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ABSTRACT 

 

Dementia is characterised by the onset of memory loss, along with decline in function 

across cognitive domains, including language, mood, behaviour, and problem solving, 

adversely impacting on the ability to perform usual activities of daily living. Alzheimer’s 

disease (AD) is the most common form of dementia, and advanced age is recognised 

as a primary risk factor for onset. Until recently, there has been no clinically available 

treatment for AD beyond cholinesterase inhibitors or N-methyl-D-aspartate receptor 

antagonists, which at best, offer amelioration or slowing of the symptoms, but do not 

affect the underlying pathology.  

 

Neuropathological hallmark features of AD, being accumulation of cerebral beta-

amyloid (Aβ), and phosphorylated tau, can be detected up to two decades prior to the 

onset of clinical symptoms. Advances in radiological technology and the use of 

radioactive labelled ligands such 18F Florbetaben (18F FBB) on positron emission 

tomography (PET) imaging, has enabled the detection of early pre-clinical AD, prior to 

when neurological damage has occurred. While these approaches provide 

considerable advantage to early detection, neuroimaging is clinically invasive, 

expensive, and frequently inaccessible due to the highly specialised imaging facilities 

required. However, these technological advancements pave the way to validate more 

readily accessible and inexpensive biomarkers, such as those emerging in blood 

biomarkers.   

Aims: This thesis investigates the potential diagnostic value of peripheral blood 

biomarkers, specifically, ferritin and erythrocyte fatty acids in a cognitively healthy, at 

risk of AD population, aged 65-90 years of age, prior to an interventional study using 

curcumin.  
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Furthermore, a twelve-month placebo controlled interventional AD prevention study in 

this same at risk older population (n=106) using oral curcumin (Biocurcumax, BCM-

95™) 500mg three times a day was investigated. Our hypothesis was that peripheral 

blood biomarkers, ferritin, and erythrocyte fatty acids, arachidonic and 

docosapentaenoic acid, would be likely predictors of high NAL, and potentially useful 

as an early diagnostic AD biomarker. 

Furthermore, the curcumin (BCM-95™) group, would as compared with placebo, 

demonstrate slower accumulation of cerebral AD neuropathology, as measured using 

18F-FBB, and increased glucose uptake, as seen using 18F-Fluorodeoxyglucose (18F-

FDG), resulting in higher levels of cognitive performance. Evidence of improved 

psychosocial and physiological changes with curcumin were expected in line with 

potential modalities of action.  

Methods:  

Investigation of predictive blood biomarkers collected at baseline was undertaken 

following categorisation of the cohort according to high neocortical amyloid load (NAL) 

or low NAL, as measured using the standard uptake value ratio of 18F-FBB on PET 

imaging, (cut off value ≥ 1.35 considered high NAL, and <1.35, considered low NAL). 

A twelve-month double-blind placebo-controlled study was undertaken, incorporating 

a battery of neuropsychological tests, lifestyle questionnaires, blood, and brain 

imaging. PET 18F-FDG imaging to measure glucose uptake activity, and PET 18F-FBB, 

to calculate the NAL, and Magnetic Resonance Imaging (MRI) were undertaken. 

Participants were randomised into either curcumin (BCM-95™) or the placebo group, 

ingesting one tablet three times daily for a twelve-month duration, following which all 

measures were repeated. All procedures were conducted in accordance with Good 

Clinical Practice and provided in accordance with Bellberry Ltd Human Research 
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Ethics Committee, and the University of Western Australia, HREC approval. All 

volunteers for the study completed an informed consent prior to any study activities 

being conducted. 

Results: Elevated plasma and serum ferritin correlated significantly with the high NAL 

group (p<.05), as compared with the low NAL group. Using a base model, constructed 

of covariates age, sex, apolipoprotein Ɛ4 and C-reactive protein, the addition of 

plasma ferritin increased the specificity from 62 to 71 percent, at a sensitivity of 75 

percent. Furthermore, indication for early alterations in erythrocyte fatty acid was also 

found, with higher Arachidonic acid and lower docosapentaenoic acid levels 

correlating significantly with the high NAL group (p<.05) as compared with the low NAL 

group. Following the 12-month intervention, no-significant difference between the 

placebo and BCM-95™ group on neuropsychological, lifestyle or physiological 

measures were detected. 

Conclusion: 

Our study demonstrated that blood biomarkers, specifically ferritin and the fatty acids, 

arachidonic acid and docosapentaenoic acid were potentially useful as additional 

blood biomarker for the detection of preclinical AD, however further validation in a 

larger cohort would be required. In contrast, the 12-month intervention study 

investigating BCM-95™ compared to the placebo group did not demonstrate any 

detectable significant difference. The formulation was well tolerated with high study 

retention and compliance; however, the importance of optimised high bioavailability 

formulations is paramount, and if delivered may have resulted in a different outcome. 

It is however possible that the cohort was comparatively cognitively resilient 

necessitating a longer study duration to detect change. Further research using an 
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optimised curcumin formulation with enhanced bioavailability over a longer duration 

remains paramount to resolving this quandary.  
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Chapter 1 Research Context and Literature Review  

Introduction 

Life expectancy in Australia is currently ranked sixth in the world with the life span for 

women and men being, 84.6 and 80.4 years respectively (1). Social, economic, and 

general living conditions as well as medical advances have increased overall life 

expectancy, however a prolongation of life has resulted in an increased prevalence of 

chronic health conditions. Dementia is one of the most insidious and most feared 

conditions in the older population (2), and while not a normal part of ageing, the 

incidence increases exponentially in the elderly (3). Dementia robs people of precious 

memories, erodes learned and acquired skills, unravels relationships, and ultimately 

extinguishes life. While the personal loss for people with dementia (PWD) is 

catastrophic, the social impact of dementia from diagnosis till the end of life is equally 

devastating.  

For every person with dementia it is estimated that three people are needed to provide 

care (4), and with an ever dwindling younger population, the available workforce is also 

declining. To complicate matters, caring for the elderly remains less popular as a 

career choice than other areas of health, as it is often considered by the general 

community as less dynamic and burdensome, and poorly reimbursed area of work (5). 

The negative public perceptions of such work (6), act as a deterrent for attracting 

desperately needed aged care workers (7). Therefore, workforce shortages in direct 

care provision are expected to become a major problem in the future.  

 

Compounding this conundrum is the impact on family carers, whereby becoming the 

person responsible is dictated by necessity rather than choice. With limited knowledge, 
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in often less than optimum circumstances, family and friends are left to bear this 

responsibility (8).   Family members providing care can themselves often be aged and 

frail, or dependent upon subsequent generations. Australia currently has an ageing 

population, and with the predicted increase in dementia cases and reduced number of 

people available to assist, the responsibility of care will increasingly fall upon paid staff 

(9). In addition, families involved in providing care are often either emotionally or 

financially ill-equipped to support ongoing care at home, thus leading to increased 

demand on community care services or residential placement, contributing further to 

the economic burden (10). 

 

The cognitive decline of a PWD correlates inversely with increasing requirements of 

care, and is associated with a range of comorbid conditions, including seizures, falls, 

hip fractures, malnutrition, incontinence, sleep disturbance, visual disturbance, oral 

health disease, delirium, and general frailty (11). To give an indication of the enormity 

of the growing dementia problem, it is estimated that the indirect cost of dementia, 

which is predominantly family and social care support, is currently $818 billion (in the 

US) (12). The number of people with dementia in Australia is currently 425,416, and 

by 2025 it is expected to be 536,164, while by 2056 that figure will be over 1,100,890  

(13). Dementia is the second most common cause of death in Australia (14). In 

response to Australia’s ageing population and dementia incidence rate, Australia was 

one of the first countries to introduce a national framework for dementia action (2006-

2010), while in 2012 declaring dementia as the ninth National Health priority (15).  

 

Reports worldwide acknowledge the impending epidemic of dementia (16-19).  Global 

health and population data highlight the escalating dementia prevalence rates in 
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excess of 46.8 million people, and unless a major breakthrough is found, this will 

balloon to a staggering 131.5 million by 2050 (2).  

1.1 Alzheimer’s disease 

Alzheimer’s disease (AD) constitutes approximately 50-70% of all dementia cases, and 

increased age is an independent risk factor for onset (20). Beyond the age of 65 the 

risk of onset of AD doubles every 5 years  (21). The neurodegenerative disease, AD, 

is typified clinically by progressive memory loss and a decline in cognitive function, 

affecting a person’s capacity to process, store and retrieve information, reducing their 

capacity to problem solve, reason, and perform tasks associated with activities of daily 

living (ADLs) (22-24). AD is insidious in its onset, and commonly overlooked in the first 

instance, regarded as normal age-related decline, anxiety or depression (25).  

However, as time progresses the gradual decline in memory and ability to undertake 

usual ADL eventually suggest a more sinister aetiology (26, 27).  Clinically, the 

diagnosis is dependent on a comprehensive medical history, excluding other possible 

causes, along with the identification of gradual and progressive decline in memory, 

and associated cognitive functions, including dysfunction in one or more other 

cognitive domains, such as language, orientation, behaviour, proprioception, and/or 

executive reasoning (24, 28).  The decline in cognitive function results in an inability to 

undertake or maintain usual levels of ADL (for example those associated with home 

duties, shopping, cooking, driving, personal hygiene, social or community 

engagement) and these are usually the changes that lead a person or a close family 

member to seek a diagnosis (29).  

Despite many AD clinical trials, until the recent controversial approval of Aduhelm™ 

by the US Food and Drug Administration (FDA) (30), there has been no new 

therapeutics since the approval of Memantine™ in 2003 (31). While further FDA 
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applications have been lodged worldwide for Aduhelm™, it is not currently approved 

in Australia. Furthermore, Aduhelm™ requires an intravenous delivery route, is 

expensive and most importantly the efficacy and risk ratio requires further elucidation 

(30). 

Current treatments available in Australia for memory-related symptoms only offer 

slowing of symptom decline for approximately 12 months, after which the decline 

continues. Many drug trials for potential treatments have been conducted (32-34), 

however most have been trialled on people already with AD symptoms. It is now known 

that the neuropathology is well advanced by this stage, and the focus of many 

researchers has slowly shifted: many now believe that aiming to delay or halt the 

advancement of pathology in the long preclinical stage is more likely to produce 

effective treatment (35). Thus researchers in the field are continuing to develop new 

drugs, new modes of delivery and potential preventative treatments, as well as 

improving clinical trial pathways, and care, to stem the tide of the current prevalence 

projections (33, 36). Simply delaying the onset of AD by 5 years could potentially halve 

the incidence (37) and save $67.5 billion Australia-wide by 2040 (38). While the 

projections are sobering, a glimmer of optimism, was seen in a population based study 

in England and Wales, conducted within the same geographical area, but separated 

by two decades, suggesting a stabilisation of dementia incidence rates (39). Whether 

this slowing of incidence is primarily due to lifestyle improvements (39) is speculative, 

but it highlights the opportunity for slowing or changing the current prevalence 

trajectory. Whether the prevalence of dementia can be modified by lifestyle changes, 

a pharmacological intervention, or indeed via nutraceuticals such as curcumin (40) is 

the key question.  However, in the wake of many failed studies, a change in perspective 

is needed (41). Now it is known that AD neuropathology develops over at least 2 
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decades before symptoms appear (explained further below), the focus is on diagnosing 

early stages and applying AD preventative treatment at the earliest possible preclinical 

stage.   

1.1.1 Pathology of AD 

The term dementia historically inferred madness, insanity, and loss of mental 

capability, and as such for decades many patients would have been admitted to a 

mental asylum or infirmary, places that would have had little understanding of the 

cause or care required (42).  

1.1.2 AD categories 

While Alzheimer’s disease neuropathology was originally described in a younger 

patient, it later became evident that the same pathology existed in older age cases of 

the disease. There are now two defined clinical subtypes of AD: those with early onset 

AD (EOAD) < 65yrs, and those with late onset AD (LOAD) ≥ 65yrs (43), while further 

sub-classifications continue (44). Biochemical research into AD was comparatively 

slow with regards to the underlying mechanisms of the disease, but significant 

headway was seen following the purification of the central core of amyloid plaques 

followed by the amino acid sequencing of its main constituent, the amyloid-β (Aβ) 

peptide (45, 46). This led to the discovery of the gene for the β-amyloid precursor 

protein (APP) – which is the large transmembrane protein from which the Aβ peptide 

is proteolytically cleaved.   

 

Similarities in AD neuropathology between Down syndrome (also known as trisomy 

21) and EOAD were also evident, both within the vessels (47) and in the plaques (46). 

The APP gene was eventually sequenced and mapped to  chromosome 21 (48). 
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Genetic mutations, particularly associated with EOAD, were then identified. All the 

mutations that are linked to autosomal dominant forms of EOAD are within one of three 

genes:  the β-amyloid precursor protein (APP), Presenilin1 (PSEN1) and Presenilin 2 

(PSEN2) genes (49, 50). PSEN1 mutations were mapped to chromosome 14 (51), 

while PSEN2 was mapped to chromosome 1(52, 53). A plethora of research continued 

to emerge and by 2016, there were more than 54  mutations reported in APP,  215 

mutations in PSEN1 and PSEN2 (54), while further variants continue to be found with 

variable penetrance, and some offering protection from AD (55) .  

 

Unlike the familial (early-onset) AD, LOAD cases are sporadic in nature, occurring in 

populations ≥ 65yrs of age, without known genetic transmutations, however the 

pathological cascade of neurodegeneration appears to follow the same path (43).   

The Aβ peptide is produced following the cleavage of amyloid precursor protein (APP) 

by the enzymes β-APP-cleaving enzyme-1 (BACE-1), (56, 57) followed by gamma (γ)-

secretase (58). This is known as the APP amyloidogenic breakdown pathway. These 

cleavages form Aβ peptides varying from 39-43 amino acids in length, with the most 

common being Aβ1-40 (Aβ40), though the peptide most likely to aggregate and which 

is found in abundance in plaques is the longer Aβ1-42 (Aβ42) (58). Aβ42 peptides 

readily form oligomers and fibrils, and evidence suggests the most toxic aggregates 

are the smaller oligomers of Aβ42, causing oxidative damage, disrupting synaptic 

function and damaging membranes (59-61).   The accumulation of small Aβ oligomers 

is believed to play a critical role in a cascade of pathogenic events early in the 

neurodegenerative process leading to AD, including hyper phosphorylation and 

accumulation of tau, oxidative stress and cerebral inflammation (59-61).   
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The genetic mutations in EOAD have a resultant effect of increasing the rate of 

cerebral pathology accumulation, compared to those with sporadic AD, but the 

similarity of the pathology is undeniable (62-66). Investigations concerning the effect 

of the mutations on the metabolism of APP have revealed that most mutations have 

the effect of increasing the overall production of Aβ, or they favour alpha secretase 

cleavage of the C-terminal fragment of APP (after β-secretase cleavage has already 

occurred) which increases the proportion of Aβ42 - the longer, more amyloidogenic 

form (35, 67). 

1.2.3 Non-amyloidogenic APP pathway  

There are two known pathways for the cleavage of APP, one which involves the 

formation of beta cut secreted APP (sAPPβ) and contributes to amyloidosis and the 

other the non-amyloidogenic pathway involving alpha cut secreted APP (sAPPα). 

Unlike the former pathway, cleavage of APP by α-secretase, which is positioned within 

the Aβ sequence, appears to provide neuroprotection from Aβ formation and senile 

plaques (68). Furthermore, α-secretase results in the formation of amino terminal 

fragments which were found to promote neurite outgrowth and synaptogenesis (69, 

70); inhibit calcium influx (69, 71, 72); mediate N-methyl D-aspartate (NMDA) channels 

(71, 73) and protect neuronal cells by supporting oxygen and glucose supply (73). 

Improved long term memory and learning was demonstrated through this pathway in 

animals by Taylor and colleagues (73). Subsequently, Memantine™, an NMDA 

inhibitor, is now prescribed in Australia for people with moderate to advanced AD (74), 

as an adjunct therapy to Acetyl Cholinesterase Inhibitors.   
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1.1.4 Senile plaques 

The presence of senile plaques first reported in 1904 are recognised as one of the 

main hallmarks of AD and are comprised of extracellular deposits of Aβ aggregates 

(45) along with other compounds. Accompanying the Aβ aggregates are metal ions 

(75, 76) and also inflammatory molecules (77). Aβ has two major forms dependant on 

their cleavage site, being 40 (Aβ40) and 42 (Aβ42) amino acid isoforms, the later form 

considered more toxic (78).    

1.1.5 Amyloid cascade hypothesis 

The accumulation of small Aβ oligomers is believed to play a critical role in a cascade 

of pathogenic events early in the neurodegenerative process leading to AD, including 

the hyperphosphorylation and intracellular accumulation of tau (79). Other early events 

include oxidative stress and chronic inflammation (which themselves increase 

amyloidogenesis). The “amyloid cascade hypothesis” states that the increased levels 

of Aβ peptides, due to excessive production and/or reduced clearance from the brain, 

results in oligomerisation and aggregation of the peptides, which are toxic. These toxic 

oligomers increase oxidative stress and inflammation, which in turn increase Aβ 

peptide production, promote tau phosphorylation, and mediate a pathogenic cycle of 

events that results in synaptic loss, neuronal death, brain degeneration, and dementia  

(80, 81) . The suspected involvement and overlap in the effects of insulin resistance, 

dyslipidaemia, chronic inflammation and oxidative stress has only been reinforced in 

recent studies which have provided evidence that all of the above lead to an increase 

in AD-related pathology (82), however the initial causative factor(s) and potential 

downstream events are not fully understood.  
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1.1.6 Apolipoprotein E 

Apart from some presenilin 2 mutations there are no known mutations that lead 

specifically to LOAD; however, the epsilon 4 allele of the apolipoprotein E gene (APOE) 

is recognised as the strongest genetic risk-factor for sporadic AD. There are 3 APOE 

alleles, APOE Ɛ2, Ɛ3, and Ɛ4; with two amino acids being affected by the genetic 

differences. Possession of the APOE ɛ4 allele is reported to confer a much higher risk 

of sporadic AD, as compared to alleles Ɛ2 or Ɛ3 , (83-86). It is estimated that 

approximately 40% of individuals with LOAD carry an APOE Ɛ4 allele (84, 87, 88).  The 

presence of the APOE Ɛ4 gene is recognised as a strong risk factor for LOAD 

regardless of ethnicity (89). The carriage of one APOE Ɛ4 can increase the risk of 

LOAD by 4 times, while a homozygous state can increase the risk up to 15 times (90). 

However, APOE Ɛ2 carriage is associated with a reduced risk of AD (91) . These 

findings have been confirmed across multiple populations and ethnicities and have led 

to agreement that APOE Ɛ4 is the strongest genetic risk factor for LOAD. It has also 

been suggested that gender and APOE Ɛ4 may have a specific interaction as apposed 

a correlation for AD risk, with heterozygous females having greater risk than 

heterozygous males (92), however although many theories have been put forward, the 

reason why APOE Ɛ4 confers higher risk remains unclear (93). 

The ApoE protein is expressed mostly in the liver, with the next highest expression 

being in the brain. Astrocytes and microglia are the main producers, and neurons can 

also produce ApoE in particular circumstance, such as neural cell damage (93). ApoE 

assists in the transportation of lipids, regulating the endocytosis pathway of lipoprotein 

particles (94).  ApoE is found in the plasma on lipoproteins, along with other 
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apolipoproteins forming up to nine different complexes.  In contrast, in the brain, only 

ApoE, ApoJ, and ApoA-1 proteins are present found mostly on high density lipoprotein 

(HDL) like particles, the only lipoproteins found in the central nervous system (CNS) 

(95). The role of ApoE and the HDL-like particles in lipid and cholesterol transport in 

the CNS is not clearly defined yet but thought to be involved in maintenance of cell 

membranes and repair following injury. However, there is convincing evidence that 

ApoE binds to Aβ peptides, influencing its aggregation and clearance within the brain 

or via the blood brain barrier. It has been shown that people with APOE Ɛ4 alleles have 

greater cerebral Aβ deposition, and lower clearance of Aβ (96), than non-carriers of 

APOE Ɛ4. APOE allelic differences have also been suggested to influence 

neuroinflammation, tau hyper-phosphorylation, synaptic function, and ultimately 

neurotoxicity (97).  

1.2 Diagnosing AD 

For almost three decades the National Institute of Neurological and Communicative 

Disorders and Stroke-Alzheimer’s Disease and Related Disorders Association 

(NINCDS-ARDA) criteria (69), has been relied upon for diagnostic purposes. Following 

a visit to a general practitioner, due to suspected memory and/or behavioural changes, 

often noted by a family member or friend, a person will initially undergo tests to exclude 

differential diagnoses such as drug side-effects, acute infection, metabolic disorders, 

anaemia and other possible symptoms masquerading as dementia. If these are 

excluded, then the person will undergo a selection of cognitive tests, with some 

common tests being the Mini-Mental State Examination (MMSE), the Montreal 

Cognitive Assessment (MoCA) (98), Clinical Dementia Rating tests (CDR) (99), 

Psychogeriatric Assessment Scale assessment and the Seven Minute Screen (100, 

101). Brain imaging using techniques such as a computed tomography or magnetic 
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resonance imaging (MRI) may also be undertaken, to detect any cerebral atrophy, and 

rule out any other cerebral abnormality.  

More recently, in a revision by the National Institute on Ageing and Alzheimer’s 

Association (NIA-AA), the acknowledgement of preclinical stages of the condition, 

including mild cognitive impairment (MCI), and the inclusion of certain biomarkers such 

as cerebrospinal fluid (CSF) biomarkers has occurred (102). Considering that the 

presence of extracellular cerebral Aβ plaques and intracellular hyperphosphorylated 

tau protein are accepted as hallmark features of AD (103),  it is not surprising that the 

Aβ peptide and tau protein have been investigated in the CSF, and they have been 

found to be excellent early biomarkers of the disease: Aβ42 levels decrease over time 

in AD subjects, while tau phosphorylated at amino acid 181 and total tau 

concentrations increase in AD patients compared to healthy controls (65, 104). These 

are now known as the gold standard CSF biomarkers. However, CSF screening of the 

general population has not been embraced by general practitioners, many of whom 

perceive lumbar puncture to be high risk, indicating the need for more information to 

be made widely available demonstrating benefits overriding risk. Further research may 

enable alternative approaches, such as a simple blood test or screening tool that is 

widely applicable, minimally invasive, and inexpensive, to help determine at-risk 

individuals. Determining such individuals is necessary, initially for clinical trials, and 

eventually for successful intervention treatment. It was not that long ago that a 

definitive diagnosis of AD was not established until post-mortem, at which point 

neuropathological evidence of plaques, cerebral neurofibrillary tangles (NFT) and 

overall cerebral atrophy could be confirmed (105). 
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The last two decades have seen considerable advances in radiological imaging now 

enabling visualisation of the hallmark pathological features pre-mortem. These 

advances include the development of injectable radioactive Aβ-specific tracers (e.g. 

18F-Florbetaben and 11C-Labelled Pittsburgh Compound B), combined with Positron 

Emission Tomography (PET) (65, 106). The radiological techniques enable the 

measurement of amyloid deposition in the brain, from which a Standard Uptake Value 

Ratio (SUVR) is calculated. This ratio is used to denote amyloid deposition levels, with 

a ratio ≥ 1.5 often being used as a cut-off level, above which a person is said to be at 

high risk of developing AD (107).  The Alzheimer’s disease Neuroimaging Initiative 

(ADNI) study launched in 2003, and the Australian Imaging Biomarker and Lifestyle 

(AIBL) study launched in 2006, have contributed considerable knowledge to the field, 

thanks to longitudinal data on cognitively healthy, MCI and AD cohorts. Through 

normalised data from these studies and others, it has been possible to determine this 

SUVR cut-off point.  However, the use of Aβ PET imaging is generally confined to 

research, due to it high cost, invasive nature, and limited accessibility, and only 

specialised sites can undertake this specific imaging. Measurement of the CSF 

biomarkers mentioned above is more easily carried out, and the analysis and 

interpretation is now more established, with validated test kits assisting in the 

standardisation of results (108-110). Recently Roche have released their new test kits 

CSF Aβ (1-42) test kits, Elecsys®, which reportedly provides robust results (111), 

which may result in increased uptake if Aduhelm® is approved in Australia.  Beyond 

the clinical diagnostic value, CSF biomarkers enable validation of other candidate 

biomarkers that are also being developed (112), such as blood (113), and retinal 

biomarkers (114).  
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Identification of those most at risk (with SUVR ≥ 1.5), with no discernible 

neuropsychological change, will enable more targeted research to follow (115). 

Furthermore, targeted research including biomarkers in the selection criteria, will also 

give rise to a better understanding of those participants who seem to be resilient, and 

resistant to succumbing to the presence of the neuropathology, despite evidence of 

high load. It is hypothesised that a yet unrecognised inherent neuroprotective factor 

may be present, or that other exogenous influences such as cognitive reserve and/or 

neuronal plasticity may be enacted (116, 117).  

 

A study by Villemagne et al., in a longitudinal study (n =200) measured the Aβ load of 

three cohorts, cognitively healthy, MCI and AD using the PET tracer  11C-labelled 

Pittsburgh Compound-B (PiB) with a SUVR of 1.5 cut point indicating positivity. Based 

on regression analysis over 3-5 years, it was calculated that Aβ accumulation may be 

occurring up to two decades prior to any evidence of cognitive or memory decline, by 

which time considerable brain atrophy will have occurred (106). This further highlights 

the importance of early intervention, using biomarkers to help identify those most at 

risk, during a likely prodromal phase of AD.  

 

The accumulation of cerebral Aβ has been shown in the AIBL study to occur up to two 

decades prior to the onset of AD clinical symptoms (106). This build-up of pathology in 

the brain is present in populations where there is no evidence of cognitive change, and 

thus considered a premorbid or preclinical AD phase (118). This is particularly relevant 

for clinical trial designs, as therapies can be targeted at those people who have a 

higher risk of conversion to MCI or AD (118).  Disease specific interventions can be 

introduced during this latent pre-clinical stage of AD thus offering potential delay, 
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slowing or prevention of AD by interrupting the pathological sequelae and preventing 

subsequent brain damage (35).Furthermore, the accumulation of cerebral Aβ levels or 

load can be used as an outcome measure for analysing the success or otherwise of 

an intervention in clinical trials (35, 119). 

1.3 Risk Factors for AD 

Lifestyle-associated diseases prevalent within western society has been reported to 

contribute to the prevalence of cardiovascular disease (CVD). Prolific literature 

indicates that elevated plasma cholesterol and the presence of CVD correlate 

positively with the incidence of AD (120).  

In the presence of abdominal obesity, in addition to two or more cardiovascular risk 

factors including disruption to lipid regulation, insulin resistance or hyperglycaemia, 

and hypertension, this is referred to as the ‘metabolic syndrome’, and linked with 

increased risk of diabetes, stroke, and heart disease (121, 122). The aforementioned 

risk factors are reported for increased incidence of AD  and are associated with 

increased oxidative stress (123) and chronic inflammation (82) . Epidemiological 

studies highlight the increased risk of AD in the presence of type 2 diabetes (T2D) 

(124-126). Shared pathophysiological mechanisms exist between T2D and AD (127 ), 

and while these conditions are found in isolation, they frequently coexist, potentially 

further exacerbating AD progression. In-vitro evidence indicates that Aβ deposition 

leads to tau hyperphosphorylation which in turn leads to cognitive decline (128). Animal 

studies using insulin resistance mouse models, induced by feeding high dietary intake 

of fat/glucose/fructose and low dose streptozotocin (129), demonstrated increased 

levels of Aβ cerebral pathology (130).  
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Maintaining cellular function requires energy predominately delivered through 

adequate supply of glucose, facilitated by insulin. Insulin produced in the pancreases 

is required to facilitate glucose uptake into adipose tissue and muscle cells. If 

ineffective or insufficient insulin levels are produced, raised glucose levels in the blood 

(hyperglycaemia) results.  If a chronic demand for insulin production by pancreatic islet 

cells continues, combined frequently with hyperlipidaemia, this leads to increased 

insulin resistance. Insulin resistance occurs as a result of either production is 

exhausted or reduced responsiveness to the signal by insulin receptors, which 

eventually leads to diabetes. Evidence of insulin dysregulation in AD continues to grow 

with a recent study findings that gender and APOE genotype influence insulin 

signalling in AD (131).   Another protein of interest is islet amyloid polypeptide, also 

known as amylin, which is co-secreted with insulin and has a role in slowing gastric 

emptying, reducing gastric acid production, modulating dietary intake, and regulating 

body weight(132). Interestingly, up to 90% of chronic T2D patients have been shown 

to have accumulation of the amyloido-genic protein amylin fibrils, recognised as toxic 

to β-islet cells (133). Furthermore a potential molecular link between T2D and AD was 

reported by Oskarsson et al., who undertook heterologous experimentation with 

human islet amyloid polypeptide (IAPP) mice models, using different preformed types 

of amyloid fibrils, including IAPP, pro IAPP and Aβ (134). Post intravenous injection, 

IAPP and pro IAPP were both found to be present in the Aβ deposits in the vasculature 

as well as the brain (134). 

 

Midlife Obesity 

The ageing process results in proportional changes in muscle to fat ratios, with 

increased levels of adipose fat and general weight gain. Also observed in ageing, is a 
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decline in resting metabolic rate (RMR). The reason for this change remains 

controversial however, a study examining pre and postmenopausal women found that 

postmenopausal women who exercise, compared to those who were more sedentary, 

did not have significantly altered RMR (135). Slowed metabolic rate and inactivity, 

combined with a high fat or glucose diet, predispose to increased fat deposition and 

obesity. Lumeng and Saltiel (2011) previously framed obesity as a condition of chronic 

inflammation, significantly increasing the propensity for health conditions, including 

liver and colorectal cancer (136). 

 

White adipose tissue in obesity was shown to upregulate the release of free fatty acids 

and inflammatory cytokines, including tumour necrosis factor-α (TNFα) and interleukin-

6 (IL-6), leading to a state of chronic systemic proinflammation contributing to disease 

risk (137). Downstream, chronic inflammation increases insulin resistance (137, 138) 

and glucose dysregulation which is linked with increased risk of AD (139-141).  It is 

purported that glucose dysregulation may also increase susceptibility of neuronal 

damage from calcium dysregulation and excitotoxic stress(142).  

 

Interestingly, in type 2 diabetes, there is insufficient production by the pancreatic β-

cells of insulin and also islet amyloid polypeptide (amylin). While influencing glucose 

regulation, amylin is also responsible for slowing gastric emptying and signalling 

satiety(132), whereby deficits can lead to an increased propensity to continue eating, 

further contributing to the risk of obesity. Additionally, it has been suggested that the 

accumulation of amylin may directly contribute to cerebral neurotoxicity by 

exacerbating Aβ and tau accumulation (128). 
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There has been shown to be a direct link with obesity and elevated inflammatory 

biomarkers within the portal vein circulation in human studies (143). Inflammation is as 

mentioned earlier recognised as a key factor in many chronic health conditions, 

including AD (82). Higher levels of adiposity and insulin resistance have been shown 

to be linked to hyperinsulinemia and also the risk of diabetes (144, 145). 

Epidemiologically, increased incidence of obesity contributes to increased chronic 

disease and poorer health outcomes (82).  

In humans abdominal fat, is recognised as contributing significantly to the level of 

inflammatory cytokine secretion (143, 146). Public health initiatives recommend 

monitoring body mass index (BMI) and restricting waist circumference to reduce the 

risk of cardiovascular disease, cancer, diabetes, as well as dementia of AD type (147).   

The presence of diabetes increases the risk of dementia for both vascular dementia 

(VaD) and AD (145).  

 

While the mechanisms remain to be fully elucidated, the accumulation of cerebral Aβ 

plaques appears to accelerate the production of the neuropathology through 

processes of oxidative stress, inflammation and neurotoxicity (128, 145). Aβ peptides 

have been shown to exert superoxide dismutase action, leading to increased 

production of hydrogen peroxide. Hydrogen peroxide is neurotoxic and therefore 

contributes to the inflammatory process and subsequent neuronal death and cerebral 

atrophy (148). As discussed earlier, another hallmark feature of AD is the presence of 

NFTs. While the sequence of neuropathological events remains unclear, researchers 

report that prior to the formation of NFTs an even more toxic soluble tau oligomer exists 

(149). Interestingly, in animal model, FDT and AD post-mortem studies, tau oligomers 

have been found to cohabitate with other pro-inflammatory cytokines such as high-
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mobility group box 1 (HMGB1), as well as immune defence cells including astrocytes 

and microglia (150). It is further posited that tau oligomers may actually drive 

inflammation, thus contributing to neurotoxicity and subsequent atrophy (150, 151) . 

Approaches to counteract pro-inflammatory mechanisms, including polyphenol 

supplementation and anti-inflammatories therefore offers a dual approach to AD 

prevention.  

 

Mitochondrial dysfunction 

The role of mitochondria is to convert oxygen and nutrients into adenosine triphosphate 

(ATP) which is the energy source for cellular activity (152). Evidence suggests that 

mitochondrial dysfunction, and associated increased oxidative stress is associated 

with neurodegenerative disorders, including AD, Parkinson’s disease,  likely occurring 

early in the disease trajectory (152, 153). In excess of 300 disease causing 

mitochondrial deoxyribonucleic Acid (DNA) mutations pertain to proteins which control 

oxidative phosphorylation and mitochondrial structural integrity. These same mutations 

have also been observed in neurodegenerative diseases with  autosomal inheritance 

(154). Using an AD mouse model, assemblies of accumulated Aβ within the 

mitochondria demonstrated a pathologic metabolic pathway, with evidence of 

destabilisation of the cell membrane (155).  

 

 

Oxidative stress 

The normal function of the brain is reliant upon maintaining chemical homeostasis in 

the central nervous system. Oxidative phosphorylation performed in the mitochondria 

is the metabolic pathway in which energy in the form of ATP, is released from nutrients 
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to the cells. The brain utilises up to twenty percent of all energy produced within the 

body. Normal metabolic processes undertaken by the mitochondria result in the 

production of free radicals, or reactive oxygen species (ROS), which are then 

neutralised by pairing with innate protective antioxidants. The brain contains high 

levels of polyunsaturated fats therefore being particularly sensitive to oxidative 

damage when oxygenated. It is essential that the level of ROS in the central nervous 

system is kept low (156). Circulating free radicals can result in cellular, protein and 

DNA damage, and imbalances in the oxidative phosphorylation process, resulting in 

an excess of oxidants or paucity of antioxidants, can expose the brain to oxidative 

stress and subsequent damage (156, 157). The type and quantity of food that is 

consumed can influence the production of free radicals. Food including those which 

are fried, high in fats, and alcohol are some that are reported as potentiating oxidative 

stress, while other foods including fruit and vegetables including nutraceuticals such 

as curcumin are considered powerful antioxidants.  

Furthermore, the presence of ROS in the presence of Aβ plaque has been shown to 

exacerbate oxidative stress (158) potentially contributing to neuronal damage in 

conditions such as AD. 

 

1.4 Potential for early AD detection 

The move toward integrating diagnostic biomarkers for increasing the sensitivity and 

reliability of clinical AD diagnosis is evidenced by recommendations for their use by 

the International Working Group (IWG) and the NIA-AA (159). While differences exist 

between the two criteria, the NIA-AA recognises Aβ accumulation in asymptomatic 

presentations as prodromal AD, whereas the IWG regards Aβ accumulation as a risk 

factor for AD. However, importantly the inclusion of biomarkers has the potential of 
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increasing the reliability and sensitivity of AD clinical diagnostics and will enable earlier 

intervention (160). Early detection of pre-clinical AD is becoming increasingly topical 

particularly with the potential emergence of treatment modalities such as the 

monoclonal antibody therapies, including Aducanumab. However, existing validated 

biomarkers, including PET brain imaging collection for amyloid-beta and Tau proteins 

are inherently expensive and inaccessible while CSF collection, another alternative 

biomarker is considered invasive and frequently unpopular with the general public and 

clinicians (161). Early detection of AD using less invasive and inexpensive alternatives 

would enable broader population screening. Often referred to as tabletop diagnostics, 

blood collection and analysis is generally well accepted and frequently used to inform 

clinical practice across a range of conditions, however to date blood plasma or serum 

biomarkers to identify AD has been elusive, yet remain highly desirable (160). 

Identifying blood biomarkers with the sensitivity and specificity like that of the gold 

standard measures would enable timely access to AD interventions potentially staving 

off the predicted disease progression and subsequent neuronal damage that ensues. 

Using cerebral PET Aβ imaging as a gold standard comparator, blood-based 

biomarkers including proteomics and lipids, are examined for their potential as 

additional early AD biomarkers within a cognitively healthy aged population.   

 

1.4.1. Proteomics (Ferritin) 

Iron disruption in AD has also been identified as a potential mechanism contributing to 

neurodegenerative disease (162-164). Ferritin is a major iron storage protein within the 

body and is needed for maintaining circulating iron. The role of ferritin in physiology 

was first identified in 1937 by Lupberger. It is a globular protein of 474 kDa consisting 

of 24 subunits that forms nanocages via interaction with iron molecules (165). This 
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nanocage can store up to 4,500 iron atoms in a central cavity, whereas ferritin without 

iron is known as apoferritin. Depending upon the type of subunits present in protein, 

two specific isoforms are identified light (L) with molecular weight (mw) of 19 kDa, and 

heavy (H) mw 21 kDa.  Free iron molecules are toxic for cells due to its catalytic nature 

by generation of free radical and reactive oxygen species (166). Ferritin plays a vital 

role in controlling intracellular iron levels (166), maintaining cellular iron homeostasis 

during infection (166, 167) and oxidative stress (168).  

 

Longitudinal research undertaken within the AIBL study investigated the influence of 

elevated ferritin within the CSF between normal, MCI and AD cohorts reported poorer 

cognitive function and increased risk of MCI to AD conversion in those with higher  

ferritin(169). In addition to elevated CSF ferritin, the presence of APOE Ɛ4 further 

increased the risk of AD progression (169, 170). Blood ferritin levels are commonly 

used as an clinical tool to identify the presence of anaemia and other chronic conditions 

(171), interestingly elevated blood ferritin levels have been demonstrated in AD (172), 

but whether this occurs earlier in cognitively normal at risk of AD cohorts, is not known, 

therefore investigating ferritin as a biomarker in cognitively healthy older populations 

may have a role for the early detection of AD.    

 

1.4.2. Phospholipids (Fatty Acids) 

The concept of dyslipidaemia being involved in AD came to the fore when APOE allele 

differences were discovered. Rabbits on a high-fat diet were then shown to have 

greater brain Aβ deposition (173) and in vitro experiments showed that membrane 

cholesterol levels influenced Aβ generation (174, 175). Epidemiological evidence 

suggested an AD-cholesterol-statin link, though disputed in some publications, and 
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more recently, many other genetic and proteomics investigations, as well as other in 

vitro and animal model studies have linked changes in proteins such as ApoE, ApoJ, 

ATP-binding cassette cholesterol transporter A1 to AD pathogenesis (174).  

Dyslipidaemia is now a recognised feature of AD, and changes in lipids in CSF and 

blood samples are being investigated as potential preclinical biomarkers of the 

disease. For example, research has shown that MCI and AD are associated with 

changes in cell membrane fatty acids (176, 177), though in a more recent study within 

an African-American cohort, a panel of 10 phospholipids and metabolites did not 

predict MCI or AD (178). However, it is conceivable that changes in peripheral 

phospholipids may be of predictive value in cognitively normal cohorts considered to 

be at high risk of developing AD (i.e., cognitively normal people with significant brain 

amyloid deposition). A comprehensive review of lipids can be found within Chapters 

1.6.1, Lowering cholesterol, p 40; and Chapter 4.2 Phospholipids in AD, p 107-112.   

 

1.5 Avenues for treatment of AD 

The amyloid cascade is a complex and evolving conundrum, and elucidation of the 

causative and subsequent sequence of the Aβ cascade continues (68). Avenues of 

exploration have included attempts to reduce the production of Aβ, by blocking the 

formation of Aβ fibrils through inhibiting Beta-secretase 1 (BACE1) or gamma (γ) 

secretase; inhibiting the accumulation of Aβ; increasing Aβ breakdown and/or 

clearance of Aβ; lowering the inflammatory response; upregulating the innate immune 

response; and/or upregulating the non-amyloidogenic pathway (68). However, 

targeting the amyloid cascade has not been successful to date, as the initially 

promising enzyme inhibitors and drugs have failed in late stage, phase III clinical trials. 
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This may be partly due to targeting the amyloid cascade in cohorts with already 

advanced brain pathology, which is now thought to be too late to be of any benefit (35). 

  

Particular interest examining the interplay between endogenous and exogenous 

factors exists, whereby lifestyles choices may influence the production of Aβ pathology 

or may enact protective factors with the potential of reducing the risk of AD. Lifestyle 

choices which have been found to offer protection include self-reported lifetime higher 

levels of cognitive activity (179) along with a history of higher levels of lifetime physical 

activity (180, 181), whereas poor quality sleep was found to increase AD risk (182-

184). Diet is known to be particularly important to physical health, and there is now 

evidence it is equally important to cognitive health. Population studies investigating 

diets such as the Mediterranean diet, rich in green leafy vegetables, fish, and low in 

meat and dairy, are associated with reduced levels of advanced glycation end products 

(AGEs). Increased levels of AGEs is associated with increased mitogenic signalling, 

cell cycle re-entry and accelerated neurodegeneration in AD (185)  and compliance 

with diets producing less AGEs, have shown slower rates of cognitive decline (186, 

187). Another diet gaining popularity primarily for weight loss, but also for its potential 

for AD prevention is the ketogenic diet. Glucose is the primary energy source for 

mitochondrial function, however in AD glucose metabolism has been shown to be 

impaired (188). Ketone bodies are a rich and available alternative energy source to 

glucose for the brain. The ketogenic pathway is activated when energy requirements 

are surpassed by the available glucose stores, which can be instigated by either 

fasting; or caloric restriction, combined with  high-fat and low carbohydrate intake 

(189).  A deficit in glucose utilisation, initiates the alternate fuel pathway using ketone 

bodies, to maintain essential function and cerebral function is always prioritised. 
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Interestingly, the ketone pathway may downregulate cerebral amyloid accumulation, 

as shown in a study using an APP transgenic Alzheimer’s mouse model comparing a 

ketone diet with a standard high carbohydrate and low-fat diet. Van der Auwera et al.  

reported a twenty-five  percent reduction in cerebral Aβ load, although found no 

evidence of behavioural improvement (190).  In humans, weight loss is a common 

comorbidity of AD (191),  and it is possible that given impaired glucose metabolism in 

AD the ketone pathway may be implicated in the weight loss, drawing from the bodies 

reserves. Conversely, as a deficit in glucose metabolism is known in AD, utilising the 

ketone pathway may be a viable intervention strategy for supporting cerebral function 

and or rescue, but requires further research.    

Modifying lifelong dietary patterns in an older cohort is a particularly challenging, as it 

requires changes in meal planning, purchasing patterns, and meal preparation. A more 

achievable approach is to supplement existing diets, with nutraceutical compound(s) 

for the prevention of AD. Candidates which were considered for the AD prevention 

approach included gingko biloba extract, pomegranate fruit, omega-3 fatty acids, 

resveratrol, epigallocatechin gallate, and curcumin (all explained further below). 

 

1.5.1 Other potential candidates considered. 

a. Ginkgo biloba 

Gingko Biloba originates from one of the oldest species of tree and is recognised for 

its ability to improving blood circulation, and antioxidant properties. The active 

constituents are terpenoids, which emulate anticoagulants by reducing the stickiness 

of platelets and increasing blood flow, and flavonoids, which ameliorate oxidative 

stress (192). Research examining the influence of dietary supplementation for the 

treatment of MCI or AD are abundant, while studies on the prevention of AD are less 
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prevalent. Ginkgo biloba is one supplement which has undergone considerable 

research. While there is considerable variability in the literature for Ginkgo Biloba, its 

use in doses of 120- 240 milligram (mg) daily, as either an adjunct, or subsequent to 

cholinesterase inhibitor medications is supported (193-196). However, it should be 

noted that Ginkgo Biloba has not been found to be efficacious in the prevention of AD, 

as demonstrated by a large randomised controlled study in older people (n =3,069). 

Subjects were cognitively healthy or had MCI, they were reviewed six monthly for a 

period of 6.1 years, and results showed there was no significance difference in AD 

incidence following Ginkgo Biloba supplementation (197).  

Within a systematic review and meta-analysis of randomized controlled trials evidence 

of some benefits in using Gingko Biloba combined with standard treatments, reported 

significant benefits in global clinical assessment, cognitive function, and activities of 

daily living in MCI and AD (198), although inconsistencies were noted. However, 

variation in trial designs, formulations, sample sizes and conventional medications 

existed, and further research would be required to assess dose, efficacy and safety 

(198).  

 

b. Pomegranate 

Pomegranate fruit is rich in polyphenols such as the flavonoid anthocyanins and 

ellagitannins (199, 200) and  has become a popular fruit due to certain potential health-

promoting qualities including anti-inflammatory (200, 201), antimicrobial (202), lipid 

modification (203), and weight loss (204) properties, each potentially beneficial in AD 

prevention. The antioxidant properties of pomegranate juice is greater than red wine 

and green tea, which originates from the fruit’s ellagitannins and hydrolysable tannins, 

and many in vitro studies have also provided evidence of anti-carcinogenic effects 



 

26 

(205). The weight loss claims have been questioned though, following a systematic 

meta-analysis of 13 clinical trials which reported no significant difference in body 

composition or  weight, when comparing placebo and control groups  (206). One 

intervention study (n=60) reported benefits for the management of hypertension, yet 

no difference in lipid profiles between groups (207). The variability in research analysis 

associated with the part of the plant used (juice, peel or flowers), extraction method, 

formulation, and dose concentrations (208) adds complexity to interpretation of data, 

and further studies are required. 

 

c. Epigallocatechin gallate  

Catechins are some of the flavonoid antioxidants that are also members of the 

polyphenol group of compounds. Catechins have potent antioxidant and cell signalling 

activity, and are abundant in vegetables and fruit (209). Another rich source is also 

found in tea, with   epigallocatechin-3-gallate (EGCG) being the most abundant active 

catechin. Comparing types of tea, green tea has the highest level of catechins, 

compared to black, oolong, or other forms (210).  According to the USA European 

Food Safety Authority (EFSA), 126 mg of catechins (including EGCG) are present per 

100 mL of green tea, and according to the Food and Drug Administration (FDA), 100 

ml of green tea will contain approximately 71 mg of EGCG (211).  As excessive 

oxidative stress is thought to be an initiating factor in AD, or indeed for the conditions 

known to increase risk of AD, such as type II diabetes and cardiovascular diseases, 

studies have investigated whether treatment with EGCG can reduce the risk of AD or 

AD’s risk factors.  Type II diabetes is a strong risk factor for dementia, demonstrated 

in the Rotterdam study (n =7,046) where the presence of type II diabetes doubled the 

risk of dementia (212). Tea was highlighted as a potential AD prevention approach via 
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its potential for lowering insulin resistance (213). In addition, green tea in particular 

was identified as a powerful natural BACE1 inhibitor (214), a recognised pathway for 

inhibiting amyloidosis which contributes to AD pathology.  

Green and black tea and those less processed teas including white, and purple were 

reported as the most efficacious (215-218). An interesting small (n=12) human study, 

examined parieto-frontal connectivity using functional MRI imaging (which measures 

blood flow in the brain), and demonstrated a beneficial effect from the consumption of 

tea combined with whey milk, compared with placebo (219). One of the challenges 

with investigating the efficacy of tea in the general population for an AD preventative 

approach is the already prevalent use of this beverage, particularly within older 

generations, however, it is reassuring that it may be providing some population-based 

health benefits.   

 

d. Omega-3 fatty acids 

As mentioned earlier the potential role of fatty acids in AD prevention may also be used 

as a preclinical biomarker and treatment. Docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) are considered protective against AD and are commonly 

referred to as omega-3 fatty acids. Western diets have resulted in a disproportionate 

change in the amount of omega-6 and omega-3 fatty acid intake, such that the original 

ratio of approximately 1:1 intake of these two types of polyunsaturated fatty acids in 

paleolithic times has now changed to approximately 20:1 (220). DHA and EPA have 

been linked to greater Aβ degradation by insulin degrading enzyme, Aβ phagocytosis, 

and increased neuroprotection D1, which has been suggested to downregulate Aβ 

production (174) Interestingly, the use of omega-3 fatty acid has been critically 

reviewed in relation to its risk verse benefit profile in cardiovascular health, given that 
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there is an increased potential towards bleeding and that omega-3 fatty acid 

supplementation has the propensity to interfere with medications prescribed to inhibit 

clotting e.g. warfarin (221, 222). However, this is a minor proportion of the population, 

and supplementation, both prescribed and over the counter, remains prolific within 

older Australian populations, likely due to high media exposure concerning the 

potential benefits of supplements, yet little exposure of information concerning 

potential risks to people on certain medications (223). Whole foods which are high in 

omega-3 fatty acids include fatty fish, (e.g. mackerel, salmon, tuna and sardines) as 

well as other foods including flaxseed, soybeans and walnuts (224).  

 

e. Resveratrol 

Resveratrol, a polyphenol compound found in red grapes, blueberries and red wine 

has been proposed as a powerful antioxidant that may protect against cardiovascular 

diseases and cognitive decline (225). Resveratrol is recognised for its antioxidant and 

anti-inflammatory action (226, 227), however  it is well-accepted that the intake of 

alcohol during neonatal development is strongly associated with foetal alcohol 

spectrum disorders (228), and that alcohol intake in general should be moderated. A 

rodent model study of ethanol-induced neuronal damage demonstrated that 

resveratrol (at a concentration of 100mg/kg) had a protective effect in upregulating the 

antioxidant pathway and scavenging reactive oxygen species (229). In other studies, 

resveratrol added to cultured astroglioma C6 cells (extracted from Aβ transgenic rats) 

were shown to offer protection via the upregulation of nitric oxide synthesis and the 

expression of inducible nitric oxide synthase while also downregulating nuclear factor-

kappa B (NF-κB) (230). Targeting AD pathology, AD transgenic mice consumed 

resveratrol over 45 days, which led to reduced Aβ plaque formation in the medial cortex 

https://en.wikipedia.org/wiki/NF-%CE%BAB
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(-48%), striatum (89%) and hypothalamus (-90%), despite resveratrol and its 

metabolites not being detectable in the brain (231). More recently, a systematic review 

of human trials using resveratrol supplementation of 500mg or more daily, 

demonstrated reduced weight, BMI and waist circumference, but did not alter fat mass 

(232). Resveratrol is posited as a potential pathway which emulates caloric restriction 

by activating sirtuins, from the family of nicotinamide adenine dinucleotide (NAD)-

dependent deactylases, responsible for the balance of metabolism, circadian rhythms 

and mediating the effects of ageing (233). It should be noted that the resveratrol 

content in an average glass of Pinot Noir red wine, a wine reported to be high in 

resveratrol, is about 1 mg of resveratrol. Hence wine (and in fact most foods) without 

supplementation will not provide the levels of purified resveratrol required to 

demonstrate results shown in animal studies (234-236). 

1.6 Curcumin 

Understanding the mechanism behind the early stages of the amyloidogenic cascade 

will lead to potential beneficial pathways for disease preventative strategies. If AD is 

heterogeneous in nature, likely the solution will equally be multidimensional. 

Treatments that can demonstrate multimodal pathways of intervention, therefore 

optimising the likelihood of success would be particularly enticing. In our review of 

curcumin (below), another antioxidant and anti-inflammatory agent that has been 

researched for its potential to slow AD pathogenesis, we describe multimodal 

properties that are highly appealing.  

 

Identifying a single nutraceutical supplement which offered a multimodal approach to 

AD prevention was a crucial step in conducting this study. A comprehensive review of 
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the literature identified a plethora of research suggesting that curcumin can provide 

benefits across a broad range of health conditions, however to my knowledge at that 

time of commencing my thesis, no studies had targeted AD prevention using curcumin 

within a healthy older highly characterised population who had all been PET amyloid 

imaged. Furthermore, access to imaging and blood biomarker technology remained 

limited and those studies undertaken earlier frequently involved cohorts less 

characterised than now possible due to technological advances(159, 237).  As a part 

of this thesis, a comprehensive review of the literature was conducted and published, 

in The British Journal of Nutrition, ‘Examining the potential clinical value of 

curcumin in the prevention and diagnosis of AD’ (238).  Some of the content, 

figures and tables within this section are a modified version of the published material. 

A copy of our published manuscript is attached the Appendices, highlighting the 

growing body of evidence for curcumin possessing multiple modes of action showing 

potential as an AD prevention approach.   

 

 

Figure 1.1 The chemical structure of curcumin 

Curcumin is the active constituent extracted from the rhizome of the common kitchen 

spice, turmeric (Curcuma Longa). Turmeric is recognised by its yellow colour, but the 

active ingredient are the curcuminoids including curcumin (diferuloylmethane), 

desmethoxycurcumin (DMC), and bisdemethoxycurcumin (BDMC) (239). 

 

Extracted from the National Centre for Biotechnology 
Information. PubChem Database. Curcumin, CID=969516, 
https://pubchem.ncbi.nlm.nih.gov/compound/Curcumin 
(accessed 14 Mar 2020) 
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It has been acknowledged for centuries particularly in Ayurveda medicine for its 

medicinal qualities, often referred to as a cure-all, as it has been, and continues to be 

prescribed for a variety of health conditions including blood dyscrasias, inflammatory 

conditions and pain relief (40, 240, 241). Epidemiological studies examining the 

benefits of curcumin, suggest that those who consume higher proportions of curcumin 

in their diet, as compared with those who consumed less or none, score better on 

cognition, as measured using the MMSE (242). Furthermore the biochemistry of 

curcumin highlights its potential, in a range of functions, in regulating gene expression, 

including DNA methylation, histone modification, and alterations in micro-ribonucleic 

acid (mRNA), without DNA sequence change (243).  

1.6.1 Modality of action 

As mentioned previously, amyloid accumulation is described in the literature as a 

pathological cascade, likely influenced by a plethora of mechanisms over the 20+ 

years of pathogenesis. The multiple avenues through which curcumin is potentially 

able to influence AD pathogenesis influenced the decision to examine its usefulness 

in the prevention of AD in an older cohort. Given that the study was to be conducted 

in an older age cohort and that multiple comorbidities were likely the reported safety 

profile of curcumin was a further enticement.  

Curcumin’s ability to target multiple pathological changes offers promise as an 

approach for the prevention of AD. As published in our review of curcumin, evidence 

supports its innate ability to upregulate the immune responses via supplementation 

with antioxidants, reducing inflammation, lowering cholesterol, enhancing 

neuroplasticity, and contributing to cerebral neuroprotection. Some of the mechanistic 

pathways reported which influence the inhibition of fibril and plaque formation, amyloid 

clearance, and reduction in phosphorylation of tau include BACE1 inhibition, salt bridge 
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disruption, inhibition of Glycogen synthase kinase-3 (GSK-3), and activation of 

Wingless-related integration site (Wnt) signaling, as well as upregulation of apoptosis 

and an overview of modalities of action are discussed briefly within this chapter.  

This following represents an extension of the previously published manuscript 

reviewing curcumin as a potential approach for the prevention of AD.    

 

Figure 1.2 Curcumin’s potential modalities of action for the prevention of AD. 

 

i.   Beta-secretase 1 (BACE1) downregulation 

The enzyme known as the β-APP cleaving enzyme-1 (BACE1) cleaves APP at the N-

terminal end of the Aβ sequence, and is recognised as a rate modulator of the 

sequential processing of APP (244, 245) The second cleavage required for Aβ 

production is carried out by the gamma (γ)-secretase enzyme, within the cell 

membrane, and cleaves at several amino acid positions, leading to the formation of 
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varying lengths of Aβ peptides (39-43 amino acids), with the Aβ1-40 and Aβ1-42 

peptides being the major ones produced (244, 245). The longer peptides such as Aβ1-

42 aggregate more readily into oligomers and fibrils and have been shown to be more 

neurotoxic than the shorter peptides (246). This pathway of APP processing is known 

as the amyloidogenic pathway, the alternative non-amyloidogenic pathway involves 

cleavage in the middle of the Aβ sequence, thus precluding Aβ peptide formation (247-

250). Trials targeting BACE1 inhibition have been conducted for many years, as this 

approach is considered a major therapeutic target (251). To date pharmaceutical 

investigations using this approach including the AMARANTH study, the DAYBREAK-

ALZ study investigating lanabecestat in mild AD cohorts (252) and the EARLY study 

investigating atabecestat in healthy cohorts (253), have been unable to demonstrate 

this benefit, each discontinued due to either inability to demonstrate efficacy, or liver 

toxicity, for example Phase III trials of lanabecestat in AD patients have been stopped 

due to lack of efficacy (announced by Ely Lilly and AstraZeneca in June 2018), 

however, further studies continue along this pathway of enquiry. As with many AD 

trials, it has been suggested that treatment at this late stage of neuropathology is 

mostly likely too late for any pharmacological benefit, and treatment at early preclinical 

stages is likely to be of greater value. Curcumin has been shown to reduce BACE1 

expression in animal models, with a small study examining five familial AD (FAD) 

transgenic mice administered intra-gastric curcumin (150 or 300mg) for 60 days, 

reported to demonstrate down regulation of BACE1 resulting in the preservation of 

synaptic connections, with associated improvements in spatial learning and memory 

(254). More recently, a minor natural curcuminoid constituent bis-demethoxycurcumin 

was shown to reduce expression levels of BACE1 and NF-kB (protein complex that 
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controls DNA transcription and cytokine production) in cultured cells of AD patients 

(255). 

ii.  Salt Bridge disruptions 

High concentration of Zinc (Zn2+) in plaques of brains with AD, lead to exploration into 

the nature of binding with Aβ peptides and aggregates and its influence on the Aβ 

molecular structure. Zn2+ was found to alter the connecting structure of  the two β-

sheets, and disrupt the salt bridge channel (256). The structure of Aβ plaques has 

been studied by Yiling et al., using an atomic structural model.  They established a 

homogeneous samples of Aβ 1-42 fibrils based on solid-state Nuclear Magnetic 

Resonance (ssNMR) data, reported a unique tertiary fold, encompassing three β-sheet 

flat structure, with residues 12-18 (β1), 24-33 (β2) and 36-40 (B3), unique to Aβ 1-42 

(257). In the process of plaque formation and folding, the final amino acid creates a 

salt bridge link with the amino acid on the turn of the first sheet, providing stability 

(257).  Mithu et al.  earlier reported that curcumin could influence the salt-bridge of the 

toxic 1-42 Aβ (258), however while the point of destabilisation may differ from that of 

Yiling et al., inhibiting Aβ plaque formation remains a valid target. Interestingly, 

Chandra et al. demonstrated that curcumin interacted on the C terminus of Aβ40 

aggregates, permitting fibril-like structures which contain the salt bridge to develop. 

However, curcumin did not allow this to occur in Aβ42 (259). Further studies will 

determine to what extent curcumin can influence fibril structure formation in the 

complex mix that is found in vivo. 

iii. Inhibition of inflammation and lowering of oxidative stress 

Curcumin is reported to be a powerful anti-inflammatory, used for centuries for its pain 

relieving properties (originally in the form of turmeric), while being credited scientifically 
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for its efficacy in treating diseases synonymous with high levels of inflammation (40).  

Curcumin has been used in a vast array of health conditions which involve both 

inflammation and oxidative stress, including arthritis, psoriasis, and gastrointestinal 

conditions (40). Nuclear and mitochondrial DNA oxidative stress, stemming from 

increased reactive oxygen species production and impairment of repair mechanisms 

is associated with most chronic health conditions, including degenerative diseases of 

ageing (260).  The subsequent cascade of cellular oxidative stress, signalling a highly 

inflammatory response, combined with an inadequate or malfunctioning immune 

response (261) predisposes to AD pathology (262). Curcumin has been shown to 

reduce oxidative stress in in vitro studies utilising free radical scavenging properties, 

inhibiting the aggregation of the beta sheets (263). Using a  Sprawley-Dawley rat 

model, Frautschy et al. reported the efficacy of dietary curcumin as compared to 

ibuprofen, in preventing Aβ-induced memory deficits, along with reduced Aβ 

accumulation (66). Furthermore, Agrawal et al., modelling streptozotocin-induced AD 

in rats, administered curcumin twice daily by injection, and  demonstrated significantly 

decreased cholinesterase activity and oxidative stress measures, also highlighting a 

role for insulin receptor mechanisms (264). Peeyush et al. also using streptozotocin-

induced diabetic rats purported a potential therapeutic role for curcumin in mediating 

learning and memory deficits using curcumin mediating cholinergic dysfunction, 

glucose transport and reducing oxidative stress (265). Teter et al., in an animal study, 

demonstrated the efficacy of low dose curcumin in upregulating the innate immune 

response, with the use of low dose curcumin, reportedly stimulating increased Aβ 

phagocytic clearance, and reducing neuroinflammation, via the Syk tyrosine kinase 

pathway, modulating the interplay between sialic acid binding 1g-like lectin 3 (CD33) 

and the Triggering receptor expressed on myeloid cells 2 (TREM2) (266).   
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iv. Inhibition of GSK-3β, and activating Wingless Integrated (Wnt) signaling  

The glycogen synthase kinase-3 (GSK-3β) enzyme influences a broad range of 

functions, including inflammatory responses (267), and many other aspects of the 

immune system (268).  It has also been linked with Wnt signaling – a conserved cellular 

signal transduction pathway that controls cell migration, cell polarity, and neural 

patterning during brain development, as well as cell calcium levels, for example. 

Mutations in the Wnt pathway have been found in some cancers, as well as T2D (269).  

More recently it has been shown that a major link between diabetes type II (T2D) and 

AD might be the GSK-3β enzyme, as it is crucial in glycogen synthesis, which is 

necessary when regulating blood glucose. Alterations to GSK-3β can lead to insulin 

deficiency and insulin resistance, which can eventually lead to the development of T2D 

(270). GSK-3β is also reported to influence the phosphorylation of the microtubule 

associated protein tau (MAPT), and to influence the binding of the tau protein and 

stabilisation of microtubules (271, 272). Thus GSK-3β is a target for the prevention of 

the development of NFT, and also a target to improve glucose regulation in the brain. 

Toxic Aβ oligomers have been shown to downregulate the Wnt/beta-catenin pathway, 

thereby upregulating GSK-3β and consequent tau hyperphosphorylation, again linking 

Aβ and NFT pathology  (273). An in-vitro study using rat hippocampal neurons showed 

that a mitochondrial permeability transition pore (mPTP) may be a new target for 

slowing or preventing neuronal damage via the Wnt signaling pathway. While the exact 

mechanism remains to be elucidated, inhibiting the opening of the mitochondrial 

permeability transition pore (mPTP) by downregulating GSK-3β or modulating 

mitochondrial hexokinase II activity, preservation of the structure and function of 

mitochondria hippocampal neurons was shown (274).  An in-vitro study using 

APPSwe-transfected cells (APPSwe being the APP DNA with the EOAD-causing 
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mutation found in a Swedish population) (275), demonstrated that curcumin decreased 

the expression of GSK-3β mRNA, (276), a pathway considered important in the origin 

of AD neuropathology.  

Obesity is another risk factor for Alzheimer’s disease, and adipogenic differentiation of 

a cell line has been shown to be repressed by curcumin, via a pathway which involved 

stimulating expression of the Wnt signaling pathway effector Tcf7I2 – also considered 

to be a diabetes risk gene (277). Thus curcumin has already been shown in vitro to 

influence this signaling pathway crucial in AD pathogenesis, and other recent studies 

have shown curcumin inhibits cancer cell growth via the Wnt/beta-catenin pathway 

(278).  In animal studies, free and nano-encapsulated curcumin were found to reduce 

Aβ-induced cognitive impairments in rats, reduce inflammation and tau 

hyperphosphorylation, and that Akt/ GSK3β signaling pathways (as well as the brain-

derived neurotrophic factor (BDNF) were involved (279). Furthermore, a recent mouse 

study has found that curcumin ameliorates a memory retrieval deficit caused by 

scopolamine treatment, and restores hippocampal phosphorylation of Akt and GSK3β, 

which was also reduced by the scopolamine treatment (280). 

v. Inhibition of Aβ fibril formation and aggregation 

It is widely accepted that the Aβ oligomers that form extracellular fibrillary plaques are 

a pathological feature of AD, along with the intracellular hyperphosphorylated tau 

tangles. Curcumin’s inherent chemical structure has a natural affiliation to bond with 

Aβ fibrils and plaques (281), and this property gives rise to the prospect of it acting as 

a Trojan horse, delivering anti-inflammatory and antioxidant therapies direct to the 

neuropathology. A study using a single touch atomic force microscope investigating 

the formation of AD related fibrils, demonstrated the formation of two identifiable, yet 
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similar shaped low and high molecular weight (MW) oligomers from the monomeric 

Aβ-42 (282). Examining the aggregation pathway, curcumin was found to inhibit the 

propensity of oligomer stacking by  binding to the N-terminus of Aβ-42 and capping its 

height, providing insight into a potential mechanistic modality (282). A number of 

studies have reported that curcumin inhibits Aβ aggregation, including in in vitro (283-

285), and in transgenic mice models and human retinal studies (286, 287). In addition 

to Aβ plaque binding, curcumin has also been shown to adhere to tau protein, though 

to a lesser degree (288, 289). A study utilising a computational model to investigate 

the binding of curcumin to amyloid aggregates was undertaken utilising a hexapeptide 

fragment of Aβ as a base model (290). The hexapeptide was shown to interact with 

small molecules and to undergo oligomer formation/fibril assembly, categorised as 

steric zippers, similar to that seen in the Aβ cascade.  Curcumin was shown to bind to 

full length Aβ fibrils, this disturbed the equilibrium of fibril aggregation, resulting in 

steering the aggregation to a structure that was non-amyloidogenic (290).  A post-

mortem study of brain tissue was undertaken to examine a range of neurodegenerative 

conditions including EOAD, LOAD, primary age-related tauopathy, cerebral amyloid 

angiopathy (CAA), frontotemporal lobar degeneration (FTLD) with tau and TAR DNA-

binding protein 43 protein (TDP-43) or Lewy bodies (291).  Results of the study 

indicated a strong propensity for curcumin binding to amyloid plaques and CAA but to 

a lesser degree the pathology in the tauopathies. Furthermore, the staining properties 

of curcumin were similar whether curcumin isoforms, conjugates or bio-available forms 

were used (291).  

Recent in vitro studies have attempted to use prenylated curcumin analogues (i.e., 

adding hydrophobic molecules to the curcumin analogues) to reduce aggregation and 

toxicity of Aβ oligomers, with some success (292), others have had some success with 
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self-assembled curcumin-zwitterionic polymer conjugates, as these prevented the 

conformational transition of Aβ  oligomers to β-sheet structures, and also improved cell 

viability in cells treated with Aβ42 peptides (compared to unconjugated curcumin) 

(293). Solid lipid curcumin particles have been shown to provide greater anti-

inflammatory and anti-Aβ amyloid protective effects in the transgenic 5xFAD mouse 

model than curcumin, as greater reductions in brain Aβ accumulation and glial fibrillary 

acidic protein staining could be seen with the lipid curcumin particles than curcumin 

alone (294). Curcumin has also been shown to inhibit β-sheet formation of tau in vitro, 

indicating it may inhibit an initial step of tau aggregation. This feature would make 

curcumin of value in treatment of AD as well as frontotemporal dementia and 

Parkinson’s disease, as tau aggregation is not AD-specific (295).  

vi. Enhancement of phagocytosis 

The ability of the brain to clear Aβ peptides and aggregates is a primary objective in 

the treatment of AD. Whilst the production levels of cerebral Aβ and the 

hyperphosphorylation of tau are highly significant, upregulating the clearance of Aβ 

may reduce the development of AD pathology. Emerging research suggests that a 

pathological synergistic relationship exists between the accumulation of Aβ and tau 

hyperphosphorylation – a better indicator of dementia severity - which is not yet clearly 

understood (79), and that both synaptic and dendritic health are dependent on the 

process (296).  

Cancer research has shown that curcumin protects against drug-induced liver 

carcinoma in rats by activating autophagic pathways and inhibiting apoptosis (297). In 

recent studies of a rat model of middle cerebral artery occlusion, curcumin was found 

to be neuroprotective by influencing autophagy and inflammation (298). 
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vii. Lowering cholesterol 

A number of lifestyle-related health conditions have also been shown to influence the 

incidence of AD. One independent risk factor identified is elevated midlife cholesterol 

which was highlighted along with APOE Ɛ4 and elevated systolic blood pressure in the 

CAID study by Kivipelto et al. (299). The brain is rich in cholesterol comprising up to 

30% of the body’s total cholesterol, and recognised as extremely important component 

for neuronal function including development, plasticity, maintenance and repair of cell 

membranes (300)The supply of cholesterol for the brain is predominantly synthesised 

locally (300) and is also responsible for recycling cholesterol to maintain homeostasis 

(301).  

While the CNS and peripheral cholesterol are separated by the blood brain barrier 

(302), peripheral cholesterol can influence enzyme activity which contributes to AD 

neuropathology accumulation and also stimulate the immune responses within the 

CNS and periphery, driving inflammation (303)  Dyslipidaemia is a frequent finding in 

both vascular dementia and AD, while the influence of genetically inherited APOE, 

alleles 2, 3, or 4, engaged in cholesterol transportation infer varied degrees of risk. A 

seventeen year follow-up study, examined the incidence of dyslipidaemia of those 

without, and those with one or more APOE Ɛ4 alleles, and found an increased 

likelihood of dyslipidaemia in the latter group (304). Factors including apoptosis and 

the resultant extracellular release of lipids, reduced transportation, or even impaired 

storage of cholesterol may destabilise cholesterol equilibrium, and further contribute of 

AD pathology.  The use of statins for the prevention of AD resulted in conflicting 

outcomes, but given that the onset of pathological features begins at least two decades 

before clinical signs of AD, to achieve any efficacy statin therapy would need to be 

earlier (305). Curcumin has however been shown to possess both anti-inflammatory 



 

41 

(306-308) and lipid-lowering properties (309-311), hence potentially offering dual 

mechanistic opportunity. While there is endogenous production of cholesterol, dietary 

intake and absorption via the intestine and also the liver, is facilitated by the polytopic 

transmembrane protein Niemann-Pick C1-Like 1 (NPC1L1), located within the inner 

membrane of enterocytes (312). Ezetimibe, a powerful cholesterol inhibitor targets 

NPC1L1 (313). Interestingly, the same pathways were highlighted using curcumin in 

an animal model study comparing two cohorts of hamsters fed either a high fat diet 

supplemented with or without curcumin over 12 weeks.  Those consuming curcumin 

were found to have significantly lowered total cholesterol, triglycerides, and LDL, while 

inhibiting NPC1L1 (314, 315). 

 

A small uncontrolled pilot study examining a combination therapy including curcumin, 

fermented red rice, and liposomal herberine was undertaken in mild to moderate 

hypercholesterolemia to examine the influence on cardiovascular risk. Statistically 

significant reduction of total cholesterol, low density lipoprotein - cholesterol, oxidized 

LDL, and triglycerides were reported as well as anti-inflammatory markers (316). 

Similar findings were reported in another study undertaken by Adibian et al. in a type 

II diabetic cohort (n=44), examined over a 10-week period the influence of oral 

curcumin VS placebo and its influence on fatty acids and inflammation (317). Total 

triglycerides and HS-CRP were found to be lower in the curcumin groups compared to 

placebo (109 mmol +/- 36 vs 124 +/-36) and (2.9 +/-2.9 vs 3.4 +/-4.2) consecutively, 

with adiponectin inversely correlating within the curcumin group, reflecting 

upregulation of glucose and anti-inflammatory activity (317).   
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viii. Diagnostic Fluorochrome 

Curcumin is a natural fluorochrome (318) and has been identified as a potentially 

useful approach within cells (319) , tissue (320) serum (321), and imaging (322) 

applications. In relation to AD, the use of curcumin as a fluorescent for the early 

detection of disease poses particular interest. It is purported that even before 

accumulates Aβ is visible in the brain, it may be seen in the retina. Curcumin with its 

natural affinity for Aβ, delivered orally, has been investigated as a diagnostic approach 

to AD, when deployed with the highly specialised retinal hyperspectral camera (286). 

The propensity of curcumin to bind to Aβ (288, 291, 323) provides a theoretical trojan 

horse to enable labelling as well as precise targeting of the AD pathology whereby 

mechanistic process can be enabled.  

1.6.3 Human clinical trials using oral curcumin  

A number of clinical trials have been conducted in the pursuit of engaging the 

multiplicity of modalities available using curcumin for the treatment of AD. Baum & Lam 

et al., (324) undertook a six-month pilot study in a placebo-controlled intervention using 

1g and 4g doses, combined with 120mg ginko leaf extract in patients with AD (n=30), 

examining safety and tolerability. However, no significant differences were detected 

between treatment groups in either the MMSE or in the serum Aβ levels, however a 

trend of increased serum Aβ was shown suggesting that cerebral clearance may have 

been upregulated. A 24-week placebo-controlled study using curcumin C3 Complex, 

followed by a 24 week open label study was also conducted in mild-moderate AD 

(n=36) (325). The study was unable to demonstrate any differences between groups 
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in either clinical or biochemical results, citing low curcumin bioavailability as the likely 

culprit (325).  

 

Another study undertaken within the timeframe of the clinical trial described in this 

thesis, recruited adults without dementia aged between 51-84 years of age, examining 

verbal and visual memory, and attention, along with cerebral amyloid and tau 

accumulation over 18 months (326). The formulation selected for their clinical trial was 

Theracurmin™ 90mg (n=40), prescribed twice daily. Reportedly, comparing blood 

concentrations, Theracurmin™ performed twenty-seven-fold higher than the 

comparator of a powder formulation. Small et al., demonstrated a significant 

improvement in long term memory with curcumin, as compared with placebo with an 

effect size (ES) of 0.68, p <.05 (326). In addition, a significant improvement was also 

seen in verbal memory (ES 0.53, p =.002), visual memory (ES 0.50, p=.01) and 

attention performance (ES 0.96, p< .0001). Furthermore, a subset of participants 

(n=30) underwent cerebral PET imaging using a ligand developed by the group which 

measures both Aβ and tau binding, 2-(1-(6-[18F] fluoroethyl) (methyl)amino]-2-

naphthyl) ethylidene) malononitrile (FDDNP) (327, 328). Two regions of interest were 

examined using FDDNP, being the amygdala and hypothalamic areas (326). FDDNP 

binding in amygdala, representing accumulation of Aβ and tau for the curcumin group 

was significantly decreased (p=.04), correlating with an improvement in the Beck 

Depression Inventory scores (p=.02), suggesting an effect on mood (326). Whereas in 

the amygdala in the placebo group within the same region of interest, no significant 

change in FDDNP binding was observed (p=.07). Furthermore, the binding propensity 
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of FDDNP within the hypothalamic region, associated with memory, also demonstrated 

a significant difference between the two groups (p=.02) (326). 

 

Cox et al. utilising the Longvida® formulation of curcumin in a cohort of 60 participants, 

who were cognitively healthy, aged 60-85 years examined the effect on mood, 

including their level of calmness, contentedness and fatigue induced by psychological 

stress (329). The design incorporated a short acting effect 1-3 hours post ingestion 

(acute), a 4-week intervention (chronic), as well as an acute on chronic measurement. 

Interestingly, the acute dose demonstrated improvements in working memory and 

sustained attention, in serial 3 subtraction in the curcumin group compared to placebo 

(p=.03) (329). However, effects were not sustained at the 3 hour interval, or evidenced 

in a similar task using serial 7’s subtraction, potentially due the difference in task 

requirements as the latter has a greater emphasis on executive function (329).  

The table of clinical trials using curcumin in AD diagnosis, prevention and treatment 

approaches is shown within the published thesis review manuscript (238) attached in 

Appendices, and reflects the clinical trials underway at the time of commencing my 

PhD and establishing the clinical trial. 

1.6.4 Formulation, bioavailability and dose 

 
Having selected curcumin as the preferred nutraceutical supplement to be trialled, 

selection of the most efficacious formulation was paramount. Curcumin being insoluble 

in water, researchers have encountered challenges addressing its low solubility and 

bioavailability in available formulations (239, 330, 331). At acid concentrations of 

between 1 and 6, conditions consistent with the stomach and intestine, curcumin is 

relatively stable and is therefore not susceptible to degradation (332). However, oral 
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curcumin following ingestion undertakes a significant first-pass metabolism via the 

portal vein to the liver, while also undertaking intestinal metabolism and excretion 

impeding systemic availability (333). This has posed a significant hurdle for 

investigators who recognise the therapeutic potential of curcumin yet have had limited 

success in achieving adequate penetration into the circulatory system, required to then 

cross the blood brain barrier to target AD neuropathology.  

 

Earlier animal studies demonstrated that an oral supplement was able to significantly 

reduce brain amyloid load by 43-50 %, as well as oxidised proteins and interleukin-

1beta while preventing cognitive decline (334). Surprisingly, the lower dose of 160 

parts per million (ppm) compared with the high dose of dietary curcumin 5000 ppm, 

was most efficacious. The equivalent dose in humans is calculated as approximately 

1.5mg (334). The same human dose prescribed in our project.   

 

A limited number of human trials had already been undertaken to investigate curcumin 

supplementation, and those that had been carried out had focused on cohorts with 

existing cognitive impairment. A six-month placebo-controlled study in AD investigating 

the effects of 1-4mg of curcumin was undertaken by Baum and colleagues (324). Their 

study which included 34, of which 27 completed, explored the influence of curcumin 

on cognition, as well as formulation, absorption, and metabolism. Two formulations of 

oral curcumin were used providing a choice between powder and capsule formulation. 

Arjuna Natural Extracts, India provided the capsule formulation, while the powder 

formulation was provided by Kancor Flavours, Kerala, India (324). Of particular interest 

in the active arms of the study was which formulation and dose would be the most 

bioavailable, while maintaining tolerability. Interestingly the level of curcuminoids 



 

46 

between the 4g and 1g doses was not found to be significantly different, however those 

consuming the capsule formulation had a higher level of plasma curcumin (324).  Both 

active doses were well-tolerated, with a total number of fifteen adverse events (A/Es), 

6 consuming 1g, 3 consuming 4g, while 6 A/Es were on placebo. While gastrointestinal 

AEs were considered the most likely side effect, they accounted for only five events, 

two in both 0g and 1g groups, and one in the 4g group. Other A/Es included two 

episodes of delusions (1g and 4g groups), one episode of oedema (4g group), three 

respiratory, and three falls, equally distributed across each group. The peak plasma 

levels were found to be between 1.5 – 4 hours post-ingestion, with the highest levels 

of curcumin demethoxycurcumin and bisdemethoxycurcumin measured in those 

ingesting the capsule formulation on an empty stomach with water, as opposed the 

powder.  However, Baum and colleagues reported no discernible difference in 

cognitive function between groups. 

 

Arjuna Natural Extracts laboratory had undertaken a small clinical trial (n=15) 

comparing the pharmacokinetics between BCM-95®CG (BiocurcumaxTM) and the 

above-mentioned powdered formulation produced by Kancor Flavours, in participants 

aged 25-45 years of age. BCM-95®CG consists of curcumin extracted from the root of 

turmeric which was then reconstituted with the natural oils of turmeric, thought to 

provide synergistic enhancing the bioavailability (335). Blood analysis, collected hourly 

up to 12 hours post dose reported an uptake of curcumin five to seven-fold greater with 

BCM-95®CG formulation, with a half-life of up to 8 hours, almost double that of its 

comparator at that time (335).  

A certificate of analysis was provided by Arjuna Natural Extracts Limited assuring the 

purity and quality of the supplement supplied.  
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Ringman and colleagues undertook a 24-week study (n=36), curcumin 3C complex®, 

2g or 4g with an extension of 48 weeks to examine the influence of curcumin in mild to 

moderate AD (122). While the dosages in the study were well-tolerated, with only three 

participants withdrawing due to gastrointestinal disturbances, the bioavailability of the 

curcumin was reported to be low (7.32ng/ml).   

 

This informed the design of our clinical trial as an eight-hour half-life enabled three 

times per day dosing with the possibility of maintaining a therapeutic level over 24 

hours.  Furthermore, earlier research undertaken by Baum and colleagues had 

demonstrated the safety and tolerability of Biocurcumax™, thus providing confidence 

in the formulation. Based on results of earlier animal studies and human safety 

outcomes of doses of up to 4 grams of curcumin, a conservative approach for this older 

population using 1.5mg/daily of BCM-95®CG was appropriate.    

 

1.6.5. Hypothesis and Aims 

The objectives of this proposed study are to evaluate the influence of 12 months of 

BCM-95®CG (BiocurcumaxTM) supplementation on markers of AD pathology 

progression, in a cohort of cognitively normal older people (65-90), after initially 

examining blood biomarkers that may predict those most at risk of AD as determined 

by PET amyloid imaging.   

Hypothesis 1.  

Alterations in erythrocyte fatty acids, specifically higher arachidonic acid (AA) 

and lower docosapentaenoic acid (DPA) will be able to distinguish between high 

NAL compared to low NAL.  
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Aims:  

i. To delineate the baseline cohort into high or low AD risk groups, according to 

neocortical amyloid load (NAL) using 18F-Florbetaben standard uptake value 

ratio (SURV) on cerebral PET imaging, high risk being SUVR ≥ 1.35, and low 

AD risk ≤ 1.35.   

ii. To investigate levels of erythrocyte fatty acids levels comparing high NAL from 

low NAL groups at baseline, specifically arachidonic acid and 

docosapentaenoic acid. 

Hypothesis 2.  

Alterations in serum and plasma ferritin, will be able to distinguish between high 

NAL compared to low NAL. 

Aims: 

i. To investigate the predictive value of plasma and serum ferritin, comparing 

previously defined high risk and low AD risk groups, as determined by 18F-

Florbetaben SURV on cerebral PET imaging at baseline.    

Hypothesis 3.  

BCM-95®CG (Biocurcumax™) will slow cognitive decline, improve general 

psychosocial wellbeing, and physiological markers following a 12-month 

intervention, compared to placebo 

Aims: 

i. To examine the effects of BiocurcumaxTM, compared with placebo, on memory 

and cognition as assessed using measures of global cognitive abilities as well 

as composite visual and verbal episodic memory, composite working executive 

memory, and composite global memory scores, following the 12-month 

intervention.  
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ii. To investigate the influence of BiocurcumaxTM, compared with placebo, on 

psychosocial measures, psychosocial well-being and quality of life, following the 

12-month intervention.     

iii. To investigate the influence of Biocurcumax™ compared with placebo, on 

physiological health measures including systolic and diastolic blood pressure, 

total cholesterol, HDL and LDL, following the 12-month intervention.  

Hypothesis 4.  

Biocurcumax™ will slow the accumulation of cerebral Aβ load, reduce 

hippocampal atrophy, while increasing cerebral glucose uptake, compared to 

placebo. 

Aims: 

i. To investigate the influence of BiocurcumaxTM   compared to placebo, on 

cerebral NAL, as measured using Standard Uptake Value Ratio (SUVR) of the 

amyloid ligand 18F- Florbetaben (FBB) using cerebral PET imaging at baseline 

and 12- months.  

ii. To investigate the influence of BiocurcumaxTM compared to placebo, on 

hippocampal volume, as measured by cerebral MRI imaging, at baseline and 

12-months. 

iii. To investigate the influence of BiocurcumaxTM compared to placebo, on brain 

glucose metabolism, as measured by 18F-Fluorodeoxyglucose (FDG) cerebral 

PET imaging, at baseline and 12-months. 
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Chapter 2 . Methodology 

2.1 Clinical trial design 

The Kerr Anglican Retirement Village Initiative in Ageing Health (KARVIAH) study was 

established as a collaboration between the Australian Alzheimer’s Research 

Foundation (AARF), (formally the McCusker Alzheimer’s Research Foundation) 

Western Australia (WA), and Anglicare, (formally the Anglican Retirement Villages) 

Sydney, New South Wales (NSW). The aim of the study was to examine the influence 

of curcumin in the prevention of AD, in cognitively healthy but at risk of AD population. 

The trial design was a double-blind placebo controlled 1:1 intervention, utilising an oral 

nutraceutical, BCM-95®CG the standardised formulation of curcumin extracted from 

turmeric containing ar-turmerone, as discussed earlier in section 1.6.3. The mode of 

delivery was in the form of a capsule taken orally. The intervention duration was twelve 

months, with the either 1.5g of curcumin given in three divided doses of 500mg daily 

or the equivalent 3 doses of placebo in an identical capsule formulation. The outcome 

measures to be examined include cognitive functions, brain imaging as well as blood 

biomarkers of AD.  

2.1.1 Trial preparation  

The Universal Trial Number U1111-1144-1011 was obtained and the trial registered 

on the Australian New Zealand Clinical Trials Registry (ACTRN12613000681752). The 

study was conducted according to the guidelines laid by the declaration of Helsinki and 

all procedures involving human participants were approved by the Bellberry Human 

Ethics, South Australia and with the University of Western Australia, WA, prior to 

commencement of the study. The study was also approved by the Anglican Retirement 

Village (ARV), Internal Governance Committee who recognised the relevance of 
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dementia clinical research as an organisation responsibility. Agreement to establish a 

clinical research department at ARV was secured which was subsequently co-located 

within one of the residential retirement villages. As a part of the research facility, a 

laboratory area was established for blood collection and processing, including the 

purchase of a safety hood, refrigerated centrifuge, and -800C freezer.  

2.1.2 IP formulation and tolerability 

As mentioned earlier a common concern for researchers using curcumin was the 

reported challenges associated with low bioavailability of curcumin (324, 325). Studies 

conducted by Baum et al. (324) and Ringman et al. (325) both report, 3 withdrawals 

due to gastrointestinal symptoms, representing 10% and 11% of their study 

participants, respectively.  Given that in the older populations and the potential for 

reduced capacity of the liver to detoxify and metabolise substances and that reduced 

kidney function may also slow clearance, a slow introduction of any dose of curcumin 

was considered. Curcumin is also recognised as a stimulant for the gastrointestinal 

tract, particularly associated with causing biliary contraction (336), therefore 

participants with evidence of biliary obstruction were excluded, along with those 

participants prone to recurrent diarrhoea, history of bowel resection, unstable 

diverticular disease, Crohn’s disease, or high sensitivity to spicy foods. 

 

Collaborative discussion with researchers of the Primary Supervisor’s (Prof Martins) 

Lab including Dr Rainey-Smith and colleagues who were investigating curcumin in a 

younger cohort, reported a tendency for increased gastrointestinal motility for those 

consuming curcumin (337). As the KARVIAH cohort was an older cohort, the 

integration of a modified study design using BCM-95®CG with a gradual up dose 

titration was incorporated in the study design.  
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Based on the published research available at the time, BCM-95®CG appeared to offer 

the most promising formulation for the study. Baum and colleagues’ earlier study had 

demonstrated that when comparing 1 and 4g doses, the lesser dose achieved similar 

results in levels of curcumin and metabolites, with good tolerability, while the 

formulation of capsules outperformed the powder formulation (324), suggesting 

reduced metabolism of the capsule formulation compared with powder. Furthermore, 

Arjuna Natural Extracts Limited, Kerala, India, had reconstituted, purified and 

standardised turmeric extract, BCM-95® (BiocurcumaxTM), and human studies reported 

a seven-fold increase in bioavailability of BCM-95®.  A collaboration between Professor 

Martins and Arjuna Natural Extracts Limited then secured Arjuna as the preferred 

supplier. A certificate of analysis was provided by Arjuna Natural Extracts Limited 

assuring the purity and quality of the supplement supplied.  

 

The objective of the KARVIAH study will be to evaluate the efficacy of BCM-95®CG 

(Biocurcumax
TM

) in preserving memory and cognitive functioning in older individuals 

with subjective memory complaints over a 12-month period. Arjuna also provided a 

matching placebo capsule in identical packaging sufficient for twelve months with a 

quarterly dispensing regime. Reduced metabolism of curcumin in a capsule 

formulation  

2.1.3 Randomisation 

BCM-95®CG was imported by Arjuna Pharmaceuticals from India to Australia, along 

with a matching encapsulated placebo formulation. The placebo consisted of roasted 

rice powder and was identical in shape, colour and size to the active capsule. Neither 
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piperine or any food dye were added to the formulation used. A dispensing key 

indicating placebo/active ingredient was held by Arjuna and provided to the nominated 

person performing randomisation procedures. Each box of IP held five bottles of 60 

capsules of either Biocurcumax™ (BCM-95®CG) or Placebo, which was sufficient 

supply for three months. This enabled four dispensing time points during the study, 

being 0 months, 3m, 6m & 9m, with a final compliance check performed at 12 months.   

 

A unique participant identification (ID) number was allocated to the participant at 

baseline and details of the participants was sent to an independent researcher located 

external to the research site, with details of gender and APOE Ɛ4 status for stratified 

randomisation, maintaining double blind. At randomisation, the participant study ID 

was linked to a unique IP identification number, which remained static throughout the 

study so that the participant remained on either placebo or BCM-95™ throughout the 

study.  

 

2.1.4 Confidentiality 
 

The participant confidentiality was maintained in accordance with good clinical practice 

guidelines principles. Participant data was de-identified with each assigned a unique 

study ID number. The ID number and their associated identification information was 

then stored securely in a separately location, to ensure concealment. Data collected 

from the cognitive tests were entered directly into a secure electronic database. All 

laboratory samples and data recorded were identified by the allocated unique study ID 

and stored as per specimen guidelines within the Macquarie University laboratory. 

Documents associated with the study were held on a secure drive, requiring individual 
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logins dependent on the researcher’s level of access, while the paper-based files were 

held within a locked cabinet in a non-public, secure area.  

2.2 Clinical Trial Recruitment 

At the time of starting the studies for this thesis, clinical studies that had been 

undertaken had not been able to demonstrate any cognitive benefits following 

curcumin supplementation. Reasons were attributed to potentially low bioavailability of 

the formulation used, or that the cohorts targeted were already experiencing cognitive 

decline, thus the level of accumulated neuropathology was too advanced to be 

influenced.  As previously highlighted, once changes in cognitive function are evident, 

considerable neuropathology would be evident, including Aβ accumulation, 

widespread synaptic damage and neuronal death, and cerebral atrophy. At best, once 

symptoms are apparent, a good cognitive outcome measure would be any significant 

slowing of cognitive decline.  The opportunity provided by the use of the PET 

specialised imaging technology to identify those who are at preclinical stages of AD, 

allows for intervention to slow the pathogenic development. This point of intervention 

would then strategically be placed at the tipping point, between normal cognitive 

ageing and cognitive decline in an older population, hopefully maintaining brain health.  

  

To the best of the author’s knowledge, this was the first biomedical study established 

by a retirement village, in Australia. In addition to designing the study, considerable 

planning and strategy was implemented to ensure that the organisation was 

comfortable with clinical research and that recruitment would be enabled. To raise the 

profile of research and Alzheimer’s disease prevention for recruitment in the retirement 

village an event was organised to herald the launch of the study. As curcumin is an 

antioxidant, the launch was positioned with a program focusing on antioxidants and 
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nutrition. In addition to a guest speakers’ program, it was decided to conduct a cooking 

competition. Entries for the competition could be from either organisational staff or 

people residing in the villages. Entries were accepted in the form of a recipe initially, 

and if selected on the day of the launch the successful applicants would bring the 

prepared dish for judging on the day. Special guest Maggie Beer (Australian celebrity 

cook) was present as the judge, who then selected the winning dishes and presented 

them with a prize and a specially designed Anglicare Master Chef apron and gift.  

Following the competition announcement Maggie Beer presented on the importance 

of nutritious food and her interest in dementia prevention.  

 

Furthermore, the author of this thesis delivered multiple presentations across the 

residential settings whereby information about dementia and emerging research was 

highlighted.  The sessions were well attended and the retirement living community 

embraced the dementia prevention messaging. The ethics approved Information and 

Consent Forms (ICF) about the KARVIAH study was available for distribution for those 

interested to take home to read. Interested volunteers provided their contact details for 

later follow up and to book an appointment for a more detailed discussion. All 

participants were provided opportunity to review the ICF, ask questions and consider 

whether they wanted to participate.  Volunteers were encouraged to discuss the study 

with family or other health care providers before signing the consent. Of the 206 

volunteers, a total of (n=70) were identified unsuitable for the study with a high 

percentage self-identifying reasons that would prevent their participation prior to 

consenting, such as the presence of a pacemaker, taking blood thinners, or unstable 

health complaints.  A total of one-hundred and thirty-four (n=134) participants provided 

an informed consent, whereby a copy of the original signed consent form was then 
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given to the participant for their records, which includes a withdrawal form if they wish 

to discontinue.    

2.2.1 Screening appointment  

Following completion of the informed consent, the participant undertook the screening 

appointment.  Demographics details, surgical and medical health history, ongoing 

health issues, and a detailed list of prescribed and over-the-counter medication usage 

along with any allergies, were recorded. The participant’s vital signs, including height, 

weight, abdominal girth, pulse, and blood pressure were then taken. Each participant 

then completed a Memory Complaint Questionnaire (MAC-Q) (338), which consists of 

six questions, asking the participant to reflect and compare their present memory 

function with their memory function during high school or college years. The MAC-Q 

has a scoring range of between 7-35 points, with higher scores suggesting more 

memory complaints. Scores ≥ 25 can be classified as subjective memory complainers 

(SMC) and at higher risk of conversion to AD, while scores ≤ 24 can be classified as 

not being SMC (339). However, the MAC-Q should not be used in isolation (339) as 

other influences can adjust the score, such as the person’s level of self-awareness of 

cognitive change, personality traits including neuroticism, and/or clinical influences, 

including depression (340). Use of additional information was necessary, including 

objective testing and/or informant reports obtained from the Informant Questionnaire 

on Cognitive Decline in the Elderly (IQCode) (341). The participant nominated, where 

possible, a person who knew them well, and with their consent, completed the 

IQCODE to further validate the participants’ complaints about any cognitive and 

memory decline.  This questionnaire asks the informant to compare the participant’s 

current level of cognitive functioning with approximately 10 years ago, in commonly 

encountered areas of daily activities requiring memory and cognitive ability. The 
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IQCODE short version consists of sixteen questions asking the informant mainly about 

learning and memory as well as other cognitive abilities of the participant. The 

questionnaire was completed independently by the informant and returned in a pre-

paid and addressed envelope to the research centre.  A score of ≥ 3.6 the 

recommended cut-off for possible dementia (341, 342), necessitated further clinical 

review to exclude cognitive impairment. 

 

The MoCA (98) was also included as a screening test and consists of tasks including 

memory, orientation, visuospatial, attention, language and executive function. The 

MoCA, like the MMSE is scored out of 30 points, with a higher score reflecting a better 

performance.  As this study was recruiting cognitively normal participants, if the 

participant scored ≤ 25 on the MoCA, or there was any suspicion of cognitive 

impairment during interview, the case was reviewed by the nurse practitioner and 

psychologist for adjudication.  Furthermore, as depression is a common differential 

diagnosis of cognitive decline in the elderly (343), the Geriatric Depression Scale-15 

(GDS-15) (344, 345) was therefore also undertaken to reduce the likelihood of an 

underlying presentation.  

 

The final task in screening was to undertake a practice session of computer based 

CogState™ program. CogState™ is designed to test attention, speed and memory, 

with a reported low susceptibility to practice effect (346), although more recently this 

has been questioned (347). A practice session was included at screening to reduce 

the likelihood of low score results due to lack of familiarity of using a computer or 

playing computerised games. A practice session at screening better prepared the 

participant to achieve their personal best at baseline, by minimising anxiety related low 



 

58 

scores. The environment for cognitive testing is important factor for any cognitive 

testing, and  Stricker and colleagues highlighted differences when comparing home 

verse clinic settings (347). However, even within clinic testing environments only, it 

was important to control for any distractions or bias by using a quiet room, without a 

phone, or passing distractions to ensure individual performance was optimised.   

2.2.2 Eligibility Criteria 

Inclusion criteria: 

1. Age 65-90 years, with stable health and no significant cerebral vascular disease,  

2. Living in independent living, or similar accommodation  

3. English speaker, with adequate vision and hearing to enable testing 

4. Memory complaint as determined by the MAC-Q (338)  

5. Normal general cognitive function as determined by a MoCA (98) score, greater 

than or equal to 26 during screening. Individuals with a MoCA score of 18-25 

were reviewed by the study lead clinical psychologist, and one of the co-

supervisors of this thesis (A/Prof Hamid Sohrabi), and eligibility was determined 

on a case-by-case basis following stratification of the MoCA score according to 

age and education 

6. No objective memory impairment (based on cognitive test scores and previous 

history)  

7. Intact ADL i.e., no, or minimal impairment in activities of daily living (ADLs), as 

determined during clinical interview, and no indication of cognitive decline as 

indicated on the short-IQCODE  

8. No identified health issues warranting exclusion as identified in the 36-Item Short 

Form Health Survey (SF-36) 
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Exclusion Criteria: 

1. Diagnosis of dementia based on the criteria from NINCDS-ARDA 

2. A MoCA score less than 26 (without confirmation from the clinical psychologist to 

participate in the study) or equal to 17. As noted, individuals with a MoCA score 

of 18-25 to be discussed by the lead psychologist; eligibility will be determined 

on a case by case basis following stratification according to age and education 

(348) 

3. Significant functional / behavioural impairments as indicated in clinical interview, 

and / or evidenced of cognitive decline on the informant short-IQCODE  

4. Presence of acute functional psychiatric disorder including drug and alcohol 

misuse, lifetime history of schizophrenia or bipolar disorder 

5. Prior medical history of stroke as reported by the medical history  

6. History of alcohol abuse / dependence within 2 years, or regular alcohol 

consumption exceeding 7 drinks/week for women or 14 drinks / week for men (1 

drink = 5 ounces of wine or 12 ounces of beer or 1.5 ounces of hard liquor) within 

6m of screening  

7. Presenting with a clinically significant depression based on the GDS-15 

8. Bleeding risk factors; use of warfarin (Coumadin) within 4 weeks of screening 

9. Hearing or visual impairments sufficient to hinder cognitive testing  

10. Biliary tract obstruction, or clinically significant and unstable gastrointestinal 

disorder e.g., ulcer disease, history of active or occult gastrointestinal bleeding ≤ 

two years 

11. Contraindication to MRI, including, but not limited to those with a pacemaker, 

presence of metallic fragments near the eyes or spinal cord, or cochlear implant  

12. Uncontrolled hypertension (systolic BP > 170 or diastolic BP > 100)  
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13. Any significant systemic illness or unstable medical condition that could lead to 

difficulty complying with the protocol including history of myocardial infarction in 

the past 1 year or unstable or severe cardiovascular disease including angina or 

congestive heart disease, chronic renal failure, chronic hepatic disease, severe 

pulmonary disease 

 

Using the revised NIA-Alzheimer's Association criteria (102), volunteers suspected to 

have cognitive or memory changes reflective of an undiagnosed neurological 

condition, such as AD or MCI where provided a clinical review appointment with myself 

as the nurse practitioner, to discuss their results and to recommend the appropriate 

follow-up. Following their permission, the appropriate referral was made either to their 

primary health care general practitioner and/or relevant specialist, for ongoing clinical 

management.  

2.2.3 Cohort pathway of participation 

A total of one-hundred and thirty-four participants met the inclusion/exclusion criteria 

and were consented to the KARVIAH study.  Following initial commencement of the 

study there was a delay of almost nine-month in gaining access to the radioactive 

ligand 18F-FBB required to undertake the cerebral PET amyloid beta imaging. 

Consequently, the study was paused for almost nine-months. The study delay 

contributed to additional participant burden, requiring participants to repeat their 

baseline visit whereby a total of twenty-nine were lost to the interventional study. 

Reasons for withdrawal were as follows, health related (n=7) including surgical 

treatment, unstable hypertension, breast cancer, hiatus hernia, possible prostate 

cancer, trans ischaemic attack, injury post falling; personal reasons (n = 6); and no 

longer interested (n = 15).   
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The remaining participants (n = 106) undertook the full interventional study including a 

clinical health review, blood collection, a comprehensive battery of neuropsychological 

tests, as well as completing lifestyle questionnaires (exercise, nutrition, and sleep). 

Neuroimaging was then completed over two separate days, including MRI, PET 18F 

Fluorodeoxyglucose (18F-FDG) for glucose uptake (a measure of brain function) and 

18F-FBB (to assess cerebral amyloid burden). One participant had an asymptomatic 

brain tumour detected during their baseline MRI procedure and was withdrawn from 

the study and referred for surgical intervention. The remaining one-hundred and five 

participants progressed to randomisation, as described in Chapter 2.1.3.  

  

During baseline, five participants scored ≤25 on the MMSE, and while they were at 

screening considered as cognitively normal, a conservative approach was taken to 

include preclinical and these participants were removed from the analysis. Outputs 

were for pre-clinical AD biomarker outcomes reported at baseline included one 

hundred (n = 100) for fatty acids, and ninety-four (n = 94) for ferritin due to some results 

not being reported by the laboratory.  

 

Of the 105 participants recruited for the intervention study, seven did not complete the 

investigational product (IP), placebo or BCM-95™, due changed health, non-

compliance, and were withdrawn.    The cohort participation (n = 98) is summarised 

below for ease of reference for each reported outcome.  
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Figure 2.1 Summary of Participant Recruitment and Retention, and Study Outputs 

 

 

2.3 Procedural methodology  

Baseline appointment  

The baseline appointment was arranged at the convenience of the participant, within 

3 weeks of initial screening appointment.  

At baseline participants were asked to fast from midnight the night before and 

scheduled the next day for an early morning blood collection, (blood processing 

methodology is discussed later). On arrival the participant was greeted and reminded 

of the plan for the appointment, which was estimated to take approximately 2.5hrs. 

Vital signs blood pressure, pulse, and measurement of weight (kg), and blood pressure 

(mmHg) were collected.  The BMI was calculated using the Heart Foundation 
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calculator (heartfoundation.org.au/bmi-calculator), entering participants height, weight, 

and gender. Documentation of any prescribed and over the counter medication and 

changes in health circumstances then were documented. Confirmation of the required 

fasting was confirmed, and venepuncture undertaken.  

 

Table 2.1 Summary of schedule of events 

 

Thereafter, the participant was provided a standardised breakfast of cereal, toast, 

juice, tea/coffee on site so that testing could proceed directly thereafter.  

After breakfast participants were asked to commence completion of the following self-

administered questionnaires, which included the following; Pittsburgh Quality Sleep 

Index (PQSI) (349); Community Healthy Activities Model Program for Seniors 

(CHAMPS) (350);  and the Cancer Council of Victoria Food Frequency Questionnaire 

Schedule of Events Screen Baseline 3m 6m 9m 12m

Informed consent x

Demographics x

Medical and medication health history x x x x x x

Screening assessmnt tools x

Physical assessment (including vital signs) x x x

Blood collection (clinical  & research) x x x

Neuropsychological battery x x

Questionnaires x x

MRI x x

18
F-FBB PET x x

18
F-FDG PET x x

Review of AEs / concurrent medications x x x x x

Dispensing and compliance check x x x x x

Abbreviations: MRI, Magnetic Resonance Imaging; 
18

F-FBB PET, 
18

F-Florbetaben Position 

Emission Tomography; 
18

F-Fluorodeoxyglucose Position Emission Tomography; AEs, Adverse 

Events; m, months; x indicates a timepoint.
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(CCVFFQ)  (351), and the Neuroticism Extraversion Openness - Five Factor Inventory 

-3 (NEO-FFI-3) (352) each described later in this chapter. Due to the age of the 

participants and the quantity of responses required, additional time was provided to 

facilitate full completion of the questionnaires. If additional time was required to 

complete the CCVFFQ or the CHAMPS questionnaire, the participants were permitted 

to take these home and return them completed within 1-2 days, if preferred.  

The Depression Anxiety and Stress Scales (DASS) (353); the DEX self-rating 

questionnaire (354), while the DEX-informant version (354) was completed by an 

informant separately if possible.  

 

The Neuroticism-Extroversion-Openness Five Factor Inventory (NEO-FFI-3) 

Personality Inventory was required to be completed only once in the study (352). A 

short break of 5-10 minutes then followed before the participant was escorted to a quiet 

room to undertake a battery of tests examining neuropsychological and clinical 

measures, further described below. 
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Figure 2.2 Battery of cognitive measures in order of administration at baseline and 12 
months 

 

Brain Imaging  

At baseline brain imaging using PET and MRI were across two separate days at 

Macquarie Medical Imaging (MMI). Day one included an MRI along with the PET Aβ 

imaging. The ligand used for PET Aβ imaging, 18F – Florbetaben (18F-FBB) licenced 

by Piramal Pharma Solutions Inc, was then joined with the radioactive isotope by 

Cyclotek Pty Ltd, in Melbourne, before transporting by air and road to Sydney on the 

same day. Given the comparative short half-life of the ligand, the number of imaging 

appointments possible on the same day was restricted to five participants. This study 

was the first AD prevention study in Sydney to facilitate Aβ PET imaging, as previously 
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this was only available in Melbourne and Perth. Day two consisted of a PET brain 

image using 18F-FDG as it could be accessed locally.  

The same brain imaging procedures was then repeated at 12 months, as described in 

Chapter 2, Section 3.7. discussing brain imaging methodology. 

IP Dispensing  

On completion of the baseline procedures allocation according to the randomisation 

process occurred, ensuring double blinding was maintained.   

Participants were instructed to ingest the IP, (either BCM-95®CG OR placebo) along 

with a glass of water, following a meal, to reduce the likelihood of any gastrointestinal 

(GI) side effects. The maximum dose of BCM-95®CG was equivalent to 1,500mg/daily. 

As increased gastric motility was a potential side effect, participants were advised of 

this potential side effect and asked to contact the Research Department if they 

experienced any changes. Incorporated in the protocol designed was an up-dose 

titration so that gradual adaption to the IP was aided, potentially reducing the risk of GI 

disturbance. Additionally, in the event of increased GI motility, the protocol allowed for 

twice daily dosing (1000mg/daily), without exclusion from the study if required. The IP 

(BCM-95®CG 500mg OR placebo capsules) administration dose was as follows:  

➢ Week 1-2 taken 1 capsule daily, with a meal.  

➢ Week 3-4 taken 1 capsule morning and night, with meals. 

➢ Thereafter, taken 1 capsule three times a day, with meals. 

At the time of dispensing, each participant was given a ‘Medication Information’ 

handout, which included, their next scheduled appointment, frequency, and time to 

take the capsule(s), information about storing the medication, potential GI side effects, 

and my direct phone contact details. The second page was a medication compliance 

record, which requested that they record the date and reason for any missed doses if 
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it occurred.  To encourage compliance each participant was telephoned within the first 

1-2 weeks after first dispensing to confirm that they were taking the correct dose and 

had no further questions. The compliance record sheet was returned by the participant 

at each visit, and a new one given for the next 3m period. In addition, the returned 

medication was counted to confirm quantity consumed. A minimum compliance rate of 

≥85% was required to enable analysis inclusion.  

Visit 3 & 9 months  

The participants vital signs, concurrent medications and adverse events were reviewed 

and documented.  Returned medication were counted discretely within the pharmacy 

area, to calculate IP compliance, (total number dispensed less the number of capsules 

returned).  Dispensing of the next 3-month supply of IP was then undertaken ensuring 

that the participant’s ID and allocated IP bottle number was remained constant. To 

avoid any dispensing errors, a second staff member assisted in the dispensing process 

for verification.   

6 months 

In addition to the procedures undertaken at the time-points 3 & 9, a repeat blood draw 

was undertaken for clinical and research purposes as per procedures outlined in 

Chapter 2.3.3.  

12 months - End of study (EOS) 

The end of study appointment was conducted at 12m ± 14 days from the baseline 

appointment and mirrored the baseline appointment, excluding the Neuroticism – 

Extroversion – Openness (NEO) which was a once only questionnaire.  

Any remaining IP from the previous IP dispensing was collected at this appointment 

along with the medication compliance record for compliance confirmation.   
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2.3.1 Assessment Battery: Questionnaires  

The following questionnaires were completed at baseline and 12 months.  

 

Prospective and Retrospective Memory Questionnaire (PRMQ) (355):  

The PRMQ is a 16-item questionnaire in which participants indicate the frequency with 

which they make certain memory errors, covering prospective and retrospective 

memory, short-term and long-term memory, self-cued and environmentally cued 

memory. Participants are asked to rate each item on a five-point scale, as to the 

frequency the item happens, never, rarely sometimes, quite often and very often.  This 

test takes approximately 3-5 minutes, and the higher score represents increased 

memory deficits.  

 

Short form – 36 Health Survey (SF-36)  

The short form health survey (SF-36) (356) was completed as a means to gathering 

information related to the participants health and their ability to participate in usual daily 

activities. The questionnaire collects information about the participants overall 

impression of their physical and psychological health status and how that compares 

with 12 months prior. Based on the preceding four weeks, the questionnaire then 

explores ability to undertake physical activity and physical limitations (14 items), 

energy, or fatigue (4 items), engagement in social activities (2 items), emotional 

wellbeing and limitations due to emotional status (8 items), pain (2 items), and general 

health and changes (6 items). The time to complete this questionnaire is approximately 

10-15 minutes and is scored 0-100, with a higher score representing better health.   
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Depression Anxiety and Stress Scales (DASS) (357) 

The DASS is a 42 item self-report inventory that examines three areas, depression, 

anxiety, and stress examining the past seven days. Individually and overall, a higher 

score reflects an elevated level of depression, anxiety and or stress. The DASS anxiety 

scale correlates 0.81 with the Beck Anxiety Inventory, and the DASS Depression scale 

correlates 0.74 with the Beck Depression Scale. This task has good test-retest 

reliability with 0.71 for depression, 0.79 for anxiety and .81 for stress. While the tool 

does not substitute a comprehensive clinical assessment, it is a useful tool to assess 

change over time, such as variance over a 12-month period, and is a more expansive 

questionnaire than the GDS used at screening. Depression is a common differential 

diagnosis for dementia, as the tool is useful for monitoring cognitive wellbeing over 

time. Approximate time for completion was 5-10 minutes. 

 

Community Health Activities Model Program for seniors (CHAMPS) (358) 

This self-reported questionnaire comprises a 41-items which retrospectively records 

the number of times per week and accumulative time spent on activities over the 

previous month. The questions include a range of cognitive and physical activities, 

including home duties, hobbies, volunteering, networking and work-based activities to 

assess level of overall engagement and activity.  Approximate completion time is 5-8 

mins.  

 

Cancer Council of Victoria Food Frequency Questionnaire (CCV FFQ)  (351) 

The food frequency questionnaire is a self-completed questionnaire which asks for an 

indication of the frequency and size of serving usually consumed, including cereal, 

sweets, snacks, dairy, meat, and fish products, fruit, vegetables, and alcoholic drinks.  
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The composition of those foods was then analysed by the Nutritional Assessment 

Office for research, examining individual components of the food, e.g., starch, 

potassium, individual fatty acids, and linoleic acid.   

 

Pittsburgh Quality Sleep Index (PQSI) (359) 

This 10-item self-reported questionnaire assesses the participants sleep habits and 

quality of sleep retrospectively over a period of a month, including patterns of sleep, 

quantity, nocturnal behaviour, including endogenous and environmental sleep 

disruptors. The questionnaire takes approximately 5 mins to complete. 

 

Dysexecutive Questionnaire (DEX) (360) 

The DEX is a 20-item questionnaire that examines four areas of executive functioning 

whereby change may occur in dementia, specifically emotional or personality changes, 

motivational changes, behavioural changes, and cognitive changes. The DEX has two 

versions, the self-reported and the informant versions. Each questionnaire takes 

approximately 5 mins to complete. 

 

Neuroticism-Extroversion-Openness Five Factor Inventory (NEO-FFI-3) Personality 

Inventory (352) 

The NEO is a 60 item self-rated questionnaire examining personality traits including 

extraversion, agreeableness, openness, conscientiousness, and neuroticism, which 

are considered the building blocks of an individual’s personality.  This is a self-

assessment of personality traits which takes approximately 10-12 mins to complete. 

This questionnaire was given only once during the study to explore self-disclosed pre-

existing personality traits and the correlation with increased AD risk.  Outcomes from 
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this questionnaire were published, (361) and a copy of the manuscript is attached 

within the Appendices. 

 

2.3.2 Assessment Battery: Neuropsychological measures 

This battery of tests were selected to align with the tests used by the Australian Imaging 

Biomarker and Lifestyle (AIBL) flagship study of ageing (362), and oversight and 

training was provided by the study clinical psychologist to ensure standardisation and 

reliability. The test battery included well validated clinical functional and 

neuropsychological tests selected as sensitive to the presence of mild cognitive 

impairment (MCI) and cognitive decline over time. Total time to perform cognitive 

assessment was approximately 2- 2 ½ hours, dependent upon the participant. Before 

beginning this section, the participant was told that we will be asking them to complete 

a variety of tasks, some easier than others, but they were to try their best on everything. 

They were advised that they could take a break at any time as required. The use of 

any aids including reading glasses or hearing devices were again checked before 

commencing.  

 

Mini-Mental State Examination (MMSE) (363): 

The MMSE which is an eleven-question cognitive test, frequently used in clinical 

practice and in research. The benefit of the MMSE is that it is quick to administer, 

approximately 10 minutes, and while it does not assess executive function, it is easily 

integrated into practice and provides a snapshot of cognitive functions, including 

orientation, attention, memory, language, and praxis. The MMSE scores 0- 30 points, 

with ≥ 25 considered to be within a normal range, with a 0.87 sensitivity and 0.82 

specificity (364). Older age and/or low education can influence the score and 
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interpretation and is adjusted for under those circumstances; however, this tool is not 

designed to be used in isolation. 

 

Wechsler Logical Memory – I &II (365): 

The Wechsler Logical Memory – I is a subtest of Wechsler Memory Scale III and 

involves reading and then asking the participant to recall a story. The participant is 

asked to listen as carefully as possible as at the finish of the story, they are asked to 

repeat back all that they can remember from the story. All of the responses are 

recorded verbatim for later matching the scored units on the response form. If they 

were having trouble recalling anything, they were reassured that any aspect of the 

story was useful no matter how minimal and that in doing so, it may help them 

remember more details.  

At completion, they are advised that they will be asked again later to recall what they 

remember of the story. Following a planned delay of 25-30 mins the participant is 

asked to recall the story and tell the researcher as much as they can remember.  

If they could not remember anything a prompt about the story can be given i.e. ‘The 

story was about a woman who was robbed’.  If a reminder was given this was noted, 

and again their recall of the story was documented for scoring.   

This task tests the ability of the participant to remember an episodic auditory narrative 

with accuracy, being asked to recall it immediately exactly as given, and then again 

following a short delay. There are 25 elements to the narrative with 1 point given for 

each correct response, thus 0-25 points for each time point.  

 

Digit span (WAIS-111) forward & backward (366): 

This test asked the participant to listen to a series of numbers and then at the end 

repeat the numbers back in the same order. The participant is asked to carefully listen 
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to the researcher who reads a series of numbers starting with only three numbers, and 

then asks the participant to recite them back in the same order. The digits are read at 

a pace of one digit per second with an even and falling tone on last digit. 

 

Gradually the list of numbers is increased with each task, until the participant makes 

two consecutive errors in their recall attempts of the same length of numbers.  

A slight variation to the task is then introduced, but this time asking the participant to 

recite the numbers read in a backwards order. The task is again completed at the point 

where the participant makes two consecutive errors for the number set of the same 

length. A score of 1 was allocated for each correctly recalled sequence, or 0 if incorrect. 

Digit span scoring consisted of a combined 16 points for forward recall, and 14 points 

for backward recall, thus a total of 0-30 was possible. The purpose of this assessment 

is to examine short term verbal and working memory.  

 

Rey Auditory Verbal Learning Task (RAVLT): (immediate recall, distractor, and short 

delay) (367): 

The RAVLT is a test of verbal learning and memory. In the task a list of 15 unconnected 

words are read out to the participant at a speed of one word per second. The participant 

is asked to listen carefully as at the end, they are required to recite as many words as 

they can recall in any order. Five trials are given, with immediate and short-term testing 

provided in this first round of administration, a score of 0-15 for each of the 5 trials with 

an accumulative 0-75 points possible, the higher score reflecting optimum function.  

At the completion of the 5 trials the participant is read a list of 15 different words as a 

distractor and asked again to recite as many of the new words, in any order, just as 

done previously. A possible score of 0-15 is recorded. Immediately following the 

distractor list, the participant is asked to recall and recite as many words as possible 
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from the first set of words previously read, again scoring 0-15. The test also includes 

a 20-minute delayed recall as well as a recognition, following the delayed recall.    

 

Rey Complex Figure Test (RCFT) (368)  

This task required subjects to copy an abstract figure to the best of their ability taking 

as much time as they needed to complete the drawing, up to approximately 8 minutes.  

At the completion of the drawing, they were not told that they would need to remember 

it. The Rey figure is detailed with 18 components made up of shapes and lines, for 

each element which is correctly re-drawn attracts 1 or 2 points, a score of between 0-

36 is possible. A score was given for the initial copying of the drawing, and subsequent 

drawings from memory at 3 minutes and 30-minute time points.  

Once the 30-minute drawing is completed a RCFT recognition task followed, showing 

the participant four stimulus sheets with images, some that were a part of the figure 

and others which were not, whereby the participant would respond YES or NO as to 

whether that figure was a part of the original figure. A total of 24 points for each correct 

element is possible for this task, with true and false positives and negatives recorded. 

This task tests the participant’s visuospatial and constructional ability and visual 

memory. 

 

Controlled Oral Word Association (COWAT) (369): 

The COWAT is a measure of verbal fluency that requires participants to say as many 

words as possible in one-minute beginning with a particular letter. The letters used 

were F, A and S, with the instruction that words generated were to each be different, 

not using suffixes i.e., big, bigger, or biggest, and excluding proper nouns. Each word 

generated was written verbatim as produced with each word scoring 1, duplicates or 
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incorrect words were excluded from scoring.  This task took approximately 5-6 minutes 

to complete and provides a measure of verbal fluency and the ability to spontaneously 

generate new words. The total words for each trial were then totalled for an overall 

score.  

 

Category Fluency (370) 

This task is a measure of semantic fluency, with the participant having one minute to 

name as many items as they can, belonging to a specific category. For this study, the 

categories used were, ‘animals’ and then ‘boy’s names. The next task required the 

participant to generate words from the category of ‘fruit’ and then ‘furniture, within the 

same task, switching between the two topics for a total of one minute. The first two of 

these tasks resulted in a score equalling the number of correct words, without 

repetition. The final task also equalled the number of words correctly generated 

according to the switching of topics requirement. This task is a measure of executive 

function, working memory, recall and speed. 

 

Boston Naming Test (BNT) (371) 

The BNT involved the participant being asked to recognise and name 30 objects which 

were shown as line drawings, which had graded levels of difficulty. The participant was 

shown the picture and asked to name the object. If they were unable to spontaneously 

recognise the object, an auditory stimulus (clue) could be provided i.e., Pencil – used 

for writing, if the word was not recalled a phonemic cue could be provided, using the 

first part of the word i.e., pen. The BNT took approximately 5 minutes to complete. 

Scoring was recorded, (a) number correct without a cue, (b) number correct with a 
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stimulus, and (c) number correct with a phonemic cue. The total score was calculated 

by adding (a) and (b). 

 

Wechsler Test of Adult Reading (WTAR) (Baseline only) (372) 

The WTAR is a premorbid test of intellectual functioning. The WTAR requires the 

participant to read out aloud a list of 50 words including some that are irregularly 

pronounced. The raw score is 0 - 50, with one point allocated for each correctly 

pronounced work. The task takes approximately 3 - 5 minutes to complete. A higher 

score equates to higher functioning.  

 

Digit Symbol Coding (WAIS III) (373) 

Digit Symbol required participants to transcribe symbols according to a numbered key.  

A worksheet of symbols and corresponding numbers is shown to the participant in 

the form of a key, whereby they are required to draw the corresponding symbol in the 

empty boxes where only the number is shown. The participant was reminded to do it 

as quickly as possible without concern for errors. The participant was then given 2 

minutes to complete as many of the symbols as they can in that time, in a 

consecutive order. This is a test using executive function, including working memory, 

visual-motor function, visual-spacial processing, as well as speed of processing. One 

point is given for each correct symbol.  

 

Stroop Test (Victoria version) (374) 

This test has a series of dots, words, and colours. It is a measure of executive function. 

Dots are printed in different colours and the participant must name the colour of the 

dot as quickly as possible, row by row. Thereafter a list of words printed in different 
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colours are given and the participant has to say the colour of the ink, not the word as 

quickly as possible, this part of the test is performed twice. These tests were timed with 

a stopwatch, and required executive function skills, measuring accuracy and speed.  

Before moving to the following task, the participant was offered a short break of 

approximately 10 minutes.  

 

Computerised Cognitive Battery (CogState™) (375) 

CogState™ is comprised of several tests designed to examine attention, memory, 

speed and accuracy. At screening participants were given a practice session which 

enabled familiarity and reduced any potential performance anxiety that might 

negatively influence their personal best. There were five different tasks, predominantly 

involving a stack of cards. Each task had an instruction to read first, a small practice 

session and then the real task. The keyboard was clearly labelled with a ‘Y’ (yes) button 

or ‘N’ (no) button, and the participant had only to press on their response. The final 

task involved a series of shapes which needed to be matched using the participants 

short-term memory recall. The computer battery of tests took approximately 25-35 

minutes. The results of this measure were not included in this thesis.  

 

2.3.3 Blood collection and processing methodology 

A total 80ml of fasting blood was collected at each time point, to monitor the clinical 

wellbeing of the participants as well as for blood biomarker research. All study 

participants fasted for a minimum of 10 hours overnight prior to donating a total of 80 

ml blood. The blood draw was carried out using standard serologic techniques.  Prior 

to the blood collection vital signs including height, weight, blood pressure and pulse 

were recorded. The blood draw was undertaken using: 
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• 1 multi-adapter for S-monovette Sarstedt D-51588 

• Vacutainer Safety-Lok Blood Collection Set 21G 367281 

 

Approximately, 27 ml was utilised for clinical pathology testing, whereby the sample 

was collected in the designated vacutainer tubes required by Laverty Pathology, NSW.  

The clinical blood samples included the following collection:   

• 2 x tubes Becton Dickinson (BD) Ethylenediamine tetraacetic acid (EDTA) label 

4.0 ml PURPLE 367839  

• 2 x tubes BD Cat serum 8.0 ml ORANGE 367837  

• 1 x tube BD fluoride 2.0 ml GREY 367934 

• 1 x tube Sarstedt s-monovette RT-homocysteine 2.9ml PURPLE 04.1911.001  

 

These samples were then sent by road courier at ambient temperature for same day 

processing. Results from the above included a full blood examination, including 

erythrocyte count, haematocrit, haemoglobin, platelet count, full red blood cell count, 

leucocyte count and erythrocyte sedimentation rate. In addition, clinical chemistry, 

including liver function, urea, electrolytes, creatinine, glucose, calcium, total 

cholesterol, homocysteine, thyroid function tests, vitamin B12, folate, calcium, insulin, 

ceruloplasmin, C-reactive protein and vitamin D, including iron studies, ferritin, 

transferrin, transferrin saturation, iron, copper and zinc. The clinical blood analysis 

were comprehensive and enabled monitoring of the health and wellbeing of the 

participant during the study.  
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Fractionated blood for ongoing research 

Within 3.5 hours from the time of collection, the remaining 53 ml of the blood sample 

was fractionated as described previously by Ellis et al (376) and prepared for -80°C 

storage into 0.5 vials within a Nunc™ rack for each timepoint.  

The cryo-banking tubes were preprepared and colour coded to distinguish the 

accompanying reagent where added, and appropriately labelled with the ID and 2 

dimensional barcodes, prior to – 80 C storage, ready for later retrieval.  

 

These bloods were collected for research purposes and were processed and 

fractionated as per the AIBL protocol (376). 

• 2 x tubes Sarstedt s-monovette (S-Monovette®) lithium heparin 7.5ml GREEN 

01.1608.100 (unbeaded)  

• 1 x Tube S-Monovette® serum-gel 7.5ml BROWN 01.1602.001 

• 4 x Tube S-Monovette® EDTA (with PGE added) label PURPLE 01.1605.008 7.5ml 

• 1 x PAXgene blood tubes, BD PreAnalytiX 762165  

 

Fractionation materials and equipment 

• Cryovials: NUNC cat #NUN3-66656  

• Nunc Cryobank vials: #374088 2D barcoded 

• 200-1000µl pipettes 

• Rack for cryovials and blood tubes 

• 15ml Polypropylene Falcon tube: Greiner Bio-One CELLSTAR, cat #188271 

• Transfer pipettes: 3ml Livingstone A3421 

• NALGENE Cryo 1°C freezing container 
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• Class II Biosafety Cabinet / refrigerated centrifuge /-80°C freezer / Biohazard 

bins 

Reagents  

• Prostaglandin E1 (PGE1): Sapphire Bioscience  

• Ethanol absolute: AnalaR NORMAPUR® 

• Citrate Glucose Saline (CGS) (100ml): 0.72g NaCl, 0.6g D-glucose, 0.38g 

Na3Citrate.2H2O, pH 7.0, with HCl, stored at 4 °C for 1 week. 

• Phosphate Buffered Saline (1L): NaCl 8.5g, NaH2PO.2H2O 0.35g, Na2HPO4 

1.1g pH 7.4, stored at 4 °C. 

• Sodium Chloride (NaCl): Ajax Finechem  

• Sodium Phosphate Dibasic (Na2HPO4): BDH Chemicals 

• D-glucose: Ajax Finechem  

• Tri-Sodium Citrate Dihydrate (Na3Citrate.2H2O): Finechem  

• Ambion RNAlater ® solution  

• Ficol-Paque™ Plus: Amersham Bioscience  

• Sodium Chloride (NaCl) Saline 0.9% 9g NaCl in 1L dH20 

• Deionised water: Sigma-Aldrich  

A flow chart for the blood fractionation process and subsequent storage in cryovials 

Nunc rack is shown in the Appendix E.  

 

2.3.4 Apolipoprotein analysis 

As previously published (377), determination of the APOE allele was undertaken 

following the manufacturer instructions.  A single 0.5ml sample of whole blood 

previously frozen at -80°C, and then thawed, was used to extract purified genomic 

DNA to enable Apolipoprotein-E genotyping deploying the standard Polymerase Chain 
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Reaction (PCR) methodology (378).   Each sample was then genotyped for three 

APOE variants (Ɛ 2,3,4) established on TaqMan single-nucleotide polymorphism (SNP) 

genotyping assays for rs7412 (C 904973) and rs429358 (C 3084793) as per the 

manufacturer’s instructions (AB Applied Biosystems by Life Technologies, Scoresby, 

Victoria, Australia). Inter- and intra-assay genotype testing was undertaken for 5% of 

the samples within an independent laboratory in Western Australia, resulting in 100% 

concordance. 

 

2.3.5 Ferritin blood processing methodology 

Laverty Pathology, NSW and independent clinical laboratory in NSW were engaged to 

measure ferritin, iron, transferrin, C-reactive protein, and haemoglobin. Their 

laboratory conducted ferritin concentration analysis on fresh serum samples and the 

previously stored at -80°C plasma samples which were then thawed prior to testing. 

Their analysis was undertaken using, a sandwich immunoassay employing direct 

chemiluminometric technology (ADVIA Centaur® Ferritin assay, Siemens Healthcare 

and Diagnostics, Tarrytown, New York, USA). Plasma and serum ferritin 

concentrations were measured within the study population, to determine if they were 

equivalent.  Laverty Pathology, NSW also measured the serum iron and transferrin 

concentrations deploying colorimetric and immunoturbidimetric analysis methodology 

using ADVIA® Chemistry systems, Siemens Healthcare Diagnostics. C-reactive 

protein (CRP) levels were also undertaken in serum samples, employing the COBAS® 

Tina-quant immunoturbidimetric high-sensitivity CRP (hs-CRP) assay and ADVIA® 

wide range CRP (wr-CRP) assay. 

 



 

82 

2.3.6 Erythrocyte fatty acid blood processing 

Transesterification of the erythrocyte samples was first required in preparation for gas 

chromatography (GC) (379). Added to the 200µl of the thawed sample, was 2ml of 

methanol-toluene (4:1, v/v) containing 20µg/ml of C19:0 as internal standard, followed 

by 200 µl acetyl chloride while vortexing. Thereafter the tubes were heated at 100C 

for 1 hour before being cooled for 5 minutes in water, after which 5ml of potassium 

carbonate 6% was then added prior to centrifugation at 3000g at 4°C for 5 minutes. 

The extracted upper toluene was then stored in a gas chromatography vial at -20 °C 

until analysed.  

 

The percentage of individual fatty acids concentrations within the total erythrocyte were 

measured. This was done using gas chromatography (Shimadzu GC-2010 Plus 

system) with a 30m x 0.25mm inner diameter Restek Famewax (Shimadzu Scientific) 

fused silica capillary column. A carrier of ultra-pure hydrogen was used with an oven 

temperature set between130°C to 225°C at a rate of 6°C per minutes, with 

corresponding injector and detector temperatures of 220°C and 230°C. An injection 

volume of 1µl along with a split ratio of 1:30 was used. A fatty acid mixture (cat.no. 

18919-1AMP SUPELCO, Sigma-Aldrich) along with internal standard methyl 

nonadecanoate (19:0; cat.no. N-5377, Sigma-Aldrich) were used to identify and 

analyse any peaks according to retention time. Calibration curves for each fatty acid 

were established using a range of concentrations of a mixture of authentic fatty acid 

standards, while chromatography data was recorded and integrated using 

LabSolutions software (Version 5.81 SP1). 
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2.3.7 Brain imaging methodology 

Three cerebral images were undertaken at baseline and at 12 months, over two 

separate days including a magnetic resonance imaging (MRI); and a positron emission 

tomography (PET) 18F-FDG; and PET amyloid using 18F-FBB. All brain imaging was 

undertaken by Macquarie Medical Imaging, Sydney.  

 

2.3.7.1 PET amyloid imaging  

To undertake PET Aβ imaging the participant was first cannulated for an intravenous 

injection of 10 millicurie (mCi) of high-specific activity 18F-FBB, which was administered 

over 30 seconds. The participant was then required to wait for cerebral uptake of the 

tracer, before being positioned in the scanner, resting with their eyes closed. At 50 

mins post injection, scanning was commenced whereby a twenty-minute PET scan 

was taken in five-minute acquisitions.  

 

The neocortical amyloid load using the standardized uptake value ratio (SUVR), was 

calculated based on the mean SUVR of the frontal, superior parietal, lateral temporal, 

lateral occipital, and anterior and posterior cingulate regions. This was calculated using 

the image processing software, CapAIBL (380, 381).  The quantitative measure of 18F-

FBB binding was used for subsequent analysis examining AD regions of interest and 

were corrected for body weight and dose injected to produce the SUVR level. While all 

of the participants were cognitively healthy, for the purpose of analysis, those found to 

have an SUVR of ≥ 1.35 were classified as having a high cerebral Aβ load thus 

considered amyloid beta positive (Aβ+), while < 1.35 was a low NAL or amyloid beta 

negative (Aβ-) (382). Aβ+ NAL results have been shown to correlate with the presence 
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of AD (106, 362, 382), and its accumulation associated within the AD cascade (362), 

thus the Aβ+ cohort is considered pre-clinical AD.  

2.3.7.2 PET FDG imaging  

A similar procedure was undertaken for the PET 18F-FDG imaging, whereby 5 ± 0.5 

mCi of 18F-FDG ligand, mimicking glucose but chemically modified not to be 

metabolised, is injected via an intravenous cannula over 30 seconds. The participant 

would rest quietly in a dimly lit room positioned in the PET scanner, until 30 minutes 

post injection whereby a 30-minute brain scan was acquired. The participants were 

required to fast prior to this procedure, so that post injection glucose uptake could be 

measured. 18F-FDG PET analysis was undertaken in a similar manner to that 

described for the amyloid scans. From the 18F-FDG imaging, relative regional 

measures of metabolism were generated, however for the purpose of this thesis these 

results were not included.  

 

 

 

 

2.3.7.3 MRI Imaging 

Magnetic resonance imaging (MRI) was undertaken for each participant to examine 

any anatomical localisation of regions-of-interest and volumetric quantification. A 24-

channel head coil was used for positioning and a brief scout sagittal 3D T1-weighted 

image was taken, using a General Electric 3-Tesla scanner (Model 750W). A 

volumetric spoiled gradient recall sequence and a T2 sequence was then undertaken. 

The contrast between grey and white matter was optimised, providing high-resolution 

delineation of the subcortical and cortical regions. The hippocampal volume was then 
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calculated, with normalisation undertaken by dividing by the total intracranial volume, 

which included the grey matter and white matter volumes.   The MRI aligned with the 

PET data using an automatic registration algorithm explored the regions of interest 

(ROI) within the brain. ROI in AD includes the frontal cortex, anterior and posterior 

cingulate cortex, sensory-motor cortex, temporo-parietal cortex, visual cortex, caudate, 

thalamus, medial temporal lobe, centrum semiovale, brainstem and cerebellum. The 

images captured by the MRI provides segmentation of the ROI. 
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Chapter 3 . Ferritin as a preclinical predictive blood biomarker to 

distinguish high from low NAL. 

Two biochemical processes being proteomics and phospholipids have been 

investigated as potential AD predictive blood biomarkers, being proteomics, ferritin, 

and fatty acids, the latter being covered in Chapter 4. Results from the KARVIAH study 

reporting on serum and plasma ferritin analysis have been previously published in 

‘Elevated plasma ferritin in elderly individuals with high neocortical amyloid-beta load’, 

Molecular Psychiatry (377). Results, figures, and tables within this chapter have been 

reproduced from our previously published manuscript with the permission of the journal 

and co-authors. A copy of the published manuscript is attached in the Appendices, in 

compliance with the copyright agreement and co-authors consent.  

3.1 Hypothesis and Aims 

Alterations in serum and plasma ferritin, will be able to distinguish between high NAL and low 

NAL 

1. To delineate the baseline cohort into high or low AD risk groups, according to 

neocortical amyloid load (NAL) using 18F-Florbetaben standard uptake value ratio 

(SURV) on cerebral PET imaging, high risk being SUVR ≥ 1.35, and low AD risk ≤ 1.35.  

2. To investigate the predictive value of plasma and serum ferritin, comparing previously 

defined high risk and low AD risk groups, as determined by 18F-Florbetaben SURV on 

cerebral PET imaging at baseline. 

3.2 The diagnostic value of blood biomarkers in AD 

Establishing a blood biomarker signature with the specificity and sensitivity for AD 

required for clinical application has been challenging, and discovery is reliant on 

research collaboration, publication, and replication. A plethora of publications exist that 

have led to existing panels of blood biomarkers that as yet, have not delivered the 
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specificity and sensitivity required for clinical application. Johnstone et al., (383) using 

the ADNI dataset undertook an analysis of 11 different plasma protein biomarker 

panels, to investigate whether cognitively healthy participants could be differentiated 

from those with MCI who convert to AD. Using longitudinal analysis, while maintaining 

individual characteristics of the cohorts, sensitivities and specificities of up to 90% were 

achieved (383). However, the replication of these results have proven challenging, 

potentially due to variance in cohort characteristics, and non-standardised 

methodology deployed given the array of consumables and diversity across 

laboratories.  

 

Each publication validates or otherwise, single, or multiple blood biomarkers, 

optimising the AD blood signature. For example, using known cerebral amyloid status, 

twenty two potential blood biomarkers were examined in a cognitively healthy cohort, 

whereby Interleukin-10 (IL-10) and IL-12/23p40 were found to significantly predict 

elevated Aβ levels (384). A more recent collaboration between Japanese and 

Australian researchers, investigating cognitively healthy,  MCI and AD participants, 

examined the specificity and reliability of composite plasma biomarkers for predicting 

Aβ positivity, as compared with known results from PET cerebral imaging using Aβ 

ligand uptake (385). The researchers examined two unique cohorts, the Japanese 

cohort, referred to as the discovery cohort, and the Australian cohort, known as the 

validation cohort, reporting 96.7 percent (n=121) and 94.1% (n=111) specificity 

respectively, with an overall accuracy of approximately 90 percent (385). Finding a 

reliable blood biomarker signature in AD would enable a population approach to 

diagnostics in a less invasive and comparatively inexpensive method. A blood 

biomarker specific to AD would facilitate clinical diagnostics, offering clinician’s 
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confidence in their clinical findings, while supporting patients and their carers to access 

earlier intervention. Furthermore, AD blood biomarkers would provide a means to 

targeted selection for future AD clinical trial participation; optimising time to discovery 

and ease of measurement of outcomes (386).  

 

There is a plethora of evidence which demonstrates brain iron disruption in AD 

pathogenesis (162, 163, 387-389). Post-mortem evidence examining iron 

accumulation and distribution across elderly, middle aged and younger onset AD 

suggested that iron disruption occurs after the onset of AD. Ferritin is an intracellular 

protein and critical component of iron storage, playing an essential role in homeostasis 

in response to cellular demands (390). Iron dysregulation has also been shown to 

occur in AD within the brain (75, 163), CSF (391) and bloodstream (392). A histological 

study by Svobodova et al., reported the presence of free iron and ferritin surrounding 

plaques in a post sacrifice AD mouse model (393).  A finite homeostatic control of iron 

is essential to provide sufficient oxygen to meet the high metabolic demands of the 

brain. Too little risks cerebral hypoxia, while excess risks oxidative stress and neuronal 

damage (164, 394). Ferritin is predominately stored in the liver and while the 

mechanisms for maintaining homeostasis continue to be investigated, the interplay 

with hepcidin and ferroportin are predominantly considered the primary mechanism 

associated with ferritin movement back and forth across the cell transmembrane(395). 

Evidence supporting an early disruption of the iron-ferroportin transport mechanism is 

growing (396), and the potential damage to the brain via non-transferrin bound iron is 

highlighted (397). 
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The hormone hepcidin, a 25 amino acid peptide, is a rate inhibiting modulator which 

has the propensity to bind with ferroportin, reducing iron transfer (398).  Ferroportin is 

located both within the membrane of the macrophages and in the enterocytes of the 

digestive lining (399).  Deficiencies of hepcidin can result in an iron overload, as seen 

in conditions such as haemochromatosis, whereas an increase of hepcidin can cause 

anaemia, due to failure to release stored iron, or absorb it from the gastric lining (398). 

Hepcidin binds to ferroportin blocking the iron transfer back into the circulation and can 

slow or inhibit absorption of iron from the gut (400). In older populations, a higher risk 

of dietary iron deficiency exists due to reduced digestive and absorptive capacity 

associated with normal aging, as well as common comorbidities including diverticulitis, 

crohn’s disease, and irritable bowel disease (401). However, fortuitously most of the 

body’s iron requirements, up to 90%, are met through an efficient metabolic recycling 

process (399), thus dietary iron deficiency, without blood loss, generally has a slow 

onset. Ferritin, once release into the circulation, then binds to transferrin whereby it is 

transported to meet cellular demands. Iron homeostasis can be examined clinically by 

measuring serum iron, serum ferritin, transferrin, and transferrin saturation, with a 

usual saturation level of less than 50%, unless in the presence of overload (400).  

 

Accumulation of metals including iron have been shown to be associated with AD, thus  

therapies targeting iron chelation remain an area of strong academic interest (402-

405). A study by Van Rooden et al., undertaking 7T (tesla) magnetic resonance images 

comparing AD and cognitively healthy groups, examined the cerebral cortex in AD ROI 

and reported increased iron deposition more pronounced in the EOAD cohort than 

LOAD (388). Primary hemochromatosis is an autosomal recessive condition, however 

common secondary causes include excessive alcohol consumption, obesity, diabetes, 
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metabolic syndrome, malignancy, infection, and inflammation.  Thus when 

investigating ferritin levels, it is important to exclude the possibility that any ferritin 

dysregulation is not primarily resultant from other comorbidities (406).    

 

Ayton et al., demonstrated the influence of cerebral iron on AD progression in a 

longitudinal study examining healthy, MCI and AD participants (n=302), over a seven 

year period (169). Elevated CSF ferritin levels was shown to be significantly associated 

with the presence of CSF APOE Ɛ4 and that the baseline CSF level was negatively 

associated with declining cognitive performance (169). Furthermore, the carriage of 

APOE Ɛ4   further accentuated the risk of conversion from MCI to AD (170). Faux et 

al., reported that when comparing health controls with AD patients, the latter had a 

significantly higher incidence of raised blood ferritin (407). A meta-analysis undertaken 

by Li et al., examining associations of serum metals and AD provided some 

confounding results (408). A positive correlation was found with AD and serum copper, 

while a negative relationship was demonstrated with iron and AD (408).   

 

Ferritin more recently has been recognised as not only a measure of iron but also an 

important indicator of systemic inflammatory processes. Increased ferritin levels may 

therefore assist the clinician in recognising a state of potential cellular damage, with 

the likelihood of further iron leakage impending, further contributing to cellular damage 

(409).   It is acknowledged that a number of health conditions can result in elevation of 

blood ferritin levels, including anaemia (171), chronic kidney disease (410), and 

inflammation (406). Type-2 diabetes is increasingly recognised as a condition 

associated with the risk of AD, potentially triggering neuroinflammation and oxidative 

stress (82). Interestingly diabetes and AD share the pathological pathway linked with 
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mitochondrial dysfunction (82). Oxidative stress and the brain’s inability to maintain 

homeostasis between  oxidants and antioxidants, may result from an inefficient 

oxidative phosphorylation process, potentially contributing to the production of reactive 

oxygen species and subsequent mitochondrial dysregulation (156). Systemic 

inflammation has more recently been recognised as a common feature of many chronic 

health conditions, further exacerbated by central obesity (411), and contributing to 

dyslipidaemia (412). Midlife dyslipidaemia is an independent risk factor for AD (303), 

and the systemic response to inflammatory cytokines further creates a proinflammatory 

environment capable of crossing the blood brain barrier, and potentially triggering a 

neurodegenerative inflammatory cascade (413).  

 

Neuroinflammation has been purported as a strong biological response, potentially 

initiated by trauma, infection, and or disease, and linked to neurological conditions 

including, Parkinson’s disease, Multiple sclerosis, depression, autism and AD (414, 

415). The exact mechanism of neuroinflammation in AD although implicated is still not 

fully understood (416), however dysregulation of cellular iron has been theorized as a 

potential alternate pathway to the onset of AD connecting mitochondrial dysfunction, 

oxidative stress, inflammation and the innate immune response, resulting in a state of  

‘stress threshold change’ (417). While further understanding of the precedents to these 

systemic and neuropathological cascades are required, blood biomarkers such as 

ferritin provide a possible addition to the armoury for early AD detection enabling early 

intervention.   

 

Villemagne et al., examining healthy, MCI and AD cohorts using neocortical Aβ PET 

imaging have shown that up to two decades prior to the characteristic clinical 
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symptomology of AD, Aβ is accumulating in the brain (106). Furthermore, the 

accumulation of cerebral Aβ is widely recognised as a hallmark feature of AD, with 18F-

FBB SUVR ≥1.35 considered as elevated and thus high risk of AD, while 18F-FBB 

<1.35 considered low risk. PET Aβ imaging is considered one of the gold standard 

biomarkers available for recognising the early features of AD, and thus provides a 

highly valuable measure to assist in validating other less invasive biomarkers. This 

technology enables the validation or otherwise of other less invasive and expensive 

biomarkers useful in the detection of early AD pathology.  

 

Peripheral ferritin is an easily measured and clinically available test offering clinicians 

an additional approach to AD risk analysis. Elevated ferritin has previously been shown 

to be elevated in AD(170, 172, 418). However, whether plasma or serum ferritin, could 

distinguish positive from negative cerebral Aβ remained to be elucidated. To the best 

of our knowledge there had not been any investigation of plasma and serum ferritin, 

as a pre-clinical AD biomarker, using a cognitively healthy, older, highly characterised 

cohort, to differentiate low from high NAL, using 18F-FBB PET imaging at the time of 

our publication. Our results support the hypothesis that elevated ferritin levels may also 

be occurring in the pre-clinical stages of AD, prior to the onset of cognitive change, 

whereby an accumulation of cerebral amyloid is occurring, one of the hallmark features 

of AD.  

3.3 Methodology  

Cerebral Aβ PET analysis is considered one of the gold standard approaches to AD 

diagnostics but as earlier discussed, it is not feasible as a population wide screening 

measure. The KARVIAH cohort, (n=105) cognitively healthy, aged 65-90 years of age 

offered an opportunity to investigate individual preclinical blood biomarkers.  
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In brief, of the One hundred and five participants recruited, ninety-four were included 

in the ferritin analysis, whereby all participants had undergone cerebral PET 18F-FBB 

imaging, enabling NAL SUVR calculation, discussed in Chapter 2.3.7. The group was 

then classified into two groups, those with low NAL (n=62), 18F-FBB SUVR <1.35 and 

those with high NAL (n=32), 18F-FBB SUVR ≥1.35. Each participant had a baseline 

MMSE of ≥26 and was assessed as cognitively healthy on screening prior to 

progressing into the baseline appointment, whereby the comprehensive battery of 

cognitive tests was undertaken. A complete list of the cognitive battery was measures 

was previously described in Chapter 2.3.2. The methodology for blood and brain 

imaging have been previously described in Chapter 2, Section 3.5 and Chapter 2, 

Section 3.7, respectively.  

 

Based on the understanding that raised ferritin concentrations exists in AD, our 

hypothesis was that elevated ferritin in the plasma and serum would be evident in high 

NAL, those with pre-clinical AD, as compared with those with low NAL.   

 

3.4 Results 

Prior to undertaking the analysis, the characteristics of the two groups, high NAL 

compared to the low NAL group, were examined to identify any significant variances 

within groups. Increased age, female gender and APOE Ɛ4 carriage are recognised 

risk factors associated with AD therefore it was important to examine the groups for 

disparity. The degree of hippocampal volume was also examined to determine if either 

group had a significantly higher degree of cerebral atrophy, a hallmark feature of AD 

which if shown would indicate a more advance level of neuropathology. The baseline 
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MMSE was also reviewed to determine any difference between groups, and taking a 

more conservative approach, only those participants with a baseline MMSE measuring 

≥26 was included in the analysis.  

 

While the groups were predominantly homogenous, predictably, APOE Ɛ4 carriage 

was found to be statistically higher in the high NAL group (p= 0.0001), as the presence 

of one or more of these alleles presents a significantly higher likelihood of increased 

cerebral Aβ accumulation and confers higher AD risk.  No other statistical difference 

was found in age, gender, MMSE scores, or hippocampal volumes between groups. 

Table 3.1 Baseline characteristics for the ferritin analysis  

 

 

The ferritin analysis undertaken integrated adjustments for primary covariates age, 

gender, and APOE Ɛ4 carriage, as well as finally the presence of inflammatory markers 

Low NAL High NAL p  value

  Gender (M/F) 19/43 13/19 0.333

Age (years, mean ±SD) 77.58 ± 5.54 79.38 ± 5.56 0.141

MMSE (mean ±SD) 28.48 ± 1.17   28.94 ± 0.98 0.064

APOE Ɛ4 carriers (%) 8.06 40.62 0.0001

Neocortical SUVR (mean ±SD)   1.15 ± 0.08     1.70 ± 0.26 0.263

Hippocampal volumes % (left lobe)   0.195 ± 0.02     0.194 ± 0.02 0.888

Hippocampal volumes % (right lobe)   0.198 ± 0.02     0.200 ± 0.01 0.689

Participant characteristics  (n = 94)

Baseline characteristics of the cohort according to low and high cerebral NAL, as 

determined by NAL. Abbreviations: NAL, Neocortical amyloid load; PET, position 

emission tomography; SUVR, standard uptake value ratio of ligand 
18

F-Florbetaben, 

used with cerebral PET imaging of the neocortical region normalised with that in the 

cerebellum, and hippocampal volume normalised by the intracranial volume. High NAL 

was defined as SUVR > 1.35; Low NAL was SUVR ≤ 1.35; M, Male; F, Female; 

MMSE, Mini Mental State Examination; APOE  Ɛ4, apolipoprotein allele 4. X
2  

tests or 

linear models were used as appropriate, p  < .05 was considered significant.
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as measured using CRP. Inflammation is a potential cofounder and conditions 

including cardiovascular disease, obesity, diabetes and hypertension, common in the 

elderly, are considered pro-inflammatory conditions, along with infection and cancer. 

High sensitivity c-reactive protein (hs-CRP) was used to identify any potential influence 

of the inflammatory processes. Compared to the standard wr-CRP, hs-CRP is 

recognised as being able to detect lower levels of the protein. The intent of measuring 

and adjusting for the CRP was to determine if inflammation was a key influence on 

ferritin levels between groups. Interestingly, immerging research suggests that this 

protein may hold addition significance in examining health outcomes, as it is 

participates at multiple stages within the complement system, including chemotaxis, 

leukocyte recruitment, phagocytosis and apoptosis (419).  

 

Table 3.2 includes an overview of plasma and serum ferritin, iron, haemoglobin, 

transferrin, and saturated transferrin, with and without adjustments for covariates, age, 

gender, APOE Ɛ4 carriage, with or without CRP. The differences between those with 

low or high NAL are shown between groups.  The high NAL group compared with the 

low NAL group demonstrated a significantly higher concentration of ferritin in both 

plasma (high NAL, 186.34 ± 126.45; low NAL 113.53 ± 86.57; p=0.010) and serum 

(high NAL 181.65 ± 121.18; low NAL 115.87 ± 86.45; p=0.019). Of note both sample 

types were significant and demonstrated strong concordance between sample types, 

however plasma ferritin achieved higher significance.  

 

Both plasma and serum ferritin results remained significant after adjustment for age, 

gender, APOE Ɛ4 carriage, and CRP as shown in Table 3.2. Conversely, when 

examining serum transferrin, the high NAL group was shown to have significantly lower 
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concentrations compared with the low NAL group (high NAL 32.40 ± 5.58, low NAL 

34.85 ± 4.58; p=.025), and the trend remained significant following adjusting for age, 

gender, APOE Ɛ4 and CRP (p=.052). Yet when examining the ratio of plasma ferritin 

and serum ferritin to transferrin, the high NAL group in both plasma and serum had 

significantly higher ferritin compared to the low NAL groups (high NAL 6.26 ± 4.74; low 

NAL 3.40 ± 2.80; p=.013), and (high NAL 6.11 ± 4.57; low NAL 3.47 ± 2.81; p=.023), 

respectively. However, there was no significance detected between groups in serum 

iron levels, corrected or uncorrected respectively (p=.788; p=.660), saturated 

transferrin (p=.263; p=.120), or haemoglobin (p=.171; p=.244).  

 

Table 3.2 Comparison of ferritin, iron, and haemoglobin between low and high NAL  

 

 

 

Low NAL            

(n =62)

High NAL         

(n= 32)
p -value p -value

 a
p -value

b

Plasma ferritin (µg l
-1
, m ± SD) 113.53 ± 86.57 186.34 ± 126.45 c

0.010
c
0.013

c
0.018

Serum ferritin (µg l
-1
, m ± SD) 115.87 ± 86.45 181.65 ± 121.18 c

0.019
c
0.024

c
0.034

Serum iron (µmol l
-1
, m ± SD) 17.38  ± 5.07 17.09 ± 4.51 0.788 0.746 0.660

Serum transferrin (µmol l
-1
, m ± SD) 34.85  ± 4.58 32.40 ± 5.58 0.025 0.037 0.052

Transferrin Saturation (%, m ± SD) 25.83  ± 7.79 27.81 ± 8.53 0.263 0.125 0.120

Haemoglobin (g l
-1
, m ± SD) 138.66  ± 11.33 134.31 ± 15.93 d

0.171
d
0.236

d
0.244

rPFT (m ± SD)   3.40  ± 2.80 6.26  ± 4.74 c
0.006

c
0.009

c
0.013

rSFT (m ± SD)   3.47  ± 2.81 6.11  ± 4.57 c
0.011

c
0.016

c
0.023

     Preclinical blood biomarker analysis 

Comparison of ferritin, iron and haemoglobin at baseline, according to low and high cerebral NAL.  

Abbreviations: APOE  Ɛ4, apolipoprotein allele 4; hs-CRP, high sensitivity C reactive protein; rPFT, ratio 

plasma ferritin to transferrin; rSFT, ratio serum ferritin to transferrin; µg l
-1
, micrograms per litre; µmol l

-1
, 

micromole per litre; mg l
-1
, milligrams per litre; %, percent; (m ± SD), mean ± standard deviation. The 

strength of the significance is further shown with p -value
a
 representing results controlled for age, gender, 

and APOE  Ɛ4 carriage; p-value
b
  includes age, gender, APOE  Ɛ4 carriage and hs-CRP. Value

c  

represents the p values transformed to the logarithmic scale for analysis; while values
d
  represent p- 

values obtained from the squared power of the variable measure.
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Correlation coefficients and p-values were calculated using Spearman’s rank-order 

correlation coefficient (rs) to measure the strength and direction of the association. 

When examining correlations, plasma ferritin and serum ferritin demonstrated a strong 

positive concordance (rs=0.989, p< .0001), as clearly shown in Figure 3.1. 

Furthermore, a significant correlation between accumulated level of NAL and 

increased serum and plasma ferritin levels was also seen (rs=0.271, p=.008) and 

(rs=0.288, p=.005) respectively shown in Figure 3.2. Similarly, a significant negative 

correlation is also detected in both serum and plasma ferritin with transferrin, (rs=-

0.498, p<0.0001); and (rs=-0.484, p<0.0001), respectively, shown in Figure 3.3. 

However, while a trend could be seen between ferritin and iron concentrations, a 

significance was not reached in either serum ferritin and iron (rs= 0.181, p<0.081) or in 

plasma ferritin and iron (rs= 0.187, p<0.072), as shown in Figure 3.4. 

. 

 

 

 

 

 

 

 

 

Significant correlation was shown between plasma ferritin (PF) and 
serum ferritin (SF), rs= 0.989, p < .0001. Abbreviations: ug/L, 
micrograms per litre;  ( ) represents serum ferritin; (O) represents 
plasma ferritin levels; and __ represents the trend line.  Correlation 
coefficients and p-value was calculated using Spearman’s correlation 
coefficient (rs).  

Figure 3.1 Plasma ferritin and serum ferritin correlation at baseline 
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Correlation between serum ferritin (SF) and plasma ferritin (PF) levels 
and neocortical amyloid-β load (NAL), as defined by 18F-FBB SUVR on 
cerebral PET imaging. Significant correlation was found between SF 
and NAL rs = 0.271, p =.008, and PF and NAL rs = 0.288, p = .005. 
Abbreviations: NAL, neocortical amyloid load; 18F-FBB. 18F-
Florbetaben; PET, positron emission tomography;  ( ) represents 
serum ferritin; (O) represents plasma ferritin levels; ug/L, micrograms 
per litre; and __ represents the trend line. Correlation coefficients and p-
values were calculated using Spearman’s coefficient (rs). 
 

Figure 3.2 Serum ferritin and plasma ferritin correlation with NAL 
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Correlation between serum ferritin (SF) and transferrin, and plasma ferritin 
(PF) and transferrin. Significant correlation was shown between SF:  
transferrin, rs = -0.498, p < .001; and PF: transferrin rs = -0.484, p < .001. 
Abbreviations: NAL, neocortical amyloid load; (ug/L), micrograms per litre; 
(umol/L), micromole per litre;  ( ) represents serum; (O) represents plasma 
levels; and __ represents the trend line.  Correlation coefficients and p-value 
was calculated using Spearman’s coefficient (rs). 

Figure 3.3 Correlation between serum ferritin and transferrin and plasma ferritin 
and transferrin 
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Examining the difference between low and high NAL across Figure 3.5, Figure 3.6, 

and Figure 3.7 provides a visual comparative impression  between low and high 

groups at baseline, examining serum and plasma ferritin, iron, haemoglobin, tranferritin 

and saturated transferrin. Of note, examining the low and high NAL groups both 

plasma and serum ferritin concentrations were found to be significantly different 

between the two groups. Furthermore, serum ferritin was found to significantly 

correlate with transferrin (rs=-0.498, p<0.0001), in addition to serum ferritin significantly 

correlating with saturated transferrin (rs = 0.379, p<.0001).  

Correlation between serum ferritin (SF) and iron, and plasma ferritin (PF) 
and iron. Correlations between SF and iron, and PF and iron were non-
significant, rs = 0.081, p < .081, and rs=0.187, p < .072 respectively. 
Abbreviations: (ug/L), micrograms per litre; (umol/L), micromole per litre;  
 ( ) represents serum; (O) represents plasma levels; and __ represents the 
trend line.  Correlation and p-value was calculated using Spearman’s 
coefficient (rs). 

Figure 3.4 Correlation between serum ferritin and iron, and plasma ferritin and 
iron.  
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Of the ferritin levels measured by Laverty Pathology, 6.45% exceeded the normal 

range, and on further examination 100% of those results occurred within the high NAL 

group. However, no significant difference was found in iron, transferrin, or saturated 

transferrin between groups.  

 

 

 

 

 

Comparison of serum ferritin (SF) between low and high NAL groups; and 
plasma ferritin (PF) between low and high NAL group. A significant 
difference was shown between groups for SF (p < .01), and for PF (p < .05).  
Abbreviations: Error bars indicate standard error means; NAL, neocortical 
amyloid load calculated on 18F-Florbetaben standard uptake value ratio 
using cerebral positron emission tomography; ug/L, micrograms per litre.  

Figure 3.5 Serum ferritin and plasma ferritin comparison between low and 
high NAL 
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Comparison of serum iron and haemoglobin (HB) between low and high 
NAL groups at baseline. Serum iron and HB were non-significant.  
Abbreviations: Error bars represent standard error means; NAL, 
neocortical amyloid load as measured on 18F-Florbetaben on cerebral 
positron emission tomography; umol/L, micromole per litre. 

Comparison between low and high NAL groups in serum transferrin, and 
saturated transferrin, at baseline, respectively. Serum transferrin was 
significant (p < .05, while saturated transferrin was non-significant. 
Abbreviations: Error bars represent standard error means; NAL, 
neocortical amyloid load; umol/L, micromole per litre; %, percentage. 

Figure 3.6 Serum iron and haemoglobin comparison in low and high NAL 

Figure 3.7 Serum transferrin and saturated transferrin concentrations 
between low and high NAL groups. 
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As mentioned earlier, inflammation needs to be considered as a potential co-founder.  

therefore, the CRP measurement was employed as the inflammatory biomarker. 

However, the level of CRP did not demonstrate any significant correlation with either 

serum or plasma ferritin levels using either the wide range (wr) or high-sensitivity (hs) 

CRP measurements. There was no significant correlation between serum ferritin and 

CRP (hs-CRP: rs = 0.030, p =0.771; wr-CRP: rs = 0.065, p = 0.537) or between plasma 

ferritin and CRP (hs-CRP: rs = 0.021, p = 0.844; wr-CRP: rs=0.057, p = 0.586). 

Furthermore, no significant correlation was found between NAL and CRP (hs-CRP, rs 

= -0.109, p = 0.295; wr-CRP, rs  = -0.088, p= 0.403).  

3.4.1 Ferritin Receiver Operating Characteristic   

To examine the usefulness of ferritin as a predictive biomarker for distinguishing high 

from low NAL participants, a receiver operating characteristic (ROC) curve was created 

to reveal the relationship. Logistic regression using high and low NAL was deployed, 

and continuous response variables were checked for approximate normality and 

variance homogeneity prior to analysis. Using the package Deducer on R, a base 

model incorporating the major non-modifiable risk factors for AD, age, gender and 

APOE Ɛ4carriage was created, as described in our manuscript (377). The area under 

the curve (AUC) for the base model for predicting high verse low NAL was AUC = 

0.766, 75% sensitivity and 62% specificity.   

 

The base model was then utilised as a comparative to evaluate the value of adding the 

plasma ferritin to the base model and / or serum ferritin to the base model. Combining 

the base model plus plasma ferritin resulted in an AUC = 0.810, 75% sensitivity, 71% 

specificity, compared with combining serum ferritin and the base model which achieved 

an AUC = 0.800, 75% sensitivity, 69% specificity. Whereas, when using the ROC 
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examining ferritin levels independent of the base model, the AUC for serum ferritin was 

0.659 (62% sensitivity, 61% specificity) while plasma ferritin was 0.672 (69% 

sensitivity, 63% specificity), indicating that ferritin did not achieve the sensitivity and 

specificity required as a standalone biomarker. 

 

 

 

 

 

 

 

As seen in Figure 3.8  above (a) the base model incorporating the major risk factors 

for AD including age, gender, and APOE Ɛ4 carriage, outperforms (d). serum ferritin 

A base model (BM) incorporating age, gender, and APOE Ɛ4 carriage, 
was established to show the area under the curve and level of 
specificity, compared with serum ferritin or plasma ferritin alone. The 
BM plus serum ferritin, and BM plus plasma ferritin were examined. a. 
BM alone (AUC = 0.7661); b. BM plus SF (AUC = 0.8004); c. BM plus 
PF (AUC = 0.8105); d. SF alone (AUC = 0.6593); e. PF alone (AUC = 
0.6729). Abbreviations: BM, base model; APOE Ɛ4, Apolipoprotein 
allele 4; AUC, area under the curve; SF, serum ferritin; PF, plasma 
ferritin. 
 

Figure 3.8 Receiver operating characteristics for the prediction of high 
NAL 
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alone (AUC = 0.6593), and (e). plasma ferritin alone (AUC = 0.6729). However, the 

base model alone, is outperformed with the addition of serum ferritin (AUC = 0.8004); 

and further outperformed by (c) base model plus plasma ferritin (AUC = 0.8105).  

 

Our study demonstrated a high correlation between plasma and serum ferritin levels, 

suggesting either were acceptable measures. However, in regard using ferritin in 

isolation as a preclinical predictive test for Aβ levels, ferritin alone, shown in Figure 

3.8 (d) and (e) was not sufficiently strong, to differentiate low from high NAL. 

However, using the base model shown in Figure 3.8 (a) and then combining serum 

ferritin, as shown in Figure 3.8 (b) & or plasma ferritin (c), the specificity was 

increased from 62% to 71%, while the sensitivity reached 75%. However, a caveat 

must be applied to the interpretation of these results as while overt inflammatory 

conditions were excluded the presence of chronic age-related inflammatory 

conditions may contribute to the results. 

 

Figure 3.9 examines the influence of APOE Ɛ4 carriage (n=18) or non-APOE Ɛ4 

carriage (n=96) on levels of serum or plasma ferritin further defined by low or high 

NAL. Interestingly, the elevated ferritin was significant only in the non-APOE Ɛ4 

groups, in both serum, p=053, (p=0.032) and plasma, p=0.028; (p=0.018) 

respectively. 
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3.5 Discussion 

The discussion for this Chapter has been published in our manuscript within Appendix B and 

is incorporated in Chapter 7. 

  

Comparison of serum and plasma ferritin levels in APOE Ɛ4 carriers 
between low and high NAL groups; and serum and plasma ferritin levels 
in APOE Ɛ4 non-carriers, between low and high NAL groups. 
Abbreviations: APOE Ɛ4 carriers, apolipoprotein allele 4 carriage; Non-

Ɛ4, APOE Ɛ4 non-carriers; NAL, neocortical amyloid load; ug/l, 
micrograms per litre. P-values are unadjusted, within parentheses is 
adjusted for age and gender. White bar represents Low NAL group. Grey 
bar represents high NAL group. Numbers within the bar graph represent 
‘n’. Error bars, standard error of the mean.  
 

Figure 3.9 Influence of APOE Ɛ4 carriage in serum and plasma levels in 
low and high NAL groups. 
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Chapter 4   Arachidonic acid and docosapentaenoic acid as a 
preclinical predictive blood biomarkers distinguishing high from 
low NAL. 

 
This chapter is in relation to the potential for fatty acids to distinguish low from high 

NAL groups as a predictive AD blood biomarker. Results, figures, and tables within this 

chapter have been reproduced from our previously published manuscript (420) with 

the permission of the journal and co-authors. A copy of the published manuscript is 

attached in the Appendices in compliance with the copyright agreement and co-authors 

consent. 

4.1 Hypothesis and Aims 

Alterations in erythrocyte fatty acids, specifically higher arachidonic acid (AA) and 

lower docosapentaenoic acid (DPA) will be able to distinguish between high NAL 

compared to low NAL 

1. Using the pre-defined high and low NAL groups, investigate levels of 

erythrocyte fatty acid levels comparing high NAL and low NAL groups at 

baseline, specifically arachidonic acid and docosapentaenoic acid. 

4.2 Phospholipids in AD 

As earlier discussed in Chapter 1.4.2. Phospholipids (Fatty Acids), peripheral 

phospholipids may have a predictive value in cognitively normal cohorts in identifying 

increased risk of AD. Fatty acids are recognised as playing an important role in cell 

membrane function in the body, as well as supporting neuronal cell development and 

growth (421-423). Phospholipids are a critical component of the cerebrovascular 

infrastructure, forming and maintaining cellular membrane bilayers, enabling protein 

transport mechanism across the membrane wall (424), providing structural integrity of 

the lipid rafts and facilitating lipid transport (425). Energy reserves are harnessed within 
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phospholipids and release energy back into the circulatory system in response to 

cellular demand  (424). Dietary advice for promoting optimum cardiovascular health 

has predominantly focused on levels of total cholesterol and concentrations of low 

density lipoproteins (LDL) and high density lipoproteins (HDL). However, emerging 

research suggests that the interplay between phospholipids is much more complex 

than previously understood (425, 426).  

 

The central nervous system (CNS) and brain has an abundance of lipids which is 

important for maintaining CNS health. Dysregulation of lipids has shown in the 

presence of CNS traumas, mental health conditions, such as bipoloar disorder, 

schizophrenia and also neurodegenerative diseases including Huntington’s disease, 

Parkinson’s and AD (427). While the multiplicity of types and functions of lipids is 

diverse, a particular focus on omega-3 (n-3) and omega-6 (n-6) fatty acids has 

emerged in the literature, predominantly evaluating their importance in regulating the 

inflammatory responses, cell membrane formation, and cellular and neuronal 

development (428) however, to date the specific interplay between each remains 

unclear.  

 

Animal studies demonstrate that deficiencies in n-3 fatty acids result in impairment in 

function in various tasks including maze navigation, completion time and number of 

errors, as compared to those non-deficient in n-3 (429). Furthermore, in animal studies, 

diets high in saturated fat have been shown to increased amyloidosis (430-432), with 

diets deficient in n-3:n-6 PUFA’s and high in fat, promoting AD pathology including tau 

morphology (430). To investigate which diet was more efficacious, Novak et al., 

examined the influence of four compositions of PUFA diets on animal brain 
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development, a diet deficient in n-6:n-3 (n-6 18:2, 1.2% and n-3 18:3, 0.05%); 

evolutionary diet low in n-6:n-3 (n-6 18:2, 1.2%  and n-3 18:3,1.1%); contemporary diet 

higher in n-6:n-3 (n-6 18:2, 10.7%; n-3 18:3 1.1%), and contemporary plus DHA 

supplementation diet (n-6  20:4 0.3% and DHA 0.3%) (433). Preferential cerebral 

uptake of n-3 fatty acids was found, furthermore, the diet high in n-6 fatty acids 

negatively influenced the levels of DHA and resulted in higher brain n-6 levels. 

Whereas the evolutionary diet, which was lower in n-6 fatty acids, resulted in 

favourable levels of DHA within the brain (433) suggesting a feedback mechanism 

between n-3 and n-6. The diversity of phospholipids, and the complexity of interplay 

involving precursor signalling molecules, omega n-3, DPA, docosahexaenoic acid 

(DHA) and eicosapentaenoic acid (EPA) (434) remain to be elucidated (426). Given 

that DHA has been shown to be an important PUFA, believed to be essential for brain 

development (435) and potentially AD prevention (436), the balance of omega n-3 and 

n-6 is critical for optimising brain development and ongoing health (433).  

 

Arachidonic acid (AA) and its metabolites, prostaglandins, Thromboxane’s and 

Leukotrienes, primarily stimulated by cytosolic phospholipase, have been shown to 

stimulate the production of Aβ 40 and 42 (437), while also promoting tau polymerisation 

(438, 439), both considered hallmark features of AD. As earlier discussed, 

accumulation of cerebral Aβ plaques occurs up to two decades prior to the onset of 

clinical symptoms, whereby the production of ROS is further upregulating lipid 

peroxidation. The process of neuronal metabolism, respiration and photosynthesis 

undertaken within cellular organelles within the mitochondria, result in the production 

of reactive oxygen species ROS (440). ROS and lipid peroxidation if unchecked result 

in highly damaging oxidative stress. The brain is particularly susceptible to oxidative 
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stress due to the high concentration of oxygen and PUFAs, combined with a relative 

paucity of cerebral antioxidants, being dependent on the protective role of the blood 

brain barrier.  

 

Using an AD preclinical mouse model, Cole et al., reported that supplementing dietary 

intake with n-3 fatty acids reduced AD amyloid deposition, oxidative stress and slowed 

cognitive deficits in transgenic mouse models (441). Furthermore, Ma et al., undertook 

a transgenic mouse model study fed a high fat diet, then supplemented diets with either 

fish oil (DHA), curcumin or both. All three supplementary approaches were found to be 

beneficial, but specifically DHA, at 2 month, demonstrated a significant improvement 

(p<0.01) on the Y-maze task, which was maintained through to the 4 month end of 

study (442). These promising results conferred a potential pathway for human dietary 

supplementation (443). However, longitudinal preclinical data collection of this nature 

is challenging with high costs associated with extended trial duration requirements, in 

an environment where over the counter supplements are readily available.  

 

Chan et al., examined regions of the brain, within a comparative post mortem human 

and transgenic mouse AD model study, measuring the lipid profile of three brain 

regions, including prefrontal, entorhinal cortex and cerebellum, with regard lipid 

content (444). The combined sixty animal and human samples provided corresponding 

results, both demonstrating lipid dysregulation in the presence of AD pathology. 

Furthermore, elevated levels of cholesterol esters were reported suggestive of 

endolysosomal storage disruption (444). A more recent post-mortem analysis of 

human parietal cortex (n=87) of controls, AD, and Lewy-body dementia examined 

alterations of cerebral fatty acids and demonstrated significantly higher levels of fatty 
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acids in AD and dementia with Lewy body, including, stearic, alpha-linolenic, lignoceric, 

oleic, arachidonic, nervonic,  behenic, cis-13,16-docosadienoic, cis-11,14,17-

eicosatrienoic, erucic, cis-10-heptanoic, and palmitic acids (421). Intriguingly, the 

levels of fatty acids concentrations were lower in the more advanced AD pathology 

potentially suggesting an earlier metabolic disease alteration rather than late stage 

(421). Furthermore, when examining the differences between control and moderate 

AD, only arachidonic acid remained significantly higher (421), further supporting the 

hypothesis that the dysregulation may be occurring earlier in the disease process and 

then subsequently subsiding. Post-mortem examination provides important 

information in relation to end stage pathological staging, however the opportunity to 

examine peripheral markers within a preclinical AD cohort for predictive delineation 

has potential for recognising a phase whereby earlier interventions can be fruitful.  

 

Epidemiological studies suggest that diets low in saturated fats decrease the risk of 

cognitive decline (445), supported by ongoing evidence that the adherence to the 

Mediterranean diet (446, 447), low in saturated fat, confers health benefits, including 

slowing cognitive decline, and lowering the risk of AD (447-449). Increasing literature 

examines the influence of dietary omega-3 and 6 on cognitive function yet 

inconsistencies still remain (450). However, what has been shown is that a high fat 

diets increase the production of ROS (451, 452) contributing to chronic oxidative stress 

and inflammation. Chronic inflammation and the production of ROS predisposes to a 

multitude of conditions including cardiovascular disease (453), diabetes (454) as well 

as dementia. Interestingly, mitochondrial dysfunction and its deleterious effect on the 

brain has more recently gain impetus (455) with interventions targeting upregulation 

posited as a potential AD treatment to slow pathophysiological  progression (456, 457). 
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Approaches to managing or lowering cholesterol through the use of statins targeting 

the mevalonate pathway, inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-

CoA) reductase and reducing cholesterol production and isoprenoid lipid synthesis 

have also been used in conjunction with dietary and lifestyle approaches (427). 

Multiple studies have investigated the influence of statins on dementia risk, including 

Poly and colleagues who undertook a meta-analysis examining thirty observational 

studies to determine the risk ratio between statin and non-statin users. Varying statin 

classes were included in the analysis, pooling (n = 9),162,509 participants, whereby 

on overall reduction of dementia of a mixed type determined a 17% reduction in risk 

with statin use (458). However, to date, statins are primarily initiated more commonly 

in the treatment or prevention of cardiovascular conditions and not yet recommended 

as a standard approach to dementia prevention.  

 

Interestingly, our results showed increased levels of AA, in the high NAL group 

compared with the low NAL group, demonstrating a potential correlation with 

increasing accumulation of cerebral amyloid deposition. As discussed, AA is 

deleterious to cognitive health and given that this lipid dysregulation is occurring in 

unison with one of the hallmark features of AD, being Aβ deposition, it may represent 

an addition to the blood biomarker panel useful for detecting pre-clinical AD.   

 

Given that brain imaging research has identified a window of time of up to two decades 

whereby Aβ plaque accumulation is occurring in the brain prior to the onset of clinical 

symptoms, the KARVIAH study presented an opportunity to compare pre-clinical blood 
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biomarkers, specifically erythrocyte fatty acids, between groups defined by their level 

of risk of AD as measured using ligand 18F-FBB SUVR on PET imaging.  

4.3 Methodology 

In brief, of the 105 participants recruited as volunteers, five were excluded due to an   

MMSE < 26 as shown within the schematic in Figure 2.1. Despite all participants being 

assessed as eligible cognitively at baseline, as the outcomes were targeting preclinical 

biomarkers, a conservative approach to inclusion was taken, and only those with an 

MMSE of ≥ 26 were included in the fatty acid analysis (n=100). 

All participants had completed the CCVFFQ, which is a self-reported nutritional intake 

questionnaire at baseline, to gather information regarding their usual nutritional 

patterns over the preceding 12 months and provided information about any prescribed 

medication or supplements consumed, including oral fish or krill oil, and had donated 

blood for analysis.  

All participants had undergone cerebral 18F-FBB PET imaging, enabling NAL 

classification into high or low NAL groups. An SUVR of 18F-FBB on PET imaging, with 

levels ≥ 1.35 classified as either high NAL (n=65) thus at higher risk of AD (pre-clinical), 

or < 1.35 classified as low NAL thus at lower risk of AD (n=35). The cohort 

characteristics of the two groups low and high NAL were then examined for any 

significant differences.  Except for APOE Ɛ4 carriage, whereby the high NAL group had 

significantly greater percentage of carriers compared with the low NAL group, no 

significance was found between all other measures, including gender, age, BMI, years 

of education, hippocampal volume, peripheral total cholesterol (including HDL and 

LDL), triglycerides, testosterone, and oestradiol. Demographic information on between 

the groups are shown in Table 4.1 below. 
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Table 4.1 Characteristics of the cohort (n=100) included in the fatty acid analysis. 

 

Each participant provided through the self-administered CCVFFQ a detailed account 

of their dietary patterns by completing the 72 questions within this form. The 

questionnaire collated typical nutritional intake patterns, including type, frequency, and 

Low NAL High NAL p

Gender (Male /Female), n 19/46 13/22 0.419
18

F-FBB-PET SUVR 1.15 ± 0.08 1.71 ± 0.26 - 

Age (years) 77.61 ± 5.55 79.22 ± 5.38 0.165

BMI 27.38 ± 4.47 28.05 ± 4.73 0.486

Education (years) 14.84 ± 3.37 13.64 ± 2.91 0.078

MMSE 28.50 ± 1.16 28.80 ± 1.10 0.225

APOE  Ɛ4 carriers (%) 5 (7.69) 16 (45.71) 0.0001

HV% Left lobe 0.195 ± 0.020 0.194 ± 0.019 0.805

HV% Right lobe 0.199 ± 0.021 0.199 ± 0.018 0.805

Total cholesterol (mmol/L) 4.82 ± 0.98 4.35 ± 1.19 0.890

Triglycerides (mmol/L) 1.34 ± 0.70 1.10 ± 0.42 0.045

HDL cholesterol (mmol/L) 1.64 ± 0.55 1.52 ± 0.48 0.071

LDL cholesterol (mmol/L) 2.39 ± 0.85 2.34 ± 0.88 0.292

Testosterone (nmol/L), Male 14.43 ± 6.16 11.66 ± 3.77 0.794

Testosterone (nmol/L), Female 1.45 ± 2.55 1.26 ± 0.81 0.160

Oestradiol (pmol/L), Male 113.16 ± 47.83 117.23 ± 35.17 0.738

Oestradiol (pmol/L), Female 91.22 ± 118.71 73.90 ± 28.97 0.523

Characteristics of the cohort (n =100)

Cohort characteristics comparing the two groups, low NAL and high NAL, at 

baseline, as defined by PET SUVR of 
18

F-FBB, with a cut point of 1.35. 

Abbreviations: PET, Positron emission tomography, APOE  Ɛ4, apolipoprotein allele 

4; 
18

FBB-PET, 
18

F-Florbetaben  SUVR, standard uptake value ratio; SD, standard 

deviation; BMI, body mass index; MMSE, Mini Mental State Examination; HV, 

Hippocampal volume; HDL, High-density lipoprotein; LDL, Low-density lipoprotein; 

NAL, neocortical amyloid load. Measures represented as mean plus or minus SD, 

unless otherwise indicated.  mmol/l, millimole per litre; nmol/l, nanomol per litre; 

pmol/l, picomoles per litre is considered significant if < .05.
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portion size of individual and processed food items, based on the previous 12-month 

period. The CCVFFQ was analysed electronically to quantify the levels of fatty acid 

intake, which were then compared to Australian nutritional data, as outlined in ‘Nutrient 

tables for use in Australia 1995 (459).  

 

Analysis of the actual fatty acid components of the erythrocyte was then undertaken 

using blood previously stored a -80C taken at the baseline appointment. The blood 

processing methodology was previously described in Chapter 2. Section 3.3. The 

procedure for erythrocyte fatty acid derivatisation and gas chromatography is 

described within our published manuscript (420).  

 

 

4.4 Results  

The composition of lipids in the erythrocytes were then measured for comparative 

analysis between the groups, those with a high NAL, and those with low NAL to 

examine any differences in fatty acid concentrations. The fatty acid analysis was 

divided into four primary areas, saturated fatty acids (SFA), monosaturated fatty acids 

(MUFA), and poly unsaturated fatty acids n-6 (n-6 PUFA), and poly unsaturated fatty 

acids n-3 (n-3 PUFA). Within Table 4.2, p-values were adjusted during analysis for AD 

risk factors, age, gender, years of education, APOE Ɛ4 carriage and are shown as pa, 

further adjustments shown as pb includes all of pa plus body mass index, fatty acid 

supplementation and hormone replacement therapy.  
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Table 4.2 Concentrations of fatty acids in low and high NAL groups. 

 

 

 Low NAL 

(mean ± SD)

 High NAL   

(mean ± SD)
p p

a
p

b

C14:0 (Myristic acid) 0.40 ± 0.07 0.38 ± 0.06 0.184 0.335 0.364

C16:0 (Palmitic acid) 21.94 ± 1.40 21.67 ± 8.85 †0.374 †0.576 †0.610

C18:0 (Stearic acid) 15.70 ± 1.03 16.05 ± 0.80 0.088 0.062 0.08

C20:0 (Arachidic acid) 0.40 ± 0.07 0.42 ± 0.06 0.196 0.128 0.157

C24:0 (Lignoceric acid) 5.03 ± 2.29 4.77 ± 0.84 0.52 0.217 0.236

Total  SFA 43.49 ± 0.87 43.31 ± 1.21 0.392 0.157 0.157

C14:1 (Myristoleic acid) 0.01 ± 0.00 0.01 ± 0.01 0.171 0.306 0.313

C16:1 (Palmitoleic acid) 0.34 ± 0.13 0.30 ± 0.08 †0.345 †0.265 †0.239

C18:1n-9 (Oleic acid) 8.74 ± 0.71 8.77 ± 0.64 0.824 0.946 0.887

C18:1n-7 (Vaccenic acid) 1.91 ± 0.43 2.02 ± 0.61 †0.385 †0.865 †0.787

C20:1 (Eicosenoic acid) 0.25 ± 0.05 0.26 ± 0.07 †0.578 †0.231 †0.246

C24:1 (Nervonic acid) 4.92 ± 0.92 5.06 ± 0.89 0.478 0.841 0.831

Total MUFA 0.01 ± 0.00 16.45 ± 1.38 0.334 0.939 0.921

C18:2n-6 (Linoleic acid) 8.82 ± 1.41 8.23 ± 1.48 0.052 0.878 0.924

C18:3n-6 (γ-Linolenic acid) 0.77 ± 0.73 1.80 ± 1.64 †0.928 †0.244 †0.281

C20:2n-6 (Eicosadienoic acid) 0.14 ± 0.04 0.13 ± 0.04 0.300 0.717 0.668

C20:3n-6 (Dihomo-γ-linolenic acid) 1.60 ± 0.46 1.66 ± 0.41 0.586 0.237 0.301

C20:4n-6  (Arachidonic acid) 15.70 ± 2.12 16.72 ± 1.91 0.020 0.035 0.043

Total omega-6 27.07 ± 2.62 27.84 ± 2.29 0.145 0.023 0.027

C18:3n-3 (Linolenic acid) 0.16 ± 0.10 0.12 ± 0.07 0.033 0.076 0.084

C20:5n-3 (Eicosapentaenoic acid) 1.72 ± 0.96 1.42 ± 0.69 0.106 0.063 0.068

C22:5n-3 (Docosapentaenoic acid) 3.33 ± 0.64 3.15 ± 0.50 0.143 0.027 0.025

C22:6n-3 (Docosahexaenoic acid) 8.01 ± 1.59 7.68 ± 1.40 0.308 0.458 0.512

Total omega-3 13.24 ± 2.72 12.38 ± 2.20 0.111 0.100 0.116

Omega-3 Index 9.73 ± 2.32 9.10 ± 1.96 0.176 0.337 0.233

Monosaturated fatty acids (MUFA)

Poly unsaturated fatty acids (n-6 PUFA)

Poly unsaturated fatty acids (n-3 PUFA)

Concentrations of fatty acids comparing low and high NAL groups undertaken using linear 

models, with and without adjustment. NAL as measured on SUVR of 
18

F-Florbetaben on 

PET, (low NAL < 1.35, and high NAL ≥ 1.35). p  represents differences between groups 

using linear models. p
a
 represents results adjusted for age, gender, years of education, 

and APOE  Ɛ4 carriage. p
b 
represents adjusted for age, gender, years of education, body 

mass index, fatty acid supplementation and hormone replacement. '†' indicates p -values 

obtained from variables transformed to the logarithmic scale for analysis. Abbreviations: 

NAL, neocortical amyloid load; SUVR, standard uptake value ratio; SFA, saturated fatty 

acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; omega-3 

index, sum of eicosapentaenoic acid and docosahexaenoic acid, expressed as a 

percentage of the total erythrocyte fatty acid measured. 

Saturated fatty acids (SFA)
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Table 4.3 Dietary fatty acid intake, comparing NAL, APOE Ɛ4 carriage, gender,  

and memory complainers.  

 

 

 

 

 

Mean ± SD Mean ± SD p p
a

a) Dietary intake and NAL Low NAL   High NAL      

C20:4n-6 (Arachidonic acid) 0.057 ± 0.02 0.060 ± 0.02 0.581 0.270

C22:5n-3 (Docosapentaenoic acid) 0.040 ± 0.02 0.042 ± 0.02 0.774 0.390

b) Dietary intake and APOE Ɛ4  carriage Non- APOE ε4         APOE ε4           

C18:2n-6 (Linoleic acid) 8.61 ± 3.49 8.46 ± 3.60 0.866 0.769

C20:2n-6 (Eicosadienoic acid) 0.015 ± 0.013 0.009 ± 0.006 †0.051 †0.063

C20:3n-6 (Dihomo-γ-linolenic acid) 0.008 ± 0.005 0.006 ± 0.003 0.040 0.024

c) Dietary intake and gender Males        Females       

C14:0 (Myristic acid) 3.06 ± 1.14 2.69 ± 1.16 0.145 0.162
b

C16:1 (Palmitoleic acid) 1.60 ± 0.46 1.40 ± 0.60 0.098 0.132
 b

C20:0 (Arachidic acid) 0.25 ± 0.15 0.23 ± 0.12 0.484 0.455
 b

C22:6n-3 (Docosahexaenoic acid) 0.22 ± 0.14 0.23 ± 0.18 0.828 0.833
 b

C22:5n-3 (Docosapentaenoic acid) 0.04 ± 0.02 0.04 ± 0.02 0.764 0.739
 b

d) Dietary intake and memory complainers 

or non-complainers

Memory 

complainers 

Non- 

complainers  

C14:0 (Myristic acid) 2.61 ± 1.10 2.87 ± 1.18 0.344 0.125

Analysis was undertaken deploying linear models with and without adjustments to compare 

dietary intake with  a) low and high NAL, b)  APOE Ɛ4 carriage and non-carriage, c) gender, and 

d) memory complainers and non-complainers.  p
a
 indicates p  values adjusted for age, gender, 

years of education and body mass index;  p
b
  indicates p  values adjusted for age, body mass 

index and years of education; '†' indicates p - values obtained from variables transformed to the 

logarithmic scale for analysis. Mean ± standard deviation of dietary fatty acid concentrations are 

expressed in grams/day, extracted from the Cancer Council of Victoria food frequency 

questionnaire, as decribed in 2.3.1.  Abbreviations: NAL, neocortical amyloid load; APOE Ɛ 4 , 

apolipoprotein allele 4; SD, standard deviation.



 

118 

 

Figure 4.1 Levels of arachidonic acid; and docosapentaenoic acid (n-3); comparing 
low NAL and high NAL  

 

When comparing n-6 PUFAs between the two groups, arachidonic acid (AA) (C20:4n-

6) was significantly increased in high NAL compared to the low NAL group (p<0.05), 

and the significance was maintained following adjustment for age, gender, education 

and APOE Ɛ4 carriage (p ≤ .5), as well as when adjusted for hormone replacement 

and fish oil supplementation (p ≤ .05). Initially, the total omega-6 concentration was 

non-significant between high and low NAL (p = 0.145), however when adjusted for age, 

gender, education and APOE Ɛ4 the high NAL group had an increased total omega-6 

in high compared to the low NAL was shown (p < .05), and the significance was 

maintained following adjustment for hormone and fish oil supplementation (p < .05). Of 

the remaining n-6 PUFAs, a trend of increased linoleic acid (p = .052), in high NAL 

compared with low NAL was present, however following adjustment for age, gender, 

years of education, APOE Ɛ4 carriage it was non -significant. In addition, γ-linoleneic 

 
 

 

* * 

Low NAL Low NAL High NAL High NAL 

Levels of arachidonic acid, and docosapentaenoic acid (n-3), comparing low 
NAL (n=65) and high NAL (n=35) measured using 18F-Florbetaben on 
standard uptake value ratio on cerebral positron emission tomography.AU, 
arbitrary units; * represents p < .05 (adjusted for age, gender, years of 
education and APOE Ɛ4 carriage.  
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acid (p = 0.928), eicosadienoic acid (p = 0.300), and dihomo-γ-linolenic acid (p = 0.586) 

were all non-significant, seen in Table 4.2. 

 

When investigating PUFA n-3, the concentrations of linolenic acid (C18: 3n-3) was 

significantly lower in the high NAL compared with low NAL (p ≤ .05), however following 

adjustment for age, gender, education and APOE Ɛ4 the significance disappeared (p 

= 0.076), and when further adjusted for age, gender, education, APOE Ɛ4, hormone 

and fatty acid supplementation (p=0.084). There was however a trend towards lower 

concentrations of eicosapentaenoic acid (C20:5n-3) in high NAL compared with low 

NAL when adjusted for age, gender, education and APOE Ɛ4 (p= 0.063), but did not 

reach significance when further adjusted for hormones and fatty acid supplementation 

(p = 0.068). Interestingly, docosapentaenoic acid (DPA) (C22:5n-3) in the high NAL 

group compared to the low NAL group was initially non-significant (p = 0.143). 

However, DPA was found to be significantly lower in high NAL compared to low NAL 

following adjustment for age, gender, education and APOE Ɛ4 (p ≤.05). Furthermore, 

the significance for lower DPA in high NAL as compared to low NAL was maintained 

when further adjusted for hormone and fatty acid supplementation (p ≤ .05). All other 

n-3 PUFAs, docosahexaenoic acid (C22:6n-3), total omega-s, and omega-3 index 

were non-significant. 
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In the SFA analysis, a trend towards higher stearic acid (C18:0) is seen when adjusted 

for age, gender, education and APOE Ɛ4 (p= 0.062), but remained non-significant 

when further adjusted for hormones and fish oil supplements. All other SFA’s including 

myristic acid (C14:0) (p = 0.184), palmitic acid (C16:0) (p = 0.374), arachidic acid 

(C20:0) (p = 0.196), lignoceric acid (C24:0) (p = 0.520) and total SFA (p = 0.392), were 

non-significant. 

 

All MUFAs, including myristoleic acid (C:14:1) (p=0.171), palmitoleic acid (C16:1) (p = 

0.345), oleic acid (C18:1n-9) (p = 0.824), vaccenic acid (C18:1n-7) (p = 0.385), 

eicosenoic acid (C20:1) (p = 0.578), nervonic acid (C24:1) (p = 0.478) and total MUFA 

(p = 0.334) were non-significant.  

 

When examining fatty acids and age using linear regression analysis, a significant 

negative correlation was seen with linoleic acid (C18:2n-6) with advancing age (p ≤ 

.05), with a non-significant negative inverse trend for DPA (C22:6n-3) and omega-3 

index. All other fatty acids were non-significant in relation to increasing age.  
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Table 4.4 Association between fatty acids EPA and DHA and age  

 

 

 

 

β p

C14:0 (Myristic acid) 0.114 NS

C16:0 (Palmitic acid) 0.081 NS

C18:0 (Stearic acid) -0.144 NS

C20:0 (Arachidic acid) -0.118 NS

C24:0 (Lignoceric acid) 0.136 NS

C14:1 (Myristoleic acid) -0.020 NS

C16:1 (Palmitoleic acid) 0.126 NS

C18:1n-9 (Oleic acid) 0.058 NS

C18:1n-7 (Vaccenic acid) 0.116 NS

C20:1 (Eicosenoic acid) 0.061 NS

C24:1 (Nervonic acid) 0.060 NS

C18:2n-6 (Linoleic acid) -0.228 0.022

C18:3n-6 (γ-Linolenic acid) -0.030 NS

C20:2n-6 (Eicosadienoic acid) -0.057 NS

C20:3n-6 (Dihomo-γ-linolenic acid) 0.052 NS

C20:4n-6  (Arachidonic acid) 0.119 NS

C18:3n-3 (Linolenic acid) 0.152 NS

C20:5n-3 (Eicosapentaenoic acid) -0.099 NS

C22:5n-3 (Docosapentaenoic acid) 0.095 NS

C22:6n-3 (Docosahexaenoic acid) -0.184 0.066

Total Omega-3 -0.121 NS

Omega-3 Index -0.167 0.096

The association between fatty acids and age, as measured 

deploying linear regression. Abbreviations: NS, non significant 

(p >0.1); omega 3 index represents the sum of 

eicosapentaenoic acid and docosahexaenoic acid, expressed 

as a percentage of total erythocyte fatty acids measured.

Polyunsaturated fatty acids n-3

Polyunsaturated fatty acids n-6

Monounsaturated fatty acids

Saturated fatty acids
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Table 4.5 Concentrations of fatty acids comparing males and females 

 

 

Within SFAs females were found to have increased myristic acid compared to males 

(p < 0.05), and the significance was increased when adjusted for NAL, age, APOE Ɛ4, 

and years of education (p < 0.05), which was maintained when fully adjusted with BMI, 

fatty acid supplementation and hormone replacement. All other SFA’s, including 

Males               

(mean ± SD)

Females              

(mean ± SD)
p p

a
p

b

Saturated fatty acids 

C14:0 (Myristic acid)   0.36 ± 0.06   0.40 ± 0.07 0.006 0.003 0.003

C16:0 (Palmitic acid) 21.80 ± 1.56 21.86 ± 1.06 †0.745 †0.444 †0.449

C18:0 (Stearic acid) 15.79 ± 1.26 15.84 ± 0.80 0.812 0.841 0.664

C20:0 (Arachidic acid)   0.38 ± 0.07   0.42 ± 0.06 0.003 0.034 0.048

C24:0 (Lignoceric acid)   4.98 ± 2.93   4.92 ± 1.20 0.895 0.919 0.980

C14:1 (Myristoleic acid) 0.01 ± 0.07 0.01 ± 0.01 0.685 0.797 0.713

C16:1 (Palmitoleic acid) 0.29 ± 0.10 0.34 ± 0.12 0.074 0.032 0.044

C18:1n-9 (Oleic acid) 8.99 ± 0.66 8.64 ± 0.67 0.016 0.062 0.051

C18:1n-7 (Vaccenic acid) 2.00 ± 0.55 1.92 ± 0.48 0.493 0.701 0.824

C20:1 (Eicosenoic acid) 0.27 ± 0.07 0.24 ± 0.06 0.075 0.283 0.289

C24:1 (Nervonic acid) 4.89 ± 1.06 5.00 ± 0.83 0.571 0.567 0.537

C18:2n-6 (Linoleic acid)   8.38 ± 1.44   8.72 ± 1.46 0.280 0.469 0.443

C18:3n-6 (γ-Linolenic acid)   1.18 ± 1.63   0.74 ± 0.78 †0.289 †0.038 †0.054

C20:2n-6 (Eicosadienoic acid)   0.14 ± 0.04   0.14 ± 0.41 0.859 0.636 0.511

C20:3n-6 (Dihomo-γ-linolenic acid)   1.71 ± 0.41   1.58 ± 0.45 0.200 0.571 0.435

C20:4n-6  (Arachidonic acid) 16.32 ± 2.44 15.94 ± 1.93 0.399 0.718 0.618

C18:3n-3 (Linolenic acid)   0.14 ± 0.08   0.15 ± 0.10 0.481 0.569 0.595

C20:5n-3 (Eicosapentaenoic acid)   1.46 ± 0.80   1.69 ± 0.91 0.222 0.456 0.437

C22:5n-3 (Docosapentaenoic acid)   3.51 ± 0.70   3.15 ± 0.52 0.005 0.009 0.008

C22:6n-3 (Docosahexaenoic acid)   7.30 ± 1.55   8.17 ± 1.45 0.008 0.060 0.048

Total Omega-3 12.43 ± 2.52 13.18 ± 2.57 0.172 0.439 0.422

Omega-3 Index   8.77 ± 2.10   9.86 ± 2.19 0.020 0.111 0.096

Comparison of males (n =32) and females (n =68), for fatty acid concentrations, using linear 

regression with or without adjusting for covariates. Abbreviations: p
a
 indicates p -values 

adjusted for neocortical amyloid load, age, APOE Ɛ 4  carriage, and years of education; p
b 

indicates adjusted for all of p
a
 plus body mass index, fatty acids supplementation (cod liver oil, 

flaxseed oil), hormone replacement therapy; † indicates p  values transformed to the 

logarithmic scale for analyses.  Omega 3 Index, is the sum of eicosapentaenoic acid and 

docosahexaenoic acid, expresssed as a percentage of total fatty acids measured. 

Monounsaturated fatty acids

Polyunsaturated fatty acids n-6

Polyunsaturated fatty acids n-3
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palmitic acid, stearic acid, arachidic acid, lignoceric acid, and total SFAs were non-

significant with or without adjustment, see Table 4.5 

 

Examining MUFAs, females were found to have significantly increased palmitoleic acid 

compared with males, when adjusted for NAL, age, APOE Ɛ4 carriage, years of 

education (p < .05), maintaining significance when fully adjusted for BMI, fatty acid 

supplementation and hormone replacement.  Whereas oleic acid was significant 

without adjustment (p < 0.05), but significance disappeared following adjustment (p = 

0.062) then trended towards significance (p=0.051) when fully adjusted for all 

covariates including fatty acid supplementation and hormone replacement.  All other 

MUFAs were non-significant. Within the n-6 PUFAs only γ-Linolenic acid reached 

significance, demonstrating increased concentrations in females compared with males 

when adjusted for NAL, age, APOE Ɛ4 carriage, years of education, but the 

significance was lost when fully adjusted (p = 0.054). All other n-6 PUFAs were report 

as non-significant. Whereas n-3 PUFA, in females lowers concentrations compared to 

males of DPA, DHA and omega-3 index (p < .05) was shown when unadjusted, while 

DPA trended towards highly significant when fully adjusted. DHA also maintained 

significance when fully adjusted with omega-3 index was not significant post 

adjustment.  
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Table 4.6 Levels of fatty acids for APOE Ɛ4 carriers and non-carriers 

 

Non - 

carriers         

(mean ± SD)

APOE Ɛ4 

carriers 

(mean ± SD)

p p
b

p
b

C14:0 (Myristic acid)   0.39 ± 0.07   0.38 ± 0.07 0.534 0.595 0.680

C16:0 (Palmitic acid) 21.90 ± 1.31 21.62 ± 0.91 0.363 0.517 0.638

C18:0 (Stearic acid) 15.80 ± 1.02 15.90 ± 0.76 0.663 0.441 0.554

C20:0 (Arachidic acid)   0.41 ± 0.07   0.42 ± 0.07 0.387 0.785 0.787

C24:0 (Lignoceric acid)   4.90 ± 2.10   5.10 ± 0.89 0.663 0.233 0.278

C14:1 (Myristoleic acid)   0.01 ± 0.00   0.01 ± 0.00 0.286 0.493 0.236

C16:1 (Palmitoleic acid)   0.32 ± 0.10   0.34 ± 0.16 0.447 0.158 0.171

C18:1n-9 (Oleic acid)   8.75 ± 0.70   8.74 ± 0.64 0.948 0.736 0.843

C18:1n-7 (Vaccenic acid)   1.92 ± 0.49   2.04 ± 0.55 0.355 0.342 0.336

C20:1 (Eicosenoic acid)   0.26 ± 0.06   0.24 ± 0.06 0.194 0.201 0.188

C24:1 (Nervonic acid)   4.87 ± 0.88   5.33 ± 0.95 0.043 0.025 0.051

C18:2n-6 (Linoleic acid)   8.83 ± 1.47   7.79 ± 1.06 0.003 0.001 0.003

C18:3n-6 (γ-Linolenic acid)   0.84 ± 1.17   1.06 ± 1.00 0.416 0.353 0.439

C20:2n-6 (Eicosadienoic acid)   0.15 ± 0.04   0.12 ± 0.03 0.016 0.022 0.023

C20:3n-6 (Dihomo-γ-linolenic acid)   1.66 ± 0.44   1.49 ± 0.41 0.136 0.038 0.033

C20:4n-6  (Arachidonic acid) 16.02 ± 2.17 16.20 ± 1.87 0.723 0.776 0.812

C18:3n-3 (Linolenic acid)   0.16 ± 0.10   0.11 ± 0.07 0.049 0.176 0.214

C20:5n-3 (Eicosapentaenoic acid)   1.59 ± 0.77   1.74 ± 1.24 †0.746 †0.609 †0.569

C22:5n-3 (Docosapentaenoic acid)   3.28 ± 0.63   3.24 ± 0.51 0.833 0.335 0.233

C22:6n-3 (Docosahexaenoic acid)   7.86 ± 1.46   8.01 ± 1.79 0.685 0.891 0.959

Total Omega-3 12.73 ± 2.43 13.00 ± 3.10 0.725 0.557 0.586

Omega-3 Index   9.45 ± 2.05   9.75 ± 2.79 0.580 0.620 0.701

Saturated fatty acids

Monounsaturated fatty acids

Polyunsaturated fatty acids n-6

Polyunsaturated fatty acids n-3

Erythrocyte fatty acid concentrations in low NAL (n =65) and high NAL (n = 35). A linear 

regression analysis was used to compare fatty acids in both groups. NAL, as measured 

using 
18

F-Florbetaben standard uptake value ratio on PET. The neocortical region was 

normalised with the cerebellum. Abbreviations: NAL, neocortical amyloid load; PET, positron 

emission tomography; SD, standard deviation. p
a
  represents the p -values adjusted for age, 

years of education, gender, and APOE  Ɛ4 carriage. p
b
   respresents p -values  adjusted for 

age, gender, years of education, body mass index, fatty acid supplementation  and hormone 

replacement therapy.  '†' indicates p-values obtained from variables transformed to the 

logarithmic scale for analysis. Omega-3 index represents the sum of eicosapentaenoic acid 

and docosahexaenoic acid, shown as a percentage of total fatty acids measured. 
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a. Base Model             b. Base Model + AA:DPA 

 

 

 

 

 

 

 

Figure 4.2 Peripheral fatty acids as predictive value for detecting high NAL 

 

A base model (BM) was constructed using age, gender, APOE Ɛ4 carriage, and years 

of education, as shown in Table 4.2, and when compared with BM plus AA and DPA 

modelling, demonstrates the strengthening value of the combination. As compared 

with the BM alone, sensitivity 80% and specificity 52.3%, combined modelling 

increases the high NAL predictive value to 80.3% sensitivity and 77.8% specificity. 

 

Influence of APOE Ɛ4 carriage 

No statistically significant results were observed between APOE Ɛ4 carriers and non-

carriers in SFAs. However, in MUFA, nervonic acid (C24:1) was significantly higher in 

carriers compared with non-carriers, both unadjusted and adjusted for NAL, age, years 

  
 

The predictive value of AA and DPA when added to a base model (BM) 
for the prediction of high NAL is shown using a receiver operating 
characteristic curves, generated with a. the BM, incorporating aged, 
gender, years of education, and APOE Ɛ4 carriage; and b. incorporating 
the BM plus AA:DPA.  Increased AUC is shown in figure b. 
Abbreviations: AUC, area under the curve; AA, arachidonic acid; DPA, 
docosapentaenoic acid; NAL, neocortical amyloid load. 
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of education and gender (p < .05), but the significance disappeared when additional 

adjustment for hormone and fish oil supplementation was undertaken, shown in Table 

4.6. In the n-6 PUFAs, linoleic acid (C18:2n-6), was significantly lower in carriers 

compared to non-carriers, unadjusted (p ≤ .05), becoming highly significant when 

adjusted for NAL, age, years of education and gender (p ≤.001). When linoleic acid 

was further adjusted for hormone and fish oil supplementation the significance 

maintained (p ≤ .05). Eicosadienoic acid (C20:2n-6) was also found to be significantly 

lower in the APOE Ɛ4 carriers compared to the non-carriers (p < .05), adjusted or 

unadjusted (p ≤ .05). Dihomo-γ-linolenic acid (C20:3n-6) was also reported as 

significantly lower in APOE Ɛ4 carriers compared to non-carriers when adjusted for 

NAL, age, years of education and gender (p < .05) maintaining significance when fully 

adjusted for hormone and fish oil supplementation (p < .05). Conversely, within n-

3PUFAs, APOE Ɛ4 carriers compared with non-carriers, demonstrated lower 

concentrations of linolenic acid (C18:3n-3) when unadjusted (p ≤ .05), however 

significance disappeared following adjustment, shown in  Table 4.6.  

 

4.5 Discussion  

The discussion for this Chapter has been published in our manuscript within Appendix 

C and is incorporated in Chapter 7. 
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Chapter 5 . Effects of curcumin (Biocurcumax™) compared to 
placebo on memory, psychosocial and clinical wellbeing.  

The deposition of cerebral Aβ commences at least two decades before the onset of 

cognition symptomatology detectable in clinical assessment (106). This preclinical AD 

stage is a window of opportunity to intervene early when brain damage is mild with a 

treatment modality which may prevent or delay the progression of neuropathological 

induced damage and stave off disease onset.  

As previously discussed in Chapter 1, Section 1.6 curcumin has been shown to offer 

multi-modal therapeutic potential in AD prevention and management, with modalities 

of action which support Aβ clearance and brain health (254, 255, 261, 263, 285, 334). 

5.1 Hypothesis and Aims 

BCM-95®CH (Biocurcumax™) will slow cognitive decline, improve general 

psychosocial wellbeing, and physiological markers following a 12-month intervention, 

compared with placebo.   

1. To examine the effect of Biocucumax™, compared with placebo, on memory 

and cognition as assessed using measures of global cognitive abilities as 

well as composite visual and verbal episodic memory, composite working 

executive memory, and composite global memory scores, following the 12-

month intervention. 

2. To investigate the influence of BiocurcumaxTM, compared with placebo, on 

psychosocial measures, psychosocial well-being, and quality of life, 

following the 12-month intervention.     

3.  To investigate the influence of Biocurcumax™ compared with placebo, on 

physiological health measures including systolic and diastolic blood 

pressure, total cholesterol, HDL and LDL, following the 12-month 

intervention. 
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5.2 Curcumin and cognition 

Curcumin’s natural affinity for binding with cerebral Aβ (284), along with its antioxidant 

and anti-inflammatory properties (40), makes it an enticing multimodal therapeutic for 

prevention and treatment of AD, with potential of supporting neuroplasticity (460), and 

improving mood and memory (461). However, despite promising results reported in a 

few clinical trials  (326, 461-463), contradictions and challenges remain in replication 

of previous studies and interpreting its benefits. There remains a paucity of large-scale, 

gold standard, randomised controlled clinical trials demonstrating improved cognitive 

performance in cognitively healthy individuals at risk of dementia. The launch of the 

KARVIAH study, which is a double blinded, placebo-controlled study was established 

to address this issue. Clinical trials using oral administration of curcumin targeting AD 

in cognitive, mood and or physiological outcomes are further described below.   

 

Studies that have administered oral curcumin formulations in cognitively healthy, older 

adults at high risk of developing dementia, were at the time of commencing this study 

limited. More recently, oral curcumin has been examined by several groups to elicit the 

potential modalities of action in AD.  

 

A placebo controlled randomised double-blind study was conducted in  cognitively 

healthy men and women, aged  45-74 years, (n=39), using oral curcumin (Longvida®) 

2000mg daily, to examine the influence on motor function and cognition (464) . Twelve 

weeks post intervention, the curcumin group as compared to the placebo group, did 

not demonstrate any significant difference between the groups on most cognitive or 

motor tasks. However, a 3% improvement in  language decoding (p = 0.003) was 
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shown on a within curcumin group analysis which was not evident in the placebo group 

(464).  

 

Small et al. (326) in the 18-month study, in participants aged 51-84 years, (n=40) using 

Theracurmin® (equivalent to 90 mg curcumin) twice daily and reported a significant 

improvement in the curcumin group on long term retrieval (p = .002), which was not 

shown in the placebo group, while the difference between the groups was significant 

(p=.05).  The within group analysis also demonstrated that the curcumin group 

significantly improved in Buschke’s Selective Reminding Test (p =.002), visual memory 

recall (p =.01), and brief visual memory (p =.006), whereas in the placebo group each 

of the measures was non-significant (326). The curcumin group demonstrated an 

significant improvement on Trail Making Test A (p = .0001), associated with attention, 

compared with the placebo group (p=.1), which was significant between groups (p=.04) 

(326). 

 

Cox et al. (463) have undertaken a double blind, placebo controlled randomised study 

in healthy aged 60-85 years (n=60) to examine the influence of oral curcumin 

(Longvida®) 400mg (equating to 80mg solid curcumin) on cognition and mood over 

four weeks. Participants completed a battery of pen and paper and computerised tasks 

incorporating short and delayed recall, reaction time, visual processing, digit vigilance, 

serial three and serial sevens, and word and picture recognition. Pre and post 

intervention evaluation of mood was measured using the DASS-21(353), fatigue using 

Chalder Fatigue scale (465), and  measures of alertness, contentedness and calmness 

were included in the computerised battery.  Three timepoints were evaluated, a) acute, 

following 1 and 3 hours post dose; b) chronic, post 4 weeks of intervention; and c) 
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acute on chronic, 1 and 3 hours post dose following the 4-week intervention (463). 

Acute results, one hour post dose, found participants who consumed curcumin had a 

16 % improvement from baseline on the serial three subtraction task, targeting working 

memory, compared to 2 % improvement for the placebo group (p =.03). Digit vigilance 

accuracy, associated with sustained attention, was also significantly improved in the 

curcumin compared to placebo group following 1 hour post dose (p =.04), however the 

significance was lost following adjustment for demographics, and the effect was not 

shown at 3 hours post dose (463). Following chronic administration, both groups 

exhibited an improvement on serial three subtraction task, however the curcumin group  

improved by 17%, whereas the placebo group showed  3% improvement, being 

significant (p = .44) (463). No other cognitive change was seen across the study. 

 

The aforementioned findings were reported whereby Cox et al., conducted a partial  

replica trial in cognitively healthy 50-85 years of age (n=89), administering  400mg of 

curcumin daily  (Longvida ®) for 12 weeks, examining cognitive function and mood, 

measured at 4 and 12 weeks (461).  On the Profile of Mood State (POMS) and the 

Fatigue-Inertia scale, significant improvement was reported in the curcumin group in 

mood and lowered fatigue at 4 and 8 weeks (p = .01; p = .006) respectively, as 

compared to the placebo group. Whereas reduced tension-anxiety (p = .006); 

confusion-bewilderment (p =.023); and anger-hostility (p = .004) was significant only in 

the curcumin group at the 4-week timepoint (461). Furthermore, at the 12 week 

timepoint, the performance of the curcumin group was found to be significantly 

improved on the Virtual Morris Water Maze (p = .023), serial threes (p = .019) and 

serial sevens task (p =.001), compared to the placebo group (461). 

 



 

131 

Rainey-Smith et al. (337) conducted a twelve-month double-blind placebo controlled 

study (n = 96), using 500mg three times daily of curcumin (BCM-95™), in a community 

dwelling non-dementia cohort aged 40-90 years, (mean age of 66 years). A 

comprehensive battery of neuropsychological and cognitive measures was undertaken 

at baseline, six and twelve months. At six months a significant difference was shown 

between groups, using the MoCA (p < .05) which was evident when accounting for the 

decline in the placebo group. However, at 12 months the two groups were relatively 

equivalent, with no significant differences reported on cognitive measures (337).   

 

5.3 Curcumin and Mood  

The frontal lobes play a key role in executive function, which is responsible for a range 

of functions, including attention, initiation, planning, organisational skills and emotional 

processing (466). Emotional health and mood, impact directly on a person’s 

behavioural levels influencing inclination and ability to undertake tasks   (467, 468).  A 

study by Luu et al. in college students examined the relationship between low and high 

emotional affect or mood,  examining the number of executive task errors (469).  

Participants with a high negative affect, (lower mood state), compared with those with 

lower affect scores (higher mood state), made significantly increased errors on testing, 

providing further evidence of the influence of mood on executive performance (469).  

Interestingly, Cox et al. using curcumin (Longvida ®) 400mg administered daily over 

four weeks, found that curcumin, compared with placebo, demonstrated improved 

mood, and reduced levels of fatigue, in addition to improved performance on an 

executive function tasks, being serial three subtraction (461, 463). 
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5.4 Curcumin and depression 

In a placebo controlled double blind randomised study (n = 56) using curcumin 500mg 

twice daily, curcumin was examined for the effect on major depressive illness over 

eight weeks. Encouragingly, while both placebo and curcumin groups showed 

improvement at 4 weeks, curcumin compared to placebo at 8 weeks demonstrated a 

significant improvement in the inventory of depressive symptomatology-self rated 

(IDS-SR) total score (p =.04) and also for the IDS-SR mood score (p =.01), further 

supporting the influence of curcumin on mood and emotional health (470). 

Furthermore, a recent meta-analysis on the effect of curcumin for the treatment of 

major depressive illness, examined over 930 related articles, and found curcumin to 

have an overall positive significant effect across 10 clinical trials (n = 531) for 

depression, and five studies (n = 284) for anxiety symptoms (p < .001) (471). 

 

5.5 Cardiovascular, cerebrovascular disease and curcumin 

Cardiovascular disease (CVD) is associated with a cluster of risk factors, including 

hypertension, hyperlipidaemia and atherosclerosis (472), and have been shown to be 

associated with both vascular dementia (VaD) and AD (473-476).  Atherosclerosis, 

chronic inflammation, (477), and hypertension (478, 479) are recognised as a key 

contributors to CVD, and the pathophysiology between CVD and cerebrovascular 

disease are entwined (480). Furthermore, lifestyle approaches for lowering the risk of 

CVD, preventing diabetes, obesity, controlling cholesterol and hypertension, are 

recommended for cerebrovascular health (481), principally what is good for the heart, 

is good for the brain. 
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Haring et al., recruited post-menopausal participants aged 65-79, (n= 6,455) currently 

enrolled in a Women’s health Initiative Memory study, to prospectively examine CVD 

and cognitive health (482).  Participants who were cognitively healthy and diagnosed 

with CVD conditions, including heart failure, myocardial infarction, atrial fibrillation, 

bypass surgery, and other vascular presentations were included (482).  Using a 

modified MMSE as the cognitive measure, at a median follow-up period of 8.4 years, 

the cognitive function of the cohort was examined alongside medical history. An 

increased prevalence of cognitive decline was evident in those participants with CVD 

compared to those without CVD (hazard ratio, 1.29; 95% CI; 1.00, 1.67). Hypertension 

and diabetes were found to be independent risk factors of cognitive decline (482).  

 

Curcumin has been shown to influence cardiovascular risk factors including, obesity 

(483), hyperlipidaemia (484, 485), atherosclerosis (314), and hypertension (486). Ou 

et al. (487) undertook a systematic review and meta-analysis to examine the influence 

of hypertension on the risk of cognitive decline. Of the 209 prospective studies included 

in the systematic review, 136 met the criteria for analysis, finding hypertension resulted 

in a 11-15 percent increased risk of cognitive decline midlife (487). However, although 

the use of antihypertensive agents was associated with lowered risk of dementia,  

multifactorial influences including divergent prescribing and lifestyle patterns made 

interpretation a challenge (487).  

 

5.6 Curcumin and cholesterol 

As previously discussed in Chapter 1, Section.6.1.  curcumin has been reported to 

have the propensity to lower cholesterol and thus provide a mechanism as one of its 

actions toward AD prevention. Literature supporting the potential value of curcumin to 
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modulate cholesterol levels continues to grow (314, 317, 484, 488-491). An invitro 

study by Chen et al., found that curcumin increased the efflux of cholesterol and 

promoted lipid processing by upregulation of cluster of differentiation 36 (CD36) which 

is a receptor for oxidised LDL, and also ATP binding cassette transporter A1 (ABCA1), 

resulting in upregulation of macrophage disposal and removal of lipids, thus potentially 

offering an anti-atherosclerotic approach(485).  While the exact modality of actions for 

curcumin remains to be elucidated, Zhong et al.  in a reverse mRNA expression 

analysis found that curcumin increased cholesterol efflux from macrophages by 

activation of the nuclear factor erythroid 2 antioxidant response element (Nrf2-ARE) 

signalling pathway upregulating heme oxygenase(492). Furthermore, the scavenger 

receptor class B type 1 (SRB1) and ABCA1 were upregulated increasing cholesterol 

expulsion activity (492). Liu et al. demonstrated in an animal study, that curcumin could 

mediate inflammation by upregulating cholesterol macrophage efflux, aiding lipid 

regulation and transportation, via upregulation of transmembrane regulators ABCA1, 

ATP binding cassette G1 and Caveolin-1 (488).   

 

The capacity to lowering serum cholesterol using curcumin has also been shown in 

animal studies.  An early study by Soudamini et al. demonstrated curcumins  ability to 

inhibit lipid peroxidation and lower serum and tissue cholesterol levels, potentially 

offering protection against arterial diseases (493). Peschel et al. used a rat model of  

hypercholesteremia, by feeding them for 8 weeks on a high fat diet, and demonstrated 

the ability of curcumin, as compared to placebo, to up-regulate mRNA levels of 

cholesterol 7alpha-hydroxylase 1 gene (CYP7A1), an enzyme responsible for the 

biosynthesis of cholesterol by bile acid (311). Significant upregulation of excretion of 

faecal triglycerides and total cholesterol, was shown in the curcumin group with a 
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decrease in serum triglycerides (27%) and total cholesterol (33.8%) (311). The latter 

authors purported that a genetic variation may be a key factor in dyslipidaemia and 

demonstrated using hepatic cell lines, up to seven times greater hepatic gene 

expression of the LDL-receptor mRNA in response to curcumin (311). Furthermore,  

curcumin’s ability to inhibit the uptake of cholesterol from the intestinal lumen, via 

suppression of Niemann Pick C1-like 1 protein was also shown (309). The ability of 

curcumin to down regulate Niemann Pick C1-like 1 was further explained by Zou et al. 

in a knockout mouse model whereby over 16 weeks, 45% reduction of atherosclerosis 

lesions were measured in sections of the aortic sinus using curcumin (314). 

 

Despite the growing preclinical evidence of the benefits of curcumin, translation in 

clinical trials has been challenging. Early reports of curcumin’s ability to lower total 

serum cholesterol and increase HDL following ingestion of oral curcumin 500mg daily 

for 7 days (n = 10) was reported by Soni and Kuttan et al. (494).  Ferguson et al. in a 

double-blind placebo-controlled study targeting hypocholesterolaemia (n = 70),  

investigated phytosterols with or without curcumin, over a 4-week duration (491). The 

reduction of total cholesterol (2.3%) and LDL (2.6%) using curcumin was non-

significant, whereas the use of phytosterols was significant, 4.8% and 8.1% 

respectively.  Interestingly, the combination of curcumin and phytosterols, 

outperformed either curcumin or phytosterols alone with 11.0% reduction in total 

cholesterol and 14.4% reduction in LDL (p <.0001). Thorta et al. examined curcumin 

and polyunsaturated fatty acid (LCn-3PUFA), in isolation or combined, in a 12-week 

double blind placebo-controlled study in participants with dyslipidaemia and elevated 

diabetes risk (n = 64) (484). Triglycerides were found to be significantly reduced in the 
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groups consuming curcumin (p < .05), in combination or alone, but not in those 

consuming omega-3 alone or placebo (484).  

 

Adibian et al. in a double-blind placebo-controlled study, in type II diabetes (n = 44) 

investigated the use of oral curcumin (BCM-95™) 1500mg daily for 10 weeks and 

reported a within group reduction in triglycerides compared to baseline (p <.05), 

however the between group difference was non-significant for triglycerides, (p =0.41); 

HDL (p =.50), and LDL (p =.65).   In a younger cohort, Jamilian et al. undertook a 

placebo-controlled study (n=60) in polycystic ovary syndrome, in participants aged 18-

40 years using 500mg curcumin daily for 12 weeks. Results indicated that curcumin 

compared to placebo exhibited significantly decreased weight, BMI, fasting glucose, 

and serum insulin compared with placebo (p <.05); significantly reduced total 

cholesterol and LDH compared with placebo (p <.001) and significantly increased HDL 

compared with placebo (p <.05) (489). 

 

Jazayeri-Tehrani et al. (495) in a double-blind placebo controlled clinical trial in 

overweight, obese, non-alcoholic fatty liver disease (n = 84), participants aged 25-50 

years used a nano-curcumin formulation 80mg daily for 3 months. In curcumin 

compared to placebo, there was significantly lowered triglycerides, total cholesterol 

and LDL (p < .05), while HDL was significantly elevated (p <.05) (495). Cox et al., 

examined lipid biomarkers following administration of a four-week intervention of oral 

curcumin 400mg (Longvida®) or placebo, in aged 60-85 year old cognitively healthy 

participants, (n = 60) reporting significantly reduced total cholesterol (p = .032) and 

LDL (p = .012) levels in the curcumin group (463).  
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5.7 Curcumin and blood pressure  

The potential of curcumin to lower blood pressure was reported by Kim et al., in an 

animal study examining the effect of phytochemicals compared to the effect of 

perindopril, a recognised angiotensin converting enzyme inhibitor (496). The mouse 

model study compared perindopril, curcumin, quercetin, saponin and placebo (n=40) 

received 50mg/kg daily dose for 4-week duration. While perindopril was the most 

effective for lowering BP, curcumin was found to significantly lower BP, as did saponin 

(p <.05) by inhibiting the renin angiotensin system and protecting the cholinergic 

system by inhibiting the acetylcholinesterase inhibitor activity (496).  

 

A meta-analysis by Hadi et al. examined the effect of curcumin on BP, including 

randomised controlled clinical trials, with an intervention of equal to or greater than 12-

week duration, which included 734 participants. It was acknowledge that while further 

studies were needed, curcumin appeared to have the ability to reduce systolic BP but 

not diastolic BP (497).  Using participant data from the Cardiovascular Risk Factors, 

Aging and Incidence Study, collected every five years between 1972, to 1987, 

Vuorinen et al., re-examined participants in a 21-year follow-up study (n = 1,449), 

undertaking cognitive assessments and cerebral MRI scans. Midlife obesity and 

hypertension were found to be associated with the risk of late-life white matter lesions 

with an odds ratio of 2.94 (CI, 2.44-3.03), and 2.73 (CI, 1.81-3.08), respectively, 

suggesting that reducing midlife BP lowered the risk for dementia (498).  

 

The Framingham Heart Study found that increased adipose and visceral fat, correlated 

with elevated blood pressure, LDL, triglycerides, and plasma glucose, significantly 

increasing the risk of insulin resistance, diabetes, and  metabolic syndrome (499), all 
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of which are known risk factors of AD. Coexistence of hypertension and obesity is 

common, and  accumulation of visceral adipose tissue and subcutaneous abdominal 

adipose tissue has also been shown to contribute to the systemic inflammatory 

cascade (123, 137, 143). However, evidence of curcumin’s ability to lower BP in clinical 

trials is scant. A placebo controlled study by Bateni et al., (500), examining lipids and 

glycaemic profiles, and BP in metabolic syndrome (n = 50) and found a significant 

difference in triglyceride levels between groups (p <.05), but changes in the BP were 

non-significant (500).  

 

5.8 Methodology 

The KARVIAH study is a double-blind placebo controlled randomised study with a 12-

month intervention using oral curcumin (BCM-95™) or placebo, in males and females, 

aged 65–90 years. The study participants represent a cognitively healthy cohort, living 

within a residential setting in Sydney, New South Wales, Australia.  

 

5.8.1 Recruitment 

In brief, of the original 206 volunteers, a total of 106 participants entered the study, 

Figure 2.1 provides an overview of the participant recruitment and retention. Significant 

trial delays associated with accessing 18F-FBB PET amyloid imaging was encountered, 

whereby sixteen participants withdrew due to the long delay and requirement to be 

reassessed and thus, repeat their baseline appointment, while 6 had encountered 

changes in health or social circumstances which limited their ability to participate. It 

should be noted that the KARVIAH study resulted in the establishment of PET amyloid 
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imaging in Sydney. Further details of the delay are discussed in Chapter 7 within the 

limitations section.  

 

At baseline, participants completed a fasting blood draw, clinical and medication 

history, vital signs, and questionnaires as described in Chapter 2, Section 3.1, and a 

comprehensive battery of cognitive and memory tasks, Section 3.2 administered in the 

order shown in Figure 2.2. Thereafter, three brain imaging appointments were 

scheduled across two days, day one included the MRI and 18F-FBB PET imaging, and 

day 2 was the 18F-FDG PET. Any clinically significant findings were reported to the 

participant, their GP and follow-up arranged.   

One participant on MRI imaging had a previously undetected cerebral tumour identified 

at baseline and was immediately referred to their GP and a neurosurgeon and was 

withdrawn from the study. 

5.8.2 Randomisation 

One hundred and five participants were then randomised to either placebo or BCM-

95™ by a delegated researcher who was not a part of the study team and located 

remotely. Using the randomisation methodology discussed in Chapter 2, Section 1.3 

the participants were assigned to either placebo or BCM-95™ group.  

 

Figure 5.1 Participant allocation to the intervention 
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5.8.3 Adverse Events management 

During the study and after randomisation, all adverse events were collected either at 

the participants scheduled appointment or unscheduled contact when the participant 

reported a change in health. Participants were regularly encouraged to report all health 

issues, regardless of whether they believed they were study related or not. All adverse 

events were then recorded individually and reported to the HREC, as per their 

guidelines, indicating severity and the likelihood of IP causal relationship.   

Hospitalisations were classified as SAE's as per ethics guidelines, however study 

unblinding was not required in any of the circumstances and none of the admissions 

were shown to be related to the IP. Seven participants did not satisfy the study 

adherence and compliance criteria mentioned in Chapter 2, Section 3, and were 

therefore excluded from the final analysis. Of the seven, one participant was found to 

be unreliable in taking medication at their three-month review and withdrew from the 

study. Of the remaining six, three discontinued the study medication following a new 

diagnosis, including bowel cancer (n =1), Merkel cell carcinoma on the wrist (n = 1), 

and acute nephritis (n = 1). All three participants, following completion of the study 

were found to be on the placebo. An additional three discontinued the study IP due to 

increase gastric motility and flatulence, all of which belonged to the BCM-95™ group 

following unblinding.  

5.9 Statistical analysis  

The statistical analysis was undertaken using the statistical package of social sciences 

(IBM, SPSS, Version 27) for windows. All analysis was undertaken prior to unblinding. 

The study descriptive included the mean, standard deviation and p-values and was 
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calculated using Student’s independent t-test for continuous data, and Chi-Squared for 

categorical variables. Two types of analysis were performed as mentioned below.  

a) For between group outcomes at 12 months post intervention, a General Linear 

Model analysis of covariance (ANCOVA) was performed. Study co-variates 

included age, gender, years of education, and APOE Ɛ4 carriage.  

b) For within group analysis, Student’s Paired t-test was used to examine changes 

from baseline to 12 months.  

 

Three non-computerised composite scores were calculated combining tasks with 

similarly focused measures, being working memory and executive function; verbal, 

visual, and episodic memory; and global cognitive memory function.  To calculate the 

composite scores the raw scores for the individual measures were transformed into a 

new Z score for that sample, followed by averaging the Z scores by the number of 

grouped measures to establish a single composite score. The composite scores used 

in this chapter have previously been published by our team (501, 502) and the  

measures included in each domain are as follows:  

(a) Composite Working memory and Executive Function (C-WEF): created from 

the combined mean of the z-scores of Digit Span backwards; Digit Symbol 

Substitution Task (DSST); Delis-Kaplan Executive Function System (D-KEFS) 

Boys names and Fruit & Furniture Switching Tasks. A higher score indicates better 

performance in working memory and executive functioning. 

 

(b) Composite Verbal and Visual Episodic Memory (C-VVEM) created from the 

combined mean of the z-scores of Rey Auditory Verbal Learning Test (RAVLT) List 

A, RAVLT short delay, RAVLT long delay, Logical Memory-I (LM-I), LM-II, Rey 
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Complex Figure Task (RCFT) at 3 minutes and RCFT at 30 minutes. A higher 

score indicates better cognitive performance in visual verbal episodic memory.  

 

(c) Composite Global Score (C-GS): created from the combined mean of the z-

scores of RAVLT List A; RAVLT short and long delay; LM-1 and LM-II; RCFT at 3 

and 30 minutes; Digit Span backwards; DSST, D-KEFS Boys names and Fruit and 

Furniture switching tasks; and MMSE. A higher score indicates a higher global 

cognitive function.  

Tasks that were not included in the composite measures, namely the BNT, COWAT 

and Stroop test were analysed separately. Chapter 2, Section 3.2, includes the 

description for the cognitive and neuropsychological measures used at baseline and 

12 months.  

 

 

5.10 Results  

There were three key areas of outcomes investigated which included cognitive, 

psychosocial, and general health.  At baseline, the groups were found to be 

comparative with respect to cognitive, psychosocial and physiological measures and 

were non-significant at baseline as summarised in Table 5.1. Age, gender, and APOE 

Ɛ4 were stratified during randomisation to either BCM-95™ or placebo by an 

independent researcher, located external to site.  
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Table 5.1 Descriptives at baseline, including cognitive, psychosocial, and physiological 
measures. 

 

 

Baseline Demographics 

At baseline, as shown in Table 5.1 the groups were found to be homogenous and none 

of the measures were found to be significant.  There was an equal distribution of males 

Descriptives Total (n =98)
Placebo                   

(n=49)

BCM-95™       

(n =49)
p

Demographics

Male gender % (n) 32.7 (32) 16.3 (16) 16.3 (16) 1.00

Family history of dementia % (n) 22.4 (22) 11.2 (11) 11.2 (11) 1.00

APOE Ɛ4 carriage % (n) 19.4 (19) 16.3 (8) 22.4 (11) 0.45

Age in years (mean ± SD)  78.14 ± 5.57     78.02 ± 5.95     78.27 ± 5.23 0.83

Years of education (mean ± SD)  14.51± 3.27  14.27 ± 2.87  14.74 ± 3.65 0.47

MoCA age adjusted (mean ± SD) 27.29 ± 1.74     27.24 ± 1.83     27.33 ± 1.66 0.82

WTAR (mean ± SD) 43.70 ± 4.61     43.27 ± 4.57     44.14 ± 4.66 0.35

BMI (mean ± SD) 28.24 ± 7.41     28.86 ± 9.31     27.63 ± 4.84 0.41

Cognitive

MMSE (mean ± SD) 28.60 ± 1.16   28.51 ± 1.16   28.69 ± 1.16 0.43

COWAT (mean ± SD) 43.22 ±  9.55   42.71 ± 10.23   43.73 ± 8.90 0.60

BNT (mean ± SD) 28.60 ± 1.65   28.41 ±  1.72   28.80 ± 1.60 0.25

Stroop test (mean ± SD) 2.46 ± 2.80     2.73 ± 3.90     2.18 ± 0.69 0.33

C-WEF (mean ± SD) 0.00 ± 0.62    -0.06 ± 0.54   0.058 ± 0.68 0.36

C-VVEM (mean ± SD) 0.00 ± 0.65    -0.01 ± 0.54   0.013 ± 0.68 0.85

C-GS (mean ± SD) 0.01 ± 0.50    -0.02 ± 0.46   0.044 ± 0.55 0.54

Psychosocial 

SF-36 (mean ± SD)  75.67± 13.26   73.75 ± 14.80   77.59 ± 11.33 0.15

DASS_depression (mean ± SD)  2.63 ± 3.42     2.94 ± 3.34     2.33 ± 3.51 0.38

DASS_anxiety (mean ± SD)  2.51 ± 3.02     2.29 ± 3.09     2.73 ± 2.96 0.46

DASS_stress (mean ± SD)  4.73 ± 4.54     4.31 ± 4.48     5.16 ± 4.60 0.35

Physiological measures

BP systolic (mmHg, mean ± SD) 140.26 ± 14.84  141.24 ± 14.14 139.27 ± 15.59 0.51

BP diastolic (mmHg, mean ± SD)   74.97 ± 12.39    76.10 ± 13.71   73.84 ± 10.94 0.37

Total Cholesterol (mmol, mean ± SD)   4.75 ± 0.98      4.83 ± 0.98     4.67 ± 0.98 0.40

Triglycerides (mmol, mean ± SD)   1.28 ± 0.62      1.31 ± 0.57     1.24 ± 0.67 0.60

HDL (mmol, mean ± SD)   1.67 ± 0.45      1.71 ± 0.48     1.62 ± 0.43 0.34

LDL (mmol, mean ± SD)   2.47 ± 0.78      2.53 ± 0.76     2.42 ± 0.81 0.50

Cohort characteristics showing the mean and standard deviation, percentages and numbers for total, 

placebo and BCM-95™ groups at baseline prior to intervention, and between groups significance at 

baseline. Abbreviations: SD, standard deviation; APOE Ɛ4 , apolipoprotein allele 4; BMI, body mass 

index; BP, blood pressure; SF-36, short form survey-36; MoCA, Montreal cognitive assessment; 

MMSE, mini mental state examination; C-WEF, composite working executive function; C-VVEM, 

composite visual verbal episodic memory; C-GS, composite global score; DASS, depression, anxiety, 

stress scale; HDL, high density lipoprotein; LDL, low density lipoprotein; mmol, millimole; mmHg, 

millimetre of mercury.  p-values were calculated with independent t test and chi-square for categorical 

variables. p  was significant if < .05.
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to females being n =16 and n = 33 respectively in the placebo and BCM-95™ groups. 

Briefly, 32.7% were males, of which 22.4% had a family history of dementia (within one 

direct generation) in each group. The WTAR score as a measure of pre-morbid 

intelligence was completed once at baseline and the difference between groups was 

found to be non-significant (p =.35). There was a higher percentage of APOE Ɛ4 

carriage within the BCM-95™ group, 22.4% compared to 16.3% in the placebo group 

which was non-significant t (96) = -0.761, p=.45. The mean years of age between the 

two groups t (96) = -0.217, p =.83; and years of education t (96) =-0.723, p =.47 was 

non-significant. The BMI, calculated according to the Australian Heart Foundation BMI 

calculator, and at baseline, between groups was non-significant t (96) =0.823, p=.41. 

The mean MoCA (adjusted for age), between groups which was only used at screening 

was non-significant, t (96) = -0.231, p=.82.  

All baseline cognitive measures were found to be non-significant between groups. The 

mean MMSE at baseline for the placebo group was lower in the placebo group 

compared with BCM-95™ t (96) = -0.785, p=.43 which was non-significant, however 

the BCM-95™ group had a higher percentage of participants with a score of MMSE ≥ 

29 (55%) compared with placebo group (45%).  

The mean COWAT score was lower at baseline for the placebo group compared with 

the BCM-95™ group t (96) = -0.53, p=.60, and was non-significant. The mean baseline 

BNT was lower for the placebo group compared to the BCM-95™ group t (96) = 0.823, 

p=.25 which was non-significant. The mean baseline Stroop was higher for the placebo 

group compared to the BCM-95™ group t (96) = 0.990, p=.33 and was non-significant. 

No significant differences were found between the placebo and BCM-95™ group, 
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being C-WEF t (96) = -.927, p=.36; C-VVF t (96) = -0.194, p=.85; and the C-GS t (96) 

= -.623, p =.54. 

5.10.1 Pre-intervention  

Psychosocial  

No significant differences were found in psychosocial measures between the placebo 

and BCM-95™ group as measured using the SF-36 scale and DASS at baseline.  The 

mean SF-36 at baseline in the placebo group was suggestive of a higher level of 

disability, compared with BCM-95™ group, although it remained non-significant, t (96) 

= -1.441, p=.15. The DASS-depression score in the placebo group had a lower mean 

level of depression compared to the BCM-95™ group t (96) = 0.884, p=.38, remaining 

non-significant. The mean score on the DASS-anxiety scale was lower in the placebo 

group compared to the BCM-95™ group, t (96) = -0.735, p=.46, remaining non-

significant. And the mean DASS-stress score was lower in the placebo group 

compared to the BCM-95™ group t (96) = -0.935, p=.35, remaining non-significant.  

Physiological  

No significant differences were detected between the placebo and BCM-95™ group at 

baseline, as measured using systolic and diastolic BP, total cholesterol, triglycerides, 

HDL, and LDL.  The mean systolic and diastolic BP for the placebo group was higher 

at baseline compared to the BCM-95™ group, in systolic BP t (96) = 0.658, p=.51, and 

diastolic BP t (96) = 0.904, p=.37, both non-significant. The mean total serum 

cholesterol was higher in the placebo group at baseline compared with the BCM-95™ 

group remaining non-significant t (96) = 0.85, p=.40. The mean level of serum 

triglycerides was higher in the placebo group at baseline compared to the BCM-95™ 
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group, t (95) = 0.531, p=.60 and was non-significant. The mean serum HDL at baseline 

was lower in the BCM-95™ group compared to the placebo group t (96) = 0.960, p=.34 

being non-significant. The mean baseline serum LDL was higher in the placebo group 

compared to the BCM-95™ group t (96) = .684, p=.50 and was non-significant. 

 

5.10.2 Post intervention  

Table 5.2 Comparison of placebo and BCM-95™ group at 12 months, for cognitive, 

psychosocial, and physiological measures 

 

Placebo BCM-95™

Cognitive 

MMSE (mean ± SD)   28.80 ± 1.29   28.88 ± 1.22 0.75 0.82

BNT (mean ± SD)   28.12 ± 2.10   28.29 ± 2.36 0.72 0.54

COWAT (mean ± SD)   44.49 ± 9.46   42.51 ± 11.44 0.35 0.24

Stroop test (mean ± SD)     2.21 ± 0.63     2.18 ± 0.52 0.79 0.92

C-WEF (mean ± SD)  - 0.01 ± 0.52     0.01 ± 0.72 0.94 0.97

C-VVEM (mean ± SD)  - 0.02 ± 0.53     0.02 ± 0.72 0.79 0.87

C-GS (mean ± SD)  - 0.01 ± 0.42     0.01 ± 0.59 0.79 0.85

Psychosocial 

SF-36 (mean ± SD)   73.88 ± 14.53   75.84 ± 14.02 0.54 0.52

DASS - Depression (mean ± SD)     2.98 ± 3.70     2.61 ± 4.13 0.64 0.63

DASS - Anxiety (mean ± SD)     2.71 ± 2.97     2.41 ± 2.43 0.58 0.44

DASS - Stress (mean ± SD)     5.00 ± 4.27     4.57 ± 4.57 0.63 0.61

Physiological  measures 

BP systolic, mmHg (mean ± SD) 142.82 ± 16.24 135.45 ± 16.35 0.03 0.18
₣

BP diastolic, mmHg  (mean ± SD)   80.62 ± 26.28   72.92 ± 9.49 0.06 0.08

Total cholesterol, mmol (mean ± SD)     4.93 ± 0.87     4.92 ± 0.99 0.97 0.94

Triglycerides, mmol (mean ± SD)     1.32 ± 0.70     1.27 ± 0.97 0.76 0.75

HDL, mmol (mean ± SD)     1.63 ± 0.51     1.65 ± 0.57 0.88 0.93

LDL, mmol (mean ± SD)     2.54 ± 0.80     2.69 ± 1.02 0.45 0.54

Comparison of placebo and BCM-95™ groups at 12 months, deploying ANCOVA analysis  the p-value 

shown as both unadjusted and adjusted for covariates. Covariates included age, gender, years of 

education & APOE Ɛ4  carriage. 
₣
 indicates corrected for False Discovery Rate using Benjamini-

Hochberg procedure.Abbreviations: MMSE, Mini Mental State Examination; BNT, Boston naming test; 

COWAT, Controlled oral word association test; C-WEF, composite-working and executive function; C-

VVEM, composite-visual verbal episodic memory; C-GS, composite-global cognitive score; SF-36, 

short form questionnaire-36; DASS, depression anxiety and stress scale (subsets depression, anxiety 

and stress); BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; BMI, 

body mass index; SD, standard deviation; mmol, millimoles; mmHg, millimeters of mercury.  p <.05 was 

considered significant.

unadjusted 

p -value

adjusted     

p -value
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Statistical analysis 

At 12 months post intervention the array of cognitive measures was examined for 

variance between groups using ANCOVA, adjusted for the major influence for AD 

being covariates, age, gender, years of education, and APOE Ɛ4 carriage.  The test 

for homogeneity and Levene’s test for equal variance was applied for each measure, 

all measures met Levene’s test of equal variance unless otherwise stated. Within group 

analysis was undertaken deploying Student’s Paired t- test, comparing baseline and 

12 months within each group. Correction for False Discovery Rate (FDR) was applied 

using the Benjamini Hochberg procedure where indicated. 

 

5.10.2.1 Cognitive outcomes 

Results of the between group 12-month analysis are shown within Table 5.2, and 

results of within BCM-95™ analysis are summarised in Table 5.3., and the within 

placebo group is shown in Table 5.4.  

All cognitive, psychosocial, and physiological measures were found to be non-

significant, with details described below for each measure.  

 

a. MMSE 

Using ANCOVA, adjusting for covariates, age, gender, years of education and APOE 

Ɛ4 carriage, the difference between the placebo and BCM-95 group at 12 months for 

the mean MMSE was non-significant [F (1,92) = 3.125, p=.82]. No significant 

differences were observed in a within group analysis using the MMSE for placebo t 

(48) = -1.611, p=.11, or the BCM-95™ group, t (48) = -0.844, p=.40, comparing 

baseline to 12 months.  
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b. BNT 

The difference between placebo and BCM-95 at 12 months on BNT [F, (1,92) = 4.101, 

p=.54] was non-significant at 12 months between groups.  

A significant decline in the BNT within the BCM-95™ group from baseline to 12 months 

was initially seen, t (48) = 2.136, 0.51, p=.04, however following correction for FDR 

was found to be non-significant (p =.28). No significant difference for the BNT from 

baseline to 12 months was observed within the placebo group t (48) = 1.414, p=.16.  

 

c. COWAT (Total FAS task) 

The placebo group, compared with the BCM-95™ group was higher at 12 months 

using the COWAT [F, (1,92) = 1.094, p=.24], but was non-significant. The within BCM-

95™ group, compared with the placebo group at 12 months was lower, t (48) =1.301, 

p=.20, and was non-significant. The within placebo group, compared with the BCM-

95™ group on the COWAT was higher at the 12 months, t (48) =-2.010, (p=.05), 

however when corrected for FDR was non-significant (p=.35). 

d. Stroop 

The placebo group scored higher on the Stroop at 12 months [F, (1,91) = 1.968, p=.92], 

compared with the BCM-95™ group, the difference remained non-significant (equal 

variance not assumed). The within BCM-95™ group score on the Stroop at 12 months 

was relatively unchanged at 12 months compared to baseline, t (48) =-0.064, p=.95. 

The placebo group had a lower score at 12 months t (47) =1.030, p=.31, compared 

with baseline, but remained non-significant.   

e. Composite-Working Executive Function. 

At 12 months the C-WEF was found to be similar between the placebo and the BCM-

95™ group [F, (1,92) =4.798, p=.97] and was non-significant. The within group BCM-



 

149 

95™ group analysis, using the C-WEF at 12 months compared with baseline was 

comparative, t (48) = 0.996, p=.32, and was non-significant. The within placebo group 

analysis, did not demonstrate any significant change from baseline, t (48) = -1.027, 

p=.31.      

f. Composite-Verbal & Visual Memory 

The difference between placebo and BCM-95™ at 12 months on C-VVEM, [F, (1,92) 

= 5.810, p=.87] was non-significant (equal variance was not assumed). The BCM-95™ 

group on the C-VVM scored lower at 12 months compared with baseline t (48) =-1.050, 

p=.96, but was non-significant. The placebo group using the C-VVM scored lower at 

12 months compared with baseline t (48) =0.061, p=.95, and was non-significant.  

g. Composite-Global Score  

The difference between placebo and BCM-95™ on C-GS at 12 months was non-

significant, [F, (1,92) = 8.583, p=.54]. The within BCM-95™ group analysis, using the 

C-GS scores at 12 months was higher compared with baseline, t (48) = 0.630, p=.53, 

and was non-significant. The placebo group had a lower C-GS scores at 12 months 

compared with baseline t (48) = -0.135, p=.89, which was non-significant.       

 

5.10.2.2 Psychosocial outcomes   

a. SF-36  

The BCM-95™ group compared with the placebo group had a higher total SF-36 score 

at 12 months [F, (1,92) =2.035, p=.52], but it was non-significant. The BCM-95™ group 

had a lower total SF-36 score at 12 months, compared with baseline, t (48) =1.414, p 

=.16, which was non-significant. The placebo group total SF-36 at 12 months was 

comparatively unchanged from baseline, t (48) = -0.088, p=.93, which was non-

specific.      
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b. DASS-D 

The difference between placebo and BCM-95™ at 12 months on DASS-D between 

groups, was non-significant [F (1,92) = 0.371, p=.627]. The within BCM-95™ 

 group analysis, using the DASS-D was higher at 12 months compared to baseline t 

(48) = -0.681, p=.50, and was non-significant. The placebo group from baseline to 12 

months was comparatively unchanged t (48) = -0.098, p=.93, being non-significant.      

c. DASS-A 

The difference between placebo and BCM-95™ on DASS-A at 12 months, was non-

significant [F, (1,92) = 1.519, p=.44]. The within BCM-95™ group was lower on the 

DASS-A at 12 months compared with the baseline t (48) = 0.855, p=.40, and was non-

significant. Whereas the placebo group, demonstrated an increased score, at 12 

months compared with baseline, t (48) = -0.945, p =.35, and was non-significant. 

d.  DASS-S 

The difference between placebo and BCM-95™ at 12 months using DASS-S, was non-

significant [F, (1,92) = 0.475. p=.61] and was non-significant. The within BCM-95™ 

group analysis, using the DASS-S score, had a lower score at 12 months compared 

with baseline t (48) = 1.106, p=.27, which was non-significant. The placebo group had 

an increased score at 12 months compared with baseline on the DASS-S, t (48) = -

1.219, p=.23, which was non-significant.  

      

5.10.2.3 Physiological measures 

a. Systolic BP 

The BCM-95™ group showed a significantly lower systolic BP compared to the 

placebo group at 12 months following covariate adjustment, [F, (1,92) = 3.243, 

p=.033], however following correction for False Discovery Rate (FDR) using 
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Benjamini-Hochberg procedure it was no longer significant (p = .18), the within BCM-

95™ group analysis between baseline and 12 months t (48) = 1.539, p=.13, was non-

significant. The placebo group showed marginal elevation of the systolic BP at 12 

months compared with baseline t (48) = -0.657, p =.51, which was non-significant.     

b. Diastolic BP 

The BCM-95™ group demonstrated a lower diastolic BP at 12 months compared with 

baseline which when unadjusted showed a trend towards significance, [F, (1,96) 

=3.724), p=.057], however when adjusted for covariates, age, gender, years of 

education and APOE Ɛ4 carriage, was non-significant [F, (1,92) = 1.170, p =.08].  

The within BCM-95™ group analysis, showed a lower diastolic BP at 12 months 

compared with baseline, t (48) = .567, p=.57, which was non-significant.  The placebo 

group demonstrated a higher diastolic BP at 12 months compared to baseline, t (48) = 

-1.059, p=.30, which was non-significant.     

c. Total cholesterol  

There was comparatively no difference between the placebo and BCM-95™ groups at 

12 months on total serum cholesterol, [F, (1,92) = 0.372, p=.94], which was non-

significant. The within BCM-95™ group analysis, the total serum cholesterol was 

higher at 12 months compared with baseline t (48) = -2.91, p =.01, being significant, 

however when corrected for FDR the significance was lost (p= .06). The placebo group 

had a marginally higher total serum cholesterol at 12 months compared to baseline, t 

(47) = -1.372, p =.18, which was non-significant.    

d. Triglycerides 

The variance between the placebo and BCM-95™ groups on serum triglycerides at 12 

months was non-significant [F, (1,92) = 0.804, p =.75]. The within BCM-95™ group 

analysis, of serum triglycerides at 12 months showed a non-significant increase from 
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baseline, t (48) = -0.311, p =.76. The within placebo group, analysis of serum 

triglycerides at 12 months showed an increase, t (48) = -0.285, p =.78, which was non-

significant.     

e. HDL  

The BCM-95™ group compared to the placebo group had a slightly higher serum HDL 

at 12 months [F, (1,90) =2.840, p =.93], which was non-significant. The within BCM-

95™ group analysis, at baseline on serum HDL was lower at 12 months compared to 

the placebo group, t (46) = 1.030, p =.31, but was non-significant. The placebo group, 

demonstrated a lower serum HDL within the group at 12 months, compared to 

baseline, t (45) =1.183, p = .24, which was non-significant.     

f. LDL 

The BCM-95™ group had a higher serum LDL at 12 months compared with the 

placebo group, [F, (1,90) = 3.133, p=.54], which was non-significant. The within BCM-

95™ group analysis, for serum LDL was higher at 12 months compared with the 

baseline   t (46) = -2.346, p =.02, which was non-significant.  In the placebo group, 

there was an increase in the serum LDL at 12 months compared with baseline, t (45) 

=-0.483, p =.63, which was non-significant.     
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Table 5.3 Within group analysis of BCM-95™ showing baseline and 12 months 

 

 

 

MMSE (mean ± SD)  28.69 ± 1.22 28.88 ± 1.22 0.40

BNT (mean ± SD) 28.80 ± 1.59 28.29 ± 2.36 0.28
₣

COWAT (mean ± SD) 43.73 ± 8.90   42.51 ± 11.44 0.20

Stroop test (mean ± SD) 2.18 ± 0.69   2.18 ± 0.52 0.95

C-WEF (mean ± SD) 0.06 ± 0.68  0.01 ± 0.72 0.32

C-VVEM (mean ± SD) 0.01 ± 0.68   0.02 ± 0.72 0.96

C-GS (mean ± SD) 0.04 ± 0.55  0.01 ± 0.59 0.53

Psychosocial 

SF-36 (mean ± SD) 77.59 ± 11.33 75.64 ± 14.02 0.16

DASS - Depression (mean ± SD) 2.33 ± 3.51 2.61 ± 4.13 0.50

DASS - Anxiety (mean ± SD) 2.73 ± 2.96 2.41 ± 2.43 0.40

DASS - Stress (mean ± SD) 5.16 ± 4.60 4.57 ± 4.57 0.27

BP systolic, mmHg (mean ± SD) 139.27 ± 15.59 135.45 ± 16.35 0.13

BP diastolic, mmHG (mean ± SD)  73.84 ± 10.95 72.92 ± 9.49 0.57

Total cholesterol, mmol (mean ± SD)  4.67 ± 0.98   4.92 ± 0.99 0.06
₣

Triglycerides, mmol (mean ± SD)  1.24 ± 0.67   1.27 ± 0.97 0.76

HDL, mmol (mean ± SD)  1.62 ± 0.43   1.58 ± 0.45 0.31

LDL, mmol (mean ± SD)  2.42 ± 0.81    2.61 ± 0.97 0.06
₣

Comparision of mean and SD at two timepoints (baseline and 12 months) within the 

BCM-95™ group, deploying 2-tailed Student's paired t -test. Abbreviations; MMSE, 

Mini mental state  examination; BNT, Boston naming test; COWAT, Controlled oral 

word association test; C-WEF, composite-working executive function; C-VVEM, 

composite-verbal visual episodic memory; SF-36, Short form-36; DASS, Depression 

Anxiety Stress Screen; BP, Blood pressure; HDL, high density lipoproteins; LDL, low 

density lipoproteins; SD, Standard deviations; mmol, millimoles; mmHG millimeters of 

mercury.  
₣ 
 Represents corrected for False Discovery Rate (FDR) using Benjamini-

Hochberg procedure. p <.05 was considered significant. 

BCM-95™ Group Baseline 12 months p

Cognitive 

Physiological 
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Table 5.4 Within group analysis of the placebo group showing baseline and 12 months 

 

  

5.11 Discussion  

As shown in Table 5.1, the two groups were comparable based on demographics and 

considered at risk of AD due to advanced aged and subjective memory complaints. All 

of the participants were assessed as cognitively healthy without MCI or dementia.  

MMSE (mean ± SD)     28.51 ±  1.16  28.80 ± 1.29 0.11

BNT (mean ± SD)   28.41 ± 1.72  28.12 ± 2.10 0.16

COWAT (mean ± SD)    42.71 ± 10.23  44.49 ± 9.46 0.35
₣

Stroop test (mean ± SD)    2.79 ± 3.92    2.21 ± 0.63 0.31

C-WEF (mean ± SD)   -0.55 ± 1.71     -0.004 ± 0.52 0.31

C-VVEM (mean ± SD)    -0.01 ± 0.62   -0.02 ± 0.53 0.95

C-GS (mean ± SD)    -0.02 ± 0.46  -0.01 ± 0.42 0.89

Psychosocial 

SF-36 (mean ± SD)  73.75 ± 14.80   73.88 ± 14.53 0.93

DASS - Depression (mean ± SD)  2.94 ± 3.34   2.98 ± 3.70 0.92

DASS - Anxiety (mean ± SD)  2.29 ± 3.09   2.71 ± 2.97 0.35

DASS - Stress (mean ± SD)  4.31 ± 4.48   5.00 ± 4.27 0.23

BP systolic, mmHg (mean ± SD)  141.24 ± 14.14  142.82 ± 16.24 0.51

BP diastolic, mmHg  (mean ± SD)    76.10 ± 13.71    80.62 ± 26.28 0.30

Total cholesterol, mmol (mean ± SD)    4.83 ± 0.98    4.95 ± 0.87 0.18

Triglycerides, mmol (mean ± SD)    1.31 ± 0.57    1.33 ± 0.71 0.78

HDL, mmol (mean ± SD)    1.72 ± 0.48    1.63 ± 0.52 0.24

LDL, mmol (mean ± SD)    2.50 ± 0.76    2.55 ± 0.81 0.63

Baseline

Cognitive 

Comparision of mean and SD at two timepoints (baseline and 12 months) within 

the placebo group, deploying 2-tailed Student's Paired t-  test. Abbreviations; 

MMSE, Mini mental state  examination; BNT, Boston naming test; COWAT, 

Controlled oral word association test; C-WEF, composite-working executive 

function; C-VVEM, composite-verbal visual episodic memory; SF-36, Short form-

36; DASS, Depression Anxiety Stress Screen; BP, Blood pressure; HDL, high 

density lipoproteins; LDL, low density lipoproteins; SD, Standard deviations; 

mmol, millimoles; mmHG millimeters of mercury. 
₣
 represents False Discovery 

Rate corrected using Benjamini-Hochberg procedure. p <.05 was considered 

significant. 

Physiological 

Placebo Group 12 months p
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In summary, following the 12-month intervention the between group analysis found no 

significant difference between the BCM-95™ and the placebo group on the cognitive 

tasks, adjusted for age, gender, years of education, and APOE Ɛ4 carriage and FDR 

as indicated. Furthermore, the psychosocial measures, using the SF-36 and DASS, 

and the physiological measures were also non-significant at 12 months. In addition, all 

measures in the within group analysis did not meet significance when adjusted for the 

above listed covariates, except for the BNT and total cholesterol measures in the BCM-

95™ group, and the COWAT in the placebo group, however in each measure, once 

corrected for the FDR using the Benjamini-Hochberg procedure, the significance was 

lost. Lowered scores in the BNT, which is predominantly a language-based task, would 

normally be anticipated in cohorts with mild to moderate AD. It is noted that there was 

a higher percentage of participants with APOE Ɛ4 carriage (22.4%) in the BCM-95™ 

group, compared to the placebo group (16.3%), which gives rise to the possibility that 

the decrease in the BNT, may signify an increased risk of conversion to AD in the BCM-

95™group. However, cautious interpretation is recommended by Goldberg et al. who 

suggests that reliance on single cognitive measures in cognitively healthy cohorts, may 

be result in increased risk of type 1 or 2 errors, particularly in studies with small 

numbers (503), thus the FDR procedure was applied.   

 

Examining the physiological measures including total cholesterol, triglycerides, HDL 

and LDL no significant differences were observed between BCM-95™ and placebo at 

12 months. However, contrary to expected findings the total serum cholesterol in the 

BCM-95™ group increased at 12 months (p = 0.01), along with an increase in the 

serum LDL (p= 0.02), was initially significant, however the significance was lost when 

corrected for FDR. Cholesterol dysregulation has been shown to be associated with 
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the carriage of APOE Ɛ4, (504), and the BMC-95™ group had a higher percentage of  

APOE Ɛ4 carriers, which may attribute for this trend. Changes within the placebo group 

in total serum cholesterol, triglycerides, HDL and LDL were all non-significant, as 

shown in Table 5.4. 

 

Challenges remain in demonstrating the benefits of curcumin given the disparate 

results from clinical trials.  The results of the KARVIAH study are in contrast with the 

findings of Small et al. (326) whereby significant improvements were demonstrated in 

multiple domains following an 18-month intervention in a younger cohort, where the 

mean age was 63 years. Given the older age of the KARVIAH cohort more favourable 

outcomes demonstrating change over time was anticipated, however, it could be 

argued that the study’s duration was too short to detect measurable differences.  

Researchers have over the last decade suggested that clinical trials in AD needed to 

target the earlier preclinical phase, and that treatments offered were often too late in 

the disease trajectory. While advanced age and APOE Ɛ4 are significant risk factors 

for cognitive decline, knowledge regarding protective factors is emerging. Identifying 

the precise locus, whereby preclinical AD may convert to MCI or AD remains a 

challenge for clinical trial design, therefore suggesting a longer duration study may 

provide more evidence for effect. However, Small et al. in a younger cohort, with an 

approximate mean age 63 years old, demonstrated benefits for the curcumin group 

over an 18-month study in multiple domains, including long term recall, verbal and 

visual memory, attention and mood, using curcumin (Theracumin®) (326). Whereas 

although Rainey-Smith et al. reported MoCA as significance between groups, this was 

driven by a decline in the placebo group, interpreted as curcumin potentially preventing 
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decline using BCM-95™, (337), however as in the KARVIAH study no other cognitive 

outcomes reached significance. 

In contrast with the KARVIAH study, Cox et al., demonstrated significant benefits in 

working memory, mood and reduced fatigue using curcumin (Longvida™), following 

an acute dosing regimen, and also post 4 weeks, but interestingly the effect was no 

longer evident at 8 weeks (461, 463). Santos-Parker et al., in a 12 week study, in a 

cohort of 45-75 year old, cognitively health participants, using Longvida® 2000mg/day, 

reported significant improvement in reading decoding (p=.003) within the curcumin 

group, while all other measures of cognition, muscle strength, mobility and dexterity 

were non-significant (464). However, it was noted that challenges of demonstrating 

improvement in cognitively healthy, younger cohorts, with high education levels  may 

be responsible (464).  

At the time of launching the KARVIAH study, Rainey-Smith et al., had commenced a 

study using BCM-95™ 1,500mg daily, within a younger, mean age of 66 years, cohort 

of community dwelling retirees (337). The significance reported using the MoCA, was 

evident at six months (p < .05), but not at 12 months, and regrettably, the KARVIAH 

study did not use the MoCA as a continuous measure, thus the ability to replicate or 

compare this finding was not possible. The MoCA compared to the MMSE incorporates 

executive components which may have been useful in determining change and is less 

commonly used in general practice and community settings than the MMSE, thus less 

prone to practice and familiarity effects. However, given the array of cognitive tools 

used in the KARVIAH study, a cognitive signal, if present, should have been visible. 

 

Despite a few positive outcomes from researchers using curcumin, the low 

bioavailability of curcumin remains a challenge for others. Curcumin in its natural form 
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is hydrophobic, thus its bioavailability and absorption is impeded, resulting in reduced 

uptake and difficulty reaching sufficiently high concentrations to cross the blood brain 

barrier and have effect. The formulation of curcumin deserves particular attention, as 

differences in research outcomes may be directly linked to this issue. Purpura et al., 

(505) examined a variety of curcumin formulations, including a new gamma-

cyclodextrin formulation (CW8); two curcumin brands commercially marketed as 

having high bioavailability; a curcumin phytosome formulation (CSL); and curcumin 

combined with turmeric essential oils (505). Participants included in the study were 

aged 20-35 years (n=12), without gastrointestinal health complaints, and had not 

consumed curcumin either as supplements or in food, within the two weeks prior to the 

study, and were administered the different formulations on separate occasions. To 

examine the bioavailability of each formulation, nine blood draws were collected over 

a 12-hour period to measure plasma curcumin, demethoxycurcumin, and 

bisdemethoxycurcumin levels. When comparing plasma concentrations, CW8 

demonstrated the highest curcumin and demethoxycurcumin levels, while 

bisdemethoxycurcumin was higher in the CSL formulation (505). Disappointingly, the 

curcumin formulation combined with turmeric oil was found to be the least bioavailable 

compared to other formulations (505). The aforementioned bioavailability study may 

explain our study outcomes, as BCM-95™ was formulated with turmeric oil, and based 

on the reported high bioavailability levels (335), considered at the time to be the most 

promising formulation and thus selected for the KARVIAH study. Interestingly, different 

formulations of curcumin have been examined in separate studies using glial fibrillary 

acid protein-interleukin-6 (GFAP-IL6) mouse models (506, 507). 
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Both Longvida® and Meriva®, compared to standard curcumin were found to exert 

neuroprotective effects, as measured using neuroinflammatory markers, ionized 

calcium binding adaptor molecule-1, and the translocator protein 18kDA, in the 

hippocampus and cerebellum (506, 507).  

 

BCM-95™ was supplied in multiple batches transported internationally for use in 

Australia. It is conceivable that some variation may have existed in the batches, due 

to cultivation, and climate variables which may have influenced yield and product 

outputs, which was not examined as a part of this study. Furthermore, increase in total 

cholesterol and LDL levels was observed in the BCM-95™ group, not seen in the 

placebo group, and it is possible that this may have been associated with alterations 

in the oxidative state of the formulation. However, Abriana et al. examined the effect 

of turmeric oil added to cooking oil which had been repeatedly used and reheated to 

high temperatures, and found that turmeric oil significantly reduced the formation of 

trans fatty acids (508), further demonstrating its anti-oxidative properties and 

resistance to temperature fluctuations.   

 

The comprehensive array of neuropsychological tests used for this cohort was based 

on those used within the AIBL study. The KARVIAH cohort were cognitively healthy 

with an average of 14-17 years of education, and 12 months may not have been a 

sufficient duration to demonstrate decline. Furthermore, some anecdotal evidence of 

the cohort taking advantage of familiarity and practice were evident in our study with 

participants stating, e.g.  “I’ve been practicing subtracting seven from one hundred”. 

Goldberg et al. notes the potential limitations with cognitive testing in healthy cohorts 

due to the use of  familiarity and practice by cohorts still capable of using this 
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advantage (503). To counter this effect the KARVIAH study intentionally limited 

cognitive review, to two timepoints to mitigate this risk.      

 

Elevated cholesterol is linked with increased risk of atherosclerosis, a major contributor 

to CVD, and curcumin is reported to have beneficial effects on total cholesterol (463, 

491, 495), triglycerides (491, 495), LDL (463, 491, 495) and HDL (491, 495). Contrary 

to the results achieved by Cox et al. who demonstrated a significant decrease in total 

cholesterol and LDL using curcumin at four weeks (463), the KARVIAH study did not 

demonstrate any significant alterations in total cholesterol, LDL, HDL, or triglycerides, 

using BCM-95™. Interestingly, in line with our findings Cox et al., using a replication 

of study design, and a longer duration study (12 weeks), contrary to their earlier study, 

found that the beneficial effect on cholesterol and LDL was not evident (461). It is 

possible that alterations to the lipid profile achieved using curcumin, are initially 

detectible, but not maintained longitudinally.    

 

Anthropometric measures such as systolic and diastolic BP require cautious 

interpretation, due to susceptibility to fluctuate, secondary to environmental and / or 

endogenous factors such as, fluid intake or stress levels.  One of the cardiovascular 

measures included systolic and diastolic BP measurement, which between the placebo 

and BCM-95™ group at 12 months was non-significant. However, the BCM-95™ group 

in the within group analysis demonstrated a significant decline from baseline to 12 

months, however following controlling for covariates and correcting for FDR, the 

significance was not maintained (p = .18).  

Elevated pulse wave velocity (PWV), associated with cardiovascular disease (CVD) 

has more recently been posited as a reliable indicator of vascular decline, a 
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contributory factor to the incidence of dementia (481, 509). PWV is considered the gold 

standard non-invasive clinical tool for the detection of aortic stiffness and CVD risk 

(510), whereas variations in BP are highly prone to fluctuation. A meta-analysis by 

Lennon et al. found that midlife systolic hypertension,  previously considered only 

associated with VaD is an independent risk factor for AD (511). However, an elevated 

PWV may be more meaningful as an early detection marker, and is commonly 

predictive of CVD (472). A clinical trial undertaken in an MCI cohort (n = 375), aged 

55-98 years, measured carotid femoral PWV annually to assess the risk of conversion 

to dementia.  

Rouch et al., in a MCI cohort (n=375) conducted annual review to determine the 

conversion from MCI to dementia, using a number of anthropogenic measures (509). 

At a mean 4.5 year follow-up, 28% of the cohort had converted to dementia and a high 

PWV compared with low PWV, being significantly associated with conversion with a 

hazard ratio of 1.33, which was significantly higher than those with a low PWV score 

(509). Furthermore, the presence of arterial stiffness, an indicator of  CVD, can also 

be identified metabolically using inflammatory and oxidative stress blood biomarkers  

(512), suggesting another useful addition to the diagnostic panel. 

 

A 12-week double-blind placebo controlled clinical trial (n=66) using curcumin to target 

metabolic syndrome, including central adiposity and insulin resistance, examined the 

effect of oral curcumin 500mg daily, or placebo measuring PWV, physical exercise, 

and dietary intake, anthropometric body composition, and hemodynamic. Results 

demonstrated a significant improvement in PWV (p =.01) in participants consuming 

curcumin, and weight reduction (513). The compounding effect of a raised PWV, 

atherosclerosis, and vascular stiffness, contributes to microvascular changes (514) 
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leading to an increased risk of  VaD and AD (515). Therefore, controlling these factors 

may assist in ameliorating the vascular risk and reduce the incidence of dementia in 

older adults who commonly present with the aforementioned comorbidities.  

 

 

 

5.12 Summary 

In summary the cognitive findings within the KARVIAH study do not reject the null 

hypothesis, that curcumin (BCM-95™) compared with placebo slows cognitive decline 

following a 12 month intervention period. It may also be possible that the study was 

insufficiently powered to demonstrate change within a 12 month period. Equally, the 

cohort may collectively have a level of cognitive reserve, resistant to decline. It is 

plausible that the curcumin formulation selected for the study was insufficiently 

bioavailable to elicit the concentrations necessary to have effect on cognition. Other 

clinical trials conducted using curcumin have demonstrated benefit using different 

formulations, and that variability further complicates the comparability of clinical trials, 

including different dose, frequency, and formulation. 

 

In contrast to other literature, curcumin, in the form of BCM-95™, did not elicit 

cardiovascular health benefits, conversely demonstrating significant elevation of total 

cholesterol, and LDL, both recognised as detrimental to heart and brain health. 

Furthermore, there was also no demonstratable effect using BCM-95™ on mood as 

measured by DASS-D, DASS-A, or DASS-S or SF-36.  
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The results of this thesis neither reject or support the use of curcumin in AD, as 

variations in compounding, pharmacokinetics (PK) and pharmacodynamics likely play 

a significant role in outcomes. Further double-blind placebo-controlled studies are 

required, incorporating PK sampling to demonstrate concentrations and uptake of the 

product selected.  Challenges also exist in the diversity and intervals of cognitive 

measures used, as practice and familiarisation effect need to be negated.  

 

  



 

164 

Chapter 6 . Investigating the influence of Biocurcumax™, on 
hippocampal volume, amyloid beta accumulation, and glucose 
uptake using brain imaging. 

Prior to recent advancements in AD CSF biomarkers and Aβ and tau brain imaging, a 

definitive diagnosis of AD was only possible following autopsy, whereby the evidence 

of hallmark features of AD namely, deposition of Aβ and tau in the brain could be 

visualised. A provisional clinical diagnosis of AD was established through a process of 

exclusion, heavily reliant on a comprehensive history, reliable informant, and cognitive 

testing, combined with discretionary use of CT, MRI and / or 18F-FDG PET.  

The emergence of radioactive ligands specific to Aβ and tauopathies, (e.g. 18F-FBB 

and 18F-Flortaucipir)  for use with PET imaging, has transformed research and 

diagnostic capabilities (112), and second generation ligands continue to be reviewed 

(516, 517). Understanding that brain Aβ, and tau accumulation may be occurring up to 

two decades before the clinical signs of AD (112), provides an opportunity to intervene 

with preventative approaches, before the damage is potentially irreparable. 

Furthermore, imaging biomarkers enable validation of less expensive and potentially 

more accessible diagnostic approaches (35), such as blood (384, 518), retinal (286), 

and EEG (519) biomarkers.  

 

A correlation between cerebral atrophy and cognitive decline has been shown in 

multiple studies (362, 520, 521), whereas volumetric decline due to neurodegeneration 

is less evident in healthy cohorts (520). In addition to accumulation of Aβ and 

tauopathies, evidence of brain atrophy is recognised as a hallmark feature of AD, 

particularly useful when predicting conversion from MCI to AD (522). Regions of 

interest (ROI) highlighted in the literature include the hippocampal, entorhinal cortex, 

amygdala, and temporal regions (523-527).  
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When working with a healthy cohort, studies with a longer duration than 12 months are 

more likely to elicit significant differences. Ellis et al., examined cognitively healthy and 

MCI participants, using comprehensive assessment methodology, including MRI 

volumetric measurements, and the percentage of conversion from healthy to MCI was 

reported as 2.5 %, compared with MCI to AD, which was 30.5 % over an 18 month 

prospective study (376).  

Desikan et al. used a five year longitudinal study (n=129) to investigate conversion 

rates for MCI to AD, in participants aged 65 years and older, and found fifteen ROI 

within the temporoparietal regions, including  the entorhinal cortex (p<.001), and 

inferior parietal lobe (p<.01) (528). In an earlier study, using cognitive and MRI data, 

sixteen ROI in addition to the entorhinal cortex and hippocampus, were examined for 

cerebral atrophy, with a mean follow-up period of 3.5 years (528). Three groups within 

the cohort were followed including a) those who remained cognitively healthy (n=19),  

b) those who converted from cognitively healthy to MCI (n=22), and c) those who 

converted from MCI to AD (n=25) (525). Six regions were identified as useful between 

non-converters and converters, including the hippocampus (p< .001), temporal pole 

(p<.001), entorhinal cortex (p<.01), fusiform gyrus (p<.01), middle temporal gyrus 

(p<.01) and inferior temporal gyrus (p<.01). However, no significant differences were 

seen in the ROI between controls and non-converters (525). Desikan et al. reported 

the average atrophy rate of the control group as approximately 1 % annually (69.7 

years of age) compared to converters, (72.8 years of age), of between 3-4 % (525). 

While a notable difference in age was shown, the atrophy appeared to correlate with 

the presence of neuropathies rather than age. The hippocampus remained one of the 

strongest ROI for detecting atrophy in the earliest stages, along with the entorhinal 
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cortex and temporal pole. (525). However, as noted within cognitively healthy cohorts 

the rate of atrophy is anticipated to be low. 

6.1 Hypothesis and Aims 

Biocurcumax™ will slow the accumulation of cerebral Aβ load, reduce hippocampal 

atrophy, while increasing cerebral glucose uptake, compared to placebo. 

1. To investigate the influence of BiocurcumaxTM   compared to placebo, on 

cerebral NAL, as measured using Standard Uptake Value Ratio (SUVR) of 

the amyloid ligand 18F- Florbetaben (FBB) using cerebral PET imaging at 

baseline and 12- months.  

2. To investigate the influence of BiocurcumaxTM compared to placebo, on 

hippocampal volume, as measured by cerebral MRI imaging, at baseline 

and 12-months. 

3. To investigate the influence of BiocurcumaxTM compared to placebo, on 

brain glucose metabolism, as measured by 18F-Fluorodeoxyglucose (FDG) 

cerebral PET imaging, at baseline and 12-months. 

 

6.2 PET imaging  

6.2.1  Amyloid Beta (Aβ) 

The accumulation of Aβ is one of the recognised hallmark features of AD (119, 527). 

However, identifying the primary locus for the earliest pathological change in pre-

clinical AD remains challenging.  The AIBL study, and the Alzheimer’s Disease 

Neuroimaging initiative (ADNI) study, both demonstrated the potential value of 

predetermining cerebral Aβ accumulation, in healthy, MCI, and AD cohorts, 

recognising the contribution early detection can offer in understanding the disease 
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trajectory. PET Aβ imaging plays a primary role in AD diagnostics, as a measure for 

early detection, a means of corroborating biomarker validity, and a measure of 

treatment efficacy within clinical trials. 

An array of different Aβ ligands have emerged, with evidence of strong concordance. 

A study examining the use of two distinct ligands, 18F-FBB, and 18F-Flutemetamol was 

undertaken to examine its comparative value (529).  Three highly qualified specialists 

each visually inspected the imaging results of the cohort (n=107), who had undertaken 

PET imaging with both ligands. A 94.4% concordance was achieved with visual 

inspection, while a 98.1% concordance was shown with the SUVR computer generated 

cut-off methodology (529) .  

Using ADNI, and The Swedish BioFINDER Study, Palmqvist et al., analysed  brain 

regions to identify the earliest evidence of Aβ accumulation using PET Aβ imaging 

(530). Compared with other regions, the prefrontal precuneus, medial orbitofrontal, and 

posterior cingulate cortices, were reported to be the earliest Aβ accumulation regions, 

even before evidence of Aβ-42 could be seen within the CSF (530) which is purported 

as a potential upstream biomarker of AD (65, 531). 

 

6.2.2 18F -Fluorodeoxyglucose (FDG)  

Cerebral glucose metabolism using 18F-FDG PET, while not definitive, is commonly 

utilised in clinical practice for the differentiation of presenting syndromes, including 

dementia, pseudo-dementia, and depression (532). It is not uncommon for mood 

changes to occur in the early stages of AD which has been suggested to represent 

one of the earliest features of AD.  Interestingly, it has also been suggested that 

particular personality traits may also predispose to later onset AD (361, 533). Sohrabi 

et al., within the Western Australia Memory Study (WAMS) and the KARVIAH cohort 
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(n= 237), used the NEO Five-Factor Inventory (NEO-FFI) Personality Inventory, 

combined with PET SUVR using 18F-FDG imaging to investigate self-proclaimed 

personality traits. The study found that  higher glucose metabolism correlated 

significantly with higher reported levels of extraversion (p< .05) , while higher 

neuroticism, a trait  more frequent in females, was significantly correlated with lower 

glucose metabolism, particularly in the entorhinal and parahippocampus region (p<.05) 

(361). 

 

6.3 Curcumin and brain imaging 

Lin et al., in a study using Sprague-Dawley rats (n=27) comparatively similar in weight 

gain and sucrose intake patterns, split the group into two, a control (n=14) and an 

intervention group (n=13).The intervention group was then exposed to chronic 

unpredictable stress (CUS) for a period of 3 weeks, and compared to the control group, 

demonstrated significantly slower weight gain, lower levels of activity, and reduced 

breeding attempts (534). The CUS group was then further divided into two groups, 

those rats fed with rice bran (n=6), and those fed with rice bran supplemented with 

curcumin for a period of 1 month post CUS (n=7) (534). Interestingly, the group 

consuming curcumin demonstrated reversal of the changes due to CUS, with 

significantly increased dietary consumption (p=.022), and preference to sucrose 

(p=.015). Furthermore, a glucose challenge, was undertaken using micro-PET 

imaging, which demonstrated significantly less activation in the amygdala-

hippocampal region in the curcumin group, compared to the placebo group (534), 

supporting the notion that curcumin assisted in modulating the negative stress 

response.  



 

169 

Wang et al., (535) undertook a study to examine glucose metabolism using APP 

Swedish / PS-1 dE9 double transgenic mouse model, with six groups of 12, being 

curcumin 100mg; 200mg; and 400mg/kg; curcumin and pioglitazone combined; and 

pioglitazone 10 mg/kg as a positive control; and a Wild-type C57/BL6J placebo control. 

Pioglitazone is an insulin modulator prescribed for the treatment of type II diabetes 

(536). Increased glucose transporter-1 (GLUT-1) and GLUT-3 protein expression was 

shown in both the pioglitazone groups and the 200mg curcumin dose (p<.01), essential 

proteins required for the uptake and utilisation of cerebral glucose (535).  Furthermore, 

lower levels of Aβ-derived diffusible ligands were also shown on  Micro-PET within the 

hippocampal region, along with improved spacial learning and memory (535). Koo et 

al., undertook a placebo-controlled study in rhesus monkeys (n=16), using oral 

curcumin (Longvida® Optimised) 500mg daily, and examined the structure and density 

of brain ROI.  The 18-month animal study in human adjusted time equates to 4.5 years. 

Following the initial 2-week treatment lead in, the monkeys were imaged and tested 

cognitively every eight weeks, and those ingesting curcumin were found to have 

significantly improved on the delayed recognition span task, and maintained baseline 

Hand Dexterity Task (HDT) function, as compared to the placebo group who declined 

in HDT. Furthermore, on MRI the curcumin group demonstrated a significant decrease 

in micro-scale diffusivity within the hippocampus up to 15% (p<.05) and in the 

prefrontal (p<.05), and using generalised fractional anisotropy, showed increased 

neural connectivity within the brain stem and cerebellar regions (537).  

 

As previously discussed, advances in imaging capability have enabled the level of 

cerebral Aβ accumulation to be accurately measured in clinical trials. Curcumin has 

been shown in in vitro and in animal studies to have the propensity to bind with cerebral 



 

170 

Aβ (284, 285, 334).  Interestingly, oral curcumin has also been used as a retinal 

imaging ligand using a hyperspectral retinal camera, exploiting curcumin’s natural 

florescent properties, propensity to bind to Aβ, and demonstrated safety profile (286).  

Besides its fluorescent properties, curcumin is recognised as a highly potent anti-

inflammatory, and has potential for AD prevention and management.  

  

6.4 Methodology 

As outlined earlier, the KARVIAH study is a double-blind placebo controlled 

randomised study with a 12-month intervention using oral curcumin (BCM-95™) or 

placebo, in males and females, aged 65–90 years, who were cognitively healthy 

(without dementia), and living within a residential setting.  

Cerebral imaging was undertaken at baseline prior to the intervention and at 12 months 

after completion of the intervention, as previously described in Chapter 2.3 Procedural 

methodology. The participants completed MRI, 18F-FBB, and 18F-FDG labelled PET 

scans at pre and post intervention, to examine brain volume, Aβ load and cerebral 

glucose uptake, respectively.  

 

For the purpose of this thesis, and for uniformity of approaches, the ROI selected for 

both 18F-FBB and 18F-FDG, were those previously used and published in our 

manuscript, ‘Personality factors and cerebral glucose metabolism in community-

dwelling older adults’ (361), which incorporated the KARVIAH participants. A copy of 

the manuscript is attached in Appendices.  
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6.5 Regions of interest 

To enable conformity the following regions were elected for PET SUVR using 18F-FDG, 

neocortical Aβ load (NAL), right and left hippocampus, parahippocampus, entorhinal 

cortex, composite frontal cortex, and composite temporal cortex,  as previously 

published by our group (361). The same regions of interest were also examined on 

PET SUVR using 18F-FBB. Measurement of the neocortical uptake of the PET 18F-

FBB, enables determination of the degree of amyloidosis, classified as either high 

(positive) or low (negative), as determined by a pre-defined cut-off score. For the 

purpose of this thesis, equal to or greater than 1.35 was considered positive, as 

recommended by the AIBL group at that time (119).  

The composite measures were calculated by combining the mean scores within each 

region, followed by division of the total number of regions to obtain one score.  

a) the composite frontal cortex represents, the mean of the left and right 

hippocampus, entorhinal cortex, dorsolateral prefrontal, ventrolateral prefrontal, 

orbitofrontal cortices, and gyrus rectus regions; and  

b) the composite temporal cortex region, represents the mean of the left and right 

hippocampus parahippocampus, entorhinal cortex, inferior temporal, amygdala, and 

fusiform regions. 

The MRI data was confined to hippocampal volume (n=76), due to missing data.  To 

account for variations in head size the hippocampal volume was normalised with the 

intracranial volume, according to the Dominantly Inherited Alzheimer Network (DIAN) 

study methodology (538). 

 



 

172 

6.6 Analysis  

All data was checked for any skewness, kurtosis, and homogeneity of variance before 

undertaking analysis. The baseline demographics were examined for the placebo and 

BCM-95™ groups, using Chi-Squared test for categorical measures, and Students t-

test for continuous measures. An ANCOVA analysis was deployed to compare the 

outcomes between the two groups, placebo, and BCM-95™ at 12 months, with 

covariates, age, gender, years of education, and APOE Ɛ4 carriage applied. Within 

group analysis was conducted for the 18F-FBB and 18F-FDG data deploying a Student’s 

Paired t-test at 12 months. All analyses were conducted using IBM, SPPS statistics 

package, version 27, with a p value equal to or less than .05 being considered 

significant.  

 

6.7 Baseline characteristics 

The demographic data of the two groups did not differ significantly on age, gender, 

family history of dementia or MMSE, as shown in Table 6.2. However, the BCM-95™ 

group had a higher percentage of APOE Ɛ4 carriage, being 23.4% compared to 

placebo of 15.5%, but did not reach significance. 
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Table 6.1 Baseline descriptive for the placebo and the BCM-95™ group. 

 

6.7.1 Cerebral imaging Baseline 

Prior to intervention, at baseline the regional SUVR 18F-FBB binding did not differ 

between the placebo and BCM-95™ group, as shown in Table 6.2. Based on the 

SUVR of 18F-FBB, with a cut off value of 1.35, 15.22 % of the placebo group were 

considered Aβ positive (high NAL, and at risk of AD), compared to 17.39 % within the 

BCM-95™ group.  

 

6.7.2 Baseline 18F-FBB imaging  

A summary of the baseline measures of 18F-FBB imaging is shown in Table 6.2.  There 

were no significant differences found on PET SUVR using 18F-FBB at baseline 

between the placebo and the BCM-95™ group. The ROI examined, using PET SUVR 

using 18F-FBB, included the neocortical region, right and left hippocampus, 

parahippocampus, entorhinal cortex, composite frontal cortex, and the composite 

temporal cortex. The mean difference of the NAL, as calculated using SUVR on PET 

using 18F-FBB between the placebo and the BCM-95™ group at baseline, and was 

non-significant, t (90) = -0.049, p=.96. The mean difference in the left (Lt) hippocampus 

Baseline Placebo (n =45) BCM-95™ (n =47) p

Age (mean ± SD) 77.91 ± 5.96 78.34 ± 5.24 0.71

Male, n  (%) 14 (31.1) 15 (31.9)  0.93
a

Family history of dementia (%) 28.57 27.02  0.91
a

APOE Ɛ4 carriage, n  (%) 7 (15.5) 11 (23.4)  0.34
a

MMSE, (mean ± SD)   28.71 ± 1.31   28.89 ± 1.20 0.33

Baseline descriptive for the the placebo and BCM-95™ group. Student's t- test was deployed 

for calculating the mean and standard deviation for continuous measures. 
a 
represents Chi-

squared for categorical variables. Age, t = -0.367; MMSE, t = -0.99; H.  Abbreviations:  SD, 

standard deviation; MMSE, Mini Mental State Examination; p  value of <.05 was considered 

significant. 
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and right (Rt) hippocampus between placebo and BCM-95™ at baseline, on PET 

SUVR using 18F-FBB was non-significant, t (90) = -0.171, p=.86, and t (90) = 0.001, 

p=1.0, respectively. The mean difference between the Lt and Rt parahippocampus 

between the placebo and the BCM-95™ group at baseline, as measured on PET 

SUVR using 18F-FBB was non-significant, t (90) = 0.626, p =.53; and t (90) = 0.637, p 

= .53, respectively. The mean difference between the Lt and Rt entorhinal cortex of the 

placebo and the BCM-95™ group at baseline, on PET SUVR using 18F-FBB was non-

significant, t (90) = 0.543, p =.59; and t (90) = 0.338, p=.74, respectively. The mean 

difference between placebo and BCM-95™ for the composite frontal cortex on PET 

SUVR using 18F-FBB; t = (90) = -0.151, p=.88, was non-significant.  The mean 

difference between the placebo and BCM-95™ for the composite temporal cortex on 

PET SUVR using 18F-FBB, was non-significant, t = (90) = -0.308 = p=.76.  

 

6.7.3 Baseline 18F-FDG imaging  

A summary of the 18F-FDG imaging is shown in Table 6.2, no significant differences 

were found at baseline, examining the same aforementioned ROI using PET SUVR 

using 18F-FDG to measure glucose metabolism. The mean difference of the neocortical 

SUVR on PET using 18F-FDG between the placebo and the BCM-95™ group at 

baseline, and was non-significant, t (89) = -0.953, p =.34. The mean difference of the 

Lt and Rt hippocampus between the placebo and the BCM-95™ group on SUVR on 

PET using 18F-FDG at baseline was significant at t (89) = -2.285, p = .03; t (89) = -

2.287, p = .03, but when corrected for False Discovery Rate (FDR) using Benjamini-

Hochberg procedure, it was non-significant, p =.27 and p =.14, respectively. The mean 

difference of the Lt and Rt parahippocampus on SUVR on PET using 18F-FDG between 

the placebo and the BCM-95™ group at baseline was non-significant, t (89) = -1.258, 
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p = .21. and t (89) = -1.683, p = .10, respectively. The mean difference of the Lt and 

Rt entorhinal cortex on SUVR on PET using 18F-FDG between the placebo and the 

BCM-95™ group at baseline was non-significant, t (89) = -0.229, p = .82. and t (89) = 

-0.290, p = .77, respectively. The mean difference of the frontal cortex combined score 

on SUVR on PET using 18F-FDG between the placebo and the BCM-95™ group at 

baseline was non-significant, t (89) = 0.027, p = .98.  The mean difference of the 

temporal cortex combined score on SUVR on PET using 18F-FDG between the placebo 

and the BCM-95™ group at baseline was non-significant, t (89) = -1.532, p = .13.   
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Table 6.2 Baseline MRI, 18F-FBB, and 18F-FDG imaging 

 

Placebo (n=45) BCM-95™ (n=47) p

mean ± SD mean ± SD

MRI

Hippocampal volume, mm
3

5904 ± 606 6047 ± 572 0.25

PET 
18

F-FBB SUVR (N=92)

NAL Negative/ Positive, n 31 /14 31/16 0.76
c

Neocortical SUVR 1.34 ± 0.33 1.34 ± 0.29 0.96

Lt Hippocampus  1.15 ± 0.15  1.16 ± 0.12 0.86

Rt Hippocampus 1.18 ± 0.15 1.18 ± 0.14 1.00

Lt Parahippocampus 1.21 ± 0.21 1.18 ± 0.18 0.53

Rt Parahippocampus 1.27 ± 0.18 1.24 ± 0.17 0.53

Lt Entorhinal cortex 1.06 ± 0.20 1.04 ± 0.20 0.59

Rt Entorhinal cortex 1.08 ± 0.19 1.07 ± 0.22 0.74

Frontal cortex
a 1.33 ± 0.33 1.33 ± 0.33 0.88

Temporal cortex
b 1.17 ± 0.16 1.17 ± 0.02 0.76

PET 
18

F-FDG SUVR (N=91)

Neocortical SUVR 1.05 ± 0.09 1.07 ± 0.08 0.34

Lt Hippocampus 0.73 ± 0.07 0.76 ± 0.06 0.27
₣

Rt Hippocampus 0.75 ± 0.06 0.78 ± 0.06 0.14
₣

Lt Parahippocampus 0.73 ± 0.07 0.75 ±  0.09 0.21

Rt Parahippocampus 0.77 ±  0.07 0.79 ±  0.08 0.10

Lt Entorhinal cortex 0.56 ± 0.10 0.57 ± 0.10 0.82

Rt Entorhinal cortex 0.61 ± 0.08 0.61 ± 0.11 0.77

Frontal cortex
a 1.11 ± 0.11 1.11 ± 0.09 0.98

Temporal cortex
b 0.73 ± 0.06 0.75 ± 0.06 0.13

Baseline PET 
18

F-FBB and PET 
18

F- FDG, and MRI imaging for the placebo and 

BCM-95™  groups.  Student's t-test  was deployed for calculating the mean and 

standard deviation (SD) for continuous measures. 
c
 Represents Chi-Squared for 

categorical variables. Abbreviations: 
a
 represents mean of Left and Right 

hippocampus, parahippocampus, entorhinal cortex, dorsolateral prefrontal, 

ventrolateral prefrontal, orbitofrontal and gyrus rectus; 
b
 represents the mean of 

Left and Right hippocampus, parahippocampus, entorhinal cortex, inferior 

temporal, amygdala, and fusiform. 
₣
 means corrected for False Discovery Rate 

(FDR) using the Benjamini-Hochberg procedure. PET, position emission 

tomography; 
18

F-FBB, 
18

F-Florbetaben; 
18

F-Fluorodeoxyglucose; SUVR, standard 

uptake value ratio;  Lt, left; Rt, right; Figures shown are displayed as mean ±  

standard deviation, unless otherwise indicated; n , number; MMSE, Mini Mental 

State Examination;  Aβ, beta-amyloid (positive ≥1.35, negative < 1.35); MRI, 

Magnetic Resonance Imaging; p-value  of <.05 was considered significant.   
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6.8 Results   

6.8.1 PET 18F-FBB imaging  

Deploying ANCOVA, adjusting for covariates, age, and years of education, the BCM-

95™ group was found to have a similar level of amyloid binding as shown using 18F-

FBB, compared to the placebo group [F, (1,86) = 5.709, p=.99), and was non-

significant. A within placebo group analysis was undertaken using a Student’s Paired 

t test, comparing baseline (BL) and 12 months (12m), t (44) =-0.887, p=.38, and was 

non-significant. A within BCM-95™ group analysis comparing BL and 12m, t (46) = 0.-

.0682, p =.38, and was non-significant. During the 12-month study, the placebo group 

increased by one (n=15), Aβ positive participants equal to 16.3%, compared to the 

BCM-95™ group, which was unchanged from baseline 17.4% (n=16).  

 

Figure 6.1 Neocortical amyloid load at baseline and 12 months between groups  

 

 

 

 

Neocortical amyloid load (NAL) 
shown at baseline and 12 months for 
the two groups. Abbreviations: 
Blue box represents placebo group.  
Orange box represents BCM-95™; 
Error bars, Standard deviation;  
SUVR, standard uptake value ratio as 
measured using 18F-Florbetaben.  
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Hippocampus 

The mean difference in the Lt and Rt hippocampus at 12m between the placebo and 

the BCM-95™ group on PET SUVR using 18F-FBB was non-significant, [F, (1,86) = 

5.152, p =.71]; and [F, (1,86) =5.308, p=.93], respectively. A within placebo group 

analysis was conducted using the Student’s Paired t test, comparing the difference 

between baseline and 12m in the Lt and Rt hippocampus there was a lower mean Aβ 

level at 12 months, t (1,44) = 0.954, p=.35, and t (1,44) = 1.622, p=.11, respectively, 

which was non-significant. A within BCM-95™ group analysis was conducted using the 

Student’s Paired t test, comparing the difference between baseline and 12m in the Lt 

and Rt hippocampus, there was a lower mean Aβ level at 12 months, t (1,46) = 1.664, 

p=.10, and t (1,44) = 0.702, p=.48, respectively, which was non-significant.  

 

Parahippocampus 

A between group analysis was conducted between the placebo and BCM-95™ group 

examining the mean Lt and Rt parahippocampus on PET SUVR using 18F-FBB, and 

the 12m Aβ level was lower at 12m compared to baseline, [F, (1,86) = 1.105, p= .28], 

and [F (1,86) = 2.311, p=.17] respectively, and was non-significant. The within placebo 

analysis of the Lt and Rt parahippocampus using PET 18F-FBB was found to be non-

significant, t (1,44) =-1.06, p=.30; and t (1,44) =-0.502, p=.62, respectively. The within 

BCM-95™ group comparing baseline with 12m was non-significant for the Lt 

parahippocampus t (1,46) = -0.286, p=.78, and the Rt parahippocampus, t (1,46) = 

0.599, p=55. 
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Entorhinal cortex 

The between placebo and BCM-95™ group analysis for the entorhinal cortex on PET 

using 18F-FBB, comparing baseline and 12m showed a non-significant increase of Aβ 

in the Lt entorhinal cortex [F (1,86), 1.162, p=.96.], and a non-significant decrease in 

the Rt entorhinal cortex at 12 months, [F (1,86), 1.032, p=.62]. 

The within placebo group analysis of the mean volume in the Lt entorhinal cortex on 

PET using 18F-FBB initially showed a significant reduction from BL to 12m, t (44) = 

2.475, p =.02, but when corrected for FDR using the Benjamini-Hochberg procedure it 

was no longer significant, p=.18. The within group analysis for the Rt entorhinal cortex,  

for the placebo group was non-significant increase from baseline, t (44) = -0.747, 

p=.46. The within BCM-95™ group analysis of the mean PET SUVR of 18F-FBB, within 

the Lt entorhinal cortex was comparatively unchanged from baseline to 12m, t (46) = 

0.138, p=.89, and was non-significant. The within BCM-95™ group analysis of the Rt 

entorhinal cortex was lower at 12m compared with baseline, t (46) = -0.207, p=.84; and 

was non-significant.  

  

Frontal cortex composite 

A between placebo and BCM-95™ group analysis of the mean PET SUVR using 18F-

FBB of the frontal cortex composite at 12m showed an increased level of Aβ [F (1,86) 

= 5.930, p=.85], and was non-significant. A lower mean frontal cortex composite score 

was found at 12 months, in the within placebo group analysis compared to baseline as 

measured using PET SUVR using 18F-FBB, which was non-significant, t (44) = 0.454, 

p = .65. The BCM-95™ within group analysis for the mean frontal cortex composite 

score for PET SUVR using 18F-FBB was lower at 12 months compared with baseline t 

(46) = -1.232, p = .22. and was non-significant.  
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Temporal cortex composite 

A between group analysis was undertaken between the placebo and BMC-95™ group, 

examining the temporal cortex composite score, comparing baseline with12 months, 

which was comparatively unchanged [F (1,86) = 5.980, p=.51], and non-significant.  

The within group analysis for the placebo and BCM-95™ group, comparing baseline 

with 12 months, t (44) = 0.573, p=57, and t (46) = 0.238, p=81 respectively, were non-

significant.  

 

6.8.2 PET 18F-FDG imaging  

An ANCOVA analysis of the mean glucose uptake as measured on PET SUVR using 

18F-FDG within the neocortical region was undertaken comparing the placebo and the 

BCM-95™ group at the 12m. A non-significant difference was shown, with lower levels 

of glucose (18F-FDG) uptake shown in the placebo group compared with the BCM-

95™ group at 12 months, [F (1,86) = 1.334, p = .13] and was non-significant. The within 

placebo group analysis of the neocortical SUVR, measuring PET SUVR using 18F-FDG 

was lower at 12 months as compared with baseline t (43) = 1.416, p=.16, and was non-

significant. The within BCM-95™ group analysis for the same region, was relatively 

unchanged at 12 months compared with baseline t (46) = 0.820, p=.42, and was non-

significant.  

 

Hippocampus 

There was no significant difference seen between the placebo and BCM-95™ group 

on mean PET SUVR 18F-FDG within the Lt or Rt hippocampus at 12m, [F (1,86) = 

5.533, p=.07], or [F (1,86) = 3.145, p=.14], respectively, although there appeared to be 
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a trend of increased uptake within the BCM-95™ group. However, the within group 

analysis of the Lt and Rt hippocampus as measured on  PET SUVR 18F-FDG in both 

groups, from baseline to 12 months were non-significant, being the placebo group Lt 

hippocampus t (43) = 0.133, p=.90;  and Rt hippocampus t (43) = -0.659, p=.51, and 

the BCM-95™ group Lt hippocampus t (46) = 0.686, p=.50, and Rt hippocampus t (46) 

= 0.444, p=66, both non-significant. 

 

Parahippocampus 

The between the placebo and BCM-95™ group on mean PET SUVR using 18F-FDG 

within the Lt parahippocampus was increased at 12 months [F (1,86) = 2.224, p=.15] 

and non-significant, and the mean PET SUVR using 18F-FDG on the Rt 

parahippocampus at 12m [F (1,86) = 1.662, p=0.59], was non-significant. The within 

group analysis of the Lt and Rt para hippocampus SUVR in both groups, were 

comparatively unchanged and non-significant, placebo t (43) = 0.897, p=.38, and t (43) 

= -0.362, p=.72, respectively and BCM-95™, t (46) = 0.434, p=.67, and t (46) = 1.546, 

p=13, respectively 

 

Entorhinal Cortex 

There was no significant difference seen between the placebo and BCM-95™ group 

on the mean PET using 18F-FDG SUVR uptake within the Lt and Rt entorhinal cortex 

at 12m, [F (1,86) = 1.485, p=.57], or [F (1,86) = 0.249, p=0.74], respectively. The within 

group analysis of the Lt and Rt entorhinal cortex SUVR in both groups, were non-

significant, placebo t (43) = -0.995, p=.35, and t (43) = -0.752, p=46, respectively and 

BCM-95™, t (46) = -1.151, p=.88, and t (46) = 0.452, p=65, respectively 
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Frontal cortex composite 

The between placebo and BCM-95™ group analysis for the frontal cortex composite 

score on PET using 18F-FDG, was higher at 12 months as compared to baseline, [F 

(1,86) = 0.693, p=.23], and was non-significant. A within group analysis for the placebo 

group showed the mean frontal cortex score to be lower at 12 months compared with 

baseline, t (1,43) = 9.849, p = .001, being significant. Similarly, the within BCM-95™ 

group had a lower mean score at 12 months compared with baseline t (1,46) = 23.048, 

p <.001. 

 

Temporal cortex composite 

The between placebo and BCM-95™ group analysis for the temporal cortex composite 

score on PET using 18F-FDG was higher at 12 months as compared to baseline, [F 

(1,86) = 2.802, p=.28], and was non-significant. A within group analysis for the placebo 

group showed the mean temporal cortex measure to be lower at 12 months compared 

with baseline, t (1,43) = -0.119, p = .91, being non-significant. Similarly, the within 

BCM-95™ group had a lower mean score at 12 months compared with baseline t 

(1,46) = 0.895, p =.38, and non-significant. 

 

Visual representation of results of the between placebo and BCM-95™ group at 12 

months are shown in Table 6.3 and in Figure 6.1 and Figure 6.2. The within group 

analysis for the placebo group and the BCM-95™ group is shown in Table 6.4 and  

Table 6.5. respectively, and in Figure 6.3.   
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Table 6.3 Comparison between placebo and BCM-95™ at 12 months using PET 18F-
FBB, PET 18F-FDG, and MRI  

 

Placebo (n =45) BCM-95™ (n =47)

12 months 12 months

MRI  (n =76)

Hippocampal volume, mm
3

5790 ± 583 5878 ± 560 0.22

NAL  negative / positive,  n   30 /15 31/16

Neocortical SUVR 1.33 ± 0.28 1.36 ± 0.33 0.99

L Hippocampus 1.14 ± 0.12  1.14 ± 0.14 0.71

R Hippocampus 1.16 ± 0.14 1.17 ± 0.16 0.93

Lt Parahippocampus 1.23 ± 0.20 1.19  ± 0.20 0.28

Rt Parahippocampus 1.27 ± 0.17 1.23 ± 0.17 0.17

Lt Entorhinal cortex  1.03 ± 0.19 1.04 ± 0.20 0.96

Rt Entorhinal cortex 1.09 ± 0.20 1.07 ± 0.22 0.62

Frontal cortex composite
a 1.31 ± 0.33 1.36 ± 0.38 0.85

Temporal cortex composite
b 1.17 ± 0.14 1.17 ± 0.15 0.51

Neocortical SUVR 1.04 ± 0.09 1.07 ± 0.07 0.13

Lt Hippocampus 0.73 ± 0.10 0.76 ± 0.06 0.07

Rt Hippocampus 0.75 ± 0.09 0.78 ± 0.06 0.14

Lt Parahippocampus 0.72 ± 0.08 0.74 ± 0.08 0.15

Rt Parahippocampus 0.77 ± 0.10 0.78 ± 0.07 0.59

Lt Entorhinal cortex 0.58 ± 0.18 0.57 ± 0.14 0.57

Rt Entorhinal cortex 0.62 ± 0.10 0.61 ± 0.11 0.74

Frontal cortex composite
a 0.95 ± 0.08 0.97 ± 0.07 0.23

Temporal cortex composite
b 0.73 ± 0.08 0.74 ± 0.05 0.28

p

PET 
18

F-FBB    SUVR     (n =92)

PET 
18

F-FDG SUVR       (n =92)

Calculation of between placebo and BCM-95™ group at 12 months was undertaken 

deploying an ANCOVA analysis , adjusting for covariates, age, gender, years of 

education and APOE  Ɛ4 carriage. Abbreviations: Figures shown are displayed as 

mean plus or minus (±)  standard deviation SD), unless otherwise indicated; n , 

number; 
a
 represents the mean of Lt and Rt hippocampus, parahippocampus, 

entorhinal cortex, dorsolateral prefrontal, verntrolateral prefrontal, orbitofrontal and 

gyrus rectus; 
b
 represents the mean of Lt and Rt hippocampus, parahippocampus, 

entorhinal cortex, inferior temporal, amygdala, and fusiform. NAL, neocortical 

amyloid load measured by PET SUVR using 
18

F-FBB (negative <1.35, and positive 

≥1.35).  PET, positron emission tomography; SUVR, standard uptake value ratio; 
18

F-

FBB, 
18

F-Florbetaben; 
18

F-FDG, 
18

F-Fluorodeoxyglucose;  MRI, Magnetic 

Resonance Imaging; Lt, left; Rt, right; p -value of <.05 was considered significant.
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Figure 6.2 Placebo and BCM-95™ 18F-FBB and 18F-FDG imaging measures at 12 
months 

 

 

           

     

A B 

The figures show, the differences between placebo and BCM-95™ groups 
at 12 months according to the SUVR on PET, Figure A, shows PET SUVR 
using 18F-FBB; Figure B, shows PET SUVR using 18F-FDG.   
Frontal cortex composite includes the mean Lt and Rt hippocampal, 
parahippocampus, entorhinal cortex, dorsolateral prefrontal, ventrolateral 
prefrontal, orbitofrontal and gyrus rectus region; Temporal cortex 
composite, includes the mean Lt and Rt hippocampus, parahippocampus, 
entorhinal cortex, inferior temporal, amygdala, and fusiform regions; 
Abbreviations:18F-FBB, 18F-Florbetaben; 18F-FDG, 18F-Flurodeoxyglucose; 
SUVR, Standard Uptake Value Ratio; PET, Positron Emission Tomography. 
Error bars represent standard deviation; Lt, left; Rt, right. p < .05 was 
considered significant, all measures were non-significant.  
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Table 6.4 Within placebo group analysis comparing cerebral ROI from 0 to 12 m 

 

Baseline 12 months

MRI

Hippocampal volume, mm
3 5901 ± 556 5790 ± 583 0.001

NAL  negative / positive,   n 31 /14 30/15

Neocortical region 1.34 ± 0.33 1.33 ± 0.28 0.38

L Hippocampus 1.15 ± 0.15  1.14 ± 0.12 0.35

R Hippocampus 1.18 ± 0.15 1.16 ± 0.14 0.11

Lt Parahippocampus 1.20 ± 0.21 1.23  ± 0.20 0.30

Rt Parahippocampus 1.27 ± 0.18 1.27 ± 0.17 0.62

Lt Entorhinal cortex  1.06 ± 0.20 1.03 ± 0.19 0.18
₣

Rt Entorhinal cortex 1.08 ± 0.19 1.09 ± 0.20 0.46

Frontal cortex composite
a 1.32 ± 0.37 1.31 ± 0.33 0.65

Temporal cortex composite
b 1.17 ± 0.16 1.17 ± 0.14 0.57

Neocortical region 1.05 ± 0.09 1.04 ± 0.09 0.16

Lt Hippocampus 0.73 ± 0.07 0.73 ± 0.10 0.90

Rt Hippocampus 0.75 ± 0.06 0.76 ± 0.09 0.51

Lt Parahippocampus 0.73 ± 0.07 0.72 ± 0.08 0.38

Rt Parahippocampus 0.77± 0.07 0.77 ± 0.10 0.72

Lt Entorhinal cortex 0.56 ± 0.10 0.58 ± 0.18 0.35

Rt Entorhinal cortex 0.61 ± 0.08 0.61 ± 0.10 0.46

Frontal cortex composite
a 1.11 ± 0.11 0.95 ± 0.09 0.001

Temporal cortex composite
b 0.73 ± 0.06 0.73 ± 0.08 0.91

Placebo Group (n =45) p

PET 
18

F-FBB    SUVR   

PET 
18

F-FDG SUVR       

This table shows the difference between baseline and 12 months within the placebo 

group. A two sample Student's Paired t -test using mean baseline and 12 months 

measures was deployed. Abbreviations: Figures shown are displayed as mean plus 

or minus (±)  standard deviation SD, unless otherwise indicated; n , number; 
a 

represents the mean of Lt and Rt hippocampus, parahippocampus, entorhinal cortex, 

dorsolateral prefrontal, ventrolateral prefrontal, orbitofrontal and gyrus rectus; 
b 

represents the mean of Lt and Rt hippocampus, parahippocampus, entorhinal cortex, 

inferior temporal, amygdala and fusiform. NAL, neocortical amyloid load measured 

by PET SUVR using 
18

F-FBB (negative <1.35, and positive ≥1.35).  PET, positron 

emission tomography; SUVR, standard uptake value ratio; 
18

F-FBB, 
18

F-Florbetaben; 
18

F-FDG, 
18

F-Fluorodeoxyglucose;  MRI, Magnetic Resonance Imaging; Lt, left; Rt, 

right; 
₣
 means corrected for False Discovery Rate using the Benjamini-Hochberg 

procedure.  p -value of <.05 was considered significant.
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Table 6.5 Within BCM-95™ group analysis comparing cerebral ROI from 0 to 12m.  

 

Baseline 12 months

MRI

Hippocampal volume, mm
3

6032 ± 600 5878 ± 560 <0.001

NAL  negative /positive,   n 31 /16 31/16

Neocortical SUVR 1.34 ± 0.30 1.36 ± 0.33 0.38

L Hippocampus 1.16 ± 0.12  1.14 ± 0.14 0.10

R Hippocampus 1.18 ± 0.14 1.16 ± 0.14 0.48

Lt Parahippocampus 1.18± 0.18 1.19  ± 0.20 0.78

Rt Parahippocampus 1.24 ± 0.17 1.23 ± 0.17 0.55

Lt Entorhinal cortex  1.04 ± 0.20 1.04 ± 0.20 0.89

Rt Entorhinal cortex 1.07 ± 0.22 1.04 ± 0.22 0.84

Frontal cortex composite
a 1.33 ± 0.33 1.36 ± 0.38 0.22

Temporal cortex composite
b 1.17 ± 0.14 1.16 ± 0.15 0.81

Neocortical SUVR 1.07 ± 0.08 1.07 ± 0.07 0.42

Lt Hippocampus 0.76 ± 0.06 0.76 ± 0.06 0.50

Rt Hippocampus 0.78 ± 0.06 0.78 ± 0.06 0.66

Lt Parahippocampus 0.75 ± 0.09 0.74 ± 0.08 0.67

Rt Parahippocampus 0.79 ± 0.08 0.78 ± 0.07 0.13

Lt Entorhinal cortex 0.58 ± 0.18 0.57 ± 0.14 0.88

Rt Entorhinal cortex 0.62 ± 0.10 0.61 ± 0.11 0.65

Frontal cortex composite
a 1.11 ± 0.09 0.97 ± 0.07 0.001

Temporal cortex composite
b 0.75 ± 0.06 0.74 ± 0.05 0.38

PET 
18

F-FBB    SUVR   

PET 
18

F-FDG SUVR       

This table shows the difference within the BCM-95™ group comparing baseline and 

12 months. A two sample Student's Paired t -test was deployed using the mean 

baseline and 12 month measures. Abbreviations: Figures shown are displayed as 

mean plus or minus (±)  standard deviation SD), unless otherwise indicated; n, 

number; 
a
 represents mean of Lt and Rt hippocampus, parahippocampus, entorhinal 

cortex, dorsolateral prefrontal, ventrolateral prefrontal, orbitofrontal and gyrus 

rectus); 
b
 represents the mean of Lt and Rt hippocampus, parahippocampus, 

entorhinal cortex, inferior temporal, amygdala and fusiform. NAL, neocortical amyloid 

load measured by PET SUVR using 
18

F-FBB (negative <1.35, and positive ≥1.35).  

PET, positron emission tomography; SUVR, standard uptake value ratio; 
18

F-FBB, 
18

F-Florbetaben; 
18

F-FDG, 
18

F-Fluorodeoxyglucose;  MRI, Magnetic Resonance 

Imaging; Lt, left; Rt, right; p -value of <.05 was considered significant.

BCM-95™ Group (n =47) p
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Figure 6.3 Within group analysis for placebo and BCM-95™ group for ROI 

                        

     

 

           

   

A B 

C D 

Within Group analysis at 12 months for placebo and the BCM-95™ groups. 
18F-FBB and 18F-FDG is shown for the placebo group in figure A & B 
respectively, and the BCM-95™ group in Figure C & D. Abbreviations: 18F-
FBB, 18F-Florbetaben; 18F-Flurodeoxyglucose, SUVR, Standard uptake value 
ratio; Lt, Left; Rt, right. P < .05 was considered significant, shown as  
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6.9 Discussion 

Curcumins diverse spectrum of potential modalities of action have been discussed in 

Chapter 1 and Chapter 5, thus the focus of this chapter is to examine the effects of 

oral BCM-95™, compared with placebo as seen on cerebral imaging, including on MRI, 

PET 18F-FBB, and PET 18F-FDG imaging following a 12-month intervention.      

The baseline characteristics were similar between placebo and the BCM-95™ group, 

although the latter group had a higher percentage of APOE Ɛ4 carriage at 23.4% 

compared with 15.5% for the placebo group, as shown in Table 6.1.  

No significant differences were found between the placebo and BCM-95™ group at 

baseline in the hippocampus on MRI, or in the ROI on PET using 18F-FBB, and 18F-

FBB as shown in Table 6.2.  

 

Our hypothesis anticipated a lower rate of hippocampal atrophy in the BCM-95™ 

group. However, at 12 months, no significant difference was shown between the two 

groups on MRI hippocampal volume. Furthermore, a within group analysis was also 

undertaken to determine if any difference existed in the BCM-95™ group, on 

hippocampal volume, comparing the groups baseline to 12 months timepoint. As 

shown at baseline the groups were comparatively similar, and at 12 months both the 

BCM-95™ and the placebo group showed a significant decline in hippocampal volume, 

2.5% and 1.8% respectively, which is within the annualised expected atrophy rates, 

based on age. However, our hypothesis that 12 months of BCM-95™ consumption 

would decrease or slow the level of hippocampal atrophy for the intervention group 

was not supported. This finding may have been associated with the higher number of 

APOE Ɛ4 carriage within the BCM-95™ group, however the low bioavailability of the 

formulation is also likely.   
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Furthermore, our hypothesis anticipated a slowing or lowering of Aβ accumulation for 

the BCM-95™ group compared with the placebo group at 12 months.   

At twelve months no significant difference in binding activity was found between the 

placebo and BCM-95™ group, in any of the ROI, including NAL, Rt and Lt 

hippocampus, parahippocampus, entorhinal cortex, composite frontal score, or the 

composite temporal region score.    

 

As previously discussed, both groups had demonstrated in the within group analysis, 

a lower hippocampal volume, at 12 months compared with baseline. Interestingly, a 

non-significant lower level of Aβ binding activity was shown in the Rt and Lt 

hippocampal regions of both the BCM-95™ and placebo groups in the within group 

analysis.  

 

Furthermore, the within BCM-95™ group analysis at 12 months, showed a non-

significant lower level of 18F-FBB binding in the Rt entorhinal cortex, and composite 

temporal cortex, compared with baseline, while all remaining regions, were 

comparatively unchanged. Similarly, the within placebo group also showed a non-

significant decrease in the level of 18F-FBB binding in the neocortical region, Lt and Rt 

hippocampus, Lt entorhinal cortex, and composite frontal cortex, as compared with the 

baseline measures.  While marginally lower levels of 18F-FBB binding was shown in 

the BCM-95™ group, similar findings were found in the placebo group and the 

difference between, and within, were non-significant. 

 

Our hypothesis was that the ingestion of BCM-95™ over 12 months would, compared 

with placebo, upregulate glucose metabolism as shown on PET using 18F-FDG  
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No significant differences were shown on PET using 18F-FDG between the placebo 

and the BCM-95™ group at 12 months in NAL, hippocampus, parahippocampus, 

entorhinal cortex, composite frontal cortex, or composite temporal cortex. A trend 

towards significance in the Lt hippocampus was shown (p=.07), in the between group 

analysis at 12 months. However, the within group analysis, comparing baseline with 

12 months for the BCM-95™ and the placebo groups in the Lt hippocampus was non-

significant (p=.90), and (p=.50), respectively. Interestingly, both the placebo and the 

BCM-95™ group showed a significantly lower glucose metabolism in the composite 

frontal cortex, (placebo p<.001; and BCM-95™ p=.001), which included the Lt and Rt 

hippocampus, parahippocampus, entorhinal cortex, dorsolateral prefrontal, 

ventrolateral prefrontal, orbitofrontal and gyrus rectus regions. This finding, along with 

the hippocampal atrophy is further indicative of a non-efficacious intervention, with no 

apparent benefit for consuming BCM-95™ compared to placebo at 12 months. 

Conversely, changes were suggestive of gradual decline from baseline to 12 months 

at comparatively similar rates.  

 

Other studies have demonstrated benefit from curcumin using different formulations. 

As previously discussed the three month study by Cox et al., (463)  using curcumin 

demonstrated patterns of improvements within the curcumin group related to working 

memory, suggestive of improvement of the hippocampal function (461), however within 

our study no significant benefit was shown. In contrast, our study demonstrated 

hippocampal atrophy in both groups, with a higher level of atrophy in the BCM-95™ 

group, suggesting no additional protection from our intervention.   
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Small et al., identified the amygdala as a ROI, when conducting a neuroimaging sub-

study (n=30) taken from a larger curcumin (Theracurmin®) intervention trial (n=40) 

(326). PET neuroimaging labelled with a uniquely designed and formulated ligand, 2-

(1-(6—[(2-[F-18] fluoroethyl) (methyl) amino]-naphthyl) ethylidene) malononitrile PET 

(FDDNP) to examine Aβ and tau binding within ROI (326). Reduced levels of binding 

activity were shown in the amygdala, post intervention within the curcumin group 

(p=.04), which was not demonstrated in the placebo group, and was also non-

significant (p=.07) between the groups. Conversely, the binding activity in the placebo 

group significantly increased in the hippocampal region, suggesting pathology 

progression,  whereas the curcumin group remained unaltered, demonstrating a 

between group significance (p=0.02) (326).  Jack et al., suggests that the presence of 

Aβ accumulation in the brain, while recognised as a hallmark feature of AD, may not 

be the locus of onset (539), and that the sequence may not be linear (539).  

Interestingly, tauopathies, rather than the presence of Aβ, have been shown to have a 

stronger correlation with MRI volumetric change (540), while correlating closely with 

hypometabolism on PET 18F-FDG (541).   

6.10 Summary  

The use of 18F-FDG PET for determining the level of glucose metabolism, targeting 

cerebral regions including the hippocampus, parahippocampus, entorhinal cortex and 

neocortex, enables interpretation of cerebral activity levels. Regions of the brain 

responsible for memory formation, retrieval, perception and thought patterns, can be 

examined for evidence of hypometabolism, indicative of early AD. 18F-FDG PET 

imaging thus remains an additional approach for early detection (542, 543), 

differentiation (544, 545) and an approach to interpreting therapeutic response (546), 

although the use of CSF testing would be advantageous. Furthermore, additional 
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research investigating predisposing personality traits in combination with 18F-FDG PET 

imaging, and may give rise to identifying preventative treatment modalities, to 

ameliorate the risk of AD, such as cognitive behavioural therapy (361).  

 

It should be noted that the KARVIAH cohort is a relatively small study and given that 

the participants were cognitively healthy, the duration of the study may not have been 

sufficient to detect any significant difference between the groups. In conclusion the 

hypothesis that BCM-95™ will slow the accumulation of brain amyloid beta load, 

reduce hippocampal atrophy, and increase glucose uptake activity, compared to 

placebo, was not supported.  
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Chapter 7 . Discussion, summary, and future implications 

7.1 Brief overview of goals 

The aims of this thesis were:  

1. Using cerebral PET 18F-FBB measurements as a comparator, examine the potential 

value of blood biomarkers, ferritin, and fatty acids, as preclinical indicators of high NAL, 

suggestive of preclinical AD, and 

2. To determine the effect of curcumin (BCM-95™) for the prevention of AD in a 

cognitively normal, older population, at risk of AD, over a 12-month period, using 

cognitive, blood and neuroimaging biomarkers.  

7.2 Study challenges 

The establishment of the KARVIAH study within a retirement living village resulted in 

a culmination of positive outcomes, within the study and across Sydney. Residential 

facilities in Australia while engaged in research, tended to restrict their involvement to 

non-biomedical methodology, and were principally regarded as a source of 

participants. 

The research collaboration formed between the team lead by Prof. Martins, the 

Director of the McCusker Alzheimer’s Research Foundation, WA, and the retirement 

living village, Anglicare, NSW, was unique. Prof. Martins and his team enabled direct 

access to a diverse range of cutting-edge technologies, including blood, 

neuropsychological and imaging biomarker expertise, and collaborations. This 

combined with the on the ground resources within Anglicare enabled the establishment 

of the KARVIAH study and successful recruitment of the cohort. The author of this 

manuscript was employed by Anglicare and directly connected with retirement living 

residents who were acutely aware of the prevalence of AD. Frequently, residents knew 
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or lived beside someone with AD and were highly motivated to mitigate the risks, others 

were driven by altruism.  There was initial concern by the Anglicare executive that 

residents within the villages may feel like experimental subjects and in some way 

subjugated, whereas, in reality, they welcomed the prospect of being able to contribute 

meaningfully to research.   Once reassured, formation of a new dedicated biomedical 

research unit was established within the village, complete with blood processing 

facilities, including a safety hood, centrifuge, and -80 freezer.  

 

7.3 Recruitment challenges 

Significant delays were initially encountered due to the complexity of securing the 

imaging ligand 18F-FBB, as it had not previously been available to researchers in NSW 

for AD prevention trials. Prior to the KARVIAH study, Aβ PET imaging was only 

available in either Victoria or in Western Australia, which necessitated patients or 

research participant living in NSW to undertake a minimum of a 1 ½ hour flight, or 10-

hour road trip. Approximately 8 months delay occurred before a suitably equipped and 

resourced imaging facility could be secured, being Macquarie Medical Imaging (MMI), 

located at Macquarie Park, NSW, Australia, along with contractual arrangements with 

Piramal Enterprises, for access to the ligand, and Cyclotek Pty Ltd, Victoria, for 

radioisotope labelling. This delay resulted in significant volunteer attrition (n=28), with 

fifteen withdrawals due to the requirement to repeat the baseline cognitive and blood 

measures. The remainder withdrew due to changes in health and social 

circumstances. For those continuing in the study, the baseline measures were 

repeated to ensure that validated baseline measures were within the 3-month study 

window.   
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7.4 Blood biomarkers 

Deployment of PET 18F-FBB imaging enabled investigation into preclinical AD blood 

biomarkers. Cerebral Aβ PET imaging remains relatively expensive, invasive, and 

difficult to access, making it non-viable as a general population approach. At the time 

of commencing our study there was a paucity of cohorts who were highly 

characterised, older than 65 years, and at risk of AD. Investigating the predictive value 

of blood biomarkers, prior to any intervention, offered a unique opportunity.  

Predetermined AD risk, as defined by their NAL was used for determining the value of 

the blood biomarkers, to predict high NAL.   

 

7.4.1 Ferritin  

Ferritin levels are broadly utilised in the diagnostic tool kit as a clinical indicator of iron 

storage (390). Ferritin levels differ depending on age and gender, with low ferritin 

suggestive of iron deficiency, or high levels indicating overload, seen in conditions such 

as hemochromatosis (171). However, ferritin is also recognised as an peripheral 

indicator of inflammation, oxidative stress (406), cardiovascular injury (409), 

malignancy and chronic disease (171). Of note, the level of elevation within our cohort, 

between high and low ferritin did not exceed normal levels and is not proposed to act 

as a standalone blood biomarker. The established base model as discussed in Chapter 

3, utilising recognised AD risk factors, age, gender, and APOE Ɛ4 carriage, when 

combined with plasma or serum ferritin levels, the specificity remained at 75%, while 

the sensitivity, increased from 62% to 75% for predicting high NAL levels. The value 

of peripheral blood biomarkers for early detection of AD has far reaching implications 

as it would assist in redirecting the clinical gaze to a possible systemic aetiology (413). 
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The neuroinflammatory pathway is strongly associated with AD progression (82, 416, 

547), and treatment modalities targeted at suppression of inflammation remain valid.  

Furthermore, research suggests that the presence of cerebral iron may be indicative 

of a more sinister aetiology (405, 548). Metal chelation approaches are currently under 

investigation targeting the cerebral iron pathway, believed to be associated with 

neuronal cell death (549). Intriguingly metabolic cell processing  involving  

accumulated polyunsaturated fatty acids, lipid peroxidation, iron transportation, and 

ferroptosis has been shown (550). Ferritin, a major iron transporter may reflect this 

underlying neuropathological process. Animal studies have demonstrated the 

presence of cerebral free iron and ferritin post sacrifice (393), which can lead to a state 

of ferroptosis and lipid peroxidation. The antioxidant properties of plant derived 

flavonoids and ability to scavenge free radical is well recognised, while the properties 

of particular flavonoids,  including quercetin, rutin, baicalein and baicalin, have been 

posited as potentially useful as iron chelators (551). Curcumin in the form of 

demethoxycurcumin, bisdemethoxycurcumin, and acetyl-curcumin, have been 

reported as effective inhibitors of lipid peroxidation (552). Furthermore, Jiao et al., in a 

mouse model (n=27) investigated the effects of a standard diet, compared with the 

standard diet supplemented with curcumin, 0.5% or 2% over 2 -12 weeks. Compared 

with the standard diet, curcumin demonstrated the ability to activate transferrin 

receptor -1, upregulate iron regulatory proteins, and lower  liver ferritin protein (553). 

 

7.4.2 AA and DPA 

Vascular risk factors including midlife dyslipidaemia have been reported as a risk factor 

for AD (554, 555) and the link between dyslipidaemia and inflammation is considered 

a contributor (303). As discussed, metabolic processes linking iron transportation and 
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fatty acid oxidative processes are integrally connected. Lipid dysregulation and the 

ensuing increase in oxidative stress and inflammation is thought to contribute to 

underlying neuropathological proinflammatory state, further contributing to the AD 

trajectory (443, 451). The systemic response to inflammatory cytokines creates a 

proinflammatory environment capable of crossing the blood brain barrier, and 

potentially triggering or contributing to a neurodegenerative inflammatory cascade 

(413). Lipid dysregulation may also be an early indicator of increased AD risk. Clinical 

practice routinely examines total cholesterol, HDL, and LDL, as a means of assessing 

a patients overall cardiovascular, general, and more recently, cognitive health. While 

the lipid profile following the BCM-95™ intervention did not detect discernible benefits, 

the potential predictive value of lipids as a preclinical AD biomarker remains. Lipid 

dysregulation, specifically lowered DPA and elevated AA, were identified as potential 

candidates for use within a biomarker signature. Erythrocyte fatty acids, specifically, 

lowered DPA and higher AA, correlated with that of positive cerebral NAL.  

Furthermore, combining DPA, AA, with a ROC base model using age, gender, years 

of education and APOE Ɛ4, demonstrated increased predictive sensitivity for high NAL 

from 52.3 to 73.8 %. However, it is acknowledged that the KARVIAH cohort is a 

relatively small cohort, and further research is required to validate this interesting 

finding in a larger highly characterised cohort of aging. Research collaboration using 

larger cohorts such as those discussed earlier (362, 383, 385), examining the use of 

erythrocyte lipid dysregulation, and ferritin, as additional or substitute measures, 

remains an imperative.  
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7.5 Curcumin 

The KARVIAH study was established to investigate the effect of curcumin for the 

prevention of AD in an older at risk population. The study had a duration of twelve 

months and was a double-blind placebo controlled randomised design. Recognising 

the earlier challenges  encountered by research groups to overcome the low water 

solubility of curcumin (324), the selection of a formulation with increased bioavailability 

was critical. At the time of initiating the KARVIAH study, based on reputedly high 

bioavailability (335), BCM-95™ formulated with turmeric essential oils was selected. 

Subsequently, independent research by Purpura et al., found that curcumin formulated 

with essential oils of turmeric, compared with other formulations, were not as 

bioavailable, and other compounds were likely superior (505).  

 

Another important consideration was the potential gastrointestinal side effect 

associated with the use of curcumin. The KARVIAH cohort were an older population, 

with potentially increased vulnerability to gastrointestinal disturbances. Verbal 

communication with Rainey-Smith and colleagues, in Perth, WA who were conducting 

a study in a younger aged cohort using BCM-95™, highlighted emerging indications of 

gastrointestinal intolerance. Therefore, a titrated initiation dose design was integrated 

into the KARVIAH study to negate potential adverse effects to reduce the likelihood of 

participant attrition. Of the seven participants who discontinued the study medication 

during the 12 months, three discontinued due to investigational product intolerance, 

with complaints of increased flatulence and bowel motions. However, while study 

retention was high, regrettably, the formulation selected may have had bioavailability 

limitations.   
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7.5.1 Cognitive outcomes 

No significant differences between placebo and BCM-95™ were found at twelve 

months between groups in any of the cognitive measures. The within group analysis 

exhibited potentially aberrant findings within the BCM-95™ group, with initial indication  

of decline in the BNT. However, when corrected for FDR it was non-significant. It is 

possible that the imbalance of APOE Ɛ4 carriage between groups may have resulted 

in a greater risk of decline in the BCM-95™ group. However, there is little evidence to 

suggest any protection from the ingestion of BCM-95™ over the twelve month period.  

 

Furthermore, curcumin had previously been reported by Cox et al., to lower levels of 

fatigue and heighten mood (463). However, the same group found that these effects 

were no longer evident following 8 weeks using Longvida (461). Santos-Parker et al., 

also reported no significant differences following 12 weeks intervention using curcumin 

(Longvida®) in cognition or motor function, beyond reading fluency in the younger 

cohort (464). Improvements in both mood and fatigue levels would have the potential 

of positively influencing general health and motivation to be more physically active, 

providing benefits psychologically and cognitively. In the current study, neither the SF-

36 or DASS demonstrated any discernible difference in the KARVIAH cohort between, 

or within the groups.    

 

Cognitive decline has consistently been shown to occur later in the disease trajectory, 

with evidence of cerebral Aβ accumulation occurring at least two decades earlier. 

However, given the advanced age of the KARVIAH cohort, it was anticipated that this 

comprehensive battery of neuropsychological measures would be sufficient to detect 

change, if the treatment was beneficial.  The placebo and the curcumin groups were 
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relatively analogous, with the exception of the BCM-95™ group, having a higher 

percentage of APOE Ɛ4 carriage. The education levels of both groups were also 

comparable. The relatively high education levels may have contributed to the resilience 

to cognitive decline. Low levels of social engagement are also a recognised risk factor 

for dementia (556). In contrast the KARVIAH cohort, living within a retirement 

community, may have gleaned protective social influences, providing additional 

cognitive resilience. Furthermore, there was anecdotal reports of significantly 

increased levels of interest generated within the village by the clinical trial, which 

together with regular research presentations, inadvertently may have provided 

unintentional heightened cognitive stimulation and engagement, as the research was 

recognised as a highly worthwhile and meaningful activity to undertake.     

 

7.5.2 Physiological outcomes 

In clinical practice, measurements of total cholesterol and the percentage of high-

density lipoprotein (HDL) and low-density lipoprotein (LDL) are commonly used to 

evaluate the overall health and cardiovascular risk profile of a patient. Furthermore, 

elevated total cholesterol, with high LDL, and lower HDL, are considered detrimental 

to physical and cognitive health. Thus, approaches that ameliorate this risk profile by 

tilting the balance towards higher HDL and lower LDL, is considered advantageous.  

Regular dietary intake of fish, or the use of Omega-3 supplementation are common 

approaches. Curcumin has been purported as a useful approach for modulating 

cholesterol, triglycerides, LDL, and HDL, across animal and human studies. Thus, it 

was anticipated that BCM-95™ could lower triglycerides, and LDL, and elevate HDL, 

in favour of cardiac and brain protection. Adibian et al., using BCM-95™ 1500mg daily 

conducted a 10-week randomised controlled study in  a type II diabetic cohort, in 
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participants aged 40-70 (317) and demonstrated a significant decline in triglycerides 

(p = .03), and lower hs-CRP (p =.002) in the within curcumin group, however the 

difference between groups was non-significant (n=44) (317). Cox et al., also 

demonstrated significant improvements in total cholesterol and LDL following 28 days 

using the Longvida® formulation (463). However, in the subsequent study by the same 

group, while other cognitive benefits were shown, there was no significant difference 

in lipids, renal function, electrolytes, cytokines, or inflammatory markers at 12 weeks, 

beyond a higher level of fasting glucose in the curcumin group (p=.014) which was 

significant (461). Bateni et al., (500) in a study recruiting participants with metabolic 

syndrome (n=50) using nano-micelle curcumin demonstrated significantly lowered 

triglycerides level (p <.05) following a 12 week study. Furthermore, Jazayeri-Tehrani 

et al., using a nano-curcumin formulation in an obese non-alcoholic fatty liver cohort, 

demonstrated in 12 weeks, a significant increase in HDL (p < .05) compared to placebo 

(495), further supporting the likelihood that curcumin efficacy remains closely linked to 

the formulation. Shorter duration studies appeared to have more positive outcomes 

when targeting fatty acids, raising the possibility that initial lipid modulation may be 

nullified over a longer duration. However, the answer likely lies in the curcumin 

formulation and degree of bioavailability for achieving the optimum outcome.  

 

Comparing BCM-95™ and placebo at 12 months, there was no apparent differences 

detected in the lipid profile. Equally, the within group analysis of BCM-95™ and 

placebo both demonstrated a non-significant decline in their lipid profile. The BCM-

95™ and placebo group had increased total cholesterol, triglycerides, and LDL, with 

lowered HDL at 12 months, compared to baseline. No apparent protection was 

demonstrated by the ingestion of BCM-95™. However, it was noted that the BCM-95™ 
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group had a higher carriage of APOE Ɛ4, known to be associated with lipid 

dysregulation (304), which may account for the trend towards slightly greater decline, 

with total cholesterol (p = .06) and LDL (p = .06), remaining non-significant. 

 

The anthropometric measure, systolic BP, was initially found to be significant between 

groups at 12 months (p=.03), however, upon correction for FDR it was no longer 

significant (p =.18). Furthermore, the within group analysis in the placebo and the 

BCM-95™ group were non-significant for both systolic and diastolic BP when 

comparing baseline with 12 months. A high propensity for variability exists with BP 

measurements which has been proposed as a indicative measure of increase frailty 

levels (557). However, within our study, stressors including those in the environment, 

situational pressures (558), including whitecoat syndrome (559), can result in 

considerable variability, therefore this measure was considered not significantly robust.  

.  

7.5.3 Neuroimaging  

The cut off measure of 1.35 using PET SUVR 18F-FBB was elected for the study, 

however continued investigations into the most reliable threshold predictive of AD 

conversion continues, suggesting that high Aβ accumulation in isolation may not be 

sufficient to predict conversion (560).  Bullich et al., suggests that a multi-level cutoff 

may be more helpful in determining the likely progression from cognitively healthy to 

AD (560). Interestingly, the same group undertook a longitudinal study over four years 

and found that the presence of cerebral Aβ, as shown in PET 18F-FBB imaging alone, 

was not sufficient to predict disease progression. Furthermore, some participants may 

remain for long durations in the ‘grey zone’, defined as at higher risk of AD due to high 

levels of Aβ, but with no evidence of AD symptoms (560). However, the AIBL group 
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classify an Aβ load exceeding 2.0 as being the tipping point for AD conversion (561).  

This highlights the challenges of demonstrating the effect of curcumin within a 

cognitively healthy cohort, whereby differential outcomes are dependent upon decline 

of the placebo group.  Interestingly, while the KARVIAH study did not demonstrate any 

significant variance in cognition, psychosocial or physiological changes, decline in the 

frontal composite score on PET SUVR using 18F-FDG imaging, suggested similar 

levels of decline in both the placebo and BCM-95™ group at 12 months. Similar decline 

in both groups, further supports the likelihood of a non-efficacious intervention.    

 

Volumetric decline shown using MRI imaging is another determinant of progression in 

the AD neuropathology. However, due to technological difficulties with the MRI capture 

process, data was only recoverable for (n=76) participants.  MRI imaging reported was 

therefore constrained to hippocampal volume within the smaller number, but do not 

reflect the whole cohort. Interestingly, Andrews et al. from the AIBL group, when 

examining asymptomatic amyloidosis found that in preclinical cohorts, the progression 

of hippocampal atrophy was not lineal (523).  Examining a preclinical cohort (n=52) of 

both Aβ positive and negative participants, over 36 months, using PET C-11 Pittsburgh 

compound B imaging, those with a higher brain Aβ load at baseline, correlated 

positively with higher acceleration in hippocampal atrophy, congruent with Aβ 

accumulation in the first 18 months (523). However, this phase was followed by a 

slowing in atrophy rate, suggesting that clinical trials in preclinical asymptomatic AD 

may not be able to depend on evidence of slowing or halting of hippocampal atrophy 

as an outcome measure (523). Approaches adopting measures of cortical thickness, 

have been proposed as an alternate measure for differentiating cognitively healthy 

from AD (562).  
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7.6 Retention and compliance 

The retention in the study was particularly high with seven not completing the full 

duration of the study medication, three of which was due to formulation intolerance. 

Measures for maintaining recruited participants included, distribution of quarterly 

research department newsletters, telephone birthday wishes, Christmas and other 

special occasion cards. IP compliance was supported by telephone follow-up post 

randomisation to ensure that the participant understood the instructions for initial 

titration and ongoing compliance with the medication. A calendar for recording missed 

doses, was also provided to the participants, whereby the reason, date, and time, for 

missing a dose was recorded to assist with the 3 monthly dose reconciliation review.    

 

7.7 Curcumin formulation 

Despite the broad array of curcumin’s potential modalities of action, researchers have 

been challenged by the relatively low bioavailability of curcumin, and limited success   

(324, 325, 337). Therefore, careful consideration to select the optimum formulation 

remains paramount.  

Piperine was originally introduced as one means of potentiating the effect of curcumin 

for lowering cholesterol, and Tu et al., in a hyperlipidaemic rat model study, examined 

curcumin supplemented with piperine, compared to curcumin alone (563). The 

supplemented curcumin was found to have a significant upregulation of the genetic 

expression of apolipoprotein A1, lecithin cholesterol acyltransferase , cholesterol 7 

alpha-hydroxylase, and LDL receptor, compared to curcumin alone (563). However, 

piperine has the propensity to inhibit P-glycoprotein and cytochrome P450 3A4, 

important toxin and drug metabolising enzymes expressed by the liver, thus increasing 

the risk of drug toxicity, particularly those medications prescribed orally for cardiac 
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conditions (564). In cognitively healthy participants, Cox et al., also reported benefits 

using Longvida®, demonstrating benefits  in acute cognitive domains, working 

memory, and mood, suggesting that this formulation is superior (461, 463). Rainey-

smith et al., in cognitively healthy participants, using BCM-95™, found a significant 

difference in the MoCA, achieved by the decline in the placebo group (337). However, 

in contrast no cognitive benefit was observed with BCM-95™ in the current study, nor 

was there any indication of the placebo group declining compared to the BCM-95™ 

group. Small et al., as previously discussed, in the 18 month study reported significant 

cognitive benefits using Theracurmin®  90mg twice daily, in multiple domains, 

including between groups in long term memory (p=.05) (326). In addition, within the 

curcumin group significant improvements were seen in long term memory (p=.002), 

selective reminding task (p=.002), visual memory (p=.01), and attention (p<.0001), not 

seen within the placebo group (326). Analysis of the formulations and the measure of 

actual curcumin levels or its metabolites to enable a genuine comparison is critical to 

this conundrum. Despite some positive findings, disparity in outcomes have resulted 

in curcumin receiving academic disrepute (565). However,  Heger et al., (566) argue 

that curcumin should not be rejected, but instead, highlights the importance of rigorous 

research, judged upon quality studies, using randomised placebo controlled 

methodology. Nelson et al., clarifies that curcumin in itself is not defunct but merely the 

pharmacology of the active agent needs to be clearly understood and transparency in 

relation to chemical additives to address purity, stability and delivered doses 

independently measured (565, 567).  

 

The importance of curcumin’s formulation for optimal bioavailability is further supported 

by the eloquent  review conducted by Purpura et al., of various formulations (505). 
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Formulations with gamma-cyclodextrin curcumin, such as CW8, were reported to have 

the propensity to form inclusion complexes, increasing the solubility and absorbability 

of curcumin (505). CW8 compared with unformulated curcumin, was reported to have 

a 39.1 fold increase in bioavailability compared to standard curcumin, and is thought 

to act as a carrier of lipophilic molecules (505). In essence, cyclodextrin formed a 

complex that created a cavity for the carriage of curcumin, with the union facilitated by 

a relatively weak van der Waals force, thus allowing subsequent disengagement for 

delivery (505). However, higher concentrations are not always the panacea, as a 

careful balance of dose, tolerability, safety, and efficacy, needs to be found (266). 

Depending on the modality of action, a smaller dose may be sufficient to kickstart an 

innate immune response and enable augmentation of the body’s own defence 

mechanisms (266). Teter et al., in animal studies found that a low dose curcumin, as 

compared to a high dose curcumin mediated the neuroinflammatory networks, 

including upregulation of the phagocytosis process, and decreased the genetic 

expression of pro-inflammatory markers, which are thought to contribute to Aβ 

production (266).  

 

Advances in nanotechnologies and the use of curcumin combined with nanoparticles 

may play a role in further optimising future outcomes (568).  Ongoing attempts to 

improve the biochemical structure and upregulate the bioavailability with targeted 

release continues. Targeting AD neuropathology, through transferrin to improve blood 

brain barrier penetration, Huang et al., loaded poly(lactide-co-glycolide)-block-

poly(ethylene glycol) (PLGA) nanoparticles with Aβ generation inhibitor S1 (PWVGHL 

peptide) and curcumin, and brain targeting peptide CRT (cyclic CRTIGPSVC peptide) 

(569). This innovative approach compared with other PLGA nanoparticles, used a 
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synergistic approach combining curcumin for anti-inflammatory properties, and S1 as 

the Aβ production inhibition peptide. Using a Y-maze, and new object recognition test, 

improved spatial memory and recognition was demonstrated, compared to other PLGA 

nanoparticles (569). In addition, there was evidence of  lowered Aβ levels, reactive 

oxygen species, TNF-alpha and IL-6, while enhancing super oxide dismutase and 

synaptic number in the brains of the mice (569). Fan et al., also approached the 

formulation synergistically, using a curcumin nanoparticle, PLGA, conjugated with B6 

peptide, and demonstrated reduced hippocampal Aβ formation and deposits, and 

reduced tau hyperphosphorylation, as well as improvements in learning and memory 

capabilities, within the animal study (570). Interestingly, Jazayeri-Tehrani et al., in a 

recent double blind randomised study in obese participants (n=84) diagnosed with non-

alcoholic fatty liver disease (NAFLD), examined the influence of a nano-curcumin 

formulation, compared with placebo, and demonstrated significantly improved 

inflammatory markers, along with significant elevations in HDL levels, and decrease in 

the degree of NAFLD (495).  

 

The prospect of utilising curcumin as a combination therapy is suggestive of potential 

synergistic opportunities. A four-week placebo controlled combination study was 

undertaken examining curcumin 200mg per day; phytosterols 2 g per day, curcumin 

and phytosterols; or placebo, (n=70) for the influence on lipid profile including total 

cholesterol, LDL, HDL, and triglycerides (491). While curcumin was out performed by 

phytosterols, interestingly, curcumin combined with other phytosterols significantly 

outperformed either curcumin or phytosterols alone (p<0.0001), with a reduction of 

total cholesterol (11%), and LDL (14.4%) (491). Additionally, an eight week open label 

study using formulated fermented red rice, liposomal berberine, and curcumin, within 
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a mild to moderate hyperlipidaemia cohort, demonstrated significant improvement in 

the  lipids and inflammatory marker profile (316) with reductions in total lipids (20.4%), 

LDL (27.6%), oxidised LDL (23.2%), triglycerides (17.9%), hs-CRP (15.4%), and TNF 

alpha (14.3%), (p<.05) (316). While combination therapies increase the complexity of 

discerning the precise mechanism of action, the potential beneficial influence outweigh 

the difficulties. However, cautious interpretation is required until placebo controlled 

randomised studies, of longer duration follow.  

 

7.8 Summary 

Comprehensive health examination and neuropsychological testing will remain critical 

to providing diagnostic clarity, however the use of blood biomarkers for the early 

detection of AD may alert the clinician to modifiable treatment approaches early in the 

disease trajectory. Disease modifying treatments are emerging including monoclonal 

antibody therapies, and vaccines, however, nutraceuticals such as curcumin with 

multimodal actions as described in Chapter 1.6.1, are highly appealing due to its high 

safety and tolerability profile. The benefits of BCM-95™ in our study have not been 

forthcoming, in either cognitive, psychosocial, physiological, or our imaging data. In 

fact, both groups appear to have been harmonious in progression, with FDG PET 

imaging suggestive of some fronto-temporal decline. However, evidence of fronto-

temporal decline was not shown in neuropsychological testing. The integration of PK 

sampling as a component of our curcumin study would have been highly 

advantageous, providing clarity regarding the formulation’s bioavailability and 

metabolism. Our research suggests that BCM-95™ in an older population, at risk of 

dementia, provided no significant difference, in cognitive, psychosocial, physiological, 

or imaging outcomes, compared to the placebo group. However, it is possible that a 



 

209 

study with longer duration was required, to elicit the differences, given that the cohort 

may have had a high level of resilience to cognitive decline, potentially heightened by 

the engagement within the study.   

  

7.9 Future Directions 

The development of AD is unlikely to be linear in its aetiology, thus the prevention of 

AD and the therapeutic treatment will also be multi-pronged. The multi-modal action 

potential of curcumin continues to entice researchers, and the advancements in 

formulation now lay promise for future success. Inflammation is recognised as a 

contributor to the AD cascade, and its association with insulin resistance, obesity and 

AD are highlighted. While it remains unclear whether inflammation is a precursor or 

by-product of amyloidosis, reducing the inflammatory response in AD neuropathology 

remains a compelling pathway for delaying or slowing AD onset. Treatment of AD at 

preclinical stages is essential, along with targeting the known risk factors. Researchers 

have continued to try to influence the AD pathological cascade, although now with 

greater emphasis on the preclinical stages. From a translational perspective, lipid 

dysregulation in the pre-clinical phase of AD provides additional justification for 

clinicians to promote lifestyle approaches that can modify AD risk.  

 

PET Aβ imaging is time consuming, expensive, and often inaccessible to the public, 

difficult to arrange even within the confines of research, whereas the use of CSF 

measurements, would enable less expensive and accurate measurement, including 

tau analysis. Reduced levels of CSF Aβ has been shown to be a highly sensitive and 

reliable AD biomarker, potentially occurring even before Aβ accumulation in the brain. 

However, challenges in acceptability exist in Australia with public and health care 
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professionals remaining sceptical about its safety profile, thus reducing uptake. 

Continued exploratory investigation using blood biomarker signatures remains critical 

as a non-invasive and more accepted AD biomarker. The use of peripheral blood would 

significantly reduce the financial burden of research, encourage more research 

volunteers, and facilitate earlier clinical interventions for AD. Longitudinal follow up of 

the KARVIAH cohort is intended to measure the conversion rates of the cohort, and 

investigate the correlation with the identified biomarkers. 

 

Challenges with curcumin’s bioavailability remains the likely culprit for the non-

significant outcomes found within this thesis. Reduction of conjecture by ensuring 

that standardised measurements of concentration, and the potency of antioxidant 

and anti-inflammatory formulations are used for selection and comparative analysis 

of formulations is highlighted in this study. Exploration of the half maximal inhibitory 

concentration (IC50) of individual formulations would assist this process, in addition 

to incorporating pharmacokinetic analysis in the study design to examine individual 

concentration levels achieved and drug metabolism.  Furthermore, there is 

opportunity to incorporate less expensive CSF measurements, combined with cortical 

thickness measurements using MRI. In addition, incorporating gold standard 

cardiovascular measures such as pulse wave velocity, found to be associated with 

increased risk of dementia (509), may illuminate underlying risk factors more 

eloquently.  

 

Opportunities for synergistic treatment interventions targeting both CVD and dementia, 

utilising nano formulated curcumin may offer further benefits. Lifestyle approaches 

including modifying dietary intake (571) such as reducing saturated fats, processed 
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sugars, increasing dietary fibre, vegetables and fruits (572), caloric constraint (189), 

increasing exercise (181, 573, 574), and enhancing sleep (184, 575) are among the 

most promising approaches for AD prevention. Kivipelto et al., launched a worldwide 

initiative, the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and 

Disability (FINGER study), to examine the longitudinal impact of lifestyle approaches 

on dementia incidence (576). The FINGER study targets metabolic and vascular risk 

factors, as well as psychosocial, cognitive, and physical activity levels. Considering the 

possible benefits of combination therapies and advances in curcumin formulations, 

bioavailable formulations added to lifestyle approaches, may add to the armoury of 

approaches to prevent AD.  
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Abstract
Curcumin derived from turmeric is well documented for its anti-carcinogenic, antioxidant and anti-inflammatory properties. Recent studies
show that curcumin also possesses neuroprotective and cognitive-enhancing properties that may help delay or prevent neurodegenerative
diseases, including Alzheimer’s disease (AD). Currently, clinical diagnosis of AD is onerous, and it is primarily based on the exclusion of other
causes of dementia. In addition, phase III clinical trials of potential treatments have mostly failed, leaving disease-modifying interventions
elusive. AD can be characterised neuropathologically by the deposition of extracellular β amyloid (Aβ) plaques and intracellular accumulation
of tau-containing neurofibrillary tangles. Disruptions in Aβ metabolism/clearance contribute to AD pathogenesis. In vitro studies have shown
that Aβ metabolism is altered by curcumin, and animal studies report that curcumin may influence brain function and the development of
dementia, because of its antioxidant and anti-inflammatory properties, as well as its ability to influence Aβ metabolism. However, clinical
studies of curcumin have revealed limited effects to date, most likely because of curcumin’s relatively low solubility and bioavailability, and
because of selection of cohorts with diagnosed AD, in whom there is already major neuropathology. However, the fresh approach of targeting
early AD pathology (by treating healthy, pre-clinical and mild cognitive impairment-stage cohorts) combined with new curcumin formulations
that increase bioavailability is renewing optimism concerning curcumin-based therapy. The aim of this paper is to review the current evidence
supporting an association between curcumin and modulation of AD pathology, including in vitro and in vivo studies. We also review the use
of curcumin in emerging retinal imaging technology, as a fluorochrome for AD diagnostics.

Key words: Curcumin: Alzheimer’s disease: Amyloid: Retinal imaging

With the ageing of many populations worldwide, it is predicted
that over the next few decades there will be a marked increase
in the number of people with dementia. Current estimations
show that 35·6 million people worldwide have dementia, which
is predicted to more than triple to 115 million by 2050(1). Of all
the dementia sub-types, Alzheimer’s disease (AD) is the
most common. AD is a neurodegenerative disease, which is
characterised clinically by the progressive loss of memory and
cognitive functioning. Major pathological features of an AD
brain include the accumulation of extracellular plaques and
fibrils, intracellular neurofibrillary tangles (NFT), as well as
chronic inflammation and widespread synaptic and neuronal
loss, leading to brain atrophy and dysfunction. The deposition

of amyloid plaques is suggested as a defining feature of the
AD brain, as NFT are featured in other neurodegenerative
diseases(2,3) (although plaques have also been reported in cases
of non-AD dementias). Nevertheless, hyper-phosphorylated tau
protein, the major component of NFT, may have a critical role in
the progression of AD, as it acts together with the major protein
component of amyloid plaques, β amyloid (Aβ peptides),
driving neurodegeneration(4,5). The Aβ peptide is generated
from its parent molecule, amyloid precursor protein (APP),
via sequential proteolytic processing by the enzymes
β-APP-cleaving enzyme-1 (BACE1) and γ-secretase(6), to
generate multiple Aβ forms of varying amino acid lengths.
Aβ peptides aggregate readily into oligomers and fibrils, and
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small oligomers of the longer, more easily aggregating
42-amino-acid form (Aβ1-42) are considered to be the most
neurotoxic Aβ species in the AD brain. Amyloid deposition
is thought to occur early in the disease process(7), and the
accumulation of small Aβ aggregates (‘oligomers’) is thought to
have a critical role in early pathogenic events that include tau
hyperphosphorylation and accumulation, oxidative stress and
inflammatory processes that lead to neurodegeneration in the
AD brain(4,8,9).
With no current effective disease-modifying treatments available,

finding pharmacological/non-pharmacological strategies to halt or
slow disease progression is of significant importance. The failure of
potential pharmaceuticals in human clinical trials has highlighted
the need for research into early diagnosis of AD. This is because of
the considerable synaptic loss, neuronal loss and brain shrinkage
already present by the time AD clinical symptoms emerge, with
treatments aimed at slowing the progress of the disease more likely
to be effective before onset of symptoms, preferably at the earliest
pre-clinical stage. The continuing lack of effective pharmaceutical
drugs has also prompted the evaluation of alternative therapeutics,
such as nutraceuticals. Curcumin is one example where, because
of its properties as an anti-inflammatory, antioxidant, Aβ-lowering
agent and Aβ aggregation inhibitor, it shows potential as a
therapeutic for AD. In addition, because of its ability to fluoresce
and bind Aβ, curcumin has potential as an imaging agent for
diagnostics. This review outlines in vitro, in vivo and human
studies that have evaluated the therapeutic potential of curcumin in
AD, and it discusses recent research that has assessed curcumin as
a diagnostic tool through its use in emerging retinal imaging
technologies. All human studies identified in this review met
current National Institute of Health and the Alzheimer’s Association
diagnostic guidelines(10).

Beneficial properties of curcumin – historical perspective

Curcumin is extracted from turmeric, a spice that is derived from
the rhizomes of Curcuma Longa and which belongs to the
Zingiberaceae (ginger) family. Turmeric is a perennial herb,
native to the monsoon forests of south-east Asia, and it is
commonly used in Indian, Asian and Middle Eastern foods. In
addition to being used as a culinary spice, turmeric (Sanskrit
Haridra, meaning that which is yellow) has been a frequently
prescribed herbal medicine. Reputed for its blood-purifying
abilities(11–13), Ayurveda medicine and traditional Persian and
Chinese medicine have prescribed curcumin for centuries for its
body-cleansing properties, as well as for pain associated with
inflammation of the skin and muscles. Curcumin has also been
prescribed for asthma, bronchial hyperreactivity, allergy,
anorexia, coryza, cough, sinusitis and hepatic disease(14).
Only 3–5% of turmeric comprises the yellow-pigmented

chemically active curcuminoids, being curcumin (difer-
uloylmethane), demethoxycurcumin (DMC) and bisdemethox-
ycurcumin (BDMC)(15). Curcumin, considered the most therapeutic
of the three curcuminoids, was first isolated in 1815 by Vogel and
Pelletier(16), although its chemical structure was not confirmed until
almost a century later(17).
The twenty-first century has witnessed renewed interest in

curcumin’s reputed therapeutic effects, which has resulted in

considerable scientific enquiry and review(13,16,18–21). Cell
studies(22–24) report curcumin to possess powerful anti-
inflammatory properties, whereas further research in a variety
of inflammatory conditions demonstrates its potential. For
example, animal and cell culture studies show that curcumin
reduces inflammation in arthritis(25,26); human cell line studies
show that curcumin is effective in the management of irritable
bowel syndrome(27) and in human clinical trials for psoriasis and
other skin disorders(28,29). Anti-proliferative and anti-angiogenic
influences of curcumin have also been demonstrated, and its
therapeutic benefits are shown in human cancer cell and tissue
culture, including prostate(30), breast(31), pancreatic(32) and bowel
cancer(33), as well as head and neck squamous cell carcinoma(34).

Curcumin is also considered a powerful antioxidant, reported to
be several times more potent than vitamin E as a free-radical
scavenger(35). Curcumin’s anti-inflammatory and antioxidant
properties have more recently been investigated with respect to
AD, as it is now well established that oxidative stress(36) and
chronic inflammation are central in the early pathogenic stages of
AD(37). However, in addition to curcumin altering AD development
through anti-inflammatory and antioxidant properties, curcumin’s
ability to bind to Aβ, influence deposition and aggregation, while
possibly also modulating tau processing, has attracted considerable
interest in AD research laboratories(38–41).

Extracellular Aβ plaques and intraneuronal hyper-
phosphorylated tau are recognised as hallmark neuropathological
features of AD(42–44) in addition to oxidative stress and
inflammation, and it is believed that abnormal Aβ metabolism,
resulting in high levels of toxic Aβ oligomers, combined with
oxidative stress and inflammation form an AD pathogenic
cycle of neurodegeneration. While the initiating step of this
neurodegeneration remains to be elucidated, these changes are
thought to begin decades before clinical diagnosis; in fact, the
accumulation of Aβ has been shown in radiological imaging to
start 20 years or more before the first clinical signs of AD(45).
Aβ accumulation is reported to be associated with impaired
synaptic function(46), reduced neurite outgrowth(47), cerebral
atrophy(48,49) and reduced cognitive performance, particularly
when deposited within the temporal region(50). Synaptic/neuronal
loss and NFT load have been shown to correlate positively with
cerebral atrophy and cognitive decline, whereas cerebral Aβ load
also correlates with cognitive decline, although to a lesser extent(7).
However, there is also a large body of evidence suggesting that
small oligomers of Aβ are particularly toxic to neurons, causing
membrane damage, Ca2+ leakage, oxidative damage, disruptions
to insulin signalling pathways and synaptic function, as well as
mitochondrial damage(51–53). As mentioned above, Aβ-induced
changes are believed to occur early in the disease process,
and the findings indicate that interventions that can interrupt the
production of Aβ or Aβ oligomers, or facilitate their removal
from the central nervous system, are highly desirable. Modelled
projections suggest that delaying the onset of dementia by even
1 year may reduce the worldwide burden of cases in people
over 60 years by as much as approximately 10%(54), whereas the
introduction of an intervention that delays the onset of dementia by
5 years could reduce the incidence by almost half(55,56). Therefore,
early pre-clinical prevention therapy, which could influence the
accumulation or clearance of cerebral Aβ and tau pathology, and/or
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reduce oxidative stress and chronic inflammation, thus slowing
or reversing these pathological changes, would be highly significant
for the reduction of AD prevalence.

Potentially neuroprotective properties of curcumin: animal
studies and in vitro anti-β amyloid activity of curcumin
prevents β amyloid aggregation

The Aβ peptide aggregates readily, first into small aggregates of Aβ
known as Aβ oligomers and then these oligomers aggregate
further to form fibrils, larger fibrils and ultimately plaques of Aβ.
Although plaques and large fibrils are the easiest to detect
immunohistochemically, these are considered to be relatively
inert: as mentioned above, there is now considerable evidence
that small Aβ oligomers are the main neurotoxic species(57).
Therefore, it is interesting that substantial data from in vitro
studies indicate that curcumin can bind to Aβ and influence its
aggregation. For example, curcumin has been shown to inhibit
fibril formation and extension, as well as to destabilise pre-formed
fibrils in a dose-dependent manner, effective at concentrations
about 0·1–1·0 µM(58). Later studies have similarly shown that
curcumin can inhibit the formation of small Aβ aggregates
(Aβ oligomers) in a dose-dependent manner(59,60).
Studies have investigated how curcumin influences Aβ

aggregation, and different theories have emerged – for example,
one theory involves curcumin binding to metal ions. Biometals
such as Cu (Cu(II)) and Zn (Zn(II)) are found in abundance in the
brain, particularly at synapses. Dysregulation of metal homeostasis
can lead to the binding of these particular metal ions to Aβ,
and many studies have shown that this binding accelerates Aβ
aggregation. In fact, elevated levels of certain metal ions have been
associated with AD(61), and considerable research has been
undertaken to understand the normal roles of these ions in
the brain, as well as the roles the ions may have in disease
pathogenesis, particularly the roles of Cu(II) and Zn(II) on Aβ
aggregation(62). Some recent studies have suggested that curcumin
complexes with Cu(II) and/or Zn(II) and that this inhibits
the transition from less structured oligomer to β-sheet-rich Aβ
protofibrils, which in turn act as seeding factors for further Aβ
fibrillisation(63). Recent studies looking at the effect of curcumin
and curcumin derivatives on metal-induced Aβ aggregation have
shown that Gd-linked curcumin (Gd-Cur, a potential Aβ imaging
agent), compared with curcumin and Cur-S, a water-soluble form
of curcumin, could modulate Cu-induced Aβ aggregation to
a greater extent(64), supporting the concept of therapeutic and
diagnostic uses for the Gd-Cur compounds.
Other theories do not involve metal ions; instead, they suggest

that curcumin’s ability to bind Aβ and inhibit its aggregation is
because of curcumin’s three structural features: a hydroxyl
substitution on the aromatic end group, a rigid linker region
between 8 and 16 Å in length and a second terminal phenyl
group(59). More recent studies using atomic force microscopy have
found that curcumin (and another small-molecule inhibitor
resveratrol) binds to the N terminus (residues 5–20) of Aβ1-42
monomers and prevents oligomers of 1–2 nm in size from
becoming larger 3–5 nm oligomers(65). Yet another recent study
has used NMR spectroscopy to investigate the structural
modifications of Aβ1-42 aggregates induced by curcumin, and

found that curcumin induces major structural changes in the
Asp-23–Lys-28 salt bridge region and near the Aβ1-42
C terminus(66). The study also used electron microscopy to show
that the Aβ1-42 fibrils are disrupted by curcumin. Interestingly, in a
Drosophila AD model, curcumin-fed flies showed accelerated
conversion of pre-fibrillar to fibrillar Aβ, thereby reducing the
neurotoxicity of pre-fibrillar Aβ(67). Overall, curcumin effects are
not limited to modulation of Aβ aggregation, and further studies
are needed to determine which effect(s) are the most relevant in
promoting brain health in pathological cognitive decline.

Curcumin influences β amyloid production

In vitro studies have shown that Aβ production is influenced by
curcumin, as curcumin has been found to inhibit the production of
Aβ peptides by altering APP trafficking through the secretory
pathway(24). Zhang et al. treated mouse primary cortical neurons
with different concentrations of curcumin (1–20 μM) for 24 h and
found that both Aβ1-40 and Aβ1-42 levels significantly decreased
compared with controls. It was suggested that curcumin could
stabilise an immature form of APP and reduce the amount
reaching the cell surface, thus being available for endocytosis –

a process necessary for Aβ production. In an APP-transfected
human embryonic kidney cell culture model (SwAPP HEK293),
BDMC was shown to reduce BACE1messenger RNA (mRNA) and
protein levels, whereas DMC only affected BACE1 mRNA
expression(68). Furthermore, in other studies using a neuronal cell
line (pheochromocytoma cells – the PC12 cell line) 3–30 µM cur-
cumin suppressed Aβ-induced BACE1 up-regulation(69,70). Most
recently, in studies of an AD Drosophila model, it was found that
the curcumin component BDMC was the most effective at res-
cuing the flies from the morphological and behavioural defects
caused by the overexpression of APP and BACE1(71), possibly via
inhibition of the BACE1 enzyme. Recognising curcumin’s ability to
reduce Aβ production, by reducing BACE1 mRNA and its
corresponding protein(72), curcumin has been used as a potent
positive control in the analysis of other compounds/drugs that
target not only BACE1 but also metal chelation, Aβ aggregation
and oxidation(73). In support of curcumin’s metal chelation
properties, curcumin was shown to prevent the up-regulation of
APP and BACE1 induced by supraphysiological levels of the metal
ions Cu(II) and Mn(74).

Curcumin can inhibit β amyloid-induced toxicity

Previous studies support the notion that curcumin can reduce
Aβ-induced toxicity. A study by Park et al.(75) used PC12 cell
cultures pre-treated with 10 μg/ml curcumin before Aβ exposure.
Compared with controls, pre-treated cells had a significant
reduction in oxidative stress, as well as lower Ca influx, resulting
in protection against DNA damage and cell death. Curcumin
(1–30 μM) has also been shown to attenuate the production of
Aβ-induced radical O2 species in neuronal cell cultures, and 20 μM
curcumin has been shown to prevent structural changes in Aβ
towards β-sheet-rich secondary structures(69). Furthermore, the
protection curcumin provided to PC12 cells and to human
umbilical vein endothelial cells against Aβ1-42-induced injury was
attributed by Kim et al.(76) to antioxidant mechanisms of
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curcuminoids. More recently, in vitro studies of microglia have
shown that curcumin can dampen inflammatory pathways
that promote neurodegeneration(77). In this study, curcumin
dose-dependently improved viability against Aβ-42-induced
inflammation, as it abolishes Aβ-42-induced IL-1β, IL-6 and
TNF-α production. Curcumin was also shown to reduce ERK1/2
and p38 phosphorylation, which was then shown to reduce
cytokine production by the microglia(77).
Curcumin’s neuroprotective properties may also be attributed to

its role in cell signalling. Cell signalling by the Wnt pathways,
via the transcription co-activator β-catenin, controls embryonic
development, cellular proliferation and neurogenesis. Disruptions
to this pathway have been shown to have a significant role in the
pathogenesis of diverse diseases such as cancer, metabolic
diseases, osteoporosis, epilepsy, as well as AD. In studies of
APP-transfected neuroblastoma cells, curcumin was found to
activate the Wnt/β-catenin signalling pathway by inhibiting the
activity of glycogen synthase kinase 3β (GSK-3β)(78). GSK-3β is a
negative regulator of Wnt, and thus lowering its activity will activate
Wnt. However, just as importantly, constitutively active GSK-3β
contributes to aberrant tau phosphorylation and NFT formation,
which are hallmark pathological changes in AD(79), and thus
curcumin-induced inhibition of GSK-3β may also reduce NFT
formation. However, the benefits of curcumin in attenuating tau
phosphorylation and accumulation have yet to be investigated
thoroughly. Interestingly, Aβ oligomers have also been shown to
inactivate Wnt in hippocampal slices, by inducing the Wnt
antagonist Dickkopf-1(80). These studies collectively suggest that
curcumin can influence GSK-3β and Wnt/β-catenin signalling,
which are both key factors in AD pathogenesis(81). Furthermore,
it has been shown recently that activation of the Wnt/β-catenin
signalling pathway inhibits the transcription of BACE1 by binding
of T-cell factor-4 to the BACE1 promoter gene, thereby reducing
the generation of Aβ(82). Other recent studies using molecular
modelling software programs have identified curcumin and
rosmarinic acid as promising ligands that mimic the inhibitory
action of peptidyl inhibitors of caspase-3(83). The relationships
between AD-related proteins and pathways discussed above
provide further indication of curcumin’s therapeutic potential for
the prevention of AD.

Curcumin and the clearance of β amyloid

One anti-AD therapeutic approach involves enhancing the
clearance of Aβ from the brain. Several mechanisms have been
proposed to assist normal clearance of Aβ from the brain, such
as enhancing receptor- or apo-mediated transport across the
blood–brain barrier (BBB), efflux of Aβ from the brain being the
basis of the peripheral sink hypothesis, targeted immune
responses to Aβ, dissolution of amyloid fibrils and microglial
activation resulting in phagocytosis of amyloid plaques, as
reviewed by Bates et al.(84). The significance of the innate immune
system in Aβ clearance remains pertinent to intervention and
treatment modalities. Although previous attempts to use vaccines
to augment the immune response were halted because of the
incidence of sterile encephalitis(85), interest in this area remains
strong. Macrophage activity and phagocytosis of Aβ has been
reported to be deficient in AD, suggesting a contributory factor to

Aβ accumulation(86). Furthermore, a later study that pre-treated the
AD macrophages with curcuminoids resulted in increased Aβ
uptake in 50% of the macrophages(87).

Curcumin’s ability to reduce oxidative damage and amyloid
pathology in AD transgenic mice, demonstrated by Garcia-Alloza
et al.(40), also suggests that curcumin can influence amyloid-
induced cytopathology, or macrophage processing of amyloid.
Garcia-Alloza et al. used multi-photon and in vivo imaging to
reveal a marked amyloid clearance effect, with 30% plaque
size reduction and slowed plaque development, in animals
receiving curcumin for 7 d via intravenous tail injections.
Fiala et al.(86) examined curcumin’s effect on enhancing
phagocytosis of Aβ at a molecular level, and found that curcumin
restored the normal Aβ-induced up-regulation of the transcription
of β-1,4-mannosyl-glycoprotein 4β-N-acetylglucosaminyltransferase
(MGAT3), an enzyme thought to be involved in phagocytosis.
Other proteins such as toll-like receptors were also up-regulated.
These results indicate that curcumin may correct immune
defects in AD patients, suggesting a novel approach to AD
immunotherapy(88). In more recent studies by the same group,
it was found that 1α,25(OH)2-vitamin D3 (1,25D3) could restore
the defective Aβ phagocytosis in AD macrophages, and that
a nuclear vitamin D receptor antagonist could block this
phagocytosis. All phagocytes seemed to respond to 1,25D3,
yet only a subset responded to curcuminoids by up-regulating
MGAT3. Nevertheless, in those who did respond, further
studies demonstrated that the 1,25D3 bound to a pocket of
the vitamin D3 receptor that influences genomic events, and
curcuminoids bound to a non-genomic pocket(89,90), produced an
additive effect.

Curcumin effects on lipid metabolism

Early research(91–93) reported that curcumin had cholesterol-
lowering ability, supported by Peschel et al.(94) who reported
that curcumin has a hypocholesterolaemic effect, based on its
effect on hepatic gene expression. Feng et al.(95) also found
curcumin to lower cholesterol levels through suppression of
Niemann Pick C1-like 1 protein, which is responsible for
the uptake of cholesterol through vesicular endocytosis
within the intestine. Another potential mechanism for the
hypocholesterolaemic effect of curcumin was revealed in
studies of rats fed a high-fat diet, in which curcumin was
found to decrease significantly the serum levels of TAG, total
cholesterol and LDL-cholesterol, when compared with a control
group: curcumin was found to up-regulate mRNA levels of
cholesterol 7α-hydroxylase (CYP7A1), a rate-limiting enzyme in
the biosynthesis of bile acid from cholesterol(96). More recently,
treatment of similar high-fat diet-fed rats with curcumin
combined with piperine was found to produce similar changes
to the serum lipid profiles of the rats and increased HDL levels,
resulting in significant up-regulation of the activities and gene
expression of apo A-I, lecithin–cholesterol acyltransferase,
CYP7A1 and the LDL receptor(97). As hypercholesterolaemia
continues to be considered a likely contributor to AD risk(98,99),
the use of curcumin if proven to lower cholesterol could
represent another approach, adding to the armoury for AD
risk reduction.
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Curcumin and telomerase

Xiao et al.(100), investigating the role of telomerase (a ribo-
nuclear protein complex that synthesises and elongates telo-
meric DNA) in the neuroprotective efficacy of curcumin, found
curcumin to be protective against Aβ-induced oxidative stress
and cell toxicity. This neuroprotection was lost when telomer-
ase was inhibited by telomerase RT small interfering RNA,
indicating that the neuroprotection provided by curcumin was
dependent on the presence of telomerase.

Focusing on findings in animal studies

Several in vivo studies have found that Aβ deposition and
plaque burden in AD-model transgenic mice is decreased fol-
lowing treatment with curcumin(40,60,101,102). Curcumin has also
been found to inhibit Aβ-induced tau phosphorylation(103), to
reduce microglial activation, indicating a reduction in inflam-
mation(102,104), and reduced oxidative damage(104). Other stu-
dies of transgenic mouse models of AD have shown that
curcumin can reduce genomic instability events(105).
In the study by Lim et al.(101), AD-model Tg2576 mice aged

10 months old were fed a curcumin diet (160 parts per million
(ppm)) for 6 months. The results showed that the curcumin diet
significantly lowered the levels of oxidised proteins, the
inflammatory cytokine, IL-1β, the astrocyte marker glial fibrillary
acidic protein (GFAP), soluble and insoluble Aβ and also plaque
burden. The study found that the reduction in GFAP was
localised, such that increased activity was shown in areas
around plaques, demonstrating a stimulatory effect of curcumin
on the phagocytosis of plaques by microglia. Frautschy
et al.(104), using Sprague–Dawley rats infused with Aβ40 and
Aβ42 to induce neurodegeneration and Aβ deposits, found
that dietary curcumin (2000 ppm (5·43 μmol/g)) suppressed
Aβ-induced oxidative damage and memory impairment, and
increased microglial labelling within areas adjacent to Aβ
deposits. They also found that curcumin reversed changes in
synaptophysin and post-synaptic density 95 (PSD-95) levels,
associated with brain plasticity, as well as improved rat per-
formance in length and latency within the water maze test(104).
In similar studies of aged Tg2576 AD-model mice by Yang
et al.(60), it was demonstrated that curcumin injected periphe-
rally (via the carotid artery) can cross the BBB and bind to
amyloid plaques and inhibit the formation of Aβ oligomers and
fibrils(60). Later, Begum et al.(15) showed similar results and
suggested that the dienone bridge present in the chemical
structure of curcumin is necessary for this reduction in plaque
deposition and the lower protein oxidation observed in the
curcumin-treated Tg2576 mice.
More recently, Belviranli et al.(106) showed that aged female

rats supplemented with curcumin for 12 d demonstrated
improved spatial memory (Morris water maze test), and their
brains exhibited reduced oxidative damage. In other studies
using an Aβ-infused male Sprague–Dawley rat model of AD, the
effects of combined curcuminoids, as well as the individual
curcumin constituents, were examined in relation to genes
related to synaptic plasticity. The genes that were investigated
included actin, Ca/calmodulin-dependent protein kinase

type IV, PSD-95 and synaptophysin, and significant effects were
noted; for example, a significant increase in synaptophysin
expression was found following treatment of the hippocampus
with curcuminoids, and both DMC and curcumin were found to
increase PSD-95 expression several-fold(107), demonstrating
results similar to the earlier rat study carried out by Frautschy
et al.(104).

Curcumin and neurogenesis

Curcumin has also been found to stimulate proliferation of
embryonic neural progenitor cells and neurogenesis in the adult
hippocampus, demonstrating other potentially beneficial effects on
neuroplasticity(108). In this study, intraperitoneally administered
curcumin activated extracellular signal-regulated kinases (ERK) and
p38 kinases, which function in cellular signal transduction pathways
that are known to be involved in the regulation of neuronal
plasticity and stress responses. More recently, a hybrid compound
of curcumin and melatonin (5-(4-hydroxy-phenyl)-3-oxo-pentanoic
acid (2-(5-methoxy-1H-indol-3-yl)-ethyl)-amide), known as Z-CM-
I-1, developed with the aim of improving neuroprotective proper-
ties and BBB permeability, was found to reduce Aβ accumulation
in the hippocampus and cortex of APP/PS1 transgenic mice,
and to increase the expression of the synaptic markers
synaptophysin and PSD-95, following oral administration at a dose
of 50mg/kg for 3 months(109), encouraging further development
of this hybrid compound. APP/PS1 mice were also used in
another recent study, which tested the effect of 6 months’ dietary
supplementation with the curcumin derivative 1,7-bis(4'-hydroxy-
3'-trifluoromethoxyphenyl)-4-methoxycarbonylethyl-1,6-heptadiene-
3,5-dione (FMeC1). It was found that FMeC1 supplementation
resulted in less Aβ deposits, glial cell activity and cognitive
deficits, when compared with untreated, curcumin-treated
or FMeC2-treated mice, suggesting that FMeC1 has potential
in the treatment of AD(110). In rat studies, genetic transcriptional
responses along with enhanced hippocampal neurogenesis
was seen, following 12 weeks of administration of a curcumin-
containing diet, as compared with 6 weeks of this diet, or a
control diet(111), providing further evidence that curcumin
may be beneficial through the promotion of neuronal cell
growth.

Curcumin and the blood–brain barrier

Studies of rat and mouse models of ischaemic damage found
that curcumin could protect the BBB, most likely because of
anti-inflammatory and antioxidant effects(112,113), and later stu-
dies of cerebral ischaemia in rats found that a single intravenous
injection of curcumin could reduce infarct volume and neuro-
logical deficit, possibly because of inhibition of inducible nitric
oxide synthase(114). More recent studies suggest that curcumin
up-regulates heme oxygenase-1 expression to reduce damage
and permeability of the BBB(115). Encouragingly, an in vivo rat
study, using nanoparticulation of curcumin, was able to
demonstrate increased organ, as well as the brain, perfusion by
curcumin, by prolonging retention time in the hippocampus by
83 % and in the cerebral cortex by 96 %(116). More recently,
another group produced a highly stable nanocurcumin
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formulation (particule size <80 nm) for use within an in vitro
and in an AD transgenic mouse model. The study showed
higher concentrations of the nanoformulation in plasma and
within the brain compared with non-capuslated curcumin or
placebo, while demonstrating significant improvements in
working and cued memory function(117).
Curcumin analogues with similar biological activity to curcumin,

yet with improved pharmacokinetic characteristics, including
increased bioavailability and water solubility, are continuing to
be developed(118,119), while new synthetic products are also
emerging(119). Nanotechnology is particularly promising, whereby
nanoencapsulation may be able to achieve a synergistic drug
delivery system(120). Encouraging results have already been
reported in a study examining curcumin for use in breast cancer
chemoprevention, which used injectable polymeric micro
particles in mice, achieving both sustained blood curcumin levels
for almost a month while maximising its BBB penetration, as well
as inhibiting tumour vasculature(121). Other studies exploring
nanoparticle technology(122,123) have been equally promising. For
example, following the intravenous administration of liposomal
curcumin, polymeric nanocurcumin and poly-lactic-co-glycolic
acid co-polymer-curcumin in rats, all of these compounds were
found to cross the BBB(122), whereas in another study
nanoparticles containing curcumin were shown to increase oral
bioavailability 9-fold(123). Further evidence of BBB penetration has
been obtained in animal models using labelled curcumin
derivatives(119).

Curcumin and acetylcholinesterase

In addition to the effects above, curcumin has also been shown
to influence acetylcholinesterase activities(124), following the
same pathway as the commonly prescribed pharmaceuticals,
acetylcholinesterase inhibitors, which are considered first-
line management in AD(18,125). The administration of
acetylcholinesterase inhibitors has been found in certain
circumstances to slow the progression of AD symptoms or even
reduce AD symptoms for a 12-month period, by inhibiting the
breakdown of acetylcholine, a major neurotransmitter, depleted
in the AD brain. Using in vitro and ex vivo models of
acetylcholinesterase activity, Ahmed et al.(107) investigated
whether curcumin had an influence on acetylcholinesterase
mechanisms, and recorded dose-dependent inhibitory effects in
the frontal cortex and in the hippocampal tissue; curcuminoids
also demonstrated significant attenuation of scopolamine-induced
amnesia. Furthermore, Ahmed et al.(107) examined the influence
of curcumin on spatial memory in amyloid-infused AD rat models,
reporting increased PSD-95 and synaptophysin expression in the
hippocampus and a memory-enhancing effect. In studies of
streptozotocin-induced diabetic rats, curcumin has been shown to
prevent cholinergic-mediated cortical dysfunctions, which are
induced by diabetes(126), and in mice treated with okadaic acid to
induce memory impairment orally administered curcumin
has been found to improve cholinergic function and reduce
inflammation, among other beneficial effects(127). Furthermore,
curcumin has been shown to reverse alcohol-induced cognitive
deficits in the adult rat brain, partly by preventing the alcohol-
induced activation of acetylcholinesterase; curcumin also reduces

signs of neuroinflammation in these rats(128). Another rat study
indicated that curcumin may inhibit acetylcholinesterase activity in
As- and Al-induced toxicity models(129).

Despite all these animal studies, the influence of curcumin on
acetylcholinesterase has not yet been investigated in human
clinical studies. Furthermore, mechanisms underlying many
of the effects described above are still being characterised.
However, there is now evidence of curcumin derivatives
influencing proteasomal function and Aβ degradation, as
described below.

Curcumin, proteasome function and β amyloid degradation

Proteasomal activity and its role in the degradation of most
oxidised proteins is linked with the processes of cell ageing; it is
also believed that age-related decreases in proteasome activity
weakens a cell’s capacity to remove oxidatively modified
proteins and therefore encourages the development of
diseases(130). Curcumin has been demonstrated to have a
stimulatory effect on proteasomal activity, causing a 46 %
increase in activity at doses of 1 µM in vitro, whereas higher
doses, not likely to be achieved in vivo, led to decreased
activity(131). More recent studies have shown that a synthetic
derivative of curcumin, CNB-001, can stimulate Aβ degradation
through both proteasomes and lysosomes, and the
experimental inhibition of the proteasome pathway redirects
clearance through lysosomes. Other recent CNB-001 studies
have provided a link between the findings of several other
AD-related biochemical changes. These include the findings
that levels of the enzyme 5-lipoxygenase (5-LOX) are elevated
in AD(132) and that disruption of this enzyme and some
phospholipases can reduce AD pathology(133,134); as well as
that chronic stress can cause cell signalling/over-activation of
regulatory kinases, which in turn leads to the phosphorylation
of the eukaryotic initiation factor-2α (eIF2α) and disrupts
the translation activation of several mRNA, and detected in
neurodegenerative diseases including AD(135). The CNB-001
studies found that CNB-001 could inhibit 5-LOX, which induces
the eIF2α phosphorylation. Furthermore, when fed to AD
transgenic mice, CNB-001 was found to increase
eIF2α phosphorylation (as well as heat shock protein 90 and
activating transcription factor 4 levels), improve Aβ clearance
and therefore limit the accumulation of soluble Aβ and
ubiquitinated aggregated proteins. CNB-001 has also been
found to maintain the expression of synapse-associated
proteins and to improve memory in the mice(136). These
studies indicate that the curcuminoid derivative’s inhibition of
5-LOX has potential as a therapeutic approach.

Overall, cell culture and animal studies have indicated
that curcumin has considerable potential as an inhibitor of
Aβ aggregation, as an antioxidant, an anti-inflammatory and
as an inhibitor of BACE1. Curcumin, among its modalities
of action, has also shown promise in facilitating Aβ clearance/
degradation, inhibiting tau phosphorylation, promoting
neurogenesis and modulating synaptic plasticity (Fig. 1).
Despite these benefits, there is a paucity of population-
based studies examining the protective role of curcumin
on cognition.
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Effects of curcumin on human cognition

Only a handful of clinical studies have been carried out to
evaluate the cognitive enhancing potential of curcumin in AD
patients(137,138); however, these have not been particularly
successful. Reasons could be because of the low bioavailability of
curcumin(15), thereby markedly reducing its potential to reach the
brain at sufficient concentrations to provide benefits. Alternatively,
the subjects may have been treated at a stage of pathology that is
too advanced for curcumin to provide benefits. Nevertheless, there
are epidemiological data that support the concept that
curcumin can reduce the risk of AD. For example, India, with
an estimated average daily consumption of curcumin being
80–200mg(21,139), has been reported to have a lower incidence and
prevalence of AD(140–142), although under-reporting and clinician
access may be a contributor. Nevertheless, a study of 1010
cognitively intact Asian participants aged 60–93 years has found
that those who consumed curry (which contains turmeric) more
often, compared with those who ate curry very rarely or never,
performed better on the Mini Mental State Examination
(MMSE)(143). These observations, among others, support the
concept that turmeric, and in particular its curcumin particle,
may possess valuable neuroprotective or cognitive-enhancing
properties. However, as mentioned above, clinical trials
examining the efficacy of curcumin in patients with cognitive
decline have been disappointing; however, more recently, with
studies using improved formulations and more appropriate
cohorts, encouraging signs are emerging(144). Table 1 represents a
list of ongoing/completed clinical trials that have used curcumin for
the diagnosis, prevention or treatment of AD. These trials are
discussed further below.
Baum et al.(137) randomised AD patients (n 34) to receive 1 g

(plus 3 g placebo), 4 g (plus 3 g placebo) or 0 g of oral curcumin
(plus 4 g of placebo), once daily. Participants were given the choice
of formulation, being either powder or capsule. The intervention
group did not demonstrate significant differences in MMSE scores
or plasma Aβ-40 levels between 0 and 6 months; however, it was

suggested that the outcome measures were not sensitive or specific
enough to demonstrate effects(137). Ringman et al.(145) conducted a
24-week, randomised, double-blind, placebo-controlled study
evaluating the efficacy of two dosages of curcumin (2 and 4 g/d) in
patients with mild-to-moderate AD, with an open-label extension
for 48 weeks. This was the first study to include measurement of
cerebrospinal fluid (CSF) biomarkers. The preliminary results
showed no significant differences in cognitive function, in plasma
or CSF Aβ-40/Aβ-42 or tau, between placebo and intervention
groups; however, bioavailability was again reported as a limitation,
although the dosing was well tolerated.

The above studies included AD-diagnosed participants, in whom
significant neurodegeneration and AD pathology already exists.
Given that the pathological changes begin two decades or more
before the first recognisable symptoms(45), targeting healthy older
cohorts or those in the pre-clinical or prodromal AD phase would
more likely provide benefits through slowing the pathogenic
mechanisms. Considerable synaptic and neuronal loss has already
occurred by the time symptoms appear, and the antioxidant,
anti-inflammatory and Aβ-lowering and anti-Aβ aggregation
properties of curcumin are most likely to be of benefit in the early
stages, for the prevention of AD pathogenesis. However, curcumin
treatment of AD patients may still provide many benefits, and it
warrants further clinical evaluation.

More recent studies have evaluated curcumin’s effects under
normal physiological conditions. In a placebo-controlled study
targeting healthy middle-aged subjects (n 38, 40–60 years),
80 mg of curcumin (400mg of Longvida-optimised curcumin)
was given orally for 4 weeks to assess the health-promoting
effects of curcumin(146). This study, because of the diverse
health claims of curcumin, investigated several blood and saliva
biomarkers, to examine the effect of curcumin on markers
associated with lipids, inflammation, liver function, immunity
and stress, as well as Aβ levels. Cognitive measures were not
included in their study design. Statistically significant results
were shown for a number of these markers including increased
catalase, nitric oxide and antioxidant status, with lowered
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Fig. 1. Curcumin: reported mechanisms of action. BACE1, β-APP-cleaving enzyme-1; Aβ, β amyloid; APP, amyloid precursor protein.
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Table 1. Studies using curcumin in Alzheimer’s disease (AD): diagnosis, prevention and treatment

Study Agent Cohort Dose Duration End points and brief summary of results

Baum et al.(137) (NCT00164749) Curcumin and
ginkgo

Probable AD; 50 years+; n 30 1, 4 g daily 6 months Safety and effects, biochemical and cognitive
measures

No differences detected between treatment groups in
Aβ levels or MMSE scores

Ringman et al.(145) (ACT00099710) Curcumin C3
complex®

Mild/moderate AD; age 49 years+;
n 30

2, 4 g daily 24 weeks plus
24 open label

Side effects, blood biomarkers and cognition
No differences detected between treatment groups in

clinical or biomarker efficacy measures; results also
indicated low bioavailability

Hishikawa et al.(150) Turmeric capsules Severe AD; n 3 100mg curcumin
daily

12 months, tested after
12 weeks

MMSE and NPIQ; score on NPIQ decreased
significantly, MMSE increased in 1/3

Poncha (NCT01001637) Longvida™ Moderate – severe AD; 50–80 years;
n 160

2, 3 g twice daily 2 months Efficacy and safety; blood and cognition

Martins & Goozee
(ACTRN12613000681752)

Biocurcumax™
BCM-95

Retirement living, healthy 65–90 years;
n 100

500mg, thrice
daily

12 months Cognition, blood biomarkers/chemistry; lifestyle
questionnaires; brain imaging (MRI, PET FDG and
amyloid), retinal imaging

Martins (ACTRN12611000437965) Biocurcumax™
BCM-95

Community living, healthy 55–75 years;
n 100

500mg, thrice
daily

12 months Cognition, blood biomarkers/chemistry; lifestyle brain
imaging

Small (NCT01383161) Theracurmin
CR-031P™

MCI/normal ageing n 132 90mg/d twice
daily

18 months Cognition; blood; genetic profile

Frautschy (NCT018811381) Longvida and yoga Subjective cognitive complainers 55–90
years; n 80

400mg, twice
daily

6 months Biochemistry, cognition and FDG PET

Cox et al.(144)

(ACTRN12612001027808)
Longvida™ Healthy and cognitive decline 65–80

years; n 60
400, 800mg daily Phase 1: acute 1–3 h/

4 weeks
Phase 2: 8 weeks

Cognition, mood and anxiety; blood biomarkers fMRI;
cognition

Patterson (NCT00595582 early
termination)

Curcumin
bioperine

MCI 55–85 years; n 10 900mg twice
daily

24 months Cognition and size of metabolic lesions on the PET
scan

Martins & Goozee
(ACTRN12614001024639)

Biocurcumax™
BCM-95

Healthy and MCI 65–90 years; n 48 500mg twice
daily

3 months Gene regulation and expression; and cognition

Verdooner & Martins
(ACTRN12613000367741)

Longvida™ Healthy, MCI, mild/moderate AD 50
years+; n 200

20 g daily (shake) 7 d Diagnostics; curcumin fluorescence retinal imaging of
Aβ plaques

Aβ, β amyloid; MMSE, Mini Mental State Examination; PET, positron emission tomography; FDG, fluorodeoxyglucose; MCI, mild cognitive impairment; NPIQ, Neuro-Psychiatric Inventory-Brief Questionnaire; fMRI, functional MRI.
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plasma alanine aminotransferase and TAG, but not total cho-
lesterol. In addition, curcumin was found to lower plasma Aβ
levels. Another interesting finding was that salivary amylase was
also significantly lowered, which is an enzyme associated with
adrenergic activity during stress(147).
A number of studies of curcumin supplementation in healthy

older subjects are still in progress. However, one such study has
been completed: a randomised, double-blind placebo-
controlled study (n 60, 60–85 years) using the same 80 mg/d
curcumin formulation as used by DiSilvestro et al.(146) (400 mg
of Longvida-optimised curcumin). The authors reported acute
(1 h post dose) and chronic (1-month duration) effects of
curcumin intake on cognition, mood and blood biomarkers(144).
Benefits on attention and working memory were reported
following the acute administration of curcumin, whereas
at the 1-month time point, working memory and mood
improved. Alertness and contentedness also improved after
acute-on-chronic treatment.
Although the results above are encouraging, alternate

mechanisms, including modulation of the stress response, may
have played a part. Amylase, shown to be lowered in an earlier
study using curcumin(146), is a recognised biomarker of
β-adrenergic stimulation(147–149), and improved attention, working
memory and contentedness may be linked to this mode of action.
No alterations in blood levels of Aβ-40 or Aβ-42 levels were
detected, although these are not thought to be reliable biomarkers
on their own. Differences in cognitive performance, as
demonstrated in serial 7-s and delayed recall, were not
significant(144). Nevertheless, curcumin did enhance the lipid
profile by lowering LDL, and in contrast to the results found by
DiSilvestro et al.(146), Cox et al.(144) also recorded a reduction in
plasma total cholesterol. Long-term lipid changes such as these
may have some effect on AD risk: as mentioned earlier, chronic
conditions linked to abnormal lipid profiles such as obesity and
diabetes are linked with a higher risk of AD. Interestingly, a
case study reported by Hishikawa et al.(150) found that three
severe-stage AD patients treated with 100mg/d oral curcumin
for 12 weeks (in addition to their already prescribed
acetylcholinesterase inhibitor, donepezil) showed a reduction in
agitation, anxiety and irritability; one patient also showed
improvement in MMSE score. This may suggest a role for
curcumin as a concurrent intervention, and it supports the concept
that curcumin may provide benefits, even in advanced stages of
AD; however, further research would be required to support these
suggestions.
As mentioned earlier, several other clinical studies are still

underway, or results have not yet been published; thus, with so
few clinical studies having been completed, it is not possible to
make any conclusions concerning the clinical significance of
curcumin in enhancing cognition.

Epigenetics, Alzheimer’s disease and curcumin

Epigenetic alterations have been reported to occur in AD(151–154).
As epigenetic alterations are dynamic, these alterations have been
proposed as a target area for AD prevention. Epigenetic alterations
include changes in DNA methylation, histone modifications or
changes in miRNA expression. Studies including some clinical

studies of other conditions have shown that curcumin has the
potential to induce epigenetic changes(155,156). For example,
epigenetic effects of curcumin have been shown in patients with
breast cancer and advanced pancreatic cancer, and also in people
at risk of stroke, by providing vascular protection(157). Curcumin
has been shown to inhibit DNA methyltransferase, histone
acetyltransferase and histone deacetylase, and to modulate miRNA,
for example down-regulating microRNA-134 and microRNA-124 in
cultured hippocampal slices, which are associated with an increase
in the brain-derived neurotropic factor (BDNF)(158). BDNF has
been shown to increase hippocampal neuronal survival and to
enhance synaptic plasticity. Furthermore, variants of the BDNF
gene have been linked to several mental disorders such as major
depressive disorder (MDD) and schizophrenia, and low levels of
BDNF protein are thought to contribute to the pathology of MDD.
Interestingly, antidepressants have also been found to increase
blood levels of BDNF(159). Depression is a major risk factor for AD,
and thus this BDNF-modifying property of curcumin is of
significant interest. Other recent studies have also found that
curcumin can have a significant effect on depression(160),
supported to some extent by the studies described above by Cox
et al.(144)

Many other studies have discovered the beneficial epigenetic
effects of curcumin in relation to various cancers and rheumatoid
arthritis, and now similar benefits are being discovered that may
have an impact on the risk and severity of AD(161). For example,
DNA methylation in neurodegenerative diseases (and many other
conditions such as CVD and stroke) has been linked to high
homocysteine levels, which occur with ageing and with vitamin B12

or folate deficiencies(162,163). Chronically high homocysteine levels
lead to an abnormally high DNA methylation(164), which requires
DNA methyltransferase, and as mentioned above curcumin inhibits
DNA methyltransferase. However, rat studies of homocysteine
effects suggest that curcumin may be neuroprotective, and may
improve learning and memory deficits, by reducing lipid perox-
idation and high malondialdehyde levels, both of which are
induced by high homocysteine levels(165). The relative significance
of these potential benefits of curcumin dietary supplementation are
clearly still not known, and thus further clinical studies are required
to evaluate the neuroprotective role of curcumin induced by
epigenetic regulation for the prevention of cognitive decline.

Curcumin safety profile, tolerability, bioavailability and
mode of administration

As curcumin is a component of the spice turmeric, it is not
surprising that curcumin has been reported to be a very safe
nutraceutical with a low side-effect profile. However, it should be
noted that while curcumin has been reported to be safe and well
tolerated at doses of upto 8 g/d(166), studies have not gone beyond
3 months, and thus the long-term effects of high doses of curcumin
are not known. In addition, with enhanced bioavailability and
absorption now possible with new formulations, the risk of
increased toxicity is higher, particularly for populations taking
medications metabolised by the liver or for those with existing
liver impairment(137). Nevertheless, although curcumin may not
have been tested widely for the purposes of reducing
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neurodegeneration, it has been clinically tested in patients with
various conditions and pro-inflammatory diseases including
cancer, CVD, arthritis, Crohn’s disease, ulcerative colitis, irritable
bowel disease, tropical pancreatitis, peptic ulcer, psoriasis,
atherosclerosis, diabetes, diabetic nephropathy and renal
conditions, among others, and has resulted in minimal side effects
and many health benefits. Curcumin has also provided protection
against hepatic conditions, chronic arsenic exposure and alcohol
intoxication(167).
Curcumin’s pleiotropic effects explain its wide variety of

applications; for example, it has been tested for the purpose of
stent coating, as curcumin has advantageous anti-coagulant
properties(168). In addition, it can inhibit the generation of blood
clotting factors Xa and thrombin via the extrinsic and intrinsic
pathways(169). These properties do indicate that one should be
cautious when prescribing curcumin in combination with other
blood-thinning preparations. Although the safety of curcumin has
been demonstrated(137,145), in humans, oral ingestion of existing
formulations has presented challenges concerning absorption and
bioavailability(145,170). The literature reports that oral curcumin has
efficient first-pass metabolism and some degree of intestinal
metabolism, including glucuronidation and sulphation (although
this occurs mostly in the liver); however, it is excreted largely
unconjugated via the intestine. Curcumin is also unstable at neutral
and alkaline pH. There appears to be minimal distribution of
curcumin to the liver or other tissues beyond the gastrointestinal
tract(171). For example, in rat studies, an oral dose of 500mg/kg
resulted in a peak plasma concentration of only 1·8 ng/ml(172),
with the major metabolites being curcumin sulphate and curcumin
glucuronide, whereas a clinical study found that oral doses of 4, 6
and 8 g of curcumin daily for 3 months yielded serum curcumin
concentrations of only 0·51 (SD 0·11), 0·63 (SD 0·06) and 1·77
(SD 1·87) μM, respectively, with peak levels at 1–2 h post
dosing(166). Unmodified curcumin is reported to be retained in the
blood for 2–5 h in humans, whereas retention of a modified
form of curcumin – Biocurcumax-95 (BCM-95) – is reported as
exceeding 8 h(173). In order for the curcumin to elicit a greater
nutraceutical benefit, it is critical that more of it is able to enter the
bloodstream, it must have a longer half-life and also cross the BBB
to be of significant benefit in AD.
To date, most human curcumin studies have used oral

formulations. Absorption and bioavailability have continued to
be a hindrance, not aided by the variation of formulations
available. However, as technology has advanced and new
delivery approaches have emerged, the use of adjuvant therapies,
isomerisation, liposomes, micelles, phospholipids and nano-
technology also increase. One of the potential therapeutic results of
increasing blood levels of curcumin in humans can hopefully be
anticipated from AD transgenic mouse studies, in which the
intravenous administration of curcumin (7·7mg/kg per d) for 7 d
resulted in significant clearance of cerebral Aβ load(40). Alternate
routes of delivering curcumin are already being used for
other disorders, such as the use of topical eye drops,
recommended for the treatment of a variety of ophthalmic
disorders(174), and transdermal application using encapsulated
curcumin as a nanoemulsion, for the treatment of arthritis(175).
Recently, the curcumin derivative FMeC1, originally produced as
an MRI probe, has been produced in aerosol form for inhalation.

A study in 5XFAD transgenic mice suggested improved
distribution in the brain, and immunohistochemical studies
demonstrated that FMeC1 absorbed following aerosol delivery did
bind to amyloid plaques in the mouse brains(176). This technique
may also be useful for Aβ imaging studies; however, further
studies are needed to validate this notion. The absorption and
bioavailability of curcumin is highly relevant, and the formulation,
dose and mode of delivery are each important factors. Multiple
over-the-counter brands are available, and most of them claim
increased bioavailability compared with unformulated curcumin;
however, independent comparative analysis is essential. Two
formulations BCM-95(177,178) and Longvida(145) currently have the
strongest independent data available in human trials. For a review
of the molecular structure of curcumin and its derivatives, FMeC1
and FMeC2, see Yanagisawa et al.(110), and differences between the
properties of CNB-001 can be examined as previously
published(179–181).

To summarise, curcumin has been trialled at doses as high as
8 g/d, and found to be well tolerated and safe. However, as new
formulations are emerging that are showing promise of
increasing bioavailability, BBB permeability and longer half-
lives, these formulations also need to be evaluated in future
safety and tolerability trials. Furthermore, as any curcumin
therapy is likely to be long-term in nature, much longer treat-
ment times need to be trialled. The animal and clinical studies
that have investigated the role of curcumin have applied a
variety of administration modes, including oral, subcutaneous,
intraperitoneal, intravenous, topical and the nasal route(182).
Human trials investigating curcumin’s neuroprotective
mechanisms have mostly used the oral route; however, future
studies should explore other routes of administration.

Curcumin as a fluorochrome/radioligand in Alzheimer’s
disease diagnosis

Turmeric has been used as a colouring agent since ancient times.
In 1989, Stockert et al.(183) identified curcumin as a potential
fluorochrome, as curcumin was found to fluoresce yellow/green
under a violet/blue (436 nm) light, and it was noted to bind to
DNA and chromosomes, as treatment of tissue samples and cell
samples with deoxyribonuclease or TCA prevented the chromatin
staining. More recently, these innate fluorescent qualities (curcu-
min absorbs light at about 420 nm and emits fluorescence at about
530 nm in aqueous solutions(184)), and curcumin’s natural affinity
to bind with Aβ, prompted curcumin to be tested as a safe plaque-
labelling fluorochrome. A mouse study investigated novel deri-
vatives of curcumin and measured their binding affinities for Aβ
aggregates(185). The derivative with the highest affinity was then
(18F)-radiolabelled for testing as a radioligand probe for Aβ plaque
imaging; the compound also had suitable lipophilicity, good brain
uptake and was metabolically stable in the brain. In another study
conducted on transgenic AD mice, multiphoton microscopy was
used to demonstrate that curcumin crossed the BBB and labelled
Aβ plaques and cerebrovascular amyloid angiopathy(40). Curcumin
has since been used in the labelling of neuronal fibrillar tau
inclusions in human brain samples of AD and progressive
supranuclear palsy(186). More recently, other studies of Aβ imaging
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used an 19F-containing curcumin derivative injected peripherally in
AD-model mice to detect Aβ plaques in the brains, using MRI(110).
Furthermore, Koronyo-Hamaoui et al.(187) demonstrated curcu-
min’s value as a staining agent for Aβ by detecting plaques in
human postmortem retinal tissue, and also as a brain and retinal Aβ
plaque tracer administered intravenously in transgenic mice.
Importantly, the pathology in the retina was detected before the
stage at which pathology in the brain could be detected, indicating
that curcumin may have potential as a pre-clinical AD biomarker.
The research also supports the previous observation that curcumin
has the ability to cross the BBB, which is essential for its therapeutic
efficacy. Preliminary data from a pilot study (n 40) conducted by
our group undertaking retinal imaging using curcumin as a
fluorochrome had a 100% sensitivity and 80·6% specificity for AD
diagnosis(3). Another study recruited mild cognitive impairment
(MCI) patients (n 30) and administered 80mg of curcumin (Meriva)
twice daily for 3 d and found abnormal deposits in different retinal
layers believed to be related to neurodegeneration(188). The study
reported that curcumin caused patchy hypofluorescent spots;
however, it did not quantify the retinal amyloid plaques. The
findings were primarily based on the direct perception of the
deposits via ocular imaging. Recent studies have again used
MRI, this time to detect magnetic nanoparticles made of
superparamagnetic iron oxide conjugated with curcumin, which
were found to bind to Aβ aggregates in ex vivo AD-model mouse
brains, after injection with the curcumin conjugate(189). Other
recent studies have produced a novel nanoimaging agent:
poly(β-L-malic acid) containing covalently attached (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) gadolinium and
curcumin. The all-in-one agent selectively binds to Aβ plaques and
can be detected by MRI(190), thus providing another promising Aβ
plaque imaging agent.
Curcumin, being non-toxic, accessible and economical, thus

becomes highly attractive for both diagnostics and therapeutic
research. As discussed above, retinal imaging using curcumin
fluorescence is currently being examined in our research centre as
part of the Australian Imaging, Biomarkers and Lifestyle flagship
study of ageing, and it has been found to be well tolerated by
participants. This approach, combined with examination of the
retinal vascular features(191), may deliver a novel diagnostic tool
that provides a more reliable indication of early AD changes, which
is economical, relatively non-invasive and widely applicable.

Limitations of curcumin and future directions

If all the positive results observed in in vitro and in vivo animal
studies could be translated into human studies, the significance
of curcumin in AD prevention and treatment would be
considerable. The recent study by Cox et al.(144) provided some
encouraging outcomes by investigating cognitive markers, but
only acute changes in attention, working memory and mood
were significant. No effects were reported in long-term memory
or executive function; however, the short duration of the study
may have been a limitation. The evidence that curcumin can
influence Aβ aggregation and Aβ clearance, support innate
immune systems, reduce oxidative stress, enhance cognition
and impede the onset of AD in humans remains elusive.
However, not to be overlooked is the application of curcumin

as a diagnostic fluorochrome, potentially assisting in the earlier
identification of pre-clinical stages of AD, during retinal
scanning. The use of curcumin as a fluorochrome within
retinal amyloid imaging, combined with examination of retinal
vascular features, offers a novel diagnostic approach to AD.
While retinal imaging is acknowledged as a non-invasive,
economical and easily translated technology, further validation
is required before it can be adopted as an early AD marker.

Enhanced oral formulations of curcumin are emerging,
potentially negating the prior challenges of absorption and
bioavailability. However, considering the differences in product
formulation, and the multitude of curcumin products already
available, comparative analysis would be useful. As the primary
focus of AD treatment has turned to primary prevention, the
point of intervention is also crucial: interventions introduced
early (>10 years before the onset of AD clinical symptoms) may
present difficulty establishing statistically significant changes,
whereas interventions introduced 1–2 years before the onset
may be less effective or ineffective as the disease pathology
may already be too advanced. Prevention studies designed with
longer duration are highly desirable; however, as nutraceuticals
generally do not attract commercial opportunity, realising these
type of studies will be difficult to accomplish.

The use of curcumin as an adjunct therapy to cholinesterase
inhibitors, particularly in the early stages of AD, offers a potentially
new area of research. As anxiety and stress are common
co-morbidities in AD, and research has shown curcumin to have
effect in these areas, curcumin may offer an appealing alternative
to antidepressant and antipsychotic therapies, while potentially
offering other synergies, including influencing the underlying
neuropathology and enhancing cholinergic activity. In recent
years, the focus on curcumin as a compound of interest for the
prevention of AD has been intensifying. The results of ongoing
clinical trials will hopefully shed more light on the benefits of
curcumin in the prevention of AD. In line with curcumin’s com-
plex modes of action, outcome measures should be expanded to
include not just cognitive changes; extensive blood biomarker
assays should also be carried out, as well as imaging (e.g.
measuring cerebral amyloid load and potentially retinal markers)
to characterise curcumin’s effects more fully over time, in a
pre-clinical population.

Conclusion

To date, AD clinical trials have not been able to generate the
anticipated benefits of curcumin; however, this has been
broadly attributed to difficulties with absorption, bioavailability
and arguably the timing and length of intervention. As reviewed
in this article, there is significant evidence that curcumin can act
on multiple pathways identified in the pathogenesis of AD. It is
possible, however, that sporadic AD in humans with the
associated cerebral atrophy and neuronal death may be less
responsive to curcumin than the AD induced in transgenic
animal models of the disease.

As discussed in this review, increasing the bioavailability, BBB
penetration and sustaining the half-life of curcumin remains a
major focus in relation to its dose–response. To achieve the same
degree of efficacy in human studies as compared with animal
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studies, closer scrutiny of the administration route and also
formulation are required, as increasing bioavailability and BBB
penetration is critical. Research analysing the different oral
formulations is lacking, and this is an area for further investigation.
Furthermore, as the pre-clinical signs of AD are present decades
before its clinical onset and most of the late-stage AD clinical trials
have recently failed, intervention must be focused at preventing
or delaying AD onset. It is reasonable to include healthy
community-dwelling older adults and those with subjective
memory complaints, in intervention studies with curcumin, for a
longer duration with longitudinal follow-up. Last, inclusion of
AD-related biomarkers and neuroimaging would add to the
clinical significance of curcumin’s efficacy in the prevention of AD
and associated cognitive decline.
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ORIGINAL ARTICLE

Elevated plasma ferritin in elderly individuals with high
neocortical amyloid-β load
K Goozee1,2,3,4,5,6,7,15, P Chatterjee1,4,6,15, I James8, K Shen9, HR Sohrabi1,4,5,7, PR Asih6,10, P Dave1,2, C ManYan2, K Taddei4,5, SJ Ayton11,
ML Garg12, JB Kwok10,13, AI Bush7,11, R Chung1, JS Magnussen14 and RN Martins1,3,4,5,6,7

Ferritin, an iron storage and regulation protein, has been associated with Alzheimer’s disease (AD); however, it has not been
investigated in preclinical AD, detected by neocortical amyloid-β load (NAL), before cognitive impairment. Cross-sectional analyses
were carried out for plasma and serum ferritin in participants in the Kerr Anglican Retirement Village Initiative in Aging Health
cohort. Subjects were aged 65–90 years and were categorized into high and low NAL groups via positron emission tomography
using a standard uptake value ratio cutoff = 1.35. Ferritin was significantly elevated in participants with high NAL compared with
those with low NAL, adjusted for covariates age, sex, apolipoprotein E ε4 carriage and levels of C-reactive protein (an inflammation
marker). Ferritin was also observed to correlate positively with NAL. A receiver operating characteristic curve based on a logistic
regression of the same covariates, the base model, distinguished high from low NAL (area under the curve (AUC) = 0.766), but was
outperformed when plasma ferritin was added to the base model (AUC= 0.810), such that at 75% sensitivity, the specificity
increased from 62 to 71% on adding ferritin to the base model, indicating that ferritin is a statistically significant additional
predictor of NAL over and above the base model. However, ferritin’s contribution alone is relatively minor compared with the base
model. The current findings suggest that impaired iron mobilization is an early event in AD pathogenesis. Observations from the
present study highlight ferritin’s potential to contribute to a blood biomarker panel for preclinical AD.

Molecular Psychiatry advance online publication, 11 July 2017; doi:10.1038/mp.2017.146

INTRODUCTION
There is mounting evidence of a disruption in brain iron
homeostasis in Alzheimer’s disease (AD) pathogenesis.1–5 Ferritin,
the major iron storage protein, has a crucial role in maintaining
iron homeostasis, and has been investigated in several AD-related
studies. Elevated ferritin in the cerebrospinal fluid (CSF) is
associated with poorer cognitive performance, and increases the
risk of individuals with mild cognitive impairment (MCI) convert-
ing to AD,6 and the risk of cognitive deterioration for normal
individuals carrying the greatest genetic risk factor for AD,
apolipoprotein E ε4 (APOE ε4).7 In the blood, elevated ferritin
levels have been observed in AD patients8 and a study carried out
by Faux et al.9 further reported a significantly greater frequency of
AD patients with serum ferritin levels above the normal range,
compared with that of healthy controls. However, blood ferritin
alterations in the preclinical stage of AD, before the manifestation
of cognitive symptoms, have not been reported previously.
The aberrant build-up of neocortical amyloid-β load (NAL), a key

feature in the AD pathogenesis trajectory, begins as early as two
decades before the clinical manifestation of the disease,10

indicating that elevated NAL (observed via positron emission
tomography (PET)) is a prodromal feature and a biomarker of AD.

Since recent reports highlight differences in protein measure-
ments between plasma and serum samples,11–13 the current study
therefore investigated whether both plasma and serum ferritin
concentrations were altered in cognitively normal elderly indivi-
duals with high NAL (standard uptake value ratio (SUVR) ⩾ 1.35),
compared with those with low NAL (SUVRo1.35). Given that the
aforementioned studies observed elevated ferritin concentrations
in AD pathogenesis, our hypothesis suggest that plasma and
serum ferritin levels were elevated in the high NAL group
compared with the low NAL group.

MATERIALS AND METHODS
Participants
Study participants belonged to the Kerr Anglican Retirement Village
Initiative in Aging Health (KARVIAH) cohort at baseline. Participants
recruited to the cohort were residents of Anglicare (Sydney, NSW,
Australia). All volunteers (N= 206) were required to meet the set screening
inclusion and exclusion criteria to be eligible for the KARVIAH cohort.
Briefly, the inclusion criteria to be recruited in the KARVIAH cohort

comprised an age range of 65–90 years, good general health, no known
significant cerebral vascular disease, fluent in English, adequate/corrected
vision and hearing to enable testing, and no objective memory impairment
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as determined by a Montreal Cognitive Assessment Score ⩾ 26. Montreal
Cognitive Assessment Scores lying between 18 and 25 were assessed on a
case-by-case basis by the study neuropsychologist following stratification
of scores according to age and education.14 The exclusion criteria relevant
to the current study comprised the diagnosis of dementia based on the
revised criteria from the National Institute on Aging—Alzheimer's
Association,15 presence of acute functional psychiatric disorder (including
lifetime history of schizophrenia or bipolar disorder), history of stroke,
depression (based on the Depression, Anxiety, Stress Scales) and
uncontrolled hypertension (systolic blood pressure 4170 mm Hg or
diastolic blood pressure 4100 mm Hg).
One hundred and thirty-four volunteers met the inclusion/exclusion

criteria, of whom 105 participants underwent neuroimaging, neuropsycho-
metric evaluation and blood collection, and the remaining either declined
neuroimaging or withdrew from the study. Within these 105 participants,
100 participants were considered to be cognitively normal based on their
Mini Mental State Examination score (MMSE ⩾ 26) for the current study.
Since both plasma and serum ferritin concentrations were reported in 94
of the aforementioned 100 participants, the current study included these
94 participants, wherein an NAL SUVR cutoff score16 of 1.35 was used to
categorize them into low NAL (SUVRo1.35, N= 62) and high NAL
(SUVR⩾ 1.35, N= 32). Plasma and serum ferritin levels were also followed
up at 12 months in the aforementioned 94 participants; however, only 90
of these 94 participants underwent NAL measurement at this follow-up
time point (SUVRo1.35, N=61; SUVR⩾ 1.35, N= 29), and the remaining
four withdrew (Supplementary Figure 1). All volunteers provided written
informed consent before participation, and the Bellberry Human Research
Ethics Committee, Australia, provided approval for the study.

Evaluation of NAL and hippocampal volumes via PET and
magnetic resonance imaging
Participants were imaged within 3 months of blood collection. Participants
underwent magnetic resonance imaging (MRI) and PET using ligand18

F-Florbetaben at Macquarie Medical Imaging in Sydney.
Eighty-eight of the 94 participants within the current study at baseline

passed all standard MRI exclusion criteria, and underwent MRI. Sagittal
three-dimensional T1 spoiled gradient recalled acquisition in steady state
and three-dimensional T2 fluid-attenuated inversion recovery with axial
dual echo turbo spin echo PD/T2-weighted sequences and axial T2 star
gradient sequence scans were performed on a General Electric 3 Tesla
scanner (Model 750 W, GE Healthcare, Waukesha, WI, USA), using a 24-
channel head coil. Hippocampal volume was calculated from the images
acquired and was normalized by dividing with the total intracranial volume
consisting of sum of the CSF, grey matter and white matter volumes.
All participants within the current study underwent 18F-Florbetaben-PET.

Participants were administered an intravenous bolus of 18F-Florbetaben
slowly over 30 s, while in a rested position. Images were acquired over a
20 min scan, in 5 min acquisitions, beginning 50 min after injection. NAL
was calculated as the mean SUVR of the frontal, superior parietal, lateral
temporal, lateral occipital, and anterior and posterior cingulate regions
using image processing software, CapAIBL.17,18

Physical examination and blood collection
All study participants fasted for a minimum of 10 h overnight before
donating a total of 80 ml blood. The blood draw was carried out using
standard serologic techniques following collection of vital signs including
height, weight, blood pressure and pulse. Approximately 53 ml of the total
blood sample was then fractionated as described previously by Ellis et al.,19

and stored at − 80 °C for research, whereas the remaining 27 ml was used
for clinical pathology testing, wherein samples were immediately
forwarded to a clinical pathology laboratory (Laverty Pathology, Kotara,
NSW, Australia) for full blood examination that included serum ferritin, iron,
transferrin and hemoglobin measurements. Plasma ferritin and serum
C-reactive protein (CRP) were measured in blood stored at − 80 °C. APOE
genotype was determined from purified genomic DNA extracted from
0.5 ml whole blood. Each sample was genotyped for the presence of the
three APOE variants (ε2, ε3 and ε4) based on TaqMan SNP genotyping
assays for rs7412 (C 904973) and rs429358 (C 3084793) as per the
manufacturer’s instructions (AB Applied Biosystems by Life Technologies,
Scoresby, VIC, Australia). Five percent of the samples were genotyped in
duplicate and 100% inter- and intra-assay concordance was observed.

Measurement of ferritin, iron, transferrin and C-reactive protein
Ferritin concentrations in fresh serum and frozen plasma, thawed before
assay run, were determined using a sandwich immunoassay using direct
chemiluminometric technology (ADVIA Centaur Ferritin assay; Siemens
Healthcare and Diagnostics, Tarrytown, NY, USA). This assay was conducted
in an independent clinical pathology laboratory (Laverty Pathology).
Plasma and serum ferritin concentrations were measured within the

study population, to determine whether they are equivalent.
Serum iron and transferrin concentrations were measured using color-

imetric and immunoturbidimetric methods, respectively, using the ADVIA
Chemistry Systems, Siemens Healthcare Diagnostics at Laverty Pathology.
C-reactive protein levels were measured in serum samples, using the

COBAS Tina-quant immunoturbidimetric high-sensitivity CRP (hs-CRP)
assay and ADVIA wide-range CRP (wr-CRP) assay at Laverty Pathology.

Neuropsychological tests
Study participants underwent a comprehensive battery of neuropsycho-
logical tests. However, for this study, the primary measure used to examine
global cognitive abilities of the cohort was MMSE.20 MMSE scores range
from 0 to 30, indicating severe impairment to no impairment.

Statistical analyses
Descriptive statistics including means and standard deviations were
calculated for high and low NAL groups. χ2 tests were used to compare
gender, APOE ε4 carrier status and population frequencies outside
reference ranges individually between high and low NAL groups. Linear
models were used to compare continuous variables described in the study
between high and low NAL, with and without adjusting for covariates age,
gender, APOE ε4 carrier status and CRP. Logistic regression with high/low
NAL as response was used to evaluate predictive models. Continuous
response variables were checked for approximate normality and variance
homogeneity and analyzed on an appropriate transformed scale where
necessary. Spearman’s (rs) correlation coefficient was used for all con-
tinuous variable correlations. All analyses were carried out using IBM SPSS
Version 23 (IBM, Armonk, NY, USA), while receiver operating characteristic
curves were generated using the package Deducer on R (version 3.2.5).

RESULTS
Participant demographics, APOE ε4 carrier status, MMSE scores,
NAL and hippocampal volumes are presented in Table 1. Although
the frequency of APOE ε4 carriers was significantly higher in
participants with high NAL compared with those with low NAL
(P= 0.0001), no significant difference was observed in age, gender,
MMSE scores and hippocampal volumes between the two groups.

Table 1. Characteristics of study participants

Low NAL High NAL P-value

Gender (M/F) 19/43 13/19 0.333
Age (years, mean± s.d.) 77.58± 5.54 79.38± 5.56 0.141
APOE ε4 carriers (%) 8.06 40.62 0.0001
MMSE (mean± s.d.) 28.48± 1.17 28.94± 0.98 0.064
Neocortical SUVR
(mean± s.d.)

1.15± 0.08 1.70± 0.26 —

Hippocampal volume %
(left and right lobes,
respectively, mean± s.d.)

0.195± 0.02;
0.198± 0.02

0.194± 0.02;
0.200± 0.01

0.888;0.689

Abbreviations: APOE, apolipoprotein E; F, female; M, male; MMSE, Mini
Mental State Examination; NAL, neocortical amyloid-β load; SUVR, standard
uptake value ratio. Baseline characteristics including gender, age, APOE ε4
status, MMSE scores, NAL represented by the SUVR of the ligand 18F-
Florbetaben in the neocortical region normalized with that in the
cerebellum, and hippocampal volume normalized by the intracranial
volume were compared between study participants with low NAL
(SUVRo1.35) and high NAL (SUVR⩾ 1.35). χ2 tests or linear models were
used as appropriate. Po0.05 was considered as significant.
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Plasma ferritin levels were significantly higher (≈64%; Figure 1)
in participants with high NAL compared with low NAL, whether
uncorrected (P= 0.010) or corrected for covariates age, sex, APOE
ε4 carrier status and the inflammation marker, CRP (Table 2).
Serum ferritin concentrations were also observed to be similarly
(≈57%; Figure 1) significantly higher in participants with high NAL
compared with those with low NAL (P= 0.019), whether or not
corrected for covariates (Table 2). Additionally, serum transferrin
levels were significantly lower in high NAL compared with low
NAL, uncorrected (P= 0.025) or corrected for covariates age,
gender and APOE ε4 carrier status (Table 2), with a trend
remaining following CRP adjustment (P= 0.052). Furthermore,
the ratio of plasma ferritin to transferrin (rPFT) and serum ferritin
to transferrin (rSFT) was significantly higher in participants with
high NAL compared to those with low NAL (rPFT, P= 0.006; rSFT,

P= 0.011; Table 2). No significant difference in serum iron,
transferrin saturation and hemoglobin measures were observed
between high and low NAL groups (Table 2 and Figure 1).
On stratifying study participants into APOEε4 carriers and non-

carriers, plasma ferritin levels continued to remain significantly
higher in high NAL non-carriers compared with low NAL non-
carriers (Supplementary Figure 2).
Serum and plasma ferritin concentrations correlated strongly

(rs = 0.989, Po0.0001; Figure 2). Serum ferritin concentrations
were further observed to correlate with serum transferrin levels
(rs =− 0.498, Po0.0001) and saturated transferrin levels (rs = 0.379,
Po0.0001), whereas a trend of correlation was observed with
serum iron levels (rs = 0.181, P= 0.081).
Ferritin levels were positively associated with NAL (serum,

rs = 0.271, P= 0.008; plasma, rs = 0.288, P= 0.005; Figure 2). An

Figure 1. Comparison of ferritin, iron, transferrin concentrations and ferritin to transferrin ratios between participants with low and high
neocortical amyloid-β load (NAL) at baseline. Plasma ferritin, serum ferritin, serum iron, serum transferrin concentrations and ferritin to
transferrin ratios were compared between participants with high and low NAL using linear models. Ferritin levels were significantly higher in
high NAL (N= 32) compared with low NAL (N= 62) and transferrin levels were significantly lower in high NAL compared with low NAL. Further,
plasma and serum ferritin to transferrin ratio (rPFT, rSFT) were significantly higher in high NAL compared with low NAL. The error bars in the
graphs represent standard error means. *Po0.05 and **P⩽ 0.01.

Table 2. Comparison of ferritin, iron, transferrin and hemoglobin concentrations in low and high NAL

Low NAL High NAL P-value P-valuea P-valueb

Plasma ferritin (μg l− 1, mean± s.d.) 113.53± 86.57 186.34± 126.45 c0.010 c0.013 c0.018
Serum ferritin (μg l− 1, mean± s.d.) 115.87± 86.45 181.65± 121.18 c0.019 c0.024 c0.034
Serum iron (μmol l− 1, mean± s.d.) 17.38± 5.07 17.09± 4.51 0.788 0.746 0.660
Serum transferrin (μmol l− 1, mean± s.d.) 34.85± 4.58 32.40± 5.58 0.025 0.037 0.052
Transferrin saturation % (mean± s.d.) 25.83± 7.79 27.81± 8.53 0.263 0.125 0.120
Hemoglobin (g l− 1, mean± s.d.) 138.66± 11.33 134.31± 15.93 d0.171 d0.236 d0.244
rPFT (mean± s.d.) 3.40± 2.80 6.26± 4.74 c0.006 c0.009 c0.013
rSFT (mean± s.d.) 3.47± 2.81 6.11± 4.57 c0.011 c0.016 c0.023

Abbreviations: APOE, apolipoprotein E; hs-CRP, high-sensitivity C-reactive protein; NAL, neocortical amyloid-β load; rPFT, ratio of plasma ferritin to transferrin;
rSFT, ratio of serum ferritin to transferrin; SUVR, standard uptake value ratio. Concentrations were compared between study participants with low and high
NAL represented by the SUVR of the ligand 18F-Florbetaben in the neocortical region normalized with that in the cerebellum. Low NAL (n= 62) was defined as
SUVRo1.35, whereas high NAL (n= 32) was defined as SUVR⩾ 1.35. Po0.05 was considered as significant. aP-values have been adjusted for age, gender and
APOE ε4 status, bP-values have been adjusted for age, gender, APOE ε4 status and hs-CRP. c P-values obtained from variables transformed to the logarithmic
scale for analyses. d P-values obtained from squared power of the variable measure.
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inverse correlation trend was observed between serum transferrin
and NAL (rs =− 0.178, P= 0.086).
Importantly, ferritin levels continued to remain significantly

higher in high NAL compared with low NAL (plasma ferritin:
P= 0.007; serum ferritin: P= 0.009) and the positive correlation
between ferritin and NAL (plasma ferritin: rs = 0.353, P= 0.001;
serum ferritin: rs = 0.358, P= 0.001) continued to remain significant
within cohort participants who progressed to the 12-month time
point (Supplementary table 1).
CRP did not correlate with serum ferritin (hs-CRP: rs = 0.030,

P= 0.771; wr-CRP: rs = 0.065, P= 0.537) and plasma ferritin (hs-CRP:
rs = 0.021, P= 0.844; wr-CRP: rs = 0.057, P= 0.586). Additionally, no
significant correlation was observed between CRP and NAL (hs-
CRP: rs =− 0.109, P= 0.295; wr-CRP: rs =− 0.088, P= 0.403), and
neither were any significant differences observed between NAL
groups for CRP (Supplementary table 2).
When the frequency of participants with study measures

outside the normal-range interval (provided by Laverty Pathology)
were investigated, the prevalence of participants with serum
ferritin levels above the normal range, observed in the high NAL
group, were significantly greater (6.45%) than that compared with
the low NAL group (0%). No significant differences were observed
within population frequencies lying in the abnormal range for
iron, transferrin and saturated transferrin. A trend of a higher
frequency of participants with hemoglobin levels below the
normal range was also observed in participants with high NAL
compared with low NAL (Supplementary table 3).
To evaluate plasma (and serum) ferritin as a potential biomarker

that distinguishes between low and high NAL, receiver operating
characteristic curves were derived using logistic regression as
described previously in the Materials and methods. We generated
a ‘base’ model that incorporated the major risk factors for AD,
namely age, APOE ε4 allele status and gender, and compared it
with ‘base+plasma ferritin’ and ‘base+serum ferritin’ models, such
that the plasma or serum ferritin was added to the ‘base’ model.

The receiver operating characteristic curves for the aforemen-
tioned models have been represented in Figure 3, wherein the
area under the curve (AUC) of the ‘base+plasma ferritin’ model
(AUC= 0.810, 75% sensitivity, 71% specificity) and ‘base+serum
ferritin’ model (AUC= 0.800, 75% sensitivity, 69% specificity)
outperformed the ‘base’ model (AUC= 0.766, 75% sensitivity,
62% specificity) in predicting high and low NAL. The AUC
generated using plasma ferritin or serum ferritin alone were
0.672 (69% sensitivity, 63% specificity) and 0.659 (62% sensitivity,
61% specificity), respectively (Figure 3).

DISCUSSION
Findings from the current study indicate that elevated plasma and
serum ferritin levels are a feature of preclinical AD, although the
elevated values are still mainly within the normal range.
Additionally, a significant positive correlation between plasma
(and serum) ferritin levels and NAL was observed. Furthermore,
the addition of plasma ferritin to a base model comprising age,
gender and APOE ε4 allele status resulted in an increased
specificity from 62 to 71%, at a sensitivity of 75%, indicating that
ferritin is a statistically significant additional predictor of NAL over
and above the base model, but as can be noted from Figure 3,
ferritin’s contribution alone is relatively minor compared with the
base model. An increasing amount of evidence suggests that
elevated ferritin levels in the central nervous system is associated
with AD-related pathogenesis and amyloid-β generation in the
brain.21–24 Moreover, recent studies confirm that this disruption in
ferritin (and iron) homeostasis in AD is also reflected in the
periphery,8,9,25,26 corroborating our findings.
Ferritin is a ubiquitously expressed, intracellular protein

involved in iron storage and delivery.27,28 While serum ferritin
can be indicative of iron stores, it has also been described as a
marker of cellular damage, inflammation, oxidative stress and
immunity.29–31 Serum ferritin is also being increasingly viewed as a

Figure 2. Correlations between (a) plasma and serum ferritin (b) neocortical amyloid-β load (NAL) and ferritin (c) transferrin and ferritin (d) iron
and ferritin at baseline. Significant correlations were observed between plasma ferritin (PF) and serum ferritin (SF) (rs= 0.989, Po0.0001), NAL
and SF (rs= 0.271, P= 0.008), NAL and PF (rs= 0.288, P= 0.005), transferrin and SF (rs=− 0.498, Po0.0001), transferrin and PF (rs=− 0.484,
Po0.0001), whereas a trend was observed between iron and SF (rs= 0.181, P= 0.081) and iron and PF (rs= 0.187, P= 0.072). Correlation
coefficients and P-values were calculated using Spearman’s correlation coefficient (rs). Trend lines for serum (●) and plasma (○) have been
represented by — and respectively.
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leakage product from damaged cells29,32 where most of its original
iron has been released in a Fenton-reactive unliganded form.29

Our current findings, with those of others showing iron loading in
AD cerebellum and hippocampus,4,33 are broadly consistent with
this perspective.
To investigate whether elevated ferritin levels observed in the

current study were associated with inflammation, we measured
CRP concentrations; however, we observed no significant correla-
tion between plasma (and serum) ferritin levels and CRP. Altered
CRP concentrations have been reported in AD previously;34

however, CRP measures in the current study did not appear to
be significantly altered in preclinical AD, that is, high NAL
compared with low NAL. Given that elevated ferritin levels
continued to remain significant even after adjusting for CRP
measures, the current findings of elevated ferritin may be
attributed to other AD pathogenesis mechanisms, such as
impaired iron mobilization, which was further corroborated by
the lower serum transferrin concentrations observed in high NAL
compared with low NAL.
The current findings indicate that plasma (and serum) ferritin

alterations occur very early in the AD pathogenesis trajectory and
before any apparent hippocampal atrophy and cognitive impair-
ment. Altered serum ferritin in cognitively normal individuals, at
high risk for AD, may implicate that suboptimal iron mobilization
is an early event in AD pathogenesis. Interestingly, while serum
ferritin levels were altered between the two groups, that is, high
and low NAL, these alterations were not accompanied with
corresponding alterations in serum iron levels; therefore, implying
that elevated serum ferritin levels observed in the current study
may reflect tissue iron loading,31 corroborated by a previous study
that reported iron deposits in preclinical AD brain tissue.4 Further
studies are required to address the sequence of events in the
brain and periphery with respect to brain amyloid-β deposition,
circulating ferritin and tissue iron accumulation (via MRI) in
preclinical AD.
Limitations acknowledged in this study include uneven gender

and APOE ε4 allele carrier status distribution between both groups;
however, our study did not observe any significant difference in
plasma (and serum) ferritin levels between males and females
(Supplementary Figure 3) or between APOE ε4 carriers and non-
carriers (Supplementary Figure 4). Other limitations recognized are
the modest sample size used and the cross-sectional nature of the
study. Further studies are required to validate the current findings
longitudinally in an independent cohort. Additionally, as altered
ferritin levels have been reported to be associated with other
neurodegenerative diseases,27,35 the specificity of ferritin as a
biomarker for preclinical AD warrants further research. However, it
must be noted that while ferritin may be associated with other
neurodegenerative diseases, our findings within the current
manuscript clearly show a significant positive correlation with
NAL, a gold standard biomarker for AD.
Findings from this study may contribute to the search for

preclinical blood biomarkers for AD, as elevated plasma (and

serum) ferritin levels were observed before apparent cognitive
impairment or hippocampal atrophy in the high NAL group
compared with the low NAL group. Importantly, these findings
remained significant in APOE ε4 non-carriers, a beneficial feature
for early AD biomarkers, given that the presence of the APOE ε4
allele in itself is a major risk factor for the disease. Further, Ayton
et al.6 introduced the concept that 'APOE ε4 carrier status confers
susceptibility to AD by increasing ferritin levels', based on their
findings of significantly higher baseline CSF ferritin levels in APOE
ε4 carriers compared with non-carriers and their findings of
elevated ferritin in the CSF being associated with poorer cognitive
performance, and increasing the risk of individuals with MCI
converting to AD. Interestingly, both the current manuscript and
that of Ayton et al.6 did not observe a significant difference in
plasma ferritin levels between APOE ε4 carriers and non-carriers.
However, findings from the current study do indicate that the
elevated ferritin concentrations observed in high NAL are not
restricted to APOE ε4 carriage. However, it should be noted that
the current study lacks sufficient power to make a statement on
plasma ferritin levels between high and low NAL in APOE ε4
carriers. What is important to note is the significant elevation in
ferritin concentrations in high NAL compared with low NAL within
the APOE ε4 non-carrier subset of the study cohort.
Currently, the only definitive clinical diagnostic for AD is an

autopsy. However, in research, the current gold standard biomar-
kers of preclinical and clinical AD include cerebral amyloid-β load
via PET and CSF total tau and phosphorylated tau concentrations.
The use of these diagnostic approaches remain uneconomical and
invasive for population-wide screening, therefore making the
search for peripheral blood biomarkers that can reflect brain
amyloid-β load even more compelling. A handful of proteomic
studies have investigated blood protein panels to distinguish high
from low NAL in study populations comprising AD, MCI and healthy
controls.16,36–38 However, to our knowledge ferritin has not been
investigated as a potential blood marker to identify high from low
NAL in an elderly population free of cognitive impairment. Our
current findings indicate that plasma/serum ferritin, a routinely
tested blood protein in pathology laboratories worldwide, may add
value to a panel of markers that contribute to represent brain
amyloid-β load in individuals, in the preclinical stage, who are not
yet compromised cognitively. Interestingly, O’Bryant et al.39

reported a 30-protein panel also comprising serum ferritin that
predicted AD from HC with a considerably high AUC of 0.94.
Additionally, our findings also provide insight into the

mechanism involved in the clinical onset of the disease, by
exhibiting a systemic disruption of metal homeostasis in the
earliest stages of AD pathogenesis. Although elevated brain and
serum ferritin levels are associated with other neurodegenerative
diseases such as Parkinson’s disease and amyotrophic lateral
sclerosis,27,35 it should be noted that the correlation between
ferritin and amyloid-β, in our study, corroborates the relevance of
our findings with AD pathogenesis. Furthermore, consistent with
our observations at baseline, elevated ferritin in high NAL versus

Figure 3. Receiver operating characteristic (ROC) curves for the prediction of high neocortical amyloid-β load. The ‘base’ model comprising
major risk factors age and APOE ε4 allele status, and gender (a) was outperformed by the ‘base+serum ferritin’model (b) and the ‘base+plasma
ferritin’ model (c). Additionally, (d and e) represent the area under the curve (AUC) of serum ferritin (SF) and plasma ferritin (PF), respectively.
Logistic regression models were used to perform the analyses. APOE, apolipoprotein E.
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low NAL participants and the positive correlation between ferritin
and NAL continued to remain significant at the 12-month time
point. Given the complexity of AD pathogenesis, using a ‘panel’ of
markers will enable stronger differentiation between individuals
carrying high and low NAL.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGMENTS
This study was funded by the Anglicare, Sydney, the McCusker Alzheimer Research
Foundation (MARF), Perth and the KaRa Institute of Neurological Diseases (KaRa
MINDS), Sydney. We sincerely thank Professor David Lovejoy for reviewing the
manuscript. We thank the participants and their families for their participation and
cooperation, and the Anglicare, KaRa MINDS and MARF research and support staff for
their contributions to this study. We specially thank Bethany Ball, Emma Toovey, Kate
Fredericks and Catherine Brown for their contributions to this study. We also thank
the staff of the Macquarie Medical Imaging centre in Macquarie University Hospital,
Sydney, for their contributions. KG is a recipient of the Cooperative Research Centre
for Mental Health top-up scholarship. AIB is funded by the Australian National Health
and Medical Research Council. Florbetaben is a proprietary PET radiopharmaceutical
owned by Piramal Imaging SA. For this study, Florbetaben was manufactured and
supplied under GMP conditions by Cyclotek (Aust) Pty Ltd.

REFERENCES
1 Zecca L, Youdim MB, Riederer P, Connor JR, Crichton RR. Iron, brain ageing and

neurodegenerative disorders. Nat Rev Neurosci 2004; 5: 863–873.
2 Benarroch EE. Brain iron homeostasis and neurodegenerative disease. Neurology

2009; 72: 1436–1440.
3 van Rooden S, Doan NT, Versluis MJ, Goos JD, Webb AG, Oleksik AM et al. 7TT(2)

*-weighted magnetic resonance imaging reveals cortical phase differences between
early- and late-onset Alzheimer's disease. Neurobiol Aging 2015; 36: 20–26.

4 Smith MA, Zhu X, Tabaton M, Liu G, McKeel DW Jr, Cohen ML et al. Increased iron
and free radical generation in preclinical Alzheimer disease and mild cognitive
impairment. J Alzheimers Dis 2010; 19: 363–372.

5 Belaidi AA, Bush AI. Iron neurochemistry in Alzheimer's disease and Parkinson's
disease: targets for therapeutics. J Neurochem 2016; 139(Suppl 1): 179–197.

6 Ayton S, Faux NG, Bush AI, Alzheimer's Disease Neuroimaging I. Ferritin levels in
the cerebrospinal fluid predict Alzheimer's disease outcomes and are regulated
by APOE. Nat Commun 2015; 6: 6760.

7 Ayton S, Faux NG, Bush AI. Association of cerebrospinal fluid ferritin level with
preclinical cognitive decline in APOE-epsilon4 carriers. JAMA Neurol 2017; 74:
122–125.

8 Giambattistelli F, Bucossi S, Salustri C, Panetta V, Mariani S, Siotto M et al. Effects of
hemochromatosis and transferrin gene mutations on iron dyshomeostasis, liver
dysfunction and on the risk of Alzheimer's disease. Neurobiol Aging 2012; 33:
1633–1641.

9 Faux NG, Rembach A, Wiley J, Ellis KA, Ames D, Fowler CJ et al. An anemia of
Alzheimer's disease. Mol Psychiatry 2014; 19: 1227–1234.

10 Villemagne VL, Burnham S, Bourgeat P, Brown B, Ellis KA, Salvado O et al. Amyloid
beta deposition, neurodegeneration, and cognitive decline in sporadic Alzhei-
mer's disease: a prospective cohort study. Lancet Neurol 2013; 12: 357–367.

11 O'Bryant SE, Lista S, Rissman RA, Edwards M, Zhang F, Hall J et al. Comparing
biological markers of Alzheimer's disease across blood fraction and platforms:
comparing apples to oranges. Alzheimers Dement (Amst) 2016; 3: 27–34.

12 Ji Y, Faddy H, Hyland C, Flower R. A plasma ferritin is not always a serum ferritin.
Pathology 2015; 47(Suppl 1): S89–S90.

13 Hsieh SY, Chen RK, Pan YH, Lee HL. Systematical evaluation of the effects of
sample collection procedures on low-molecular-weight serum/plasma proteome
profiling. Proteomics 2006; 6: 3189–3198.

14 Rossetti HC, Lacritz LH, Cullum CM, Weiner MF. Normative data for the Montreal
Cognitive Assessment (MoCA) in a population-based sample. Neurology 2011; 77:
1272–1275.

15 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr., Kawas CH et al.
The diagnosis of dementia due to Alzheimer's disease: recommendations from
the National Institute on Aging-Alzheimer's Association workgroups on diagnostic
guidelines for Alzheimer's disease. Alzheimers Dement 2011; 7: 263–269.

16 Burnham SC, Faux NG, Wilson W, Laws SM, Ames D, Bedo J et al. A blood-based
predictor for neocortical Abeta burden in Alzheimer's disease: results from the
AIBL study. Mol Psychiatry 2014; 19: 519–526.

17 Zhou L, Salvado O, Dore V, Bourgeat P, Raniga P, Macaulay SL et al. MR-less
surface-based amyloid assessment based on 11C PiB PET. PLoS ONE 2014; 9:
e84777.

18 Bourgeat P, Villemagne VL, Dore V, Brown B, Macaulay SL, Martins R et al.
Comparison of MR-less PiB SUVR quantification methods. Neurobiol Aging 2015;
36(Suppl 1): S159–S166.

19 Ellis KA, Bush AI, Darby D, De Fazio D, Foster J, Hudson P et al. The Australian
Imaging, Biomarkers and Lifestyle (AIBL) study of aging: methodology and
baseline characteristics of 1112 individuals recruited for a longitudinal study of
Alzheimer's disease. Int Psychogeriatr 2009; 21: 672–687.

20 Folstein MF, Folstein SE, McHugh PR. 'Mini-mental state'. A practical method for
grading the cognitive state of patients for the clinician. J Psychiatr Res 1975; 12:
189–198.

21 Connor JR, Menzies SL St, Martin SM, Mufson EJ. A histochemical study of iron,
transferrin, and ferritin in Alzheimer's diseased brains. J Neurosci Res 1992; 31:
75–83.

22 Li X, Liu Y, Zheng Q, Yao G, Cheng P, Bu G et al. Ferritin light chain interacts with
PEN-2 and affects gamma-secretase activity. Neurosci Lett 2013; 548: 90–94.

23 Kwiatek-Majkusiak J, Dickson DW, Tacik P, Aoki N, Tomasiuk R, Koziorowski D et al.
Relationships between typical histopathological hallmarks and the ferritin in the
hippocampus from patients with Alzheimer's disease. Acta Neurobiol Exp 2015; 75:
391–398.

24 Banerjee P, Sahoo A, Anand S, Bir A, Chakrabarti S. The oral iron chelator,
deferasirox, reverses the age-dependent alterations in iron and amyloid-beta
homeostasis in rat brain: implications in the therapy of Alzheimer's disease.
J Alzheimers Dis 2015; 49: 681–693.

25 Bester J, Buys AV, Lipinski B, Kell DB, Pretorius E. High ferritin levels have major
effects on the morphology of erythrocytes in Alzheimer's disease. Front Aging
Neurosci 2013; 5: 88.

26 Hare DJ, Doecke JD, Faux NG, Rembach A, Volitakis I, Fowler CJ et al. Decreased
plasma iron in Alzheimer's disease is due to transferrin desaturation. ACS Chem
Neurosci 2015; 6: 398–402.

27 Bartzokis G, Tishler TA, Shin IS, Lu PH, Cummings JL. Brain ferritin iron as a risk
factor for age at onset in neurodegenerative diseases. Ann N Y Acad Sci 2004;
1012: 224–236.

28 Quintana C, Bellefqih S, Laval JY, Guerquin-Kern JL, Wu TD, Avila J et al. Study of
the localization of iron, ferritin, and hemosiderin in Alzheimer's disease
hippocampus by analytical microscopy at the subcellular level. J Struct Biol 2006;
153: 42–54.

29 Kell DB, Pretorius E. Serum ferritin is an important inflammatory disease marker,
as it is mainly a leakage product from damaged cells. Metallomics 2014; 6:
748–773.

30 Hazard JT, Drysdale JW. Ferritinaemia in cancer. Nature 1977; 265: 755–756.
31 Wang W, Knovich MA, Coffman LG, Torti FM, Torti SV. Serum ferritin: past, present

and future. Biochim Biophys Acta 2010; 1800: 760–769.
32 Theil EC. Ferritin: the protein nanocage and iron biomineral in health and in

disease. Inorg Chem 2013; 52: 12223–12233.
33 Raven EP, Lu PH, Tishler TA, Heydari P, Bartzokis G. Increased iron levels and

decreased tissue integrity in hippocampus of Alzheimer's disease detected in vivo
with magnetic resonance imaging. J Alzheimers Dis 2013; 37: 127–136.

34 O'Bryant SE, Waring SC, Hobson V, Hall JR, Moore CB, Bottiglieri T et al. Decreased
C-reactive protein levels in Alzheimer disease. J Geriatr Psychiatry Neurol 2010; 23:
49–53.

35 Su XW, Clardy SL, Stephens HE, Simmons Z, Connor JR. Serum ferritin is elevated
in amyotrophic lateral sclerosis patients. Amyotroph Lateral Scler Frontotemporal
Degener 2015; 16: 102–107.

36 Kiddle SJ, Thambisetty M, Simmons A, Riddoch-Contreras J, Hye A, Westman E
et al. Plasma based markers of [11C] PiB-PET brain amyloid burden. PLoS ONE
2012; 7: e44260.

37 Thambisetty M, Tripaldi R, Riddoch-Contreras J, Hye A, An Y, Campbell J et al.
Proteome-based plasma markers of brain amyloid-beta deposition in non-
demented older individuals. J Alzheimers Dis 2010; 22: 1099–1109.

38 Ashton NJ, Kiddle SJ, Graf J, Ward M, Baird AL, Hye A et al. Blood protein
predictors of brain amyloid for enrichment in clinical trials? Alzheimer’s Dement
2015; 1: 48–60.

39 O'Bryant SE, Xiao G, Barber R, Reisch J, Hall J, Cullum CM et al. A blood-based
algorithm for the detection of Alzheimer's disease. Dement Geriatr Cogn Disord
2011; 32: 55–62.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Higher ferritin in preclinical Alzheimer’s disease
K Goozee et al

6

Molecular Psychiatry (2017), 1 – 6 © 2017 Macmillan Publishers Limited, part of Springer Nature.



1Scientific RepoRts | 7: 676  | DOI:10.1038/s41598-017-00751-2

www.nature.com/scientificreports

Alterations in erythrocyte fatty 
acid composition in preclinical 
Alzheimer’s disease
Kathryn Goozee1,2,3,4,5,6,7, Pratishtha Chatterjee3,4,5, Ian James8, Kaikai Shen3,6,9, Hamid 
R. Sohrabi  2,3,4,6,7, Prita R. Asih5,10, Preeti Dave1, Bethany Ball5, Candice ManYan1, Kevin 
Taddei3,6,7, Roger Chung4, Manohar L. Garg11 & Ralph N. Martins2,3,4,5,6,7

Brain and blood fatty acids (FA) are altered in Alzheimer’s disease and cognitively impaired individuals, 
however, FA alterations in the preclinical phase, prior to cognitive impairment have not been 
investigated previously. The current study therefore evaluated erythrocyte FA in cognitively normal 
elderly participants aged 65–90 years via trans-methylation followed by gas chromatography. 
The neocortical beta-amyloid load (NAL) measured via positron emission tomography (PET) using 
ligand 18F-Florbetaben, was employed to categorise participants as low NAL (standard uptake value 
ratio; SUVR < 1.35, N = 65) and high NAL or preclinical AD (SUVR ≥ 1.35, N = 35) wherein, linear 
models were employed to compare FA compositions between the two groups. Increased arachidonic 
acid (AA, p < 0.05) and decreased docosapentaenoic acid (DPA, p < 0.05) were observed in high 
NAL. To differentiate low from high NAL, the area under the curve (AUC) generated from a ‘base 
model’ comprising age, gender, APOEε4 and education (AUC = 0.794) was outperformed by base 
model + AA:DPA (AUC = 0.836). Our findings suggest that specific alterations in erythrocyte FA 
composition occur very early in the disease pathogenic trajectory, prior to cognitive impairment. 
As erythrocyte FA levels are reflective of tissue FA, these alterations may provide insight into the 
pathogenic mechanism(s) of the disease and may highlight potential early diagnostic markers and 
therapeutic targets.

Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is the most common form of dementia. 
While it is estimated that 47 million people worldwide are presently living with dementia, it has been pro-
jected to escalate to 76 million by 2030. Currently there is no definitive diagnosis or effective treatment for AD. 
Understanding the molecular changes occurring from the preclinical stage of the disease, may present a better 
chance to ameliorate AD related pathogenic changes prior to them becoming irreversible.

Given that fatty acids are essential components of cell membranes, playing a vital role in normal cellular func-
tioning, several studies have reported altered brain fatty acid composition in AD1–3. Substantial evidence also 
presents an association between altered blood fatty acid concentrations and, cognitive impairment and dementia 
risk, particularly to that of AD4–6. Further, an increasing number of studies suggest that omega-3 (n-3) polyun-
saturated fatty acids (PUFA), primarily docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) are pro-
tective against cognitive impairment and dementia7–11, whereas arachidonic acid (AA), an omega-6 (n-6) PUFA, 
contributes towards AD pathogenesis12–15.
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The protective and deleterious effects of fatty acids have been explored with respect to cognitive impairment 
and clinical AD, however alterations in fatty acid profiles in individuals within the preclinical stage of AD, prior 
to any apparent cognitive impairment, have not been investigated before.

Since aberrant accumulation of neocortical beta-amyloid load (NAL) has been reported to begin 15–20 years 
prior to the clinical manifestation of AD16, therefore serving as a preclinical feature of the disease, we compared 
the erythrocyte fatty acid composition of cognitively normal participants with high NAL (Standard uptake value 
ratio or SUVR ≥ 1.35) versus those with low NAL (SUVR < 1.35), to evaluate alterations in fatty acid metabolism 
that manifest in the periphery, in the asymptomatic preclinical phase of AD, within this exploratory study.

Results
Cohort characteristics. Participant demographics, serum cholesterol and hormone levels, APOEε4 carrier 
status, MMSE scores and neuroimaging data including NAL and hippocampal volume have been presented in 
Table 1.

All participants had a MMSE score ≥26, indicating absence of cognitive impairment. While no significant dif-
ferences in demographic data, hormone levels, MMSE and hippocampal volume were observed between low and 
high NAL, the frequency of APOEε4 carriers was significantly higher in participants with high NAL compared to 
those with low NAL (p < 0.0005).

Low NAL High NAL p

Gender (M/F) 19/46 13/22 0.419

Age (years, 
mean ± SD) 77.61 ± 5.55 79.22 ± 5.38 0.165

BMI 
(mean ± SD) 27.38 ± 4.47 28.05 ± 4.73 0.486

Education 
(years, 
mean ± SD)

14.86 ± 3.31 13.66 ± 2.84 0.078

Total cholesterol 
(mmol/L, 
mean ± SD)

4.82 ± 0.98 4.35 ± 1.19 0.045

Triglycerides 
(mmol/L, 
mean ± SD)

1.34 ± 0.70 1.10 ± 0.42 0.071

HDL cholesterol 
(mmol/L, 
mean ± SD)

1.64 ± 0.55 1.52 ± 0.48 0.292

LDL cholesterol 
(mmol/L, 
mean ± SD)

2.39 ± 0.85 2.34 ± 0.88 0.794

Testosterone 
(nmol/L, 
mean ± SD), 
males

14.43 ± 6.16 11.66 ± 3.77 0.160

Testosterone 
(nmol/L, 
mean ± SD), 
females

1.45 ± 2.55 1.26 ± 0.81 0.738

Oestradiol 
(pmol/L, 
mean ± SD), 
males

113.16 ± 47.83 117.23 ± 35.17 0.795

Oestradiol 
(pmol/L, 
mean ± SD), 
females

91.22 ± 118.71 73.90 ± 28.97 0.523

APOE ε4 
carriers (%) 7.69 45.71 0.00000848

MMSE 
(mean ± SD) 28.50 ± 1.16 28.80 ± 1.10 0.225

FBB-PET SUVR 
(mean ± SD) 1.15 ± 0.08 1.71 ± 0.26 —

HV% (left; 
right lobes, 
mean ± SD)

0.195 ± 0.020; 
0.199 ± 0.021

0.194 ± 0.019; 
0.199 ± 0.018 0.805; 0.890

Table 1. Characteristics of study participants. Baseline characteristics including gender, age, body mass index 
(BMI), education, serum cholesterol, hormone levels, APOE ε4 status, mini mental state examination (MMSE) 
scores, neocortical amyloid load (NAL) represented by the standard uptake value ratio (SUVR) of the ligand 
18F-Florbetaben (FBB) in the neocortical region normalised with that in the cerebellum and hippocampal 
volume (HV) normalised by the intracranial volume, have been compared between study participants with 
low NAL (SUVR < 1.35) and high NAL (SUVR ≥ 1.35). Chi-square test or linear models were employed as 
appropriate. HDL: high density lipoprotein, LDL: low density lipoprotein.
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Erythrocyte fatty acids and demographic characteristics. Among the erythrocyte FA measured, lin-
oleic acid (C18:2n-6, β = −0.228, p = 0.022) and DHA (C22:6n-3, β = −0.184, p = 0.066) were observed to be 
inversely associated with age (Supplementary Table S1).

Further, myristic acid (C14:0; p < 0.01), arachidic acid (C20:0; p < 0.05) and DHA (p < 0.05) were observed 
to be significantly lower in males (n = 32) compared to females (n = 68), while DPA (C22:5n-3; p < 0.01) was 
higher in males compared to females with and without adjusting for appropriate covariates. Furthermore, after 
adjusting for covariates, palmitoleic acid (C16:1; p < 0.05) was significantly higher in females compared to males 
(Supplementary Table S2).

Erythrocyte fatty acids in APOEε4 carriers and memory complainers. On comparing erythrocyte 
FA measured between APOEε4 non-carriers (n = 79) and carriers (n = 21), linoleic acid (C18:2n-6; p < 0.01) and 
eicosadienoic acid (C20:2n-6; p < 0.05) were observed to be higher in the non-carriers with and without adjusting 
for appropriate covariates. Additionally, dihomo-γ-linolenic acid also appeared to be higher in the non-carriers 
after adjusting for appropriate covariates (Supplementary Table S3).

Further, categorising participants into subjective memory complainers (n = 76) and non-complainers 
(n = 24), myristic acid was observed to be significantly higher (p = 0.006) in memory complainers compared to 
non-complainers, with and without adjusting for covariates age, gender, APOEε4, years of education and NAL 
(Supplementary Table S4).

Erythrocyte fatty acids and neocortical beta-amyloid load. When erythrocyte FA measured in the 
current study were compared between low and high NAL, no significant differences were observed in saturated 
fatty acids (SFA) and mono unsaturated fatty acids (MUFA) between the two groups, with and without adjusting 
for covariates. Within the n-6 PUFA measured, linoleic acid (C18:2n-6; p < 0.05) was significantly lower and AA 
(p < 0.05) significantly elevated in high NAL compared to low NAL; however, after adjusting for covariates, only 
AA remained significant (p < 0.05). Among the n-3 PUFA measured, linolenic acid (C18:3n-3) was significantly 
lower in high NAL (p < 0.05), however after adjusting for covariates the significance in linolenic acid disappeared 
while docosapentaenoic acid (DPA, C22:5n-3, p < 0.05) was observed to be significantly lower in high NAL 
(Fig. 1). Additionally, a trend of lower EPA concentrations (p = 0.063) and higher stearic acid levels (p = 0.062) 
was observed in high NAL compared to low NAL (Table 2).

On investigating associations between NAL and erythrocyte fatty acids measured, a positive trend between 
AA concentrations and NAL (β = 0.197, p = 0.050) was observed, while an inverse trend was seen for linoleic acid 
(β = −0.172, p = 0.088).

Erythrocyte fatty acids and hippocampal volume. Further an inverse though non-significant asso-
ciation was observed between oleic acid and the left hippocampal volume (β = −0.184, p = 0.073), while DHA 
(β = 0.170, p = 0.098) was seen to have a positive though non-significant association with the left hippocampal 
volume. Interestingly, within the subjective memory complainer group, these associations between hippocampal 
volume and oleic acid (β = −0.264, p = 0.023), and DHA (β = 0.229, p = 0.050) became stronger.

Dietary intake of arachidonic acid and docosapentaenoic acid. Further, to explore whether dietary 
FA intake directly attributed to the alterations we observed in erythrocyte fatty acid concentrations, we assessed 
the dietary intake of fatty acids that were observed to be significantly different in erythrocytes of participants 
with high NAL against those with low NAL (primarily AA, DPA) and between APOEε4 carriers and non-carriers 
(linoleic acid, eicosadienoic acid, dihomo-γ-linolenic acid), employing data from the CCVFFQ. No significant 
difference was observed in the dietary intake of AA and DPA between high NAL and low NAL with and without 
adjusting for covariates age, BMI, years of education and gender (Supplementary Table S5). Further, while lower 

Figure 1. Altered fatty acid levels in cognitively normal individuals with low and high NAL. Elevated 
erythrocyte arachidonic acid levels and decreased docosapentaenoic acid (n-3) levels were observed in 
individuals with high NAL (N = 35) compared to those with low NAL (N = 65), based on standard uptake 
value ratio cut off score of 1.35. Fatty acid concentrations were measured in arbitrary units (AU). ‘*’ represents 
p < 0.05, adjusted for covariates age, gender, years of education and APOE ε4 status; NAL: neocortical amyloid 
load measured via positron emission tomography, using ligand 18F-Florbetaben. The error bars represent SE.
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dietary intake of eicosadienoic acid and dihomo-γ-linolenic acid were noted based on data from the CCVFFQ in 
APOEε4 carriers compared to the non-carriers with and without adjusting for covariates age, BMI, years of edu-
cation and gender, no significant difference in linoleic acid dietary intake was observed between APOEε4 carriers 
and non-carriers (Supplementary Table S5).

Ratio of AA:DPA as a biomarker for predicting high neocortical beta-amyloid load. Finally, 
given the observations of higher AA and lower DPA concentrations in high NAL compared to low NAL, we 
also evaluated the ratio of AA:DPA as a potential biomarker, by generating a ‘base’ model comprising age, gen-
der, APOEε4 allele status and education, and compared it with ‘base + AA:DPA’ model, wherein the ratio of 
AA:DPA was added to the ‘base’ model. After adjusting for age, gender, APOEε4 allele status and education, the 
ratio of AA:DPA was significantly associated with low and high NAL (p = 0.02). The receiver operating charac-
teristic (ROC) curves for the above mentioned models have been presented in Fig. 2, such that the AUC of the 
‘base + AA:DPA’ model (AUC = 0.836, 80% sensitivity, 73.8% specificity) was observed to outperform the ‘base’ 
model (AUC = 0.794, 80% sensitivity, 52.3% specificity).

Low NAL 
(mean ± SD)

High NAL 
(mean ± SD) p pa pb

SFA

C14:0 (Myristic acid) 0.40 ± 0.07 0.38 ± 0.06 0.184 0.335 0.364

C16:0 (Palmitic acid) 21.94 ± 1.40 21.67 ± 0.85 †0.374 †0.576 †0.610

C18:0 (Stearic acid) 15.70 ± 1.03 16.05 ± 0.80 0.088 0.062 0.080

C20:0 (Arachidic acid) 0.40 ± 0.07 0.42 ± 0.06 0.196 0.128 0.157

C24:0 (Lignoceric acid) 5.03 ± 2.29 4.77 ± 0.84 0.520 0.217 0.236

Total SFA 43.49 ± 0.87 43.31 ± 1.21 0.392 0.157 0.157

MUFA

C14:1 (Myristoleic acid) 0.01 ± 0.00 0.01 ± 0.01 0.171 0.306 0.313

C16:1 (Palmitoleic acid) 0.34 ± 0.13 0.30 ± 0.08 †0.345 †0.265 †0.239

C18:1n-9 (Oleic acid) 8.74 ± 0.71 8.77 ± 0.64 0.824 0.946 0.887

C18:1n-7 (Vaccenic acid) 1.91 ± 0.43 2.02 ± 0.61 †0.385 †0.865 †0.787

C20:1n-9 (Eicosenoic acid) 0.25 ± 0.05 0.26 ± 0.07 †0.578 †0.231 †0.246

C24:1 (Nervonic acid) 4.92 ± 0.92 5.06 ± 0.89 0.478 0.841 0.831

Total MUFA 16.19 ± 1.25 16.45 ± 1.38 0.334 0.939 0.921

n-6 PUFA

C18:2n-6 (Linoleic acid) 8.82 ± 1.41 8.23 ± 1.48 0.052 0.878 0.924

C18:3n-6 (γ-Linolenic acid) 0.77 ± 0.73 1.08 ± 1.64 †0.928 †0.244 †0.281

C20:2n-6 (Eicosadienoic 
acid) 0.14 ± 0.04 0.13 ± 0.04 0.300 0.717 0.668

C20:3n-6 (Dihomo-γ-
linolenic acid) 1.60 ± 0.46 1.66 ± 0.41 0.586 0.237 0.301

C20:4n-6 (Arachidonic 
acid) 15.70 ± 2.12 16.72 ± 1.91 0.020 0.035 0.043

Total omega-6 27.07 ± 2.62 27.84 ± 2.29 0.145 0.023 0.027

n-3 PUFA

C18:3n-3 (Linolenic acid) 0.16 ± 0.10 0.12 ± 0.07 0.033 0.076 0.084

C20:5n-3 (Eicosapentaenoic 
acid) 1.72 ± 0.96 1.42 ± 0.69 0.106 0.063 0.068

C22:5n-3 
(Docosapentaenoic acid) 3.33 ± 0.64 3.15 ± 0.50 0.143 0.027 0.025

C22:6n-3 
(Docosahexaenoic acid) 8.01 ± 1.59 7.68 ± 1.40 0.308 0.458 0.512

Total omega-3 13.24 ± 2.72 12.38 ± 2.20 0.111 0.100 0.116

Omega-3 Index 9.73 ± 2.32 9.10 ± 1.96 0.176 0.337 0.233

Table 2. Erythrocyte fatty acid concentrations in low and high NAL. Using linear models, fatty acid 
concentrations were compared between study participants with low (N = 65) and high (N = 35) neocortical 
amyloid load (NAL) represented by the standard uptake value ratio (SUVR) of the ligand 18F-Florbetaben in 
the neocortical region normalised with that in the cerebellum. Low NAL was defined as SUVR < 1.35 while 
high NAL was defined as SUVR ≥ 1.35. pa indicates p values adjusted for age, gender, years of education and 
APOE ε4 status; pb indicates p values adjusted age, gender, years of education, APOE ε4 status, body mass index, 
fatty acid supplement intake (cod liver oil, flaxseed oil), hormone replacement therapy. ‘†’ indicates p-values 
obtained from variables transformed to the logarithmic scale for analyses. SFA: saturated fatty acids; MUFA: 
monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; omega-3 index: sum of eicosapentaenoic acid 
and docosahexaenoic acid, expressed as a percentage of total erythrocyte fatty acid measured.

http://S5
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Discussion
The current study reports erythrocyte fatty acid alterations, primarily in, AA and DPA, in elderly individuals with 
high NAL against those with low NAL, prior to cognitive impairment and significant differences in hippocampal 
atrophy (Table 1).

Elevated levels of erythrocyte AA were observed in high NAL, a feature of preclinical AD, compared to low 
NAL. Interestingly, several studies provide evidence to support the contributory role of increased AA to AD 
pathogenesis12–14, 17–19. AA and its pro-inflammatory eicosanoid metabolites such as prostaglandins, thrombox-
anes, and leukotrienes have been reported to promote beta-amyloid secretion13 and therefore not surprisingly AA 
metabolism is increased in AD brains12, 14. Furthermore, the depletion of an enzyme responsible for the release of 
AA (cytosolic phospholipase A2), has been reported to be protective against deficits in memory and learning in a 
transgenic AD mouse model17. AA has been shown to trigger apoptotic pathways in neurons20 and in vitro studies 
further suggest that AA promotes tau polymerization18, 19. The above studies consistently demonstrate that AA is 
positively associated with AD neuropathology and our findings, further show that an elevation in AA in the blood 
at a preclinical stage reflects preclinical-AD related pathogenic changes in the brain.

On the other hand, a decline in erythrocyte DPA (n-3) levels, an intermediate between EPA and DHA, was 
observed in high NAL participants compared to low NAL. Given that AA and DPA (n-3) compete for the elongase 
enzyme21, it may be posited that elevated AA levels contribute to the declining levels of DPA (n-3) in high NAL. 
Interestingly, decreased erythrocyte DPA (n-3) concentrations have been reported in another neurological condi-
tion; patients with schizophrenia were observed to have 22% lower erythrocyte DPA (n-3) concentrations compared 
to healthy controls22. Conversely, DPA (n-3) supplementation has been observed to have neuroprotective and restor-
ative effects on neuronal function in aged rats which acts through its ability to decrease age related oxidative stress 
and microglial activation23, therefore highlighting the anti-oxidative and anti-inflammatory properties of DPA.

DPA (n-3) levels were observed to be significantly lower in females compared to males. We therefore investi-
gated DPA (n-3) levels after categorising participants based on gender and while we continued to find a significant 
decline in DPA (n-3) concentrations in high NAL males compared to low NAL males (p < 0.05) with and without 
adjusting for covariates, this significance disappeared in females; however, this could be attributed to the modest 
sample size available for the observed effect size.

However, in contrast to the significant associations often reported between lower blood DHA (and EPA) con-
centrations and increased risk to AD in participants with early symptomatic24 or clinical dementia6, 10, 11, significant 
alterations in erythrocyte DHA levels were not apparent between high and low NAL participants within the current 
study wherein all participants were cognitively normal. Given that previous findings suggest decreased blood DHA 
and EPA concentrations are linked with cognitive decline or impairment6, 25, may explain the absence of significantly 
declined erythrocyte DHA and EPA observations in high NAL compared to low NAL within the present study 
which only comprised participants who were within the cognitively normal range; however, this observation may 
also be attributed to the modest sample size employed within the study. Investigating whether participants falling 
within the lowest quartile of DHA at baseline (time point used in current study), become symptomatic at their one 
year follow-up visit, will provide further insight to our current report. However, the current findings indicate that 
alterations in AA and DPA manifest in the asymptomatic stage of the disease, and are not a direct result of dietary 
intake, and therefore may shed light on early disease mechanisms that may serve as beneficial therapeutic targets.

Additionally, an inverse association between oleic acid and hippocampal volume was observed; given that 
hippocampal atrophy is a pathological hallmark of AD, and that elevated oleic acid concentrations feature in the 
more advanced stages of AD pathogenesis26 our findings in subjective memory complainers indicate that oleic 
acid may be an early marker for hippocampal atrophy.

Figure 2. Receiver operating characteristic curves for the prediction of high neocortical amyloid load. Receiver 
operating characteristic curves of logistic regression modelling shows that the specificity of the ‘base’ model 
comprising major risk factors age and APOE ε4 allele status, and gender and education (a) was enhanced by 
adding the ratio of AA:DPA i.e. ‘base + AA:DPA’ model (b) at 80% sensitivity. AUC: area under the curve; AA: 
arachidonic acid, DPA: Docosapentaenoic acid n-3.
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DHA has also been shown to be associated with hippocampal volume in early symptomatic dementia24 and 
clinical AD wherein participants with erythrocyte DHA levels in the first quartile, had lower total brain volumes 
compared to the upper 3 quartiles27. Similar to findings in our study, a trend of association between DHA and hip-
pocampal volume has been highlighted previously by Pottala et al. in an elderly cohort that was free of dementia28. 
Furthermore, on categorizing participants into quartiles based on their erythrocyte DHA levels as employed by 
Tan et al., we also observed significantly higher hippocampal volume in participants with erythrocyte DHA levels 
in quartile 3 (mean ± SD: 0.20 ± 0.02) compared to quartile 1 (mean ± SD: 0.18 ± 0.01, p = 0.002) and a trend in 
quartiles 2 (mean ± SD: 0.19 ± 0.01, p = 0.068) and 4 (mean ± SD: 0.19 ± 0.01, p = 0.058) compared to quartile 1.

In addition, since the ε4 allele of APOE is a well-established risk factor for AD, we also investigated FA dif-
ferences between non-carriers and carriers of the ε4 allele. Interestingly, significantly lower n-3 PUFA linolenic 
acid, and n-6 PUFA, linoleic acid and eicosadienoic acid, were observed in the APOEε4 carriers compared to 
the non-carriers. These differences in linoleic acid and eicosadienoic acid remained significant following adjust-
ment for covariates NAL, age, gender, BMI, education, supplement intake and hormone replacement therapy. 
Given that the dietary intake of linoleic acid from the CCVFFQ data did not indicate differential dietary intake 
between the two groups, it may be posited that an altered metabolism of linoleic acid occurs in APOEε4 carri-
ers29. Additionally, lower linoleic acid concentrations in APOEε4 carriers along with the inverse trend observed 
between linoleic acid and NAL, may suggest that decreased linoleic acid may be indicative of an increased risk to 
AD; this decreased level of linoleic acid could be a result of increased metabolism of linoleic acid to arachidonic 
acid and its metabolites. Our findings in APOEε4 carriers together with several other studies29–33, indicate the 
presence of a differential responsiveness to PUFA metabolism.

The erythrocyte FA alterations observed between males and females, and between memory complain-
ers and non-complainers, did not appear to be traceable to their dietary intake as assessed from the CCVFFQ 
(Supplementary Table S5). However, the authors acknowledge that data from food frequency questionnaires do 
not necessarily reflect an accurate evaluation of the dietary intake of FA but rather serve as a suitable reflection of 
exposure to certain food and nutrient types over a period of time, compared to the erythrocyte FA composition 
that reflects fatty acid intake or metabolism of approximately 120 days.

To conclude, while it is acknowledged that the current study employs a modest sample size and that further 
longitudinal studies with larger sample sizes are required to validate the current novel observations, findings 
from the present study may imply that elevated AA and decreased DPA erythrocyte concentrations are an early 
event in the AD pathogenesis trajectory. Further, several studies have presented fatty acid alterations associated 
with cognitive decline and clinical AD, however the current study, using PET beta-amyloid imaging, is to our 
knowledge, the first to report fatty acid alterations associated with the preclinical phase of AD prior to cognitive 
impairment and disease related neuronal atrophy. In addition to highlighting the need for a re-evaluation of AA 
supplementation as an early therapeutic approach for AD34, 35, given the urgent need for early diagnosis and inter-
vention strategies, our findings also provide insight on a potential early diagnostic candidate as well as alternative 
preventative targets for AD. Our findings of elevated AA and decreased DPA in subjects with high NAL indicate 
that inflammation and oxidative stress are early features of preclinical AD, and highlights the importance of eval-
uating anti-inflammatory and anti-oxidative approaches to combat AD pathogenesis at its earliest.

Methods
Participants. Participants belonged to the McCusker Kerr Anglican Retirement Village Initiative in Ageing 
Health (KARVIAH) study cohort, at baseline. Participants were residents of Anglicare (formally known as 
Anglican Retirement Villages), aged 65–90 years, living within retirement living accommodations in Sydney, 
Australia. Among the 206 volunteers, 143 met the set inclusion and exclusion criteria (refer to supplementary 
material) and were deemed eligible for the KARVIAH cohort. One hundred and five participants, out of the 143 
volunteers meeting the inclusion and exclusion criteria, at the screening phase for this study, progressed to under-
take neuropsychological testing, blood collection and neuroimaging, since the remaining either withdrew from 
the study or declined undergoing positron emission tomography.

Following the screening assessment, among the 105 participants, 100 participants were recorded to have a 
Mini Mental State Examination (MMSE) score ≥26 at baseline, and were therefore selected for the current study. 
Within these 100 participants (of which four reported oral fatty acid supplement intake and two participants were 
undergoing hormone replacement therapy), 65 were categorised as low NAL and 35 as high NAL, based on their 
neocortical beta-amyloid load assessed via positron emission tomography (PET). Written informed consent was 
obtained from all participants. The Bellberry Human Research Ethics Committee Australia provided approval for 
the study and all methods were performed in accordance with the relevant guidelines and regulations.

Physical examination and sample processing. Overnight fasted participants underwent a brief phys-
ical examination measuring weight, height, pulse and blood pressure, followed by blood draw. Subsequently, 
erythrocytes were isolated from the blood collected and fractionated as previously described36 and were stored at 
−80 °C, until used for further analyses. Apolipoprotein E (APOE) genotype was determined from 0.5 ml whole 
blood employing standard PCR methodology37.

Erythrocyte fatty acid analysis. Fatty acid derivatisation and gas chromatography. Erythrocyte samples 
underwent transesterification prior to gas chromatography38. Briefly, 2 ml of methanol-toluene (4:1, v/v) contain-
ing 20 µg/ml of C19:0 as internal standard was added to 200 µl of the thawed sample, followed by the addition of 
200 ul acetyl chloride while vortexing, after which the tubes were heated for 1 hour at 100 °C. The tubes were then 
cooled in water for 5 min following which 5 ml of 6% K2CO3 was added to the tubes prior to centrifugation at 
3000 g for 5 min at 4 °C. The upper toluene phase was collected and stored in a gas chromatography (GC) vial at 
−20 °C until GC analysis was performed.

http://S5
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Fatty acid methyl esters were analysed by gas chromatography (Shimadzu GC-2010 Plus system) using a 
30 m × 0.25 mm ID Restek Famewax (Shimadzu Scientific) fused silica capillary column. Ultra-pure hydrogen was 
used as a carrier and the oven temperature was programmed from 130 °C to 225 °C at a rate of 6 °C per min. Injector 
and detector temperatures were set at 220 °C and 230 °C, respectively. A split ratio of 1:30 and an injection volume of 1 µl 
were used. Internal standard methylnonadecanoate (19:0; cat. no. N-5377, Sigma-Aldrich) and a fatty acid mixture (cat. 
no. 18919-1AMP SUPELCO, Sigma-Aldrich) were used to compare analysed samples to identify peaks according to 
retention time. Calibration curves for each fatty acid were built using a range of concentrations of a mixture of authentic 
fatty acid standards. Chromatography data were recorded and integrated using LabSolutions software (Version 5.81 
SP1). Individual fatty acid concentrations were reported as a percentage of total erythrocyte fatty acids measured.

Dietary fatty acid intake. The dietary intake of specific erythrocyte FA observed to be altered between 
high and low NAL, and APOEε4 carriers and non-carriers, were investigated to establish whether diet attributed 
to the observations made, employing data from the Cancer Council of Victoria Food Frequency Questionnaire 
(CCVFFQ)39. The CCVFFQ is a paper-based semi-quantitative seventy-four item questionnaire. The CCVFFQ 
was optically scanned to obtain nutrient intakes in gram/day. Participants filled out the CCVFFQ when they 
attended the research centre for their baseline assessment.

Neuropsychological tests. Study participants underwent a comprehensive battery of neuropsychological 
tests, measuring episodic memory, executive function, attention, visuospatial abilities, language, processing speed 
and working memory, however, for the current study only MMSE (range 0–30, indicating severe impairment to 
no impairment) scores40 were employed to confirm no cognitive impairment, and the Memory Assessment Clinic 
- Questionnaire (MAC-Q) scores41 were considered to differentiate between subjective memory complainers 
(range 25–35) from non-complainers (range ≤24).

Neuroimaging. All participants within the current study underwent PET imaging using ligand 
18F-Florbetaben (FBB) and magnetic resonance imaging (MRI) within three months of blood collection, at the 
Macquarie Medical Imaging located within Macquarie University Hospital, Sydney, Australia. Participants were 
administered an intravenous bolus of FBB slowly over 30 s, while in a rested position. Images were acquired over a 
20 min scan beginning 50 min post injection. NAL was calculated as the mean standard uptake value ratio (SUVR) 
of the frontal, superior parietal, lateral temporal, lateral occipital, and anterior and posterior cingulate42, 43.  
An SUVR cut-off value of 1.35 was utilised to categorise participants into high and low NAL.

In addition, participants underwent a sagittal 3D T1 spoiled gradient recalled acquisition in steady state and 
3D T2 fluid-attenuated inversion recovery with axial dual echo Turbo spin echo PD/T2 weighted sequences and 
axial T2 star gradient sequence scans, performed on a General Electric 3 Tesla scanner (GE, Model 750 W), utilis-
ing a 24 channel head coil. Hippocampal volume was calculated from the images acquired and was normalized by 
dividing with the total intracranial volume consisting of the sum of the cerebrospinal fluid, gray matter and white 
matter volumes. Due to MRI exclusion criteria and related health conditions, 4 of the 100 were unable to undergo 
the MRI imaging component of the study.

Statistical Analyses. Descriptive statistics were calculated for low and high NAL groups. Chi-square tests 
were employed to compare gender and APOEε4 carrier status between low and high NAL groups. Linear mod-
els were utilised to compare continuous parameters between groups of interest, with and without adjusting for 
covariates age, gender, APOEε4, education, body mass index, supplement intake and hormone replacement ther-
apy, and to investigate associations between fatty acid measures and age and, neuroimaging data. All continuous 
parameters were checked for normality, and those that deviated were transformed appropriately prior to conduct-
ing analyses. The receiver operator characteristic (ROC) curves and the area under the curve (AUC) were derived 
from the predictive probabilities of the logistic regression models. No correction for multiple comparisons was 
made, due to the exploratory nature of the current study. All analyses were carried out using IBM® SPSS® Version 
20, except for the ROC curves, which were generated using package, Deducer on R (version 3.2.5).
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Abstract 

Personality factors have been associated with Alzheimer’s disease (AD) and dementia, but they have not been examined 

against markers of regional brain glucose metabolism (a primary measure of brain functioning) in older adults without clini- 

cally diagnosed cognitive impairment. The relationship between personality factors derived from the five-factor model and 

cerebral glucose metabolism determined using positron emission tomography (PET) with [18F]-2-fluoro-2-deoxy-d-glu- 

cose (18F-FDG-PET) was examined in a cohort of 237 non-demented, community-dwelling older adults aged 60–89 years 

(M ± SD = 73.76 ± 6.73). Higher neuroticism and lower scores on extraversion and conscientiousness were significantly 

associated with decreased glucose metabolism in brain regions typically affected by AD neuropathological processes, includ- 

ing the hippocampus and entorhinal cortex. Furthermore, while there were significant differences between apolipoprotein E 

(APOE) ε4 allele carriers and non-carriers on 18F-FDG-PET results in the neocortex and other brain regions (p < 0.05), there 

was no significant difference between carriers and non-carriers on personality factors and no significant interactions were 

found between APOE ε4 carriage and personality factors on brain glucose metabolism. In conclusion, we found significant 

relationships between personality factors and glucose metabolism in neural regions more susceptible to AD neuropathology 

in older adults without clinically significant cognitive impairment. These findings support the need for longitudinal research 

into the potential mechanisms underlying the relationship between personality and dementia risk, including measurement of 

change in other AD biomarkers (amyloid and tau imaging) and how they correspond to change in personality factors. Future 

research is also warranted to determine whether timely psychological interventions aimed at personality facets (specific 

aspects or characteristics of personality factors) can affect imaging or other biomarkers of AD resulting in delay or ideally 

preventing the onset of the cognitive impairment. 

Keywords Personality · Five-factor model · Neuroticism · Extraversion · Conscientiousness · Cerebral glucose metabolism · 

18F-FDG PET · Brain ageing · Alzheimer’s disease 

 

Introduction 

Diseases affecting the brain have been a primary source 

of investigation to further our understanding of personal- 

ity and its underlying neurobiological correlates. One such 

 
example is Alzheimer’s disease (AD) and the related demen- 

tia syndrome. In older adults (e.g., > 60 years), personality 

factors have been associated with cognitive functions cog- 

nitive decline, and risk for dementia (McCabe et al. 2018; 

Griffin et al. 2015). In fact, AD patients and their families 

   (although relying on behaviours that could be driven by the 
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situation, not personality factors) usually report changes in 

patients’ personality characteristics and behaviour (Talassi 

et al. 2007; Bozzola et al. 1992; Islam et al. 2019). The 

typical personality changes commonly seen in AD include 

an increase in neuroticism and a decrease in extraversion 

and conscientiousness (for a review see: Robins-Wahlin and 
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Byrne 2011). These changes can be seen in the prodromal 

phases of AD, including mild cognitive impairment (MCI) 

(Islam et al. 2019). Importantly, however, the presence of 

specific personality traits may precede clinical manifestation 

of dementia due to AD (Balsis et al. 2005). For example, 

an intriguing observational study found that higher levels 

of neuroticism and lower extraversion scores predicted 

the risk of dementia due to AD, 30 years later (Johansson 

et al. 2014). Notably, the relationship between personality 

and future risk of dementia appears to remain statistically 

significant even after adjusting for age, sex, education, and 

lifestyle factors (e.g. smoking, income, diet, and physical 

activity) (Terracciano et al. 2017). However, the association 

between personality and dementia risk has not been well 

studied in the preclinical stages of AD, i.e., prior to cogni- 

tive symptoms seen in MCI are apparent. The present study 

will address this knowledge gap by evaluating the relation- 

ship between personality and glucose metabolism in brain 

regions associated with AD pathology in a group of cogni- 

tively healthy community-dwelling older adults. 

While theoretical positions on personality development 

and assessment vary, the five-factor model (FFM), also 

referred to as the “Big Five” has substantial research sup- 

port (Goldberg 1990; Digman and Inouye 1986; McCrae and 

Costa 1987). This model posits that personality is composed 

of five main factors, including openness/intellect, consci- 

entiousness, extraversion, agreeableness, and neuroticism 

(McCrae and Costa 2010). These factors are studied through 

their associated facets (i.e. specific characteristics or lower 

order traits that can be objectified and examined more read- 

ily and are the targets of most psychological interventions) 

(DeYoung et al. 2007). Studies examining the potential 

structural and neural correlates of the FFM have emerged 

over recent decades. The regional neural correlates for most 

of the five dimensions have already been reported (Allen 

and DeYoung 2016). For example, greater extraversion is 

associated with greater ventromedial orbitofrontal cortex 

volume and thinner inferior frontal gyrus. Most studies have 

not reported a significant relationship between openness and 

brain structural features; however, Taki et al. (2013) found 

that openness was negatively associated with right inferior 

parietal lobule volume loss. 

Greater neuroticism was associated with smaller total 

brain volume, white matter structure, and frontotempo- 

ral surface area (Bjornebekk et al. 2013). In addition, 

greater neuroticism scores are associated with accelerated 

age-related cerebral atrophy while conscientiousness was 

related to greater volume supporting the role of personality 

in dementia risk and early prediction (Jackson et al. 2011). 

There are relatively few studies on personality using func- 

tional neuroimaging. Fischer et al. (1997) found no signifi- 

cant relationships between personality traits and regional 

cerebral blood flow in 30 premenopausal women (age range 

22–42 years). Conversely, Johnson et al. (1999) reported 

lower extraversion scores were associated with increased 

blood flow in the frontal lobes and anterior thalamus while 

greater extraversion was correlated with increased flow in 

the anterior cingulate, temporal lobes, and posterior thala- 

mus (Johnson et al. 1999). Of note, however, the sample 

size for Johnson et al.’s study was very small (n = 18) and 

included only young adults aged 19–44 years, without con- 

trolling for age or education. Therefore, more research on the 

relationship between personality and brain function using 

functional neuroimaging modalities, with larger sample sizes 

is clearly needed. 

In summary, the current literature on the relationship 

between personality factors and brain structure and, to a 

lesser extent, regional cerebral function, provides insights 

into the potential biological correlates of personality factors. 

However, current knowledge of the biological correlates of 

personality factors in cognitively healthy older adults—par- 

ticularly using more sophisticated functional neuroimag- 

ing—is limited by relatively few studies and small sample 

sizes. This is important, as personality changes at facets and 

factor levels may co-occur with age-related structural and 

functional brain changes (Roberts et al. 2006; Specht et al. 

2011; Leonhardt et al. 2016), that are associated with cogni- 

tive decline and risk of future dementia. 

Moreover, the lack of research on the relationship 

between personality and brain regional hypometabolism 

implicated in late onset AD is striking; as better understand- 

ing of this relationship has the potential to provide important 

information regarding personality neuroscience, cognitive 

decline, and the associated progressive changes in brain 

function. For example, a longitudinal study has reported 

that higher scores on openness and conscientiousness were 

associated with lower risk of pathological global cogni- 

tive decline over 10 years (Nishita et al. 2016). It has also 

been reported that higher neuroticism scores are associated 

with significantly increased risk of cognitive impairment 

(Chapman et al. 2012) and AD, even years before clinical 

manifestation of the disease (Johansson et al. 2014). Lower 

openness has also been proposed as a potential marker for 

future cognitive decline (Williams et al. 2013). How these 

personality factors relate to brain functioning in older adults 

is yet to be elucidated. 

These findings are not surprising, given the overlap 

between neural regions associated with specific personal- 

ity factors described above and brain regions affected early 

in AD. Research evidence support a strong link between 

personality factors and future risk of AD. Specifically, it 

has been reported that individuals with high levels of neu- 

roticism or low levels of conscientiousness had a threefold 

increase in their risk of developing AD (Terracciano et al. 

2014). Similarly, higher neuroticism at baseline was asso- 

ciated with an increased risk for dementia, while higher 
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conscientiousness appeared to confer a protective effect 

against cognitive decline (Low et al. 2013). In addition, 

personality factors appear to moderate the relationship 

between carriage of the apolipoprotein E (APOE) ε4 allele, 

the major genetic risk factor for AD, and cognitive dys- 

function (Montag et al. 2014). It has been reported that 

cognitive impairment is more pronounced in APOE ε4 

allele carriers with higher scores on neuroticism compared 

to carriers with lower scores on this trait (Dar-Nimrod 

et al. 2012). Together, these findings suggest that some 

personality traits may be (1) a risk and/or protective fac- 

tor for the future development of AD, and/or (2) affected 

either in the preclinical, or early and mild stages of the AD 

dementia syndrome. With relatively strong and consistent 

evidence supporting a relationship between personality 

and risk of AD, and a paucity of studies on brain func- 

tioning, personality and AD, the current study examined 

the relationship between personality factors and cerebral 

glucose metabolism as a measure of brain function in older 

adults free from clinically significant cognitive impair- 

ment. Previous research has shown certain brain regions 

to be susceptible to AD neurodegenerative processes. Spe- 

cifically, prefrontal cortex, and temporal lobe structures 

including hippocampus and entorhinal cortex are affected 

at the very early stages of AD (for an interesting review 

see: Jagust 2018). For example, deposition of amyloid beta 

(Aβ) in the form of senile plaques, a primary neuropatho- 

logical hallmark of AD, appears to start in the medial fron- 

tal and parietal cortices and to a lesser extent in medial 

temporal lobe (MTL) of cognitively normal older adults 

prior to other regions (Palmqvist et al. 2017). 

The neurofibrillary tangles (NFTs) of tau, another neu- 

ropathological hallmark of AD, appear in the MTL prior to 

other brain regions (Johnson et al. 2016). Recently, a sig- 

nificant relationship between levels of tau (a protein found 

in neurofibrillary tangles and associated with AD neuro- 

degeneration) on positron emission tomography (PET) and 

elevated scores on neuroticism scores in older adults was 

reported (Schultz et al. 2019). This is a novel finding indicat- 

ing that even in those individuals free of clinical symptoms 

of neurodegeneration, specific personality factors are related 

to AD biomarkers. 

Brain glucose metabolism as a marker of neurodegenera- 

tion, not specific to AD, has been previously examined in 

relation to AD and its imaging and CSF biomarkers. It has 

been reported that glucose hypometabolism in late onset AD 

and in ageing can primarily be seen in temporoparietal cor- 

tex and is significantly associated with deposition of NFTs 

(Silverman et al. 2001; Adams et al. 2018). Given these neu- 

ropathological changes occur over decades, whether they 

are associated with personality factors that are also found to 

change slowly over time remains to be determined (Leon- 

hardt et al. 2016; Diaz et al. 2014; Specht et al. 2011). 

Our study is the first to examine brain regional and 

neocortical glucose metabolism and its association with 

FFM factors in a relatively large sample of clinically non- 

demented older adults. This study was specifically designed 

to investigate the relationship of neuroticism, openness/intel- 

lect, conscientiousness, extraversion and agreeableness with 

glucose metabolism in cerebral regions associated with AD 

(e.g. hippocampus, parahippocampus and entorhinal cortex), 

in non-demented older adults. Also, the potential moderat- 

ing effects of APOE ε4 allele carriage was examined in this 

cohort. Informed by previous research on the relationship 

between personality and brain volumetric measures, we 

hypothesized that (1) neuroticism is negatively associated 

with glucose metabolism in prefrontal cortex and temporal 

lobe structures, including the hippocampus and entorhinal 

cortex, while (2) extraversion is positively associated with 

glucose metabolism in these same areas. In a secondary and 

more exploratory analysis, we examined the relationships 

between personality factors and brain function in various 

regions of interest (ROI), as well as the potential moderating 

effect of APOE ε4 allele carriage. 

 
Methods 

This was a cross-sectional investigation utilising baseline 

data of participants recruited into two longitudinal studies, 

namely the Western Australia Memory Study (WAMS), 

Perth, Australia, and the Anglicare Aged Care Initiative 

in Ageing Health (KARVIAH) Study, Sydney, Australia. 

Participants of both studies had to complete a personality 

questionnaire as part of a larger battery of cognitive and 

psychological measures. 

In a subsequent session (within a maximum 3-month win- 

dow following personality assessment), participants under- 

went [18F]-2-fluoro-2-deoxy-D-glucose (18F-FDG) positron 

emission tomography (PET) to measure resting brain glu- 

cose metabolism. 

Participants 
 

In total, 237 participants, aged 60 years and over, all com- 

munity-dwelling and with independent living status, were 

recruited from two study centres including WAMS, n = 128, 

KARVIAH, n = 109. Participants in the KARVIAH and 

WAMS studies were recruited using similar methodology 

and both studies used similar assessment protocols that have 

been established previously as part of the WAMS (Sohrabi 

et al. 2009). 

Inclusion criteria for the current project include the fol- 

lowing: (1) not cognitively impaired, as defined by cognitive 

scores above the age, sex and education stratified cut-off 

score for dementia on the Montreal Cognitive Assessment 
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(MoCA) using the normative data published by Rossetti and 

Colleagues (Rossetti et al. 2011) as well as participants’ 

performance on the neuropsychological battery of each 

study (see supplementary tables); (2) no neurological (e.g., 

dementia, Parkinson’s disease, stroke) or major psychiat- 

ric disorder (e.g., schizophrenia, bipolar disorders, major 

depressive disorder) at time of enrolment that may affect per- 

sonality or cognitive functions; (3) scores below the cut-offs 

for clinically uncontrolled depression, anxiety or stress as 

assessed using the Depression Anxiety Stress Scales (DASS- 

21) (Lovibond and Lovibond 1995); and (4) ability to read, 

write, and speak fluent English. Where there was a concern 

regarding a participant’s performance on measures of cogni- 

tion or clinical status, their results were closely examined by 

the projects neuropsychology leads (HRS and MW) and a 

consensus decision was achieved in relation to whether the 

participant’s data should be excluded from further analyses. 

Ethics and consenting processes for the WAMS were 

approved by the Ethics Committees of Edith Cowan Uni- 

versity, Ramsay Health Care Western Australia (WA)|South 

Australia (SA) Research Ethics Committee, and the Univer- 

sity of Western Australia. The KARVIAH Study received 

approval from Bellberry Limited and the University of West- 

ern Australia. Table 1 indicates demographic data for the 

total cohort as well as site-specific cohorts. 

Measures 
 

A comprehensive battery assessing a range of cognitive and 

clinical functions including global cognition, verbal and 

visual episodic memory, semantic fluency, language, atten- 

tion, working memory, and executive function was used in 

each study. Both KARVIAH and WAMS assessed mood 

(depression and anxiety) and daily functioning to ascertain 

any uncontrolled or current clinical condition that might 

not have been reported or detected at the screening phase, 

prior to including participants in each of these two studies. 

The cognitive and clinical data in relation to FFM are not 

reported here but will be reported in a subsequent manu- 

script; however, the scores for mood and global cognition 

were primarily used to determine inclusion as described 

above. In relation to participants’ mental health status, the 

DASS-21 was used, and participants with moderate or severe 

scores on depression, anxiety, or stress subscales (Lovibond 

and Lovibond 1995) were excluded if their condition was 

not under treatment or was not controlled prior to study 

commencement. 

The NEO five-factor inventory-third revision (NEO- 

FFI-3; McCrae and Costa 2010) was used to measure per- 

sonality. The NEO-FFI takes approximately 10–15 min to 

complete and assesses neuroticism, extraversion, openness, 

conscientiousness and agreeableness in individuals aged 

12–99 years (Costa and McCrae 1992). Each of the 60 items 

is scored on a 5-point Likert scale, ranging from strongly 

disagree to strongly agree. Higher scores indicate greater 

neuroticism, extraversion, openness, conscientiousness and 

agreeableness. For this study, the raw scores of the NEO- 

FFI-3 were primary variables of interest. 

Glucose metabolism: FDG‑PET imaging 
 

[18F]-2-fluoro-2-deoxy-d-glucose (FDG) tracer with posi- 

tron emission tomography [18F-FDG-PET] is widely used 

in measuring cerebral glucose metabolism and brain func- 

tion. 18F-FDG-PET imaging for this study was conducted 

according to the method we have previously described 

(Rimajova et al. 2008). Briefly, the participants were 

scanned 30 min after administering the 18F-FDG-PET 

tracer, and dynamic images were acquired 30–60 min post- 

injection. The method of acquiring images and the qual- 

ity of the images were similar and the summed dynamic 

frames from both sites were simultaneously analysed in- 

house using a locally developed software. The 18F-FDG- 

PET retention rate was quantified by the standardised 

uptake value ratios (SUVRs) with the cerebellar cortex 

as the reference region, using the CapAIBL PET-only 

pipeline (Bourgeat et al. 2015; Zhou et al. 2014); [Avail- 

able at https://milxcloud.csiro.au/tools/capaibl)]. The 

regions in PET images were labelled using a multi-atlas 

approach, in which the participant’s image was registered 

to multiple atlases with Automated Anatomical Labelling 

(AAL; Tzourio-Mazoyer et al. 2002). The labelling of 

each participant’s image was determined by fusing labels 

from multiple atlases. The ROI analysis was performed 

for cortical regions. The SUVR was computed separately 

for whole brain and left and right hemispheres. The neo- 

cortical SUVR was computed by averaging the SUVRs 

of the neocortical regions including the frontal, superior 

parietal, lateral temporal, occipital, and anterior and pos- 

terior cingulate regions. Specifically, we were interested in 

glucose metabolism of overall neocortical and predefined 

brain regions associated with AD including hippocampus 

(left and right), parahippocampus (left and right), and 

entorhinal cortex (left and right). We also examined the 

mean glucose metabolism in two larger brain areas includ- 

ing prefrontal lobe (i.e. average of bilateral dorsolateral 

prefrontal, ventrolateral prefrontal, orbitofrontal cortices, 

and gyrus rectus), and temporal lobe (i.e. the average of 

bilateral temporal, entorhinal cortices, parahippocampal, 

fusiform gyri, hippocampus and amygdala). 

APOE genotyping 
 

In the WAMS, TaqMan® genotyping  assays were 

used to determine APOE genotype (rs7412, assay ID: 

C 904973_10; rs429358, assay ID: C 3084793_20) 

https://milxcloud.csiro.au/tools/capaibl
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from DNA extracted from 5 mL of whole-blood samples 

using QIAamp DNA Blood Maxi Kits (Qiagen, Hilden, Ger- 

many). TaqMan® genotyping assays were performed on a 

QuantStudio 12 K Flex™ Real-Time-PCR system (Applied 

Biosystems, Foster City, CA) using the TaqMan® GTX- 

press™ Master Mix (Life Technologies) as per manufac- 

turer’s instructions. APOE carriage status was defined by the 

presence (1 or 2 copies) or absence (0 copies) of the APOE 

ε4 allele. APOE genotyping for the KARVIAH Study was 

conducted using a similar protocol. However, the QIAamp 

DNA Mini kit was used for DNA blood extraction, and PCR 

was conducted using the Eppendorf Mastercycler Realplex. 

Statistical methods 
 

All statistical analyses were conducted using IBM SPSS 22. 

All imaging and personality data were inspected for outliers, 

and none were identified (Tabchnick and Fidell 2006). Data 

were examined using various methods including descriptive 

sample characteristics and independent t tests. To analyse 

the relationships between the FFM and regional brain glu- 

cose metabolism, bivariate Pearson correlation coefficients 

were determined for all ROIs. This analysis was explora- 

tory and therefore uncorrected correlations and p values are 

reported. However, for those correlations coefficient that 

were calculated using a priori approach, the corrected ps, 

using the false discovery rate (FDR), are noted in Table 2. 

To assess the potential effects of APOE ε4, hierarchical mul- 

tiple regression was conducted including only those person- 

ality factors that were found to be significantly associated 

with brain functioning using the correlation coefficients. 

Specifically, age, gender, education and APOE ε4 status 

were entered in Step one, personality factor (i.e. neuroticism, 

extraversion, and conscientiousness) raw scores in Step 2, 

and the interaction terms of APOE ε4 and these three per- 

sonality factors were entered in the final step. The signifi- 

cance level for regression was set at p < 0.05. 

 
Results 

Participants included 82 men and 155 women. The demo- 

graphics for the WAMS and KARVIAH Study are presented 

in Table 1. The APOE ε4 allele carriers (n = 69) included 

four (1.7%) homozygotes. The carriers were younger than 

the non-carriers (mean = 72.27; SD = 6.05 and mean = 74.48, 

SD = 6.87, p < 0.05; respectively), had higher neuroti- 

cism scores compared to the non-carriers (mean = 18.10; 

SD = 7.09 and mean = 16.13, SD = 6.81, p < 0.05; respec- 

tively), and had lower glucose metabolism as evidenced 

by the neocortical SUVR (mean = 1.02; SD = 0.08 and 

mean = 1.05, SD = 0.08, p = < 0.05; respectively; Table 1-S). 

The education level of the cohort ranged from 7 to 24 years 

(M ± SD = 14.24 ± 2.91) and MoCA scores ranged from 23to 

30 (M ± SD = 27.13 ± 1.90) indicating normal cognitive per- 

formance based on Rossetti et al. (2011). Table 2-S, provides 

the mean and standard deviations for all cognitive measures 

used in each Study. Women scored higher than men on neu- 

roticism (p < 0.05) and agreeableness (p < 0.01) and reported 

fewer years of education (p < 0.005) but scored higher on the 

MoCA (p < 0.01). No other significant differences between 

men and women on any other variable was found. 

 

 

Table 1 Demographic and primary data on select variables for the cohort, and for each of the two sites 

Total cohort (n = 237) WAMS (n = 128) KARVIAH (n = 109) p value 

 Mean (± SD) Mean (± SD) Mean (± SD)  

Female, n (%) 155 (65.4) 85 (66.4) 70 (64.2) 0.724†
 

APOE ε4 carriers, n (%) 69 (29.1) 45 (35.2) 24 (22.0) 0.022†*
 

Age 73.76 (± 6.73) 70.39 (± 5.84) 77.71 (± 5.44) <0 .001○** 

DASS—depression scale 2.32 (± 2.82) 2.31 (± 2.64) 2.33 (± 3.06) 0.946○
 

DASS—anxiety scale 2.11 (± 2.44) 1.84 (± 2.08) 2.48 (± 2.83) 0.070○
 

DASS—stress scale 4.61 (± 3.73) 4.47 (± 3.13) 4.82 (± 4.43) 0.522○
 

Years of education 14.26 (± 2.91) 1 4.09 (± 2.60) 14.46 (± 3.23) 0.340○
 

MoCA 27.12 (± 1.90) 27.08 (± 2.00) 27.16 (± 1.79) 0.751○
 

Neuroticism 16.70 (± 6.95) 17.30 (± 7.53) 16.00 (± 6.16) 0.147○
 

Extraversion 27.47 (± 5.97) 27.40 (± 6.63) 27.55 (± 5.11) 0.850○
 

Openness 29.94 (± 6.09) 30.91 (± 6.08) 28.79 (± 5.91) 0.007○** 

Agreeableness 33.85 (± 5.04) 33.47 (± 5.04) 34.29 (± 5.03) 0.215○
 

Conscientiousness 33.29 (± 6.61) 33.13 (± 6.63) 33.48 (± 6.61) 0.683○
 

†Calculated using Chi-Square; ○ Calculated using independent t; *p < 0.05; **p < 0.01; APOE apolipoprotein E, DASS depression anxiety stress 

scales-21, KARVIAH Anglicare Aged Care Initiative in Ageing Health, MoCA Montreal Cognitive Assessment, SD standard deviation, WAMS 

Western Australia Memory Study 
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Relationship between personality factors and brain 
function 

 
Using Pearson correlation coefficients, we examined the 

associations between personality factors and ROIs (Table 2; 

and Table 3-S). Openness and agreeableness were not sig- 

nificantly related to brain functions, while neuroticism, 

extraversion and conscientiousness showed significant cor- 

relations with glucose metabolism in various brain regions. 

Specifically, while the effect sizes were generally in the 

small range (r = 0.131−0.238), we found that higher neuroti- 

cism was associated with lower brain glucose metabolism in 

the left entorhinal and parahippocampal regions (r = − 0.147 

and − 0.136, p < 0.05, respectively). Extraversion and con- 

scientiousness were positively associated with glucose 

metabolism in different brain regions associated with AD. 

Specifically, greater extraversion was associated with higher 

SUVR in the entorhinal cortex whilst greater conscientious- 

ness was associated with higher SUVR in the left entorhi- 

nal cortex (r = 0.156; p < 0.05) as indicated in Table 2. The 

associations that remained significant after FDR are noted 

Table 2. Figure 1 represents a graph drawn from the associa- 

tions between 18F-FDG-PET neocortical SUVR and neuroti- 

cism, extraversion, and conscientiousness. 

As a relatively crude example of the relationship between 

personality factors and brain function, Fig. 2 presents the 

FDG-PET imaging scans belonging to three different indi- 

viduals, each with highest scores on one of three personality 

factors including extraversion (a), conscientiousness (b), or 

neuroticism (c). The individual with the highest score on 

neuroticism showed significantly lower glucose metabolism 

in AD-related ROIs while the individuals with the highest 

scores on conscientiousness and extraversion, respectively, 

show higher glucose metabolism in these regions (Fig. 2). 

The images were not corrected for age, gender, and other 

potentially important demographic factors. 

Hierarchical linear regression analyses are only reported 

here if Model 2 (containing neuroticism, extraversion and 

conscientiousness), Model 3 (containing the interaction of 

APOE ε4 and personality for all three personality factors of 

interest), or both were significant and if any of these three 

personality factors or their interaction terms significantly 

contributed to the model. 

There was a significant relationship between neocorti- 

cal SUVR and the personality factors of interest (i.e. neu- 

roticism, extraversion and conscientiousness), in Step 2 

(F(3,227) = 4.11, p < 0.01, ΔR2 = 0.050). This relationship 

was driven by extraversion scores (R2 = 0.080 for Step 2; 

β = 0.180, t = − 2.47; p < 0.05) and remained significant 

 
 

 
Fig. 1 The bivariate association between personality factors and brain 

glucose metabolism in neocortical area. Axis Y represents three of 

the five personality factors: neuroticism, extraversion, and conscien- 

tiousness. Axis X represents cerebral glucose metabolism in the neo- 

cortical region as assessed using 18F FDG-PET. The graph does not 

include any adjustment for potential confounders 

 

Table 2 Associations between 

cerebral 18-F FDG-PET results 
Neuroticism Extraversion Openness Agreeableness Conscientiousness 

and personality factors: Pearson Neocortical_SUVR1
 − 0.141*

 0.219**‡
 0.038 0.095 0.151*

 

correlations (n = 237) 
L2 _Hippocampus − 0.103 0.210**‡

 − 0.011 0.083 0.141*
 

 R3 _Hippocampus − 0.084 0.158*
 − 0.007 0.077 0.124 

 L_Parahippocampus − 0.136*
 .165*

 0.083 0.055 0.096 

 R_Parahippocampus − 0.063 0.188**‡
 − 0.032 0.004 0.093 

 L_Entorhinal − 0.147*
 0.229**‡

 0.107 0.019 0.156*
 

 R_Entorhinal − 0.104 0.163*
 0.034 0.050 0.106 

 Frontal cortex4
 − 0.129*

 0.238**‡
 0.021 0.102 0.143*

 

 Temporal cortex5
 − 0.143*

 0.214**‡
 0.022 0.098 0.118 

*p < 0.05 and **p < 0.01: indicating that the correlation was significant, without correction; ‡corrected for 

false discovery rate (FDR) using Benjamini–Hochberg procedure; 1standardized uptake value ratio; 2left; 
3right; 4the mean of the left and right dorsolateral prefrontal, ventrolateral prefrontal, orbitofrontal, and 

gyrus rectus; 5the mean of the left and right hippocampus, parahippocampus, entorhinal, inferior temporal, 
amygdala, and fusiform 
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Fig. 2 18F-FDG-PET SUVR 

for 3 individuals, each one 

with highest score on a specific 

personality factor (not matched 

for demographic variables). 

The Standard uptake value ratio 

(SUVR) with cerebellum cortex 

as the reference region was 

mapped onto the cortical sur- 

face using CapAIBL Software. 

The Figure includes FDG-PET 

scans from 3 individuals: a 

high score on extraversion 

(Neocortex SUVR: 1.07); b 

high score on conscientious- 

ness (Neocortex SUVR: 1.02); 

and c high score on neuroticism 

(Neocortex SUVR: 0.97). As 

these images indicate, average 

glucose metabolism for partici- 

pant (c) was lower in various 

cerebral regions compared 

to other participants. These 

three individuals were selected 

based on their T scores derived 

from the NEO-FFI-3 manual 

(McCrae and Costa 2010). 

These 3 individuals were not 

matched on any demographic 

variables (including age, APOE 

ε4, and education years) and 

their imaging differences seen 

here should be interpreted with 

caution. L left, R right, RT. LAT 

right lateral view, LT. LAT left 

lateral view, SUP superior view, 

INF inferior view, RT. MED 

right medial view, LT. MED left 

medial view, POST posterior 

view, ANT anterior view 

 

 

 

 

 

 

 

 

 

 

 

 

after controlling for age, education, gender and APOE 

genotype, as the only significant demographic factor 

(β = −0.132, t = − 2.02; p < 0.05). There was no signifi- 

cant interaction term for personality factors and APOE 

genotype. 

For the left hippocampus, personality was a significant 

predictor in Step 2 (F(3,227) = 3.78, p < 0.05, ΔR2 = 0.046). 

This relationship was driven by higher scores on extraver- 

sion (R2 = 0.076 for Step 2; β = 0.188, t = 2.57; p < 0.05) 

predicting greater left hippocampal activity, whilst con- 

scientiousness, neuroticism and the interaction between 

APOE genotype and any of these personality factors were 

not significant. 

The regression model showed significant   associa- 

tion between 18F-FDG-PET results in the left entorhinal 

cortex and personality factors, specifically extraversion 

(F(3,227) = 4.63; p < 0.005; β = 0.187, t = 2.56; p < 0.05). 

The model also showed a significant association between 
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glucose metabolism in the temporal lobe and personality 

factors (F(3,227) = 3.68, p < 0.05; β = 0.186, t = 2.54; p < 0.05). 

The relationship between glucose metabolism in the frontal 

lobe and the three personality factors was significant in the 

primary model (F(5,128) = 4.76, p < 0.005), but only extra- 

version (R2 = 0.085 for Step 2; β = 0.489, t = 2.25; p < 0.05) 

was a significant predictor of 18F-FDG-PET for this region, 

again with greater extraversion being associated with higher 

metabolism. 

As an example of the potential differences in brain glu- 

cose metabolism of individuals with different personality 

profiles, Fig. 2 represents the 18F-FDG-PET imaging scans 

belonging to three different individuals with the highest 

scores in our cohort on each of the three personality fac- 

tors including extraversion (a), conscientiousness (b), or 

neuroticism (c). The individual with the highest score on 

neuroticism showed significantly lower glucose metabo- 

lism in ROIs while the individuals with the highest scores 

on conscientiousness and extraversion, respectively, show 

higher glucose metabolism (Fig. 2). These three individuals 

were not matched on any demographic variables (including 

age, APOE ε4, and education levels) and their imaging dif- 

ferences seen here should be interpreted with high caution. 

 
Discussion 

The current study is the first to examine the relationship 

between cerebral glucose metabolism, as assessed using 
18F-FDG-PET, and the FFM personality factors of neu- 

roticism, extraversion, conscientiousness, openness, and 

agreeableness in community-dwelling, independently living 

and non-demented older adults. Significant bivariate cor- 

relations were found including higher cerebral metabolism 

in neocortical, hippocampus, parahippocampus, entorhinal 

cortex, prefrontal cortex and temporal cortex with neuroti- 

cism, extraversion, and conscientiousness. However, after 

controlling for the effects of different demographic factors 

including age, gender, education, and APOE ε4 in a hier- 

archical linear model, only extraversion was significantly 

associated with brain glucose metabolism in the neocorti- 

cal region, left hippocampusand left entorhinal cortices and 

prefrontal and temporal lobes. 

These findings on the relationship between greater extra- 

version and higher levels of glucose metabolism in ROIs 

associated with AD pathology are consistent with previous 

reports of a significant relationship between extraversion and 

dementia risk (for a recent review: D’Iorio et al. 2018). 

Previous research has shown the potential involvement 

of personality in future risk of dementia. For example, Ter- 

raccianoet al. (2014) reported that lower scores on consci- 

entiousness and higher scores on neuroticism were the main 

predictors of future dementia in a study of more than 10,000 

participants over 8 years of follow-up. In another study, Ter- 

racciano et al. (2013) reported on a premorbid personality 

profile resilient to AD neuropathology, determined following 

autopsy in individuals who were diagnosed with a clinical 

dementia syndrome before death. In this retrospective study, 

the authors found that individuals with higher neuroticism, 

and lower conscientiousness scores, were more likely to 

present with clinical symptoms of dementia compared to 

those with lower neuroticism scores, despite having a similar 

load of senile plaques and NFTs: two neuropathological hall- 

marks of AD. In a more recent study, premorbid personality 

traits including neuroticism, conscientiousness and agreea- 

bleness appeared to modulate the association of AD-related 

CSF biomarkers (amyloid beta 1–42, phosphorylated tau and 

total-tau) and objective cognitive functioning (Tautvydaitė 

et al. 2017). 

Our cross-sectional study used a measure of brain func- 

tion, 18F-FDG-PET, which is also a marker of neurodegen- 

eration and, therefore, a downstream marker for the neu- 

ropathological changes associated with AD. Our findings 

indicate that lower extraversion is associated with lower 

function in those areas of the brain that are more susceptible 

to AD, including neocortex, hippocampus, parahippocam- 

pus, and entorhinal cortex. Whether personality traits and 

their associated physiological and behavioural concomitants 

contribute to vulnerability to AD pathology, or, AD neuro- 

pathological processes, over years, determine the presenta- 

tion of specific personality traits (e.g. higher neuroticism 

and lower extraversion and conscientiousness), is yet to be 

determined. Alternatively, there could be a dynamic rela- 

tionship between personality and AD, through lifestyle, diet 

and behavioural choices that are also determined by genet- 

ics, developmental and environmental factors involved in 

dementia and more specifically AD clinical syndrome. 

Finally, we observed that, in this study, women scored 

higher on the neuroticism scale. This finding has been previ- 

ously reported by others (Weisberg et al. 2011). However, 

it is important to note that depression, as one of the pri- 

mary facets of neuroticism (McCrae and Costa 2010), is 

also more common in women (Albert 2015; Weissman et al. 

1996). Depression is also an established risk factor for AD 

and cognitive decline (Gracia-García et al. 2015; Johnson 

et al. 2015). Given neuroticism is a predictor of AD, and 

women are disproportionately at higher risk of AD (Mielke 

et al. 2014), further research is warranted to examine the 

implications of this finding for dementia risk and gender 

contribution later in life. 

Current evidence indicates a significant association 

between age-related cognitive decline, dementia and per- 

sonality. However, the underlying mechanism for this asso- 

ciation is currently under investigation. Research into the 

neuroscience of personality has indicated that specific brain 

structures are associated with personality factors including 
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neuroticism and extraversion. Previous research on func- 

tional brain imaging using PET, as well as structural and 

functional MRI, confirms the following: (1) personality as a 

psychological construct can readily be investigated through 

appropriate neuroscience methods including imaging, and 

(2) brain regions including hippocampal, entorhinal, and 

prefrontal cortex that are also responsible for different cog- 

nitive functions are significantly associated with personality 

factors. Further research will inform the translational value 

of this line of research in terms of using personality factors 

to screen those at higher risk of neurodegeneration or using 

psychological interventions towards moderating personal- 

ity factors and, therefore, minimising or delaying the risk 

of AD. 

In this study, as expected from previous research, brain 

glucose metabolism was significantly different between 

APOE ε4 carriers and non-carriers. Specifically, APOE 

ε4 carriers had significantly lower glucose metabolism in 

AD-related ROIs, irrespective of their scores on personal- 

ity factors, as compared to APOE ε4 non-carriers. APOE 

ε4 carriers also scored significantly different from non- 

carriers on the neuroticism factor of personality, although 

the effect size was small (Cohen’s d = 0.28). However, there 

was no significant relationship or interaction between APOE 

ε4 allele carriage and personality factors on brain glucose 

functioning in this study. Our failure to find a strong relation- 

ship between this AD genetic risk factor and personality is 

consistent with previous research (Tsai et al. 2004; Montag 

et al. 2014). Furthermore, such null findings have also pre- 

viously been reported for relationship between personality 

and genetic mutations causing AD, specifically mutations in 

presenilin 2 (PSEN-2) gene (Balestrieri et al. 2000). How- 

ever, others have noted that the association between APOE 

ε4 carriage and dementia risk is modulated by personality 

factors including neuroticism and extraversion (Dar-Nimrod 

et al. 2012). Although there is a need for further studies to 

understand such null findings, our results may imply differ- 

ent or independent pathways through which personality and 

APOE ε4 allele carriage may affect or interact with brain 

functioning or impact future risk of dementia. 

While the findings of  this study are  promising, they 

should be considered within the context of some limitations. 

This is a cross-sectional observational study and, therefore, 

does not provide any temperocausal explanation of the 

relationship between personality traits and AD-related cer- 

ebral hypometabolism. In addition, we have utilised a self- 

reported personality measure, and while such measures are 

the primary tools of assessing this psychological construct, 

others’ reports on one’s personality may also provide inter- 

esting information on the relationship between personality 

factors and brain glucose metabolism. It is important to note 

that the personality measure used in this study was a brief 

questionnaire assessing FFM. Also, as thorough clinical 

psychiatric examination was not performed, there is a chance 

that some participants have had psychiatric conditions 

affecting their self-reported personality traits. In the FFM, 

each factor has several facets, and each may have a unique 

contribution to regional or whole brain glucose metabolism. 

Therefore, future studies of such facets, using more detailed 

measures of FFM could be informative. Within such limita- 

tions our findings are still encouraging and warrant further 

longitudinal investigation. 

This study benefited from a large sample, more nuanced 

imaging technique for brain functioning (cerebral glucose 

metabolism as assessed using 18F-FDG-PET), the focus on 

specific brain regions, and the inclusion of APOE alleles’ 

status that all contribute to better understanding of person- 

ality and brain interplay and have significant implications 

for the neuroscientific understanding of FFM. Furthermore, 

the current study did not include MCI and AD patients. 

While this was an inclusion criterion, it may affect the gen- 

eralisation of our findings. However, such inclusion criteria 

allowed us to examine the relationship between personal- 

ity and glucose metabolism in a relatively healthy cohort 

of non-clinically diagnosed older adults and therefore, will 

further our understanding of personality and brain function 

in ageing. 

Evidence is emerging to enhance understanding of the 

underlying mechanisms of the association between per- 

sonality and future risk of dementia. Our findings indicate 

that specific personality factors were indeed related to cer- 

ebral glucose metabolism, as a marker of neurodegenera- 

tion. There is, however, a paucity of longitudinal research 

investigating changes of neurodegenerative biomarkers (e.g. 

gradual change in brain glucose metabolism) with respect 

to personality factors. Such research, if successful in estab- 

lishing a relationship, may have critical translational value 

in terms of psychological interventions aimed at lifestyle 

choices and psychological signs and symptoms associated 

with specific personality factors to delay the future risk of 

dementia due to AD. Indeed, evidence from clinical psy- 

chology indicates that personality traits, at both lower and 

higher levels (with different levels of stability and resist- 

ance to change), can be modified through psychotherapeutic 

interventions. For example, a meta-analysis of 207 studies 

reported significant change in personality traits scores fol- 

lowing intervention (Roberts et al. 2017). 

In conclusion, we report significant associations between 

personality factors and glucose metabolism in the brains of 

healthy older adults. As lower glucose metabolism in the 

brain is an early sign of preclinical AD (Mosconi 2013), fur- 

ther longitudinal research is warranted into the relationship 

between changes in other established AD biomarkers (e.g. 

amyloid beta and tau imaging) and baseline or premorbid 

personality factors. Understanding the relationship between 

personality factors and brain function is as important as 
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utilizing personality assessment to identify individuals at 

higher risk of developing dementia. Future research is also 

warranted into whether personality intervention aimed at 

personality facets and lifestyle choices determined by under- 

lying personality factors has potential application in delaying 

onset, or reducing risk of AD. 
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Appendix E. Pathology consumables and Reagent Preparation  
 

Order of 

Collection 
Tube Type and Volume 

Purpose of 

Collection 

Lab 

Destination 

1 – 2 

 

7.5 mL Serum Tube  For Future Research 

 
 
 
 

Research 

Laboratory 

 

3-4 

 

8.5 mL Serum 

Tube(x2)  
Biochemistry tests Pathology  

4 – 5 

 

7.5 mL Lithium 

Heparin Tube (x2) 

 
 
 

 

 

For Future Research 

 

 

 

Research 

Laboratory 

 

6 

 
 

4 mL EDTA 

Tube(x2) 

 

ESR and FBC 

 

 

Pathology 

Laboratory 

 

 

8 – 10 

 

7.5 mL EDTA + 

PGE1 Tube (x4) 

 
 

For Future Research 

 

 

 

Research 

Laboratory 

 

11 

 

2.6 mL 

Homocysteine 

Tube 

Homocysteine 

 

 
 
 
 
 

Pathology 

Laboratory 

 

 

 

12 

 

2 mL Fluoride 

Oxalate Tube 
Glucose 

 
 

Pathology 

Laboratory 

 

 

 

13 

 

2.5 mL Blood RNA 

PAX gene Tube 

PGx RNA – For 

Nucleic Acid 

Research 

 

Research 

Laboratory 

 

 

 

Laboratory Consumables: The above information was contained in the KARVIAH 

laboratory protocol, derived from the AIBL study laboratory protocol, and included in 

the KARVIAH study ethics proposal.  

 

 

 

 

 



Appendix E. Pathology consumables and Reagent Preparation  
 

1. Prostaglandin E1(PGE1) Working solution 

 Prostaglandin E1, C20H34O5 (MW: 354.5) – Sapphire Bioscience/Cayman,  

Cat no. 13010. 

1. Concentrations should be 33.3 ng of prostaglandin E1 (PGE1) per mL of whole 

blood OR buffer. 

2. Prepare PGE1 stock 2 mg/mL (2000 µg/mL) in 100% ethanol. CH3CH2OH 

(MW: 46.07) – Chem Supply, Cat no. EA043-20L-P 

3. Add 50 µl of the stock to 8.3 mL 50% ethanol (i.e., 166-fold dilution) to produce 

a working solution of 12 µg/ml. 

 

2. EDTA + PGE1 Tubes for Research Purposes 

1. Open 7.5 mL EDTA tubes and pipette 21 µL of prepared PGE1 working solution 

into each tube (for a ratio of 2.8 µL/mL of blood). Note: To be done in the Class 

II BSC to prevent contamination. 

2. Ensure lid is closed tight and store at 4⁰C (refrigerate) for up to four weeks.   

Note: Storage of PGE1-filled EDTA tubes is at 4⁰C  

 

3. Citrate Glucose Saline (CGS) (1000ml) 

 7.2 g NaCl (MW: 58.44 g/mol) – Bio-Strategy, Cat no. VWRC27810.262 

 6.0 g D-glucose C₆H₁₂O₆ (MW: 180.16 g/mol)–Bio-Strategy, Cat no. 

VWRC101174Y 

 3.8 g Na3Citrate.2H2O HOC(COONa)(CH₂COONa)₂·2H2O (MW: 294.1 g/mol) 

– Bio-Strategy,  Cat no. SCARSO02000500 

1. Dissolve in double distilled water to a total volume of 1000 ml 

2. Adjust pH to 7.0 with HCl to make stock solution. 

3. Aliquot stock solution into 50 mL Falcon tubes and store at -20⁰C for 3 months.  

4. Before use, thaw one 50 mL stock solution and add 28 µL of 12 µg/mL PGE1 

working solution to every 10 mL of CGS (e.g., add 140 µL of PGE to 50 mL of 

CGS).   

5. Store CGS+PGE1 working solution at 4⁰C for 1 week.  

 

3. Phosphate Buffered Saline (PBS) (1000ml) 

8.5g NaCl (MW:58.44 g/mol)-Bio-Strategy, Cat no. VWRC27810.262 



Appendix E. Pathology consumables and Reagent Preparation  
 

1.1 g Na2HPO4 (di-sodium) (MW: 141.96 g/mol) – Thermo Scientific, Cat no. 

BSPSL562.500 

0.35 g NaH2PO4.2H2O (monosodium) (MW: 156.01 g/mol) – Sigma, Cat no. 

71505-250G  

1. Dissolve in double distilled water to a total volume of 1000 mL 

2. Adjust pH to 7.4 with HCl to make stock solution. 

3. Store at 4⁰C for 3 months.  

Note: PBS is used in the processing of the platelet and RBC fractionation steps. 

 

4.1 Platelet Processing – PBS with PGE1 added 

1. Before use, add 28 µL of 12 µg/mL PGE1 working solution to every 10 mL of 

PBS to the stock solution (e.g., Add 140µl of PGE to 50 mL of PBS). 

2. Store PBS+PGE1 working solution at 4⁰C for 1 week. 

 

4.2. RBC Final Wash Step – PBS without PGE1 added 

1. Use the PBS stock solution from 2.4 if the final volume of RBC is <3 mL 

 

5. Butylated hydroxytoluene (BHT) 

1. Solubilize 5 mg BHT (2,6-di-tert-butyl-4-hydroxytoluene; Cayman Chemical, 

Cat No. 89910) in 1 mL 100% ethanol. Note: The solution was made weekly, 

with remainder discarded. 

2. Add 2.5 µL BHT stock solution to each Eppendorf tube. 

3. Add 250 µL of freshly collected Li/Hep plasma to each pre-coated tube (please 

add exactly 250 µL to ensure BHT concentration is consistent between 

samples). 

4. Label aliquot tubes with participant ID number, participant initials, date, and 

time of collection. 

5. Freeze aliquots immediately at -80°C. 

Note: Perform steps 2 – 5 for the serum from the Serum tube. 
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