

(n = 34) 

Group 2 

-blocker  

(n = 13) 

Group 3 

Both  

(n = 24) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) F 

Prose memory - Delayed recall 8.36 (5.54) 8.23 (3.94) 9.52 (5.81) 0.38 

Phonemic Fluency 32.60 (14.00) 33.23 (13.31) 25.38 (9.98) 2.72 

Digit Span - Forward 6.91 (1.83) 6.38 (1.33) 6.41 (1.87) 0.71 

Similarities 18.18 (6.17) 16.15 (5.71) 15.00 (7.11) 1.72 

Non- Parametric testsb Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Prose memory - Immediate recall 9 (5 – 13) 9 (7 – 11) 10 (8 – 13) 1.14 

Digit span - Backward 5 (4 – 5) 4 (3 – 6) 4 (3 – 5) 1.82 

Semantic fluency 19 (14 – 26) 18 (12 – 32) 16 (13 – 19) 3.50 

Confrontational Naming Task 14 (12 – 15) 13 (11 – 17) 12 (11 – 15) 2.81 

Stroop task – error interference 1 (0 – 2) 1 (1 – 6.50) 0.50 (0 – 4) 1.30 

*   Comparison is significant at 0.05 level (two tailed) 

Key:  = beta; n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = 

Interquartile range; H = H-statistic 
aA one-way ANOVA was run for data that was normally distributed.  
b Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed. 

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B5.5 
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5.4.3 Voxel-based morphometry 

 

5.4.3.1 Medicated vs Unmedicated AD patients 

No significant differences were found with respect to GMV between AD patients medicated 

and unmedicated for hypertension in both contrasts.  

 

5.4.3.2 Unmedicated AD patients 

There were no correlations found between pulse pressure and GMV in AD patients who were 

not on blood pressure lowering medication in both contrasts.  

 

5.4.3.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

5.4.3.3.1 Other vs Beta-blocker 

Medicated AD patients on antihypertensive medication other than beta-blockers had lower 

GMV than medicated AD patients on beta-blockers in the occipital lobe, the brainstem, left 

insula, the temporal brain regions and the superior portion of the cerebellum (Table 5.6, Fig 

5.2). The cluster in the occipital lobe was nestled in the midline and extended anteriorly into 

the middle temporal lobe areas, also covering parts of the left hippocampus. The same cluster 

extended inferiorly into the superior portions of the cerebellum. The cluster in the anterior 

temporal regions extended bilaterally from the midline in the anterior midbrain into the 

temporal poles, extending slightly into the orbitofrontal brain regions. Another cluster in the 

right temporal lobe was found along the posterolateral borders. Dispersed clusters were found 

in the left insula and left precentral gyrus as well. The extracted GMV signal was positively 

correlated with performance on the phonemic fluency test, r = 0.40, p = .005, the digit span -

forward test, r = 0.34, p = .020, and the similarities test, r = 0.41, p = .004, and negatively 

correlated with the error interference score (Stroop test), rs = -0.31, p = .043. Additionally, the 

extracted GMV signal was negatively correlated with WMH volume, rs = -0.55, p < .001. There 

was no correlation between the extracted signal and any of the blood pressure parameters. No 

significant differences were found using the other contrast.  

 

5.4.3.3.2 Both vs Beta-blocker 

Medicated AD patients on beta-blockers and other classes of antihypertensive treatment had 

lower GMV than medicated AD patients on beta-blockers (Table 5.6, Fig 5.2). One cluster was 

found in the right superior hippocampus with voxels spilling into the right parahippocampal 
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gyrus and the right caudate tail. Another cluster was found in the right lateral temporal areas in 

the superior temporal gyrus, in close proximity to the temporoparietal junction. A third cluster 

was found in the left hemisphere in the medial portions of the occipital lobe. There was a 

positive correlation between the extracted GMV signal and performance on the prose memory 

- delayed recall test, r = .38, p = .023, digit span - backward test, rs = .35, p = .038, and the 

similarities test, r = .52, p = .001. The extracted GMV signal was also negatively correlated 

with WMH volume, rs = -.39, p = .016. There was no correlation between the extracted signal 

and any of the blood pressure parameters. No significant differences were found using the other 

contrast. 

 

5.4.3.3.3 Both vs Other 

No significant differences were found between AD patients on beta-blockers and other classes 

of antihypertensive treatment (Group 3) and AD patients on antihypertensive treatment except 

for beta-blockers (Group 1) across both contrasts.  
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Table 5.6 Brain regions showing differences in GMV among AD patients stratified by 

medication type 

 

  

Voxels  Cluster 

level 

pFWE 

Brain region (Broadmann area) Side Z-score MNI co 

ordinates 

x y z 

BBlocker > Other 

1722 < .001 Inferior temporal gyrs (20) R 4.33 52 -40 -27 

  Fusiform gyrus (37) R 4.28 62 -40 -21 

  Fusiform gyrus (37) R 3.9 46 -50 -24 

7182 < .001 Cerebellum- anterior lobe R 4.3 8 -66 -9 

  Cuneus (18) R 4.19 4 -93 27 

  Cerebellum- anterior lobe R 4.06 8 -86 -21 

778 0.029 Precentral gyrus (6) L 4.13 -56 -4 45 

  Precentral gyrus (4) L 4.04 -48 -8 32 

  Precentral gyrus (4) L 3.9 -40 -14 39 

922 0.015 Insula (13) L 4.05 -39 -16 15 

  Insula (13) L 3.89 -40 -10 -8 

  Insula (13) L 3.31 -40 -16 3 

2065 < .001 Temporal pole (53) R 4.00 18 0 -14 

  Temporal pole (53) R 3.91 33 10 -20 

  Hippocampus (34) R 3.75 -22 4 -16 

  Bblocker > Both      

761 0.018 Hippocampus (34) R 4.02 38 -34 -3 

  Caudate nucleus (48) R 3.86 27 -36 6 

  Parahippocampal gyrus (36) R 3.26 14 -32 -4 

668 0.031 Transverse temporal area (41) L 4.01 -58 -28 12 

  Postcentral gyrus (1) L 3.54 -44 -22 15 

  Superior temporal gyrus (22) L 3.35 -64 -42 8 

852 0.011 Occipital lobe (19) R 3.74 14 -72 28 

  Occipital lobe (18) R 3.64 2 -58 9 

  Occipital lobe (18) R 3.54 10 -78 22 
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5.4.4 Tract-based spatial statistics 

 

5.4.4.1 Medicated vs Unmedicated AD patients 

There were no significant differences in WMI found between medicated and unmedicated AD 

patients across both contrasts.  

 

5.4.4.2 Unmedicated AD patients 

There was no significant relationship between pulse pressure and any of the diffusivity 

measures in AD patients who were not on antihypertensive treatment using both contrasts.  
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5.4.5 Arterial spin labelling 

 

5.4.5.1 Medicated vs Unmedicated AD patients 

There were no significant differences in CBF as measured using ASL between medicated and 

unmedicated AD patients using both contrasts.  

 

5.4.5.2 Unmedicated AD patients 

In the AD patients who were not on anti-hypertensive medication, a negative correlation was 

found between CBF and pulse pressure (Table 5.7, Fig 5.1). This association was located 

predominantly in the left hemisphere spanning across the subcortical structures. The cluster 

followed the trajectory of the caudate nucleus for the most part, with some voxels spilling over 

to the thalamus. In the anterior portions, the cluster extended inferiorly into the basal forebrain 

and subgenual anterior cingulate region and laterally into the right caudate head. The extracted 

CBF signal showed a negative correlation with WMH volume, rs = -0.46, p < .001. There was 

no correlation between the extracted signal and any of the blood pressure parameters or 

neuropsychological test scores. No significant assoications were found with the positive 

correlation contrast.  

 

Table 5.7 Brain regions showing associations between pulse pressure and CBF in 

unmedicated AD patients.  

 

  

Voxels  Cluster 

level 

pFWE 

Brain region (Broadmann 

area) 

Side Z-score MNI co 

ordinates 

x y z 

1639 .048 Caudate nucleus L 3.29 -12 24 -4 

  Basal forebrain  3.14 0 14 -16 

  Thalamus L 3.10 -16 -26 16 

  Caudate nucleus L 2.99 -12 -14 16 

  Thalamus L 2.89 -22 -34 12 

  Caudate nucleus R 2.86 10 16 -2 

  Caudate nucleus R 2.83 -4 8 2 

  Caudate nucleus L 2.83 4 8 4 
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Figure 5.1 Brain regions showing associations between pulse pressure and CBF in AD 

patients unmedicated for hypertension 

The image contains axial sections depicting associations observed between pulse pressure and CBF in 

AD patients unmedicated for hypertension. The sagittal sections on the left represent the location of the 

axial slices from top to bottom which are subsequently displayed from left to right. Top row: Negative 

correlations between pulse pressure and CBF found in unmedicated AD patients are represented in 

orange. Bottom row: Negative correlations between pulse pressure and CBF found in unmedicated AD 

patients are represented in green mapped onto the vascular territories of major cerebral arteries. These 

associations were observed across the caudate nucleus, subgenual anterior cingulate and the basal 

forebrain.  
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5.4.5.3 Medicated AD patients: Stratified by Class of Antihypertensive medication 

 

5.4.5.3.1 Other vs Beta-blocker 

Medicated AD patients on antihypertensive medication other than beta-blockers had lower 

CBF compared to AD patients who were only on beta-blockers, primarily in periventricular 

and posterior brain regions (Table 5.8, Fig 5.2). The clusters began bilaterally in the superior 

parietal white matter and extended inferiorly following the border of the lateral ventricles into 

the superior hippocampi. In the left hemisphere, the cluster was more widespread than the 

cluster in the right hemisphere and extended anteriorly into the right insula. Some significant 

voxels were also found in the midbrain that spilled over into the orbitofrontal area. 

Additionally, results were also found in the superior portions of the cerebellum. There was a 

positive correlation between the extracted CBF signal and the semantic fluency test, r = 0.32, 

p = .026. The extracted CBF signal was not correlated with WMH volume. However, the 

extracted CBF signal was negatively correlated with pulse pressure, rs = 0.33, p = .024. No 

differences were detected using the other contrast.  

 

5.4.5.3.2 Both vs Beta-blocker 

Medicated AD patients on beta-blockers and other classes of antihypertensive treatment had 

lower CBF compared to AD patients on beta-blockers (Table 5.8, Fig 5.2). The differences 

found between these two groups were similar to those found in the comparison above 

(5.4.5.3.1). Superiorly, clusters were found bilaterally into the parietal lobe, spanning across 

the precuneus, superior parietal lobule and precentral gyrus. Inferiorly, the clusters extended 

into the superior hippocampi and parahippocampal white matter bilaterally, following the 

borders of the lateral ventricles. The voxels also covered structures in the bilateral basal 

ganglia, posterior corpus callosum, parts of the fornix and the bilateral thalami. These clusters 

also extended bilaterally into the insulae. Additionally, clusters were found in the midbrain and 

superior portions of the cerebellum. Anteriorly, significant clusters were located in the 

prefrontal brain regions spanning across the orbitofrontal, dorsomedial, ventromedial and 

ventrolateral areas. The extracted CBF signal was not significantly correlated with 

neuropsychological performance, WMH volume or any of the blood pressure parameters. No 

differences were observed using the other contrast.  
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5.4.5.3.3 Both vs Other 

No significant differences in CBF were found between AD patients on beta-blockers and other 

classes of antihypertensive treatment and AD patients on antihypertensive treatment except for 

beta-blockers across both contrasts.  

 

 

Table 5.8 Brain regions showing differences in CBF between AD patients stratified by 

medication type 

  

Voxels  Cluster 

level 

pFWE 

Brain region (Broadmann area) Side Z-score MNI co 

ordinates 

x y z 

Other < BBlocker 

3096 < .001 Hippocampus (54) R 4.13 30 -44 0 

  Hippocampus (54) R 3.97 20 -34 8 

  Parahippocampal gyrus (WM) R 3.6 30 -50 26 

6948 < .001 Insula (13) L 3.91 -40 -18 0 

  Insula (13) L 3.89 -42 -8 -6 

  Temporal pole (38) L 3.74 -34 20 -30 

Both < Bblocker 

2438 0.002 Superior parietal lobule (7) R 4.82 4 -50 74 

  Superior parietal lobule (5) L 4.22 -24 -40 74 

  Postcentral gyrus L 3.95 -44 -36 58 

14085 < .001 Hippocampus (54) R 4.79 28 -40 2 

  Caudate nucleus (48) R 4.39 18 -34 14 

  Occipital lobe (18) R 4.21 4 -90 -12 

1356 0.035 Orbitofrontal cortex (10)  3.51 0 56 -12 

  Dorsolmedial prefrontal cortex (9) R 3.49 4 62 30 

  Dorsolmedial prefrontal cortex (9) R 3.41 2 58 38 
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Figure 5.2 Brain regions showing differences between AD patients on different classes of 

antihypertensive treatment 

The two rows contain axial sections depicting comparisons between AD patients on different classes of 

antihypertensive treatment. Each row begins with a sagittal section representing the location of the axial 

slices from top to bottom which are subsequently displayed from left to right. Top row: AD patients 

who were on any class of antihypertensive treatment except for beta-blockers showed lower CBF and 

GMV in the highlighted regions compared to AD patients who were taking beta-blockers only, for blood 

pressure control. Differences in GMV are represented in green; while differences in CBF are 

represented in orange. The z co-ordinates for the axial sections are as follows (from left to right): 34, 

14, -2, -8, -16. Bottom row: AD patients who were on any class of antihypertensive treatment and beta-

blockers showed lower CBF and GMV in the highlighted regions compared to AD patients who were 

taking beta-blockers only for blood pressure control. Differences in GMV are represented in green; 

while differences in CBF are represented in orange. The z co-ordinates for the axial sections are as 

follows (from left to right): 68, 28, 11, 2, -8.  
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5.4.6 White Matter Hyperintensities 

 

5.4.6.1 Medicated vs Unmedicated AD patients 

 

A negative correlation was found between WMH volume and scores on the similarities test in 

AD patients unmedicated for hypertension (rs = -.26, p = .046). WMH volume was not 

significantly correlated with scores on any other neuropsychological test or blood pressure 

measures. No significant correlations were found with the above variables in the medicated 

AD patients. 

 

5.4.6.2 Medicated AD patients: Stratified by Class of Antihypertensive medication 

 

There were no significant correlations between WMH volume, cognitive test scores or blood 

pressure measures in the AD patients on antihypertensive treatment other than beta-blockers 

(Group 1), AD patients on beta-blockers (Group 2) and in AD patients on both beta-blockers 

and other classes of antihypertensive treatment (Group 3).  

 

5.4.7 Collinearity analysis 

No significant collinearity was found between BMI and blood pressure parameters.  
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5.5 Discussion 

 

5.5.1 Medicated vs Unmedicated AD patients 

 

The current study is the first to show comparisons of multi-modal neuroimaging variables 

namely GMV, WMI and CBF between AD patients medicated and unmedicated for 

hypertension. The study does not show a beneficial effect of blood pressure lowering 

medication in AD patients (with a medical history of hypertension) on any cerebral properties 

compared to unmedicated AD patients. One explanation for the absence of a substantial 

beneficial effect of the use of antihypertensive drugs on cerebral constituents could be due to 

the similarity in blood pressure readings falling within hypertensive ranges of the medicated 

and unmedicated AD patients. In addition to hypertensive blood pressure readings, the 

medicated patients also had a higher number of cardiovascular comorbidities that increase 

cerebrovascular burden, which could explain the lack of differences in cerebral constituents 

between the medicated and unmedicated AD patients (Breteler et al., 1994; Yoshita et al., 

2006). This was of significance as a difference in GMV and WMH volume was found without 

controlling for any factors, which did not persist after controlling for the effect of age, WC and 

presence of type 2 diabetes (factors that can increase cerebrovascular burden). These findings 

could also indicate that the administration of antihypertensive treatment in AD patients with a 

medical history of hypertension, could have limited any progressive damage to cerebral 

constituents, that could have been more extensive, had these patients not been treated 

appropriately (Haight et al., 2018; Liao et al., 1996).  

 

It is further noteworthy that no significant differences were found in any cerebral properties or 

cognitive function after dividing the unmedicated and medicated AD patient groups into 

hypertensive and normotensive groups while performing comparisons post hoc. This 

observation is in contrast with the findings from a previous study that showed detriments in 

brain structure irrespective of antihypertensive treatment in cognitively normal individuals 

with blood pressure within the hypertensive range (Haight et al., 2018). The study did not find 

this detrimental effect in individuals who were on antihypertensive medication with blood 

pressure in the normotensive range (Haight et al., 2018). A different study showed similar 

detrimental effects of inappropriate blood pressure control, where individuals treated with 

antihypertensive drugs with uncontrolled hypertension had higher odds of WMH compared to 

those who were on antihypertensive medication with controlled hypertension (Liao et al., 
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1996). Both of these studies were performed on cognitively normal individuals. Therefore, the 

level of blood pressure control does not seem to modulate neuroimaging parameters in 

medicated AD patients in the current study. The absence of a difference between the medicated 

and unmedicated groups could also imply that the administration of medication in AD patients 

with a history of hypertension helps prevent hypertensive AD patients from suffering from a 

more severe radiological AD phenotype by preventing the progressive and additional burden 

from detriments resulting from chronically elevated blood pressure, regardless of the level of 

control (Fournier et al., 2009; Fukui et al., 2014; Wharton et al., 2019). It is also possible that 

the lack of a difference in cerebral parameters and cognitive function between the medicated 

and unmedicated groups could be due to accumulated age and hypertension-related irreversible 

insults in AD patients with a history of hypertension prior to commencing antihypertensive 

treatment (Fan et al., 2019; Mishima et al., 2021). Therefore, early intervention, regular 

monitoring of blood pressure and medication compliance to maintain blood pressure in the 

normotensive range, could contribute towards improving protection of the brain to 

hypertension related detriments and reducing the radiological severity of the AD phenotype 

(Insel, Reminger, & Hsiao, 2008; McKenney, Munroe, & Wright Jr, 1992; Ngandu et al., 

2015).  

 

One explanation for hypertensive blood pressure readings in the medicated group despite 

antihypertensive treatment could be due the lower level of educational attainment compared to 

the unmedicated group. The level of educational attainment can affect health literacy and 

therefore the patients’ ability to follow medication regimens consistently (Dhikav, Singh, & 

Anand, 2013; Levinthal et al., 2008). Studies have shown that lower educational attainment is 

associated with poor recognition of medication, the dosage schedule and identifying major side 

effects of the medication (Alkatheri & Albekairy, 2013; Jin, Kim, & Rhie, 2016a; Kripalani et 

al., 2006). In support of this, post hoc analyses conducted in the current study show that the 

medicated hypertensive patients had the least number of years in education compared to the 

other three groups (medicated normotensive, unmedicated hypertensive and unmedicated 

normotensive). Other factors that could have contributed to hypertensive blood pressure 

readings in the medicated group despite antihypertensive treatment could be poor medication 

adherence, poor medication regime monitoring and level of cognitive impairment (Cho et al., 

2018a). 
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The presence of comorbidities such as type 2 diabetes and overweight or obesity can cause 

significant elevations in blood pressure (Adler et al., 2000; Stabouli et al., 2005). The 

medicated patient group had a higher proportion of patients with comorbidities, which could 

also explain the lack of a difference found in blood pressure readings and neuroimaging 

parameters between the medicated and unmedicated groups. However, this inference is not 

causal as the presence of these comorbidities is not always linked with higher blood pressure 

readings. Other downstream pathological mechanisms associated with these comorbidities 

could have played a role in the absence of a difference between the medicated and unmedicated 

patients (Herrmann et al., 2019; Moulton et al., 2015). Higher age in the medicated group could 

have also contributed toward higher vascular burden accrued over the lifetime (Lo & Jagust, 

2012). On comparing cerebrovascular burden as measured using WMH, no differences were 

found between the medicated and unmedicated groups after controlling for age, WC and the 

presence of type 2 diabetes. It is possible that the beneficial effects of antihypertensive 

medication in the medicated group could have been overshadowed by the detrimental effects 

from insults accrued with higher age and comorbidities such as obesity and type 2 diabetes.  

 

Another explanation for the hypertensive blood pressure readings in the medicated AD patient 

group could be due to the cognitive impairment seen in AD patients (Cho et al., 2018a). A 

study on ~20,000 elderly hypertensive patients showed that poor medication adherence was 

associated with lower cognitive function in patients without dementia (Cho et al., 2018a). A 

different study on elderly patients (> 60 years) showed similar findings with less than a third 

of the patients with cognitive impairment who showed good medication adherence to blood 

pressure lowering medication regimens (Vinyoles, De la Figuera, & Gonzalez-Segura, 2008). 

An important factor in good medication adherence is intact memory functions to facilitate 

planning, organisation and implementation of medication regimes (Hawkins et al., 2012; Hayes 

et al., 2009). Another important cognitive domain associated with good medication compliance 

is executive function (Hawkins et al., 2012; Insel et al., 2006; Smith et al., 2017). This cognitive 

domain is impaired in early AD and deteriorates with disease progression (section 1.3.4.2). 

Considering that AD patients experience progressive and severe impairments, primarily in the 

memory domain, in addition to progressive decline in executive function, these patients are 

highly likely to not comply with medication regimens (section 1.3.4.1). In support of this, past 

studies have shown that AD patients and patients with dementia are less likely to show 

medication adherence (Dhikav et al., 2013; El-Saifi et al., 2018; Hudani & Rojas-Fernandez, 

2016). Therefore, inappropriate blood pressure control resulting from poor adherence to 



 227 

medication regimes in AD patients could explain the lack of a difference between medicated 

and unmedicated patient group profiles in the present study.  

 

However, in spite of having blood pressure readings within the hypertensive range and ranking 

higher on factors that increase cerebrovascular burden which included higher age, WC and 

WMH volume, the medicated AD patients had better performance on the MMSE, which 

measures the general level of cognitive functioning, and on tasks measuring semantic memory 

compared to the unmedicated AD patients  (Pezzotti et al., 2008; section 4.3.4). Both medicated 

and unmedicated AD patient groups did not statistically differ on any measures of blood 

pressure. Therefore, antihypertensive treatment in AD patients with a history of hypertension 

could have the potential to facilitate the preservation of cognitive function, which contradicts 

studies on cognitively normal individuals and those with cognitive impairment that show 

detriments in cognitive function despite antihypertensive treatment (García‐Alberca et al., 

2020; Gu et al., 2019; Hannesdottir et al., 2009; Raz et al., 2003). It is also of significance that 

preservation is seen in the semantic memory domain, a heavily affected cognitive domain 

across the AD course (section 1.3.4.1). Higher number of years in education are often 

associated with better performance on cognitive tests (Beeri et al., 2006b; Bornstein & Suga, 

1988). It is noteworthy that performance on cognitive tests was better in the medicated patient 

group despite having lower number of years in education. However, there was no significant 

difference in performance on the MMSE after controlling for the effect of factors that are 

associated with higher cerebrovascular burden namely age, WC and the presence of type 2 

diabetes. No significant differences were found in cognitive profiles in the post hoc analysis in 

which medicated and unmedicated groups were further divided into hypertensive and 

normotensive groups. 

 

Although medicated patients had better performance on tasks of memory, a cognitive domain 

that is crucial to adherence to medication regimens, this could be explained by a reverse causal 

effect. Research has shown improvement in the memory domain in individuals who follow 

complicated medication regimens (Ettenhofer et al., 2010; Gould, Mcdonald-Miszezak, & 

King, 1997). In a study by Gould and colleagues, metamemorial variables were identified as 

predictors of perceived medication adherence (Gould et al., 1997). However, medication 

adherence was self-reported in this study, which could have impacted the findings (Gould et 

al., 1997). Contextual cues, often used by individuals taking medication promote habit 

formation which helps improve memory function and also medication adherence (Gasbarri, et 
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al., 2014; Stawarz et al., 2016). Therefore, it is possible that the repeated use of the memory 

domain required for medication adherence could have improved in individuals following 

medication regimes across their lifetime. The inverse may also be true that antihypertensive 

treatment in the medicated patient group could have resulted in preservation of memory (Hajjar 

et al., 2013; Ho, Nation, & ADNI, 2017; Stuhec et al., 2017). It is difficult to distinguish 

whether the preservation of cognitive function in the medicated patient group could be 

attributed to the effect of medication or to the repeated use of memory functions required for 

medication adherence, or a combination of both.  

 

Overall, it appears that medicated AD patients in the current study do not show any differences 

in cerebral parameters in comparison to the unmedicated group, due to a variety of reasons. 

Although, there may be some benefits to preserving cognitive function in such patients despite 

poor blood pressure control and higher prevalence of cardiovascular comorbidities. The higher 

prevalence of comorbidities, low educational attainment and possibly lower health education 

and the likelihood of poor adherence to antihypertensive treatment due to low education 

attainment or AD status, could have all contributed toward masking the beneficial effects of 

antihypertensive medication in this group. Therefore, it is important that interventions to 

improve health literacy by educating patients about their conditions, measures to ensure 

medication adherence and early interventions to modify lifestyle factors to prevent the 

development of cardiovascular comorbidities could help improve the effectiveness of 

medications in improving AD prognosis in patients with a medical history of hypertension 

(Jankowska-Polańska et al., 2016; Ngandu et al., 2015; Wannasirikul et al., 2016).  

 

5.5.2 Unmedicated AD patients  

 

The second aim of the current study was to explore how the variability in pulse pressure could 

affect cerebral parameters and cognitive function in the unmedicated AD patients. In this 

analysis, negative associations were found between CBF and pulse pressure. AD patients in 

this group also had systolic blood pressure within the hypertensive range. Findings from a 

recent study showed a beneficial effect of administering blood pressure lowering medication 

in preserving CBF in normotensive patients with mild to moderate AD (~72 years), without a 

history of hypertension (de Jong et al., 2019). A beneficial effect of the medication 

(Nilvadipine) was observed on CBF despite a short duration of administration of only six 

months. Of note, this beneficial effect was seen in brain regions that are typically affected in 
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AD (de Jong et al., 2019). Similarly, a different study on elderly cognitively normal individuals 

(> 65 years) showed a beneficial effect of six months of pharmacological reduction of blood 

pressure on CBF in hypertensive individuals (Lipsitz et al., 2005). The study was also able to 

establish that long term antihypertensive treatment in otherwise healthy elderly individuals did 

not result in cerebral hypoperfusion (Lipsitz et al., 2005), This observation could signify that 

in addition to treating AD patients with a history of hypertension with antihypertensive 

medication, administering blood pressure lowering agents to AD patients who have blood 

pressure within the hypertensive range could potentially help protect the brain against damage 

from high blood pressure, regardless of a history of hypertension, without risking cerebral 

hypoperfusion (Lipsitz et al., 2005). However, more research is needed to confirm whether 

there are any substantial benefits to administering antihypertensive treatment to hypertensive 

AD patients without a prior history of hypertension. The risks of lowering blood pressure in 

elderly individuals who already experience reductions in blood pressure with higher age, 

should also be taken into consideration (Satish, Zhang & Goodwin, 2001). Considering that 

hypertension may involve a prolonged asymptomatic period and that it damages brain regions 

affected by AD, it is imperative that blood pressure is closely monitored in AD patients to 

excise control in a timely manner, before significant damage is inflicted by chronically elevated 

blood pressure (Friedman et al., 2014; Van Boxtel et al., 2006).  

 

Negative associations were found between pulse pressure and CBF predominantly in the left 

hemisphere spanning across the caudate nucleus, thalamus and basal forebrain. The fact that 

these structures lie in the subcortical and deeper brain regions makes them more susceptible to 

damage from hypertension due to the delicate vasculature supplying these regions (Moody, 

Bell, & Challa, 1990). Previous studies have shown vulnerability of subcortical structures to 

the detrimental effects of hypertension (Dai et al., 2008; De Leeuw et al., 1999; Fujii et al., 

1990; Lee et al., 2007). The specific susceptibility of the caudate nucleus to the damaging 

effects of fluctuating high blood pressure and other vascular damage has been detailed in 

section 6.5.1.1. The finding that the negative correlations were found along the border zones 

of the arterial territories of major cerebral arteries is of particular significance (Fig 5.1). Brain 

regions supplied by the terminating and perforating branches of arteries are particularly prone 

to damage from adverse vascular events as these branches have narrow lumens that increase 

their susceptibility to fluctuations in blood pressure and embolic events, which can reduce 

regional CBF (Gutierrez et al., 2015). Patients with hypertension tend to show reductions in 

lumen diameters and increased wall thickness of cerebral arteries compared to normotensive 
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counterparts, possibly as a compensation to accommodate for increased blood pressure and to 

maintain adequate blood flow (Korsgaard et al., 1993; Rizzoni et al., 2001).  

 

Increased arterial wall thickness as seen in arteriosclerosis could also contribute towards 

damage to deep brain regions due to fluctuations in blood pressure resulting from reduced 

elasticity to accommodate for such fluctuations (section 2.1.1.2, Para1). This finding thus 

shows that in unmedicated AD patients with high blood pressure, brain regions that are supplied 

by the terminating branches of major cerebral arteries are more susceptible to damage. The 

extracted CBF signal was also linked with higher vascular burden as measured using WMH 

volume. This could indicate that blood pressure within the hypertensive range in AD patients 

could exacerbate the vascular dysfunction that is already seen in AD, which could in turn result 

in a worse disease prognosis. Given the prolonged asymptomatic period of hypertension, and 

past work that shows preservation of CBF in AD patients without a medical history of 

hypertension following treatment with antihypertensive drugs, a timely intervention could help 

reduce the radiological severity of AD (de Jong et al., 2019).  

 

A negative correlation was also observed in the basal forebrain, a critical region in AD 

pathogenesis (Shinotoh et al., 2000; Teipel et al., 2005). This brain region has a significant role 

in cholinergic transmission, a mechanism that exhibits considerable impairment in AD 

(Wilcock et al., 1982). It is also implicated in memory function via its projections to the 

hippocampus and other brain regions involved in memory (Hasselmo, Wyble, & Wallenstein, 

1996; Ikonomovic et al., 2003; Power, Vazdarjanova, & McGaugh, 2003). Since in the current 

study AD patients with a systolic blood pressure in the hypertensive range showed negative 

associations with pulse pressure and CBF in the basal forebrain, it is possible that negative 

effects of higher blood pressure in AD could be additive to the cholinergic dysfunction already 

observed in AD (Davies & Maloney, 1976; Shinotoh et al., 2000). Cholinergic action is also 

integral in modulating rCBF (Li et al., 2012b; Sato, Sato, & Uchida, 2004). Cholinergic 

dysfunction observed in early AD combined with the detrimental effects exerted by 

hypertension could thus have additive effects on altered CBF in AD. These findings highlight 

how increasing pulse pressure could interact with cerebral parameters to exacerbate the 

detrimental effects observed in typical AD. 

 

5.5.3 Medicated AD patients stratified by medication type 
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It is possible that the absence of a significant difference in the cerebral parameters between 

medicated and unmedicated AD patients could be attributed to the differential effect of the 

class of blood pressure lowering agents on the brain, as indicated in previous studies (Jin, 

2016b; Lebouvier et al., 2020; Muller et al., 2012). In the analysis comparing medicated AD 

patients stratified by the class of antihypertensive treatment, AD patients on beta-blockers 

(Group 2) showed higher CBF and GMV compared to the other two groups (Group 1: AD 

patients on other classes of antihypertensive treatment except beta-blockers and Group 3: AD 

patients on both, other classes of antihypertensive treatment and beta-blockers). Therefore, 

within the medicated AD patients, it appears that those patients administered with beta-blockers 

(Group 2) have a less severe clinical and radiological AD phenotype compared to AD patients 

on other classes of antihypertensive treatment in combination with (Group 3) and without beta-

blockers (Group 1).  

 

Findings from the current study contradict the findings from past studies that have indicated 

no effect of beta-blockers on cognitive function and a beneficial effect of antihypertensive 

treatment other than beta-blockers on risk of AD and cerebral constituents in healthy 

individuals (Burkauskas et al., 2016; Davies et al., 2011; Holm et al., 2020; Jin, 2016b; Lanham 

et al., 2019; Lebouvier et al., 2020; Muller et al., 2012). Of these studies, reviews conducted 

on dementia patient samples indicate a beneficial effect of antihypertensive treatments in 

patients, but a limited benefit from beta-blockers (Lanham et al., 2019; Lebouvier et al., 2020). 

However, both these reviews were not specific to AD patients. However, in support of findings 

from the current study, a study by Rosenberg and colleagues showed that use of beta-blockers 

in AD patients was associated with a delay in their functional decline (Rosenberg et al., 2008). 

In a different longitudinal study, beta-blocker use was associated with a lower risk of cognitive 

impairment compared to other classes of antihypertensive treatment (Gelber et al., 2013). 

However, individuals on beta-blockers who were diagnosed with T2DM and had higher pulse 

pressure showed increased risk of cognitive decline (Gelber et al., 2013). The findings from 

the study by Gelber and colleagues are consistent with those from the current study as patients 

on beta-blockers had the lowest pulse pressure compared to the rest of the groups and had a 

similar proportion of patients with T2DM as the other two groups (Gelber et al., 2013). Thus, 

future work and longitudinal studies are needed to establish whether beta-blocker use could be 

beneficial in protecting the brain from the additional effect of high blood pressure in AD 

patients.  
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In the current study, on stratifying the AD patients on antihypertensive treatment by medication 

type, the patients who were taking beta-blockers (Group 2) had a better prognostic profile of 

AD than the other two groups with respect to GMV and CSF. The patients who were on beta-

blockers not only had the highest GMV and lowest CSF volumes compared to the other groups, 

but also had the lowest cerebrovascular burden as measured using WMH volume. Lower 

cerebrovascular burden as measured using WMH volume in this group could be a contributing 

factor towards preservation of GMV observed in this group (Firbank et al., 2007). In turn, a 

possible explanation for the lower cerebrovascular burden in this group could be the result of 

the lower blood pressure readings (Dufouil et al., 2001; Firbank et al., 2007). It is also difficult 

to extrapolate whether medication adherence in the different groups could be a factor in 

explaining the differences in pulse pressure found within the groups. Considering that there 

was no difference in education, which is a significant predictor of medication adherence, it is 

possible that the use of beta-blockers in AD patients could be beneficial to brain structure and 

function compared to other classes of antihypertensive treatment or a combination of the two 

(Alkatheri & Albekairy, 2013). However, given the cross-sectional nature of the data, it is 

difficult to deduce whether these volumetric differences are an effect of the use of beta-blockers 

or if these differences were inherently present in the respective patient groups. Future studies 

that focus on longitudinal effects of beta-blockers in AD patients could thus help shed light on 

the nature of the effect of this class of antihypertensive medication in the AD brain.  

 

A better AD phenotype in AD patients taking beta-blockers (Group 2) could be attributed to a 

lower cerebrovascular burden in this group as measured using WMH volume. In turn, an 

explanation for the lower cerebrovascular burden in this group could be attributed to the 

significantly lower pulse pressure found in this group compared to the other two groups, as 

pulse pressure can substantially modulate cerebrovascular burden (Aribisala et al., 2014; 

Mitchell et al., 2011). A study on rats, however, did not find reductions in pulse pressure with 

beta-blocker treatment although pulse pressure was reduced with use of other classes of 

antihypertensive treatment (Christensen, 1991). A study in humans also showed that beta-

blocker use did not change structural or functional properties of arteries that could affect pulse 

pressure (Schiffrin, Deng, & Larochelle, 1994). The same study showed that a converting 

enzyme inhibitor helped correct structural abnormalities in arterial structure, which aided in 

lowering pulse pressure (Schiffrin et al., 1994). It is thus unclear as to what mechanisms might 

have contributed to the observed beneficial effect of use of beta-blockers in AD patients. A 

study examining neuropathological hallmarks of AD in patients who were taking different 
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classes of antihypertensive treatment showed no differences in neuropathological burden 

(Affleck et al., 2020). Rather, the study showed an overall beneficial effect of antihypertensive 

drug use in AD patients in limiting the spread of AD pathology in patients (Affleck et al., 

2020). Additionally, cardiovascular comorbidities were evenly distributed across the three 

groups. Therefore, it is possible that the presence of these conditions did not influence the level 

of cerebrovascular burden or blood pressure measurements found in the AD patients on beta-

blockers compared to the other two groups.  

 

Findings from the voxel-wise analyses show that medicated AD patients taking beta-blockers 

(Group 2) showed higher CBF and GMV compared to the AD patients on antihypertensive 

treatment except for beta-blockers (Group 1) in medial parietal, medial temporal lobe, occipital, 

cerebellar, orbitofrontal and brainstem regions. There was an overlap in the differences found 

in CBF and GMV in the left insula, left hippocampus, cerebellum and the brainstem. These 

brain regions are primarily supplied by the posterior circulation system, except the insula 

(section 2.1.1.3). This overlap could indicate that beta-blockers could be effective in preserving 

brain structure and CBF in brain regions that are supplied by the posterior cerebral circulation 

in AD patients with high blood pressure. The vulnerability of the posterior circulation system 

to the effects of hypertension has also been found previously (Cates et al., 2012). Assuming 

that the effect is causal, it is also possible that the overlap could indicate a beneficial effect of 

higher CBF in preserving GMV in AD patients on beta-blockers. The inverse may also be true 

where preservation of GMV could have resulted in a co-localised CBF signal (Yu et al., 2017). 

However, the use of the correction for partial volume effects in the current study might have 

helped overcome the limitation in inferring that a higher CBF signal is observed independent 

of the preservation of grey matter, as the partial volume correction helps eliminate signal due 

to variations in measurements of brain parenchyma (Section 4.3.6.3, Partial Volume 

Correction). Nevertheless, the directionality of the findings cannot be determined with the 

cross-sectional design used in the current study.  

 

The overlapping findings of higher CBF and GMV in AD patients on beta-blockers (Group 2) 

compared to AD patients on other antihypertensive medications except for beta-blockers 

(Group 1) in the left hippocampus are of particular significance. The hippocampus is one of 

the brain regions that is significantly affected by AD, in addition to higher susceptibility of the 

left hemisphere to damage from AD (Donix et al., 2013; Loewenstein et al., 1989; Murphy, 

Jernigan, & Fennema-Notestine, 2003). The fact that the left hippocampus shows colocalised 
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patterns of higher CBF and GMV in AD patients with beta-blockers than those on other 

antihypertensive drugs except for beta-blockers might indicate that beta-blockers could be 

more effective in protecting the brain from the additional effects of hypertension in AD patients 

and therefore preventing the occurrence of a more severe radiological AD phenotype. Higher 

CBF in the patients on beta-blockers was primarily found in periventricular areas spanning 

across the medial parietal areas to the medial temporal lobe regions extending into the bilateral 

hippocampi. In AD, there is often a disconnection between the medial parietal areas and the 

MTL structures (Villain et al., 2008; section 1.6.2.1). This could again indicate that AD patients 

on beta-blockers may benefit through the preservation of CBF and GMV in brain regions 

typically affected in AD. It is also of significance that the extracted GMV and CBF signals 

were associated with better performance on tasks measuring abstract reasoning, attention and 

executive function. Preservation of GMV and CBF in brain regions that are known neural 

correlates of these cognitive functions further lends support to the notion that beta-blockers 

may be effective in protecting the brain against damage from chronically elevated blood 

pressure (Manns, Hopkins, & Squire, 2003). Therefore, the beneficial effect of beta-blockers 

could aid in preserving cognitive functions, brain structure and CBF that are impaired in AD.  

 

In the voxel-wise analysis comparing AD patients on beta-blockers (Group 2) and AD patients 

on both, other classes of antihypertensive treatment and beta-blockers (Group 3), higher CBF 

and GMV were found in AD patients on beta-blockers only (Group 2) in the parietal, frontal, 

subcortical, medial temporal lobe, cerebellar and brain stem regions. These differences were 

similar to the differences found in the group comparison between AD patients on beta-blockers 

(Group 2) and AD patients on antihypertensive treatments except beta-blockers (Group 1). 

However, AD patients on beta-blockers showed more extensive patterns of higher CBF, but 

less extensive patterns in GMV compared to AD patients on both beta-blockers and other 

classes of antihypertensive drugs. Additionally, most differences in GMV showed an overlap 

with brain regions exhibiting differences in CBF in this comparison. Furthermore, the extracted 

GMV signal was linked with better performance on tests measuring long term memory, 

executive function and abstract reasoning. This could signify that the use of beta-blockers only, 

to treat high blood pressure in AD patients could be more beneficial in preventing a more severe 

clinical and radiological AD phenotype compared to other classes of antihypertensive treatment 

or a combination of the two.  
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Some group differences were also found in the performance on certain tests of cognition. The 

MMSE is a test that measures general level of cognitive functioning and is often used as an 

indicator for measuring the clinical severity of AD (Clark et al., 1999; Teng et al., 1987). 

Patients who were on any type of antihypertensive treatment except for beta-blockers (Group 

1) had better performance on the MMSE compared to AD patients who were on a combination 

of beta-blockers and other types of antihypertensive treatment (Group 3).  Previous work has 

shown that angiotensin-converting enzyme inhibitors and calcium channel blockers might be 

more effective than beta-blockers and diuretics to tackle the cognitive complications observed 

in hypertensive patients (Amenta et al., 2002). It is possible that prolonged use of classes of 

antihypertensive medication that did not include beta-blockers could have helped preserve a 

general level of cognitive functioning in these patients (Rozzini et al., 2006; Watfa et al., 2010). 

However, it is important to note that the baseline differences between the patient groups could 

be coincidental and that causal inferences cannot be drawn from these findings. Although not 

statistically significant, the patients in Group 1 had higher number of years in education than 

Group 3, which could have contributed to this pattern of findings. Nevertheless, Group 1 

showed better performance on the MMSE despite presenting with lower parenchymal volumes, 

higher WMH load and higher blood pressure measurements than Group 3. This pattern of 

findings could indicate a beneficial effect of all classes of antihypertensive medication 

excluding beta-blockers, on general cognitive function in AD patients.  

 

5.5.4 Limitations 

 

Given the cross-sectional nature of the data in the current study, it is difficult to draw inferences 

on the causality of the findings. Therefore, in the comparison of AD patients on different 

classes of antihypertensive treatment it is difficult to establish whether beta-blocker treatment 

is associated with a less severe clinical and radiological AD phenotype. Future research with a 

longitudinal design exploring the effects of beta-blockers on the AD brain is needed, to 

establish the beneficial effect of beta-blockers. Additionally, single time point measurements 

of blood pressure are highly variable and may not give an indication of the level of control of 

blood pressure exerted by the medication (Rothwell et al., 2010a). It is also difficult to 

determine whether the higher blood pressure readings in the medicated group could be 

attributed to poor adherence, low educational attainment or poor monitoring or adjustment of 

medication regimes. Furthermore, it is difficult to isolate the detrimental effects of 

hypertension even after controlling for the presence of comorbidities. Another limitation of the 
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study is the lack of information on the duration of the antihypertensive treatment. Without this 

information, it is difficult to estimate the required duration of medication that could facilitate 

preservation of brain structure and function in hypertensive AD patients. Due to the prolonged 

asymptomatic period of hypertension, it is also difficult to identify the exact time frame for 

disease onset, therefore making inferences about hypertension duration and its effect on the 

brain remains in contention (Rosen et al., 2006). This is a limitation in most research related to 

hypertension. Furthermore, in the post hoc analysis on the medicated patients, the patient group 

taking beta-blockers only had only 13 participants, a significantly smaller number of 

participants in this group compared to the other two groups that had 24 and 34 participants, 

respectively. Therefore, the smaller sample size limits the inferences that can be drawn from 

these results.  

 

5.5.5 Conclusions 

 

Results from this study indicate no effect of blood pressure lowering agents in AD patients 

with a medical history of hypertension compared to AD patients not medicated for 

hypertension. A possible explanation for the absence of a beneficial effects of antihypertensive 

treatment in the medicated AD patients could be the similarity in hypertensive blood pressure 

readings found in both unmedicated and medicated AD patients. However, further breaking 

down the medicated and unmedicated patient groups into hypertensive and normotensive 

groups did not change the findings indicating that the level of blood pressure control did not 

influence the findings. However, a higher burden of cardiovascular comorbidities that increases 

cerebrovascular burden in the medicated group could offer an explanation for higher levels of 

blood pressure and an absence of a beneficial effect of blood pressure lowering medication in 

the medicated AD patients (Gelber et al., 2013; Yoshita et al., 2006). This indicates that primary 

prevention of modifiable cardiovascular risk factors could be key in improving the prognosis 

of AD and improving the effect of antihypertensive medication (Ngandu et al., 2015). 

Additionally, measures to improve blood pressure control through regular monitoring and 

evaluation of antihypertensive medication regimes and interventions to improve health literacy 

to increase medication adherence could also aid in preventing a more severe clinical and 

radiological AD phenotype (Jankowska-Polańska et al., 2016; Yasar et al., 2013).  

 

In patients unmedicated for hypertension, negative correlations were found between pulse 

pressure and CBF primarily in subcortical structures and in brain regions lying in the border 
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zones of terminating and perforating branches of major cerebral arteries. Such arteries have 

delicate structures and are particularly susceptible to the adverse effects of hypertension 

(Gutierrez et al., 2015). The unmedicated patients had blood pressure readings within the 

hypertensive range. This could potentially warrant close monitoring of blood pressure in AD 

patients and administering antihypertensive medication to patients with blood pressure lying 

within the hypertensive ranges even without a history of hypertension. A previous criticism of 

lowering blood pressure is general reductions in CBF (which is also observed in AD) which 

could be detrimental to brain health (Kim et al., 2013; Muller et al., 2012). However, there are 

some studies that have investigated the effect of hypertensive medication on CBF and these 

have shown that antihypertensive treatment does not reduce CBF but can instead improve CBF 

in older individuals and in AD patients (Dai et al., 2008; de Jong et al., 2019). It is possible 

that the prolonged use of blood pressure lowering medication in hypertensive patients can 

protect the brain against neuropathological accumulations (such as WMH, A plaques and 

NFTs) (Affleck et al., 2020; Dufouil et al., 2001). Nevertheless, baseline clinical disease 

severity needs to be considered before administering blood pressure lowering medication as 

this can have differential effects on AD neuropathological deposits in patients with mild and 

moderate AD (Abdullah et al., 2020). In this study by Abdullah and colleagues, a higher 

neuropathological burden was observed in AD patients with moderate disease severity treated 

with nilvadipine, a dihydropyridine calcium channel blocker (Abdullah et al., 2020). It is 

possible that these effects were observed due to the accumulation of irreversible insults that 

could not be alleviated even with antihypertensive medication. This, yet again highlights the 

vitality of early intervention in reducing AD risk to improve disease prognosis. Therefore, it 

appears that blood pressure lowering medication in hypertensive AD patients could help 

prevent the formation of AD and vascular pathology while protecting brain structure, CBF and 

cognitive function in the presence of comorbid hypertension in AD, more so in patients with 

mild AD.  

 

Another explanation for the absence of a finding of the beneficial effects of antihypertensive 

treatment in medicated patients compared to unmedicated patients could be the differences in 

the effects exerted by the class of antihypertensive treatment in AD patients. The current study 

found a better prognostic profile of AD patients on beta-blockers only (Group 2) compared to 

AD patients on other classes of antihypertensive treatment except for beta-blockers (Group 1) 

and a combination of the two (Group 3). This finding is contradictory to findings in cognitively 
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normal individuals which show a beneficial effect of antihypertensive treatment except for 

beta-blockers on cerebral constituents and cognitive function (Davies et al., 2011; Holm et al., 

2020). However, the findings from the present study are not consistent with observations in 

previous work on AD patients that do show some beneficial effects of the administration of 

beta-blockers in AD patients compared to other classes of antihypertensive drugs (Rosenberg 

et al., 2008).  
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6.1 Introduction 

The number of individuals diagnosed with Type 2 Diabetes (T2DM) has risen to pandemic 

proportions, with 451 million recorded cases worldwide and it is estimated that this figure will 

rise to 693 million by 2045 (Cho et al., 2018b). Major contributors that increase the risk for 

T2DM include high rates of obesity, sedentary lifestyles (characterised by physical inactivity 

and consumption of food rich in calorific content), unhealthy diet, lower education and 

smoking (Bellou et al., 2018). Considering that all these conditions are modifiable, close 

attention needs to be paid toward early intervention and primary prevention. One of the caveats 

of the current state for the diagnosis of diabetes is that the pathology has a much earlier onset 

before any clinical presentations of the disease, similar to what is seen in AD (American 

Diabetes Association, 2002; Caballero et al., 1999; Parnetti et al., 2019; Troncoso et al., 1998). 

Therefore, the cascade of mechanisms detrimental to health begins long before T2DM 

treatment can begin, causing irreversible systemic damage that can contribute toward the 

development of a variety of diseases, one of which is AD (Bellou et al., 2018; Chornenkyy et 

al., 2019). AD and T2DM share a plethora of common neurodegenerative mechanisms, which 

has even resulted in AD being coined ‘Type 3 diabetes’ (de la Monte, Tong, & Wands, 2018). 

Considering that pathological processes and alterations to cerebral properties commence long 

before the presentation of clinical symptoms in both diseases and that known risk factors for 

these diseases are modifiable and the growing number of individuals diagnosed with T2DM 

and AD, there is an urgent need to increase measures for primary prevention.  

  

6.1.1 Neural correlates of T2DM and AD 

As a result of the pathological mechanisms seen in T2DM, there are several downstream effects 

that can alter the microvasculature and macrovasculature of the brain (Caballero et al., 1999; 

Stratton et al., 2000). Resultant alterations in the brain can manifest as structural and functional 

neuronal changes (Moulton et al., 2015; Wu et al., 2017; Xia et al., 2013b). In the presence of 

AD pathology, the cumulative effects of T2DM and AD could thus significantly deteriorate 

brain structure and function that could result in a more severe radiological AD phenotype.  

Chapter 6: The Additional Burden of Type 2 

Diabetes on the Brain in AD  



 240 

 

6.1.1.1 Structural neuroimaging in T2DM and AD 

6.1.1.1.1 Grey Matter Volume 

Considering the gross effect of T2DM on brain structure, along with observed global atrophy, 

there are specific brain regions that are vulnerable to the downstream pathological mechanisms 

of the disease (Biessels & Reijmer, 2014). The majority of the literature points towards T2DM-

related atrophy in the MTL structures and subcortical brain regions (Brundel, Kappelle, & 

Biessels, 2014; Moulton et al., 2015). The hippocampus (a structure heavily implicated in AD) 

is influenced by T2DM pathology, as it is more susceptible to damage from downstream 

hypoxic and hyperglycaemic conditions, relative to other brain regions (Anan et al., 2010; 

Biessels & Reagan, 2015; den Heijer et al., 2003; Gold et al., 2007; Hayashi et al., 2011; 

Kamiyama et al., 2010).  

 

Evidence shows that maintaining glycaemic control in T2DM is a recurring challenge and 

glucose homeostasis has been shown to have an effect on brain structure (section 2.1.2). Several 

studies have shown a negative effect of hyperglycaemia and poor glycaemic control on GMV. 

A longitudinal study showed that higher blood glucose was associated with lower global and 

regional brain volumes in T2DM patients (Walsh et al., 2017). In contrast, a study showed that 

glycaemic control was not associated with neuroimaging measures although a T2DM diagnosis 

was associated with these measures (Raffield et al., 2016). It was suggested that the variability 

in neuroimaging measures found in the study could be attributed to mechanisms grounded in 

vascular comorbidities seen in T2DM as opposed to glycaemic control (Raffield et al., 2016). 

Moulton and colleagues expanded on this view by suggesting that hippocampal atrophy may 

be the result of common neurodegenerative mechanisms between AD and T2DM, and that 

global and other regional atrophy could be attributed to vascular dysfunction (Moulton et al., 

2015). However, a different study showed that glycaemic control could help slow down the 

progression of grey matter atrophy (Erus et al., 2015). It is possible that the study conducted 

by Erus and colleagues found an association between blood glucose levels and GMV which 

was absent in the study by Raffield and colleagues, due to the division of participants into 

groups according to disease duration which was not done in the latter study (Erus et al., 2015; 

Raffield et al., 2016). Inclusion of individuals with variable diabetes duration could have 

therefore dampen the effect of glycaemic control seen on GMV in the study (Raffield et al., 

2016).  
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Insulin is integral to several key processes in the brain and another possible mechanism 

influencing grey matter atrophy in T2DM is IR (Arnold et al., 2018). Structural changes 

resulting from IR have previously been observed in AD (Mullins, Mustapic, Goetzl, & 

Kapogiannis, 2017; Neth & Craft, 2017). In addition to the presence of insulin receptors in the 

hippocampus, the BBB in the blood vessels surrounding the hippocampus is highly vulnerable 

to ischemic injury, due to the delicate vasculature supplying this region and the aforementioned 

vascular dysfunction seen in T2DM and AD (Arnold et al., 2018; De Felice, 2013; Erickson & 

Banks, 2013). Reduced rCBF to the hippocampus has detrimental effects on hippocampal grey 

matter, which could indicate why this region is susceptible to T2DM effects (Wirth et al., 

2017b). Additionally, IR-mediated reductions in CBF and the depositions of AD-like 

pathological accumulations in this region can also result in regional and global alterations to 

GMV (Arnold et al., 2018; Dineley, Jahrling, & Denner, 2014; Hwang & Lee, 2016). 

Hippocampal atrophy is one of the primary hallmarks of AD and the fact that the hippocampus 

is particularly vulnerable to the pathological effects of T2DM, could suggest a common link 

between T2DM and AD (Mattsson et al., 2016). 

 

Apart from exerting regional effects in the hippocampus and MTL regions, T2DM can cause 

global and regional alterations in other grey matter structures. Studies on patients with T2DM 

and their age-matched controls found that patients with T2DM had lower GMV in the parieto-

occipital areas compared to controls (Ahtiluoto et al., 2010; Nelson et al., 2009). However, 

these studies used region of interest analyses as opposed to whole brain voxel-based 

morphometric procedures, limiting the extent of brain areas covered in the analysis. A meta-

analysis exploring the effects of T2DM on brain structure identified structural deficits in the 

basal ganglia, hippocampus, orbitofrontal cortex and the occipital lobe (Moulton et al., 2015). 

In conjunction with these results, Kumar and colleagues found that AD pathology was 

associated with volumetric deficits seen in subcortical structures namely, the striatum, putamen 

and thalamus (de Jong et al., 2008). An explanation for volumetric deficits in the subcortical 

structures could lie in the susceptibility of these regions to damage inflicted by vascular 

dysfunction as seen in AD and T2DM. The delicate vasculature of deep brain areas (such as 

the lenticulostriate arteries that supply the basal ganglia) is highly vulnerable to ischaemic 

insult and damage to these arteries could result in hypoperfusion-mediated neuronal damage 

(Kalaria, 2016; Umemura, Kawamura, & Hotta, 2017). In the presence of microvascular and 

macrovascular complications resulting from T2DM, arteries perforating deep brain regions are 
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even more susceptible to damage (Gutierrez et al., 2015; Rosner et al., 1984; Soustiel et al., 

2001). Atrophy of deep-seated brain regions such as the basal ganglia is also seen in AD, which 

has also been associated with consequent cognitive impairment (Tuokkola et al., 2019; Yi et 

al., 2016). A meta-analysis on T2DM found lower GMV in temporal brain regions (Wu et al., 

2017). Yet another meta-analysis found lower GMV in the regions implicated in the cortico-

striatal limbic networks namely, temporal gyri, the cingulate cortex, precuneus and left basal 

ganglia extending into the parahippocampal gyrus in individuals with T2DM (Liu et al., 2017). 

The pattern of atrophy seen in the limbic areas seems to correspond with the ‘disconnection’ 

of the regions in the DMN typically seen in AD, indicating a concatenation in the patterns of 

GMV deficits seen in T2DM and AD (section 1.6.1.1; section 1.6.2.1).   

 

Considering the overlap between areas affected by AD and T2DM, a cumulative detrimental 

effect is expected in individuals affected by both conditions. There is a current gap in the 

literature where studies using a specific focus on the additional effects of T2DM in AD patients, 

are lacking. There are several studies that look at grey matter atrophy and associated cognitive 

impairment or dementia in T2DM patients that again point towards the vulnerability of MTL 

structures in patients diagnosed with T2DM with mild cognitive impairment (Bruehl et al., 

2009; Groeneveld et al., 2018; Roberts et al., 2014; Zhang et al., 2014b). In one study, T2DM 

patients with cognitive impairment presented with higher grey matter atrophy, especially in the 

right temporal lobe and subcortical structures than T2DM patients without cognitive 

impairment (Groeneveld et al., 2018). In conjunction with past studies, hippocampal and whole 

brain atrophy was proposed to be a downstream effect of neurodegenerative mechanisms while 

formation of subcortical microbleeds was proposed to be a consequence of vascular 

dysfunction (Moulton et al., 2015; Roberts et al., 2014). In a different study, MCI patients with 

T2DM showed lower GMV in the left temporal lobe compared to MCI patients without T2DM 

(Zhang et al., 2014b). It appears grey matter in the temporal lobe is specifically susceptible to 

the effects of T2DM in the MCI stages.  

 

Therefore, the overall evidence is suggestive of a negative effect exerted by AD and T2DM, 

where T2DM can significantly increase the risk of AD or the progression of the disease (Ciudin 

et al., 2017; Roberts et al., 2014). The additional burden caused by T2DM-mediated changes 

in GMV that add on to the characteristic deficits seen in AD can amplify the grey matter 

atrophy observed. Global and regional grey matter changes may be the result of the interaction 

between several pathological mechanisms, which include IR, glucose dysregulation, 
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pathological depositions, neurodegeneration and vascular dysfunction, where the majority of 

the structural changes are attributed to vascular dysfunction. There is considerable overlap 

between the brain regions affected by the two conditions, which is most evident in the MTL 

and subcortical structures.  

 

6.1.1.1.2 White Matter Integrity 

 

T2DM has a significant effect on the cerebral macro and microvasculature that cause changes 

in CBF that specifically influence white matter since it is more prone to vascular insults as 

opposed to grey matter (Wang et al., 2016). T2DM has a profound and widespread effect on 

WMI. There are four main indices of diffusivity that measure the anisotropy of water molecules 

in axons. These indices are a proxy for the diffusion of water molecules along axons and can 

reveal information about the extent of white matter damage (Alexander et al., 2007).  Several 

studies found associations with various diffusivity indices in the uncinate fasciculus, superior 

longitudinal fasciculus, inferior longitudinal fasciculus, cingulum bundle, corpus callosum, 

fornix, parahippocampal white matter, hippocampal white matter, arcuate fasciculus, thalamic 

radiations, and the internal and external capsules in T2DM patients, that indicated poor white 

matter health in these tracts (Hoogenboom et al., 2014; Hsu et al., 2012; Kim et al., 2016; 

Maillard et al., 2015; Tan et al., 2016; Yau et al., 2014; Zhang et al., 2014a). Most of the above 

studies used FA as a measure of WMI. The white matter tracts showing reduced white matter 

health in T2DM coincided with quite a few areas corresponding to the neurodegenerative 

changes seen in AD (such as the uncinate fasciculus and cingulum bundle), indicating 

overlapping degenerative patterns in T2DM and AD (section 1.6.1.2). Additionally, damage to 

the white matter tracts in T2DM has been associated with cognitive deficits in domains of 

memory, executive function, processing speed and visuospatial processing, most of which may 

also be presented in AD across different stages (Hoogenboom et al., 2014; Hsu et al., 2012; 

Kim et al., 2016; Maillard et al., 2015; Tan et al., 2016; Yau et al., 2014; Zhang et al., 2014a; 

section 1.3.4). However, these studies have variable limitations including small sample sizes, 

significant differences in participant demographics and lack of corrections for multiple 

comparisons.  

 

Although the role of the cerebellum is unclear in the pathological presentations of structural 

deficits in AD and T2DM, studies have previously identified structural white matter deficits in 

the cerebellum and tracts arising from this structure in the presence of T2DM (Hoogenboom et 
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al., 2014; Yau et al., 2014; Zhang et al., 2014a). The limited findings in the cerebellum are 

attributed to the exclusion of this structure from most research analyses due to its limited 

involvement in AD neurodegeneration and T2DM pathogenesis (Kumar et al., 2008; Reijmer 

et al., 2013b). Although most studies exploring the effect of T2DM on WMI used FA as a 

diffusivity index, one of the above studies looking at different diffusivity indices showed lower 

FA and higher mean diffusivity and axial diffusivity in individuals with T2DM in comparison 

to controls. These differences were found specifically in the white matter tracts connecting 

regions of the DMN and also a lot of white matter tracts connecting different regions involved 

in the limbic system (Tan et al., 2016). This finding was consistently reported in other studies 

that showed reduced WMI in patients with T2DM in white matter tracts connecting regions of 

the DMN such as the cingulum bundle and parahippocampal white matter (Hoogenboom et al., 

2014; Hsu et al., 2012; Qi et al., 2017). Again, this is representative of the ‘disconnection’ of 

brain regions typically observed in AD (section 1.6.2.1).  

 

As seen with grey matter, the challenge to achieve optimal glycaemic control in T2DM patients 

also tends to influence white matter structures. However, there is a fundamental difference in 

glucose activity between grey matter and white matter, where the rate of cerebral glucose 

metabolism is three times lower in white matter than grey matter, which could influence the 

effects T2DM has on white matter (de Graaf et al., 2001; Pan et al., 2000). Previous studies 

looking at the effect of glucose regulation on WMI have shown that increased levels of fasting 

blood glucose can cause reductions in WMI, specifically in the inferior longitudinal fasciculus, 

thalamic radiations, short association fibres and the corpus callosum (Bryan et al., 2014; 

Weinstein et al., 2015). IR (which affects glucose metabolism) can also alter WMI in the corpus 

callosum, corona radiata, fornix, and inferior fronto-occipital fasciculus (Nouwen et al., 2017; 

Ryu, Coutu, Rosas, & Salat, 2014). Reductions in WMI in tracts affected by IR and glucose 

dysregulation are less frequently associated with those seen in AD, with most studies showing 

an effect of these mechanisms on frontal lobe white matter (Groeneveld et al., 2018; 

Hoogenboom et al., 2014; Hsu et al., 2012; Reijmer et al., 2013a). It has been established that 

T2DM and AD tend to affect MTL structures predominantly while obesity and other vascular 

comorbidities mediate more frontal lobe damage (Brooks et al., 2013; den Heijer et al., 2003; 

Jack et al., 1998; Raji et al., 2010; Raz et al., 2003). Therefore, it is possible that other 

downstream mechanisms of T2DM (such as vascular dysfunction) might also contribute 

toward the typical pattern of white matter damage seen in the disease, and that this pattern of 

damage is reflective of more severe neurodegenerative processes in AD. Changes in white 
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matter mediated by IR and glucose dysregulation might therefore be additional to the white 

matter damage present in these two conditions independently.  

 

By far, there is no research on WMI in T2DM patients who have already been diagnosed with 

AD dementia. However, several studies have looked at different forms of mild cognitive 

impairment in T2DM to look at the effect on WMI (Hoogenboom et al., 2014; Hsu et al., 2012; 

Tan et al., 2016; Yau et al., 2009). One such study used DTI parameters to look at WMI in 

diabetic patients with and without MCI and healthy controls. The study found lower FA and 

higher mean diffusivity and radial diffusivity in diabetic patients with MCI when compared to 

those without MCI (Xiong et al., 2016). These differences indicated lower integrity of white 

matter tracts in the frontal lobe (corona radiata and internal and external capsules) and the 

temporal lobes (posterior thalamic radiations and bilateral hippocampi) in diabetic patients with 

MCI compared to those without (Xiong et al., 2016). Other studies on T2DM patients with 

cognitive impairment showed similar findings, with additional reductions in WMI in the 

uncinate fasciculus, inferior longitudinal fasciculus, cingulum and corpus callosum 

(Hoogenboom et al., 2014; Reijmer et al., 2013a; Yau et al., 2009). However, a study showed 

no difference in WMI between T2DM patients with and without MCI indicating inconsistent 

findings (Groeneveld et al., 2018). Therefore, reduced WMI in the frontal lobe and MTL 

structures could be indicative of the combined effects of AD and T2DM pathology.  

 

6.1.1.1.3 White Matter Hyperintensities 

 

Considering the vascular complications of T2DM and the formation of micro brain bleeds, a 

brief glance into research on WMH in T2DM patients is essential. The formation of WMH in 

T2DM patients has previously been attributed to the macrovascular and microvascular changes 

that can alter cerebral vasoregulation (Novak et al., 2006). A study that followed up patients 

with T2DM and healthy controls over a span of four years found higher WMH and grey matter 

atrophy in both groups with relatively similar rates of progression with a slightly higher rate of 

progression in T2DM patients. This could be due to the short follow-up period of four years as 

T2DM-related changes in brain structure were proposed to occur over a longer period of time 

(De Bresser et al., 2010). Another study found no differences in WMH between controls and 

individuals with T2DM (Hsu et al., 2012). The average disease duration of T2DM in these 

individuals was 5.4 years (Hsu et al., 2012). A longer disease duration may be needed to detect 
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changes in WMH resulting from chronic vascular dysfunction in T2DM. In support of this 

view, another study showed no association between WMH load and structural deficits seen in 

T2DM patients (Reijmer et al., 2013a). Diabetes duration in these patients was an average of 

8.6 years. However, the average age of the participants was 70 years. Higher age could have 

weakened the observable harmful effect of T2DM-mediated vascular dysfunction (Reijmer et 

al., 2013a).  In contrast, a different study that looked at WMH in individuals (~66years) with 

an average diabetes duration of 8 years, found larger WMH volumes in individuals with T2DM 

(Jongen et al., 2007). Therefore, the harmful effect of WMH in T2DM patients may depend on 

several factors such as the duration of the disease and age of the participants. A different study 

proposed that T2DM and WMH might be independent predictors of cognitive decline 

(Verdelho et al., 2010). Therefore, the additive effect of WMH resulting from chronic vascular 

dysfunction in T2DM could result in cognitive decline additional to that which is seen in 

T2DM. 

 

6.1.1.2 Functional neuroimaging in T2DM and AD 

 

6.1.1.2.1 Resting-state functional magnetic resonance imaging (rs-fMRI): The default 

mode network (DMN) 

 

Functional connectivity is derived from the blood oxygenation level dependent (BOLD) 

response or how much blood is consumed in response to neuronal activity. Metabolic 

abnormalities and vascular deficits can have a huge impact on modulating this activity 

(Binkofski & Seitz, 2004; Duarte et al., 2015). Since T2DM is accompanied by pathological 

cascades that can impinge on cerebral vascular and metabolic functions, functional 

connectivity is significantly altered in the disease (Chen et al., 2015a; Hoogenboom et al., 

2014; Musen et al., 2012). T2DM seems to exert specific effects on different networks in the 

brain, mainly regions of the DMN. Studies looking at seed-based connectivity have found 

reduced connectivity from the hippocampus, posterior cingulate gyrus and thalamus to areas 

of the DMN, cerebellum, frontal and temporal lobes in T2DM patients (Xiong et al., 2016). 

Reduced connectivity in these regions also correlated with lower performance on tasks 

involving memory, executive function, attention, processing speed and visual function (Chen 

et al., 2014; Chen et al., 2015a; Musen et al., 2012; Zhou et al., 2010a). On the other hand, 

whole-brain analysis research, without an a priori identification of regions of interest has found 

significant reductions in functional connectivity within the DMN and between the DMN and 
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other brain regions (Chen et al., 2014; Hoogenboom et al., 2014; Xia et al., 2015a; Xia et al., 

2015b; Xia et al., 2013b; Zhou et al., 2010a). These reductions have been hypothesized to be 

affected by T2DM-related mechanisms such as IR and glucose dysregulation, where functional 

connectivity in the MTL seems to be particularly vulnerable to IR (Chen et al., 2014; Cui et 

al., 2015; Hoogenboom et al., 2014; Musen et al., 2012; Xia et al., 2015b; Xia et al., 2015b; 

Xia et al., 2013b).  

 

As observed in the structural studies, there seems to be a predominant effect of T2DM on the 

MTL structures. A study looking at hippocampal connectivity within the DMN found lower 

functional connectivity among T2DM patients between the hippocampus and the frontal lobe 

(anterior cingulate gyrus, middle frontal gyrus and frontal gyrus), temporal lobe (fusiform 

gyrus and temporal gyrus) and parietal lobe (precuneus, posterior cingulate gyrus and inferior 

parietal lobe) (Chen et al., 2014; Xia et al., 2015b). Other studies have found similar disruptions 

in functional connectivity between the MTL structures and frontal regions and the posterior 

cingulate gyrus in T2DM patients compared to healthy controls (Zhou et al., 2010a). Reduced 

functional connectivity in the fronto-temporal areas could thus be explained as a reflection of 

the prolonged effects of T2DM duration, IR and hyperglycaemia seen in T2DM.  

 

Analogous to lower functional connectivity, higher functional connectivity can also be 

indicative of underlying neuropathological mechanisms. Increased functional connectivity 

could be reflective of maladaptive neural mechanisms in response to reduced brain function in 

other regions or deteriorating brain structure (Chen et al., 2014; Hoogenboom et al., 2014; 

Musen et al., 2012). These mechanisms could be explained by the maladaptive compensatory 

neuroplastic changes that could arise in response to deficits in neural structure, disease related 

brain damage and ischaemic insult (Cui et al., 2016; Park and Reuter-Lorenz, 2009; Xia et al., 

2015a). Such increases in functional connectivity were seen in a resting state functional MRI 

study by Xia and colleagues, where higher neural activity (as measured using amplitude of low 

frequency fluctuation) was found in the bilateral posterior cerebellar lobe and the right 

cerebellar culmen, which was decreased in temporal and occipital areas (Xia et al., 2013b).  

 

In addition to alterations in functional connectivity in the DMN, T2DM can also alter 

connectivity in other brain networks such as attentional networks (Xia et al., 2015a). A study 

showed that patients with T2DM with MCI seemed to exhibit problems in the executive control 

network while T2DM patients without MCI and healthy controls showed no alterations in these 
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networks (Yang et al., 2016). Since the executive control network is implicated in executive 

function, with components in the frontal lobe, it is possible that other vascular mechanisms as 

mediated by conditions such as obesity (that can be comorbid in T2DM) might explain the 

observed deficits (Colosia, Palencia, & Khan, 2013; Daousi et al., 2006; Dong, Lin, & Potenza, 

2015; Herrmann et al., 2019). There is evidence that AD patients have deficits in connectivity 

in the frontal networks implicated in executive function (Menon, 2011; Menon, 2013). It thus 

appears that reduced functional connectivity is seen between the hippocampus, posterior 

cingulate gyrus and frontotemporal regions in T2DM patients. This resembles a pattern of 

‘disconnection’ between the anterior, inferior and posterior DMN regions also seen in AD, 

pointing towards common cerebral properties affected by both conditions (Agosta et al., 2012). 

This could again point towards how the presence of T2DM in AD patients could increase 

radiological disease severity.  

 

6.1.1.2.2 Perfusion studies  

 

T2DM has significant effects on cerebral vascularisation through myriad mechanisms (Fukuda 

et al., 2015; Groeneveld et al., 2018). These changes can alter rCBF that can have an impact 

on neural structure and function (Moulton et al., 2015; Xia et al., 2015a). A number of studies 

have explored the impact of T2DM on CBF using ASL. One such study found lower CBF in 

T2DM patients in the hippocampus, inferior temporal, inferior parietal and frontal brain regions 

compared to controls. These reductions in CBF were associated with poor performance on tasks 

of memory, executive function and processing speed (Bangen et al., 2018). These deficits in 

cognition and CBF are similar to those presented in AD (section 1.3.4 and 1.6.2.3.1). A 

different study examined the contribution of cerebral vasoregulation and chronic inflammation 

to structural atrophy in T2DM using ASL. Higher inflammation and endothelial integrity were 

associated with volumetric deficits in temporal and parietal regions that were also associated 

with cognitive deficits (Last et al., 2007). This could point towards how vascular dysfunction 

in T2DM can negatively influence brain structure. However, the latter study failed to perform 

a whole brain analysis, which could have enhanced regional effects in CBF changes. Again, 

temporo-parietal CBF abnormalities are one of the first presentations in AD pointing towards 

similar brain regions being affected in AD and T2DM (Dai et al., 2008).  

 

In addition to the similarities seen with the typical AD pattern of hypoperfusion in T2DM, the 

condition can also alter CBF in the subcortical brain regions. A study found hypoperfusion in 
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T2DM patients compared to controls in subcortical brain regions that was most pronounced in 

the caudate nucleus and nucleus accumbens without any associated cortical atrophy or deficits 

in cognitive function (Jansen et al., 2016). The reason for the findings in the CBF reductions 

in subcortical regions could partly lie in the microvascular architecture irrigating this region. 

Blood vessels are generally deeper and fewer in number in the subcortical regions, making 

them more vulnerable to vascular insults (Jansen et al., 2016). Additionally, blood vessels 

supplying these regions have narrower lumen which exposes these arteries to the detrimental 

effects of embolic and ischemic events (Gutierrez et al., 2015; Moody et al., 1990; Rosner et 

al., 1984; Soustiel et al., 2001). A different study examining the effects of CBF on cognition 

using angiography found no correlation between the two variables in patients with T2DM 

(Novak et al., 2011). The latter two studies failed to control for partial volume effects, which 

could explain the absence of cognitive deficits in the presence of hypoperfusion. Failure to 

control for these effects can distort the CBF signal and therefore influence the association of 

the signal with cognitive function (Section 4.3.6.3, Partial Volume Effects).  Therefore, 

vascular changes mediated by downstream effects of T2DM seem to alter brain structure and 

to an extent, cognitive function.  

 

In addition to the vascular complications propagated by T2DM, other associated mechanisms 

such as IR can influence CBF as well. A study found lower CBF associated with IR in IR 

patients, but not in patients with T2DM (Rusinek et al., 2015). The absence of hypoperfusion 

in T2DM patients could be attributed to aggressive medication regimes administered to these 

patients to control levels of glucose, cholesterol and blood pressure (Rusinek et al., 2015). 

Findings from another study in cognitively normal asymptomatic individuals with IR showed 

lower CBF in frontal and temporal brain regions (Hoscheidt et al., 2017). In yet another study, 

IR mediated hypoperfusion in T2DM patients in the posterior cingulate cortex/precuneus and 

occipital lobe, was associated with cognitive deficits in visuospatial construction and visual 

memory, respectively (Cui et al., 2017). These studies show that IR can independently alter 

CBF that could manifest as cognitive deficits, also highlighting the vital role of insulin in 

promoting cerebrovascular health. In fact, a study on healthy individuals administered with 

intranasal insulin showed marked improvements in cerebral parenchymal perfusion (Akintola 

et al., 2017). Parallel perturbations in glucose homeostasis can also result in detriments to CBF 

(Desouza, Bolli, & Fonseca, 2010; Loader et al., 2015).  
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The overall evidence suggests that vascular deficits and other downstream pathological 

mechanisms resulting from T2DM-related complications can impair CBF and consequently 

brain structure and function. The CBF deficits in the above studies have been found in brain 

regions that are predilection sites for hypoperfusion in AD (Bangen et al., 2018; Cui et al., 

2017; Jansen et al., 2016; Last et al., 2007). Hypoperfusion in these sites (MTL and medial 

parietal regions) in T2DM has also been associated with cognitive deficits typically seen in AD 

(Bangen et al., 2018). The resemblance between the pattern of hypoperfusion in brain regions 

affected by AD and T2DM independently, again points towards how T2DM can increase the 

radiological severity of AD. In the presence of both conditions, this might imply that the 

additional burden resulting from comorbid T2DM could manifest as more severe radiological 

deficits and accelerated disease progression. Although several studies have examined how 

lower CBF in T2DM can be associated with cognitive impairment, so far no studies have 

explored the relationship between CBF and T2DM in MCI or AD patients.   

 

The above neuroimaging evidence shows that T2DM has a clear detrimental effect on brain 

structure and function. Studies that highlight the effect of comorbid T2DM in AD however, are 

sparse.  
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6.2 Aims and Hypotheses 

 

By far, no study has used multi-modal neuroimaging to explore the effects of comorbid T2DM 

in AD patients. The primary aim of the current chapter is to use multimodal MRI to show that 

the additional burden caused by vascular dysfunction and other pathological mechanisms seen 

in T2DM could be linked with damage to brain structure and alterations in cognitive function, 

that could exacerbate the insults inflicted by AD and normal ageing. This will be done by 

comparing three groups of participants using maps of GMV, WMI and CBF derived from 

multimodal MRI scans. The groups were divided as follows: Group 1: AD patients with T2DM, 

Group 2: AD patients without T2DM, Group 3: Cognitively normal individuals without T2DM. 

The patient groups consisted of patients across the AD spectrum with MCI or mild to moderate 

AD dementia. To achieve the primary aim, AD patients with T2DM would be compared with 

AD patients without T2DM to examine differences in neuroimaging parameters and cognitive 

function. In order to strengthen the primary aim, the secondary aim of the study was to compare 

the AD patient group without T2DM to the CN group to verify that the former group 

represented the typical deficits seen in AD patients. AD patients with T2DM will then be 

compared with CN individuals to explore whether the additional burden of T2DM in AD would 

show more extensive deficits in neuroimaging parameters and cognition. Overall, we expected 

to find structural deficits in regions displaying hypoperfusion. We hypothesised that we would 

observe the following differences:  

 

AD patients with T2DM vs AD patients without T2DM: AD patients with T2DM would present 

with lower cerebral indices than AD patients without T2DM. With respect to GMV, these 

detriments were expected in subcortical and medial temporal lobe regions while differences in 

WMI were expected in the tracts originating from these regions and tracts across the DMN. 

Hypoperfusion would be seen in grey matter areas and in the vicinity of white matter tracts 

connecting these grey matter regions, especially in the limbic and periventricular areas. These 

deficits would be associated with detriments in domains of memory and executive function.   

 

AD without T2DM vs CN: AD patients without T2DM would present with deficits in all 

cerebral indices in the MTL regions in addition to other areas typically affected by AD, mainly 

in regions involved in the DMN such as the medial parietal lobe. These deficits would mainly 

be associated with detriments in the memory domain.  
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AD patients with T2DM vs CN: AD patients with T2DM would present with widespread 

deficits in cerebral indices that would resemble a combination of the effects observed in the 

former two comparisons. These deficits would be associated with detriments in a variety of 

cognitive domains, with the strongest associations found in the memory domain.  
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6.3 Methods 

 

6.3.1 Participants 

The present study was designed to compare structural and perfusion differences among 72 

participants, 48 of whom were patients across the AD spectrum with and without T2DM, with 

24 patients in each group and an independent group of 24 CN individuals. The groups of AD 

patients (with and without T2DM) contain patients across the AD spectrum. These include 

patients with MCI and patients with mild to moderate ADD. Initially, 29 AD patients (including 

MCI) were identified from the database who had T2DM; from this initial sample, 5 patients 

had to be excluded due to unavailability of scans. Participants from this subset of patient were 

then used to find participants in the other two groups that were matched for age, sex, centre of 

recruitment and AD diagnosis (only for the patient groups). Details pertaining to consent, 

inclusion and exclusion criteria for the study and the diagnostic criteria used to characterise 

patients as ADD or MCI are specified in section 4.3.1. This study involved participants 

recruited across Sheffield, UK, Kuopio, Finland and Venice Italy and details about the 

recruitment for these participants have been included in sections 4.3.1 & 5.3.1. Demographic 

characteristics of the patients have been included in Table 6.1.  

 

6.3.2 Neuropsychological Assessment 

The neuropsychological assessment was administered as a battery of tests that measured 

performance on several cognitive domains including tests of memory (prose memory tests, 

semantic fluency), attention (digit span-forward), executive function (stroop task, digit span-

backward, phonemic fluency), and language (similarities test, confrontational naming). For a 

detailed description of the assessment, please refer to section 4.3.4. 

 

6.3.3 Physical Assessment 

As specified in the previous experimental chapters, all participants underwent physical 

assessments (section 4.3.2). The assessment included a health questionnaire pertaining to 

lifestyles habits that included diet, smoking and physical activity. Part of the assessment also 

included recording the participants’ medications and other medical conditions. Diabetes status 

for the AD patients that was obtained during these assessments was used to identify AD patients 

with T2DM in the present study. HbA1c values were not collected at the time of recruitment.  
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6.3.4 Imaging protocol 

 

The imaging protocol for T1-weighted, T2-weighted, FLAIR, DTI and ASL MRI scans has 

been specified in section 4.3.5.  

 

6.3.5 Preprocessing 

For the procedure carried out for the preprocessing of T1-weighted MRI scans using voxel-

based morphometry, please refer to section 4.3.6.1, to section 4.3.6.2 for the preprocessing of 

DTI data, to section 4.3.6.3 for the preprocessing of the ASL scans and to section 4.3.6.4 for 

the preprocessing of the FLAIR images to obtain parameters of WMH.  

 

6.3.6 Statistical analysis 

 

6.3.6.1 Demographic variables 

The participants across the three groups were matched for age, sex and centre of recruitment. 

Group comparisons were run in SPSS to compare the three groups to test for differences in 

demographic characteristics as specified in section 4.3.7.1.  

 

6.3.6.2 Cognitive variables 

Group comparisons were run to assess the differences between the three groups on cognitive 

tests according to the steps outlined in section 4.3.7.2.  

 

6.3.6.3 Voxel-based morphometry 

An ANCOVA was run to assess the volumetric differences between AD patients with and 

without T2DM and CN controlling for TIV. TIV was used as a covariate to account for 

differences in head size (Groot et al., 2017; Stern, 2009). Sex, centre of recruitment and disease 

diagnosis were not included as covariates as the participants were matched for these 

parameters. Blood pressure was not included as a covariate despite the fact that T2DM 

significantly alters blood pressure as only a single time point measurement was available, and 

this type of measurement is highly variable through the day and from visit to visit (Lim et al., 

2019). The results were thresholded at p < 0.001 and 500 voxels at the set level. Justifications 

for thresholding decisions are included in section 4.3.7.3. Three separate ANCOVAs were run 

comparing the groups as follows: AD with T2DM vs AD without T2DM, AD without T2DM 

vs CN and AD with T2DM vs CN. In all the analyses, a threshold of a family-wise error 
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corrected value of p < 0.05 was used to identify significant voxels at the cluster level. 

Therefore, all results were corrected for multiple testing at the cluster level. Additionally, all 

the results were checked by applying the family-wise error corrected value of p < 0.05 at the 

set level to examine those results that survived more stringent thresholds. Additionally, two 

contrasts were run for each of the analyses to test a two-tailed hypothesis.  

 

6.3.6.4 Tract-based spatial statistics 

The statistical analyses for the diffusivity measures were run using the ‘randomise’ tool in FSL. 

First, a data matrix was created containing information about group assignment and covariates 

used to perform the group comparisons. TIV was included as a covariate and used as a measure 

of brain reserve (Stern et al., 2018). In fact, Stern and colleagues outline the necessity for using 

brain reserve as a confounding factor in neuroimaging analysis (Stern et al., 2018). The data 

matrices to compare the groups were created a specified in section 5.3.7.4.1. The same contrasts 

and design matrices were used for the comparison of all diffusivity measures across the three 

groups. The groups were compared as follows: AD with T2DM vs AD without T2DM, AD 

without T2DM vs CN and AD with T2DM vs CN. Following this analysis, the threshold of the 

significance map was inverted due to the nature of the output and cluster information was 

extracted from the results from each of the contrasts. The threshold-free cluster enhanced 

images were used to mask voxels in the raw images using p < .05 (Smith & Nichols, 2009). 

The MNI co-ordinates of the peaks of the significant white matter tracts were then extracted to 

identify the white matter tracts as specified in section 4.3.7.6. 

 

6.3.6.5 Arterial spin labelling 

Similar to the voxel-based morphometry analysis, an ANCOVA was run to examine perfusion 

differences across the three groups, controlling for TIV, using the smoothed and normalised 

perfusion maps obtained from the preprocessing of ASL data using both contrasts. The groups 

were compared as follows: AD with T2DM vs AD without T2DM, AD without T2DM vs CN 

and AD with T2DM vs CN. At the set level, a threshold of p < .001 and 500 voxels was used 

to identify clusters that emerged significant. All the analyses were thresholded at a family-wise 

error corrected value of p < .05 to identify significant voxels at the cluster level. Therefore, all 

results were corrected for multiple comparisons at the cluster level. Justifications for 

thresholding decisions are included in section 4.3.7.5. 
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6.3.6.6 WMH 

Non-parametric correlations (Spearman correlation) were run to examine the association 

between WMH volume and performance on neuropsychological tests for the three groups 

independently.  

 

6.3.6.7 Post hoc analysis 

Identification of significant brain regions and signal extractions from these brain regions was 

done using the methods specified in section 4.3.7.6.2. The extracted signals were then 

correlated with cognitive tests and WMH volume to examine whether the extracted signal was 

associated with poor performance in cognitive domains and the extent of vascular burden. 

These correlations were performed in SPSS and non-parametric tests (Spearman correlations) 

were performed on those variables that violated the assumptions of normality of distributions.  
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6.4 Results 

6.4.1 Demographic characteristics 

In terms of their distributions only MMSE, WC and WMH volume had non-parametric 

distributions whereas the rest of the demographic variables had non-parametric distribution. 

After comparing the three groups on their demographic characteristics there were no significant 

differences in age, BMI and TIV while the groups differed on MMSE, years of education, WC, 

GMV, WMV, CSF and WMH volume. The analysis revealed that CN had higher years of 

education than AD patients without T2DM, t(46) = -2.61, p = .012, and AD patients with 

T2DM, t(46) = -2.71, p = .007. There was no significant difference in years in education 

between AD patients with and without T2DM. As expected, CN also had higher MMSE scores 

than AD patients without T2DM, U = 101.50, p < 0.001, and AD patients with T2DM, U = 

116.50, p < 0.001. There was no significant difference between AD patients with and without 

T2DM in MMSE. With respect to WC, CN had higher WC than AD patients without T2DM, 

U = 116.50, p < 0.001. There was no significant difference in WC between the two patient 

groups or between the CN group and AD patients with T2DM.  

 

Additionally, CN had higher GMV than AD patients with T2DM, t(46) = -5.25, p < 0.001, and 

AD patients without T2DM, t(46) = -3.03, p = .004, while AD patients without T2DM had 

higher GMV than AD patients with T2DM, t(46) = -2.83, p = .007. There was no significant 

difference in WMV between the two patient groups, while CN showed higher WMV than AD 

patients without T2DM, t(46) = -2.40, p = .021 and AD patients with T2DM t(46) = -2.84, p = 

.007. AD patients with T2DM had more CSF than CN t(46) = 2.71, p = .009. No other 

significant group differences were found in CSF. Moreover, there was no significant difference 

in WMH volume between the patient groups while CN had lower WMH volume than AD 

patients without T2DM, U = 185.00, p = .034 and AD patients with T2DM U = 169.00, p = 

.014. The groups were also significantly different in terms of the distribution of APOE 

genotypes and the number of APOE 4 carriers. These group differences were expected 

between the groups. Comparisons between the groups and the respective statistics can be found 

in Table 6.1. Means and standard deviations for variables with non-parametric distributions are 

included in Appendix B, Table B6.1. Each group had 8 males and 14 females. Additionally, 

there were 8 participants from Sheffield (United Kingdom), 13 participants from Kuopio 

(Finland) and 3 participants from Venice (Italy) in each group.  
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 Table 6.1 Demographic characteristics of AD patients with and without T2DM and CN 

reported using means and standard deviations for parametric data and medians and 

interquartile ranges for non-parametric data 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 

Key: n = sample size; M = mean; SD = standard deviation; F = F-statistic; Mdn = median; IQR = Interquartile 

range; H = H-statistic; 2 = Chi-square statistic  
aA one-way ANOVA was run for normally distributed data. 
b Non-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  
cChi-square tests were run to examine the independence of the categorical variables.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B6.1 

 

  

Demographic 

variable 

AD with T2DM 

(n = 24) 

AD without T2DM  

(n = 24) 

CN 

(n = 24) 

Statistic 

Parametric testsa M (SD) M (SD) M (SD) F 

Age (in years) 71.29 (9.21) 71.58 (8.84) 68.50 (8.60) 0.88 

Education (in years) 10.58 (2.77) 10.63 (3.32) 13.29 (3.76) 5.29** 

BMI (kg/m2) 27.72 (5.49) 25.67 (4.10) 28.25 (4.20) 2.07 

GMV (in ml3) 532.61 (70.62) 584.28 (55.09) 639.71 (70.86) 15.84*** 

WMV (in ml3) 383.47 (63.11) 398.62 (39.99) 436.611 (66.47) 5.40** 

CSF (in ml3) 525.83 (153.46) 465.92 (130.73) 412.66 (134.89) 3.92* 

TIV (in ml3) 1441.92 (171.28) 1448.82 (131.80) 1488.98 (196.72) 0.55 

Non- Parametric 

testsb 

Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

MMSE 26 (24 – 28) 25 (24 – 27) 29 (27 – 29) 19.06*** 

WC 97 (87 – 110) 95 (86 – 102) 106 (101 – 112) 11.21** 

WMH volume (in ml)  4.48  

(1.53 – 12.87) 

3.30  

(1.23 – 9.14) 

1.14  

(0.29 – 6.24) 

7.25* 

Chi square testsc n n n 2 

APOE genotype: 

22/23/33/42/

43/44 

0/4/9/0/7/2 0/1/8/0/10/3 0/2/19/0/1/0 17.97** 

APOE 4 non-carriers/ 

4 carriers 

13/9 9/13 21/1 14.95*** 
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6.4.2 Cognitive Variables 

 

All the cognitive variables had non-parametric distributions (Table 6.2). Means and standard 

deviations for variables with non-parametric distributions are included in Appendix B, Table 

B6.1. On comparing the scores on neuropsychological tests across the three groups, there were 

no significant differences in the digit span task (forward and backward conditions) and on the 

Stroop task. On the other hand, significant differences were found in tests of prose memory - 

immediate recall, prose memory - delayed recall, the similarities test, the verbal fluency tests 

and the confrontational naming task.  On the prose memory - immediate recall test there was 

no significant difference between AD patients with and without T2DM, while a significant 

difference was found between CN and AD patients with T2DM, U = 75.00, p < .001, and AD 

patients without T2DM, U = 81.50, p < .001, where CN performed better than the patient 

groups. On the prose memory - delayed recall test, there was no significant difference between 

AD patients with and without T2DM, whereas CN performed better than AD patients with 

T2DM, U = 62.50, p < .001, and AD patients without T2DM, U = 72.50, p < .001. 

 

On the phonemic fluency test, there was no significant difference between the two patient 

groups whereas, CN performed better than AD patients with T2DM, U = 104.00, p < .001, and 

AD patients without T2DM, U = 113.50, p = .001. On the semantic fluency test, there was no 

significant difference in performance between the two patient groups. However, the CN had 

better performance on the semantic fluency test than AD patients with T2DM, U = 154.00, p = 

.006, and AD patients without T2DM, U = 160.00, p = .013. On the similarities test, there was 

no significant difference between AD patients with and without T2DM, while CN had better 

scores compared to AD patients with T2DM, U = 102.50, p < .001, and AD patients without 

T2DM, U = 83.00, p < .001. On the task for confrontational naming, CN showed better 

performance than AD patients with T2DM, U = 96.50, p < .001, and AD patients without 

T2DM, U = 108.00, p = .002, while there was no significant difference in performance between 

the patient groups. No other significant group differences were found. On correlating the scores 

on the different neuropsychological tests with WMH volume, no significant correlations were 

found in AD patients with T2DM, in AD patients without T2DM or CN individuals. 
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Table 6.2 Cognitive profiles of AD patients with and without T2DM and CN, reported and 

using means and standard deviations for parametric data and medians and interquartile 

ranges for non-parametric data. 

 

Neuropsychological test AD with 

T2DM  

(n = 24) 

AD without 

T2DM  

(n = 24) 

CN 

(n = 24) 

 Statistic 

Non- Parametric testsa Mdn (IQR) Mdn (IQR) Mdn (IQR) H 

Prose Memory-Immediate recall 9 (6 – 12) 9 (4 – 11) 17 (12 – 19) 24.08*** 

Prose Memory-Delayed recall 7 (4 – 13) 9 (6 – 13) 17 (13 – 20) 27.12*** 

Digit Span-Forward 6 (5 – 8) 6 (5 – 7) 7 (6 – 8) 3.67 

Digit Span-Backward 4 (4 – 6) 4 (4 – 6) 5 (4 –6) 2.80 

Phonemic Fluency 26 (19 – 32) 23 (19 – 35) 40 (32 – 50) 17.83*** 

Semantic Fluency 18 (13 – 23) 17 (14 – 24) 22 (20 – 28) 9.40** 

Similarities 16 (11 – 21) 13 (11 – 20) 25 (19 – 28) 20.96*** 

Confrontational Naming Task 12 (11 – 15) 14 (12 – 14) 15 (14 – 15) 15.12** 

Stroop task-error interference 0 (0 – 1.25) 0.3 (0 – 2) 0 (0 – 0.53) 5.89 

*   Comparison is significant at 0.05 level (two tailed) 

**   Comparison is significant at 0.01 level (two tailed) 
*** Comparison is significant at 0.001 level (two tailed) 

Key: n = sample size; Mdn = median; IQR = Interquartile range; H = H-statistic 
aNon-parametric Kruskal-Wallis H tests were run for data that was not normally distributed.  

Means and standard deviations for non-parametric data have been reported in Appendix B, Table B6.1 
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6.4.3 Voxel-Based Morphometry 

 

6.4.3.1 AD with T2DM vs AD without T2DM 

AD patients with T2DM presented with lower GMV than AD patients without T2DM in the 

bilateral caudate nuclei, thalamus and cerebellum in addition to the lingual gyrus and the 

fusiform gyrus in the right hemisphere (Table 6.3, Figure 6.1 and 6.4). The significant clusters 

found in the right caudate nucleus traced the borders of the head of the nucleus rising 

posteriorly across the body of the caudate and then tapering down partially into the anterior 

thalamus in the right hemisphere, covering the body and the head of the caudate nucleus. The 

largest cluster that was found significant rested in the postero-inferior cerebral midline spread 

across the temporal and occipital areas nestled toward the midline, spanning across the lingual 

gyrus and the fusiform gyrus. The cluster extended bilaterally from the midline toward the 

lateral borders of the brain, narrowing gradually until it tapered off. The extension of clusters 

in the right hemisphere had a few voxels protruding toward the lateral borders. Moreover, the 

volumetric differences in the cerebellum were observed in lobules V and VIIb in addition to 

Crus I and Crus II in the right hemisphere. The area tapered down dorsally and was restricted 

to the inferior regions of the lobules on the right side. Therefore, the two groups presented with 

a volumetric difference in the bilateral subcortical areas, posterior brain regions and the 

cerebellum with more GMV deficits in the right hemisphere. No significant results were found 

using the other contrast. On correlating the GMV signal from significant clusters with tests of 

cognition, a positive correlation was found between the extracted GMV signal and the test of 

confrontational naming, r = .32, p = 0.05. No other significant correlations were found between 

the extracted GMV signal and neuropsychological tests. There was no significant correlation 

between the extracted GMV signal and WMH volume either.  
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Table 6.3 Regions showing volumetric differences between AD patients with T2DM and AD 

patients without T2DM 

 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region (Broadmann 

area) 

Side Z-score MNI co 

ordinates 

x y z 

688 0.039 Anterior thalamus (50) L 4.22 -10 -8 14 

  Caudate nucleus (48) L 3.71 -14 6 21 

  Tail of the caudate nucleus (48) L 3.55 -18 -26 16 

750 0.028 Caudate nucleus (48) R 4.22 14 16 15 

  Caudate nucleus (48) R 4.10 14 8 21 

  Caudate nucleus (48) R 4.03 15 -2 24 

4279 0.000 Fusiform/lingual gyrus (19) R 4.05 28 -62 -8 

  Cerebellum: Crus I R 3.98 20 -68 -26 

  Cerebellum: Lobule V R 3.86 16 -56 -16 

1108 0.005 Cerebellum: Lobule VIIb R 3.88 34 -70 -50 

  Cerebellum: Crus II R 3.45 42 -62 -45 
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6.4.3.2 AD without T2DM vs CN 

On comparing these two groups AD patients without T2DM presented with lower GMV in the 

bilateral medial temporal lobe regions, the anterior cingulate gyrus and the medial parietal lobe 

than CN (Table 6.4, Figure 6.1 and 6.4). The clusters in the bilateral MTL had peak co-

ordinates in the hippocampus extending inferiorly into the entorhinal cortices and the anterior 

parahippocampal gyrus. Both clusters in the parahippocampal gyrus extended inferiorly toward 

the inferior temporal gyrus and anteriorly into the temporal pole. The cluster in the anterior 

cingulate gyrus was relatively smaller and was centred to the midline. The cluster in the parietal 

lobe was the smallest and was confined to the postero-medial parietal lobe in the precuneus. 

These areas were restricted to the bilateral medial temporal regions, anterior cingulate gyrus in 

the prefrontal cortex and the precuneus in the parietal lobe. No significant results were found 

using the other contrast.   

 

Correlation analyses between the signal extracted from the significant regions from the analysis 

and scores on cognitive tests showed that there was a positive correlation with the prose 

memory - immediate recall test, rs = 0.68, p < .001, the prose memory - delayed recall test, r = 

0.72, p < .001, the digit span - backward tests, rs = 0.35, p = .017, the phonemic fluency test, 

rs = 0.55, p < .001 and the similarities test, rs = 0.62, p < .001. No other significant correlations 

were found between the extracted GMV signal with scores on other neuropsychological tests. 

Additionally, a negative correlation was found between the extracted GMV signal and WMH 

volume, rs = -0.37, p = .009.  
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Table 6.4 Regions showing volumetric grey matter differences between AD patients without 

T2DM and CN 

 

 

 

 

 

 

 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI co 

ordinates 

x y z 

4887 0.000 Hippocampus (34) R 4.97 15 -8 -24 

  Hippocampus (34) R 4.74 26 -6 -12 

  Uncus (34) R 4.31 33 3 -20 

1517 0.000 Anterior cingulate gyrus (32) L 4.53 -4 30 36 

  Anterior cingulate gyrus (32) L 4.06 -2 42 22 

  Anterior cingulate gyrus (32) R 3.81 3 30 26 

3528 0.000 Parahippocampal gyrus (36) L 4.52 -28 -14 -33 

  Hippocampus (34) L 4.33 -18 -4 -32 

  Hippocampus (34) L 4.31 -28 -6 -15 

596 0.040 Precuneus (7) R 4.33 3 -68 39 

  Precuneus (7) L 3.59 -3 -63 46 

  Precuneus (7) L 3.55 -10 -72 45 
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6.4.3.3 AD with T2DM vs CN 

An ANCOVA between AD patients with T2DM and CN revealed widespread volumetric 

deficits in the group of patients with T2DM (Table 6.5, Figure 6.1 and 6.4). Due to the extent 

of the results, a more conservative threshold was used to report the results, to increase the 

specificity of the most significant areas (p < 0.0001). This threshold was more conservative 

than the standard threshold of p < .001 used for the GMV analysis across this thesis, for the 

reasons specified in section 4.3.7.3. Compared to the CN, the patients with T2DM presented 

with lower GMV in the bilateral temporal lobes, occipital lobes, superior parietal areas, insula, 

hippocampi, cerebellum and subcortical structures. Specifically, in the frontal lobe, the 

significant clusters spanned across the anterior cingulate gyrus, the orbitofrontal cortex, 

Broca’s area, insula, inferior frontal gyrus, the middle frontal gyrus, superior frontal gyrus and 

primary motor cortices. In the parietal lobe, most of the results were contained in the supero-

lateral areas spanning across the precuneus, Wernicke’s area, angular gyrus, supramarginal 

gyrus, with some significant voxel protruding medially into the precuneus. Results were 

significant across most parts of the occipital and MTL with some significant voxels in the later 

portions of the temporal lobes. Of note, volumetric differences in the MTL were observed in 

the bilateral hippocampi and parahippocampal gyri (with more significant voxels concentrated 

anteriorly) that protruded into the temporal poles and amygdaloid bodies. In the subcortical 

regions, significant voxels were found in the bilateral caudate nuclei and in the left thalamus.  

 

Volumetric differences were more extensive in the left hemisphere. Most of the clusters were 

concentrated in the postero-inferior parts of the brain, in the temporal, occipital and cerebellar 

areas. The cluster stretched from the temporo-parietal areas inferiorly into the middle and 

lateral temporal areas and antero-laterally into the frontal lobe. Extensive areas of the 

cerebellum were affected in both hemispheres including the cerebellar tonsils anteriorly, 

sparing only a small portion of the superior cerebellar regions. The results show that extensive 

brain areas are affected by the cumulative effect of T2DM in AD pathology. No significant 

results were found using the other contrast.  

 

Correlations with cognitive tests from the extracted signal from the results revealed several 

different significant correlations. Positive correlations were found between the extracted GMV 

signal and performance on the prose memory - immediate recall test, r = 0.59, p < 0.001, the 

prose memory – delayed recall test, r = 0.47, p = 0.001, the phonemic fluency test, r = 0.32, p 
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= 0.025 and the similarities test, r = 0.47, p = 0.001. A negative correlation was also found 

between the extracted GMV signal and WMH volume, rs = -0.43, p = 0.003.  

 

Table 6.5 Regions showing volumetric grey matter differences between AD patients with 

T2DM and CN 

 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI co 

ordinates 

x y z 

64663 0.002 Occipital pole (18) L 5.58 -8 -96 -9 

  Cuneus (19) L 5.49 -2 -87 32 

  Superior parietal 

lobule/precuneus (7) 

L 5.49 -26 -50 64 

  Cerebellum: Vermis L 5.34 -2 -50 -30 

  Superior temporal gyrus (22) R 5.34 54 -40 15 

  Parahippocampal gyrus (36) R 5.05 21 -21 -27 

4646 0.002 Superior frontal gyrus (8) L 5.47 -6 33 38 

  Anterior cingulate gyrus (32) L 5.11 -6 48 15 

  Orbitofrontal cortex (10) R 4.66 2 45 -12 

  Paracingulate cortex (10) R 4.58 6 52 3 

  Orbitofrontal cortex (10) L 4.58 -6 45 -6 

  Anterior cingulate gyrus (32) L 4.57 -4 15 46 

 

  



 267 

 
 

Figure 6.1 Volumetric differences in GMV between AD patients with and without T2DM and 

CN. 

The three rows show volumetric differences displayed in the group comparisons using VBM. Each of 

the comparisons is represented in the sagittal, coronal and axial orientations from left to right. The ‘x’, 

‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. Top row: AD patients with T2DM 

show lower GMV than AD patients without T2DM in the bilateral caudate nuclei, thalamus, cerebellum 

and occipital lobe. Middle row: AD patients without T2DM show lower GMV than CN in areas 

typically affected in AD. Bottom row: AD patients with T2DM show lower GMV in widespread brain 

regions compared to CN.  
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6.4.4 Tract-based spatial statistics 

 

6.4.4.1 AD with T2DM vs AD without T2DM 

 

6.4.4.1.1 Fractional anisotropy 

AD patients with T2DM showed lower FA than AD patients without T2DM in the cingulum, 

corpus callosum, superior longitudinal fasciculus, right inferior fronto-occipital fasciculus, 

right inferior longitudinal fasciculus and right parahippocampal WM (Table 6.6, Figure 6.2 and 

6.4). The noticeable effects that were more pronounced in the right hemisphere ran across the 

anterior cingulum and cingulum body, passing through the posterior cingulum before 

descending inferiorly into the parahippocampal white matter. None of the extracted average 

FA values were correlated with neuropsychological tests or WMH volume. No significant 

results were found using the other contrast. 

 

6.4.4.1.2 Axial Diffusivity 

There were no significant differences in axial diffusivity between AD patients with and without 

T2DM using both contrasts. 

 

6.4.4.1.3 Mean diffusivity 

AD patients with T2DM showed higher mean diffusivity than AD patients without T2DM. The 

differences were widespread across most of the white matter skeleton (Table 6.6, Figure 6.2 

and 6.4). The overall results follow the trajectory of the cingulum bilaterally extending 

inferiorly into the MTL regions along with some significant voxels in the white matter tracts 

arising from the cerebellum. Other tracts showing differences in mean diffusivity included the 

corpus callosum, superior longitudinal fasciculus, inferior longitudinal fasciculus, 

corticospinal tract, inferior fronto-occipital fasciculus, uncinate fasciculus, forceps major, 

forceps minor and the fornix. None of the extracted average mean diffusivity values were 

correlated with neuropsychological tests or WMH volume. No significant results were found 

using the other contrast. 

 

6.4.4.1.4 Radial diffusivity 

There were no significant differences in radial diffusivity between AD patients with and 

without T2DM using both contrasts. 
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Table 6.6 Differences in diffusion properties of white matter tracts between AD patients with 

T2DM and AD patients without T2DM.  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI co 

ordinates 

     x y z 

FA: AD with T2DM < AD without T2DM 

6884 0.028 Superior longitudinal fasciculus R 4.34 35 -46 26 

  Corpus callosum (genu) L 4.18 -1 19 21 

  Inferior fronto-occipital fasciculus R 4.18 36 -10 -13 

  Cingulum (body) R 4.15 7 -9 31 

  Cingulum (body) R 4.11 8 -7 30 

  Superior longitudinal fasciculus R 3.80 38 -47 25 

Mean diffusivity: AD with T2DM > AD without T2DM 

54653 0.005 Superior longitudinal fasciculus R 5.15 36 -50 26 

  Superior longitudinal fasciculus L 4.90 -35 -28 45 

  Superior longitudinal fasciculus R 4.84 12 -29 60 

  Superior longitudinal fasciculus R 4.80 18 -37 54 

  Cerebellar WM (lobules I-IV) L 4.78 -8 -45 -27 

WM: White matter  
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6.4.4.2 AD without T2DM vs CN 

 

6.4.4.2.1 Fractional Anisotropy 

AD patients without T2DM showed no significant differences in WMI as expressed by FA 

compared to CN using both contrasts. 

 

6.4.4.2.2 Axial diffusivity 

AD patients without T2DM showed higher axial diffusivity compared to CN mainly in the 

anterior white matter tracts. The results extended antero-posteriorly across the superior 

longitudinal fasciculus and the corpus callosum. Significant voxels were also found in the 

anterior thalamic radiations, the inferior fronto-occipital fasciculus, uncinate fasciculus, 

forceps minor and major and subcortical white matter surrounding the thalamus and the 

striatum. The overall results showed that the axial diffusivity differences between the two 

groups were mostly located in the anterior and deep brain regions (Table 6.7, Figure 6.2 and 

6.4). No significant results were found using the other contrast. 

 

There was a negative correlation between the extracted axial diffusivity signal and the prose 

memory - immediate recall test, rs = -0.56, p < .001, the prose memory - delayed recall test, rs 

= -0.53, p < .001, the digit span - backward tests, rs = -0.30, p = .047, the phonemic fluency 

test, rs = -0.44, p = .002 and the similarities test, rs = -0.43, p = .002. A positive correlation was 

found between the extracted axial diffusivity signal and WMH volume, rs = 0.56, p < .001. 

 

6.4.4.2.3 Mean diffusivity 

The relatively large white matter tracts in which AD patients without T2DM showed higher 

mean diffusivity than CN were the superior longitudinal fasciculus, cingulum bundle, corpus 

callosum and inferior fronto-occipital fasciculus. Although the peak co-ordinates did not reflect 

these results, the significant voxels extended into the left hippocampal and parahippocampal 

white matter. In the subcortical regions, higher mean diffusivity was found in the striatum, 

thalamus and the fornix in AD patients. Of note, most of the white tracts showing higher mean 

diffusivity in AD patients are part of the limbic circuitry. The majority of the differences were 

concentrated in the white matter tracts in the frontal lobe (Table 6.7, Figure 6.2 and 6.4). No 

significant results were found using the other contrast. 
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There was a negative correlation between the extracted mean diffusivity signal and the prose 

memory - immediate recall test, rs = -0.56, p < .001, the prose memory - delayed recall test, rs 

= -0.49, p = .001, the phonemic fluency test, rs = -0.37, p = .010 and the similarities test, rs = -

0.41, p = .004. A positive correlation was also found between the extracted mean diffusivity 

signal and WMH volume, rs = 0.57, p < .001. 

 

6.4.4.2.4 Radial diffusivity 

AD patients without T2DM showed higher radial diffusivity compared to CN in the white 

matter tracts restricted to the anterior frontal brain regions. The differences were diffused 

across the fronto-occipital fasciculus, anterior cingulum and the corpus callosum (Table 6.7, 

Figure 6.2 and 6.4). No significant results were found using the other contrast.  

 

There was a negative correlation between the extracted radial diffusivity signal and the prose 

memory - immediate recall test, rs = -0.56, p < .001, the prose memory -delayed recall test, rs 

= -0.50, p < .001, the phonemic fluency test, rs = -0.35, p = .018, the semantic fluency test, rs 

= -0.29, p = .045, and the similarities test, rs = -0.32, p = .028. A positive correlation was found 

between the extracted radial diffusivity signal and WMH volume, rs = 0.56, p < .001. 

 

 

 

Table 6.7 Differences in diffusion properties of white matter tracts between AD patients 

without T2DM and CN.  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI 

coordinates 

     x y z 

Axial diffusivity: AD without T2DM > CN 

16661 0.003 Splenium of the corpus callosum L 5.65 -13 -43 21 

  Body of the corpus callosum L 5.48 -3 -2 28 

  Splenium of the corpus callosum L 4.95 -16 -42 24 

  Superior longitudinal fasciculus R 4.89 31 18 33 

  Posterior cingulum L 4.58 -14 -38 26 

  Anterior cingulum L 4.54 -6 31 11 
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Mean diffusivity: AD without T2DM > CN 

17177 0.024 Corpus callosum (splenium) L 4.59 -13 -43 21 

  Forceps major R 4.48 3 -40 13 

  Uncinate fasciculus R 4.38 16 15 -14 

  Corpus callosum (genu) L 4.06 -2 23 -3 

  Anterior cingulum L 3.94 -7 33 10 

30 0.049 Inferior fronto-occipital fasciculus L 2.66 -21 45 -3 

  Inferior fronto-occipital fasciculus L 2.52 -24 43 -2 

  Inferior fronto-occipital fasciculus L 2.51 -22 40 0 

Radial diffusivity: AD without T2DM > CN 

4140 0.041 Inferior fronto-occipital fasciculus R 4.04 20 36 24 

  Forceps minor L 3.94 -2 23 -3 

  Forceps minor L 3.88 -4 23 -4 

  Anterior cingulum R 3.85 17 27 38 

  Anterior cingulum L 3.73 -6 26 -6 

  Anterior cingulum R 3.51 12 39 38 

307 0.047 Superior longitudinal fasciculus R 4.09 42 14 13 

  Superior longitudinal fasciculus R 3.57 37  16 16 

202 0.047 Anterior cingulum L 4.10 -13 3 35 

  Superior longitudinal fasciculus L 3.87 -18 2 36 

  Superior longitudinal fasciculus L 3.82 -16 -8 37 
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6.4.4.3 AD patients with T2DM vs CN 

 

6.4.4.3.1 Fractional anisotropy 

AD patients with T2DM showed lower FA than CN mainly across the white matter tracts 

connecting brain regions involved in the limbic system. The peak co-ordinates were mostly 

located in the superior brain regions. The FA differences appeared to follow the trajectory of 

the cingulum that ran antero-posteriorly, descending down posteriorly into the 

parahippocampal and hippocampal white matter. The tracts involved in the FA differences 

between the groups include the inferior longitudinal fasciculus, superior longitudinal 

fasciculus, cingulum, forceps minor, corpus callosum, inferior fronto-occipital fasciculus and 

white matter tracts in the striatum (Table 6.8, Figure 6.2 and 6.4). No significant results were 

found using the other contrast. 

 

On correlating the mean FA signal extracted from the analysis, a positive correlation was found 

with the prose memory - immediate recall test, r = 0.54, p < 0.001, the digit span -forward test, 

rs = 0.38, p = 0.01, the similarities test, r = 0.33, p = 0.024 and the test of confrontational 

naming, rs = 0.37, p = 0.014. The extracted FA signal was also negatively correlated with WMH 

volume, rs = -0.48, p = 0.001. 

 

6.4.4.3.2 Axial diffusivity 

AD patients with T2DM showed higher axial diffusivity than CN mainly in the cingulum and 

subcortical brain regions. The main proportion of the axial diffusivity differences were diffused 

across the cingulum, with significant voxels spilling over into the superior longitudinal 

fasciculus, corpus callosum, uncinate fasciculus and the inferior fronto-occipital fasciculus. 

Although these were not among the peak regions, in the subcortical brain regions, axial 

diffusivity differences were found in the fornix, external capsule and white matter in the 

putamen and thalamus (Table 6.8, Figure 6.2 and 6.4). No significant results were found using 

the other contrast. 

 

On correlating the extracted axial diffusivity signal, a negative correlation was found with the 

prose memory - immediate recall test, rs = -0.43, p = 0.002, the prose memory - delayed recall 

test, rs = -0.34, p = 0.02, the similarities test, r = -0.52, p < 0.001 and the test of confrontational 
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naming, rs = -0.51, p < 0.001. The extracted axial diffusivity signal was also positively 

correlated with WMH volume, rs = 0.60, p < 0.001. 

 

6.4.4.3.3 Mean diffusivity 

The differences in mean diffusivity between the two groups were the most extensive across all 

the different diffusivity indices. The pattern of differences was spread across the limbic 

circuitry including some white matter in subcortical and cerebellar regions. Tracts that showed 

higher mean diffusivity in AD patients with T2DM compared to CN included the corpus 

callosum, cingulum, superior longitudinal fasciculus, inferior longitudinal fasciculus, inferior 

fronto-occipital fasciculus, forceps major, uncinate fasciculus, the fornix, corticospinal tracts, 

cerebellar peduncles and thalamic, hippocampal and parahippocampal white matter. Tracts 

surrounding basal ganglia structures also showed higher mean diffusivity in AD patients with 

T2DM (Table 6.8, Figure 6.2 and 6.4). No significant results were found using the other 

contrast. 

 

When correlating neuropsychological tests with the extracted mean diffusivity signal, a 

negative correlation was found with the prose memory - immediate recall test, rs = -0.47, p < 

0.001, the prose memory - delayed recall test, rs = -0.32, p = 0.031, the semantic fluency test, 

rs = -0.30, p = 0.042 the similarities test, r = -0.41, p = 0.005 and the test of confrontational 

naming, rs = -0.46, p = 0.002. The extracted mean diffusivity signal was also positively 

correlated with WMH volume, rs = 0.62, p < 0.001.  

 

6.4.4.3.4 Radial diffusivity 

AD patients with T2DM showed higher radial diffusivity compared to CN. Although more 

diffuse than mean diffusivity, the pattern of differences in radial diffusivity resembled those 

found with mean diffusivity. The pattern seemed to follow the trajectory of the limbic circuitry. 

Higher radial diffusivity was found across the cingulum, corpus callosum, superior longitudinal 

fasciculus, anterior thalamic radiation, inferior fronto-occipital fasciculus, cerebellar 

peduncles, thalamic white matter, parahippocampal and hippocampal white matter and white 

matter of the striatum (Table 6.8, Figure 6.2 and 6.4). No significant results were found using 

the other contrast. 

 

When correlating neuropsychological tests with the extracted radial diffusivity signal, a 

negative correlation was found with the prose memory - immediate recall test, rs = -0.53, p < 
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0.001, the prose memory - delayed recall test, rs = -0.41, p = 0.004, the digit span - forward 

test, rs = -0.35, p = 0.016, the phonemic fluency test, rs = -0.30, p = 0.04, the semantic fluency 

test, rs = -0.34, p = 0.02 the similarities test, r = -0.41, p = 0.008 and the test of confrontational 

naming, rs = -0.40, p = 0.008. The extracted radial diffusivity signal was also positively 

correlated with WMH volume, rs = 0.48, p = 0.001.  

 

Table 6.8 Differences in diffusion properties of white matter tracts between AD patients with 

T2DM and CN.  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-

score 

MNI co 

ordinates 

     x y z 

Fractional anisotropy: AD with T2DM < CN 

22454 0.007 Posterior cingulum R 5.29 16 -53 36 

  Inferior fronto-occipital fasciculus L 5.25 -25 -58 29 

  Inferior fronto-occipital fasciculus R 5.02 40 -38 0 

  Forceps minor R 4.74 13 23 19 

  Superior longitudinal fasciculus L 4.71 -42 -42 -3 

  Posterior cingulum R 4.65 12 -57 28 

1116 0.044 Superior longitudinal fasciculus R 4.21 28 -32 47 

  Superior longitudinal fasciculus R 3.61 28 -31 45 

  Cingulum (body) R 3.61 19 -14 40 

  Cingulum (body) R 3.48 18 4 43 

Axial diffusivity:  AD with T2DM > CN 

21591 0.002 Posterior cingulum L 5.85 -16 -45 27 

  Posterior cingulum L 5.67 -13 -44 26 

  Superior longitudinal fasciculus R 5.43 41 0 20 

  Posterior cingulum L 5.13 -17 -47 26 

  Uncinate fasciculus R 4.98 35 36 7 

  Posterior cingulum R 4.89 18 -40 33 

Mean diffusivity: AD with T2DM > CN 

60750 0.001 Superior longitudinal fasciculus R 5.62 31 -31 46 
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  Thalamus R 5.17 17 -33 9 

  Inferior longitudinal fasciculus L 5.12 -29 -28 -1 

  Inferior fronto-occipital fasciculus L 5.09 -32 -21 -5 

  Thalamus R 5.07 19 -33 7 

  Anterior thalamic radiation R 5.06 28 33 19 

Radial diffusivity : AD with T2DM > CN 

38864 0.002 Anterior thalamic radiation L 5.45 -18 45 22 

  Inferior fronto-occipital fasciculus L 5.31 -29 -28 -1 

  Inferior fronto-occipital fasciculus L 5.17 -32 -21 -5 

  Superior longitudinal fasciculus R 4.87 36 -24 35 

  Cingulum (posterior) R 4.87 17 -52 36 

  Inferior fronto-occipital fasciculus R 4.80 39 -20 -8 
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Figure 6.2 Differences in measures of WMI between AD patients with and without T2DM and 

CN. 

The three rows show volumetric differences displayed in the group comparisons using TBSS. Each of 

the comparisons is represented in the sagittal, coronal and axial orientations from left to right. The ‘x’, 

‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. The following colours represent 

the corresponding diffusivity values: Blue: Mean diffusivity; Yellow: Fractional anisotropy; Turquoise: 

Axial diffusivity Pink: Radial diffusivity. Top row: AD patients with T2DM show lower WMI than AD 

patients without T2DM Middle row: AD patients without T2DM show lower WMI than CN in areas 

affected in AD. Bottom row: AD patients with T2DM show lower WMI in widespread brain regions 

compared to CN.  
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6.4.5 Arterial spin labelling 

 

6.4.5.1 AD with T2DM vs AD without T2DM 

The ANCOVA between the two patient groups showed that AD patients with T2DM had 

greater hypoperfusion lateralised to the right hemisphere of the brain compared to AD patients 

without T2DM. Hypoperfusion was found in areas that roughly overlapped with the areas that 

showed structural deficits. These areas included the genu of the corpus callosum, anterior 

cingulate gyrus and the head of the caudate nucleus in anterior brain regions. Additionally, 

hypoperfusion was seen in the posterior portions of the cingulum bundle. The cluster began in 

the white matter of the posterior cingulum, dorsolateral to the posterior horn of the right lateral 

ventricle and continued ventrally into the white matter of the parahippocampal gyrus that also 

covered a large proportion of the hippocampus. A significant cluster was also found in the 

cerebellum that was restricted to the medial and anterior cerebellum, mostly covering the 

cerebellar white matter. Some significant voxels extended into the right cerebellar hemisphere 

(Table 6.9, Figure 6.3 and 6.4). Applying a more conservative threshold of a family-wise error 

corrected p < 0.05 and 0 voxels at the set-level showed preservation of some voxels in the right 

parahippocampal gyrus. No significant correlations were found between the extracted 

perfusion signal, scores on neuropsychological tests and WMH volume. No significant results 

were found using the other contrast. 

Table 6.9 Regions showing greater hypoperfusion among AD patients with T2DM compared 

to those without 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI co ordinates 

x y z 

1257 0.001 Hippocampus (28) R 5.05 40 -24 -14 

  Posterior cingulum (WM) R 3.35 28 -30 24 

  Posterior cingulum (WM) R 3.33 24 -34 26 

1117 0.002 Corpus callosum (WM) R 4.02 18 32 6 

  Cingulum (WM) R 4.02 20 24 22 

642 0.017 Cerebellum (WM) R 3.78 26 -52 -40 

  Vermis  R 3.43 2 -44 -42 

  Cerebellar peduncle (WM) R 3.38 -10 -52 -34 

WM: white matter 
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6.4.5.2 AD without T2DM vs CN 

 AD patients without T2DM showed an atypical pattern of difference in perfusion compared to 

CN. Hypoperfusion was seen in AD patients only in the left cerebellar hemisphere mostly 

restricted to the anterior regions. However, on using a less conservative threshold of p < 0.01, 

hypoperfusion was seen in medial and lateral temporal lobes, the prefrontal regions and the 

cerebellum (Table 6.10, Figure 6.3 and 6.4). A less conservative threshold (of p < .01, which 

was the threshold that was used as the standard across all the CBF analyses) was used to 

visualise the results to show the typical pattern of hypoperfusion seen in AD patients as the 

conservative threshold used in the current experimental chapter was less sensitive to detecting 

this typical pattern. No significant correlations were found between the extracted CBF signal, 

neuropsychological assessments and WMH volume. No significant results were found using 

the other contrast. 

 

Table 6.10 Regions showing hypoperfusion among AD patients without T2DM compared to 

CN 

 

  

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-

score 

MNI co ordinates 

x y z 

9361 <0.001 Supramarginal gyrus (40) L 4.20 -34 -40 -38 

  Inferior temporal gyrus (38) R 4.05 20 0 -38 

  Cerebellum: Lobule VI R 3.99 36 -40 -40 

  Cerebellum: Lobule VIIIB L 3.77 -20 -46 -50 

  Inferior temporal gyrus (37) R 3.42 64 -44 -18 

  Uncus (38) R 3.29 32 24 -6 
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6.4.5.3 AD with T2DM vs CN 

As expected, the ANCOVA between AD patients with T2DM and CN revealed extensive 

hypoperfusion in the medial temporal lobe structures among AD patients with T2DM 

compared to CN. The extent of hypoperfusion was spread across the posterior and inferior brain 

regions, with relative sparing of the anterior and superior posterior brain regions in the frontal 

and parietal lobes respectively. In the temporal lobes, hypoperfusion was mainly seen in the 

bilateral parahippocampal gyri and the hippocampi that extended anteriorly into the temporal 

poles and some lateral temporal areas. Toward the midline, hypoperfusion in AD patients with 

T2DM was observed in the bilateral caudate nuclei and the fornix. In the frontal lobe, 

hypoperfusion was seen in patients in the subgenual anterior cingulate gyrus and the genu of 

the corpus callosum. The analysis also showed hypoperfusion in the cerebellum and parts of 

the brain stem. Significant clusters were also identified in postero-lateral occipital areas (Table 

6.11, Figure 6.3 and 6.4). A post hoc analysis conducted using a more conservative threshold 

of a family-wise error corrected p < 0.05 and 0 voxels showed that the significant voxels in the 

bilateral parahippocampal gyrus and hippocampi survived the correction. A less conservative 

threshold was used to highlight that the extent of the effects was more severe with reference to 

the other comparisons. No significant results were found using the other contrast. 

 

As a post hoc analysis, correlations were run between the extracted signal from the ANCOVA 

and cognitive test scores. On correlating the extracted CBF signal with scores on 

neuropsychological tests, a positive correlation was found with performance on the prose 

memory - immediate recall test, rs = 0.51, p < 0.001, the prose memory - delayed recall test, rs 

= 0.40, p = 0.005, the similarities test, rs = 0.33, p = 0.024, and the test of confrontational 

naming, rs = 0.32, p = 0.035. A negative correlation was also found between the extracted CBF 

signal and WMH volume, rs = -0.41, p = 0.004. 
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Table 6.11 Regions showing hypoperfusion among AD patients with T2DM compared to CN 

Voxels 

(Cluster 

extent) 

Cluster 

level 

pFWE 

Brain region Side Z-score MNI co 

ordinates 

x y z 

14821 0.000 Hippocampus (36) L 5.52 -32 -39 -3 

  Hippocampus (36) R 5.39 36 -37 -3 

  Hippocampus (36) R 5.17 40 -28 -9 

  Hypothalamus L 4.94 0 -6 -8 

  Thalamus L 4.86 0 -21 10 

  Precentral gyrus (6) R 4.82 42 -10 43 

  Insula (41) R 4.72 42 -23 16 

  Caudate nucleus  L 4.65 -4 7 -7 

  Body of the caudate nucleus L 4.55 -14 -15 17 

  Uncus (38) L 4.43 -32 9 -19 

  Nodulus of the cerebellum L 4.32 4 -50 -34 

  Anterior cingulate gyrus  R 4.30 18 29 4 

  Pons R 4.30 16 -21 -24 

  Superior temporal gyrus R 4.29 42 -46 12 

  Pons R 4.27 18 -25 -24 

  Precentral gyrus R 4.15 46 -6 28 
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Figure 6.3 Differences in CBF between AD patients with and without T2DM and CN. 

The three rows show CBF differences displayed in the group comparisons. Each of the comparisons is 

represented in the sagittal, coronal and axial orientations from left to right. The ‘x’, ‘y’ and ‘z’ co-

ordinates have been reported based on the MNI space. Top row: AD patients with T2DM show lower 

CBF than AD patients without T2DM Middle row: AD patients without T2DM show lower CBF than 

CN. Bottom row: AD patients with T2DM show lower CBF in widespread brain regions compared to 

CN.  
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Figure 6.4 Differences in GMV, WMI and CBF between AD patients with and without T2DM 

and CN. 

The three rows show differences in GMV, WMI and CBF observed in the group comparisons. Each of 

the comparisons is represented in the sagittal, coronal and axial orientations from left to right. The ‘x’, 

‘y’ and ‘z’ co-ordinates have been reported based on the MNI space. The following colours represent 

the corresponding neuroimaging parameters: Green: GMV; Blue: MD; Yellow: FA; Turquoise: DA 

Pink: RD; Orange: CBF Top row: AD patients with T2DM show lower parameters of GMV, WMI and 

CBF than AD patients without T2DM; Middle row: AD patients without T2DM show lower parameters 

of GMV, WMI and CBF than CN; Bottom row: AD patients with T2DM show lower parameters of 

GMV, WMI and CBF in widespread brain regions compared to CN. 
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6.4.6 White Matter Hyperintensities 

 

On correlating the WMH volume with neuropsychological test scores, a positive correlation 

was found with the Stroop error interference score, rs = 0.60, p = 0.004, in AD patients with 

T2DM. No significant correlations were found between WMH volume and neuropsychological 

performance in AD patients without T2DM and CN individuals.  
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6.5 Discussion 

This is the first study that makes multi-modal comparisons using four different imaging 

modalities to explore the effects of T2DM on brain structure (GMV and WMI), CBF and 

vascular burden (WMH volume). The use of the different neuroimaging modalities aided in 

providing a more holistic approach to examine the convergent effects of T2DM and AD that 

helped in the mechanistic interpretation of the findings. It highlights how the presence of 

comorbid T2DM in AD patients exacerbates the extent of damage inflicted on cerebral 

constituents. This damage is additional to that already seen in AD patients, contributing toward 

increased radiological disease severity. Consistent with the hypothesis, AD patients with 

T2DM presented with structural and perfusion deficits compared to the patients without T2DM 

in brain regions that overlapped with each other. AD patients without T2DM showed deficits 

typical of AD when compared to CN, which shows that this group was representative of the 

AD phenotype. The extent of these deficits was substantially more widespread when comparing 

the group of AD patients with T2DM to CN and was also consistent with our hypothesis that 

this comparison would resemble a pattern that is a combination of the differences found in the 

former two analyses. Most structural deficits were found in the grey matter structures and the 

white matter tracts that also showed overlapping differences in CBF. These differences could 

be attributed to microvascular and macrovascular changes seen in AD and T2DM. The co-

localisation of the regions showing structural deficits with regions displaying detriments in 

CBF is in support of the hypothesis that deficits in the brain parenchyma in the presence of AD 

and T2DM could primarily be a manifestation of vascular dysfunction-mediated attenuation in 

CBF.  

 

6.5.1 AD patients with T2DM vs AD patients without T2DM 

 

The most prominent deficits in brain structure in AD patients with T2DM were observed in the 

caudate nuclei, cerebellum, corpus callosum, cingulum, parahippocampal and hippocampal 

white matter and the inferior fronto-occipital fasciculus compared to AD patients without 

T2DM. Most of these structures overlapped with the deficits found in CBF. However, 

differences in FA in the posterior white matter tracts in the parietal and occipital lobes and 

most differences in mean diffusivity did not co-localise with the differences found in CBF. The 

differences were mostly lateralised to the right hemisphere except for the differences in GMV, 

which were bilateral. On using a more conservative threshold (p < 0.001), although differences 

in GMV did not survive significance levels, they approached significance in the right caudate 
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nucleus and the right cerebellum. The current discussion focuses on the interpretation of the 

most significant results that were found in the caudate nucleus, parahippocampal gyrus and the 

cerebellum. Although most of the results found were reflective of structural deficits 

overlapping with deficits in CBF, the caudate nucleus, parahippocampal gyrus and cerebellum 

showed the most amount of overlap between structural and CBF deficits. The following 

sections focus on these particular brain regions to try and extrapolate the mechanisms that 

underlie these findings.   

 

6.5.1.1 Caudate nucleus 

Although a typical brain region to be affected by the pathological mechanisms of T2DM, the 

stark overlap that was observed between detriments in brain structure and CBF highlights the 

susceptibility of this brain region to vascular insults in comorbid T2DM and AD. Structural 

deficits in the head of the caudate nucleus resulting from hypoperfusion in AD patients with 

T2DM could result from damage to the vascular supply of the basal ganglia. The caudate 

nucleus receives a major proportion of its blood supply from the anterior cerebral circulation 

system (Djulejić et al., 2016; Prince & Ahn, 2013). The blood is delivered to the head of the 

caudate nucleus via deep perforating arteries which are miniscule branches stemming from 

major cerebral arteries that perfuse deep brain structures such as the basal ganglia (Djulejić et 

al., 2015). The deep perforating arteries supplying the basal ganglia are known as the 

lenticulostriate arteries. They stem from the recurrent artery of Heubener (branch of the anterior 

cerebral artery) and the M1 segment of the middle cerebral artery (Kleine et al., 2017).  

 

Perforating branches of the recurrent artery of Heubener arising from the anterior cerebral 

artery supply the ventromedial portion of the head of the caudate. The branches of the recurrent 

artery of Heubener conventionally originate from the proximal A2 segment or alternatively the 

distal A1 segments of the anterior cerebral artery (Djulejić et al., 2016; Mugikura et al., 2018). 

The dorsolateral portions of the caudate head and the caudate body on the other hand, are 

supplied by the lenticulostriate arteries originating from the middle cerebral artery (Antunović 

et al., 2017; Djulejić et al., 2016). On the other hand, the tail of the caudate nucleus is supplied 

by the posterior cerebral artery (Djulejić et al., 2016). Therefore, the caudate nucleus receives 

its blood supply from a variety of major cerebral arteries. Reduced blood supply to the caudate 

nucleus could therefore be the result of a global reduction in blood supply to cerebral arteries 

or other mechanisms contributing towards damage to the perforating branches of major 

cerebral arteries.  
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Deep perforating arteries generally have a weak vascular tone compared to their parent arteries. 

They are highly susceptible to damage from the downstream effects of arteriopathies (such as 

fluctuations in blood pressure) in conditions such as T2DM (Ito et al., 2009). Terminal branches 

of arteries and their arterioles supplying the deep white matter are highly susceptible to this 

type of damage (Fernando et al., 2006; Thore et al., 2007). The overlapping pattern of deficits 

in GMV, WMI and CBF in the caudate nucleus could be indicative of damage and consequent 

reduction in blood supply from the lenticulostriate arteries arising from the middle cerebral 

artery and the perforating arteries arising from the recurrent artery of Heubener (part of the 

anterior cerebral artery), due to T2DM. This was evidenced by a study that used a 7 Tesla MRI 

scanner to examine lenticulostriate arteries within individuals with and without T2DM that 

found a lower signal intensity and lower number of stems and branches arising from the deep 

arteries in individuals with T2DM compared to those without (Yashiro et al., 2018). A different 

study that examined small infarcts in the caudate nucleus found that these infarcts are 

commonly found in individuals with symptomatic atherosclerotic pathology, a pathology found 

in AD and T2DM (Ghaznawi et al., 2017). Reduced CBF due to AD and T2DM mediated 

damage to arteries could thus offer an explanation for the structural deficits seen in the caudate 

nucleus. The co-localisation of GMV, WMI and CBF differences in the caudate nucleus lends 

support to this notion. However, due to the cross-sectional nature of this study, it is difficult to 

infer the directionality of the findings.  

 

As described earlier, arteriosclerosis is one of the complications of T2DM that can cause the 

stiffening of arterial walls, reducing their elasticity (Caplan, 2015; Fukuda et al., 2015). 

Prolonged exposure to variability in the intensity of the pulse pressure as the arterial walls 

stiffen, makes the delicate microvasculature of the deep perforating arteries more vulnerable to 

microbleeds (Kario et al., 2004; Kobayashi et al., 1997). Often, these bleeds can be ‘clinically 

silent,’ where the individual does not exhibit signs of cognitive decline until later stages when 

there is sufficient accumulation of multiple vascular insults to manifest as cognitive deficits 

(Stone et al., 2015). This phenomenon could offer a potential explanation for the absence of 

significantly more severe cognitive deficits in the diabetic AD patients compared to the non-

diabetic patients in our present sample, despite structural and CBF differences. Stone and 

colleagues have proposed that this very phenomenon of the destructive effects exerted by 

arterial pulse (due to age-related and T2DM-related arterial wall thickening) on the cerebral 

vasculature, is a catalyst for AD (Stone et al., 2015). Thickening of the media of the deep 

perforating arteries is also a phenomenon observed in T2DM (Caplan, 2015). This thickening 
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of arterial walls can alter arterial pressure by restricting autoregulation (Boutouyrie, Beaussier, 

& Laurent, 2015). Therefore, subcortical ‘silent infarcts’ resulting from inefficient 

autoregulation could explain the CBF and structural differences seen in subcortical structures.  

 

Another explanation for the pattern of findings detected in the caudate nucleus could be iron 

accumulation. Iron has a key role in regulating brain functions via mediating processes such as 

the production of reactive oxygen species, maintenance of axonal integrity and 

neurotransmitter systems (Ward et al., 2014b). Across ageing, increasing deposits of iron are 

observed in specific brain regions, with structures in the basal ganglia (putamen, globus 

pallidus and caudate nucleus) being the most vulnerable to these accumulations (Ramos et al., 

2014; Ward et al., 2014b). These accumulations can also be found in the cerebellar nuclei, 

hippocampus, the cortex and other subcortical regions, with increasing age (Arber et al., 2016; 

Daugherty & Raz, 2015; Pirpamer et al., 2016). In the past, research has shown that AD and 

T2DM related pathological cascades can cause increased BBB permeability and inflammation 

that can result in the excessive accumulation of iron in the interstitial spaces (Butterfield, Di 

Domenico, & Barone, 2014; Moon, Han, & Moon, 2016). These iron clusters can induce 

oxidative stress through the generation of reactive oxygen species that are toxic to neural tissue 

(Dixon & Stockwell, 2014). The presence of reactive oxygen species can initiate a chain 

reaction that augments the depositions of iron in the interstitial spaces via the breakdown of 

mitochondrial iron-sulphur cluster proteins (Horowitz & Greenamyre, 2010; Mastroberardino 

et al., 2009). Disturbed iron homeostasis can in turn hasten neurodegenerative processes, as 

imbalance of iron concentrations can interfere with mitochondrial function, thus initiating a 

cascade of events that eventually leads to cell death (Horowitz & Greenamyre, 2010; 

Mastroberardino et al., 2009). Iron accumulation is also linked with the loss of tight junction 

proteins and degeneration of endothelial cells, a combination of factors that can result in 

reduced BBB integrity (Won et al., 2011). Increased BBB permeability due to increased iron 

accumulation can therefore alter CBF. The susceptibility of the caudate nucleus to the 

accumulation of excess iron could thus explain the structural and CBF deficits found in this 

region.  

 

The vulnerability of the caudate nucleus to iron deposits in comorbid AD and T2DM has been 

supported by previous studies that have found increased iron deposits in the brains of patients 

diagnosed with AD and T2DM. Using quantitative susceptibility mapping, Moon and 

colleagues investigated whether excessive iron deposits in the subcortical structures was 
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associated with dementia (Moon et al., 2016). They found higher iron deposits in the caudate 

nucleus and putamen in AD patients compared to controls. However, the depositions were not 

associated with age, clinical disease severity or cognitive function (Moon et al., 2016). In a 

different study, Yang and colleagues used quantitative susceptibility mapping to examine the 

pattern of iron depositions in the brain of patients with T2DM. They found that individuals 

with T2DM showed increased susceptibility to iron deposition in the bilateral caudate head 

compared to controls, whereas T2DM patients with MCI showed increased susceptibility to 

iron deposits specifically in the right caudate head (Yang et al., 2018). This provides 

compelling evidence toward iron toxicity mediated pathology influencing the structural and 

vascular integrity of the caudate nucleus in comorbid AD and T2DM. The resemblance from 

the findings of the above studies with the findings from the current study could suggest that 

iron accumulation may explain the deficits found in the caudate nucleus in the present study, 

although iron accumulation was not investigated in the current study. Thus, future research is 

needed in order to understand whether the right caudate nucleus could be susceptible to iron 

deposits in comorbid AD and T2DM.  

 

Results from the present study are fairly consistent with those found in previous work on 

patients with T2DM. According to a meta-analysis by Moulton and colleagues, individuals 

with T2DM presented with subcortical atrophy in comparison with healthy controls (Moulton 

et al., 2015). Several studies have found specific structural and perfusion deficits in the caudate 

nucleus of patients with T2DM compared to healthy controls (Chen et al., 2017; Dai et al., 

2009; Jansen et al., 2016; Peng et al., 2015; Rofey et al., 2015). Previous research also shows 

presence of AD pathology in the striatum in early stages of the disease, a finding that could 

also provide a potential explanation for the structural deficits seen in this region in the present 

study (Klunk et al., 2007). The combined effect of AD and T2DM pathology could thus have 

a detrimental effect on the structure and CBF of the caudate nucleus.   

 

6.5.1.2 Parahippcampal gyrus and hippocampus 

In the current study, AD patients with T2DM presented with lower WMI and CBF compared 

to AD patients without T2DM in the parahippocampal gyrus and the hippocampus. Both these 

brain regions receive their blood supply via the anterior circulation system. The 

parahippocampal gyrus is supplied by the branches arising from the posterior cerebral artery 

(that stems from the basilar artery) namely the anterior and posterior temporal arteries (Caplan 
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& Van Gijn, 2012; Marinković, Milisavljević, & Vučković, 1991). The hippocampus on the 

other hand is supplied by the anterior choroidal artery (a branch of the internal carotid artery) 

and branches arising from the posterior cerebral artery that form the majority of the blood 

supply to the hippocampus (Erdem, Yaşargil, & Roth, 1993). The three main branches that 

supply the hippocampus (arising from the posterior cerebral artery) are named according to the 

territory of the hippocampus that they supply, namely anterior, middle and posterior 

hippocampal arteries (Marinković, Milisavljević, & Puškaš, 1992). The contribution of the 

anterior choroidal artery toward hippocampal blood supply is highly variable and can depend 

on the posterior cerebral artery supply (Erdem et al., 1993; Marinković et al., 1992). This 

variability in the blood supply to the hippocampus and the ‘intrinsic fragility of its vascular 

network’ could be a factor increasing hippocampal vulnerability to hypoperfusion (Spallazzi 

et al., 2019). Therefore, in the presence of arteriopathies seen in T2DM, the hippocampus is 

further prone to damage. Moreover, the hippocampus is highly susceptible to hypoglycaemic 

damage compared to other brain regions (Dhikav & Anand, 2011).  This was further supported 

by a study examining the association between HbA1c levels and CBF in diabetic patients in 

different cerebral lobes that found reduced CBF in the temporal lobe, an observation that could 

indicate a detrimental effect of impaired glucose metabolism in the temporal region (Last et 

al., 2007). Structural and CBF deficits seen in the MTL regions could thus arise from a number 

of downstream mechanisms resulting from T2DM and AD.  

 

Past research claims that there is hippocampal involvement in the DMN, albeit this claim has 

been disputed. Instead, a model where the parahippocampal gyrus acts as a hub for the 

hippocampal connections to the DMN via a ‘subnetwork’ has been proposed (Ward et al., 

2014a). The hippocampus is heavily connected with the parahippocampal gyrus via the 

entorhinal cortex because the hippocampus has fewer cortical connections compared to the 

parahippocampal gyrus, which has numerous reciprocal connections with the cortex (Aminoff, 

Kveraga, & Bar, 2013; Zeidman & Maguire, 2016). Disruptions in the DMN have been 

reported in both AD and T2DM (section 1.6.2.1 and 6.1.1.2.1). Differential synergistic 

activations of the DMN and MTL regions are observed during memory encoding and retrieval 

(Huijbers, Pennartz, Cabeza, & Daselaar, 2011; Vannini et al., 2010). Hippocampal damage 

due to neuropathological depositions in AD can lead to a loss of connections to the 

parahippocampal gyrus and consequently from the parahippocampal gyrus to the DMN 

(Sheline et al., 2010; Zhang et al., 2007b). Congruent with the disconnection hypothesis, a 

disconnection between these regions is observed in AD (Cui et al., 2015; Zhang et al., 2007b; 
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Zhou et al., 2015). It is possible that a similar pattern of disconnection might be seen in T2DM 

as a result of atrophy in the hippocampus. In the present study, hypoperfusion and deficits in 

WMI extending from the MTL to the posterior cingulum might be indicative of an additional 

detrimental effect in the underlying disconnection typically seen in AD (section 1.6.2.1). 

Moreover, recent studies have attempted to establish a link between tau pathology progression 

along the neurons of anatomically connected brain regions and hypothesised that 

neurodegeneration spreads via structurally connected networks (De Calignon et al., 2012; Liu 

et al., 2012a; Pievani et al., 2011). Tau pathology begins in the transentorhinal region (that 

forms the connection between the parahippocampal gyrus and the hippocampus) before 

spreading to other brain areas, which could be indicative of the presence of NFT in the 

parahippocampal gyrus via association with the hippocampus (Dickerson et al., 2001; Khan et 

al., 2014). Studies have shown that T2DM is linked with higher depositions of tau pathology 

(Bitel et al., 2012; Jung et al., 2011). Degeneration due to pathology in these regions could thus 

offer an explanation for the observed deficits in WMI. 

 

The results from the present study are pretty consistent with what has been found in the past. 

Lower WMI in the MTL structures has previously been shown in AD patients with T2DM 

(section 6.1.1.1.2). SPECT studies on patients with MCI showed perfusion deficits in the right 

parahippocampal gyrus (Caroli et al., 2007; Hirao et al., 2005). In one of these studies, amnestic 

MCI patients who later progressed to AD dementia exhibited hypoperfusion in the right 

parahippocampal gyrus, left inferior temporal gyrus and left fusiform gyrus (Caroli et al., 

2007). A different study found that MCI patients who progressed to AD dementia had 

hypoperfusion of the bilateral parahippocampal gyrus and right precuneus compared to those 

who did not progress to dementia (Park et al., 2012). Both these studies proposed that 

hypoperfusion in the parahippocampal gyrus might be indicative of progression to AD 

dementia. Atrophy of the right parahippocampal gyrus was observed in studies in patients in 

later stages of the disease (Burns et al., 2012; Köhler et al., 1998). Lower WMI and CBF in the 

parahippocampal gyrus and hippocampus found in the present study might, therefore, be an 

indicator of increased radiological disease severity in AD patients in the presence of T2DM. It 

is possible that the additional burden of cardiovascular risk factors in later stages of AD has 

less relative clinical significance on cognition than in earlier stages in individuals with AD and 

mixed pathologies (O’Brien & Markus, 2014). Therefore, significant changes in cognition 

resulting from additional vascular burden from comorbidities such as T2DM might be most 

clinically relevant in prodromal and early disease stages rather than later stages.  
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It is possible that the deficits in the MTL could be grounded in a theory based on cognitive 

processes and the interconnected brain networks. The MTL structures have previously been 

associated with processing of contextual information and memory encoding (Davachi, 2006; 

Haut et al., 2015; Libby, Hannula, & Ranganath, 2014). Activations in the right 

parahippocampal gyrus have been associated with encoding of contextual information or 

episodic memory. Specifically, the anterior parahippocampal gyrus was associated with 

encoding of information whereas the posterior parahippocampal gyrus was associated with the 

maintenance of the encoding process (Luck et al., 2010). Baddeley proposed a model where an 

‘episodic buffer’ acted as an integrator for the encoding and/or retrieval of episodic memory 

(Baddeley, 2000; Baddeley, 2003). Luck and colleagues hypothesized that the right 

parahippocampal gyrus acts as the episodic buffer during memory encoding (Luck et al., 2010). 

Consistent with the work by Luck and colleagues, the current study finds perfusion and WMI 

deficits in the right parahippocampal gyrus, indicating a potential disruption in the encoding 

processes. Past research has indicated that AD and T2DM patients do present with episodic 

memory deficits (El Haj et al., 2016; Milne et al., 2015; Saxena, 2015). It is possible that 

impaired glucose metabolism and disease related vascular pathology combined with the deficits 

in episodic memory could explain the hypoperfusion seen in the right parahippocampal gyrus 

and hippocampus in AD patients with T2DM.  

 

6.5.1.3 Cerebellum 

The cerebellum remains by far the least explored part of the brain, in part due to its exclusion 

from research analyses (Kumar et al., 2008; Reijmer et al., 2013b). It is implicated in myriad 

functions namely fine motor movement, vestibulo-ocular response, error monitoring, learning, 

memory and more (Leggio & Molinari, 2015; Salman & Tsai, 2016). However, its exact role 

in these functions is still under debate. Nevertheless, the combined effect of T2DM and AD 

pathology could play some role in modulating cerebellar structure resulting from perfusion 

deficits. Differences in CBF were particularly observed in the inferior and medial regions of 

the cerebellum. However, most of the GMV differences in the cerebellum did not overlap with 

the CBF differences except for the infero-medial regions. These cerebellar regions are supplied 

by the posterior arterial system, particularly the anterior inferior cerebellar artery  and the 

lateral and medial segments of the posterior inferior cerebellar artery, a branch of the vertebral 

artery (Gillilan, 1969; Tatu et al., 1996).  
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As it has been established before, AD and T2DM are accompanied with vascular dysfunction 

that alters CBF (Dickstein et al., 2010; Wang et al., 2014a). In general, the diameters of the 

vertebral arteries tend to be asymmetrical with left vertebral arteries presenting with larger 

diameters than the right vertebral arteries (Jeng & Yip, 2004). This difference in baseline 

diameters of the vertebral arteries could potentially explain lower blood flow to the right 

cerebellum via the posterior inferior cerebellar artery. Additionally, atherosclerosis in larger 

blood vessels leading to embolisms in the connected arteries are a common cause of reduced 

CBF in the vertebrobasilar arteries (Savitz & Caplan, 2005). The vertebral artery-posterior 

inferior cerebellar artery junction where the posterior inferior cerebellar artery branches off to 

supply the cerebellum is highly susceptible to prothrombotic events due to its structure and 

course (Bertalanffy et al., 2012; Hudgins et al., 1983). Since the posterior inferior cerebellar 

artery arises from the vertebral artery, occlusions in the respective vertebral artery can lead to 

reduced blood flow to the ipsilateral region (Amarenco & Hauw, 1990; Gács et al., 1983). The 

anterior inferior cerebellar artery may also be susceptible to damage due to its angulation from 

the basilar artery in the presence of arteriopathies. Variability in vertebral artery diameter can 

also change the angulation of the basilar artery, affecting blood flow, which could in turn cause 

a reduction in the anterior inferior cerebellar artery blood flow (Jeng & Yip, 2004; Kim, Sohn, 

& Choi, 2012). Of particular interest, unilateral anterior inferior cerebellar artery infarcts have 

previously been associated with small artery atherosclerotic disease in patients with diabetes 

(Amarenco et al., 1993). This could explain part of the hypoperfusion found in areas supplied 

by the anterior inferior cerebellar artery. However, the evidence supporting the above theories 

is limited and largely speculative. Also, lower CBF in the cerebellar arteries does not imply a 

reduction in CBF from other collaterals and it also fails to explain why other areas supplied by 

the artery do not show differences in CBF.  

 

In conjunction with the vascular dysfunction seen in AD and T2DM, IR (which is seen in both 

these diseases) might play a role in the structural and functional alterations seen in the 

cerebellum. Insulin has a neuroprotective role that can protect the brain from apoptosis, 

vascular insult, Aβ related toxicity and oxidative stress (Blázquez et al., 2014). There is a high 

expression of insulin receptors in the cerebellum, striatum, hippocampus, olfactory bulbs and 

the thalamus (Zahniser et al., 1984). A disturbance in glucose homeostasis resulting from IR 

can alter brain structure and function and that could potentially explain the deficits in GMV in 

the cerebellum that do not overlap with hypoperfusion (section 2.1.3). A study looking at the 
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insulin growth like factor binding ability found very high concentrations of the receptor in the 

parahippocampal gyrus and a relatively lower concentration in the caudate nucleus and the 

cerebellum, indicating that IR effects are widespread (Adem et al., 1989). In addition to IR 

effects, the cerebellum is also susceptible to specific pathological deposits in AD. Although it 

appears that the cerebellum is relatively spared in terms of neurofibrillary tangle formation, it 

experiences heavy depositions of A (Jacobs et al., 2018b; Larner, 1997). Since impaired 

amyloid clearance is observed as a consequence of insulin dysregulation, the increased amyloid 

load could be explained by IR (Qiu & Folstein, 2006; Tarasoff-Conway et al., 2015). However, 

the relative protection against neurofibrillary tangles remains an enigma. AD pathology in the 

cerebellum is observed in much later stages and it is possible that AD and T2DM related insulin 

dysregulation play a role in the cerebellar structural deficits seen in the present study.  

 

The present finding of structural and CBF deficits in the cerebellum is unusual, as there is 

relative preservation of the cerebellum in AD, which could also indicate heightened 

radiological AD severity in the presence of T2DM (Jacobs et al., 2018b; Larner, 1997). In a 

longitudinal study comparing MCI groups, where one group progressed to ADD and the other 

one did not, greater volume loss was observed in the cerebellum of MCI patients who 

progressed to ADD. The structural atrophic changes were attributed to the susceptibility of the 

Purkinje cells to ischemic insult (Spulber et al., 2012). In a cross-sectional study comparing 

healthy controls, MCI and ADD patients, they found differences in cerebellar volumes only 

between the healthy controls and ADD patients, with the patients presenting with cerebellar 

GMV deficits (Tabatabaei‐Jafari et al., 2017). This pattern of presentation could potentially 

point toward cerebellar involvement only later in the disease. However, a different study 

between amnestic MCI and healthy controls found that the patients had lower volumetric 

deficits compared to controls (Venneri et al., 2011). Therefore, although there seems to be 

cerebellar involvement in ADD, the pathological mechanisms and the progression of the 

deficits are still ambiguous.  

 

6.5.1.4 Right lateralised effects 

Although past studies have shown a negative effect of T2DM on the brain, a novel finding in 

the current study is the dominant right-lateralised deficits observed in the comparison between 

AD patients with and without T2DM in terms of GMV, WMI and CBF. This could potentially 

be attributed to the course of the internal carotid arteries and their structure before they branch 
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off in the brain. This structural difference could potentially help shed light on the unilateral 

detrimental effects seen in the right hemisphere in AD patients with T2DM. The blood is 

pumped from the heart toward the brain initially through the aorta (Anderson, 2000). It flows 

upward through the ascending aorta to reach the aortic arc, where it typically trifurcates 

dorsally into the brachiocephalic artery (also known as the innominate artery), the left 

subclavian artery and the left common carotid artery (Fig 6.5). The brachiocephalic artery 

further bifurcates into the right common carotid artery and the right subclavian artery (Jakanani 

& Adair, 2010; Kadir, 1991). The common carotid and the subclavian arteries give rise to the 

internal carotid and vertebral arteries that supply the brain, respectively (Netter, 2014).  

 

Since the brachiocephalic artery branches into two main arteries that supply the brain, it has a 

higher number of bifurcations and larger calibre resulting from a higher influx of blood 

compared to the left subclavian and left common carotid arteries (Clark et al., 2006). 

Additionally, the brachiocephalic artery ascends parallel to the direction of the ascending aorta 

as opposed to the left carotid artery which ascends perpendicular to the aortic arch (Meissner 

et al., 2004). Hence, the brachiocephalic artery experiences higher wall shear stress compared 

to the left subclavian and left common carotid arteries making it more prone to wear and tear 

(Fry, 1973; Huang, Yang, & Lan, 2010). Arteriogenic and atherogenic changes especially due 

to T2DM that are described earlier, can also influence the walls of these parent arteries and 

therefore result in alterations in blood flow. These alterations can lead to damage of the 

collateral blood vessels supplied by the parent arteries (Kim et al., 2011). Additionally, the 

angles at which the parent arteries ascend, make the ascending arteries to the right more prone 

to cardiogenic emboli that may eventually enter cerebral hemispheres via the interconnecting 

arteries and result in cerebrovascular damage (Matsubara et al., 2018; Meissner et al., 2004). 

In the presence of cardiovascular risk factors that increase atherosclerotic plaque formation, 

there is a higher circulation of cardiogenic emboli that can occlude blood vessels, thus 

increasing risk of lower blood flow (Arboix, 2015; Lyaker et al., 2013). These pathological 

changes in blood flow can ultimately influence the regions that are perfused by the collaterals 

from these arteries. Therefore, systemic arteriosclerosis and atherosclerotic pathology altering 

properties of vessel walls in degenerative diseases such as AD and T2DM, can influence 

cerebral vasculature, particularly in the right hemisphere.    



 296 

 

Figure 6.5 Typical trajectory of the brachiocephalic artery (adapted from (Gray, 1878) under 

the Creative Commons License agreement in Appendix A) 

Absence of the cognitive deficits associated with the deficits found in neuroimaging parameters 

could be attributed to a couple of mechaanisms. T2DM is often associated with the 

development of ‘silent’ infarcts (Kovács et al., 2013). These infarcts are ‘clinically silent’ 

which means that although individuals may have brain infarcts (that are detectable on MRI), 

there are no overt or identifiable symptoms presented (Vermeer, Longstreth Jr, & Koudstaal, 

2007). Despite the differences observed between AD patients with and without T2DM in brain 

structure and perfusion, no significant differences were observed in vascular burden. Therefore, 

it is possible that the extent of the infarcts in the group of AD patients with T2DM was not 

enough to be associated with cognitive deficits. Another possibility is that in patients already 

diagnosed with AD, the additional vascular dysfunction caused by the presence of 

comorbidities such as T2DM does not have as severe an effect on cognitive function as it does 

in prodromal or earlier disease stages (Esiri et al., 2014; Jellinger, 2001; Lee et al., 2000). 

Moreover, all the T2DM patients were on medication for glycaemic control, which could have 

mitigated the deficits seen in cognitive function. Nevertheless, the additional burden can 

contribute toward altering brain structure and perfusion, which can in turn reduce the available 

brain reserve, hampering the recruitment of compensatory mechanisms to annul the cognitive 

deficits (Bischof & Park, 2015; Reuter-Lorenz & Park, 2014). This additional burden can also 

lead to an accelerated timeline of disease progression and appearance of cognitive deficits with 

longer disease durations.  
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Although FA differences were concentrated in the right hemisphere, differences in mean 

diffusivity were widespread across the cerebral white matter, with the highest concentration of 

voxels centred around the white matter tracts connecting regions of the DMN. This shows that, 

although direction dependent diffusion of water molecules (FA) is affected only in the right 

hemisphere in patients with T2DM, there is widespread restriction of diffusion (mean 

diffusivity) of water molecules possibly indicating the presence of obstructions (such as 

miniscule bleeds that are undetected even on MRI or AD pathological formations) restricting 

their movement. One of the explanations for this phenomenon could be due to the additional 

vascular dysfunction seen in comorbid AD and T2DM, relative to AD alone. This can lead to 

the additional build-up of small brain bleeds that could obstruct the diffusion of water 

molecules in the white matter, similar to the manner in which lesions in multiple sclerosis 

increase mean diffusivity (Senda et al., 2012). This view is supported by past studies that show 

that heightened mean diffusivity (and lower FA) is often found in the presence of vascular 

comorbidities and lesions (Chen et al., 2007; Wang et al., 2015a; Williams et al., 2019b). In 

two of these studies, APOE status was also associated with higher mean diffusivity and lower 

FA, indicating that this risk factor for AD could also modulate WMI (Chen et al., 2007; 

Williams et al., 2019b; Zhou et al., 2011). However, there was no correlation between WMH 

load and any of the diffusivity measures, indicating that other T2DM-mechanisms could have 

contributed to the pattern of results.      

 

6.5.2 AD without T2DM vs CN 

AD patients without T2DM were compared with the CN group to ensure that the AD patients 

presented with deficits typical of AD compared to age and gender matched controls. Consistent 

with previous literature, AD patients without T2DM showed lower GMV in the bilateral MTL 

areas, the anterior cingulate gyrus and the precuneus in the parietal lobe (section 1.6.1.1). 

Typically, AD patients show decline in GMV starting in the MTL structures in MCI and 

prodromal disease stages, with highest atrophy observed in these regions with disease 

progression (section 1.6). Global atrophy and atrophy of other brain regions (such as the frontal 

and parietal lobes) is seen with disease progression (section 1.6). Differences in the frontal lobe 

and parietal lobes were expected, as the group contained patients across the AD spectrum with 

mild to moderate AD, with varying clinical disease severity. All the significant clusters were 

positively correlated with tests measuring long term and short term memory (prose memory 

tests), executive function (phonemic fluency, digit span - backward test) and abstract reasoning 
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(similarities test). AD patients have shown impaired performance on these domains in the past 

(Amieva et al., 2008; Di Paola et al., 2007; Izawa et al., 2009; Oda, Yamamoto, & Maeda, 

2009; Spaan, Raaijmakers, & Jonker, 2003). Thus, the current AD group without T2DM was 

representative of the AD phenotype and was appropriate to be compared with AD patients with 

T2DM to examine how the presence of comorbid T2DM can affect the brain. 

 

Overall, lower WMI integrity was found in the corpus callosum, white matter tracts involved 

in the limbic circuitry, DMN and subcortical white matter in AD patients without T2DM 

compared to CN. These findings could indicate that there is extensive damage to various 

aspects of white matter in AD, especially in the frontal and subcortical brain regions in addition 

to large callosal fibres in the corpus callosum. According to the neuronal skeletal hypothesis, 

neurofibrillary tangle pathology tends to spread across structurally and functionally connected 

brain networks (Cope et al., 2018; Hoenig et al., 2018). It is possible that neuropathological 

depositions of hyperphosphorylated tau along the white matter tracts seen in AD could 

contribute toward the disruptions in WMI (Jacobs et al., 2018a; Strain et al., 2018). It appears 

that lower WMI is seen in AD patients in white matter tracts connecting regions involved in 

the DMN. Also consistent with the previous literature, lower WMI was expected in the tracts 

connecting different regions of the DMN and in the subcortical white matter (section 1.6.1.2). 

Differences in axial diffusivity were found across the corpus callosum, cingulum, subcortical 

white matter and some white matter tracts in the frontal lobe. These results are mostly 

consistent with the past literature (Acosta-Cabronero et al., 2010; Shu et al., 2011). In fact, a 

study by Agosta and colleagues that combined MCI and AD patients showed very similar 

results to those found in the present study in terms of axial diffusivity (Agosta et al., 2011). 

Most of the axial diffusivity differences found in the present study were negatively correlated 

with tests of memory, executive function and abstract reasoning, cognitive domains that are 

also affected in AD (section 1.3.4). Higher mean diffusivity was found in the white matter 

tracts in the left MTL regions in addition to inferior frontal regions in the anterior thalamic 

radiations, thalamic white matter, fornix and uncinate fasciculus. The mean diffusivity 

differences were more pronounced in the left hemisphere and appeared to involve tracts within 

the DMN in addition to tracts in the Papez circuit. This is again consistent with the literature 

as AD has a harsher effect on the left hemisphere in comparison to the right (Thompson et al., 

2003; section 1.6.1.1, Para 3). Meanwhile, the differences in radial diffusivity were restricted 

to frontal brain regions. These findings were mostly consistent with the literature, but differed 

in the absence of radial diffusivity differences in the MTL between the two groups, which is a 
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typical finding when comparing AD patients to controls (Agosta et al., 2011; Weiler et al., 

2014).  

 

No differences were found in FA between AD patients without T2DM and CN. This is not 

consistent with past literature as many other studies have found differences in FA between AD 

patients and controls. One reason for this inconsistent finding could be due to the low 

sensitivity of FA in detecting AD related differences compared to other DTI measures (Nir et 

al., 2013). This problem could arise possibly due to the crossing of fibres travelling in different 

directions in certain brain regions, where the diffusion of water molecules occurs along 

different directions within the same voxel. Degeneration of fibres in a one particular tract that 

intersects with white matter tracts that travel in different directions (which changes the 

direction of diffusion of water molecules), could affect overall FA despite sparing of other 

tracts crossing the tract displaying lower FA (Reijmer et al., 2012). These results are mostly 

reflective of those that one would expect to find in typical AD. The variability in the results 

and their deviation from the typical presentation in AD might arise from the amalgamation of 

AD patients with dementia and MCI.  

 

In terms of CBF, a typical pattern of difference is seen between CN and AD patients without 

T2DM in the posterior cingulate and MTL regions (section 1.6.2.3). However, with the uniform 

threshold that was applied across the results for the comparison of AD patients without T2DM 

and CN in the present study, only the differences in the cerebellum survived corrections for 

multiple comparisons. This is an atypical pattern of hypoperfusion for a comparison between 

AD patients without T2DM and CN. However, lowering the threshold (p < 0.01) did reveal a 

hypoperfusion pattern typical of AD. This difference in the presentation of results due to the 

level of the threshold could in part be attributed to the extent of vascular contributions or 

vascular dysfunction seen in the disease. The differences in CBF between AD patients with 

T2DM compared to CN were far more extensive and widespread than differences found in the 

comparison between AD patients with and without T2DM. This suggests that the CBF 

differences between AD patients without T2DM and CN are less severe than the comparisons 

between the former groups. Therefore, the inherent variability between the three groups in 

terms of perfusion could warrant the use of alternative thresholds for the interpretation of 

results. Additionally, lowering the threshold to p < 0.01 for all three comparisons shows 

involvement of the same areas that were found significant using p < 0.001 (threshold used in 

the present study). The comparison between AD patients without T2DM and CN thus shows 
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that the AD patients included in the current group show a typical AD phenotype compared to 

CN in terms of differences in GMV, WMI, CBF and cognitive profiles. However, there were 

some inconsistencies with the existing literature, which could be explained by the variability 

in the radiological disease severity and profiles in the patient group.  

 

6.5.3 AD patients with T2DM and CN 

For the first time, we show the profound effect of comorbid T2DM in AD using multimodal 

neuroimaging in a comparison between AD patients with T2DM and CN. As predicted, 

comparisons between these two groups revealed widespread differences in GMV, WMI, CBF 

and associated cognitive deficits. Consistent with the hypothesis, the results from the current 

comparison overlapped with the results from the former two comparisons in addition to the 

involvement of other brain regions. In terms of GMV, the regions that showed differences 

between the two groups included grey matter structures from the DMN, subcortical structures, 

lateral and medial frontal lobe, superior and lateral parietal areas, MTL regions, language 

processing areas (Broca’s and Wernicke’s areas), insulae, posterior occipital areas and the 

cerebellum. Using a more conservative threshold showed survival of the results in the temporal 

poles and the hippocampi, posterior occipital lobes, the cingulate gyrus and parts of the parietal 

lobe. This presentation of results is consistent with the literature, in that, some of the areas 

showing volumetric differences are part of the Papez circuit/DMN. The differences in GMV 

showed associated deficits on tasks measuring memory, executive function and language. 

These deficits are again consistent with what has been found in the past in AD (section 1.3.4). 

Additionally, lower GMV was linked with higher vascular burden, which was not found in the 

comparison between AD patients without T2DM and CN. This could imply that the additional 

burden of T2DM that is accompanied with vascular complications could have a secondary 

effect on cognitive function through the modulation of GMV. 

 

Lower WMI was seen mainly in the corpus callosum, white matter tracts connecting grey 

matter regions of the DMN and subcortical brain regions. Consistent with the Wallerian 

degeneration hypothesis, WMI was lower in the tracts connecting grey matter regions showing 

volumetric differences (Coleman, 2005; Stricker et al., 2009; Waller, 1850). Due to the cross-

sectional nature of the current study, it is difficult to determine whether GMV differences could 

explain the differences in WMI or vice-versa. These differences in WMI have also previously 

been found in comparisons between AD patients with T2DM and CN (section 6.1.1.1.2). With 

respect to the different diffusivity indices, there were variable results depending on the type of 
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diffusivity index. Radial diffusivity and FA were lower in the white matter tracts connecting 

grey matter regions of the DMN, corpus callosum and subcortical brain regions showing that 

overall direction dependent degeneration of white matter and myelin was found in these 

regions. On the other hand, mean diffusivity showed widespread differences that resembled the 

pattern of results found with FA, with voxels spilling over into other large white matter tracts 

such as the superior longitudinal fasciculus, corticospinal tracts and cerebellothalamic tracts. 

This shows that pathological processes affecting the brain in comorbid AD and T2DM can 

have a profound detrimental effect on the integrity of white matter tracts. Axial diffusivity 

differences were similar to the differences found with FA, but these were mostly restricted to 

the corpus callosum and the superior portions of the cingulum indicating that axonal integrity 

is affected the most in these regions in comorbid T2DM and AD. Lower WMI in AD patients 

with T2DM was associated with lower performance on tasks of short-term memory, attention, 

abstract reasoning and language.  

 

We expected that the differences in CBF would overlap with the differences found with respect 

to brain structure. For the most part, an overlap between the CBF differences was found in 

regions showing differences in brain structure, except in the frontal lobe. The differences in 

CBF were mostly restricted to inferior and medial brain regions with relative sparing of 

superior brain regions in the parietal and frontal lobes. Absence of CBF differences in the 

frontal lobe in the presence of structural deficits could indicate that mechanisms other than 

lower blood flow could be contributing towards the differences seen. It is possible that this 

discrepancy could arise from the tendency of shared mechanisms such as IR and glucose 

dysregulation in comorbid T2DM and AD to target specific brain regions. Differences in CBF 

were also associated with impaired performance on tasks of episodic and semantic memory.  

 

The extent of the results in the present study highlights that the difference between AD patients 

with T2DM and CN in terms of cerebral properties and cognitive function is pervasive.  The 

differences not only align with the brain regions showing differences in comparisons between 

AD patients without T2DM and CN and AD patients with and without T2DM, but they extend 

beyond the expected differences between the two groups. This could reflect how comorbid 

T2DM in AD could amplify mechanisms that affect CBF and propagate neurodegenerative 

processes that can affect myriad brain regions. The fact that these detriments extend beyond 

those found in the two conditions independently shows that the combination of the pathological 

processes in comorbid T2DM and AD exert harmful effects on brain regions that are not overtly 
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vulnerable to these harmful effects. Additionally, the correlations with neuropsychological 

tests show that cognitive deficits typical of AD are also manifested as a result of comorbid 

T2DM and AD when compared to controls.    

 

6.5.4 Limitations 

The present study was conducted on neuroimaging data that was collected prior to the 

commencement of the present study, which limits the probability of subsequent monitoring of 

the patients or gaining additional information pertinent to the research. The present study also 

uses a cross-sectional design, which restricts the accessibility to patient data that was not 

acquired at the time of the research appointment with the patient. Such a study design limits 

the interpretation of the directionality of the findings, as causal effects can only be assumed. 

Therefore, the overlap of the structural and CBF differences and the interpretation that reduced 

CBF could be a mechanism propagating structural damage is speculative. Another caveat in 

this study is the ASL technique which has a low signal to noise ratio, thus reducing the accuracy 

of the localisation of the brain regions identified with the perfusion deficits. Despite the low 

signal to noise ratio, we were able to detect CBF differences in areas overlapping with areas 

exhibiting structural deficits. Additionally, disease duration of T2DM was not collected at the 

time of recruitment, which could have provided additional insights into the extent of T2DM 

pathology. Moreover, HbA1c levels were not collected at the time of recruitment, a 

shortcoming in the study design that limits the inferences that can be drawn from the findings.  

 

6.5.5 Conclusions 

This is the first multi-modal MRI study to show that comorbid T2DM in AD can have 

detrimental effects on brain structure and CBF in a variety of regions, lateralised to the right 

hemisphere. The considerable degree of convergence in the findings, indicating CBF and 

structural differences, is particularly novel. Results from the current study suggest that AD and 

T2DM mediated systemic vascular dysfunction (microvascular and macrovascular changes) 

resulting in pathological changes in cerebral vasculature may contribute to a majority of the 

structural deficits observed. These results stress how crucial it is to increase awareness about 

the ‘silent’ detrimental effects of cardiovascular risk factors in neurodegenerative diseases such 

as AD, risk factors that could exacerbate the structural and perfusion deficits seen without a 

clinical manifestation. The silent nature of these detriments also makes them more difficult to 

detect and prevent. The structural and CBF deficits in AD patients with T2DM could also be 

representative of increased radiological AD severity in the presence of a comorbidity. 
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Consequently, there is an urgent need to put in place preventive strategies that could help 

increase the age of onset or even reduce the incidence of these diseases to improve AD 

prognosis.  

 

An unexpected finding was the absence of a link with cognitive deficits associated with the 

detrimental changes seen in the present study when comparing the two AD patient groups with 

and without T2DM. The cognitive impairment seen as an effect of T2DM therefore, might not 

be as significant when comparing two pathological subgroups of AD. Moreover, the presence 

of structural and CBF differences in the absence of a cognitive phenotype is indicative of a 

reduction in gross brain matter. Consequently, there could be a reduction in the neuroplastic 

mechanisms that are available in order to compensate for deficits in cognitive function with 

disease progression (Park et al., 2009). However, increased neuroplastic mechanisms in the 

presence of disease could help explain why no clinical difference was observed between the 

patient groups despite a worse radiological phenotype in AD patients with T2DM. The 

comparison between AD patients with T2DM and CN shows how the presence of a 

comorbidity in AD could have widespread negative effects that are more extensive than those 

seen in the comparison between AD patients without T2DM and CN.  
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Vascular dysfunction is an established, observable characteristic of AD although it remains 

unclear whether this dysfunction is observed as an effect of pathological processes seen in AD, 

the senescence of the vascular system or the presence of comorbidities (Di Marco et al., 2015; 

Zlokovic, 2011). Using multi-modal neuroimaging, the current thesis highlights that the added 

effect of certain vascular comorbidities (obesity and T2DM) can in fact increase the 

radiological severity and in some instances, clinical severity of the AD phenotype in patients. 

In healthy controls, the presence of these conditions could increase the chances of damage to 

regions susceptible to AD neurodegeneration and, therefore, could potentially lower the 

threshold for AD in these individuals. In conjunction with the effect on neuroimaging 

parameters, experiments from the current thesis show that the presence of modifiable 

cardiovascular comorbidities and related detriments downstream of these comorbidities, could 

result in worse cognitive profiles, additional to those already observed in AD (section 1.3.4). 

This suggests that the presence of obesity and diabetes exacerbates the effects exerted by 

vascular senescence due to ageing and the pathological processes of AD, that can 

independently bring about a worse AD phenotype. In addition to the interpretation of the results 

found in the study, it is also important to account for the thresholding decisions made in the 

experimental chapters due to the high sensitivity of neuroimaging to weak and diffuse signals 

(Woo et al., 2014). Using an inappropriate cluster-forming threshold could increase the 

likelihood of a type I or type II error (Carter, Lesh & Bach, 2016). To reduce the chance of 

these errors and to improve the replicability of the findings, previously established and more 

conservative thresholds have been used across the experimental chapters.   

 

Given the irreversible nature of the alterations from AD pathology, its downstream effects, and 

other non-modifiable risk factors, the modifiable nature of comorbidities such as obesity, 

hypertension and T2DM make them the crux for AD prevention (Li et al., 2017; Ngandu et al., 

2015; Pluta & Ułamek-Kozioł, 2019; Riedel, Thompson, & Brinton, 2016). It is noteworthy 

that damage from modifiable lifestyle factors can only be mitigated through primary prevention 

by avoiding the development of the comorbidity, whereas interventions to reduce the 

prevalence and/or the clinical and radiological severity of these comorbidities would primarily 

help attenuate any progressive damage without reversing any accumulated damage in the past 

Chapter 7: General Discussion 
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(Affleck et al., 2020; Ngandu et al., 2015). Therefore, exploring avenues for early intervention 

that will aid in reducing the burden exerted by these conditions, could significantly reduce the 

risk for AD progression and prognosis (Affleck et al., 2020; Ngandu et al., 2015). Although 

not investigated in the current study, it is possible that findings from the current thesis could 

suggest that early interventions that implement regimes for weight modifications and 

medication to restore the individual’s biological parameters within the ‘normal range’ across 

the lifetime could contribute towards alleviating such detrimental effects (section 4.5.5; section 

5.5.5). However, future longitudinal studies introducing interventions to maintain biological 

parameters within the normal range across the lifetime, particularly beginning from midlife, 

could help establish the effectiveness of such interventions in reducing AD risk. Such 

interventions could not only help cater to reducing the risk of AD prognosis and progression 

but could also reduce the risk of several other diseases (Freisling et al., 2020; Ngandu et al., 

2015; Thavendiranathan et al., 2006).  

 

Obesity, hypertension and T2DM often co-occur and effects from each condition can 

intermingle with effects from a different comorbidity, despite controlling for these factors in 

statistical models (Colosia et al., 2013; Iglay et al., 2016; Okosun et al., 2001). Taking into 

account the limitation of our work that the individual effects of these comorbidities cannot be 

eliminated from the statistical models completely, a detrimental effect of a pathology related 

to the main variable of interest could play a part in the observed findings across this thesis. The 

detrimental effect of the additional burden from cardiovascular risk factors in AD patients 

primarily lies in the subcortical, temporoparietal and frontal brain regions. Although there is 

involvement of the MTL areas, the primary cause for this effect was presumed to be the 

pathological burden caused by AD neuropathological depositions in these regions that are 

typically found in AD patients (Blanken et al., 2017; Braak & Braak 1991). An additional 

vascular pathological burden found in MTL regions resulting from cardiovascular 

comorbidities, however, is also likely (Jiménez-Balado et al., 2018; Kril et al., 2002; Schwartz 

et al., 2010). In fact, a study has shown enlarged perivascular spaces around the hippocampus 

in hypertensive individuals and MCI patients and this enlargement was aggravated in older 

patients with poor blood pressure control (Jiménez-Balado et al., 2018).  

 

On the other hand, the susceptibility of the subcortical structures to vascular and structural 

damage can be attributed to the delicate nature of the arteries supplying these regions and their 

vulnerability to vascular damage (Moody et al., 1990). These arteries have smaller diameters 
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and relatively thinner media lining the arterial walls (Moody et al., 1990). Arteries with smaller 

diameters are more susceptible to vascular damage from arteriopathies observed in the presence 

of modifiable cardiovascular risk factors, such as atherosclerosis and arteriosclerosis (Gutierrez 

et al., 2015). Moreover, these perforating arteries bifurcate several times before going on to 

supply subcortical structures, vascular territories that are downstream from the primary source 

of blood, which could make such arteries more vulnerable to the cumulative damage exerted 

by upstream vessels (Rosner et al., 1984; Soustiel et al., 2001). This vulnerability of perforating 

arteries provides evidence towards how the increasing distance of the tributary artery from the 

parent artery increases its susceptibility to damage in AD, especially in the presence of a 

cardiovascular comorbidity. Subcortical structural and vascular damage was a prominent 

feature in hypertensive and diabetic AD patients, and was also associated with higher 

anthropometric measures of obesity in cognitively normal individuals and MCI patients to an 

extent, indicating that vascular dysfunction, specifically fluctuations in blood pressure (seen in 

hypertension and T2DM) are highly detrimental to these structures in AD.  

 

In addition to the vulnerability of subcortical brain regions to the negative effects of 

cardiovascular comorbidities, the experiments in the current thesis highlighted that frontal and 

temporoparietal brain regions are also susceptible to these effects. Of note, these detriments 

seem to augment the well-known ‘disconnection’ that is observed in AD patients (section 

1.6.2.1). This was evident in the associations observed between obesity measures, 

neuroimaging parameters and cognitive performance in MCI patients and cognitively normal 

individuals and also in the comparison between AD patients with T2DM, AD patients without 

T2DM and cognitively normal individuals. The observed associations with obesity measures 

in MCI were linked with higher vascular burden (as measured using WMH volume), which 

was not as pronounced in cognitively normal individuals although this latter group had on 

average higher obesity indices than the MCI patients (section 4.5.2 and 4.5.3). This observation 

could indicate that in the presence of AD pathology, the additive detrimental effect of 

overweight might increase radiological and clinical AD severity through the effect of vascular 

pathological formations in MCI, which may not be as severe in the absence of a 

neurodegenerative process as in the cognitively healthy group. These pathological WMH 

formations could be the result of an interaction between AD and overweight-related 

pathological processes (Kim et al., 2017; Park et al., 2020). A recent study has even shown that 

WMH burden may mediate the functional connectivity between frontoparietal brain regions 

(Park et al., 2020). Lower CBF and WMI associated with higher obesity and overweight 
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measures around periventricular fronto-temporoparietal regions in cognitively normal 

individuals and MCI patients (no associations found with WMI), also found in the comparison 

between AD patients with and without T2DM, may suggest that the combined presence of 

obesity/overweight and T2DM could further contribute toward the characteristic 

‘disconnection’ seen in AD (section 1.6.2.1). The fact that the additive effect of overweight, 

obesity and T2DM affects temporoparietal regions, areas that are heavily affected by 

neuropathological processes in the course of AD, advocate primary prevention in early decades 

of life to curb progressive and irreversible insults related to obesity and T2DM in brain regions 

vulnerable to AD, to reduce AD risk in CN and radiological and clinical disease severity in AD 

patients (Desikan et al., 2009). Findings of detrimental effects of obesity and T2DM in frontal 

brain regions, that are affected much later in AD, further support the need for reducing 

prevalence of cardiovascular risk factors, as this observation is indicative of increased 

radiological disease severity in AD patients and reduced brain reserve that may lower the 

threshold for AD in CN (section 1.6 and 4.1.1). This observation could also be attributed to 

accumulation of AD pathology in temporoparietal regions, as indicated in a study which 

demonstrated that accumulation of pathology in remote and functionally connected brain 

regions could affect brain areas that are not known predilection sites for heavy AD pathological 

accumulations, such as the prefrontal cortex (Klupp et al., 2015). 

 

The majority of the negative effects of cardiovascular risk factors were found in the 

periventricular regions indicating a higher susceptibility of these regions to conditions that 

increase vascular burden. Periventricular brain regions are generally supplied by distal 

branches of major cerebral arteries (De Reuck, 1971). In the presence of metabolic conditions 

that can significantly alter CBF, these distal arteries are more prone to adverse vascular events. 

Moreover, the BBB tends to be more permeable around periventricular regions to permit the 

exchange of substances from the systemic circulation into the central nervous system (Bennett 

et al., 2009). Considering that the breakdown of the BBB is a central feature seen in AD, 

obesity, hypertension and T2DM, damage to the BBB in the periventricular areas can further 

increase permeability that can lead to the extravasation of vessel contents into the brain 

parenchyma (Kaya et al., 2003; Sweeney et al., 2018; Tucsek et al., 2014). Thus, a breakdown 

of the BBB can cause aggregations of harmful substances that can promote neurodegenerative 

processes that can, in turn, increase AD severity and AD risk (Kim et al., 2003; Takechi et al., 

2017).  
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Formations of cerebral amyloid angiopathy pathology seen in AD, hypertension and T2DM in 

periventricular regions, could further add to the reductions in CBF that could be detrimental to 

brain structure and cognitive function (Charidimou et al., 2016; Ellis et al., 1996; Holland et 

al., 2008; Mandybur, 1975; Marnane et al., 2016; Peila et al., 2002). Therefore, this property 

of periventricular brain regions could make these areas more susceptible to formations of 

vascular pathology such as WMH. Periventricular WMH have previously been associated with 

cortical thinning in the frontal lobe, which could explain the cardiovascular comorbidity-

related detriments in the frontal lobe across the different studies in this thesis (Seo et al., 2012). 

The experiments from the thesis also highlight the need to investigate the directionality of white 

matter and grey matter damage. Since AD is primarily a grey matter disease and the prominent 

susceptibility of white matter to vascular damage, understanding whether damage to white 

matter due to the presence of a cardiovascular comorbidity could be a factor in additive 

detriments observed in grey matter, could highlight some of the mechanisms that foster 

increased disease severity in AD patients with comorbidities (Agosta et al., 2011; Venkat et 

al., 2017; section 1.6). Future studies with a longitudinal design that explore the directionality 

of grey and white matter damage in the presence of a vascular comorbidity in AD could thus 

shed light on this mechanism.  

 

Although there were several indications of cardiovascular comorbidity-related damage, there 

was also an indication of a preservative effect on blood flow and brain structure in the 

temporoparietal brain regions in ADD patients who were within the ‘normal’ range of 

biological parameters. This was especially evident in patients with ADD who fell within the 

normal BMI and WC ranges. In this group, higher values of the normal weight range helped 

preserve brain structure in the temporoparietal regions, mostly likely due to vascular 

mechanisms. This observation is supported by evidence from a previous longitudinal study 

which showed that higher BMI in late-life was associated with reduced risk of AD progression 

and also with reduced AD risk (Sun et al., 2020). The lateralisation of this preservative effect 

in the right hemisphere could be explained by the higher susceptibility of the left hemisphere 

to early AD-related effects which could have spared the right hemisphere from more extensive 

damage (Liu et al., 2018). Prevention strategies, therefore, could be less effective on core areas 

affected by pathology very early, but would manifest mostly in regions better preserved in the 

earliest stages and would spare the right hemisphere from more extensive damage, at least in 

the early stages of AD. 
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Additionally, the positive effects observed were primarily found in the vascular territory 

supplied by the middle cerebral artery, the biggest artery that supplies a wide range of brain 

structures and is prone to damage from vascular comorbidities (Bustamante et al., 2016; 

Caplan, 2015; Momjian-Mayor & Baron, 2005). Thus, it appears that the bigger arteries that 

are more prone to damage may benefit the most from the protective effects of higher body mass 

in later stages of AD. This positive effect is also consistent with the ‘obesity paradox,’ which 

states that the relationship between obesity and AD is confounded in the later and clinical stages 

of the disease due to age and AD-related weight loss (Pegueroles et al., 2018). Therefore, in 

patients who are at a more advanced disease stage, nutritional interventions to promote weight 

gain among those patients with very low BMI could help limit progressive detriments to the 

brain and cognition. A previous study has shown that in cognitively impaired patients admitted 

for rehabilitation through nutritional and physical activity interventions to improve functional 

activities, those patients with a BMI below 20 did not show any benefits from the interventions 

although those patients with a BMI above 20 did benefit from the rehabilitation program 

(Vassallo et al., 2016). This could indicate early intervention to prevent extensive weight loss 

and any possible detrimental irreversible brain damage might be advisable in the early stages 

of AD to ensure effectiveness of nutritional interventions to facilitate weight gain in AD 

patients in later disease stages.  

 

Pharmacological interventions to attenuate the negative effect of modifiable cardiovascular 

comorbidities can also help reduce the risk for AD or even lower the level of disease severity. 

These interventions cannot help in reversing any damage that is already inflicted on the brain 

but can help limit any progressive damage due to the comorbidity (Fournier et al., 2009; Fukui 

et al., 2014; Wharton et al., 2019). In support of this statement, a study has shown lower 

neuropathological burden and slower disease progression in MCI patients taking 

antihypertensive drugs (Wharton et al., 2019). However, findings in this thesis in the 

comparison between AD patients on antihypertensive treatment who had a medical history of 

hypertension and AD patients unmedicated for hypertension do not support this statement. The 

fact that there were no significant differences in neuroimaging and cognitive parameters could 

imply that medicating for hypertension had no statistically detectable impact in this patient 

cohort.  

 

Findings from this thesis did not demonstrate substantial benefits of administering 

antihypertensive treatment to AD patients, suggesting, however, that the class of 
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antihypertensive drugs used needs careful consideration. Comparisons on neuroimaging 

parameters between AD patients on different classes of antihypertensive treatment (with a 

medical history of hypertension) revealed that AD patients who were taking beta-blockers only, 

had a better AD phenotype than AD patients on other classes of antihypertensive treatment 

other than beta-blockers and AD patients on a combination of both beta-blockers and other 

classes of antihypertensive drugs. Part of an explanation for this observation could lie in the 

blood pressure measurement differences across the groups where AD patients on beta-blockers 

only, had the lowest pulse pressure values and blood pressure measurements within the 

normotensive range compared to the other two groups. However, the cross-sectional nature of 

the data limits the interpretation of these findings as inferences about the actual effect of beta-

blockers cannot be drawn without a history of the medication use and longitudinal effects on 

the biological parameters. Similarly, with respect to T2DM, the type of medication used could 

alter the additional burden exerted by the condition, in cases with comorbid T2DM and AD. In 

AD patients with a history of T2DM who were on glucose-control treatments, an additional 

detrimental effect of the presence of T2DM was detected, and this detrimental effect was 

inferred primarily as an effect of vascular dysfunction due to the co-localisation of structural 

and CBF differences between AD patients with and without T2DM. Therefore, considering 

other medications that could help lower the vascular burden due to T2DM and its related 

comorbid conditions, especially in patients with AD who accumulate AD-related pathological 

depositions that are aggravated in the presence of vascular comorbidities could aid in reducing 

disease severity in AD patients with comorbid T2DM.  

 

7.1 Limitations 

 

The cross-sectional nature of the data used across the experiments in this thesis limits some of 

the inferences that can be drawn from the research findings. One such aspect is with respect to 

the deduction of the direction of the causality of the findings. For instance, with respect to the 

co-localised pattern of findings of CBF and brain structure, it cannot be inferred whether a 

reduction in blood flow could explain the findings in brain structure or vice -versa. Future 

longitudinal studies using multi-modal neuroimaging to examine the effect of comorbidities in 

AD patients would be helpful in addressing this issue. Another aspect of this limitation is the 

single time point measurements of blood pressure readings and obesity indices. Blood pressure 

readings can be highly variable in an individual and there are several factors that could 
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contribute towards this variability (Kikuya et al., 2008; Rothwell et al., 2010b).  Similarly, 

obesity indices can vary across an individual’s lifetime and since the relationship between these 

measurements and cerebral constituents can change over the life-course, it limits the inferences 

that can be drawn from the current findings (Pegueroles et al., 2018). Using multiple 

anthropometric measures taken at regular intervals could help inform some of the inferences 

that can be drawn from the current findings. Furthermore, the medication history of the study 

participants was limited to the medications that were prescribed to them at the time of 

recruitment. A life-long medical history could also help inform some approaches to data 

analysis to draw meaningful inferences from the findings.    

 

The data used across the different experiments has been collected across various centres in the 

UK, Italy and Finland. Although this provides a great advantage to studying the effects of 

cardiovascular risk factors on the brain in varied populations, it can also introduce some 

limitations in terms of controlling for differences in variability in the population characteristics 

across the centres. Attempts were made to control for the effects of the centre of recruitment. 

However, using categorical variables to control for the complexity of multifactorial differences 

in the different centres might not be sufficient to account for inter-centre variability in variables 

such as diet and physical composition. 

 

 

7.2 Conclusions 

 

Although the majority of the findings from this thesis highlights the need for introducing 

primary prevention measures that could help reduce the prevalence of cardiovascular risk 

factors through interventions on modifiable risk factors in a timely manner, to reduce AD risk, 

results from the study on hypertension in AD do not support this conclusion. However, 

reducing the prevalence of obesity and T2DM could not only help reduce AD risk in healthy 

individuals, but could also help reduce the radiological and clinical severity of the AD 

phenotype, as the additional burden from these comorbid cardiovascular risk factors can 

contribute toward increased brain vulnerability to neurodegeneration in known predilection 

sites for AD. With respect to pharmacological treatments, future longitudinal studies are 

needed to examine the effects of different therapeutic drugs used in the treatment of 

cardiovascular risk factors on cerebral properties, and which specific treatments can aid in 
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reducing AD risk and clinical and radiological AD severity. Similarly, future work 

investigating the long-term effects of multi-domain interventions to reduce the prevalence of 

cardiovascular risk factors to reduce AD risk would go a long way in identifying the most 

effective measures to reduce AD risk. It is also of note that measures to reduce the severity of 

cardiovascular comorbidities in order to improve AD prognosis are most effective in early 

stages of AD, and this highlights the need for exploring new avenues for early identification of 

individuals at-risk of AD to implement targeted interventions in a timely manner to reduce AD 

risk.  
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Appendix A 

Image Permissions 

 

Permission for the image of the painting ‘Corpus’ used after the thesis cover page has been 

obtained from the artist Kate Sully. The email correspondence has been attached below.   
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Fig. 1.1 Stages of the progression of AD pathology 

Permission to use and alter image has been obtained from the author. Below are the email 

correspondences with the author granting permissions.  
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Fig 1.2 The default mode network 

 

Fig 2.1 Cerebral blood supply 

Permissions to reuse image are granted under the Creative Commons license attached below.  
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Fig 2.2 Shared mechanisms between obesity, T2DM and hypertension that contribute toward 

increasing AD severity in AD patients or reducing the threshold for AD in healthy individuals 

Permissions to alter and reuse image obtained from the authors. The author of this thesis is a 

co-author on the review paper from which the image has been reused. Permission to reuse the 

image in the thesis has been granted to authors as highlighted in yellow in the agreement 

below.  
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Appendix B 

Means and standard deviations of non-parametric data across the chapters 

 

Table B4.2 Demographic characteristics of ADD, MCI and CN groups reported using means 

and standard deviations for non-parametric data. 

 

Key: n = sample size; M = mean; SD = standard deviation 

 

Table B4.3 Cognitive profiles of CN and patients with MCI and ADD reported using means 

and standard deviations for non-parametric data. 

Neuropsychological test ADD  

(n = 47) 

MCI 

 (n = 68) 

CN 

(n = 57) 

Statistics M (SD) M (SD) M (SD) 

Prose Memory-Immediate recall 6.32 (4.37) 10.13 (4.10) 15.91 (3.27) 

Prose Memory-Delayed recall 5.20 (4.77) 10.23 (5.45) 17.81 (3.41) 

Digit Span-Forward 6.47 (1.72) 6.72 (1.80) 6.80 (1.83) 

Digit Span-Backward 4.00 (1.60) 4.75 (1.79) 5.45 (1.48) 

Semantic Fluency 12.83 (6.50) 17.85 (5.54) 21.54 (5.28) 

Phonemic Fluency 24.38 (12.74) 31.51 (12.95) 44.53 (14.31) 

Similarities 14.61 (7.37) 18.22 (6.34) 24.23 (4.37) 

Confrontational Naming Test  11.78 (2.57) 12.80 (1.93) 14.38 (0.80) 

Stroop-error interference 7.31 (9.38) 3.85 (13.45) 0.50 (1.75) 

Key: n = sample size; M = mean; SD = standard deviation 

  

Demographic variable 

(units) 

ADD  

(n = 47) 

MCI 

 (n = 68) 

CN 

(n = 57) 

Statistics M (SD) M (SD) M (SD) 

Education (in years) 11.28 (3.74) 11.78 (3.75) 14.39 (3.30) 

MMSE 21.53 (4.68) 26.03 (2.52) 28.11 (1.62) 

BMI (kg/m2) 25.54 (3.89) 27.37 (5.36) 28.07 (5.09) 

WMV (ml) 383.47 (63.11) 398.62 (39.99) 436.611 (66.47) 

WMH volume (ml)  9.18 (11.90) 6.64 (7.94) 3.02 (3.55) 
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Table B5.2 Demographic characteristics of medicated and unmedicated patients with mild to 

moderate AD reported using means and standard deviations. 

Demographic variable Medicated 

(n = 71) 

Unmedicated 

(n = 62) 

Statistics M (SD) M (SD) 

Age (in years) 73.73 (8.10) 64.71 (9.54) 

Education (in years)  10.48 (3.87) 12.18 (3.44) 

MMSE 25.31 (3.63) 23.48 (4.39) 

BMI (in kg/m2)  27.31 (5.19) 25.47 (4.10) 

WMH volume (in ml)  8.53 (11.36) 5.17 (7.61) 

Blood pressure: Systolic (in mmHg) 142.32 (20.44) 143.82 (18.09) 

Pulse pressure (in mmHg)  62.72 (18.22) 61.52 (16.64) 

Key: n = sample size; M = mean; SD = standard deviation 

 

Table B5.2.1 Post hoc analysis: Demographic characteristics of medicated normotensive and 

hypertensive AD patients and unmedicated normotensive and hypertensive AD patients 

Demographic variable Medicated 

Hypertensive 

(n = 38) 

Medicated 

Normotensive 

(n = 33) 

Unmedicated 

Hypertensive 

(n = 40) 

Unmedicated 

Normotensive 

(n = 22) 

Statistics M (SD) M (SD) M (SD) M (SD) 

Education (in years)  9.61 (3.48) 11.48 (4.69) 11.93 (3.68) 12.64 (2.99) 

MMSE  25.08 (3.26) 25.58 (4.06) 23.50 (4.47) 23.45 (4.34) 

BMI (in kg/m2)  26.51 (4.10) 28.22 (6.15) 25.38 (4.25) 25.64 (3.91) 

Lesion volume (in ml)  9.98 (12.34) 6.85 (10.03) 5.00 (7.11) 5.47 (8.61) 

Blood pressure: Systolic (in  

mmHg) 

157.58 (14.75) 124.76 (8.21) 153.03 (14.42) 127.09 (10.49) 

Key: n = sample size; M = mean; SD = standard deviation 
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Table B5.3 Demographic characteristics of AD patients on antihypertensive treatment 

stratified by medication type reported using means and standard deviations for non-

parametric variables 

Demographic variable Group 1 

Other (n = 34) 

Group 2 

-blocker (n = 13) 

Group 3 

Both (n = 24) 

Statistics M (SD) M (SD) M (SD) 

Age (in years) 74.94 (7.54) 68.85 (9.43) 74.67 (7.42) 

Education+ (in years) 10.79 (4.24) 11.15 (3.89) 9.67 (3.26) 

MMSE 25.97 (3.66) 25.92 (2.14) 24.04 (3.99) 

BMI (kg/m2) 26.91 (4.78) 27.22 (4.52) 27.92 (6.15) 

WMH volume (ml)  12.11 (13.96) 2.15 (2.85) 6.91 (8.00) 

Pulse pressure (in mmHg)  65.00 (18.09) 59.08 (16.36) 61.46 (19.62) 

Key: n = sample size; M = mean; SD = standard deviation 

 

 

 

Table B5.4 Cognitive profiles of AD patients medicated and unmedicated for hypertension, 

reported using means and standard deviations for non-parametric variables 

Neuropsychological test Medicated 

(n = 71) 

Unmedicated 

(n = 62) 

Statistics M (SD) M (SD) 

Prose Memory-Immediate recall 9.20 (3.84) 7.53 (4.85) 

Prose Memory-Delayed recall 8.72 (5.33) 7.42 (5.39) 

Digit Span-Forward 6.65 (1.75) 6.19 (1.68) 

Digit Span-Backward 4.34 (1.86) 4.32 (1.51) 

Phonemic Fluency 30.27 (12.96) 27.18 (12.02) 

Semantic Fluency 19.34 (8.34) 15.54 (6.40) 

Confrontational naming test 13.47 (3.36) 13.08 (2.69) 

Stroop task- error interference 3.80 (7.81) 4.40 (7.71) 

Key: n = sample size; M = mean; SD = standard deviation 
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Table B5.4.1 Cognitive profiles of medicated AD patients, unmedicated normotensive AD 

patients and unmedicated hypertensive AD patients, reported using with means and standard 

deviations for non-parametric data 

Neuropsychological test Medicated 

Hypertensive 

(n = 38) 

Medicated 

Normotensive 

(n = 33) 

Unmedicated 

Hypertensive 

(n = 40) 

Unmedicated 

Normotensive 

(n = 22) 

Statistics M (SD) M (SD) M (SD) M (SD) 

Prose Memory-Delayed 

recall 

8.68 (5.59) 8.78 (5.10) 7.86 (5.60) 6.60 (5.01) 

Digit Span-Forward 6.67 (1.71) 6.63 (1.83) 6.18 (1.86) 6.20 (1.28) 

Digit Span-Backward 4.58 (1.54) 4.03 (1.45) 4.51 (2.09) 4.00 (1.30) 

Phonemic Fluency 30.37 (12.20) 30.15 (13.98) 27.79 (12.09) 26.05 (12.10) 

Semantic Fluency 18.26 (8.07) 20.58 (8.59) 15.68 (6.72) 15.29 (5.90) 

Confrontational naming test 12.82 (2.91) 14.25 (3.72) 12.89 (3.00) 13.41 (2.06) 

Stroop task- error 

interference 

3.86 (6.76) 2.82 (5.05) 3.87 (6.57) 5.95 (8.70) 

Key: n = sample size; M = mean; SD = standard deviation 
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Table B5.5 Cognitive profiles of medicated AD patients stratified by class of antihypertensive 

treatment reported using means and standard deviations for non-parametric data. 

Neuropsychological test Group 1 

Other  

(n = 34) 

Group 2 

-blocker  

(n = 13) 

Group 3 

Both  

(n = 24) 

Statistics M (SD) M (SD) M (SD) 

Logical Memory-Immediate recall 9.15 (4.27) 8.62 (2.73) 9.61 (3.82) 

Digit Span-Backward 4.58 (1.64) 4.23 (1.59) 4.00 (1.23) 

Semantic Fluency 20.71 (8.46) 21.54 (10.39) 16.21 (6.06) 

Confrontational Naming Task 13.94 (3.46) 13.85 (3.74) 12.57 (2.94) 

Stroop task-error 3.55 (6.58) 3.81 (5.83) 2.71 (5.18) 

Key: n = sample size; M = mean; SD = standard deviation 
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Table B6.1 Demographic characteristics and cognitive profiles of AD patients with and 

without T2DM and CN, reported using means and standard deviations for non-parametric 

data.  

Demographic variable AD with T2DM 

(n = 24) 

AD without 

T2DM (n = 24) 

CN 

(n = 24) 

Statistics M (SD) M (SD) M (SD) 

MMSE 25.88 (2.29) 25.33 (2.63) 28.17 (1.31) 

WC 99.25 (16.46) 97.79 (10.06) 104.33 (10.48) 

Lesion volume (ml)  9.18 (11.90) 6.64 (7.94) 3.02 (3.55) 

Neuropsychological test 

Logical Memory-Immediate recall 8.92 (3.23) 8.59 (4.74) 15.21 (4.08) 

Logical Memory-Delayed recall 7.67 (4.76) 8.59 (5.14) 16.17 (4.83) 

Digit Span-Forward 6.30 (1.94) 6.32 (1.43) 7.00 (1.45) 

Digit Span-Backward 4.52 (1.28) 4.91 (1.48) 5.35 (1.58) 

Phonemic Fluency 26.29 (10.72) 27.30 (11.68) 40.96 (12.52) 

Semantic Fluency 17.38 (6.28) 18.30 (6.57) 23.88 (8.10) 

Similarities 16.70 (5.82) 15.52 (5.81) 23.50 (4.63) 

Confrontational Naming Task 12.55 (2.40) 12.95 (1.93) 14.96 (2.05) 

Stroop task-error 1.22 (2.22) 1.06 (1.34) 0.29 (0.72) 

Key: n = sample size; M = mean; SD = standard deviation 
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Appendix C 

Supplementary results and images 

 

Fig C.1 Overlap of positive correlations found between obesity measures and neuroimaging 

parameters in patients with ADD 

 

 
The three rows show positive correlations between obesity measures and neuroimaging parameters in 

patients with AD dementia. Each of the associations is represented in the sagittal, coronal and axial 

orientations from left to right. The ‘x’, ‘y’ and ‘z’ co-ordinates have been reported based on the MNI 

space. Top row: Positive associations found between BMI and GMV around the right temporoparietal 

junction. Correlations with GMV are represented in green whereas correlations with CBF are depicted 

in orange. Middle row: Positive associations found between WC and GMV around the right 
temporoparietal junction. Correlations with GMV are represented in green whereas correlations with 

CBF are depicted in orange. Bottom row: Positive associations found between obesity measures and 

GMV and CBF around the right temporoparietal junction mapped onto the vascular territories of major 

cerebral arteries. Correlations with GMV are represented in green whereas correlations with CBF are 

depicted in purple. 
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Appendix D 

 

D.1 Obesity and brain vulnerability in normal and abnormal aging: A multimodal MRI study 

Extracts from chapter 4 have been published in the form of a journal article. Full text from the 

article can be found via the following link: https://content.iospress.com/articles/journal-of-

alzheimers-disease-reports/adr200267 

 and has also been included below: 

https://content.iospress.com/articles/journal-of-alzheimers-disease-reports/adr200267
https://content.iospress.com/articles/journal-of-alzheimers-disease-reports/adr200267


 446 

breakdown, production of reactive oxygen species, 

and microglial activation [5]. These mechanisms can 

promote the build-up of AD pathology while simul- 

taneously accelerating neuronal damage. Overall, the 

available evidence suggests common neurodegen- 

erative pathways between the two conditions [5]. 

However, meta-analytical evidence also shows that 

higher BMI is associated with lower dementia risk 

when measured later than 10 years before diagno- sis 

[3]. Body fat-mediated mechanisms may modify, 

therefore, AD risk across disease stages differently. 

Although obesity has an overall negative effect on 

neural health, cerebral constituents have a variable 

susceptibility to AD and obesity. Patients in the early 

stages of AD typically present with reduced cerebral 

blood flow (CBF) in the posteromedial parietal areas, 

reduced white matter integrity (WMI) and neuronal 

loss in mediotemporal areas, extending to other brain 

regions with disease progression [6]. In contrast, obe- 

sity seems to affect frontal brain regions among older 

individuals, i.e., > 65 years of age, while temporal 

areas are more vulnerable to obesity-related dam- 

age in midlife, i.e., > 40 years of age [7, 8]. Since 

both AD and obesity can significantly alter cere- bral 

constituents, that an interaction between these 

pathologies can exacerbate the above effects is not 

surprising, with higher age playing a catalytic role 

[1]. Although the prevalence of both obesity and AD 

rates have risen in the past decades, few studies have 

explored the association between brain struc- ture, 

perfusion and obesity in patients across the clinical 

spectrum of AD, and the evidence is largely 

restricted to brain volume [9, 10]. It is, therefore, a 

clinical priority to examine the link between obesity, a 

prevalent but modifiable risk factor [1, 11], and brain 

properties. 

Research has shown conflicting evidence sur- 

rounding the effects of obesity on the brain across 

various stages of life and disease [1, 3]. Given the 

uncertainty, a characterization of the neural pheno- 

type associated with obesity that can be stratified 

using cognitive status would be extremely valuable in 

the management of patient body-fat composition to 

reduce damage to the brain, in clinical settings. The 

present study investigated the relationship between 

structural and perfusion brain parameters and indices 

of obesity across three diagnostic groups: patients 

with mild AD dementia (ADD), patients with mild 

cognitive impairment (MCI), and cognitively healthy 

individuals (CH). By analyzing multimodal brain 

images containing information about gray matter vol- 

ume (GMV), WMI, and CBF, a holistic approach was 

used to examine the interplay between obesity and 

cognitive staging in the cognitively healthy to AD 

dementia continuum. 

 
MATERIALS AND METHODS 
 

Participants 

 

Datasets from 172 participants recruited as part of 

the VPH-DARE@IT EU-funded project coordinated 

by the University of Sheffield, Department of Neuro- 

science (http://www.vph-dare.eu/) were included in 

this study. Experimental procedures complied with 

the declaration of Helsinki and written informed 

consent was obtained from all participants. Ethical 

approval was obtained from the Yorkshire and Hum- 

ber Regional Ethics Committee, Ref No: 12/YH/0474 

for the participants from the Sheffield (UK) cohort 

and from the ethics committee of the Northern Savo- 

nia Hospital District for the participants from Kuopio 

(Finland). The participants were divided into patients 

with a clinical diagnosis of ADD (n = 47)1, patients 

with a diagnosis of MCI (n = 68) and CH (n = 57), 

following established clinical diagnostic procedures. 

Specifically, diagnoses of ADD or MCI due to AD 

were reached based on clinical criteria [12, 13]. Diag- 

noses were formulated following a consensus among 

a senior neurologist, a senior clinical neuropsycholo- 

gist and a neuroradiologist. In addition, MCI patients 

also had clinical follow ups at regular intervals for at 

least 4 years to confirm their diagnosis. Cerebrospinal 

fluid biomarkers were available for a proportion of the 

sample (14 ADD and 20 MCI). 
The presence of MRI abnormalities, any major 

medical condition or any etiological entity that could 

account for the presence of cognitive impairment 

were exclusion criteria (see [14] for a comprehen- 

sive list). All demographic characteristics, including 

specific details on age ranges and averages, are listed 

in Table 1. 

 
Indices of obesity 

 

Anthropometric measurements were obtained to 

calculate obesity indices. Quetelet’s index was used 

to calculate BMI (kg/m2) as an index of global obe- 

sity. Waist circumference in centimeters (WC) was 

used as an index of abdominal obesity [15, 16]. 

 
1This number was reduced to 45 in the WMI analysis due to 

two unavailable diffusion scans. 

http://www.vph-dare.eu/
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Table 1 

Demographic characteristics and cognitive profiles of the 

three diagnostic groups 

Variable                                                 ADD (n = 47)

      

    MCI (n = 68)

      

     CH (n = 57)

  

Statistic  

Demographic variables     

Parametric tests$ mean (SD) mean (SD) mean (SD) F 

Age (y) 68.09 (9.88) 68.56 (9.45) 66.51 (11.11) 0.67 

Education%x (y) 10.91 (3.26) 11.78 (3.74) 14.44 (3.29) 15.22 

WC (cm) 92.11 (10.95) 96.08 (14.39) 96.32 (13.33) 1.69 

GMV&%x (ml) 569.30 (77.26) 605.37 (74.34) 636.19 (70.40) 11.52∗∗∗
 

CSF&x (ml) 525.83 (153.46) 465.92 (130.73) 412.66 (134.89) 6.68∗∗
 

TIV (ml) 1491.17 (163.41) 1454.14 (143.54) 1495.70 (173.28) 1.24 

Non-Parametric tests+
 median (IQR) median (IQR) median (IQR) H 

MMSE&%x
 21 (17 – 25) 26 (25 – 28) 28 (27 – 29) 69.11∗∗∗

 

BMIx (kg/m2) 24.82 (22.86 – 28.37) 26.76 (23.40 – 26.76) 27.54 (24.94 – 31.01) 7.87∗
 

WMV (ml) 416.04 (369.51 – 416.04) 407.54 (370.71 – 446.86) 430.34 (381.55 – 469.56) 4.08 

WMH volume (ml)%x
 3.53 (1.83 – 7.79) 6.64 (0.64 – 7.86) 3.02 (0.22 – 3.55) 11.44∗∗

 

Chi square tests#
 n n n χ2 

Males/Females 29/18 31/37 26/31 3.54 

APOE genotype: 
ε2ε2/ε2ε3/ε3ε3/ε4ε2/ε4ε3/ε4ε4 

0/6/13/0/16/11 0/3/28/5/28/4 0/7/38/2/9/1 36.96∗∗∗
 

APOE ε4 non-carriers/ε4 carriers 19/27 31/37 45/12 19.15∗∗∗
 

Centre (UK/Finland) 24/23 29/39 38/19 7.27∗
 

Neuropsychological measures     

Parametric tests$ mean (SD) mean (SD) mean (SD) F 

Category Fluency&%x
 12.63 (6.50) 17.85 (5.54) 21.54 (5.28) 30.83∗∗∗

 

Non- Parametric tests+
 M (IQR) M (IQR) M (IQR) H 

Prose Memory-Immediate 

recall&%x
 

6 (2.25 – 9) 10 (8 – 13) 17 (14 – 19) 84.41∗∗∗
 

Prose Memory-Delayed recall&%x
 4 (2 – 8) 11 (6 – 14) 18 (16 – 20) 96.54∗∗∗

 

Similarities%x
 13.5 (8 – 21) 17 (12 –23) 25 (21.5 – 27.5) 45.37∗∗∗

 

Letter Fluency&%x
 22 (13 – 32) 28.5 (20 – 44) 45 (32.5 – 55) 45.01∗∗∗

 

Digit Span-Forward 6 (5 – 8) 6 (5 – 8) 7 (5 – 8) 0.72 

Digit Span-Backward%x
 4 (3 – 5) 5 (3.75 – 6) 5 (4 – 6) 19.08∗∗∗

 

Boston Naming Test%x
 12 (10–14) 13 (12 – 14) 15 (14 – 15) 47.32∗∗∗

 

Stroop task-error%x
 2.5 (0 – 14.5) 0.50 (0 – 2) 0 (0 – 0) 29.47∗∗∗

 

∗Comparison is significant at 0.05 level (two tailed); 
∗∗Comparison is significant at 0.01 level (two tailed); 
∗∗∗Comparison is significant at 0.001 level (two tailed); 
Normality of data was tested using the Shapiro-Wilk Test of 
Normality. F, F-statistic; H, H-statistic; IQR, Interquartile 

range; SD, standard deviation; χ2, Chi-square statistic; $A one-
way ANOVA was run for data that were normally distributed. 

The F-statistic is reported. +Non-parametric Kruskal-Wallis H 
tests were run for data that were not normally distributed. The H 

statistic is reported. &Significant difference between ADD and 

MCI; %Significant difference between MCI and CH; x 

Significant difference 

between CH and ADD; ADD, Alzheimer’s disease dementia; 

MCI, mild cognitive impairment; CH, cognitively healthy; BMI, 

body mass index; WC, waist circumference; GMV, gray matter 

volume; MMSE, Mini-Mental State Examination. 
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MRI acquisition and preprocessing 

 

The imaging protocol included a T1-weighted and 

a T2-weighted anatomical image, a diffusion- 

weighted image for the analysis of WMI and a 

pseudo-continuous arterial spin labelling (pCASL) 

sequence for the modelling of blood flow. All images 

were acquired using a Philips Ingenia 3T scanner. T1- 

weighted images were acquired with the following 

specifications: voxel size 0.94 0.94 1.00 mm3, 

matrix size 256 256 mm2, repetition time 8.2 ms, 

echo time 3.84 ms, flip angle 8◦ field of view 240 
240   170 mm. T2-weighted images features were  as 

follows: voxel size 0.532 0.532 4.000 mm3, matrix 

size 432 432 mm2, repetition time 3000 ms, echo 

time 80 ms, flip angle 8◦ field of view 230 

140 35 mm. Diffusion-weighted images followed 

instead these technical parameters: 32 directions, 

voxel size 2.5 mm3 isotropic, matrix size 96 94 mm2, 

repetition time 3 s, echo time 98 ms, flip angle 90◦, 

field of view 240 120 240 mm. Finally,  pCASL 

imaging acquisition consisted of two consec- utive 

sequences: an M0 estimation tag, followed by a 

pseudo-continuous ASL sequence: voxel size 3 3 
8 mm3 with inter-slice 1 mm gap, matrix size 80 

80 mm2, repetition time 4 s, echo time 14 s, flip angle 

40◦ field of view 240 135 240 mm, number of 

label/control pairs 73, labelling gap 20 s, labelling 

duration 1.65 s, post-labelling delay time 1.525 s. 

 
Gray matter volume 

 

T1-weighted scans were preprocessed and ana- 

lyzed using voxel-based morphometry within the 

Statistical Parametric Mapping (SPM) 12 software 

(The Wellcome Centre for Human Neuroimaging, 

London, UK) running in MATLAB (Mathworks Inc., 

Natick, MA, USA). A tissue-class probabilistic seg- 

mentation was initially run to separate gray matter 

(GM), white matter (WM), and cerebrospinal fluid 

for each scan within its native space, according to the 

most updated version of the standard voxel-based 

morphometry procedures [17]. GM maps were then 

registered and normalized to the standard template for 

“European” brains and were then smoothed with an 

8 mm full-width at half-maximum Gaussian kernel. 

 
White matter integrity 

 

Fractional anisotropy (FA) of diffusion-weighted 

images was selected as the WMI index. FA pro-  

vides information about the motional anisotropy of 

water molecules and is the most widely used mea- 

sure of WMI [18, 19]. Each image was preprocessed 

using the Functional Magnetic Resonance Imaging 

of the Brain (FMRIB) Software Library v5.0.8 (FSL, 

http://www.fmrib.ox.ac.uk/fsl). The FSL Diffusion 

Toolbox was used to correct for eddy currents and 

motion artifacts. A fractional-intensity threshold of 

0.5 was applied to the resultant image in order to strip 

the skull and generate a binary mask using the Brain 

Extraction Tool. This mask was fitted with  the 

diffusion-tensor model at each voxel to calculate FA 

maps. Tract-based spatial statistics [20] was then 

applied, where FA maps were initially eroded to elim- 

inate outliers. The most representative FA map was 

then identified and used as a reference for non-linear 

registration. Subsequent to the affine alignment to 

the standard Montreal Neurological Institute (MNI) 

space, an average of the FA maps was computed. The 

resultant ‘average’ FA map was then skele- tonized 

and each FA image was projected onto the skeleton. 

 

 
Cerebral blood flow 

 

pCASL sequences were acquired  to  obtain  maps 

of CBF. pCASL images are usually obtained by 

applying multiple radiofrequency pulses to reduce 

the  duration  of  application  of  the  pulse  in a 

continuous arterial-spin-labelling sequence, 

successfully combining the advantages of contin- 

uous and pulsed arterial-spin-labelling sequences 

[21]. The current acquisition included a pCASL 

image and an M0 estimation image, which contain 

the information about the CBF quantification and 

calibration, respectively. The M0 and pCASL 

images were used to generate CBF maps in Nordic 

Ice (https://www.nordicneurolab.com/en/HelpAll/ 

nordicICE). The maps were sequentially co- 

registered with the T2-weighted and then the T1-

weighted images to maximize inter-tissue demar- 

cation and to increase the accuracy of the anatomical 

correspondence of the CBF signal. Images were then 

modified to increase the signal from the brain 

parenchyma and to reduce the contribution to the 

signal from the cerebrospinal fluid. Therefore, only 

voxels with CBF values enclosing more than 50% of 

GM and WM were included in the analysis. Next,   a 

partial volume correction (PVC) was performed 

under the assumption that the perfusion of WM 

accounts for 40% of the perfusion of GM [22], as 

illustrated below for voxel “i”. 

http://www.fmrib.ox.ac.uk/fsl
https://www.nordicneurolab.com/en/HelpAll/nordicICE
https://www.nordicneurolab.com/en/HelpAll/nordicICE
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×
 
× 

 
PVC 

 

iCBF 

iCBF × (iGM + iWM > 0.5) 

iGM + (0.4 × iWM ) 

        RESULTS 
 

There were no significant group differences in 

The resultant partial volume corrected images were 

then normalized using the standard template for 

“European” brains in SPM 12 and smoothed using a 

10 10 12 full-width at half-maximum Gaussian 

kernel. 

 
Statistical analysis 

 

Multiple regression models were run using GMV, 

WMI, and CBF maps to examine the associations 

between these brain parameters and obesity. For all 

three diagnostic groups, independent models were 

run using the indices of obesity (BMI and WC) as 

predictors, controlling for the confounding effects of 

age, the Mini-Mental State Examination (MMSE) 

score as an index of clinical severity, total intracranial 

volume as an index of brain reserve [23], recruitment 

centre and sex. The MMSE was not included in the 

analysis of cognitively healthy participants given its 

limited numerical variability, i.e., a variance of just 

2.6 (Table 1). All analyses were carried out voxel- 

by-voxel and statistical thresholds were applied. 

Voxel-based-morphometry models were thresholded 

at a cluster-forming threshold of p < 0.001. The analy- 

sis of skeletonized FA maps was run using the FMRIB 

Software Library (v5.0.8) using the ‘randomise’ com- 

mand and implementing 5000 permutations via a 

threshold-free cluster enhancement. Finally, given 

the smaller size of the acquisition matrix for CBF 

maps, a more lenient cluster-forming threshold of   p 

< 0.01 was used for these analyses. For all infer- 

ential models, only results surviving a family-wise 

error-corrected value of p < 0.05 at the cluster level 

were considered significant. 

To contextualize the pattern of findings in rela- 

tion to clinical profiles, we extracted the average 

signal from clusters showing significant results and 

correlated it with scores on neuropsychological tests. 

All results surviving at p < 0.01 were con- sidered as 

significant. The neuropsychological tests measured 

lexical abilities (Boston Naming test), semantic 

memory (Category Fluency test), execu- tive 

function (Letter Fluency test, Digit Span test 

- backwards, Stroop Error Interference test), long- 

term memory (Prose Memory test - immediate and 

delayed recall), short-term memory (Digit Span test- 

forward), and verbal reasoning (the Similari- ties 

subtest of the Wechsler Adult Intelligence Scale) [14, 

24]. 

age, total intracranial volume, and WC. Cognitively 

healthy participants ranked the highest when it came 

to measurements of years of education, MMSE, BMI, 

and GMV, while MCI and ADD patients ranked 

lower than the cognitively healthy participants, in that 

order (Table 1). With respect to cognitive profiles, all 

groups had significant differences between their 

scores with ADD patients scoring the lowest, cogni- 

tively healthy participants performing the highest and 

MCI patients having an intermediate performance 

(Table 1), with the exception of the Digit Span test – 

forward. 

 
Body mass index 

 

In ADD patients, there was a positive associa- tion 

between BMI and GMV in right posterolateral areas, 

particularly around the temporoparietal junc- tion. 

This cluster spanned across the junction and    a large 

proportion of the occipital lobe that tapered down 

anteriorly toward the hippocampus (Table 2). No 

significant associations were found between BMI and 

measures of WMI. Although the results from the CBF 

analysis did not reach significance, the trend of 

association observed in these analyses overlapped 

with the areas exhibiting BMI-related positive asso- 

ciations with GMV. 

In the MCI patients, higher BMI was associated 

with lower GMV in the occipital and frontal lobes 

bilaterally, and the right cerebellum and with lower 

CBF in the brainstem, frontoparietal and medial tem- 

poral areas (Tables 2 and 3). Left frontal volumes 

showed a positive correlation with performance on 

the Letter Fluency test. No significant associations 

were found between BMI and measures of WMI. 

In the cognitively healthy participants, GMV was 

negatively associated with BMI in inferior frontal, 

occipital, subcortical, and cerebellar regions, bilat- 

erally (Table 2). Additionally, higher BMI was 

associated with lower FA in the superior longitudinal 

fasciculus, fronto-occipital tracts, optic radiations, 

middle cerebellar peduncle, cingulum, parahip- 

pocampal/hippocampal fibers and fornix (Table 4). 

BMI was  also  negatively  associated  with  CBF  in 

the bilateral fronto-occipital tracts and in the superior 

portions of the parahippocampal fibers (Table 3). 

Regional signal extracted from the three analyses 

revealed a positive correlation with perfor- mance on 

the Category Fluency test, Prose Memory 

= 
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(immediate and delayed recall) and the Similarities 

test. 

 

Waist circumference 

 

In ADD patients, WC was positively associated 

with GMV in the areas around the temporoparietal 

junction and in the right cerebellar hemisphere. No 

significant associations were found between WC and 

measures of WMI. Similar to BMI, the pattern of 

association observed in the CBF analysis overlapped 

with the areas exhibiting WC-related positive associ- 

ations with GMV (Table 2, Fig. 1). 

In the MCI group, a negative association was found 

between WC and GMV in bilateral inferior frontal, 

occipital, and cerebellar regions (Table 2, Fig. 1). A 

positive association was found between the extracted 

GMV signal from these regions and performance on 

the Letter Fluency and Digit Span - forward tests. No 

significant associations were found between WC and 

measures of WMI. A negative association was found 

between WC and CBF in the bilateral hip- pocampi, 

parts of the brainstem and frontoparietal regions, 

concentrated more in the right hemisphere (Table 4, 

Fig. 1). 

In the cognitively healthy group, there was a nega- 

tive correlation between GMV and WC in the bilateral 

occipital lobes, cerebellum and midline structures 

(Table 2, Fig. 1). Tracts showing a negative asso- 

ciation between FA and WC included the inferior 

fronto-occipital fasciculus, cingulum, fornix, and 

anterior thalamic radiations (Table 4, Fig. 1). Cog- 

nitively healthy participants also showed a negative 

association between CBF and WC in the bilateral 

frontal lobes that extended backward toward the pari- 

etal lobe, joining at the midline and then extending 

inferiorly into the temporal lobes. This negative asso- 

ciation was also observed in the cerebellum and parts 

of the brainstem (Table 3, Fig. 1). Positive corre- 

lations were found between regional neural signals 

and performance on the Category Fluency test, Prose 

Memory-immediate and delayed recall and the Sim- 

ilarities test. 

 

DISCUSSION 
 

In this study, evidence from multimodal neu- 

roimaging suggests variable associations between 

indices of obesity and the brain across three diagnos- 

tic statuses. The three groups had substantial baseline 

differences in the distribution of their obesity indices. 

The distribution of the cognitively healthy group 

fell in part within the obese range; that of the MCI 

group fell in the overweight range, while the dis- 

tribution of the ADD group was within the normal 

range. Group differences may be among the drivers 

of the associations found. These differences could be 

a factor of age and disease-related weight alter- 

ations, where the trends of body mass distributions 

seen in this study are consistent with the existing 

literature [3, 25]. The findings indicate that higher 

indices of obesity within the overweight and obese 

ranges are linked to reduced brain structure and CBF 

parameters in cognitively healthy participants and 

MCI patients. In contrast, higher indices of body mass 

within the normal range are linked to higher reten- 

tion of GMV parameters in ADD patients. This trend 

could be linked to downstream mechanisms result- 

ing from circulating hormones associated with body 

fat (including sex hormones), age-related changes in 

body fat accumulation and the interaction between 

AD and obesity [26–28]. 

Negative associations between GMV and obesity 

in the MCI and cognitively healthy groups were iden- 

tified in frontal, occipital, cerebellar and deep brain 

regions, albeit the negative associations found in the 

MCI group were less extensive than those in the cog- 

nitively healthy group. This almost entirely replicated 

the results of a meta-analysis on GM and obesity [29]. 

The only discrepancy was in the occipital lobe, where 

a negative association was found between obesity 

and GMV in this region in cognitively healthy par- 

ticipants and MCI patients in our study, as opposed 

to a positive correlation [29]. The GM areas show- 

ing negative associations in the cognitively healthy 

group are connected by WM tracts that exhibit a 

negative association between WMI and indices of 

obesity [30]. Past literature has indicated that a loss 

of structural connectivity can lead to reductions in 

GM density [31]. If this inference in WMI were 

causal, WM disconnections could explain the nega- 

tive associations found within the GM. Additionally, 

obesity has an element of metabolic dysfunction that 

fosters systemic inflammatory processes that, as evi- 

dence from other neurological conditions shows, are 

detrimental to both GM and WM [e.g. 32]. The mech- 

anisms and directionality of the relationship between 

GM and WM damage still need additional study and 

clarification. A negative association between WMI 

and obesity in the corpus callosum, superior longitu- 

dinal fasciculus, inferior fronto-occipital fasciculus, 

fornix, and cingulum was found only in the cogni- 

tively healthy sample. This is in accordance with the 

previous literature [19, 33, 34]. The absence of a neg- 
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Table 2 

Regions showing associations between obesity and GMV across the three diagnostic groups 
 

Voxels Cluster Brain region Side Z-score  MNI coordinates 

(Cluster extent) level pFWE    x y z 

AD: Positive correlation       

BMI       

16986 <0.001 Superior parietal lobule (BA 7) R 5.64 40 –58 42 
  Cuneus (BA 18) R 4.91 22 –88 18 
  Middle temporal gyrus (BA 39) R 4.76 57 –44 6 
  Superior temporal gyrus (BA 22) R 4.76 44 –33 10 

634 0.04 Superior temporal gyrus (BA 39) L 3.89 –46 –61 22 
  Superior temporal gyrus (BA 39) L 3.83 –50 –53 28 

WC       

13284 <0.001 Superior parietal lobule (BA 7) R 6.11 42 –58 39 
  Superior parietal lobule (BA 7) L 4.70 –24 –62 47 
  Superior occipital gyrus (BA 19) R 4.39 38 –73 22 
  Superior temporal gyrus (BA 22) R 4.16 55 –48 8 

905 0.01 Inferior frontal gyrus (BA 44) R 4.30 44 6 11 
  Insula (BA 13) R 4.08 32 –13 17 

787 0.02 Cerebellum: Posterior lobe R 4.05 28 –52 –40 

MCI: Negative correlation       

BMI       

2618 <0.001 Middle occipital gyrus (BA 19) R 4.85 50 –80 –1 

1318 0.001 Cerebellum: Posterior lobe R 4.76 48 –75 –23 

870 0.01 Inferior frontal gyrus (BA 47) L 4.67 –50 36 –15 

2545 <0.001 Inferior occipital gyrus (BA 19) L 4.42 –39 –91 –6 

639 0.04 Inferior frontal gyrus (BA 47) R 4.32 50 26 –15 

WC       

1178 0.002 Inferior frontal gyrus (BA 47) L 5.29 –48 32 –16 

4662 <0.001 Inferior occipital gyrus (BA 18) R 4.77 48 –82 –3 
  Cerebellum: Posterior lobe R 4.71 40 –74 –40 

615 0.04 Cerebellum: Posterior lobe L 3.88 –40 –77 –33 

611 0.04 Inferior frontal gyrus (BA 47) R 4.50 53 27 –11 

1872 <0.001 Inferior occipital gyrus (BA 18) L 4.49 –38 –91 –8 

1478 0.001 Precentral gyrus (BA 6) L 4.24 –57 4 20 

CH: Negative correlation       

BMI       

1701 <0.001 Thalamus: Ventral anterior nucleus L 3.60 –12 –12 18 

1029 0.001 Posterior lobe of the cerebellum R 4.43 36 –81 –35 

543 0.02 Posterior lobe of the cerebellum L 4.27 –36 –81 –38 

1015 0.001 Anterior cingulate gyrus (BA 24) L 4.36 –3 16 21 

631 0.01 Inferior occipital gyrus (BA 18) L 4.34 –38 –91 –9 

1218 <0.001 Inferior frontal gyrus (BA 47) R 3.94 50 40 –15 

1386 <0.001 Insula L 4.19 –36 14 1 

879 0.002 Inferior frontal gyrus (BA 47) L 3.92 –46 44 –16 

793 <0.001 Inferior occipital gyrus (BA 18) R 3.89 39 –91 –6 

WC       

1506 <0.001 Inferior occipital gyrus (BA 19) L 4.40 –36 –92 –9 

1451 <0.001 Thalamus L 4.05 –12 –11 19 

704 0.01 Anterior cingulate gyrus (BA 24) L 4.48 –2 17 19 

821 0.003 Insula (BA 13) L 4.28 –42 –10 –5 

ADD, Alzheimer’s disease dementia; BMI, body mass index; GMV, gray matter volume; CH, cognitively healthy; L, left; MCI, mild cognitive 

impairment; MNI, Montreal Neurological Institute; pFWE, Family-wise error corrected p value; R, Right; WC, waist circumference. 
 

ative association between obesity indices and WMI in 

MCI patients might be due to lower obesity rates seen 

in this group, which could explain the more attenu- 

ated neural effects mediated by obesity compared to 

cognitively healthy participants. 

These findings suggest that being on the higher end 

of the obesity spectrum may be detrimental to brain 

structure. Our findings also indicate that there might 

be a resilient effect of higher body-fat store within 

the normal weight range in advanced disease stages, 

as reflected by the positive correlation between GMV 

and normal body mass in ADD patients. A parallel 

pattern of association was also found in the analy- sis 

of CBF in the same regions (although it did not 

survive the predetermined threshold of significance), 

suggesting that a relative preservation of vascular 
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Fig. 1. Associations with waist circumference across the three diagnostic groups namely ADD, MCI, and CH. The above image shows 

various positive and negative correlations between different neuroimaging indices and waist circumference. The image in the top left corner 

shows the axial slices chosen in the image and the MNI coordinates for these slices are listed in the same row. The slices going from top to 

bottom have been arranged from left to right across the three rows of images. These MNI co-ordinates also correspond to the column that 

they represent. First row (ADD): The green overlay represents a positive correlation found between GMV and WC in ADD patients. Middle 

row (MCI): The yellow overlay represents a negative correlation between GMV and WC and the red overlay represents a negative 

correlation between CBF and WC in MCI patients. Last row (CH): The yellow overlay represents a negative correlation between GMV and 

WC, the red overlay represents a negative correlation between CBF and WC and the blue overlay represents a negative correlation between 

WMI and WC in CH. 

 

 

function might be contributing to the associations 

found with GMV. Furthermore, the association could 

be attributed to the availability of sufficient resources 

to cope with neural damage as a result of retaining a 

healthy body mass in later disease stages. There- 

fore, in the presence of natural age and disease-related 

weight loss, having a healthy weight and better nutri- 

tion could help preserve brain structure [19, 35, 36], 

or even mitigate disease progression as suggested by 

nutrition interventional studies in mice [37, 38]. This 

could imply that interventions that aid ADD patients 

to maintain a healthy body weight could help alleviate 

some of the neural susceptibility caused by body- 

mass reductions clinically observed in later disease 

stages [25]. Our study is limited by its cross-sectional 

 

design, and we can only speculate about how body- 

fat composition can modulate disease onset. Since 

the ADD group fell within the normal weight range, 

we cannot draw inferences on the effects of being 

overweight or obese in the dementia stage. This is a 

limitation for most studies due to the pattern of weight 

loss usually seen in disease and aging. Future longi- 

tudinal studies can potentially offer complementary 

evidence. 

Considerable variation across the three groups was 

found in the associations with CBF. In cognitively 

healthy participants, a negative association with CBF 

was mainly seen in WM regions, specifically in the 

fronto-occipital tracts, corpus callosum and the pos- 

terior ends of the cingulum, most of which also 
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Table 3 

Regions showing a negative association between obesity and CBF across CH and MCI groups 
 

Voxels Cluster Brain region Side Z-score  MNI coordinates 

(Cluster extent) level pFWE    x y z 

MCI: Negative correlation       

BMI       

4529 <0.001 Inferior fronto-occipital fasciculus L 3.77 –28 39 11 
  Middle frontal gyrus (BA 6) L 3.39 –34 5 27 
  Corticospinal tract L 3.67 –22 –23 45 

2555 0.002 Midbrain L 3.68 –6 –28 –9 
  Inferior longitudinal fasciculus/ L 3.52 –42 –32 –9 
  Parahippocampal gyrus     

3266 <0.001 Superior longitudinal fasciculus R 3.42 22 0 42 
  Precuneus (BA 39) R 3.32 28 –65 29 

WC        

5626 <0.001 Hippocampus R 5.23 36 –11 –16 
  Thalamus R 3.77 12 –16 –4 
  Hippocampus L 3.52 –28 –22 –11 

10179 <0.001 Anterior cingulate gyrus (BA 32) L 4.64 –20 31 28 
  Corticospinal tracts L 4.44 –22 –23 47 
  Middle frontal gyrus (BA 6) R 3.75 28 –13 49 
  Superior longitudinal fasciculus R 3.53 36 –43 33 

CH: Negative correlation        

BMI        

2365 0.01 Superior longitudinal fasciculus L 3.23 –26 –14 36 
  Parahippocampal gyrus (BA 36) L 2.83 –24 –47 2 

2546 0.01 Superior longitudinal fasciculus R 3.33 22 –8 39 
  Parahippocampal gyrus (BA 36) R 2.84 42 –31 –2 

WC        

1879 0.04 Posterior lobe of the cerebellum L 4.55 –10 –54 –39 
  Posterior lobe of the cerebellum R 2.70 20 –70 –34 

13608 <0.001 Superior longitudinal fasciculus R 3.73 32 –47 30 
  Superior longitudinal fasciculus L 3.72 –28 –51 30 
  Superior longitudinal fasciculus L 3.56 –42 –33 0 

  Superior longitudinal fasciculus R 3.43 42 –39 6 

BMI, body mass index; CBF, cerebral blood flow; CH, cognitively healthy; L, left; MCI, mild cognitive impairment; MNI, Montreal 

Neurological Institute; pFWE, Family-wise error corrected p value; R, right; WC, waist circumference. 

 

 
 

Table 4 

Regions showing a negative association between obesity and FA in CH 
 

Voxels Cluster Brain region Side Z-score  MNI coordinates  

(Cluster extent) level pFWE    x y z 

BMI        

54045 0.001 Fornix L 7.75 –28 –27 –4 
  Fornix L 7.13 –28 –29 –1 
  Superior longitudinal fasciculus/ L 6.90 –37 34 6 
  Inferior fronto-occipital fasciculus      

  Cingulum R 6.66 9 –5 34 
  Inferior fronto-occipital fasciculus R 6.62 26 29 –10 
  Superior longitudinal fasciculus L 6.62 36 14 18 

WC        

55438 0.001 Anterior thalamic radiation L 7.49 –28 –30 0 
  Inferior fronto-occipital fasciculus R 7.47 26 29 –10 
  Fornix L 7.05 –29 –26 –3 
  Cingulum R 6.92 9 –5 34 
  Inferior fronto-occipital fasciculus L 6.85 –35 –55 0 

  Inferior fronto-occipital fasciculus L 6.80 –37 34 6 

BMI, body mass index; FA, fractional anisotropy; CH, cognitively healthy; L, left; MNI, Montreal Neurological Institute; pFWE, Family-wise 

error corrected p value; R, right; WC, waist circumference. 
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showed negative correlations with WMI. In MCI 

patients, the negative association with CBF was con- 

centrated in the frontal lobe and extended to the 

brainstem, cerebellum, and medial temporal lobes. 

Of note, in the present study the MCI group showed 

more extensive negative associations with CBF in 

the left hemisphere, while loss of function among 

obese cognitively healthy participants seems to be 

more right lateralized [39]. This discrepancy might 

be due to the asymmetry of AD-related neurodegen- 

eration, which is harsher in the left hemisphere [40]. 

The right-sided association in MCI might result from 

an interaction between AD and the right-sided sus- 

ceptibility to obesity [41]. In addition, some regions 

displaying negative associations with obesity are in 

close proximity to cerebral watershed sites, making 

them particularly vulnerable to the effects of vascular 

pathology [42, 43]. The more inferior areas corre- 

spond to the system involved in reward behavior, 

which are often affected in obese individuals [44]. Of 

these, the mediotemporal lobes and certain brain- 

stem nuclei are centrally affected in AD as well [45]. 

Therefore, down-regulation of neural parameters in 

MCI patients might manifest as an amalgamation of 

detriments resulting from the presence of AD pathol- 

ogy and being overweight. This may accelerate the 

progression rate toward ADD. 

The negative associations with CBF that were 

found in the groups of cognitively healthy partic- 

ipants and MCI patients in the parietal lobe are 

particularly of note. This territory acts as a cen-   tral 

hub that integrates several brain regions, making it a 

region with high metabolic demands and, as a 

consequence, particularly prone to damage [46–48]. 

Furthermore, the parietal lobe is supplied by the 

terminating branches of the posterior and middle 

cerebral arteries, making the medial parietal areas 

more vulnerable to hypoperfusion as terminating 

arterial branches are more susceptible to ischemic 

damage than major arteries [42, 43, 49]. Such a com- 

bination of factors confers a certain susceptibility to 

the parietal lobe to the effects of metabolic conditions 

such as obesity. 

Past research has consistently indicated that 

medioparietal hypometabolism and hypoperfusion 

are among the earliest indicators of AD [6]. Dis- 

ruptions in medioparietal function possibly reflecting 

a deficit of input from medial temporal areas often 

leads to a ‘disconnection’ between areas of the 

default mode network, a phenomenon commonly 

seen in AD, even in early disease stages [50]. In   the 

present study, negatively correlated maps of CBF 

and WMI extended from temporal to medioparietal 

areas and even some anterior areas in cognitively 

healthy participants. This pattern partly resembled 

the map of ‘disconnection’ typically seen in AD. This 

convergence again points toward common patho- 

physiological pathways between AD and obesity. 

Additionally, the down-regulation of cerebral indices 

can reduce the amount of brain tissue available for 

compensatory mechanisms, thus accelerating pro- 

gression from cognitively healthy to MCI, or even 

from MCI to ADD [51]. Therefore, this finding in the 

cognitively healthy sample could potentially offer an 

explanation for how obesity could promote patho- 

physiological cascades, fostering greater damage to 

cerebral constituents. 

The areas exhibiting negative correlations with 

obesity among cognitively healthy participants, were 

associated with worse performance on tests of mem- 

ory and reasoning. This indicates that damage to 

brain areas with high metabolic demands (e.g., the 

medioparietal lobe) could result in the manifestation 

of cognitive symptoms in the presence of metabolic 

disorders as those often associated with obesity. The 

fact that these areas of cognition are also affected 

early on in AD offers an explanation for how obe- 

sity may contribute toward AD risk [6]. Although   a 

similar association was found between regional 

neural indices and obesity, correlations with test per- 

formance in the MCI group revealed disruptions in 

performance on tasks of executive functioning. This 

finding might reflect the presence of greater variabil- 

ity in scores in executive tasks at the MCI level, since 

the slope of decline in executive function is not as 

steep as the slope of decline in memory and reason- 

ing tasks, allowing statistical effects to emerge. This 

might also reflect obesity-mediated effects, as loss of 

executive function has been established as a cognitive 

deficit associated with obesity [7]. 

In conclusion, our study found diminished CBF, 

structural, and cognitive measures associated with 

obesity in cognitively healthy participants that resem- 

ble neural changes typically induced by AD, while 

those in MCI patients resemble changes typically 

associated with obesity and AD. This could point 

toward susceptible pathways that are shared between 

AD and obesity and toward the initiation of a patho- 

logical cascade pushing the brain over the threshold 

for potential progression from cognitively healthy to 

MCI and from MCI to ADD [51]. However, this 

relationship may change in individuals in later dis- 

ease stages, where having a higher body weight 

remaining within the normal range may contribute 
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to preservation of brain structure in the presence of 

aging and disease related insults. It is noteworthy that 

these results were consistent across the two different 

anthropometric indices of obesity. 

These findings are of central importance for the 

characterization and management of patients with 

AD or, more generally, patients referred to a neuro- 

logical examination. Although obesity is mentioned 

among the risk factors for AD, its exact effects on the 

brain are still undetermined. These findings high- 

light multi-component mechanisms associated with 

obesity, involving diagnosis-dependent properties of 

GMV, WMI, and CBF. This evidence emphasizes the 

urgent need to introduce early interventions that 

advocate lifestyle assessment and remediation across 

the lifespan. It also highlights the importance of pri- 

mary prevention strategies based on modulation of 

lifestyle factors such as obesity in midlife as an effec- 

tive strategy to achieve a reduction of AD related 

dementia with advancing age [52]. 
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D.2 Preclinical models of disease and multimorbidity with focus upon cardiovascular disease 

and dementia 

 

Image 2.2 in Chapter 2 has been reused and modified from an image in a published manuscript 

by the author of this thesis, who was a co-author in the said manuscript. A link to the full 

manuscript:  

https://www.sciencedirect.com/science/article/pii/S0047637420301573?casa_token=rO_uriu

d0S0AAAAA:70j-rUOHa6ROHnlHLdBQW5aGmOCBaN3jNyFrzV_e-

lP4aloV4eEoqydkqmnnwAvYGQhREQ 
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