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Abstract	

Background 

The pathological mechanisms underlying Alzheimer’s disease (AD) are still not fully 

understood. While amyloid (Aβ) deposition and tau aggregation are cardinal features, 

microglial activation is also an important component. However, the relationship 

between the three processes is widely debated. This study used positron emission 

tomography (PET) imaging to evaluate this relationship in a cohort of mild cognitive 

impairment (MCI) and Alzheimer’s disease (AD) subjects.  

Methods 

Nineteen healthy controls, thirty-nine MCI and nineteen AD individuals had 

neuropsychological testing, MRI, 18F-flutemetamol and 11C-PBR28 PET. Eight 

controls, twenty-five MCI and eighteen AD individuals also had 18F-AV1451 PET. 

For 18F-flutemetamol and 18F-AV1451, target: cerebellar ratio images were used to 

calculate standardised uptake value ratio (SUVR) values. For 11C-PBR28, a two-tissue 

compartment model and Logan graphical analysis were used to determine volumes of 

distribution (VT). Group comparisons, and correlations between the tracers, were 

examined at regional and voxel level. 

Results 

1) Mean 11C-PBR28 binding was significantly higher in the Aβ-positive MCI 

group compared to the controls at a voxel level, while there was no difference 

between AD and controls. However, 42% of Aβ-positive AD individuals had 

significantly higher binding than the healthy control mean+ 2 standard 

deviations 

2) All three processes were correlated at a voxel level; microglial activation and 

tau aggregation were correlated in connected regions on analysis 

3) Aβ and tau load were correlated at a voxel and regional level; in addition 

medial temporal lobe tau binding correlated with isocortical Aβ load 

4) Certain Aβ-negative individuals also demonstrated significantly increased 

levels of microglial activation and tau aggregation compared with controls on 

single-subject analysis 



	

11	

Conclusions 

In this study examining inter-relationships between Aβ deposition, tau aggregation 

and microglial activation in MCI and AD, significant positive correlations were found 

between all three processes. These correlations were both local (overlapping voxels) 

and distant, suggesting communication via neuronal networks. The findings suggest 

that a therapeutic approach targeting all three processes may be needed. 
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Chapter 1: Introduction 

 

The importance and impact of Alzheimer’s disease  

Alzheimer’s disease (AD) affects 47 million people worldwide, and is estimated to 

increase further to 131 million people by 2050.1 With global costs of $818 billion in 

2015,2 dementia puts a sustained pressure on health and social care.  Advances in 

treatment are behind other major common medical conditions. Only four symptomatic 

treatments have been licensed for use (the last in 1984) and no preventative treatment 

has been identified yet. The success rate in AD clinical trials over the last decade is 

0.4% (equating to a 99.6% failure rate).3 The UK government described it as ‘one of 

the biggest challenges we face today’4 and the G8 Dementia Summit in 2013 pledged 

to find a cure or disease modifying treatment by 2025.5 

There are several reasons for the failure in finding a disease modifying treatment. 

Firstly, the exact pathophysiological processes leading to AD are still debated. Most 

therapeutic trials have focused on the pathological β-amyloid (Aβ) protein, long 

thought to be central to disease pathogenesis.6 Aβ may not be the only disease 

substrate, or may not be the most critical in disease pathogenesis. Additionally, the 

trials could be targeting the wrong stage of the disease pathway. The ultimate 

preventative or curative treatment is likely to target several substrates, at different 

stages of the disease spectrum. Thus determining the precise aetiology is essential for 

an effective therapy.  To understand the disease process fully, sensitive and specific 

biomarkers are needed.  

Progress has been made over the last decade in identifying biomarkers which reflect 

vital information about the underlying processes in AD. They have now been 

incorporated into international diagnostic criteria.7-9,10 The main imaging modality 

described in this thesis, Positron Emission Tomography (PET), is a form of molecular 

imaging which can track disease processes at a molecular level, providing insights 

about live biological processes that have not previously been available. 

The purpose of this thesis is to examine the relationships between amyloid deposition, 

tau aggregation and microglial activation in MCI and AD using PET imaging. In this 

literature review, I will provide an overview of the basic pathology of AD, in 

particular the three processes relevant to this study. I will then provide a background 
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on current biomarkers in AD. Finally, I introduce the tracers used in this study, 18F-

flutemetamol, 18F-AV1451 and 11C-PBR28, and issues to consider with their use. I 

then discuss the aims and objectives of the project. 

The pathophysiology of AD 

The two cardinal features required to diagnose AD pathologically are extra-cellular 

amyloid plaques (composed of amyloidβ (Aβ)), and intracellular neurofibrillary 

tangles (NFTs) composed of hyperphosphorylated tau.  

Amyloidβ (Aβ) 

Aβ neuritic plaque deposition was considered to be central to the disease process for 

several decades, and is still the main focus of drug treatments and cure.6 

The central component of the amyloid plaque is a peptide called Aβ, which is derived 

from proteolytic processing of the Amyloid Precursor Protein (APP) by β- and γ-

secretases.11 This APP cleavage can produce two peptides - Aβ40, which is postulated 

to have a physiological role, and is readily cleared from the brain, and the 

‘amyloidogenic’ Aβ42 which is less stable, has a higher fibrillisation rate, and forms 

aggregates and neuritic plaques.11 Oligomeric rather than the monomeric forms of 

Aβ42 are toxic to neurons.11 The oligomers then aggregate to form fibrils and fibrillar 

plaques. 

Two types of amyloid plaque exist – dense-core neuritic plaques and diffuse plaques. 

Dense core plaques are those associated with AD, and stain positive for thioflavin-S 

due to their β-sheet conformation. Their immediate milieu in the cell is toxic– they are 

surrounded by dystrophic neurites (neuronal processes containing 

hyperphosphorylated tau, and toxic to the neuron), activated microglia and astroglia.12 

This toxic environment surrounding the amyloid plaque increases in intensity as the 

disease advances and suggests that amyloid plaques are not stable entities.13 In 

contrast, diffuse plaques can be seen in healthy ageing, do not stain thioflavin and are 

not associated with local cell toxicity.12 

Aβ aggregates are important for several reasons. First, Aβ is associated with cortical 

thinning in cognitively healthy elderly subjects.14 Secondly, cognitively normal and 

mild cognitive impairment (MCI) subjects with Aβ plaques are more likely to 

progress to dementia than those without.15 Thirdly, dominantly inherited AD, 
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associated with mutations of Amyloid Precursor Protein, Presenilin 1 and Presenilin 2 

genes, are all associated with excessive Aβ42 resulting in plaque formation.11 

However, it is now recognised that Aβ alone is insufficient to cause AD: 

histopathological16 and imaging17 studies have shown that Aβ levels do not correlate 

well with cognitive deficits and clinical status. 30% of normal elderly individuals 

have Aβ plaques but no overt clinical features.18 In addition, amyloid plaque 

formation can occur 1-2 decades prior to clinical symptoms, and plateaus by the time 

of symptom onset in the MCI phase17 indicating that other processes must be 

occurring in parallel. The fact that Aβ alone is insufficient to cause AD is supported 

by the disappointing results of recent anti-Aβ aggregant trials.19, 20  

The disappointing results of the anti-amyloid drugs, however, do not refute the 

importance of amyloid as being central to the disease process. Possible reasons for the 

failure of trials may be that the drugs are targeting a late stage of the disease process –  

at the time of symptom onset, pathological processes have been occurring for several 

years and neuronal death has occurred – at this point anti amyloid drugs will have 

little effect. Given that neurodegeneration can occur as early as preclinical stage 2, the 

focus is for therapeutics is moving towards earlier disease stages, such as the A4 Trial  

(https://clinicaltrials.gov/ct2/show/NCT02008357) which is testing solanezumab in 

Aβ positive cognitively normal older people.  

Another possibility is that while amyloid is central to the disease process, it is not 

sufficient to cause the disease alone. Multiple amyloid-independent disease processes 

may also contribute to disease such as microglial activation, mitochondrial 

dysfunction, and altered synaptic function. It is likely that multiple therapeutic targets 

will be required for preventing and curing the disease.  

Amyloid deposition shows some variability between individuals but follows a pattern 

as disease progresses. It starts in the cingulate and inferior frontal cortex (Stage A), 

then affects all isocortical areas sparing the primary association areas and 

hippocampus (Stage B). Finally it spreads to the primary cortex and striatum but 

spares the pallidum, thalamus, and cerebellum (Stage C).21 Thal et al also described 

five stages detailing deposition in the isocortex, allocortex, subcortical nuclei and 

white matter, brain stem, pons and cerebellum.22 
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Tau containing neurofibrillary tangles (NFTs) 

Tubulin associated unit,23 or  tau protein, is an essential protein. It is mainly present in 

axons where it binds and stabilizes microtubules. It thus provides a key role in cell 

cytostructure and nutrient transport.24 Tau is encoded by the MAPT (Microtubule 

Associated Protein Tau) gene on chromosome 17 (cytogenetic location 17q21.1) and 

alternate mRNA splicing results in 6 isoforms. The isoforms can be characterized by 

microtubule binding site repeats -3 repeats (3R isoforms) or 4 repeats (4R).24 The 

healthy adult human brain (and brains affected by AD) contains equal levels of 3R 

and 4R tau. Tau binds to microtubules through its repeats, and this is also regulated by 

post-translational modifications, such as phosphorylation through its multiple 

phosphorylation sites.24 

Tau filaments have multiple phosphorylation sites, and in its pathological form, tau 

exists in a hyperphosphorylated form. This results in detachment from microtubules 

and tau filaments assemble containing a β-sheeted structure. In AD filaments are 

made up of equal numbers of 3-repeat and 4-repeat protein.24 Detachment of tau 

results in loss of cell cytostructure and disruption of key cell transport routes. The 

hyperphosphorylated tau aggregates in the neuronal cell body, forming paired helical 

filaments (PHFs) and then NFTs, the hallmark of AD.25-27 28 These are often 

associated with neuropil threads, which are remnants of neurons (axons and dendrites) 

containing hyperphosphorylated tau.12 

Aggregated tau has been compared to prion proteins because of its potential for cell-

to-cell transmission – it can leave cells and induce soluble tau to aggregate and form 

fibrils.29, 30 The deposition of NFTs follows a distinctive predictable pattern in AD. 

NFTs are first seen in the entorhinal and transentorhinal cortex (Transentorhinal 

stage: stages 1 and 2), followed by appearance in the hippocampus, subiculum, 

amygdala and some parts of the isocortex (Limbic stage: stages 3 and 4) followed by 

widespread neocortical involvement (Isocortical stage: stages 5 and 6).21 Similar 

staging systems occur in other tauopathies, such as Chronic Traumatic 

Encephalopathy.31 

NFT aggregation is associated with synaptic dysfunction32 and neuronal cell death,33 

hypometabolism on 18F-FDG-PET,34 and cortical atrophy.35 NFT aggregation and 
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neuronal loss both increase as the disease progresses and critically, correlate with 

symptom severity and clinical status, unlike Aβ.33, 36 

Microglial activation 

Microglial cell activation is another pathological process that was described in Alois 

Alzheimer’s initial description of the disease.37 Microglial activation can be seen 

surrounding amyloid plaques38, 39 and NFTs40 and represents the brain’s intrinsic 

immune response to injury or abnormal protein aggregation. 

Microglia are the macrophages of the central nervous system and comprise around 10-

20% of the brain’s glial population.41 Their normal job is to monitor and survey the 

surrounding environment via their spidery processes, and maintain the plasticity and 

integrity of synapses.42 In response to injury, infection or trauma, their cell surface 

receptors recognise Danger-associated molecular patterns (DAMPs) and pathogen 

associated molecular patterns (PAMPs). They then become activated, adopting a 

globose structure, and remove the pathogen by phagocytosis and release of pro-

inflammatory cidal cytokines.  The activated state involves production of cidal pro-

inflammatory cytokines, protective anti-inflammatory cytokines and phagocytosis of 

the pathogen.42 Under normal circumstances, the acute activated state can revert to a 

normal resting state after the pathogen or causative lesion has been removed.41-43 

In neurodegenerative diseases such as AD, microglial activation is a persistent 

phenomenon – this is partly due to the persistence of amyloid plaque, which is 

resistant to degradation. This results in chronic glial activation and the microglia 

become ineffective. Furthermore, phagocytosis is impaired.42 Additionally local 

damage to the cell surroundings from the cytokine response can be damaging to 

neurons. This toxic micro-environment surrounding the plaque becomes more intense 

with time, and increases in severity as disease progresses.13 Imaging studies have 

suggested that glial activation may initially be a protective mechanism but then leads 

to a worsening clinical status, helping to drive neurodegeneration.44, 45  

That neuroinflammation could be detrimental in AD is supported by observational 

studies that report lower AD prevalence in individuals who have been exposed long-

term to anti-inflammatory drugs (NSAIDs) before the expected time of plaque 

deposition.46 However, this has only been noted in observational studies and not 

controlled trials. A recent Cochrane review and other meta-analyses have been unable 
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to recommend these drugs for use as protectants.47, 48 However, neuroinflammation 

may be a promising therapeutic target in AD. Pexidartinib, an inhibitor of granulocyte 

colony stimulating factor receptors, removes microglial cells from the brains of 

Alzheimer transgenic mice and improves their cognition and outcome although their 

amyloid load remains unchanged.49 

Other findings point to a potential protective role for activated microglia in AD– for 

example, animal studies have shown that boosting microglial activation with 

immunotherapy clears plaques.50, 51 In addition, some PET studies show reduced 

TSPO signal in more aggressive disease.52, 53 The challenge for future research in this 

area will be to identify biomarkers that accurately identify the protective and 

detrimental phenotypes of microglial activation, and to develop specific drug targets 

accordingly. 

The relationship between microglial activation and protein aggregation 

Some data exists regarding the relationship between microglial activation and protein 

aggregation and this will be discussed in more detail in Chapter 6. Briefly, microglial 

activation is seen in response to both amyloid38, 39 and tau aggregation.40, 54 In turn, 

the products of activated microglial cells can induce further tau hyperphosphorylation, 

inducing a vicious cycle of pathology.55 Further studies have shown that the pro-

inflammatory cytokines from activated microglial cells can even up-regulate amyloid 

and tau expression. 56 

Thus, the relationship is complex. The overall spatial distribution of the pathologies 

across the brain, however, is not yet determined. 

 

Biomarkers in dementia 

It is now well recognised that clinical criteria for AD are imperfect. The established 

clinical criteria for a diagnosis of probable AD (the National Institute of Neurologic, 

Communicative Disorders and Stroke-AD and Related Disorders Association in 

1984(NINCDS-ADRDA))57 yield a sensitivity of 81% and specificity of 70%. 58 The 

impact of this lack of diagnostic accuracy was highlighted recently when 16% of 

participants to a drug trial with a clinical diagnosis of AD were found to lack AD 

pathology.19  
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These criteria were revised in 2007 by the International Working Group (IWG 

Criteria)59 and then in 2011 by the National Institute of Aging-Alzheimer’s 

Association(NIA-AA)7, 9, 60 which incorporated biomarkers into research and 

diagnostic frameworks. The biomarkers can be divided into those reflecting amyloid 

deposition (amyloid PET and CSF amyloid) and neurodegeneration (cortical atrophy, 

CSF tau, and hypometabolism). The NIA-AA criteria also included research criteria 

for pre-clinical AD – that is cognitively normal individuals with biomarker evidence 

of pathophysiological AD processes.7 

Amyloid biomarkers 

Amyloid PET  

Amyloid deposition measured by PET has transformed knowledge about the AD 

trajectory. For example, longitudinal studies have shown that amyloid can be 

deposited decades before cognitive symptoms develop.17 In addition amyloid PET has 

revealed that when present in MCI, amyloid positivity increases the risk of 

progression to dementia.61  

CSF amyloid  

Reduced CSF Aβ42 is an early sign of amyloid plaque deposition within the brain. It 

discriminates AD from controls.62 Given that Aβ40 levels are little changed in AD, 

the Aβ42:Aβ40 ratio is even more sensitive, as it is thought to normalise for possible 

individual variation in CSF Aβ production.63, 64 One study showed that MCI subjects 

who ultimately progress to AD have significantly lower Aβ42 and Aβ42:Aβ40 ratio, 

showing that it is a good discriminator even in the early stages.64 Advantages of CSF 

measurement are the easy accessibility and low cost; disadvantages include potential 

for patient discomfort, a small risk of a spinal haemorrhage, and inter-laboratory 

differences in cut-offs and thresholds.65 
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Figure 1.1: Current biomarkers in AD. The figure shows the principal biomarkers 
that are currently used in the classification of AD. These can be divided into markers 
of amyloid deposition and markers of neurodegeneration. Newer, emerging 
biomarkers in research are also highlighted in a separate box. 

 

 



Neurodegeneration biomarkers 

18F-FDG-PET 
18F-Flurodeoxyglucose (FDG) PET is a marker of synaptic and neuronal metabolic 

activity and can be used to identify dysfunctional neurons in AD. Early in the disease 

there is impaired metabolism in the posterior cingulate cortex precuneus and lateral 

temporo-parietal regions. A sensitivity of 96% has been reported in AD but specificity 

is lower as Dementia with Lewy Bodies, brain anoxia and hydrocephalus can mimic 

an AD pattern.66 

CSF tau (t-tau and p-tau) 

Raised total tau (t-tau) indicates neuronal damage of any cause, while raised 

phosphorylated tau (p-tau) suggests that NFTs are present in the brain.67 Both t-tau 

and p-tau discriminate AD from controls.62 Higher CSF tau is associated with steeper 

decline, and higher likelihood of nursing home placement.68 Heterogeneity in results 

in MCI, however, has led to a recent Cochrane review being unable to recommend a 

CSF-tau threshold for diagnosing MCI at risk of progression.69 

Hippocampal atrophy 

Hippocampal atrophy on MRI is common in established AD, and its presence in MCI 

indicates a higher risk of progression in these subjects.49 However hippocampal 

atrophy is not sensitive to early disease without volumetry or specific for AD, and can 

be related to anoxia, vascular disease, frontotemporal dementia or TDP43 (which has 

a stronger association with hippocampal atrophy than AD). Renal haemodialysis, and 

type 2 diabetes have also been associated with hippocampal atrophy. A static injury, 

or congenital small hippocampi can also lead to false positives.70, 71 

Other emerging biomarkers in AD 

CSF 

CSF neurogranin levels (neurogranin is a marker of dendritic stability and synaptic 

integrity) are high in MCI and AD and are specific for AD over other 

neurodegenerative conditions. 72 High levels in CSF are a marker of synaptic 

instability. Other synaptic proteins currently being evaluated as potential biomarkers 

are SNAP-25 and SYT1 which are increased in the CSF in MCI and AD. 72 

Plasma 
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There are limitations of using PET and CSF, which are widely used as biomarkers in 

AD. These include high cost, limited availability and variable levels of tolerability. 

Recent findings of plasma-based biomarkers are of high interest and could enable 

wide clinical use.  

 Plasma amyloid 

A recent study has found that plasma Aβ can be used to differentiate AD from 

ctonrols. Nakamura et al used plasma ratios of APP/Aβ42 and Aβ40 /Aβ42 and found 

high correlations with PET and CSF. 73 Another recent study has found that plasma 

Aβ42 and Aβ40 are lower in AD than MCI, and that levels correlate with MMSE 

score. 74 

Plasma neurofilament light (NFL) 

NFL is a biomarker of neuronal injury and can be measured in CSF and plasma. 

Plasma NFL is increased in MCI and AD, and correlates with cognition, brain 

atrophy, progression of atrophy, and  as a predictor of hypometabolism. 75 However, 

specificity for AD is limited as NFL is a marker of neurodegeneration and is elevated 

in Progressive Supranuclear Palsy,76 Amyotrophic Lateral Sclerosis, 77 former 

American football players with repetitive head injury 78 and Creutzfeldt-Jakob 

Disease. 79 

Plasma C-reactive protein 

Ultimately, a cost effective biomarker would be one already in clinical use.  C-

reactive protein, used commonly in clinical settings, has been found to be increased in 

MCI 80 and decreased later in the trajectory in AD. 81 A caveat to its use in AD is the 

low specificity. 

Metabolomics 

Metabolomics involves the study of systemic metabolic and biochemical 

abnormalities in disease. It is an evolving field in the identification of fluid based 

biomarkers in AD. Abnormalities in sphingolipid metabolism have been identified as 

potential markers of altered metabolism82 and may serve as early markers of disease. 

Sphingolipids are components of the cell membrane, involved in cell trafficking and 

transport. 83 
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Classifying individuals by biomarker profile 

Using the biomarkers described above, Jack et al operationalized the NIA-AA 

criteria84 to divide controls and cognitively impaired subjects according to their 

amyloid status, where they could be considered to be positive or negative (A+/A-), 

and neurodegeneration status (N+/N-). Several studies have found that individuals 

defined as A+N+ had worse clinical course and highest risk of progression to 

dementia compared to A+N-, A-N+, and A-N-.85-95 In all of these studies, A+N+ 

conferred the highest risk, A-N- the lowest risk, and A+N- and A-N+ were 

intermediate.  

Subsequently, tau PET was added to the classification system, to make an A/T/N 

classification96, where  ‘T’ represents the tau-NFT biomarker (either CSF p-tau, or tau 

PET). Including the ‘T’ value adds valuable information in distinguishing NFT related 

neurodegeneration to other causes of neurodegeneration. The benefit of this 

classification system is that it is an internationally recognised framework to describe 

the common biomarker profiles on an individual basis, and to explore common 

clinical or prognostic themes at group level. The authors even suggest adding a final 

letter ‘C’ to denote clinical status, or ‘V’ to denote vascular burden. 

There are several advantages to a biomarker confirmed diagnosis of AD. It can ensure 

that all patients entering clinical trials have a particular disease phenotype, as well as 

identifiable trial end-points.  Further, it enables counselling about an individual’s 

specific diagnosis and prognosis. When determining the diagnosis by biomarkers, 

however, it is important to note that:  

1) Thresholds for biomarker absence or presence are arbitrary.  

2) Other pathologies may be present that are not detected in these biomarker 

profiles, such as α-synucleinopathy, Lewy body disease and TDP43 

pathology.97 These pathologies, and the lack of biomarkers to identify them, 

can partly explain the variability in progression and clinical features in the 

cognitively impaired elderly. 
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The natural history of AD 

Longitudinal biomarker studies have clarified the natural history of AD. The end-

stage of dementia is well recognised, by which time neuronal damage and brain 

atrophy have occurred, the patient is impaired in multiple cognitive domains, and 

activities of daily life are affected. However there is a long preclinical and prodromal 

stage, where the patient has absent or a range of subtle cognitive impairment. The 

earliest detectable amyloid deposition occurs 10-20 years before clinical symptoms.17, 

98 At this stage, amyloid lesions are detectable on PET imaging, and CSF amyloid 

falls, reflecting deposition in the brain. Subsequently, neuronal damage occurs, with 

hypometabolism on 18F-FDG PET.  Neuronal death then occurs, reflected by 

increased CSF tau and hippocampal atrophy. After this, subtle cognitive deficits 

occur, followed by objective deficits, and then dementia. This natural history has been 

illustrated by Jack et al.99, 100 However, it is important to note that these models 

(illustrated in Figure 1.2) are based on biomarker detectability rather than when the 

process itself occurs. 

When considering the natural history of AD in this way, it is clear that intervention at 

the dementia stage (when neuronal damage has already occurred) is too late and will 

be less effective. Identifying subjects at the early stages or even before the disease 

process has started may be a more appropriate time to consider intervention.  
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Figure 1.2: The natural history of the AD trajectory. The figure highlights the 
recognised stages of the AD trajectory, from normal (Stage 0) through Preclinical AD 
Stages 1 and 2 (cognitively normal but with progressive pathological changes of AD) to 
Preclinical AD Stage 3 (pathological changes of AD, with early cognitive changes which 
are not yet detectable on clinical testing. Prodromal AD (or Mild Cognitive Impairment) 
then develops as a brief transient stage where there is impairment in one domain, but with 
relatively preserved cognition. The syndrome of Alzheimer’s Disease only develops after 
many years, when it affects two or more cognitive domains and affects activities of daily 
life. Clinical detectability at each stage is highlighted in the bottom row of the figure. 

	



PET imaging in Alzheimer’s Disease 

PET imaging examines organ function and is used to evaluate and quantify molecular 

processes in the living body. It involves the intravenous injection of a short-lived 

positron-emitting radioisotope (in this study, 18Fluorine (t1/2 =110 min) or 11Carbon 

(t1/2 = 20 min), which is integrated into biologically active molecules which bind to 

the target protein or receptor. The proteins of interest in this project are amyloid-β in 

neuritic plaques, PHF-tau and translocator protein.  

Following injection into the circulation, the radioisotope decays. It emits positrons, 

which travel a few millimetres before colliding with electrons. This collision produces 

a pair of gamma rays. The gamma rays travel in opposite directions and near 

simultaneously reach a ring of gamma ray detectors in the scanner surrounding the 

patient. The locations and timings of ‘coincident’ detection of gamma rays is then 

stored by the scanner and, after correction for scatter, can be reconstructed to show 

the distribution of radioactivity throughout the tissue of interest.88 

The radioactivity in the tissue reflects specific binding to the target of interest, non-

specific binding to other proteins and cell constituents, binding to plasma proteins, 

and radioactive tracer metabolites. If radioactive metabolites are only formed 

peripherally and do not cross into the brain, they can be measured with High 

Performance Liquid Chromatography (HPLC) in the plasma and the remaining parent 

fraction calculated.  Finally, kinetic models of the tracer brain uptake can be used to 

describe time activity curves allowing the pattern and extent of specific tracer binding 

to be calculated.101 

Analysis of PET imaging can take different forms. The simplest approach is visual 

interpretation, most commonly used in clinical practice to determine whether a scan is 

either abnormal or normal. The more robust method of absolute quantification uses an 

arterial plasma tracer input function, and fits a kinetic model of rate constants 

according to tracer behaviour in different brain compartments (compartments of 

specific binding, non specific binding, plasma, whole blood).88 

Graphical analysis  (Logan graphical analysis for reversible tracers, Patlak analysis 

for irreversible tracers) can be used at a voxel level to linearise brain uptake and 

washout time activity curves (TACs).  The gradients of these linear models are 

functions of the volume of distribution and rate constants of brain uptake.  
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Finally, a ratio approach can be used to quantify tracer uptake over shorter scan 

periods. Image of all the time frames over a certain time period are summed and the 

radioactivity of the region of interest is compared to that in a reference region, which 

is devoid of specific binding. The ratio approach (SUVR) does not measure binding 

directly but has advantage of requiring shorter scan times and obviates the need for 

arterial cannulation.101 

Amyloid PET 

Amyloid PET, as described above, has extended knowledge about AD and has been 

incorporated into its diagnostic criteria.7-9, 59 

18F-flutemetamol is a thioflavin-T derivative that binds to Aβ in neuritic plaques.102 It 

is almost identical to its parent compound, 11C-PIB, except for the substitution of a 
11C for an 18F molecule. It has a 97.2% sensitivity and 85.3% specificity in 

differentiating AD from controls,103 with high sensitivity and specificity for detecting 

Aβ 104. It has performed similarly to 11C-PIB,103 with low test-retest variability.105, 106 

One consideration, however, is that with current thresholds for abnormality, 18F-

flutemetamol only detects the advanced stages (Thal stage 3-5) of amyloid deposition. 

It does not detect Thal stages 1 and 2, so early cases can be missed.107 

Another consideration of all 18F compounds is the relatively increased lipophilicity of 

the 18F radiolabel, which can increase non-specific white matter binding compared to 
11C-PIB.108 

Tau PET 

The first tau PET tracer was tested in humans in 2013. A separate literature review on 

tau imaging in neurodegenerative diseases is included in Appendix 6. Reasons for the 

relative delay in developing tau PET tracers (compared to amyloid) are related to the 

tau protein itself  - tau is intracellular, so any ligand must be available to cross the 

blood brain barrier and pass into neurons. In addition, tau exists in multiple isoforms 

with multiple end-translational modifications; tauopathies consist of different 

aggregated mixtures of three and four repeat protein which form linear or paired 

helical filaments. Targeting the relevant isoform is required for the different 

tauopathies. Additionally, tau is present in much lower quantities than amyloid and 

aggregates contain β-sheeted structures. Because of this, many small molecule tau 
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ligands also bind to β-amyloid that can be deposited in close proximity. To be 

effective, candidate tau tracers need to have high specificity for tau over amyloid. 109-

111 

New tracers 

Flortaucipir, or 18F-AV1451, (initially called 18F-T807) was one of the first tau PET 

tracers to be developed and tested in man.112, 113 It has nanomolar binding affinity for 

paired helical filament tau over amyloid, with a rapid uptake and washout with 

favourable kinetics for modelling in the brain.112, 113  

18F-AV1451 has demonstrated the ability to differentiate MCI and AD from healthy 

controls, and occasionally shows increased uptake in the ageing brain.114-116 In 

particular, binding in the inferior temporal gyrus has been show to correlate with 

cognitive impairment.114 18F-AV1451 PET findings are in line with neuropathological 

data  - tracer uptake reflects and parallels the Braak stage.117, 118 115 Tau PET 

distribution also matches clinical syndromes, including AD variants such as posterior 

cortical atrophy (PCA), logopenic variant Primary Progressive Atrophy and 

Corticobasal Degeneration.119 Tau PET correlates with regional hypometabolism on 
18F-FDG PET, in line with its role as a neurodegenerative biomarker.34 Preliminary 

data has shown that it is able to detect early and small changes over short periods of 

time.120 This should make it a valuable imaging end-point in drug trials. 

Non AD tauopathies 

While 18F-AV1451 PET in AD is a promising tau biomarker in AD, its value in non-

AD tauopathies with linear tangles is less consistent. Coakely et al and Smith et al did 

not find elevated binding in Progressive Supranuclear Palsy (PSP).121, 122 One study 

found elevated binding in Dementia with Lewy Bodies (DLB) compared with controls 

in the posterior temporo-parietal and occipital lobes while sparing the medial 

temporal lobes.123 Its use in chronic traumatic encephalopathy is promising.124  

Autoradiographic studies 

In order to understand tracer characteristics and the clinical significance of the 

findings more fully, comparison with post-mortem studies are required.  

Autoradiographic studies confirm that 18F-AV1451 binds strongly to paired helical 

filament tau (and not straight filament tau seen in CBD, Pick’s Disease and 

Parkinson’s disease).125 Binding correlates well with tau aggregation on 
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immunohistochemistry in typical and atypical AD, with preference for AD mixed 3R 

and 4R tau pathology than the isolated 3R (Pick’s) and 4R (PSP, CBD) tauopathies 

(possibly, PHF-rich NFTs over straight filaments). It does not bind TDP-43 and α-

synucleinopathies.126 While some studies show a moderate correlation with Braak 

staging 126 other studies have shown that 18F-AV1451 binding does not correlate with 

immunohistochemical load, indicating that it may not be reliable for quantifying 

tau.127 

Autoradiographic studies give conflicting results in non-AD tauopathies such as 

Pick’s disease and CBD.127 125 ‘Off-target’ binding has also been reported, (out of 

proportion to antibody binding on autoradiography) in the midbrain, lateral geniculate 

nucleus, choroid plexus, basal ganglia, meninges, scalp,126 and melanin and 

neuromelanin containing structures.125 

 Interestingly, autoradiography correlates better with immunohistochemical antibodies 

detecting more mature NFTs, showing a tendency to bind mature tangles over ‘ghost’ 

tangles.  This important finding suggests that 18F-AV1451 signal may vary according 

to disease stage.126  

Microglial PET 

The translocator protein (TSPO) is a universally expressed protein by activated 

monocytes and macrophages. It is also expressed on the outer mitochondrial surface 

of activated microglia and serves as a surrogate biomarker for microglial activation 

and therefore neuroinflammation.128 

11C-PK11195 is an isoquinoline TSPO ligand. It detects increased microglial 

activation in 50% of MCI subjects,129 and significant increased microglial activation 

across the cortex in AD. 44, 130 However, the tracer has several problems - a low signal 

to noise ratio and high white matter binding. As a result, various 2nd generation 

ligands have been generated. 

11C-PBR28 
11C-PBR28 is a second-generation TSPO ligand.  It has a high sensitivity for the 

TSPO receptor on activated microglia, with 80 times higher affinity than 11C-

PK11195.131  
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11C-PBR28 has differentiated AD from HC in several studies,132, 133 but no studies to 

date have shown an increase in MCI subjects. Binding increases with disease 

progression,134 suggesting a role in neurodegeneration, and is also increased in the 

parieto-occipital lobes in Posterior Cortical Atrophy compared with amnestic AD.45  

However, the use of 11C-PBR28 has important limitations: first, binding affinity in 

humans is severely influenced by an rs6971 single nucleotide polymorphism (SNP) of 

the TSPO gene resulting from a substitution of alanine to threonine at position 147. 

Individuals can either have normal binding (alanine/alanine, high affinity binders or 

HABs), reduced binding (alanine/threonine, medium affinity binders or MABs) or 

negligible binding (threonine/threonine, or low affinity binders or LABs).135 MABS 

have a 40-50% lower binding affinity than HABs, and LABs show negligible 

binding.132, 135, 136 This genotype difference means that subjects need to be stratified 

according to binding status. However, the three binding groups of AD patients show 

no differences in amyloid load or clinical status.137  

Other issues have been identified with 11C-PBR28 PET. A study in healthy controls 

showed high test-retest variability (15.9%+12.2% variability), high inter-subject 

variability and also significantly different results when scanning the same subjects in 

the morning and afternoon138 suggesting that diurnal changes in TSPO expression 

may influence results. (Alternatively, this could simply represent test-retest 

variability). Another study showed significant correlations between peripheral 

leucocyte numbers and brain TSPO binding,139  suggesting that TSPO expression 

could be affected by systemic changes in the body. 

Free fraction of tracer in the plasma has been identified as a potential source of the 

variability in 11C-PBR28 results.138, 140 In addition, the expression of TSPO 

throughout the brain (confirmed by tracer binding throughout the brain identified on a 

blocking study 141) indicates that there is no true reference region devoid of binding. 

11C-PBR28 PET studies using a volume of distribution (VT) generated from a 2 tissue 

compartment model as an outcome measure have not identified consistent or 

physiologically significant differences between HC, MCI and AD. Some groups have 

distinguished AD from controls by using VT corrected for free fraction in plasma.132 

Other groups use the cerebellum as a ‘pseudo-reference’ region,133 arguing that the 

cerebellum is involved only very late in AD and therefore any pathological increases 
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will take place in the cortex. Other groups have hypothesized that 11C-PBR28 is not a 

truly reversible tracer, and have devised analysis methods to account for an extra 

vascular component that binds the tracer.142 Other groups studying other diseases with 
11C-PBR PET have used ‘whole brain binding’ as a reference region and calculated 

the increases in cortical binding relative to increases across the whole brain. 

Advantages of this method are that it reduces variability introduced by genotype and 

free fraction in plasma.140 

It is clear is that issues exist with use of 11C-PBR28 PET. Results obtained from both 

healthy controls and disease groups are not always consistent with those obtained with 
11C-PK11195 PET. As a result, quantification with 11C-PBR28 PET should be 

interpreted with caution. 

This study’s contribution to the scientific field 

The histopathological studies discussed above describe amyloid deposition, tau 

aggregation and microglial activation in AD. However, the relationship between 

them, and the events leading to AD are still not fully understood. In particular, the 

prevalence and role of microglial activation, and its interactions with protein 

aggregation, need to be clarified. This is essential for identifying drug targets. 

The relationship between microglial activation and tau aggregation/amyloid 

deposition has not previously been examined using PET.  Regional concordance and 

discordance of the pathologies will identify the brain areas most vulnerable to protein 

aggregation and inflammation. 

Imaging the three processes together in living individuals (for the first time) will 

allow correlation with real-time clinical status – something that has not been possible 

before with post-mortem studies. Studying individuals across the AD and non-AD 

trajectory will allow comparison at different disease stages. 

 

Hypothesis 

1) Amyloid deposition, tau tangle formation and microglial activation will 

increase as disease progresses from HC to MCI to Alzheimer’s Disease 

visualised using 18F-flutemetamol, 18F-AV1451 and 11C-PBR28 PET. 
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Increasing levels of each pathology will be associated with poorer cognitive 

performance. 

2) Microglial activation will be locally correlated with amyloid deposition. 

3) Microglial activation will be correlated with tau aggregation both locally and 

distantly through hippocampal neuronal projections (this is based on the two-

way interaction between tau aggregation and microglial activation). 

4) The correlations between microglial activation, amyloid deposition and tau 

aggregation will differ in distribution as their temporal and spatial 

relationships are different. 

5) A proportion of Aβ-negative individuals (that is, those who are not on the AD 

pathway) will have tau aggregation and microglial activation. 

6) Adding microglial activation to the A/T/N classification will enhance 

classification of each individual by indicating that they have more active 

disease. 

 

Aims and Objectives 

The aim of this study is thus to assess in vivo the prevalence, distribution and role of 

microglial activation in MCI and AD, as well its relationship with amyloid and tau 

aggregation at regional and voxel level. 

The primary objectives were to:  

1) Evaluate levels of microglial activation, tau aggregation and amyloid load in 

twenty AD subjects, thirty MCI subjects and ten healthy controls 

2) Evaluate regional and voxel level correlations between tau aggregation, 

microglial activation and amyloid deposition in the above subjects 

3) Determine whether the microglial activation, (and/or its interaction with 

proteins) is associated with worse prognosis in AD 

4) To classify each individual according to their biomarker profile of A/T/N/I 

and identify characteristics amongst biomarker profiles with microglial 

activation. 

The secondary objective is to determine correlations between microglial activation 

and cognitive test scores, APOE status, and vascular burden. 
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This study forms part of a larger study, which I have been working on since 

September 2014, entitled ‘Imaging Amyloid and Neuroinflammation in Subjects at 

Risk of Alzheimer’s Disease’. This project examines amyloid and microglial 

activation in larger numbers of healthy controls, MCI and AD subjects. I have 

included healthy control data from this project, along with the data that I have 

acquired and analysed for 18F-flutemetamol and 11C-PBR28. Specific details about my 

exact contribution to the project are detailed in Chapter 2.  
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Chapter 2: Study setting and participants 
 

This section describes the study protocol, recruitment methods, and the study cohort. 

Details of my exact contribution to the study are highlighted. Protocol limitations and 

other considerations are then examined. An algorithm showing the study protocol is 

shown in Figure 1.1 below.  

Methods for data collection 

Recruitment 

The study was advertised in newspaper advertisements and advertisements sent to 

around two hundred GP surgeries around London. Interested individuals contacted the 

team, and were sent a patient information leaflet. In addition eligible individuals were 

contacted via a national dementia recruitment website, Join Dementia Research 

(www.joindementiaresearch.org). Furthermore, patients were identified in memory 

clinics in West London Mental Health Trust, South West London Mental Health 

Trust, Barnet, Enfield and Haringey Mental Health Trust, North Epping University 

NHS Foundation Trust, South Essex University NHS trust, and Gloucester 2Gether 

Health NHS Foundation Trust. After reading a Patient Information Leaflet, 

participants undertook a ten-minute telephone pre-screening questionnaire focusing 

on eligibility criteria, medical history and their memory concerns. They were then 

invited to Hammersmith Hospital for a screening visit. 

Screening 

The screening visit entailed a medical history and examination, blood tests (full blood 

count, renal profile, urea and electrolytes, thyroid function tests, Vitamin B12, folate, 

and glucose, and coagulation screen) and TSPO genotype (to check for the 

polymorphism affecting binding affinity to 11C-PBR28.135 Following this, individuals 

underwent neuropsychometric testing with the following tests: 

Mini Metal State Examination (MMSE) 

National Adult Reading Test (NART) 

Rey Copy, Immediate Recall and Delayed Recall 

Weschler Logical Memory (Immediate and Delayed) 
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Hopkins word list recall (Immediate and delayed, followed by recognition index) 

Digit Symbol Coding 

Hospital Anxiety and Depression Score 

Digit Span, forward and backward 

Letter Number Sequencing 

Trail-making test A and B 

Inclusion criteria 

1) Amnestic MCI as defined by the Petersen criteria,143 or AD according to the 

NINCDS-ADRDA/NIA-AA criteria 57, 60 

2) Age range 50-85 years 

3) Ability to give informed consent 

4) At least 8 years of formal education 

5) MMSE >24/30 for MCI, over 15/30 for AD, and normal cognition for healthy 

controls 

Exclusion criteria 

1) Major depression 

2) Any significant or unstable medical condition influencing neuropsychological 

testing 

3) MRI contraindications 

4) Schizophrenia or schizoaffective disorder 

5) Significant white matter disease on MRI 

6) Inability to lie on the MRI or PET scanner 

7) Solid malignancy within last 5 years, except for skin and prostate cancer 

Confirming the diagnosis of MCI and AD 

Following the screening visit I reviewed the medical details, TSPO binding status and 

cognitive tests with the principal investigator and a decision was made regarding 

eligibility for the study. The clinical MCI and AD diagnoses were confirmed after 

reviewing all medical details. Eligible participants then had an MRI scan to exclude 

structural abnormalities and extensive small vessel vascular disease.  
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The Petersen criteria used in the protocol were as follows:143 

1) A memory complaint preferably corroborated by an informant 

2) An objective memory impairment for age 

3) Largely preserved general cognition 

4) Essentially normal activities of daily living 

5) Not demented 

 

My specific contribution to the project 

I was not involved with the study design or set up; additionally the protocol had been 

written prior to my arrival on the project, and recruitment was underway. 

My specific involvement in the project included recruitment, screening, scanning and 

data analysis.  Once a potential participant was identified from a recruitment website, 

advert responses or from clinic (I had contacts in local clinics who identified potential 

eligible participants), I sent out patient information leaflets, before performing pre-

screening telephone questionnaires and arranging the screening visit. I performed 

screening visits for eight controls, one hundred and thirty-nine MCI participants and 

twenty-nine AD individuals. Neuropsychometric assessment was either performed by 

me or research assistants within the department. I then arranged the MRI and PET 

scans, where I injected the radiotracer and inserted venous and arterial cannulae. In 

total I arranged and facilitated fifty-seven 18F-flutemetamol scans (twenty-four had 

been performed prior to my arrival), fifty-three 11C-PBR28 scans (twenty-four had 

been performed before me) and forty-nine 18F-AV1451 scans. I analysed all of the 

scans, and all of the data presented in the thesis. I also arranged 6-monthly follow up 

for the MCI and AD participants and, along with research assistants, performed 

follow up neuropsychometric testing. 
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Figure 2.1: Protocol algorithm. The figure shows the algorithm for participant flow through 
the study. Potential participants were identified from local clinics, a national recruitment 
website and from advertisements. After reading a patient information leaflet, participants 
received a 10-minute telephone screening questionnaire before attending Hammersmith 
Hospital for a screening visit. Eligible participants went on to have an MRI scan followed by 
11C-PBR PET, 18F-flutemetamol and 18F-AV1451 PET scans 
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Participant enrolment 

Recruitment 

I performed one hundred and seventy six screening visits in total: for eight healthy 

controls, one hundred and thirty nine potential MCI participants and twenty-nine 

individuals with AD (Table 2.1). Of these individuals, four healthy controls, thirty-

five MCI subjects and eighteen AD subjects were taken forward for PET scans. The 

recruitment sources for each group are shown in the table, which differed according to 

disease group. 

There were no differences in age or education in those recruited from adverts, Join 

Dementia Research or clinic overall, nor in in those who were enrolled compared to 

were excluded. 

Table 2.1: Number of individuals screened and enrolled. The table shows details of 
the participants in each group (controls, MCI and AD) who were screened, taken 
forward and enrolled for scans. A small number were recruited and scanned prior to 
my arrival: I included these individuals in the analysis presented in the thesis 

 HC MCI AD 

Screened by me 8 139 29 

Taken forward for PET scans 4 37 18 

Excluded 4 102 11 

Individuals recruited and 

scanned prior to my arrival 

16 6 2 

 

Reasons for exclusion following the screening visit 

Figure 2.2 shows reasons for exclusion following the screening visit. The most 

common reason for excluding potential MCI individuals was normal performance in 

cognitive testing. In the AD group, the main reason for exclusion was low affinity 

binding status to 11C-PBR28. The majority of ineligible MCI individuals were 

excluded because their cognitive tests were in the normal range, resulting in a 

diagnosis of Subjective Cognitive Impairment.  
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Figure	2.2:	Reasons	for	exclusion	following	the	screening	visit.	The	pie	charts	show	the	reasons	for	
exclusion	following	the	initial	screening	appointment.	In	the	MCI	group,	the	main	reason	for	exclusion	was	
having	cognitive	test	scores	in	the	normal	range.	9%	had	psychiatric	comorbidity	and	8%	were	low	affinity	
binders.		In	the	AD	group	70%	individuals	were	low	affinity	binders	while	10%	had	cognitive	tests	out	of	range	
and	10%	had	excessive	small	vessel	disease	on	MRI	scan.	10%	participants	in	the	AD	group	withdrew.	



Scan acquisition 

Figure 2.3 shows the final number of individuals taken forward for PET scanning. In a 

subgroup of individuals (four MCI subjects, one AD subject and one control), arterial 

line insertion failed, resulting in lack of arterial blood data for these individuals (to 

provide an input function for 11C-PBR28 PET). Therefore, data were only acquired to 

generate SUVR ratio images for these individuals, in the absence of an arterial input 

function. 

Data not acquired by me but used in the analysis 

For the final data analysis, I used 11C-PBR28 and 18F-flutemetamol data for sixteen 

healthy controls, six MCI and two AD scans that had been acquired (but not analysed) 

prior to my involvement in the project. I also enrolled four of these controls to have 

additional 18F-AV1451 PET scans. This is detailed further in Figure 2.3.  

Delays between scans 

Scan dates were dependent on subject and scanner availability –Imanova Centre of 

Imaging Sciences allocated approximately two to three dates per month. There were 

thirteen participant cancellations on the day of scanning. Tracer production failure 

occurred eleven times from GE healthcare (18F-flutemetamol) and seven times at 

Imanova (18F-AV1451 and 11C-PBR28 PET). This schedule resulted in time delays 

between scans (shown in Table 2.3). 

Table 2.2: Time length between scans.  The table shows the mean time lengths in 
days between scans. Figures are mean (standard deviation) 
Scan MCI AD 

18F-flutemetamol and 11C-

PBR28 

108 days (112) 179(128) 

18F-Flutemetamol and 18F-

AV1451 

196(85) 192(90) 

18F-AV1451 and 11C-

PBR28 

148(132) 176(163) 



Figure 2.3: Study participants who were enrolled in PET scans. The figure shows the participants who had 18F-flutemetamol 11C-PBR28 and 
18F-AV1451PET scans. A number of scans were unusable – there were six arterial line failures for 11C-PBR28 PET. Five individuals withdrew 
following one scan so were excluded from the overall analysis. Two subjects had multiple breaks during the scan, rendering the data 
unusable. One participant was diagnosed with metastatic cancer following 11C-PBR28 and 18F-AV1451 scans, and so was excluded from the 
study.	
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Demographic data for the study cohort 
 

Table 2.3 shows the demographic data of the participants who were taken forward for 

PET scans. Of the whole dataset, 93% of participants were native English speakers. 

90% were Caucasian, 1% Afro-Caribbean, 5% Asian and 4% not recorded.  

Table 2.3: Demographic data of the cohort The table shows the demographic and 
neuropsychometric data of the individuals who were taken forward for PET scans. 
For age, education, and neuropsychometric tests, the groups were compared on One 
Way ANOVA, where * indicates p<0.05 and ** p<0.01.  Both the MCI and AD group 
were significantly older than the controls and performed significantly worse than the 
controls in delayed visual, logical and word list recall, fluency, letter number 
sequencing and trail making B. 
	

 HC n=19 MCI n=37 AD n=19 

Age 64.9(8.79) 70.6(8.02)* 73.47(6.76)** 

Years education 13.2(3.19) 13.58(2.91) 13.74(2.82) 

Gender male 9 21 13 

Source  84% advert 

16% spouses 

27% clinic 

54% advert 

13.5% JDR 

10% clinic 

26% advert 

63% JDR 

First degree 

relative affected 

16% 40% 37% 

21% unrecorded 

Smoking status 58% never smoked 

11% current 

smoker 

26% ex-smoker 

5% not recorded 

49% never smoked 

11% current 

smoker 

40% ex-smoker 

42% never smoker 

16% current 

smoker 

32% ex-smoker 

10% not recorded 

Ethnicity 89% Caucasian 89% Caucasian 89% Caucasian 

5% Afro-
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5% Asian 

1 not recorded 

8% Asian 

8% not recorded 

Caribbean 

5% not recorded 

English not first 

language 

5% 11% 5% 

APOEɛ4 carrier 31% 46% 67% 

MMSE (total =30) 29.41(1.06) 27.79(1.87) 22(3.59)** 

 Delayed visual 

recall (total=36) 

18.18(7.12) 12.32(6.83)* 4.69(5.88)** 

 Delayed logical 

memory (total = 

50) 

27.53(5.77) 
13.31(6.83)** 4.00(5.31)** 

Delayed word list 

recall (total = 12) 

10.21(2.04) 4.97(3.73)** 1.29(1.72)** 

Semantic fluency 20.73(5.99) 16.15(4.55)* 10.12(6.04)** 

Verbal fluency 49.60(10.45) 38(14.06)* 31.23(15.15)** 

Anxiety 5.47(3.46) 6.75(3.92) 7.62(4.32) 

Depression 3.53(3.33) 4.75(3.64) 5.75(4.78) 

Digit span (total = 

30) 

19.07(3.33) 17.21(5.91) 13.06(4.81)** 

Letter number 

sequencing (total = 

20) 

10.79(3.17) 7.30(3.72)** 4.44(3.39)** 

Trail making A 35.2(10.83) 49.45(25.30) 108.13(109)** 

Trail making B 74.13(23) 143(86)** 162(62)** 

Left hippocampal 

volume (mm3) 

3745(333) 3357(596)* 2764(451)** 
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Right hippocampal 

volume (mm3) 

3860(407) 3515(763) 2868(557)** 
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Discussion 

Recruitment in AD and MCI studies 

The ‘crisis’ in recruitment to AD clinical trials has been described as a major obstacle 

in identifying new treatments for the disease.144, 145 Under-recruitment results in 

extended end-dates, increased study costs, and reduced efficiency.144 It is also 

detrimental to potential participants – in cancer studies for example, patients who 

enter trials have better outcomes independent of disease status. 146This could be due to 

better access to clinical teams, or higher motivation.146 Recognised barriers to 

recruitment in AD include uncertainty around the risks and benefits, restrictive 

inclusion and exclusion criteria, transport costs, duration, and lack of awareness by 

referring physicians.147 Further, misconceptions may exist amongst physicians about 

frailty or age as a barrier to participation.148 Moreover, identifying individuals with 

MCI is difficult as specific criteria are required.144 International working groups and 

task forces have called for global research networks which pool participants and 

enable shared access to clinical information.144, 149 An example is the ‘Join Dementia 

Research’ website.  This was particularly effective in the AD group in this study, as 

clinical details and information were available on the website at pre-screening, 

allowing a more streamlined screening process. Another advantage is that it enables 

interested individuals to access studies across the UK, allowing wide recruitment into 

studies.  No studies have identified efficacy yet. 

Screen failures 

There were multiple screen failures in this cohort – of all the participants that I 

screened, only 50% controls, 25% of MCI participants and 62% of AD participants 

were taken forward to have PET scans. One reason for this is that the participants 

were responding to media advertisements, and so a large proportion of responders 

were ‘worried well’ individuals. This is in line with AD interventional trials, where an 

estimated 20-25% of AD participants are eligible.144 In another estimate, only three in 

one hundred individuals are taken forward.147 Within the excluded MCI group, 59% 

performed too well in the cognitive battery to fulfil the Petersen criteria for an 

‘objective deficit in at least one cognitive domain’, or did not have sufficiently serious 

subjective concerns about their memory.143 Multiple pre-screening tools have been 

developed in an attempt to identify amnestic MCI from normal cognition, although 

results are inconsistent. The Modified Telephone Interview for Cognitive Status 
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(TICS-M) is a telephone based interview with a thirteen item test covering delayed 

recall, orientation, repetition, naming and calculation. When compared with 

neuropsychological testing and Clinical Dementia Rating scale interview, it correctly 

identified 86% of individuals into amnestic MCI and non-amnestic MCI (when 

compared with multi-domain neuropsychological testing).150 However, a similar study 

by Knopman et al did not find this.151 While cognitive tests can separate demented 

from non-demented individuals with over 80% accuracy, MCI results are less 

consistent.150 There are other tools in development – an online self-report and self-test 

tool, the Dementia Risk Assessment has 80% sensitivity and 75% specificity to 

differentiate MCI from normal cognition.152 The caveat to that is that this requires 

access to the internet, and basic computer literacy skills.  

Recruiting MCI individuals can be challenging. MCI represents a transition stage, 

between normal cognition and dementia. Additionally, MCI individuals with 

objective memory loss and AD biomarkers are more likely to under-report their 

symptoms, compared to patients with (non-corroborated) subjective memory 

complaints only, who are more likely to over-report their symptoms.153 Thus, given 

that the telephone screen used in this study is based on self-reported cognitive 

complaints, it may explain the high screening failure level.  

In order to reduce the number of screen fails, a more focused telephone assessment 

could have identified the individuals who were likely to have normal cognition and be 

ineligible for the study – for example, the inclusion of delayed word list recall over 

the telephone could give valuable information about the participant prior to their 

attendance. Additionally, corroborative informant history obtained at the time of the 

telephone interview would again be valuable in making this assessment prior to 

meeting the patient.  

While MCI is a heterogeneous condition, the application and implementation of the 

Petersen criteria is also variable, introducing inconsistencies in participant 

selection.154,155 Compounding this, different studies use different cut-offs for the 

individual scores, which may result in different prevalence reports in different 

studies.143, 155 In this study, as well as those described, the MCI diagnosis was 

dependent on the clinician’s overall impression, taking into account history and 

informant corroboration as well and cognitive tests. Therefore, a convincing history or 



	

46	

informant history may result in inclusion, independent of objective cognitive 

impairment. 50% of the MCI cohort had recall scores (visual, logical or word list, 

recall, immediate or delayed) which were more than 2.5 standard deviations below the 

control mean. These individuals were more likely to be amyloid positive than those 

with scores within 2.5 standard deviations of the control mean (p=0.046). This 

suggests that if particular test criteria had been used (for example, less than 2.5 SD 

control mean for delayed logical or word list recall), a higher proportion of biomarker 

positive MCI individuals would have been taken forward for PET scanning. These 

findings also highlight the complexity of making a diagnosis of MCI in the absence of 

specific biomarkers – multiple ‘mimics’ can be included. 

Considerations of the cohort 

Age  

A study limitation is the six-year age difference between the controls and disease 

groups who went on to have 18F-flutemetamol and 11C-PBR28 PET. Healthy control 

recruitment was underway prior to my arrival on the project. Younger patients with 

amnestic MCI and AD are harder to find, as AD is an age-related disease, and 

recruitment was taking place in a competitive environment with six other studies in 

the unit. Consequently, younger controls could be a confounder in the results that we 

see, especially as the prevalence of amyloid, tau and microglial activation increases 

with age.18, 115, 156, 157 However, an advantage is that the controls were all amyloid 

negative, providing a true set of AD-negative control data. 

Delays between scan times 

There were delays between PET scans for reasons discussed above. Ideally, I would 

have run a protocol scanning over two days or a week. While amyloid is a slow 

process as it is plateauing by the time of MCI, PET studies have shown that tau 

aggregation can increase over months.120 Given this, delays in scheduling our scans 

may mean our results do not give a truly accurate representation of the trajectories of 

concurrent pathologies.  

Recruitment biases 

Ethnic minority groups under-represented 

Individuals from ethnic minorities were under-represented in this cohort. 90% of the 

cohort was Caucasian, and only one participant in the AD group was not Caucasian. 
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This limits the generalisability of our results. Under-representation of ethnic minority 

groups is commonly described in clinical trials.148 One reason for this under-

representation could be the requirement for adequate English for the detailed 

neuropsychological testing. To counter this, GP practices in multi-culturally diverse 

areas could be targeted to identify suitable participants from this area.  

APOEε4 carriage over-represented 

Another potential bias in the cohort was the higher than expected prevalence of 

APOEε4 carriage in all groups, compared to previous estimates.158 It is probable that 

these carriers had symptoms that led them to respond to the advertisements, whereas 

non-carriers are more likely to be the ‘worried well’. It is also more likely that 

APOEε4 individuals had a family member suffering with the disease, causing 

altruistic motives. (However, APOEɛ4 carriers were not significantly more likely to 

have a first-degree relative affected in this cohort). Altruistic intentions have been 

identified as a motivator to participate in AD trials.147 Another possibility is that 

APOEε4 carriers in the control group noticed subtle changes in their memory, not 

reaching clinical significance but sufficient to worry them, leading them to participate 

in the study. 

Selection bias 

Finally, a large proportion of the MCI cohort responded to adverts, or were identified 

on the JDR website. This requires motivation, computer literacy and organizational 

skills. Findings for these participants may not be generalizable to the whole 

population. 

The study protocol required a minimum of eight years education. In addition, a 

requirement of the study was the ability to complete cognitive testing and undergo 

four scans (of up to two hours’ duration), arterial and venous cannulation. As a result 

of this exacting schedule, the individuals who participated had to be motivated and 

were only mildly or moderately impaired. The mean MMSE of the AD group was 22 

(range 15 to 25), again limiting generalizability to the whole AD population. 

However, there were several individuals with the equivalent of Braak 5/6 seen on tau 

PET (discussed in chapter 4). 

Summary and conclusion 
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This study cohort included a well-characterised cohort of controls, MCI and AD 

individuals. In the MCI group, 50% were amyloid positive and 50% amyloid 

negative, allowing us to examine individuals with both AD and non-AD trajectories. 

These will be explored further in the following sections. Limitations and 

considerations of the cohort have been described in this chapter and should be 

considered throughout the thesis. 
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Chapter 3: Evaluation of amyloid deposition in MCI and AD using 18F-
flutemetamol PET 
	

Introduction 

Amyloid (Aβ) PET has been used in this study to identify individuals with ‘biomarker 

positive AD’ – that is, those who are Aβ-positive and Aβ-negative. This allows separation of 

these cases with respect to their levels of tau aggregation, microglial activation and vascular 

burden, which are examined in further chapters. 

The questions for this section are 

1) What proportion of older individuals recruited from a community and clinic based 

sample of mild cognitively impaired subjects are Aβ-positive? 

2) Are there any correlations between levels of Aβ deposition and cognitive ratings? 

3) Does this cohort confirm previous studies that APOEε4 allele carriage significantly 

increases risk of amyloid deposition? 

 

I predict that a community-based MCI cohort will have roughly 50% subjects with positive 

amyloid scans and that APOEε4 carriers will have a significantly increased prevalence of 

amyloid deposition. Given that amyloid deposition plateaus prior to clinical symptoms17 I 

predict that there will not be a correlation between cortical amyloid load and cognitive test 

scores. 
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Methods 

Participants were recruited and scanned according to the protocol described in Chapter 2. 

Image Acquisition 

MRI 

Participants underwent MRI scanning on a 3 Tesla Siemens 32-channel Verio scanner. 

Scanning lasted an hour, with the following sequences: MPRAGE (Magnetisation prepared 

rapid gradient echo sequence (time repetition  = 2400ms, time echo = 3.06ms, flip angle of 

9, inversion time = 900 ms, matrix size [256x246]. Two participants had coronary artery 

stents, and were ineligible for 3 Tesla MRI. They underwent a 1.5 Tesla MRI in a Philips 

Achieva system (Best, Netherlands) at the MRC Clinical Sciences Centre, Imperial College 

London). 

18F-Flutemetamol 
18F-Flutemetamol was manufactured by GE Healthcare, Amersham, UK, where quality 

assurance was performed prior to transfer to the Imperial College Clinical Imaging Facility. 

Scanning was performed on a Biograph 6 PET scanner with a 15cm field of view. A target 

dose of 185MBq (mean dose of 183.4+/-5.3MBq) was injected, followed by 5-10ml saline 

flush. Data was acquired at 90-120 minutes post injection in 3D list mode (6x5 minute 

frames). Attenuation correction was performed. Image reconstruction was performed using 

filtered back projection, with 5mm Gaussian smoothing post-reconstruction. The zoom was 

2.6, matrix size 168x168mm and the pixel size was 1.56mm x 1.56 mm x 1.92mm). 

Image processing 

MRI 

Hippocampal and white matter hypointensity (WMH) volumes were measured using 

FreeSurfer 5.1.0. (http://surfer.nmr.mgh.harvard.edu). Images were transformed into 

Talairach space for affine registration, then initial volumetric labelling, and a correction for 

the variation in intensity due to the B1 biasfield was performed. The volumes were 

calculated by multiplying the number of voxels with voxel volume.159, 160 

Pre-processing for PET analysis 

MRI pre-processing for PET analysis was performed in Analyze AVW. Scans were 

manually reorientated, to the anterior-posterior commissural line. PET processing was 

performed in Analyze AVW. 
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18F-Flutemetamol – ratio images 

The object map was created in the PET space: 

1) The pre-processed sum 90-120 minute 18F-flutemetamol scan was co-registered to 

the pre-processed MRI 

2) The MRI was segmented (grey matter, white matter, CSF maps) and binarised into 

the grey matter mask using a threshold of 0.5 

3) The probabilistic Hammers atlas161 was transformed from standard MNI into the 

PET space and then applied to the grey matter mask, to generate an object map of 

individual grey matter regions of interest. 

 

Generation and sampling of ratio image 

The object map was then applied to the pre-processed 90 -120 minute 18F-flutemetamol 

scan, and individual regions were sampled. Uptake was then normalised to that of the 

cerebellar cortex (in view of the sparse amyloid plaque present in this region until late in the 

disease) 21 to generate ratio images. The ratio images were sampled to generate regional 

SUVR values (Standardised Uptake Ratio Values). 

Voxel level group comparisons 

The ratio image was created in the MNI space. Group comparisons were then performed 

(AD/MCI versus controls) at a voxel level using independent t-tests in SPM8. A family wise 

corrected p-value of < 0.05 was considered significant and a cluster extent threshold of 0 

voxels was used. 

Voxel level correlations with neuropsychometric testing 

To evaluate the voxel level correlations between 18F-flutemetamol binding and cognitive 

testing/MRI volumes, multiple regression was performed in SPM using the normalised co-

registered ratio image as the dependent variable and cognitive test/MRI volumes as 

covariates. A family wise error corrected p-value of <0.05 was considered significant, and 

an extent threshold of 0 voxels was used. 

Statistical analysis 

Statistical analysis for regional group comparison was performed in SPSS Version 24.0 

(IBM Statistics for Windows Armonk, NY: IBM Corp, USA).  
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Subjects were considered to have elevated binding if the value was above the value of the 

healthy control mean + 2 standard deviations in the whole, right or left of the following 

regions: anterior cingulate, posterior cingulate, temporal lobe, frontal lobe, parietal lobe, and 

occipital lobe.  

Region of interest correlations were interrogated with the Spearman rho statistic. A p value 

of <0.05 was considered significant. Only subjects who had positive binding were included 

in correlation analyses. 
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Results 

Demographics 

Appendix 1 Table A1.1 shows the demographic and neuropsychometric data of the 

individuals who had 18F-flutemetamol PET. In total, nineteen controls, thirty-nine MCI and 

nineteen AD subjects were ascertained for this part of the study. The AD group was older 

than the controls. The MCI and AD group had significantly impaired cognitive tests in 

delayed recall, recognition, fluency, letter-number sequencing and trail-making tests. 

Ratio SUVR values of 18F-flutemetamol binding 
18F-flutemetamol SUVR values are shown in Figure 3.1 and Table 3.1. The AD group had 

significantly higher binding than the control group in multiple cortical areas. The MCI group 

showed significantly increased distribution in the left fusiform gyrus, left temporal lobe, 

right and left frontal lobe, and left parietal lobe. Binding in the MCI and AD group showed 

the same level of variability – high binding levels seen in AD were reached in the MCI 

group. The distribution within the MCI group was not strictly bimodal – the most frequently 

occurring values were within the 1.25-1.5 category. 

Table 3.1: 18F-flutemetamol SUVR values. The table shows mean (and standard deviation) 
SUVR values for the major cortical regions in the controls, MCI and AD groups. 
Comparisons were performed using One Way ANOVA where * indicates p<0.05 and  ** 
indicates p<0.01. Both the MCI and AD groups had significantly higher binding than the 
controls in the left fusiform gyrus, left temporal lobe, right and left frontal lobe, and left 
parietal lobe. 

Test HC (n=19) MCI (n=39) AD (n=19) 

Composite 1.24(0.06) 1.39(0.27) 1.69(0.34)** 

Hippocampus 1.47(0.10) 1.41(0.16) 1.44(0.36) 

Right hippocampus 1.46(0.13) 1.39(0.20) 1.41(0.29) 

Left hippocampus 1.47(0.09) 1.49(0.19) 1.41(0.26) 

Fusiform gyrus 1.26(0.08) 1.41(0.24) 1.52(0.38)* 

Right fusiform gyrus 1.25(0.15) 1.38(0.28) 1.48(0.37) 

Left fusiform gyrus 1.27(0.12) 1.45(0.28)* 1.57(0.44)* 
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Amygdala 1.30(0.07) 1.29(0.15) 1.34(0.27) 

Right amygdala 1.34(0.10) 1.28(0.18) 1.37(0.31) 

Left amygdala 1.26(0.09) 1.36(0.18) 1.32(0.26) 

Right 

parahippocampus 

1.26(0.10) 1.30(0.14) 1.33(0.24) 

Left 

parahippocampus 

1.27(0.09) 1.30(0.15) 1.32(0.23) 

Anterior cingulate 

cortex 

1.32(0.12) 1.63(0.45) 2.08(0.39)** 

Posterior cingulate 

cortex 

1.39(0.10) 1.66(0.42) 2.12(0.40)** 

Temporal lobe 1.24(0.05) 1.38(0.25) 1.66(0.32)** 

Right temporal lobe 1.28(0.06) 1.45(0.27) 1.64(0.35)** 

Left temporal lobe 1.21(0.06) 1.43(0.22)** 1.62(0.38)** 

Frontal lobe 1.25(0.08) 1.44(0.34) 1.82(0.37)** 

Right frontal lobe 1.29(0.11) 1.56(0.36)* 1.76(0.38)** 

Left frontal lobe 1.20(0.12) 1.49(0.30)* 1.72(0.39)** 

Parietal lobe 1.24(0.07) 1.41(0.31) 1.78(0.34)** 

Right parietal lobe 1.23(0.08) 1.47(0.28) 1.74(0.39)** 

Left parietal lobe 1.24(0.09) 1.51(0.31)* 1.71(0.37)** 

Occipital lobe 1.23(0.07) 1.32(0.18) 1.54(0.25)** 

Right occipital lobe 1.17(0.11) 1.29(0.17) 1.40(0.25)** 

Left occipital lobe 1.29(0.12) 1.41(0.22) 1.61(0.33)** 

Striatum 1.43(0.12) 1.54(0.30) 1.89(0.35)** 

Thalamus 1.40(0.12) 1.40(0.19) 1.49(0.19) 
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Prevalence of amyloid deposition 

Individuals were classified as Aβ-positive if they had binding higher than the mean+2 

standard deviations of the controls in one or more of the following regions: anterior 

cingulate, posterior cingulate, temporal, frontal, parietal, and occipital lobes. All patients 

classified as positive had high binding throughout the cortex, with the exception of three 

individuals where just one area was involved - these were considered as ‘intermediate’ 

binders, but were included in the amyloid positive groups for analysis.  

Half of the MCI group and 84% of the clinically probable AD group had positive binding 

for amyloid. Three individuals with a clinical diagnosis of AD were classified as ‘negative’ 

for binding with 18F-flutemetamol. These will be discussed in more detail in later sections of 

the thesis. For the remainder of the thesis they are classified as ‘amyloid-negative AD- 

individuals, reflecting their clinical diagnosis of AD in the absence of a positive PET 

biomarker. 

Amongst the controls, one individual had mildly elevated binding in the cingulate cortex 

(SUVR of 1.55 in the anterior cingulate cortex, and 1.60 in the posterior cingulate) but not in 

other major cortical regions. This subject is likely to have preclinical AD, but was classified 

in the study as being ‘intermediate’ given the lack of binding in the remainder of the cortex. 

Imaging and clinical follow up is desirable in the individual to evaluate changes. A further 

individual had binding higher than mean+2SD in the temporal lobe (SUVR = 1.34) and one 

in the frontal lobe (SUVR = 1.41) but these were isolated single areas, and for my study this 

individual was considered Aβ-negative. 

Thus 49% MCI and 84 % of AD individuals were Aβ-positive based on regional analysis. 

Voxel level group differences in 18F-flutemetamol binding 

At a voxel level, the AD groups had significantly higher binding in the temporal, frontal, 

parietal and cingulate cortex (Figure 3.2 and Table 3.2). The MCI group had significantly 

higher binding in the frontal, temporal and parietal cortices. 
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Table 3.2: Voxel level clusters of increased 18F-flutemetamol binding compared to the 
control group.  Clusters are shown for the AD and MCI groups separately. Comparisons 
were performed using an independent t-test in SPM, with a threshold of significance of 
p<0.05, and no extent threshold. 

Region MNI 

coordinates 

Z-score p-value Cluster size 

AD 

Left middle and inferior temporal 

gyrus 

-56 -30 -13 6.42 <0.01 1235301 

Corpus callosum 11 -29 22 6.34 

Left superior parietal gyrus -4 -52 10 6.26 

Left superior frontal gyrus -6 51 11 6.10 

Right middle and inferior temporal 

gyrus 

62 -10 -20 6.10 

Right superior temporal gyrus 

posterior part 

61 -26 1 6.08 

Right medial orbital gyrus 6 63 -20 6.05 

Right anterior cingulate 9 34 23 6.01 

Left posterior orbital gyrus -23 25 -22 5.92 

MCI   

Right superior parietal gyrus 12 -56 28 4.60 <0.01 671676 

Left superior parietal gyrus -12 -60 22 4.37 

Left superior temporal gyrus posterior 

part 

-58 -8 3 4.23 

Right inferior frontal gyrus 43 30 13 4.12 

Left middle and inferior temporal 

gyrus 

-56 -30 -13 4.09 
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Left lateral orbital gyrus -50 40 -17 4.05 

 

18F-flutemetamol binding and APOE genotype  

APOEε4 carriers (APOE ε3ε4 and ε4ε4) carriers had significantly higher binding in multiple 

areas than non-carriers (ε2ε3 and ε3ε3), shown in Table 3 below. 

 

Table 3.3: Kruskal-Wallis group comparisons of regional 18F-flutemetamol SUVR values 
according to APOE genotype. The table shows comparisons of 18F-flutemetamol SUVR 
values for the major cortical values according to APOE genotype. APOEε3ε4 and ε4ε4 had 
significantly higher binding than the groups without the ε4 allele (ε2ε3 and ε3ε3). 

 

Genotype ε2ε3 ε3ε3 ε3ε4 ε4ε4 

ε2ε3 n/a  Fusiform gyrus (p=0.04) 

Temporal lobe (p=0.03) 

Composite cortex (p=0.04) 

Fusiform gyrus (p=0.03) 

Hippocampus (p=0.049) 

Anterior cingulate (p=0.048) 

Temporal lobe (p=0.01) 

Frontal lobe (p=0.01) 

Striatum (p<0.01) 

Parietal lobe (p=0.03) 

ε3ε3  n/a Anterior cingulate (p=0.049) 

Posterior cingulate (p= 0.03) 

Striatum (p=0.03) 

Anterior cingulate (p=0.04) 

Posterior cingulate (p=0.04) 

Frontal lobe (p =0.03) 

Striatum (p=0.01) 

ε3ε4   n/a  

ε4ε4    n/a 
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In the MCI and AD groups, APOEε4 carriers were significantly more likely to be amyloid 

positive than non-carriers. Additionally, they were significantly more likely to be Aβ-

positive than Aβ-negative. (Fisher’s exact test p=0.01). Despite this, a proportion of non-

carriers were Aβ-positive (17.5%), and a small number of APOEε4 carriers were Aβ-

negative (12%). 

The effects of ε4 are also dose-dependent. In the MCI and AD groups, individuals with two 

ε4 (ε4ε4) alleles had significantly higher binding than one (ε3ε4) in the temporal lobe, 

(p<0.0001), parietal lobe (p<0.01), striatum (p=0.02), composite cortex (p<0.01) and 

parahippocampus (p=0.03) on independent t-test. In the MCI group, on t-test, the ε4ε4 

individuals had significantly higher binding than the seventeen individuals with ε3ε4 in the 

temporal lobe, frontal lobe (p=0.04), thalamus (p=0.01), composite cortex (p<0.01) and 

parahippocampus (p=0.01). 

Correlations with neuropsychometric test scores 

Correlations between binding and cognitive scores were tested in the Aβ-positive MCI/AD 

group. There were negative correlations between regional binding in the posterior cingulate 

cortex and impaired performance in the MMSE, and between binding in the parietal lobe 

and performance in the Weschler delayed logical memory (that is, increased binding 

correlated with lower scores). At voxel level, there were negative correlations between 

amyloid binding and performance in the MMSE, word list recall and visual recall, and 

positive correlations with Trail-making A (That is, binding correlated with impaired scores). 

Binding correlated negatively with hippocampal volume, and there were no positive 

correlations with WMH burden. Regional and voxel level correlations are shown in 

Appendix 1 Tables A1.2 and A1.3. 
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Figure 3.1: 18F-flutemetamol SUVR values in major regions. The figure shows the SUVR 
value for each individual in the controls, MCI and AD individuals for the composite cortex 
and eight major cortical regions. The red line indicates the value of the control mean+2 
standard deviations. The range of values in the MCI group was similar to the AD group, 
compared to a narrower range amongst the controls 
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Figure 3.2: Voxel level increases in the 18F-flutemetamol in the MCI and AD group. The 
figure shows parametric maps illustrating voxel-level increases in binding compared to the 
controls. Comparisons were made using independent t-test in SPM, with a threshold of 
significance of p<0.05 and no extent threshold. There were large clusters of significantly 
increased binding in both MCI and AD compared to the control groups	

Figure 3.3: 18F-flutemetamol SUVR values according to APOEε4 carriage. The 
figure shows individual SUVR values for the composite cortical binding 
according to whether or not individuals were positive for APOEε4 carriage. The 
red line marks the value of control mean+2 standard deviations. Elevated 
binding is seen in both carriers and non-carriers in MCI and AD. Conversely, a 
number of APOEε4 carriers in MCI and AD have normal SUVR values. These 
results indicate that APOEε4 is neither sufficient nor required for elevated 
amyloid deposition in MCI and AD. 
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Discussion 

The prevalence of Aβ deposition in AD 

The prevalence of amyloid deposition in the MCI group was 49%. This was in keeping with 

a recent meta-analysis of 2914 participants, which found 27-71% prevalence. The remaining 

51% Aβ-negative individuals will be discussed in more detail in Chapter 7, but the likely 

aetiologies in these individuals could be non-Aβ related neurodegenerative diseases, 

depression, vascular disease or functional cognitive impairment. The higher prevalence of 

amyloid positivity in APOEε4 carriers in MCI also supports recent findings.162 The Aβ-

positive MCI had a similar range of SUVR values compared to the AD group. This reflects 

the fact that Aβ deposition plateaus early in the disease pathogenesis, usually around the 

time of symptom onset.17  

The prevalence of amyloid positivity in the AD cohort was 84%. This is line with another 

recent meta-analysis (86-97% at 50 years in non-carriers, 90-97% in APOEε4 carriers). 163It 

also supports recent histopathological studies showing that around 15% of individuals with a 

clinical diagnosis of AD are amyloid-negative on PET imaging19 or post-mortem.164 This in 

part reflects the limited specificity of a clinical diagnosis of AD 165, 166 and the overlap of 

‘AD mimics’ – vascular disease, Primary Age-Related Tauopathy, Argyrophilic Grain 

Disease, TDP43 disease, and other neurodegenerative diseases.70 Vascular disease plays a 

role. Recent work has shown that thalamic and basal ganglia lacunar infarcts are associated 

with cognitive decline in the absence of AD pathology.167 However, it is also now clear that 

an SUVR threshold for amyloid positivity may miss occasional cases of Thal stage 1 and 2 

early deposition.107 

These Aβ-negative individuals have a different prognosis from those with amyloid and 

reflect a more heterogeneous group. The limited availability of biomarkers for vascular 

disease and α-synucleinopathy compound this and can lead to diagnostic uncertainty. 

Certain individuals in the cohort represent Suspected Non Alzheimer Pathology (SNAP) – 

an imaging and biomarker diagnosis that describes neurodegeneration in the absence of Aβ-

deposition.70 SNAP and its histopathological counterpart Primary Age-Related Tauopathy 

(PART) are conditions which have gained recent attention, after histopathological and 

imaging studies have demonstrated that a significant minority of individuals with a clinical 

diagnosis of AD have no or minimal evidence of amyloid deposition 19, 164, 168. Parallels have 

been drawn between the two, with the former a histopathological and the latter and 

imaging/biomarker based diagnosis.  PART describes the presence of NFTs confined to the 
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medial temporal lobes, with no or mild cognitive impairment, which is a very common 

finding in normal ageing and the authors believe that it is independent of an AD pathway. 

The concept has caused some controversy, with other authors considering it to represent the 

very early stages of AD. 169SNAP describes individuals, with or without cognitive 

impairment, who have evidence of neurodegeneration (hypometabolism on FDG-PET, 

hippocampal atrophy on MRI, or elevated cerebrospinal fluid (CSF) tau) but no or minimal 

neuritic plaques. The prevalence in the cognitively elderly is consistent across studies at 20-

25% 67. As further studies characterize the condition, and its underlying causes, it appears 

that this subset of individuals have different clinical features, imaging features and prognosis 

from AD, and therefore it is essential to identify these individuals before they enter clinical 

trials and for prognostic counselling. Causes of underlying SNAP other than PART include 

vascular disease, TDP43 pathology, synucleinopathy and NFT-predominant dementia. 67. 

SNAP is described further in the review in Appendix 6. These individuals, along with their 

follow up cognitive tests and biomarkers profiles will be described more in later chapters. 

Prevalence of APOEε4 and its relationship to amyloid deposition 

The prevalence of APOEε4 carriage was 31% in healthy controls, 49% in MCI (68% in Aβ- 

positive MCI) and 73% of AD individuals. This is higher than the quoted prevalence of 15% 

in general population and 40% in AD.158 One possible reason for the higher prevalence in 

this cohort is the self-selecting nature of the population – individuals who have a family 

member affected by the disease may be more motivated to participate in research.  

APOEε4 carriers were significantly more likely to be amyloid positive than non-carriers, 

and had significantly higher amyloid binding than non-carriers. This again is in line with 

previous findings.158, 170 

APOE is a 34kDA glycoprotein, present, mainly in liver and brain, which is involved in 

lipid processing, metabolism and transport at the cell surface. Deletion of APOE results in 

absence of Aβ in mice, implicating it in abnormal amyloid processing.171 It is expressed by 

astrocytes, microglia, smooth muscle cells and choroid plexus, and by neurons under stress. 

Three isoforms exist, due to genetic polymorphisms – ε2, ε3 and ε4. APoEε3 is the most 

common in the population at 77%, while the prevalence of ε2 is 8%.158, 170, 172  

APOEε4 allele carriage is the strongest genetic risk factor for AD.173 It is thought to cause 

disease through both loss-of-function and gain-of-function. The ε4 allele is thought to be 

less effective at clearing Aβ, causing obstruction at the blood brain barrier, and causing 
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reduced enzymatic degradation than the ε3 allele.158, 170 The risk is dose dependent and 

lowers the age of disease onset.158 The odds ratio of AD with one allele (ε3ε4) is 3.2 

compared to ε3ε3 genotypes, and 14.9 with two copies.158, 170  

APOEε4 carriage also increases risk in non-amyloid neurodegenerative disease– it is 

associated with worse outcome after traumatic brain injury, vascular cognitive impairment 

and Dementia with Lewy Bodies.158, 170 Finally, it is associated with less effective myelin 

repair, mitochondrial dysfunction (explaining why individuals with APOEε4 may have 

hypometabolism without overt neuronal dysfunction), impaired cholinergic function, and 

inflammation around blood vessels and atherosclerosis.172 

However, there were Aβ-negative ε4 carriers, and Aβ-positive non-carriers, indicating that 

APOE is neither sufficient nor required to cause disease. A ‘two hit’ hypothesis of multiple 

insults is likely, and other important genetic loci have been identified –CLU and PICALM 

have reached genome wide statistical significance for AD.173, 174  

Other predisposing factors to amyloid deposition 

There are also environmental factors that can increase amyloid deposition or reduce 

clearance. Sleep deprivation has been associated with reduced Aβ plaque clearance.175 Stress 

can increase Amyloid Precursor Protein metabolism and induce the amyloidogenic 

pathway.175 

Multiple studies have shown that lifestyle intervention in APOEε4 carriers can reduce 

amyloid risk. This applies to self -reported physical exercise (that is, those with higher levels 

of physical exercise have lower brain Aβ levels).176 Higher cognitive lifetime activity is 

associated with lower amyloid burden in APOEε4 carriers.177 Finally, dietary factors may 

play a role. Dietary homocysteine increases amyloid deposition in transgenic mice (as well 

as tau).178 Finally alcohol, and also associated thiamine deficiency can result in increased 

brain Aβ deposition.179 

Correlations with cognitive status 

Amyloid deposition tends to plateau prior to symptom onset suggesting it is not necessarily 

associated with neuronal or synaptic dysfunction.33, 36 However, in this cohort there were 

correlations of plaque load with impaired cognition. Other studies have found limited 

correlations between cognitive tests and amyloid load. In non-demented elders, amyloid 

deposition in the temporal lobe is associated with reduced episodic memory scores.180 CSF 
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studies have found correlations with reduced Aβ42 and episodic memory scores.181 Jung et 

el found correlations with visual recall and performance in the Montreal Cognitive 

Assessment.182 A possible explanation is that, while Aβ plateaus around the time of 

symptom onset, the Aβ load is still increasing as symptoms develop – this is reflected in the 

higher voxel-level Z-scores in AD compared to MCI. 

Limitations 

The healthy control group was significantly younger than the disease group, which is a 

limitation. One caveat to this is the fact that the controls were disease-free, with no controls 

showing convincing Aβ deposition. Thus any changes seen in the disease group were related 

to the disease. While this means that age is a confounder, a relative advantage was that all 

individuals in our cohort were Aβ-negative, allowing direct comparison with the disease 

groups.  

Considerations with 18F-flutemetamol 
18F-Flutemetamol has uptake similar to its parent compound, 11C-PIB but is more lipophilic 

resulting in higher white matter signal.103, 106, 183 Visual interpretation studies show white 

matter binding spreading out into cortex in AD which can make visual reads less clear-cut 

than with 11C-PIB.184 High white matter uptake also makes it a less suitable reference region 

for non-specific binding and spurious grey matter binding can result from spill-over from 

neighbouring white matter.184 

This is likely to explain the high SUVR values in medial temporal lobe structures  - values 

in the controls and MCI groups were higher than expected. For this reason, values in the 

medial temporal lobes have been interpreted with caution.  

An important consideration that 18F-flutemetamol does not detect amyloid levels at low and 

intermediate levels. As a result early or sub-threshold values can be missed leading to false-

negative results.185 As a result, individuals considered as ‘Aβ-negative’ may actually be 

early on the AD trajectory. 

Conclusion 

In conclusion, our 18F-Flutemetamol PET results are in keeping with previous published 

reports on amyloid deposition in MCI and AD. Approximately half of the MCI group are Aβ 

positive and likely to be on the AD trajectory, while the other half are not. These individuals 

are likely to have a combination of vascular disease, non-amyloid neurodegeneration and 
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psychiatric disease. The whole cohort will be discussed further with respect to their 

biomarker profiles in later sections. For the remainder of the thesis, individuals will be 

examined according to their Aβ status, allowing detailed examination of the individuals on 

the AD trajectory and those who are not. 
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Chapter 4: Evaluation of tau aggregation in MCI and AD using 18F-
AV1451 PET 

 

Introduction  

Tau aggregation, as neurofibrillary tangles containing hyperphosphorylated tau, is a 

hallmark of AD.12 Tau aggregation starts in the entorhinal cortex, spreads in a stereotypical 

manner and correlates with clinical status21 making it an attractive biomarker. 

Recent advances in tau PET allow further characterization in AD.113, 114, 118 

The research questions for this section are: 

1) How does 18F-AV1451 binding differ in healthy controls, MCI and AD individuals and 

are there differences in binding between amyloid positive and amyloid negative MCI 

individuals? 

2) Does 18F-AV1451 binding correlate with clinical status, hippocampal volume and white 

matter hypointensity (WMH) volume? 

Hypothesis 

1) 18F-AV1451 binding will increase in a step-wise manner from healthy controls, 

through to MCI and AD, reflecting Braak staging  

2) 18F-AV1451 binding will correlate with impairment in cognitive testing; the areas of 
18F-AV1451 binding will reflect functional impairment, in keeping with the fact that 

tau deposition correlates with clinical symptoms 

3) 18F-AV1451 binding will correlate with hippocampal atrophy, reflecting that fact that 

tau deposition correlates with neurodegeneration 
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Methods 

Participants were screened, enrolled and scanned according to the protocol in Section 2. 

MRI and 18F-fluemetamol scans were acquired as previously described. 

18F-AV1451 image acquisition 
18F-AV1451 was manufactured at Imanova Centre for Imaging Sciences, London. A target 

dose of 185 MBq (mean dose injected 168.3+/-7.4MBq) was injected in 20ml normal saline, 

and data were acquired for 120 minutes following the injection. The images were rebinned 

in frames of 8x15 seconds, 3x60 seconds, 5x120 seconds, 5 x 300 seconds and 8x600 

seconds). Iterative reconstruction was performed, followed by 5mm Gaussian smoothing. 

18F-AV1451 – ratio image 

Object maps were created in individual PET space: 

1) The pre-processed 80-100 minute 18F-AV1451 image was co-registered to the pre-

processed MRI 

2) The MRI was segmented (grey matter, white matter, CSF maps) and binarised into 

grey matter mask using a threshold of 0.5 

3) The probabilistic Hammers atlas161 was transformed into the PET space and then 

applied to the grey matter mask to generate an object map of individual grey matter 

regions of interest 

 

The ratio image was generated and sampled: 

The object map was then applied to the pre-processed PET scan, and individual regions were 

sampled. Binding was normalised to the cerebellum to generate ratio images. The ratio 

images were sampled to generate SUVR values (Standardised Uptake Value Ratios). 

18F-AV1451 – Simplified Reference Tissue Model and Logan graphical analysis 

A cerebellar time activity curve was generated 

Individualised object maps were created in PET space, as described above. 

The object map was then used to sample the cerebellum in each of the dynamic 0-120 

minute time frames, generating a cerebellar time activity curve. 
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Parametric maps were generated 

MICK software (University of Manchester Wolfson Molecular Imaging Centre) was used to 

generate parametric maps of tracer binding (Simplified Reference Tissue Model - SRTM) 

and volume of distribution (Logan) using the dynamic 0-120 minute image, the 0-120 

minute add image, and the cerebellar time activity curve as an input function. 

The parametric maps were sampled 

The parametric map was co-registered to the MRI, along with the 0-120 minute add image. 

The co-registered parametric map and add image were then normalised into standard MNI 

space, where the Hammers atlas was applied to the segmented binarised MRI to create an 

individual grey matter mask. This newly formed object map was then used to sample the 

parametric map for each region of interest to generate binding potential (BP) values (for the 

SRTM) and volume of distribution rations (DVR) values (for Logan graphical analysis). 

Voxel level group comparisons 

Ratio images were created as described above, and were normalised into the standard MNI 

space. 

The normalised co-registered ratio images of the AD and MCI group were compared to the 

controls at a voxel level using independent t-tests in SPM8 to localise clusters of mean 

significant increases of 18F-AV1451. A family wise corrected p-value of < 0.05 was 

considered significant applying an extent threshold of 500 voxels.  

Voxel level correlations with neuropsychometric testing 

To evaluate the voxel level correlations between 18F-AV1451 binding and cognitive 

testing/MRI volumes, multiple regression was performed in SPM8. The normalised co-

registered ratio image was used as the dependent variable, and cognitive test/MRI volumes 

were covariates. A Family Wise Error corrected p-value of <0.05 was considered significant. 

Statistical analyses 

Statistical analyses were performed with SPSS Version 24.0 (IBM Statistics for Windows 

Armonk, NY: IBM Corp, USA). The distribution of 18F-AV1451 uptake was not Gaussian 

so non-parametric tests were used. 

Subjects were considered to have elevated binding if the value was above that of the healthy 

control mean + 2 standard deviations in the whole, right or left of the following regions: 
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hippocampus, parahippocampus, amygdala, fusiform gyrus, anterior cingulate, posterior 

cingulate, temporal lobe, frontal lobe, parietal lobe, occipital lobe.  

Region of interest correlations were interrogated with the Spearman rho statistic. A p value 

of <0.05 was considered significant. Only subjects who had raised binding at regional level 

were included in correlation analyses. 
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Results 

Demographics 

Appendix 2 Table A2.1 shows the demographic and neuropsychological data for the 

individuals who had 18F-AV1451 PET.  

Logan graphical analysis and the simplified reference tissue model 

Thirty-eight subjects (six controls, nine amyloid negative MCI, nine amyloid positive MCI, 

twelve AD, and two Aβ-negative ‘AD’) had a dynamic 120-minute 18F-AV1451 scan.  

DVRs from Logan graphical analysis are shown in Appendix 2 Table A2.2. The AD group 

had significantly increased binding in the amygdala (p<0.01), parahippocampus (p=0.03), 

fusiform gyrus (p=0.04), and temporal lobe (p=0.01).  

Additionally, the AD group had significantly higher binding than Aβ-negative MCI in 

hippocampus (p=0.03) amygdala (p<0.01), parahippocampus (p<0.01), fusiform gyrus 

(p<0.01), temporal lobe (p<0.01), frontal lobe (p=0.03), and occipital lobe (p=0.01). The 

Aβ-positive MCI group had higher binding than Aβ-negative MCI in the hippocampus 

(p=0.01) and parahippocampus (p=0.04). 

Binding values computed from the SRTM are shown in Appendix 2 Table A2.3. The AD 

group had significantly increased binding in the fusiform gyrus (p=0.03) and temporal lobe 

(p=0.04). The AD group had higher binding than Aβ-negative MCI in the amygdala 

(p=0.01), parahippocampus (p=0.03), fusiform gyrus (p=0.01), and temporal lobe (p=0.01). 

The Aβ-positive MCI had higher binding than the Aβ-negative MCI group in the amygdala 

(p=0.04). 

Target: Cerebellar Ratio method 

Data between 80-100 minutes was acquired for all patients except one (who belonged to the 

Aβ negative MCI group). Images of the 80-100 minute target: cerebellar reference uptake 

ratios were generated as validated in several studies.113-115, 118, 186  

Ratio SUVR values correlated highly with both SRTM BP and Logan VDR binding (shown 

in Appendix 2 Tables 4 and 5). These positive correlations are shown in Figures 1 and 2.  

SUVR values are shown in Table 4.1 and Figure 4.3. 
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Table 4.1: 18F-AV1451 SUVR values for the cohort. The table shows mean SUVR values 
(standard deviations in brackets) for the major cortical regions in the five groups. 
Comparisons were made on Kruskal-Wallis test. * indicates a threshold of significance of 
p<0.05, and  ** indicates p<0.01. 

Region HC (n=8) Aβ-ve MCI 

(n=10) 

Aβ+ve 

MCI 

(n=14) 

AD n=15 AD (Aβ–

ve) n=3 

Composite cortex 1.05(0.08) 1.01(0.07) 1.17(0.19) 1.42(0.28)** 1.06(0.02) 

Hippocampus 1.22(0.19) 1.14(0.09) 1.38(0.22) 1.52(0.25)* 1.21(0.05) 

Right hippocampus 1.23(0.20) 1.15(0.07) 1.38(0.22) 1.43(0.46) 1.20(0.01) 

Left hippocampus 1.21(0.20) 1.12(0.14) 1.39(0.23) 1.51(0.27)* 1.22(0.09) 

Fusiform 1.13(0.12) 1.10(0.10) 1.33(0.26) 1.69(0.32)** 1.27(0.11) 

Right fusiform gyrus 1.14(0.11) 1.11(0.09) 1.45(0.31) 1.68(0.31)** 1.26(0.08) 

Left fusiform gyrus 1.12(0.13) 1.13(0.10) 1.42(0.21) 1.68(0.35)** 1.34(0.16) 

Amygdala 1.10(0.12) 1.07(0.11) 1.32(0.27) 1.66(0.25)** 1.20(0.13) 

Right amygdala 1.12(0.14) 0.88(0.44) 1.45(0.34) 1.67(0.34)** 1.10(0.09) 

Left amygdala 1.09(0.12) 1.09(0.12) 1.45(0.29) 1.66(0.31)** 1.38(0.06) 

Parahippocampus 1.07(0.10) 1.04(0.09) 1.28(0.24) 1.55(0.22)** 1.13(0.04) 

Left parahippocampus 1.06(0.10) 1.05(0.09) 1.29(0.23) 1.56(0.27)** 1.16(0.08) 

Right parahippocampus 1.08(0.12) 1.03(0.09) 1.27(0.25) 1.53(0.18)** 1.09(0.04) 

Anterior cingulate cortex 1.03(0.08) 1.01(0.10) 1.10(0.15) 1.20(0.19) 1.04(0.01) 

Posterior cingulate cortex 1.06(0.07) 1.07(0.11) 1.19(0.20) 1.39(0.38)* 1.13(0.03) 

Temporal lobe 1.10(0.09) 1.06(0.07) 1.24(0.21) 1.63(0.32)** 1.14(0.05) 

Right temporal lobe 1.10(0.09) 1.06(0.06) 1.26(0.21) 1.58(0.33)** 1.14(0.05) 

Left temporal lobe 1.09(0.09) 1.07(0.08) 1.24(0.22) 1.65(0.33)** 1.14(0.06) 

Frontal lobe 1.01(0.09) 0.95(0.08) 1.14(0.28) 1.25(0.22) 1.00(0.03) 
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Left frontal lobe 1.09(0.09) 0.96(.008) 1.10(0.22) 1.33(0.30) 1.01(0.03) 

Right frontal lobe 1.02(0.09) 0.96(0.83) 1.11(0.26) 1.23(0.21)* 0.99(0.03) 

Parietal lobe 1.03(0.08) 0.99(0.08) 1.13(0.20) 1.40(0.41)* 1.04(0.04) 

Right parietal lobe 1.03(0.08) 1.00(0.08) 1.14(0.20) 1.40(0.42)** 1.04(0.05) 

Left parietal lobe 1.04(0.08) 0.99(0.08) 1.13(0.20) 1.41(0.41)* 1.05(0.03) 

Occipital lobe 1.08(0.06) 1.05(0.07) 1.16(0.14) 1.49(0.42)** 1.06(0.06) 

Right occipital lobe 1.07(0.06) 1.05(0.07) 1.15(0.14) 1.49(0.49)** 1.07(0.03) 

Left occipital lobe 1.06(0.10) 1.04(0.07) 1.14(0.16) 1.46(0.36)** 1.06(0.09) 

Striatum 1.20(0.20) 1.13(0.14) 1.31(0.17) 1.34(0.21) 1.26(0.05) 

Thalamus 1.12(0.16) 1.08(0.08) 1.17(0.13) 1.14(0.13) 1.10(0.03) 

 

There was increased uptake in AD (amyloid positive) compared to controls in the 

hippocampus (p<0.01), fusiform gyrus (p<0.01), amygdala (p<0.01), middle and inferior 

temporal gyrus (p<0.01), posterior cingulate cortex (p= 0.01), temporal lobe (p<0.01) and 

occipital lobe (p= 0.02).  

There was increased uptake in AD compared to Aβ-negative MCI in the composite cortex, 

hippocampus, fusiform gyrus, amygdala, parahippocampus, temporal lobe (p<0.01), 

temporal lobe (p<0.01) posterior cingulate cortex (p=0.049, frontal lobe (p<0.01), parietal 

lobe (p<0.01), and occipital lobe (p<0.01).  

Aβ-positive MCI had higher uptake than Aβ-negative MCI in the hippocampus (p=0.03). 

AD had higher uptake than Aβ-positive MCI in the temporal lobe (p=0.02) and occipital 

lobe (p= 0.03).  
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Figure 4.1: Correlations between 18F-AV1451 SUVR (80-100 minutes) and Logan 
graphical analysis values. The figure shows correlations between the ratio SUVR and 
the Logan Distribution Volume Ratio for 18F-AV1451 for two major cortical regions 
(parietal and temporal regions). Values are highly positively correlated 

Figure 4.2: Correlations between 18F-AV1451 SUVR (80-100 minutes, cerebellar reference 
region) and simplified reference tissue method values. The figure shows correlations between 
the ratio SUVR and the Simplified Reference Tissue Method Binding Potential for two large 
cortical regions (parietal and temporal regions). Values are highly positively correlated. The 
findings in this figure and Figure 4.1 suggest that the 80-100 minute ratio image may be a 
feasible alternative analytical method for 18F-AV1451. 
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Figure 4.3: SUVR values of 18F-AV1451 binding across major cortical regions. The figure shows 
individual SUVR values for the composite cortex and nine major cortical regions across the five 
groups (controls, Aβ-positive MCI, Aβ-negative MCI, Aβ-positive AD, Aβ-negative AD). The red line 
marks the value of control mean+2 standard deviations. The AD group showed higher binding in most 
regions, while the Aβ-positive group showed increased binding in the medial temporal lobe structures. 
The Aβ-negative individuals had similar binding to the controls. 
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Voxel level group differences 

Group comparison at a voxel level was performed in SPM. Clusters of increased binding are 

shown in Figure 4.4 and Table 4.2 below. There was a large cluster of increased uptake in 

the AD group covering the anterior temporal lobe, middle and inferior temporal gyri. 

In the Aβ-positive MCI group, there were clusters with significantly increased uptake in the 

left and right anterior temporal lobe medial part, left insula, left fusiform, posterior orbital 

gyrus, right posterior temporal lobe, right superior parietal gyrus and right cuneus. 

 

 

 

 

 

 

 

 

 

Figure 4.4: Voxel level differences in 18F-AV1451 binding between controls and MCI/AD.  
The figure shows parametric maps of increased binding compared to the control groups. 
Comparisons were made using an independent t-test in SPM, with a threshold of significance 
of p<0.05 and no extent threshold. There were clusters of significantly increased uptake in 
both the MCI and AD group 
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Table 4.2: Clusters of significantly increased binding of 18F-AV1451 compared with the 
controls. Comparisons were made using an independent t-test in SPM, using a threshold of 
significance of p<0.05 and no extent threshold.  

 

Region MNI 

coordinates 

Z-score p-value Cluster size 

Right anterior temporal 

lobe medial part 

32 0 -47 4.69 <0.01 796560 

Right middle and inferior 

temporal gyrus 

42 -5 -43 4.22 

Left anterior temporal 

lobe medial part 

32 0 -47 4.69 

Right middle and inferior 

temporal gyrus 

42 -5 -43 4.22 

Left anterior temporal 

lobe medial part 

-25 14 -35 4.08 

Left insula -30 7 -17 3.20 <0.01 31728 

Left fusiform gyrus -27 -7 -42 2.92 

Left anterior temporal 

lobe medial part 

-27 12 -43 2.78 

Left posterior orbital 

gyrus 

-26 31 -22 2.52 

Left medial orbital gyrus -16 28 -27 2.46 

Right superior parietal 

gyrus 

19 -46 41 2.82 <0.01 59004 

Right posterior temporal 

lobe 

38 -61 3 2.75 
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Right cuneus 21 -62 17 2.68 

Right anterior temporal 

lobe medial part 

35 0 -45 2.62 

Right posterior orbital 

gyrus 

31 22 -24 2.40 

 

Voxel level single subject analysis compared to the control group 

Each individual was then compared to the healthy control subjects at voxel level, by 

performing an independent t-test, comparing binding in each individual compared to the 

control groups. Voxel level increased binding is shown in Figures 4.5-4.7 (individual 

coordinates are shown in Appendix 2 Table A2.6. Fourteen Aβ-positive AD individuals 

were positive at voxel level, compared with fifteen at regional level. Three Aβ-negative MCI 

individuals were positive for tracer uptake at voxel level, but negative at regional level. 
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Figure 4.5: Voxel level increases of 18F-AV1451 in each AD subject compared with the control group. 
Parametric maps of individual binding were creating by performing an independent t-test compared to the 
control group in SPM. Patterns of binding differed at an individual level – for example there were examples of 
asymmetric binding, as shown in AD6 and AD8. Additionally, AD9 had highest binding in the occipital lobes, 
and AD12 had highest binding in the parietal lobes.  
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Figure 4.6: Voxel level increases in 18F-AV1451 in each Aβ+ve MCI subject compared with the control 
group. Parametric maps of individual binding were creating by performing an independent t-test 
compared to the control group in SPM.  As with the AD group, there was high variability in binding at an 
individual level. 
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Figure 4.7: Voxel level increases in 18F-AV1451 binding in each Aβ-negative individual 
compared with the control group. Parametric maps of individual binding were creating by 
performing an independent t-test compared to the control group in SPM. Binding patterns 
showed increased uptake across the association cortex. 
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Correlations with neuropsychometric tests and MRI volumes 
18F-AV1451 binding in multiple regions correlated significantly with impairment in 

cognitive tests – delayed visual, logical and word list recall, semantic and verbal fluency, 

digit span, trails B and self-reported anxiety. At a voxel level, there were also multiple 

correlations. Of note, delayed word list recall correlated with binding in the temporal lobe. 

Coordinates of the correlations are shown in Figure 4.9, and Table 4.3 and 4.4. Binding in 

multiple regions correlated with reduced hippocampal volume at regional and voxel level, 

but there were no positive correlations with WMH burden. 

Table 4.3: Regional level correlations between 18F-AV1451 binding and cognitive test 
scores. Correlations were performed using Spearman rho statistic in SPSS. Correlations for 
the neuropsychometric tests were negatively correlated (that is, higher binding correlated 
with lower scores) except for anxiety and Trail-Making B, where higher scores indicate 
worse performance and are therefore positive correlations were measured. 

Cognitive test Region R 

correlation 

coefficient 

p-value 

Delayed visual recall Right amygdala -0.48 0.03 

Parahippocampus -0.40 0.04 

Delayed word list 

recall 

Left amygdala -0.48 0.03 

Right fusiform gyrus -0.51 0.02 

Fusiform gyrus -0.42 0.03 

Amygdala -0.40 0.04 

Middle and inferior temporal gyrus -0.43 0.03 

Right parahippocampus -0.40 0.04 

Temporal lobe -0.48 0.01 

Left temporal lobe -0.43 0.03 

Right temporal lobe -0.49 0.01 

Delayed logical Temporal lobe -0.40 0.04 
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memory 

Semantic fluency Striatum -0.42 0.03 

Verbal fluency Striatum -0.43 0.03 

Anxiety Fusiform gyrus 0.41 0.04 

Left parahippocampus 0.46 0.02 

Anterior cingulate 0.46 0.02 

Posterior cingulate 0.67 <0.01 

Left parietal lobe 0.43 0.03 

Parietal lobe 0.41 0.04 

Digit span Striatum -0.43 0.03 

Trails B Frontal lobe 0.46 0.04 

Left frontal lobe 0.44 0.046 

Striatum 0.44 0.04 

Left hippocampal 

volume (mm3) 

Right amygdala -0.54 0.01 

Left amygdala -0.51 0.01 

Right fusiform -0.51 0.01 

Left fusiform -0.44 0.03 

Left hippocampus -0.37 0.045 

Fusiform gyrus -0.38 0.04 

Amygdala -0.44 0.02 

Parahippocampus -0.39 0.03 

Left parahippocampus -0.39 0.04 

Right parahippocampus -0.39 0.04 
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Right hippocampal 

volume (mm3) 

Right amygdala -0.49 0.02 

Fusiform gyrus -0.40 0.03 
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Figure 4.9: Voxel level correlations of 18F-AV1451 binding with neuropsychometric test scores. 
Correlations were performed using multiple regression in SPM. The MCI and AD group were analysed 
together, and only individuals with increased binding were included in correlative analyses.  There were 
negative correlations between tracer binding and MMSE, delayed logical recall, digit span, delayed word 
list recall and fluency indicating impaired performance. There were positive correlations between tracer 
binding and Trail-Making, also indicating impaired performance. 
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Table 4.4: Voxel level correlations between cognitive test scores and 18F-AV1451 binding.  
Correlations were performed using multiple regression in SPM. The MCI and AD group were 
analysed together, and only individuals with increased binding were included in the correlative 
analysis. There were negative correlations between tracer binding and performance in MMSE, 
delayed word list recall, delayed logical memory and verbal fluency. There were positive 
correlations with Trail-Making B, indicating worse performance 
	

Cognitive 

test 

Region MNI 

coordinates 

Z-

score 

R 

correlation 

coefficient 

p-value Cluster 

size 

MMSE Left superior temporal 

gyrus posterior part 

-51 -2 -13 3.37 1.00 <0.01 342282 

Left postcentral gyrus -42 -11 16 3.34 1.00 

Right posterior 

temporal lobe 

25 -33 -24 3.27 1.00 

Left anterior temporal 

lobe lateral part 

-54 11 -34 3.03 1.00 

Right posterior 

temporal lobe 

50 -60 5 2.91 1.00 

Delayed 

word list 

recall 

Left middle frontal 

gyrus 

-21 12 42 3.43 1.00 <0.01 452686 

Right postcentral gyrus 55 -6 10 3.41 1.00 

Corpus callosum 1 12 18 3.24 1.00 

Right superior temporal 

gyrus posterior part 

48 -26 -2 3.24 1.00 

Right anterior temporal 

lobe medial part 

26 11 -38 3.18 1.00 

Right lateral part of 

occipital lobe 

27 -94 10 2.69 1.00 <0.01 30247 

Delayed Left posterior temporal -46 -38 -22 2.12 1.00 0.01 24009 
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logical 

memory 

lobe 

Left middle and inferior 

temporal gyrus 

-55 -32 -22 2.07 1.00 

Right middle and 

inferior temporal gyrus 

42 -5 -44 2.75 1.00 <0.01 81220 

Right superior parietal 

gyrus 

13 -53 9 2.43 1.00 

Left superior temporal 

gyrus anterior part 

-28 23 -35 2.85 1.00 0.02 28499 

Left anterior temporal 

lobe medial part 

-35 12 -27 2.25 1.00 

Right superior frontal 

gyrus 

8 31 44 2.80 1.00 <0.01 71996 

Left anterior cingulate 

cortex 

-4 36 21 2.64 1.00 

Left superior frontal 

gyrus 

-4 59 16 2.62 1.00 

Right middle frontal 

gyrus 

26 24 34 2.51 1.00 

Verbal 

fluency 

Right posterior orbital 

gyrus 

28 27 -23 4.22 0.99 <0.01 522963 

Left medial orbital 

gyrus 

-11 32 -28 4.04 0.99 

Right middle frontal 

gyrus 

22 24 -11 4.00 1.00 

Left posterior orbital 

gyrus 

-23 22 -13 3.80 1.00 
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Right superior temporal 

gyrus posterior part 

57 -18 3 3.80 1.00 

Left fusiform gyrus -28 -14 -39 3.70 1.00 

Right insula 37 -4 -4 3.70 1.00 

Right superior temporal 

gyrus anterior part 

56 5 -10 3.69 1.00 

Trails B Left anterior temporal 

lobe lateral part 

-44 11 -37 4.74 0.61 <0.01 988290 

Left inferolateral part of 

parietal lobe 

-42 -47 44 4.30 0.987 

Right superior frontal 

gyrus 

7 63 1 4.06 1.000 

Left 

hippocam

pal 

volume 

(mm3) 

Right anterior temporal 

lobe medial part 

32 22 -38 3.38 1.00 0.01 32203 

Right superior temporal 

gyrus anterior part 

39 25 -32 3.25 1.00 

Right superior parietal 

gyrus 

28 -53 58 2.57 1.00 0.01 22296 

Left superior parietal 

gyrus 

-26 -67 48 2.29 1.00 

Left lateral part of 

occipital lobe 

-18 -77 35 2.17 1.00 

Right lateral part of 

occipital lobe 

34 -69 38 2.14 1.00 

Right inferolateral part 

of parietal lobe 

47 -55 42 2.13 1.00 

Left inferolateral part of -33 -71 40 2.09  
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parietal lobe 
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Discussion	

In this section I set out to evaluate 18F-AV1451 binding in controls, MCI and AD individuals in 

my cohort, to identify whether binding patterns in the cohort were consistent with those in 

recently published literature.113, 114 Further, I wanted to examine whether binding correlated with 

clinical status and neurodegeneration biomarkers, also in keeping with recent findings.187 

Quantification of 18F-AV1451 PET 

We did not have access to arterial plasma input functions for absolute quantification, the gold 

standard for evaluating new PET tracers. Studies using absolute quantification with arterial 

plasma input function have differed in concluding which is the optimal kinetic model for AD - 

some show that a two tissue compartment model with blood parameter is the best model188,189 

while others found Logan graphical analysis to provide more robust DVR values.190 However, all 

of these studies found that analysis using absolute quantification and arterial plasma input 

function correlated highly with SUVR 80-100 minute images using a cerebellar reference 

region,113, 188-190 and use of 80-100 minute add images has been used and reported widely.34, 113-

116, 191 

Although we did not have arterial plasma input functions, we did have 120 minutes of dynamic 

scan data, allowing us to generate parametric DVR and BP maps using a cerebellar reference 

region as the input function. Ratio (SUVR 80-100 minutes, cerebellar reference region) values 

correlated highly with Logan graphical analysis DVR and SRTM BP values, confirming that this 

method is appropriate for quantification. An advantage of this is the shorter scan time for 

participants and higher tolerability: 22% of individuals in this cohort were unable to lie 

uninterrupted for 120 minutes. A further advantage of shorter scan time is less motion artefact. 

Additionally, technical considerations such arterial cannulation and blood processing are 

minimised. 

SUVR (80-100 minute) values 

The ratio values increased incrementally from the controls/Aβ-negative MCI individuals, 

through to Aβ-positive MCI and Aβ-positive AD individuals. This is in keeping with previous 

reports,113, 114, 119 demonstrating that this tracer is effective in differentiating AD from controls 

and classifying MCI individuals.  

Correlations with clinical status 

Tau signals correlated with clinical symptoms. Individual AD9 in Figure 4.5 had a clinical 

diagnosis of Posterior Cortical Atrophy (PCA), and tau PET showed double the uptake in the 
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occipital lobe (SUVR of 2.58) compared to the hippocampus (SUVR=1.29). The uptake in the 

occipital lobe was 42% higher than the AD group mean. In an individual with young onset AD 

(Figure 4.5, subject AD 12) there was marked tracer uptake in the parietal lobe (SUVR 2.09 

compared with 1.29 in the hippocampus).  

18F-AV1451 binding also correlated with neuropsychometric tests. Impaired performance in 

Trail-Making B test, a test of executive function, correlated with 18F-AV1451 binding in the 

frontal cortex. Impaired delayed visual recall correlated with increased binding in the right 

amygdala. Impaired delayed word list and logical recall correlated with increasing binding in the 

temporal lobe.  At a voxel level, impairment in verbal fluency correlated with large areas binding 

in the frontal lobe. These findings highlight an advantage of tau PET in AD - the close 

correlation with clinical findings can increase diagnostic certainty. This is in line with previous 

studies showing that 18F-AV1451 is effective in differentiating PCA from amnestic AD. 192 

Further, 18F-AV1451 binding is associated with localised cortical atrophy, indicating that it also 

reflects neurodegeneration.34, 114, 115, 118, 191, 193 

There was high variability in tau uptake amongst the MCI and AD group– some individuals with 

MMSE 18/30 had tau limited to medial temporal lobe structures while other individuals with 

widespread tau aggregation had MMSE scores of 30/30. While cognitive reserve may be a 

factor194 (education levels varied among these individuals although not amongst groups) this 

variability also suggests some variability in tau aggregation. Alternatively it could indicate that 

other senile pathology such as TDP43, argyrophilic grain disease, vascular disease or α-

synucleinopathy was present. Previous studies have confirmed the presence of mixed pathologies 

in the ageing brain195 which can often result in more rapid progression.196These different 

phenotypes will be discussed further in chapter 7.  

 

Limitations of 18F-AV1451 PET 

Some limitations should be considered when interpreting 18F-AV1451 binding. As mentioned in 

the introduction, off-target binding has been identified in the midbrain, lateral geniculate 

nucleus, choroid plexus, basal ganglia, substantia nigra meninges, scalp, melanin and 

neuromelanin containing structures.125 Further, binding in the choroid plexus can cause signal 

overspill into the hippocampus.197 Finally, autoradiography studies have shown a preference for 
18F-AV1451 to bind to more mature tangles,126 meaning that early tangles may not be detected. 
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While 18F-AV1451 PET has shown promise in AD, there are mixed and inconsistent reports in 

non-AD tauopathies. 116, 121, 122 Fluorescence microscopy and autoradiography have shown that 

another tau ligand, 11C-PBB3, better detects dystrophic neurites in AD, as well as linear tau 

tangles in progressive supranuclear palsy, corticobasal degeneration, N279K familial tauopathy, 

Picks disease and G272V familial tauopathy.198 These results indicate that 11C-PBB3 detects a 

more diverse range of tau aggregations, across more tauopathies than 18F-AV1451. 

Another general consideration of tau PET tracers are recent reports of tracer binding to 

monoamine oxidase. A notable recent study of 18F-TKK5351 found that administration of a 

Monoamine Oxidase Inhibitor resulted in up to 50% reduction in signal of 18F-THK5351, 

suggesting that the tracer may bind to Monoamine Oxidase and not tau. 199 Findings for 18F-

AV1451 are mixed: two studies showed no significant differences in binding between those 

taking MAO-inhibitors and those who were not. 200, 201 However, a study of in vitro binding 

assays using post-mortem samples from controls, AD and PSP patients found that ‘off-target; 

binding of 3H-AV1451 was due to binding to monoamine oxidase A and B enzymes. 202 This is a 

significant limitation, particularly when evaluating subcortical structures. 

	

Implications 

Our findings confirm the fact that tau PET is useful in differentiating AD from healthy controls 

and for classifying MCI cases as tau positive or negative. Aβ-positive MCI and Aβ-negative 

individuals with MCI can both have tau, the first being on the AD spectrum.  

There were some MCI and AD individuals in the cohort who showed no tau binding, or an 

unexpected binding pattern. These will be described further in Chapter 7. 

Tau PET is likely to become a diagnostic and prognostic tool in clinical settings. It will be useful 

as an end-point in clinical trials. However, its high cost is a possible barrier to widespread use in 

clinical practice. 

Conclusion 

These findings support early work using 18F-AV1451 as a robust biomarker for tau deposition in 

MCI and AD. Further discussion of the biological underpinnings of tau deposition, and its 

relation to other pathologies, are discussed in later chapters.  
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Chapter 5: Evaluation of microglial activation in MCI and AD using 11C-
PBR28 PET 

 

Introduction 

Neuroinflammation, manifesting as activated microglial cells, is an important process in AD.37 

Microglial activation can be seen surrounding amyloid plaques38, 39 and NFTs40 and represents 

the brain’s response to injury or abnormal protein aggregation. 

11C-PBR28 is a second generation TSPO ligand with a high sensitivity for its TSPO binding site 

on activated microglia. Its affinity is 80 times greater than that of the isoquinoline tracer, 11C-

PK11195.131 While it has been shown to differentiate AD from HC in several studies,132, 133 

surprisingly no studies to date have shown increased binding in MCI subjects. Binding increases 

with Alzheimer disease progression, implicating microglial activation as a possible biomarker.134 

Binding reflects areas of neurodegeneration, with increased binding in parieto-occipital lobes in 

Posterior Cortical Atrophy compared with amnestic AD.45  

As discussed in the introduction, certain issues have been identified with 11C-PBR28 binding – a 

single nucleotide polymorphism is present on the TSPO gene that affects its binding affinity.135 

In addition, variability in controls and disease groups has been reported, with moderate test-retest 

reproducibility.138, 139  

The aim of this section was to examine microglial activation in a group of healthy controls, MCI 

subjects and AD subjects using 11C-PBR28.  

The objectives were to:  

1) Quantify binding of 11C-PBR28 in MCI and AD compared to healthy controls using a) 

the gold standard 2 tissue compartment model b) Logan graphical parametric maps and c) 

cortical binding relative to the cerebellum (a pseudo-reference region). 

2) Examine the spatial distributions of microglial activation in each disease group. 

3) Correlate patterns of microglial activation with markers of clinical status, 

neurodegeneration and vascular burden. 

I predicted that: 

1) Microglial activation would be increased in the MCI and AD groups compared to the 

controls.  
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2) There would be increased binding in the temporo-parietal cortices in the MCI and AD 

group. 

3) Microglial activation would correlate with impaired cognitive ratings on testing, 

hippocampal atrophy and vascular burden (measured by white matter hypointensity 

(WMH) volume. 
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Methods 

Subjects were recruited and screened according to the protocol described in Chapter 2.  

Image acquisition 

MRI 
Participants underwent MRI on a 3 Tesla Siemens 32-channel Verio scanner. Scanning lasted an 

hour, with the following sequences: MPRAGE (Magnetisation prepared rapid gradient echo 

sequence (time repetition  = 2400ms, time echo = 3.06ms, flip angle of 9, inversion time = 900 

ms, matrix size [256x246]. Two participants had coronary artery stents and underwent 1.5 Tesla 

MRI in a Philips Achieva system (Best, Netherlands) at the MRC Clinical Sciences Centre, 

Imperial College London. 

11C-PBR28 
11C-PBR28 was manufactured at Imanova Centre for Imaging Sciences, London, where scans 

were performed on a Siemens Truepoint PET/CT scanner (axial field of view 21.8cm, providing 

111 transaxial planes, spatial resolution of 2.056mm x 2.056 mm x 2mm).  A target dose of 370 

MBq (mean injected dose 330.9+/-29.5MBq) in 20ml normal saline was injected (without a 

saline flush).  Data was acquired from injection for 90 minutes, in 3D list mode. It was rebinned 

in time frames of 8x15 seconds, 3x60 seconds, 5x300 seconds, and 5x600 seconds. Arterial 

blood was sampled via a radial artery cannula, with an online detector for 15 minutes 

continuously, and discrete samples were taken at 5, 10, 20, 30, 50,70 and 90 minutes. Samples 

were centrifuged at Imanova blood laboratories to determine whole blood and plasma 

radioactivity and to measure radioactive metabolite levels. Metabolites were analysed in the 

blood laboratories by reverse phase chromatography. Filtered back projection was used for data 

reconstruction, with 2.6 zoom and 5mm Gaussian smoothing post-reconstruction. 

Image processing 

Pre-processing 
Pre-processing of MR and PET images was performed in Analyze AVW. Scans were realigned 

for motion correction. Imaging analysis was performed using Analyze AVW and SPM8 

(Statistical Parametric Mapping, Wellcome Trust Centre for Neuroimaging, University College 

London) on a Matlab interface. Image modelling and creation of parametric maps was performed 

using MICK Software (Modelling Input Function Compartment models and Kinetics, University 

of Manchester, UK), on the Matlab platform. Data from whole blood and metabolite corrected 

plasma was processed using Clickfit software on the Matlab interface. 
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Image analysis 

Volume of distribution (VT) with arterial plasma input function 
Scans were pre-processed using Analyze AVW and then realigned for motion correction in 

SPM. 

An individualised object map in the PET space was created by: 

1) Co-registering the MRI to the native PET space using a PET add image (60-90 minutes).  

2) Segmenting the MRI into grey matter, white matter and cerebrospinal fluid  

3) Binarising the segmented MRI using a threshold of 0.5, to create a binarised grey matter 

mask 

4) Inverse writing the probabilistic Hammers atlas161 from the Montreal Neurologic Institute 

(MNI) space into the PET space  

5) Applying the Hammers atlas to the binarised individualised grey matter mask to generate 

individual grey matter regions of interest (ROI). 

Generation of regional TACs 

Using an object map, I sampled the dynamic PET image (0-90 minutes) to generate regional 

Time Activity Curves for these regions of interest: composite cortex, hippocampus, 

parahippocampus, amygdala, fusiform, anterior cingulate, posterior cingulate, temporal lobe, 

frontal lobe, parietal lobe, occipital lobe, striatum, thalamus, and cerebellum. 

Blood processing 

Metabolite corrected plasma and whole blood time activity curves were fitted to a tri-

exponential function using Clickfit software, on the Matlab interface. 

MICK software was then used to calculate the time delay from the radial artery to the brain, 

using a volume weighted TAC from a composite whole brain value. 

Modelling 

Finally, MICK was used to calculate VT and rate constants, using parent plasma input 

functions and the specific TAC for each region. 

Logan graphical analysis 

Logan parametric maps of VT at a voxel level were computed from linearised dynamic 0-90 

minute scans of tracer activity with a plasma input function using MICK software. (The VT 

reflects the slope of the intercept of the Logan plot). 62The VT parametric map was then co-

registered to the T1-weighted MRI scan, and transformed into the standard MNI space.  
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An object map was then created as follows: 

1) The 11C-PBR28 add image (60-90 minutes) was co-registered to the T1-weighted MRI 

2) The co-registered PET and MRI were normalised to the MNI space 

3) The MRI was segmented, binarised and thresholded using a threshold of 0.5 

4) The Hammers atlas was inverse-normalised into the MNI space 

5) The atlas was applied to the MRI to create individualised grey matter images in order to 

create an individualised object map. 

The object map then used to sample the Logan parametric maps. 

Normalised VT (with a cerebellar pseudo-reference region) 

The VT was calculated as above. For each individual, the VT of the target region was divided by 

the VT of the cerebellum to create a normalised VT. This value reflects cortical increases relative 

to the cerebellum. However the cerebellum cannot be considered to be a true non-specific 

reference region, because TSPO is universally expressed.  

Target to cerebellar ratio images 

1) The 60-90 minute add 11C-PBR28 add image was created using MICK software 

2) The PET was co-registered to the T1-weighted MRI 

3) The MRI segmented and binarised using a threshold of 0.5 to create individualised GM 

masks 

4) The co-registered PET and MRI were normalised to the MNI space 

5) The Hammers atlas161 was  transformed into the MNI space and then convolved with the 

grey matter mask to create an individualised object map 

6) The object map was applied to the normalised co-registered PET to sample the 

cerebellum 

7) The normalised co-registered PET was divided by the cerebellar uptake value to generate 

a target to cerebellar ratio map 

8) The following regions were sampled in the ratio images: hippocampus, 

parahippocampus, amygdala, fusiform gyrus, anterior cingulate, posterior cingulate, 

temporal lobe, frontal lobe, parietal lobe, occipital lobe, striatum, thalamus. 

Measurement of hippocampal volume and white matter hypointensity volume 

Hippocampal and white matter hypointensity (WMH) volumes were measured using FreeSurfer 

5.1.0. (http://surfer.nmr.mgh.harvard.edu). The Talairach space was used for affine registration, 
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then initial volumetric labelling, and the variation in intensity due to the B1 biasfield was 

corrected for. A high dimensional nonlinear volumetric alignment to the Talairach space was 

performed, and the volume was labelled. The volumes were calculated by multiplying the voxel 

number with the voxel volume.159, 160  

 

Statistical analysis 

Statistical analysis was performed using SPSS Version 24.0. The data did not show a normal 

distribution so non-parametric tests were used. Correlations between regions of interest and 

neuropsychometric data were estimated using Pearson correlation coefficient. Voxel level 

correlations with neuropsychometric data and hippocampal volume were performed using 

multiple regression in SPM8 with the neuropsychometric tests scores/hippocampal 

volume/WMH volume measurements as covariates.  
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Results 

Demographics 

Table 5.1 shows the demographic details of the individuals who had 11C-PBR28 PET.  In total, 

nineteen healthy controls, thirty-nine MCI individuals (twenty-one Aβ-negative, eighteen Aβ-

positive) and nineteen AD subjects were analysed and included in the table. Two Aβ-negative 

MCI, two Aβ-positive MCI and one AD subject lacked blood data, and so their data was used for 

target: cerebellar ratio method only. The AD and Aβ-positive MCI subjects were significantly 

older than the controls (and older, but not significantly than the Aβ-negatives). The Aβ-positive 

MCI group generally performed worse than the Aβ-negative group, although not significantly. 

The Aβ-positive MCI and AD group had significantly lower hippocampal volumes than the 

controls while, interestingly, the amyloid negative individuals had the same hippocampal 

volumes as controls. 

There was no significant difference between the disease groups in the time of day that the scans 

were performed.  

 

Table 5.1: Demographics of the cohort who had 11C-PBR28 PET. The table shows 
demographics and neuropsychometric data for the cohort of individuals who had 11C-PBR28 PET. 
Age, education and neuropsychometric data were compared between groups using Kruskal-Wallis 
statistic in SPSS. * indicates a p-value of <0.05, and ** indicates p<0.01. the Aβ-ve MCI, Aβ+ve 
MCI and AD group performed significantly worse than the control group in multiple tests.  

 Healthy 

controls 

(n=19) 

Amyloid 

negative 

MCI (n=21) 

Amyloid 

positive MCI 

(n=18) 

AD (n=19) 

Age 64.89(8.79) 66.52(8.30) 73.83(6.79)** 73.47(6.76)** 

Years education 13.22(3.19) 13.4(2.77) 13.6(3.06) 13.74(2.82) 

HABs 12/19 10/21 8/18 12/19 

Gender male 9/19 12/21 9/18 13/19 

MMSE (total = 30) 29.4(1.06) 27.37(2.24) 28.23(1.39) 22(3.59)** 

Delayed visual recall 

(total=36) 

18.18(7.12) 14.1(6.07) 9.94(6.87)* 4.69(5.88)** 
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Delayed logical 

memory (total=75) 

27.53(5.77) 14.21(6.00)* 12.91(7.62)** 4 (5.31)** 

Delayed word list 

recall (total = 12) 

10.21(2.04) 6.21(3.26)** 4(3.94)** 1.29(1.72)** 

Word list recognition 

(total=12) 

11.27(1.03) 8.79(2.76) 8.18(3.34)* 4.35(3.67)** 

Semantic fluency 20.73(5.99) 17.21(4.95) 14.53(3.61)** 10.12(6.04)** 

Verbal fluency 49.6(10.40) 36.68(15.80)* 38.65(11.48) 31.23(15.15)** 

Anxiety (total=21) 5.47(3.46) 7.94(4.84) 6.06(3.38) 7.62(4.32) 

Depression (total=21) 3.53(3.33) 5.61(4.63) 4.06(2.38) 5.75(4.78) 

Digit span (total=30) 19.07(3.33) 15.88(5.06) 18.47(6.39) 13.06(4.81)** 

Letter number 

sequencing (total=21) 

10.79(3.17) 7.06(3.86)* 7.47(3.57) 4.44(3.38)** 

Trail-making A  35.24(10.83) 47.22(22.91) 53.71(29.35) 108.13(109)** 

Trail-making B 74.13(23.00) 118.47(51.35) 165.71(103.28)** 162.18(62.23)* 

Left hippocampal 

volume (mm3) 

3860(407) 3822(466) 3233(892)** 2865(557)** 

Right hippocampal 

volume (mm3) 

3860(407) 3822.65(466) 3233(892)* 2866(557)** 

 

Quantification of 11C-PBR28 binding 

VT 

Values are shown in Figures 5.1a and 5.1b, and Appendix 3 Tables A3.1 and A3.2.  

There were no significant group differences in 11C-PBR28 binding in either the MAB or HAB 

groups. In the Aβ-positive MCI (MAB) group there was a trend for higher binding in the medial 

temporal substructures. The AD group showed high variability. 
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In the HAB group, the Aβ-negative MCI and Aβ-positive group contained the highest number of 

individuals with binding higher than the mean +2SD. These groups also demonstrated the 

highest variability. The three subjects in the amyloid negative AD group showed wide variability 

– one with very high binding, one with lower binding, and one with binding around the control 

and AD mean. 

When comparing binding in each individual compared to the control mean+2 standard 

deviations, six of nineteen (32%) Aβ-negative MCIs, two of fifteen (13%) Aβ-positive MCIs, six 

of fifteen (40%) ADs, and two of three (67%) Aβ-negative ADs were deemed as ‘positive 

binders’ to 11C-PBR28. 

Values for the VT corrected for free fraction of tracer in plasma (FP) are shown in Appendix 3 

Tables A3.3 and A3.4. There were no differences in the measured free fraction of tracer in 

arterial plasma (FP) between groups. VT corrected for FP (VT/FP) did not differ between groups.   
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Figure 5.1a: VT values in the major cortical regions (High affinity binders). 
Individual VT values are shown for the five groups for the composite cortical 
value and seven major cortical regions. The red line indicates control mean+2 
standard deviations. Values were similar across the groups, with high variability 
in the AD group. 
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Figure 5.1b: VT values in the major cortical regions (Medium affinity binders). 
Individual VT values are shown for the five groups for the composite cortical value 
and seven major cortical regions. The red line indicates control mean+2 standard 
deviations. Values across the groups were similar, as well as variability across the 
groups being similar. 
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VT normalised to a cerebellar pseudo-reference region 
 

Values are shown in Appendix 3 Tables A3.5 and A3.6. 

The AD (MAB) group had significantly higher normalised VT compared to the controls in the 

parahippocampus (p= 0.02). In the isocortical areas there was a trend for increasing binding 

across the spectrum (controls and Aβ-negative MCI <Aβ-positive MCI<AD). This was notable 

in the temporal lobe substructures. This indicates that compared to the cerebellum, the Aβ -

positive disease groups had a trend for higher binding in the isocortex compared to the 

cerebellum. 

Target to cerebellar ratio method with cerebellar pseudo-reference region 

Values are shown in Appendix 3 Tables A3.7 and A3.8. 

The SUVR did not significantly differ between groups. However again there was a trend for 

increasing   binding in the Aβ- positive disease groups compared to the controls. In the HABS, 

the there was a trend for increased binding in the Aβ-positive MCI group compared to all other 

groups. 

Logan graphical analysis 

Values are shown in Appendix 3 Tables A3.9 and A3.10. 

First, regions were sampled for Logan Volume of Distribution and values were compared with 

the VT. For each region, Logan VD and VT correlated strongly and significantly. (Composite 

cortex r = 0.89, p<0.01 for the whole cohort; r=0.88, p<0.01 in the HABs, and r=0.95, p<0.01 in 

the MABs).  

There were no significant differences in regional binding. There was high variability within each 

disease group. There was a trend for increased binding in the Aβ-negative MCI group, and Aβ-

positive AD group. 

At voxel level, the Aβ-positive MCI (HAB) group had significantly higher binding than the 

control groups (Figure 5.1 and Appendix 3 Table A3.11) with positive clusters mainly centred 

around the frontal cortex. 



	

104	

 

  

 

 

 

 

 

 

Spatial distribution of 11C- PBR 28 using parametric maps. 

Due to the lack of significant mean differences across group comparison, each individual was 

examined in a ‘single subject comparison’, compared to the healthy controls using an 

independent t-test in SPM8.  

Using voxel level analysis, five out of fifteen AD subjects (33%), four out of fifteen (27%)  Aβ- 

positive MCIs and five out of nineteen (26%) Aβ negative MCIs had clusters of raised 11C-

PBR28 binding compared to the controls. Two out of three (67%) amyloid-negative AD also had 

raised 11C-PBR28 binding. These results were similar to regional binding described above for 

VT. 

An advantage of a voxel level examination is that it demonstrates the spatial distribution of 11C-

PBR binding in each individual, without being confined to atlas boundaries. Figures  6.2-6.5 

show the spatial distribution in each ‘tracer positive’ individual compared to the controls. It is 

important to note that on group comparison, the only group with positive binding compared to 

the controls was the Aβ-positive MCI group. Therefore, individual subjects are described but 

these descriptions cannot be extrapolated to the population as a whole.   

The spatial distribution of 11C-PBR28 in the AD group 
The five AD subjects with increased binding compared to their respective control group 

demonstrate the heterogeneity in binding. Subjects 1 and 2 showed strong and widespread 

binding, which was confluent across the cortex. Subjects 3 and 4 were also diffuse, but less 

confluent. Subject 5 had a cluster of positive binding in the temporal cortex only. The highest 

voxel level binding was in Subject 5, with a Z-score of 4.91 in the right hippocampus.  

Figure 5.2: 11C-PBR28 binding in the Aβ positive MCI group. The figure shows 
parametric maps showing independent t-test comparison between Aβ-positive MCI 
and controls. The amyloid positive MCI group was the only one to show increased 
binding compared with the controls.  
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Figure 5.3: Individual 11C-PBR28 binding increases in the AD group compared with the 
controls. The figure shows individual parametric maps of increased 11C-PBR28 binding 
compared to the controls on independent t-test in SPM. Binding patterns tended to be 
diffuse across the association cortex, ranging from occasional speckled appearance (as in 
AD 5) to homogenous binding (as in AD2). 
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Aβ-positive MCI group 

The Aβ-positive MCI group had lower Z-scores than the AD subjects indicating lower voxel 

level binding of 11C-PBR28.  Significantly increased 11C-PBR28 binding was clustered around 

the temporal lobe in all subjects except Subject 3 where there was significantly increased binding 

across all association cortex areas. The strongest voxel level binding was in Subject 3. Subjects 

1, 2 and 3 had no tau aggregation on regional or voxel level analysis. 

 

  

Figure 5.4: Individual 11C-PBR28 binding increases in the Aβ positive group compared 
with the controls. The figure shows individual parametric maps of increased 11C-PBR28 
binding compared to the controls on independent t-test in SPM. As with the AD group, 
clusters of increased binding were diffuse across the association cortex. 
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Aβ Negative MCI 

In the Aβ-negative MCI group there were heterogeneous patterns. Subjects 1 and 2 had voxel 

level binding similar in strength and distribution to the AD group with Z-scores of 4.5-5. 

Distributions were widespread in all patients, except Subject 4, in whom clusters of significant 

binding were centred in the temporal lobe, and Subject 5 where it was seen in the frontal, 

temporal and subcortical structures.  
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Figure 5.5: Individual 11C-PBR28 binding increases in the Aβ negative MCI group 
compared with the controls. The figure shows individual parametric maps of increased 11C-
PBR28 binding compared to the controls on independent t-test in SPM. Binding patterns 
tended to be diffuse across the association cortex. Consistent with the other groups, clusters 
of increased binding were diffuse across the cortex. Binding in MCI 1 and 2 was very high, 
with equivalent VT values of over 8. 
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Aβ-negative AD 

Two of the three individuals in this group showed widespread, confluent binding compared to 

the controls. Subject 1 had the highest voxel level binding in the cohort with Z-scores over 5. 

Positive clusters were widespread in both subjects. 

 

 

  

Figure 5.6: Individual 11C-PBR28 binding increases in the amyloid negative clinical AD group 
compared with the controls. The figure shows individual parametric maps of increased 11C-
PBR28 binding compared to the controls on independent t-test in SPM. Binding in AD1 was very 
high, with VT values of over 10	
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Correlations with neuropsychometric data and MRI volumes 

Regional level correlations with neuropsychometric data and cognitive performance 

The Pearson correlation coefficient was used to estimate correlations between binding and 

performance in cognitive test and MRI volume. Each group (MABs and HABs) were considered 

separately. Due to the small numbers in each group the MCI and AD groups were considered 

together. 

Amyloid positive MCI/AD 

Regional correlations are summarised in Table 5.2. Binding in the right parahippocampus 

correlated with impaired verbal fluency and digit span. Binding in the frontal lobe correlated 

with reduced right hippocampal volume. 

Table 5.2: regional level correlations between cognitive tests/MRI volumes and 11C-PBR28 
binding in the Aβ-positive group. Correlations were performed using the spearman rho statistic 
and only individuals with positive binding were included in the analysis.  The MCI and AD 
group were considered together. There were significant correlations between impairment in 
verbal fluency and digit span with increased binding in the right hippocampus, along with 
increased binding in the frontal lobe and reduced right hippocampal volume. 

 

Cognitive 
test/volume 

Region R 
correlation 
coefficient 

p-value 

HABs  

Verbal fluency Right parahippocampus -0.59 0.04 

Digit span Right parahippocampus -0.72 0.01 

MABs 

Right hippocampal 
volume (mm3) 

Frontal lobe -0.60 0.03 

 

Amyloid negative MCI/AD 

In the MABS, binding in multiple areas correlated with impaired performance in delayed visual 

recall, delayed visual word list recall and semantic fluency. In the HABs, there were no 

correlations with impaired performance (These are shown in Table 3). 
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Table 5.3: Regional level correlations between cognitive tests/MRI volumes and 11C-PBR28 
binding in the Aβ-negative group. Correlations were performed using the spearman rho 
statistic and only individuals with positive binding were included in the analysis.  The MCI and 
AD group were considered together. There were correlations between impairment in delayed 
visual recall, delayed word list and logical memory, semantic fluency and Trail-Making A with 
binding across the cortex. 

 

Cognitive test Region R correlation 

coefficient 

p-value 

HABs 

Delayed visual recall Fusiform gyrus 0.63 0.02 

Anterior cingulate cortex 0.66 0.01 

Posterior cingulate cortex 0.62 0.02 

Thalamus 0.57 0.03 

Right hippocampus 0.58 0.03 

Logical delayed memory Occipital lobe 0.56 0.04 

Right occipital lobe 0.56 0.04 

Left occipital lobe 0.56 0.04 

Trail Making A Occipital lobe -0.59 0.04 

Posterior cingulate -0.57 0.04 

Right occipital lobe -0.59 0.04 

Left occipital lobe -0.57 0.04 

Cognitive test Region R correlation 
coefficient 

p-value 

MABs 

Delayed visual recall Anterior cingulate cortex -0.83 0.04 

Delayed word list recall Composite -0.83 0.04 

Hippocampus -0.89 0.02 
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Frontal lobe -0.89 0.02 

Occipital lobe -0.83 0.04 

Posterior cingulate cortex -0.89 0.02 

Thalamus -0.83 0.04 

Right hippocampus -0.89 0.02 

Left hippocampus -0.94 <0.01 

Right temporal lobe -0.83 0.04 

Right frontal lobe -0.89 0.02 

Left frontal lobe -0.90 0.04 

Left parietal lobe -0.89 0.02 

Right occipital lobe -0.83 0.04 

Left occipital lobe -0.83 0.04 

Semantic fluency Temporal lobe -0.98 <0.01 

 

Voxel level correlations with neuropsychometric data and cognitive performance 

Amyloid positive MCI/AD 

 In the MAB group, binding in the right superior frontal gyrus correlated with impaired 

performance in the delayed visual recall.  In the HABS, binding in multiple regions correlated 

with impaired performance in verbal fluency, digit span, letter number sequencing.  

Table 5.4: voxel level correlations between cognitive test scores/MRI volumes and 11C-PBR28 
binding in Aβ positive individuals. Correlations were performed using multiple regression in 
SPM, and only individuals with positive binding were included in the analysis. The MCI and AD 
group were considered together. There were correlations between binding and worse 
performance in verbal fluency, digit span, letter number sequencing and delayed visual recall. 

Test Region Coordinates Z-score r-
correlation 
coefficient 

p-value Cluster 
size 

HABs 

Verbal 
fluency 

Left lateral 
part of 
occipital lobe 

-27 -78 15 3.19 1.00 <0.01 37414 

Corpus -5 -42 20 3.10 1.00 
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callosum 

Left posterior 
cingulate 

-2 -18 36 3.01 1.00 

Left posterior 
temporal lobe 

-47 -52 8 2.97 1.00 

Left superior 
parietal gyrus 

-6 -50 12 2.72 1.00 

Right superior 
parietal gyrus 

13 -41 58 2.71 1.00 

Digit span Corpus 
callosum 

8 31 11 3.21 1.00 <0.01 219105 

Right middle 
frontal gyrus 

36 22 26 3.17 1.000 

Left anterior 
cingulate 

-10 37 3 3.09 1.000 

Right 
precentral 
gyrus 

38 4 23 3.01 1.00 

 Left precentral 
gyrus 

-17 -19 41 2.88 1.00   

Left anterior 
temporal lobe 
medial part 

-40 2 -32 2.83 1.00 

Right superior 
parietal gyrus 

22 -53 17 2.80 1.00 

Left middle 
frontal gyrus 

-15 41 -5 2.76 1.00 

Right inferior 
frontal gyrus 

37 13 20 2.76 1.00 

Letter 
number 
sequencin
g 

Right 
postcentral 
gyrus 

26 -28 37 3.50 1.00 <0.01  

Right superior 
parietal gyrus 

15 -54 28 4.80 1.00 <0.01 

Corpus 
callosum 

0 -8 29 3.24 1.00 <0.01 
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Left superior 
parietal gyrus 

-18 -36 32 3.21 1.00 <0.01 

Right lateral 
part of 
occipital lobe 

33 -71 17 3.20 1.00 <0.01 

Left middle 
frontal gyrus 

-19 4 32 3.05 1.00 <0.01 

Left 
inferolateral  
part of parietal 
lobe 

-34 -47 26 2.97 1.00 <0.01 

Right middle 
frontal gyrus 

21 19 30 2.97 1.00 <0.01 

MABs 

Rey 
delayed 

Right superior 
frontal gyrus 

16 28 58 4.2 1.00 <0.01 326372 
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Figure 5.7: Voxel level correlations with cognitive test scores in the amyloid positive 
MCI/AD group (HABs). Correlations were performed using multiple regression in SPM, 
and only individuals with positive binding were included in the analysis. There were 
correlations between tracer binding and impaired performance in verbal fluency, digit 
span and letter number sequencing. 
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Amyloid negative MCI/AD 

Binding in multiple areas across the cortex correlated with reduced left hippocampal volume, 

and increased WMH binding (shown in Figure 5.8). 

 

Table 5.4: voxel level correlations between cognitive test scores/MRI volumes and 11C-
PBR28 binding in Aβ positive individuals. Correlations were performed using multiple 
regression in SPM, and only individuals with positive binding were included in the analysis. 
The MCI and AD group were considered together. There were correlations between binding 
and worse performance in verbal fluency, digit span, letter number sequencing and delayed 
visual recall. 

Volume Region MNI 
coordinates 

Z-
score 

R 
correlation 
coefficient 

p-value Cluster 
size 

Left 
hippocampal 
volume 
(mm3) 

Left precentral 
gyrus 

-22 -12 37 3.48 1.00 <0.01 333851 

Left 
parahippocampus 

-21 -30 -10 3.02 1.00 

Left inferior frontal 
gyrus 

-44 11 12 2.99 1.00 

Left superior 
temporal gyrus 
posterior part 

-46 9 -19 2.91 1.00 

Left inferolateral 
part of parietal lobe 

-29-25 27 2.90 1.00 

Right inferolateral 
part of parietal lobe 

37 -39 21 2.84 1.00 

WMH 
volume 
(mm3) 

Left superior 
frontal gyrus 

-3 42 53 3.07 1.00 <0.01 101347 

Right middle 
frontal gyrus 

46 49 17 3.85 1.00 

 



	

117	

 

 

 

Figure 5.8: Voxel level correlations between 11C-PBR28 binding with hippocampal and 
white matter hyperintensity volume. Correlations were performed using multiple 
regression in SPM, and only individuals with positive binding were included in 
correlation analyses. There were significant negative correlations between tracer binding 
and hippocampal volume, and significant positive correlations between tracer binding 
and WMH volume 
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Discussion 

In this chapter I set out to examine 11C-PBR28 binding in the AD/MCI cohort using the gold 

standard and commonly used quantification methods. Then, to understand the relevance of 
11C-PBR28 in AD, I wanted to examine the spatial distribution of binding, and whether 

microglial activation correlated with clinical status. I initially predicted that microglial 

activation would be increased in MCI and AD compared to controls, showing a temporo-

parietal pattern. Additionally, I hypothesised that binding would correlate with impairment in 

clinical status and hippocampal atrophy. 

Quantification of 11C-PBR28 

None of the quantification methods used (VT, Logan graphical analysis, normalised VT, target 

to cerebellar ratio method) distinguished 11C-PBR28 binding in AD from healthy controls. 

There was a large variability in binding in the control and disease groups. There was a voxel 

level group difference in the Aβ-positive MCI (HAB) group compared to the controls, but this 

did not extend to regional group comparison. 

These were unexpected findings, as studies have previously reported increased binding of the 

isoquinoline tracer 11C-PK11195, and 11C-PBR28 in AD.132, 203  

There are several possible reasons for these unexpected findings. Firstly, a disadvantage of 
11C-PBR28 (and other second generation TSPO tracers) is the differential binding affinity 

induced by the single nucleotide polymorphism in the TSPO gene.204 As a result, groups are 

split according to binding status.  If disease group and Aβ status are also considered, each 

subgroup becomes small and underpowered to detect group differences. 

Secondly, the TSPO receptor may not be the most suitable marker of activated microglia – 

expression can vary with time of day, and peripheral immune response.138, 139 Additionally it 

is universally expressed, and so there is no true reference region in the brain to compare to 

cortical binding – in a cortical disease such as AD, this is a limitation.  

Thirdly, on the single subject analysis, the majority of ’positive’ binders were high affinity 

binders (HABs) rather than medium affinity binders (MABs). (Four out of five AD, three out 

of four Aβ-positive MCIs, and four out of five Aβ-negative MCIs). This again was 

unexpected, as each individual was compared to his or her respective control group. Again, 

the groups were underpowered to make a conclusion, but there may be other factors in the 

MAB group that introduce heterogeneity and affect binding. 
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Alternative quantification methods 

Our results for 11C-PBR28 quantification differed according to the analytical approach used, 

highlighting the complexity of the tracer. The cerebellar pseudo-reference region indicates the 

level of cortical binding relative to binding in cerebellum (which we assume is low, because 

AD pathology affects the cerebellum late) and there were increasing trends in the temporo-

parietal cortices as the disease progressed from the controls through amyloid negative MCI to 

amyloid positive MCI to AD. The 2 Tissue Compartment Model and Logan graphical 

analysis used arterial plasma input function as an input function, and were thus susceptible to 

variability in metabolite measurement and changes in plasma free fraction of plasma. At 

regional level, there were trends for increased binding in the amyloid negative MCI group (in 

contrast to the ratio method). These discrepancies within the same cohort suggests that the 

kinetics of 11C-PBR28 need further evaluation. 

Different groups applying 11C-PBR28 PET to other diseases have also reported unexpected 

results.205, 206 Some groups believe that there may be an irreversible component to the tracer 

which is not taken into account by the 2TCM4k model, and have devised a 2TCM4k-1k 

model to account for an extra vascular compartment of irreversible binding.142  

Groups studying MCI and AD have also used the VT normalised to a cerebellar pseudo-

reference region45, 133, 134 and found significant differences on group comparison. While TSPO 

is expressed everywhere in the brain, including the cerebellum, AD affects the cerebellum 

relatively late, so it can be used a proxy ‘pseudo-reference region’. This method reduces 

individual variability introduced by genotype status and free fraction of tracer in plasma. 

However, as the cerebellum is not a true reference region, and TSPO expression in the 

cerebellum is still not fully understood, caution should be applied when interpreting these 

results as they apply only to relative values against a pseudo-reference region.  

The target: cerebellar ratio method without an arterial plasma input function has also been 

used.133 Again this reduces variability and obviates the need for arterial cannulation. Another 

group normalised the VT of the target region to binding in whole brain value.140 A problem of 

this method is that the target value is presented in both the numerator and denominator. 

Furthermore, it does not account for changes in binding in other brain compartments such as 

subcortical areas.207 

The need for arterial plasma input function when generating VT values led to six individuals 

having failed studies due to cannulation failure. Arterial cannulation can be technically 
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challenging for the operator, and uncomfortable for the participant. Additionally, it excludes 

patients taking anticoagulants or with Raynaud’s disease (both reasons for exclusion in this 

cohort). Analysis and measurements of plasma metabolites can also vary between patients 

and between laboratories. Thus, finding an optimal analysis without the need for arterial input 

function is desirable. 

The lack of group differences and unexpected results here is a limitation of the whole study, 

and all results in the remainder of the thesis should be considered in view of these findings. A 

comparative autoradiography study of 11C-PBR28 would be valuable to clarify tracer 

characteristics, and distinguish specific and non-specific binding.  

Positive findings 

Despite the lack of group differences, and the cautions that should be applied, there were still 

some noteworthy results in this section. The Aβ-positive MCI group had significantly higher 

voxel level binding than the controls.  This could be in keeping with an early reactive 

response to amyloid, in an attempt to clear the protein, and is line with recent reports of a 

peak of microglial activation early in the disease.208 

Additionally, the single subject analysis revealed interesting findings. Approximately a third 

of the AD and a quarter of MCI cases had increased binding compared to the controls. The 

distribution patterns varied in each group, ranging from small clusters in the temporal lobe, 

through to widespread confluent binding across the association cortex. In contrast to my 

prediction that binding would be increased in the temporo-parietal cortex, it was more of a 

diffuse process, affecting the whole association cortex. In individuals with MCI and lower 

levels of microglial activation, clusters were limited to the temporal lobe. Microglial 

activation did not appear to be dependent on amyloid, as the amyloid-negative MCI and AD 

individuals had voxel level binding similar in nature to binding in the AD group. There may 

be other triggers for microglial activation other than protein aggregation. These include 

vascular disease, other senile proteins or processes, or systemic inflammation and will be 

covered in later chapters.  

Finally, although results from the cerebellar pseudo-reference region should be interpreted 

with caution, it was interesting to note that there was a trend for increased cortical binding, in 

the Aβ-positive MCI and AD group compared to the controls. This would be in keeping with 

increasing microglial activation as the disease progresses, and has been found previously in 

other groups using this quantification method.45, 133, 134 
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Correlations with clinical status 

VT binding correlated negatively with several cognitive test scores, suggesting that microglial 

activation is associated with impaired cognition.  This is in accord with previous findings.132, 

203 More recent studies using 2nd generation TSPO ligands have described a possible 

protective effect of microglial activation in early AD, although these studies have not used 

arterial plasma input function and therefore may not be fully accurate.53 

Interestingly, there were also correlations with hippocampal atrophy and white matter 

hypointensity burden. Microglial activation has been previously shown to be associated with 

neurodegeneration.209 The correlation with vascular burden in the HAB group is interesting, 

and could explain the microglial activation in two of the three Aβ-negative individuals, who 

both had mild to moderate vascular burden. WMH burden is only one parameter of vascular 

burden, however, and other factors such as macroinfarcts and microbleeds should also be 

considered. 

Strengths and limitations 

There were several strengths to this section. The MCI and AD individuals were well 

characterised after detailed neuropsychometric testing. All scans were performed on the same 

scanner and time of day. A large number of individuals were scanned. The majority had 

arterial plasma input function allowing a robust and absolute quantification. 

There were also limitations. The controls were significantly younger than the MCI and AD 

individuals. This is problematic because microglial activation is known to increase with age. 
156 However, within our healthy controls or MCI and AD groups there were no significant 

differences when stratified by decade. There may have been variability in the measurement of 

free fraction of tracer in plasma, which was measured by more than one operator at Imanova 

Centre for Imaging Sciences, London. 

Implications 

As discussed, TSPO may not be the optimal target to detect neuroinflammation in the brain. 

Autoradiography studies are needed to understand further tracer characteristics, and quantify 

specific and non-specific binding, and other inflammation biomarkers such as CSF, blood or 

markers of astroglial activation are needed. Larger numbers are needed in this study, as it is 

likely to be under-powered to detect significant increases. 
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Conclusion 

Overall, these results indicate that caution should be exercised when interpreting these 11C-

PBR28 results, as they are unexpected and not consistent with previous findings. Another 

possibility is that this group is under-powered to detect significant increases in microglial 

activation. 

To conclude this section, 11C-PBR28 yielded unexpected results on group comparison. 

However, there were some interesting findings – notably, increased voxel-level binding in the 

Aβ-positive MCI group. Further, microglial activation is diffuse and widespread, although 

appears predominantly in the temporal lobes in the MCI individuals. The inter-relationships 

of microglial activation with amyloid and tau will be discussed in the next section. 
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Chapter 6: Evaluating the spatial relationship between amyloid deposition, 

tau aggregation and microglial activation in MCI and AD 

Introduction 

Amyloid deposition, tau aggregation and microglial activation are recognised pathologies in 

AD. However, the relationship between them is debated. Tau and amyloid, described as a  

‘toxic pas de deux,’210 have a complex relationship. Both are required but neither is sufficient 

for AD. 16. The role of microglial activation, and how it fits into the picture, is also debated. 

Activated microglial cells surround amyloid plaques39 38 and NFTs40, 54 in AD in an attempt to 

clear them. While microglial activation may interact with amyloid and tau, it could also be an 

independent co-existent process. The spatial distribution of the pathologies in local regions 

and global brain regions has not been examined before in vivo. Further, the pathological 

patterns in non-AD individuals are not known. 

This chapter’s aim is to determine the spatial relationships between amyloid, tau and 

microglial activation by examining correlations between them at voxel and regional level. 

The research questions for this section are 

1) How are amyloid, tau and microglial activation spatially distributed in AD and non-

AD individuals? Specifically, how does microglial activation spatially relate to 

amyloid and tau? 

2) Are the three processes correlated locally or distantly in the brain, and what could this 

tell us about the overall disease pathology? 

 

My hypothesis is that the three processes will correlate at voxel level, reflecting the 

microglial activation surrounding plaques and tangles. I also hypothesise that there will be 

distant correlations between microglial activation and protein aggregation, and between 

amyloid and tau, due to connections between neuronal projections. Further, based on previous 

studies using 11C-PK11195203 I hypothesise that microglial activation will be a diffuse 

process across the brain. 
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Methods 

Recruitment, scanning and parametric map creation 

Subjects were recruited and scanned as described in previous chapters. For 18F-flutemetamol 

and 18F-AV1451, ratio images were created in the MNI space (as described in Chapters 3 and 

4), and for 11C-PBR28, Logan parametric maps were created with arterial plasma input 

function, and co-registered to the T1 MRI before normalisation (described in Chapter 5). 

Determining tracer binding status 

Individuals were deemed ‘positive’ for each tracer at regional level if binding was greater 

than mean+ 2 standard deviations of the control group in the whole, right or left of one or 

more: hippocampus, parahippocampus, amygdala, fusiform gyrus, temporal lobe, frontal lobe, 

parietal lobe, occipital lobe. 

Individuals were deemed positive at voxel level if they had clusters of significantly increased 

binding compared to the control group on independent t-test performed in SPM. 

Generating Z-score maps, and voxel-level correlations 

For each tracer, Z-score parametric maps were created for each individual compared to the 

healthy control groups. The Z-score maps were created using Biological Parametric Mapping 

toolbox211 in SPM5. The following formulae were used: 

Z score (11C-PBR28 VT) = (11C-PBR28 Logan VT of individual – Mean of the control 11C-

PBR28 Logan VT )/Standard deviation of 11C-PBR28 control Logan VT 

Z score (18F-flutemetamol) = Individual 18F-flutemetamol ratio image - control mean of 18F-

flutemetamol ratio/standard deviation of control 18F-flutemetamol 

Z-score (18F-AV1451) = individual 18F-AV1451 ratio – control mean of 18F-AV1451 

ratio/standard deviation of control 18F-AV1451 

The BPM toolbox was then used to calculate the voxel level correlations between each tracer, 

for each individual according to their Z-score map. Statistical significance was determined to 

be p<0.05, with an extent threshold of 500 voxels. For correlations between tau and 

microglial activation in the Aβ-positive MCI and AD groups, the statistical threshold was set 

at p<0.01, given the very significant positive correlations. 
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Regional level correlations and statistical analysis 

 SPSS Version 24.0 was used. The Spearman rho correlation coefficient was used to examine 

regional level correlations. A statistical threshold of significance was set at p<0.05. 
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Results 

Demographics 

Appendix 4 Table A4.1 shows the demographic data for the individuals used in this chapter.  

The spatial distributions of amyloid, tau and microglial activation  

The macroscopic spatial distributions of each tracer per group are shown in Figure 6.1 and 

Appendix 4 Table A4.2. Amyloid deposition appears stable between MCI and AD, while tau 

aggregation increases. Only the MCI (HAB) group had significantly increased 11C-PBR28 

Figure 6.1: Voxel level increases in tracer binding compared to the control groups for 
a) 18F-flutemetamol b) 18F-AV1451 and c) 11C-PBR28. Comparisons were performed 
using independent t-test compared to the respective control groups in SPM.  This figure 
illustrates the patterns of increased binding for the three tracers. For 18F-flutemetamol, 
binding was similar between MCI and AD; for 18F-AV1451, binding was higher in AD 
than MCI, while in 11C-PBR28, binding was significantly increased in MCI but not in 
AD	
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binding at group level, but the AD distributions are shown here for illustration.  

Figure 6.2 shows the tracer distribution for each individual who was voxel-level positive for 

all three tracers. The cluster coordinates are shown in Appendix 4 Table A4.3.  Areas of 

increased amyloid and tau overlap considerably. Microglial activation also appears to cluster 

in areas of protein aggregation. The distribution of tau was fairly consistent across all 

subjects, while patterns of amyloid and microglial distribution were less predictable. The tau 

load was unusually high for the MCI subject with an MMSE score of 30/30. This subject was 

working as a medical researcher at the time of participation in the study, and although he had  

impaired delayed word list recall, it is likely that he had a high degree of cognitive reserve.  
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Figure 6.2: voxel level increases in each tracer for each individual positive for 
all three tracers at voxel level. This figure illustrates patterns of increased binding 
for each individual who was positive for all three tracers compared to the control 
groups. This group comprised six AD individuals and one MCI individual. 
Patterns of amyloid and tau deposition were similar, but microglial activation 
patterns were more variable. 
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Voxel and regional level correlations  

Amyloid and tau 

Clusters of voxel level positive correlations are shown in Figure 6.3 and Appendix 4 Table 

A4.4. 

There were multiple clusters of highly significant voxel level correlations between 18F-

flutemetamol and 18F-AV1451 across the cortex. There were more clusters in the MCI group 

compared to the AD group, covering a wider cortical area. However the Z-score and r 

correlation coefficients were similar in both groups. The clusters with strongest correlation in 

the MCI group (that is, with a Z-score over 4) were in parts of the frontal, temporal and 

occipital lobes, thalamus and corpus callosum. 

In the AD group, the clusters with strongest correlation were in the right lateral occipital lobe, 

right substantia nigra, right subgenual frontal cortex, right posterior temporal lobe, straight 

gyri, and the right inferolateral parietal lobe.                           

Regional level correlations are shown in Appendix 4 Table A4.5. At a regional level, amyloid 

and tau loads were correlated in the occipital lobe in the MCI group, and in the amygdala in 

the AD group. More commonly, however, there were distant correlations –mainly between 

isocortical/ cingulate amyloid deposition and tau aggregation in the temporal lobe 

substructures.  There were many more correlations at regional level in the MCI group than the 

AD group. 

Figure 6.3: Voxel level correlations between amyloid and tau in MCI and AD.  
Correlations were performed in the BPM toolbox in SPM. There were multiple clusters 
of positive correlations between the two processes across the association cortex. 
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Microglial activation and amyloid 

There were multiple clusters of positive correlations between amyloid and microglial 

activation across the cortex (Appendix 4 Table A4.6, and Figure 6.4). The Z-score and 

correlation coefficients were higher in the MCI group than the AD group. All cortical areas 

were affected. 

At a regional level, there were no positive correlations. Analysis was performed in smaller 

groups of HABs and MABs. 

	

	

Microglial activation and tau 

Again, there were correlation clusters across the cortex. (Appendix 4 Table A4.7, and Figure 

6.5). The correlation strength was higher between microglial activation and tau compared 

with microglial activation an amyloid. In addition, the distribution and voxel level 

correlations were stronger in the AD group compared to the MCI group.  

Cluster distribution in the temporal lobe differed between MCI and AD. In MCI, the positive 

correlation clusters were in the posterior temporal lobes and left fusiform gyrus. In the AD 

group, the anterior, posterior, lateral (fusiform) and medial (amygdala and hippocampus) 

temporal lobes were affected.  

Figure 6.4: Voxel level correlations between microglial activation and amyloid in MCI and 
AD. Correlations were performed in the BPM toolbox in SPM. There were multiple small 
clusters of positive correlations between amyloid and microglial activation across the cortex 
in both MCI and AD, with higher Z-scores and correlation coefficients in the MCI compared 
with the AD	
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There were also clusters of positive correlation between tau and microglial activation in the 

amyloid negative individuals, with coordinates in the frontal, parietal, temporal and occipital 

cortices. There fewer significant correlations, with lower Z-scores and lower correlation 

coefficients tan in the amyloid positive groups. 

At regional level, tau aggregation in the occipital lobe correlated with microglial activation in 

the fusiform gyrus, and parietal lobe (Appendix 4 Table A4.8). 

 

Individuals who were positive for all three tracers at voxel level 

Next, I analysed the individuals who were positive at voxel level for all three tracers (five AD 

and one MCI individual). Results are shown in Appendix 4 Tables A4.9, A4.10 and A4.11, 

and Figure 6.6. This was to ensure that the results in the previous section were not false 

positive arising from ‘null’ data points in the tracer negative individuals.  

There were highly significant strong correlations between all processes in this group, with r 

correlation coefficients of 1 between all tracer combinations. The voxel level correlations (Z-

scores) were roughly equivalent between the tracer tracers.  

 

Regions where all processes were present together 

In the posterior temporal lobe and superior frontal gyrus, there were cluster of correlation 

between all processes.  The lateral occipital lobe and inferolateral parietal lobe were also 

commonly affected. 

Figure 6.5:  Voxel level correlations between tau and microglial activation Correlations 
were performed in the BPM toolbox in SPM. There were multiple clusters of positive 
correlations in all three groups. Correlations were stronger than those between amyloid 
and microglial activation and amyloid and tau. Additionally, correlations were strongest in 
AD, suggesting that the processes increase together as the disease progresses	
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In the tracer positive individuals only, there were multiple clusters of positive correlations 

between all tracers  - the middle frontal gyrus, the precentral and postcentral gyri, the left 

anterior orbital gyrus, posterior temporal lobes, superior temporal gyri, left fusiform gyri, left 

parahippocampus, inferolateral parietal lobes and lateral occipital lobes.  

  

Figure 6.6: Voxel level correlations in the nine individuals who were positive for all three tracers 
between amyloid and tau, amyloid and microglial activation, and tau and microglial activation. A 
sub-group of individuals were analysed who were positive at individual level for binding in all three 
tracers. This analysis was performed to ensure that positive correlations in earlier analyses were not 
solely due to false positives arising from ‘null’ data points. As seen in the analyses above, there were 
multiple clusters of positive correlations between all processes, but these were strongest between tau 
and microglial activation	
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Discussion 

In this first PET study to examine the amyloid, tau and microglial distributions in MCI and 

AD, distinct patterns emerge. The three processes were correlated in clusters across the 

association cortex in both MCI and AD. Tau and microglial activation were also correlated in 

non-amyloid individuals. At regional level, the most striking findings were the distant 

correlations between amyloid in the association cortex and tau aggregation in the medial 

temporal lobes.  

The spatial distribution between the processes, specifically the role of microglial 

activation 

In the amyloid positive MCI and AD groups, amyloid deposition was almost universal across 

the cingulate, frontal, parietal and temporal lobes, with lower prevalence in occipital and 

medial temporal lobe structures. This is in line with amyloid deposition stages starting in 

isocortical areas and affecting the hippocampi in later stages.21 22 Tau aggregation, on the 

other hand, starts in the medial temporal lobe structures and spreads to the cortex, in an 

almost reverse fashion.21 Microglial activation occurred in small numbers. In the AD group, it 

was in the isocortical and medial temporal lobe, while in the amyloid negative group it was 

predominantly in the isocortical regions. Tau aggregation and microglial activation in the 

amyloid negative groups followed a less predictable pattern, and may reflect other 

neurodegenerative processes. 

Voxel and regional level correlations between the processes 

Amyloid deposition and tau aggregation 

There were widespread clusters of positive correlations between amyloid and tau in MCI and 

AD. At regional level, there were few intra-regional level correlations between amyloid and 

tau loads – in the occipital lobe in MCI and the amygdala in AD.  Rather, the correlations 

were predominantly inter-regional - between tau in the medial temporal lobes and amyloid in 

the isocortex. This is in line with previous histopathological16 and biomarker212 findings. 

These findings indicate that while the processes appear to be spatially discordant, they may be 

connected across functional brain networks, for example via neuronal projections between the 

discordant areas. Corticocortical evoked potentials and evoked intracranial EEG responses 

suggest multiple neuronal connections between lobes, particularly within temporal lobe 

structures. 213, 214 Animal studies suggest that amyloid can induce tau fibrillisation by cross-

seeding,215 which could explain the apparent discordance. Furthermore, the cingulate cortex, 
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in particular the posterior part, is highly connected to the limbic system, frontal, temporal, 

parietal and subcortical structures.213,216 Voxel level and distant correlations in this study are 

in keeping with communication both locally, and across networks. 

Emerging evidence now suggests that amyloid and tau have synergistic effects212 and while 

they start independently, they are both required for later spread into the neocortex.16 

Amyloid and microglial activation 

 There were multiple clusters of significant positive correlations between amyloid and 

microglial activation. This is in line with previous findings describing microglial activation 

surrounding amyloid plaques.38, 39 Similar to the correlations between amyloid and tau, the 

correlations between amyloid and microglial activation were stronger in the MCI group 

compared to the AD group. This could be due to relatively early amyloid deposition and 

reactive microglial activation. As amyloid deposition plateaus, the correlations will become 

weaker as tau aggregation continues to increase.17 

Tau aggregation and microglial activation 

 There were highly significant correlations between tau and microglial activation in both MCI 

and AD. The correlations became stronger in the AD group (higher Z-scores, correlation 

coefficients and cluster distribution). The correlations between tau and microglial activation 

were also stronger than those between amyloid and microglial activation. Microglial 

activation is known to increase alongside tau aggregation as disease progresses.40, 54,217 The 

pro-inflammatory cytokines released by activated microglial cells can then promote tau 

hyperphosphorylation.218-220 This induces tau NFT formation, which then attracts further 

microglial activation, resulting in a vicious cycle.55 To compound this, microglial activation 

may actually up-regulate amyloid and tau expression.56 This may explain the correlations in 

MCI from AD, unlike the correlations of inflammation with amyloid. Amyloid deposition 

plateaus as disease progresses, thus explaining the weaker correlations in the MCI group.17  

The tau-microglial correlations in the amyloid negative individuals were intriguing (although, 

notably there were fewer, small correlations clusters, with lower Z-scores and correlation 

coefficients than in the amyloid positive group). They suggest that amyloid may not be 

necessary for a tau-microglial association. Increased microglial activation is seen in other 

neurodegenerative tauopathies.221 A caveat to this, however, is recent work showing that 18F-

flutemetamol does not detect early amyloid deposition (Thal stages 1and 2), and only a 

minority of Thal stage 3 amyloid deposition). Thus apparent ‘amyloid-negative’ individuals 
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may actually have early Alzheimer’s pathology, and their exclusion could explain the poorer 

correlations. 

We found that all three processes can be locally correlated at a voxel level, and additionally 

amyloid and tau are distantly correlated. This could be because microglial activation exerts 

local toxicity and local tau hyperphosphorylation in its local vicinity. The local effects are in 

line with tau paralleling and microglial activation as disease progresses.40, 54 Alternatively, 

microglial activation could induce toxicity via neuronal projections, but this study was under-

powered to detect it. Dividing groups further into MABS and HABs resulted in small groups 

being studied. Larger numbers are required to examine whether there is a genuine difference. 

This would be an interesting area for further work, because it would determine whether 

microglial activation exerts its toxicity locally or distantly. 

Microglial activation could precipitate tau propagation through the cortex, possibly even 

when triggered by amyloid. It may determine the progression speed or stability. Furthermore, 

some studies suggest that microglial activation can up-regulate both amyloid and tau 

expression, thus propagating disease pathology. There are other processes that should be 

considered, which may also promote disease progression but may not be detectable on current 

biomarker detection studies. These include other senile pathologies such as TDP43, Lewy 

body inclusion and cerebrovascular disease. These will be discussed further in Chapter 7.  

Limitations 

Certain limitations must be considered. Firstly, the lack of significant mean difference 

between the groups studied with 11C-PBR28 PET is concerning and is a major limitation to 

the study overall. The study is underpowered to detect any significant difference with 11C-

PBR28 – dividing the groups according to binding status restricts limits group sizes.  As a 

result it was not possible to determine the global spatial characteristics of microglial 

activation in MCI and AD. However, as microglial activation may be a continuous process 

rather than a binary one, the voxel level correlations are important. 

Secondly, 18F-flutemetamol may not detect early stages of amyloid deposition. Therefore, the 

amyloid-negative individuals may indeed have had sub-threshold levels of amyloid detection. 

If 18F-flutemetamol underestimates amyloid load, then this would weaken power to detect 

significant correlations. 
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Thirdly, 18F-AV151 off-target binding has been described. Thus, some correlations in the 

subcortical matter could be related to this. However as off-target binding will be present in 

both patients and controls, creating Z-scores accounts for this.  

Finally, numbers in the study were underpowered to examine regional correlations. This is 

partly due to splitting the groups according to genotype. Therefore, examining distant 

correlations between microglial activation and protein aggregation was not possible. 

On the other hand, there were certain strengths to this chapter. The MCI and AD groups were 

well characterised. Splitting the group according to amyloid status allowed an accurate 

description of different disease pathologies. Creating an individualised Z-score map 

compared with the control group corrected for genotype differences, and allowed different 

tracers and modalities to be compared. 

Conclusions 

To conclude, this chapter illustrates that amyloid deposition, tau aggregation and microglial 

activation can be correlated at voxel level, indicating that they increase together in the same 

brain regions in MCI and AD. Certain regions were vulnerable to all correlations, indicating 

that the processes all increase at the same time. These findings are consistent with known 

histopathological data on AD. Microglial activation is less predictable, but correlated strongly 

at voxel level with tau aggregation. The study is under-powered to detect whether there are 

distant correlations between tau in the medial temporal lobes and cortical microglial 

activation, but this would be an interesting area for further work. 
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Chapter 7: Classification of individual subjects by biomarker profile 
(A/T/N/I) 

 

Introduction	

Diagnostic and research guidelines for Alzheimer’s disease (AD) have recently incorporated 

biomarkers to enable more precise diagnosis and prognosis.7, 9, 60 These guidelines have been 

operationalised to identify each individual by a standardised profile, which describes amyloid 

status (A+/A-), tau status (T+/T-) and neurodegeneration status (N+/N-).84 The advantage of 

this nomenclature is that every individual, regardless of pathology, can be described and 

followed longitudinally in a globally understood framework. In addition, important features 

of specific biomarker profiles can be identified.84, 222 

Use of these criteria has highlighted the non–specific nature of a clinical diagnosis of AD.  A 

consistent proportion of patients emerge (around 20-25%) with neurodegeneration but no 

amyloid.84 These individuals have been described as having Suspected Non Alzheimer 

Pathology (SNAP). Additionally, intra-individual disease heterogeneity and mixed pathology 

exists even amongst individuals with AD (with extra pathologies such as vascular disease, 

TDP43, argyrophilic grain disease, and Lewy body disease).97 Another possible contributor to 

this heterogeneity is microglial activation, which has long been recognised as central to 

disease pathogenesis in AD.42 The relative contribution of microglial activation to AD 

pathology and cognitive state is still debated. 

In this chapter using amyloid, tau and microglial PET, I set out to characterise a cohort of 

clinical MCI and AD individuals by their biomarker profiles. By incorporating microglial 

activation (a surrogate for ‘inflammation’) into the ATN classification resulting in A/T/N/I 

profiles, I wanted to examine which biomarker profiles emerge. Additionally, I aimed to 

examine the role of microglial activation in our cohort and whether it might explain the 

clinicopathological variability in AD, non-AD and SNAP individuals. I then adopted a case 

based approach to highlight important points. 

I hypothesised that microglial activation would be associated with worse cognition in both 

AD and non-AD individuals. In addition, I predicted that microglial activation may explain at 

least some of the heterogeneity between amyloid deposition, tau aggregation and cognitive 

profiles in AD and non-AD individuals. 
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Methods 

Participants were recruited and scanned as described in Chapter 2. Ratio images for 18F-

flutemetamol and 18F-AV1451 and VT images for 11C-PBR28 were calculated as described 

previously.  

Binding status 

Amyloid, tau and microglial activation status were defined as ‘positive’ if the individual had 

higher binding than the control mean + 2 standard deviations in the whole, left or right of one 

or more of the following regions: frontal lobe, temporal lobe, parietal, occipital lobe, anterior 

cingulate cortex, posterior cingulate cortex, amygdala, hippocampus, parahippocampus, 

fusiform gyrus. 

Individuals were classified as ‘Neurodegeneration positive’ (N+) or negative (N-ve) 

according to the presence of hippocampal atrophy. Hippocampal atrophy, a surrogate marker 

of neuronal loss, was defined if the total hippocampal volume measured less than the values 

of the healthy controls – 2 standard deviations. This was confirmed by visual assessment. If 

hippocampal atrophy was present, the subject was classified as being ‘neurodegeneration 

positive or N+’. 

Individuals were then classified according to positive binding status, as ‘A’ for amyloid 

status, ‘T’ for tau status, ‘N’ for neurodegeneration status, and ‘I’ for microglial activation 

status (as a surrogate marker for ‘inflammation’). Thus, individuals with positive binding of 

amyloid, tau and microglial activation were ‘A+T+N+I+’. Those with just amyloid were 

‘A+’, and those with purely microglial activation were ‘I+’, and so on. 

Statistical analysis 

Statistical analyses were performed using SPSS Version 24.0 The data set did not show a 

normal distribution, so non parametric tests were used. The Kruskal-Wallis test was used for 

group comparisons. Categorical variables were compared using Chi-Squared tests.  

The association of biomarker levels with cognitive performance were interrogated with 

univariate analysis of covariance (ANCOVA) assigning the cognitive test as the dependent 

variable. Amyloid, tau, and microglial status (and their 2 and 3 way interactions) were fixed 

factors, and age and education were covariates. A threshold for significance was set at 

p<0.05. 
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Results 

ATNI classification of all individuals  

Demographic data for the cohort is shown in Table 7.1 and Figure 7.1. Of the seventeen 

individuals with a clinical diagnosis of AD fourteen (82%) were amyloid positive on PET and 

were, therefore, considered to have proven AD pathology. Of these, five out of fourteen 

(36%) were classifiable as A+T+N+I+, while one individual (7%) was classifiable as 

A+T+I+. Seven individuals (50%) were classifiable as A+T+N+. One (7%) was A+T+.  

Of the three amyloid-negative individuals with a clinical diagnosis of AD, two (67%) were 

SNAP (N+I+ and T+N+I+) and one individual (33%) was biomarker negative, but developed 

clinical features consistent with another neurodegenerative disease (Dementia with Lewy 

Bodies) during the study. 

In the nineteen individuals with clinical MCI, eleven (58%) were amyloid positive and so 

considered to be on an AD-trajectory (of these one (9%) was A+T+N+I+, four (36%) were 

A+T+N+, three (27%) were A+T+, one (9%) A+N+, one (9%) was A+ and one (9%) was 

A+I+). Amongst the eight individuals in the Aβ negative group, two (25%) individuals were 

classifiable as SNAP (T+N+ and T+I+), while five (63%) were biomarker negative, and one 

individual (12%) had microglial activation alone. 
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Table 7.1: Classification of each individual according to biomarker status. MCI and AD individuals are considered together here. 
Comparisons were made with Kruskal-Wallis test, where * indicates a threshold of significance of p<0.05, and ** indicate p<0.01.  The MCI 
and AD groups were combined into one ‘Cognitively impaired’ group due to small numbers in each subgroup. Additionally, T+I+, N+I+ and 
T+ were combined to form the SNAP group. 

 

Biomarker profile Controls 

n=19 

A+T+I+ 

(n=7) 

A+T +(n=15) A+(n=2) A+I+ 

(n=1) 

T+(n=1) T+I+(n=2) I+ (n=2) A-T-N-I-  

(n=8) 

Age 64.9(8.79) 75.3(.15) 74(7.98) 78(1.41) 73 66 76.5(2.12) 71(11.31) 66.12(7.38) 

MMSE  13.22(3.19) 22.29(4.11)*

* 

24.87(4.42)*

* 

28(1.41) 26 29 23(1.41) 24.5(3.53) 25.4(3.60) 

Delayed visual recall  18.18(7.12) 6.43(6.62) 5.96(6.73)* 12.75(5.30) 21.5 21 15.25(1.06) 14.75(8.84) 15.57(8.11) 

Delayed word list 

recall  

10.21(2.04) 1.71(2.21)** 1.62(1.61)** 2.5(3.53) 6 11 1(1.41) 5(5.66) 4(3.70) 

Word list recognition  11.27(1.03) 4.71(3.82)** 5.62(3.69** 8.50(2.12) 10 12 1(1.41)* 5.50(4.95) 8.14(3.48) 

Logical delayed recall  27.53(*5.77) 5.71(8.69)** 5.96(4.71)** 16(2.83) 7 15 5(7.07) 14(15.56) 12.57(6.32) 

Semantic fluency 20.733(5.99) 10.71(5.74) 14.85(4.39) 9 12 20 6.50(9.19) 13(7.07) 16.57(8.89) 

Verbal fluency 49.60(10.45) 10.71(5.74) 14.85(4.39) 41.5(3.53) 12 20 27(21.21) 22.5(13.43) 28.14(6.64) 
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Trail-making A 35.24(10.83) 64.86(40.47) 96.36(126)* 58(21.21) 48 38 81.5(46.65) 81(53.74) 63.67(49.73

) 

Trail-making B 74.13(23.00) 144(53) 164(93) 160114) 150 109 144 119 130(52.39) 

APOE genotype ε3ε3 = 8 

ε3ε4 = 5 

ε2ε3 = 3 

ε3ε3 = 1 

ε3ε4 = 5 

ε5ε5 = 1 

ε3ε3 = 2 

ε3ε4 = 10 

ε2ε3 = 0 

ε4 ε4 = 2 

ε3ε3 = 1 

ε3ε4 = 1 

ε3ε4 
= 1 

ε2ε3 = 1 Ε3ε3 = 1 

Ε2ε3 = 1 

Ε2ε3 = 1 

Ε3ε3 = 1 

ε3ε3 = 7 

ε3ε4 = 1 
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Comparison of different biomarker profiles 

Kruskal-Wallis test was then used to interrogate the different biomarker groups. As some of 

the groups were very small, the MCI and AD groups were combined into one ‘cognitively 

impaired group’ of thirty-six individuals according to biomarker profile. Additionally, the 

T+I+, N+I+, T+ individuals were combined to make a SNAP group (n=4). In order to 

increase the size of the groups for statistical comparison, the ‘A/T/I’ profiles of the 

individuals were compared, without the ‘N’. 

As expected, the fifteen A+T+ individuals (A+T+I+ and A+T+) performed significantly 

worse than the nineteen healthy controls on multiple cognitive tests (Table 1). The SNAP 

group performed worse than the controls on immediate (p=0.02) and delayed logical memory 

(p=0.046) and had a lower white matter hypointensity (WMH) volume (p=0.03). There was a 

trend for higher microglial activation in the SNAP group compared with other groups. 

There was a trend for worse cognitive test scores in the A+T+I+ group, compared to A+T+ 

and higher self-reported anxiety and depression, a trend for lower hippocampal volumes, and 

lower WMH volume. 

The biomarker negative group performed worse in verbal fluency than the controls (p=0.04). 

However, this did not survive correction for multiple comparisons. 

Across the whole cohort, ventricular volume correlated with right hippocampal volume (r= -

0.40 p=0.02) and WMH volume (r= 0.51 p<0.01). 

Effects of amyloid status, tau status, and microglial status on cognitive tests 

Whole cohort 

A factorial analysis of variance was used to examine the influence of each biomarker, and the 

combined influence of the biomarkers, on cognitive status. In the model, the dependent 

variable was the cognitive test, while the fixed variables were: amyloid status, tau status, 

microglial status, amyloid*microglial interaction, tau*microglial interaction, amyloid*tau 

interaction, amyloid*microglial*tau interaction. The model was adjusted for age and 

education.  

Amyloid level had a significant effect on delayed visual recall ((f=6.42, p=0.02), as did the 

tau*microglial interaction (f=5.49, p=0.03). amyloid*tau interaction (f=9.98, p<0.01), 

tau*microglia*amyloid (f=5.07, p=0.02), and educational level (f=9.73, p<0.01). 
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 In addition, amyloid level and interactions between microglial*tau, microglial*amyloid and 

amyloid* tau had an effect on Hopkins delayed word list recall. (Amyloid f=7.79, p=0.01; 

microglial*tau interaction f=12.34, p<0.01; microglial*amyloid interaction f=9.05, p<0.01; 

amyloid*tau interaction f=3.59 p=0.07. 

 Microglial status and the microglial*tau interaction exerted an effect on self-reported 

depression (microglial status f=8.96, p<0.01; microglial*tau interaction f=4.85 p<0.01).  

Finally, tau status and microglial*amyloid/tau interactions exerted effects on WMH volume 

(tau F=5.79, p=0.02, microglial*tau interaction=5.12 p=0.03, microglial*amyloid interaction, 

f=4.80, p=0.04). 

Amyloid positive group 

In the amyloid positive group, tau and inflammation biomarkers exerted effects on immediate 

visual recall, visual delayed recall, and delayed word list recall. For immediate visual recall, 

tau (F=24.07, p<0.01) microglial*tau interaction (f=6.28, p=0.02), age (f=6.30 p=0.02), and 

education (f=9.10 p<0.01) all exerted effects. For delayed visual recall, microglial status 

(f=5.70 p=0.03), tau status (F-18.15 p<0.01), microglial*tau interaction (f=8.74, p<0.01), age 

(f=5.69 p=0.03), and (education f=13.00, p<0.01) all had significant effects. 

The delayed word list recall was affected by amyloid status (F=7.79, p=0.01), tau*microglial 

status (F=12.34, p<0.01), and amyloid*microglial status (F=0.05, p<0.01). 

Amyloid negative MCI and AD 

There were no significant effects of biomarkers on cognition in the amyloid negative group. 

The SNAP group was too small to examine using the univariate analysis of covariance. 
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Case based discussion 

Below is a case based approach examining the clinical and imaging phenotypes of a series of 

patients on both AD and non-AD trajectories designed to identify key learning points. 

Case 1 - Clinical diagnosis: Typical AD. Biomarker profile: A+T+N+I+ 

Case 1 is a 73 year-old man (ε3ε4) with a 2-year history of episodic memory loss. He 

frequently became lost, and complained of misplacing his belongings. His main concern was 

difficulty with calculation and inability to manage his finances.  His symptoms had 

progressed since onset and he required increasing assistance with daily activities. MMSE was 

22/30, and he was impaired in all cognitive domains. His biomarkers revealed a profile 

consistent with typical amnestic AD – widespread amyloid deposition and tau aggregation, 

with diffuse and widespread microglial activation. He had hippocampal atrophy and parietal 

atrophy. This is a case of typical AD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Case 1-Typical AD. The MRI showed hippocampal atrophy and 
parietal atrophy. Amyloid and tau PET showed widespread increases in ligand 
uptake. Microglial activation showed diffusely increase uptake across the 
association cortex. These biomarkers support the clinical scenario of typical 
clinical AD. 
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Case 2 – Clinical diagnosis: Atypical AD. Biomarker profile: A+T+N+ 

Case 2 is a 61-year-old physicist (ε3ε4) who presented to her memory clinic three years prior 

to enrolling in the study. Her initial complaints had been difficulty driving at night, with 

palinopsia after looking at car headlights. She had acquired a new difficulty in reading maps, 

getting frequently lost. As a result she had lost confidence in driving. She also complained of 

diplopia and struggled to differentiate transparent objects such as doors and windows. She 

frequently misplaced objects, commenting that they were usually right in front of her field of 

vision. Her symptoms had not improved after cataract surgery. She also struggled to walk 

outside, because she could not distinguish the kerb from the pavement.  She complained of 

dressing apraxia. Her episodic memory, and memory for conversations and words was 

relatively unimpaired.  Cognitive testing revealed relatively preserved delayed word and story 

recall, but severely impaired visuoconstruction – she was unable to attempt to copy the Rey 

complex figure.  

MRI showed hippocampal atrophy. Amyloid PET showed widespread amyloid deposition 

(composite cortical SUVR = 2.03) and tau aggregation – with increased tracer uptake in all 

lobes, but highest in the occipital lobe (SUVR = 2.50) and parietal lobe (SUVR = 2.25) 

compared to relatively low uptake in the hippocampus (SUVR 1.29). There was no PET 

evidence of microglial activation. 

These findings are suggestive of Posterior Cortical Atrophy, an atypical variant of AD with 

predilection for parieto-occipital lobes and causing deficits in visual processing.223 

 

Figure 7.2: Case 2-Atypical AD (Posterior cortical atrophy). MRI showed hippocampal atrophy. There was 
widespread amyloid deposition, and widespread tau aggregation, but most marked in the occipital and parietal 
lobes. The microglial PET did not show increased uptake. The predilection for tau aggregation in the parieto-
occipital cortex supports the clinical picture of Posterior Cortical Atrophy. 
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Case 3 – Clinical diagnosis: Aβ positive MCI. Biomarker profile: A+T+N+  

Case 3 is a 79-year-old man (ε3ε3) who presented with a 2-year history of episodic memory 

impairment, and was particularly concerned about forgetting conversations. This did not 

interfere with his activities of daily life and he did not feel that it was particularly 

troublesome. Cognitive testing revealed an MMSE score of 29/30, and impairments in 

delayed word list recall, semantic fluency and Trail-making B. MRI revealed hippocampal 

atrophy (2835mm3, 2834mm3) and amyloid PET was positive. Tau PET did not reveal 

increased uptake at regional level compared to controls, but he had mildly elevated 

hippocampal uptake (hippocampal SUVR 1.32). At voxel level, there was a cluster of 

increased uptake compared to the controls in the right parietal and occipital lobes (p=0.006). 

This is a case of Aβ-positive MCI. 

  

Figure 7.3: Case 3-Aβ-positive MCI. The MRI shows hippocampal atrophy, and raised amyloid and tau 
on PET scans. Microglial PET did not show increase uptake. The biomarkers support the clinical 
diagnosis of Aβ-positive MCI. 
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Case 4 – Clinical diagnosis: AD (probably mixed). Biomarker profile: A+T+  

Case 4 is an 84-year-old man (ε3ε3). His wife had initially sought medical attention for him 

because he was becoming repetitive in questioning and conversation, with impaired memory 

for recent events. Language, visual processing and executive function were normal. He 

continued to drive his wife to her hospital appointments and do household tasks without 

difficulty. Cognitive testing revealed an MMSE score 17/30 with impaired visual, story and 

word list recall, Executive function was intact. MRI revealed minimal vascular disease, but 

medial temporal lobe atrophy (2862mm3 and 1862mm3). Amyloid PET revealed widespread 

deposition. Tau PET revealed modestly increased tracer uptake in the temporal lobe (SUVR 

1.32) but there was no significant increase in voxel level uptake on t-test with the control 

group. Microglial PET was negative. This case is unusual because of the marked amnestic 

presentation in the absence of significantly increased detectable tau aggregation. It is likely 

that other senile processes contributed to this man’s cognitive impairment, possibly TDP43, 

argyrophilic grain disease and Lewy body disease.97 

 

  

Figure 7.4 Case 4-AD (probably mixed). MRI showed hippocampal atrophy, and amyloid PET showed 
widespread increased deposition. Tau PET showed modestly increased tau uptake, which was unexpected 
for the degree of cognitive impairment. Thus, the biomarkers are not in keeping with a diagnosis of 
typical AD, but may suggest the presence of other senile pathologies which could be contributing to the 
cognitive deficits. 
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Case 5 – Clinical diagnosis: AD (probably mixed). Biomarker profile A+T+   

This 76 year old male (APOE ɛ3ɛ4) lived independently. His GP first detected cognitive 

impairment during a routine medical consultation. His MMSE was 18/30. Cognitive testing 

revealed impaired visual, logical and word list recall with impaired recognition. He had 

preserved word fluency, and superior performance in the digit span and trail-making test. 

MRI revealed normal hippocampal volumes (3934mm3 and 3180mm3) and mild 

microvascular ischaemic load (WMH volume 8905mm3). 

There was extensive and widespread amyloid deposition on amyloid PET, but relatively little 

tau aggregation –with increased tracer retention in the left parahippocampus and amygdala 

only (compared to the controls).  

Similar to the case above, this case is striking by the scarce neurodegeneration relative to 

significant cognitive impairment– the disease may be limited to limbic areas, explaining the 

isolated amnesic syndrome. Alternatively, the advanced memory impairment could be 

explained by mixed pathology such as vascular disease, argyrophilic grain disease, Lewy 

body disease or TDP43. The superior performance in trail making tests and digit span indicate 

preserved executive function, attention, and immediate memory, which explain his ability to 

live normally. Notably, microglial activation was not elevated on PET in this individual, and 

highlights the fact that multiple factorsan be responsible for impaired cognition. 

 

 

Figure 7.5 Case 5-AD (probably mixed). MRI shows normal hippocampal volumes and moderate 
ischaemic burden. Amyloid PET was strongly positive, with only modestly increased tau 
aggregation, unexpected for the degree of cognitive impairment. The presence of mixed pathology is 
likely. 
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Case 6 –Clinical diagnosis: AD.  Biomarker profile: A+T+N+I+   

This 77 year old female (APOE ɛ3ɛ4) had cognitive impairment in all cognitive domains, 

affecting all activities of everyday life.  

MRI revealed hippocampal atrophy (2162mm3 and 2001mm3) and minimal white matter 

disease (WMH volume 1328mm3).  

Tau and amyloid PET scans revealed widespread tau aggregation but relatively little amyloid 

deposition on both regional and voxel level analysis (voxel level uptake was limited to 

clusters affecting parts of the frontal, temporal, cingulate and superior parietal cortex), with 

widespread microglial activation.  

The relatively sparse amyloid deposition compared to widespread tau aggregation is unusual. 

It could indicate that the presence of amyloid (rather than the amount) is sufficient to induce 

tau aggregation. Alternatively other factors could have induced the widespread tau 

aggregation, such as microglial activation. The individual was Afro-Caribbean. Racial 

differences in microglial activation have not been described. 

 

 

 

 

 

 

 

 

  

Figure 7.6 Case 6 - AD. MRI showed hippocampal atrophy but 
minimal vascular disease. Amyloid PET was positive, but with only 
small clusters of positive uptake. Tau PET showed increased tau, and 
microglial PET had widespread microglial activation across the 
association cortex. The sparse amyloid deposition compared to tau 
aggregation and microglial activation suggest that it may be the 
presence, rather than the amount, of amyloid that is sufficient to 
induce tau propagation across the cortex 
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Case 7 –Clinical diagnosis: AD. Biomarker profile: T+N+I+ (SNAP – I) 

Case 7 is a 75-year-old male (APOE ɛ3ɛ3) who presented with a 6-year history of progressive 

episodic memory loss. He reported forgetting recent conversations and events. Additionally, 

he described word finding difficulties and an inability to name the tools in his toolbox. 

Despite this he lived alone and was able to continue with relatively unimpaired activities of 

daily life. 

MMSE was 22/30. Neuropsychological testing revealed severe impairment in encoding, 

logical and word list recall. Semantic fluency was severely impaired - he was unable to name 

any animals in one minute. Trail making A and B were normal. 

MRI showed a moderate vascular burden with lacunar infarcts in the basal ganglia and 

asymmetric hippocampal volumes (2791mm3 and 3348mm3). 

Amyloid PET was negative on regional analysis and he was classified as Aβ negative. 

However at a voxel level analysis there were clusters of increased uptake in the left frontal 

and temporal lobes, and left insula indicating sub-threshold levels of amyloid deposition. 

Tau PET revealed increased tracer uptake in the fusiform gyrus, amygdala and middle 

inferior temporal gyrus. Voxel level analysis revealed a cluster of increased uptake in the left 

medial anterior temporal lobe.   

Microglial PET revealed increased inflammation in the fusiform gyrus and posterior cingulate 

cortex on regional analysis. At a voxel level analysis there was increased uptake in the 

anterior and cingulate cortex, superior frontal, fusiform, middle/inferior temporal and straight 

gyri, and posterior temporal lobe. 

Although he presented with a clinical diagnosis of AD, he was classified as amyloid negative 

based on regional analysis. The sub-threshold amyloid detection on voxel level analysis may 

point to underlying AD pathology, or be incidental accompanying another tauopathy such as 

Fronto-temporal lobar degeneration (FTLD). The presentation with difficulty naming his 

tools in his toolbox, and the inability to name any animals in one minute suggests a clinical 

diagnosis of Semantic Dementia. The positive tau PET scan could represent an underlying tau 

aetiology (FTD-tau) or, less likely, AD pathology, giving rise to semantic variant FTD. 224 

The relative reduction in left hippocampal volume would support AD. The vascular disease 

may contribute to the cognitive impairment, or lower the threshold of neuronal damage of the 

existing AD pathology. 
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Figure 7.7 Case 7 - SNAP. MRI showed vascular disease, and reduced left 
hippocampal volume. Amyloid PET was positive at voxel level but negative 
on regional level. Tau PET was positive, and microglial activation 
revealed increased inflammation in the temporal lobe. The sub-threshold 
amyloid detection could indicate early AD. Alternatively, the clinical 
picture, along with tau aggregation in the anterior temporal lobe, may 
suggest a diagnosis of semantic dementia. 
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Case 8 – Clinical diagnosis: AD. Biomarker profile: A-T-N+I+  (SNAP-I).  

Case 8 is a 79-year-old male (APOE ε2ε3), who presented with a short history of worsening 

anterograde memory for conversations, new names, and misplacing objects. MMSE was 

22/30. Cognitive tests revealed impaired delayed word list and logical memory recall and 

Trail-making A and B. Follow up testing at 12 and 20 months showed no progression. One 

year prior to entry in the study he had experienced an episode of mild depression requiring 

antidepressant medication. 

MRI showed mild subcortical vascular disease (total WMH = 4710mm3) and reduced 

hippocampal volumes bilaterally (2656mm3 and 2858mm3). 

The amyloid PET scan was negative. The tau PET was also negative except for a minimally 

age related increase in the left hippocampus (SUVR = 1.33). 

Microglial PET revealed diffusely increased uptake in the frontal, temporal and parietal 

cortices.  

Given the hippocampal atrophy without increased amyloid, this individual has SNAP and is 

unlikely to be on the AD trajectory. The most notable finding was increased microglial 

activation. This may be related to vascular burden or some other unknown pathology. The 

hippocampal atrophy and vascular disease could be consistent with the newly coined 

pathological condition Cerebral Age-Related TDP-43 and Sclerosis (CARTS), another ‘AD 

mimic’ that has been described in very elderly individuals with cognitive impairment. 225 

Alternatively microglial activation could be related to his symptomatic depression. Major 

depressive disorders are thought to be associated with microglial dysfunction.226, 227 PET 

studies have been reported to show significantly increased TSPO ligand uptake in major 

depressive episodes. 228  
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Figure 7.8 Case 8 - SNAP.  MRI showed hippocampal atrophy and mild 
subcortical disease. Amyloid PET was negative, and tau PET was increased at 
regional level.  Microglial PET revealed diffusely increased uptake across the 
association cortex. The diagnosis is of SNAP, but the differential diagnosis for 
the underlying process is wide. 
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Case 9 - Clinical diagnosis:  MCI.  Biomarker Profile: T+N-I+ (SNAP-I) 

This 78 year old male (APOE ε2ε3) had a short history of episodic memory impairment, 

notably forgetting meetings, appointments and birthdays. His family had commented on 

reduced efficiency at work in the family business. 

MMSE was 24/30. Cognitive tests revealed relatively preserved logical and visual recall but 

impaired word list recall and letter number sequencing. These domains remained impaired but 

stable over two year follow up. 

MRI revealed large ventricular volumes and moderate vascular disease (WMH =52043 mm3). 

Hippocampal volumes were normal at 3544mm3 and 3467mm3. 

Amyloid PET was negative. Tau PET showed increased tracer uptake compared to controls in 

the posterior cingulate cortex at regional level, and the precentral gyrus, superior parietal 

gyrus, lateral part of occipital lobe and posterior cingulate cortex at voxel level. 11C-PBR28 

binding was elevated throughout the association cortex and thalamus. 

The positive tau PET scan, and negative amyloid PET scan suggests that this individual also 

has SNAP. This is another example of tau and microglial activation with cognitive 

impairment, in the absence of amyloid. The microglial activation could be related to moderate 

vascular disease or another neurodegenerative process causing SNAP.  
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Figure 7.9 Case 9  - MCI SNAP.  MRI showed normal hippocampal volumes 
but large ventricular volumes and moderate vascular disease. Amyloid PET was 
negative. Tau PET showed increased uptake, and microglial PET was strongly 
positive. The diagnosis of cognitive impairment, with evidence of 
neurodegeneration in the absence of amyloid deposition is consistent with 
SNAP. 
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Case 10 – Clinical diagnosis: MCI.  Biomarker Profile: A-T-N-I+   

Case 10 is a 63-year-old male (APOE ε3ε3) with a past medical history of asymptomatic 

carotid artery stenosis, treated medically. 

This man reported worsening memory for names and appointments for one year. He 

described frequently forgetting family parties and appointments. MMSE was 27/30. 

Cognitive tests revealed impaired word list recall, and impaired performance in trail making 

test B. His test scores remained stable at 26 months of follow up. 

MRI showed no evidence of vascular disease, and normal hippocampal volumes (3499mm3 

and 3992mm3, WMH volume 1721 mm3). 

Amyloid and tau PET were negative. Microglial PET revealed increased tracer uptake 

throughout the association cortex (frontal, temporal, parietal and occipital cortices) and the 

thalamus.  

The negative amyloid PET, tau PET and normal hippocampal volumes suggest that this 

individual is not on the AD trajectory and is against neurodegeneration. The widespread 

microglial activation could be related to hypoperfusion due to the carotid artery stenosis. 

Mouse studies have shown that carotid artery occlusion and chronic hypoperfusion result in 

microglial proliferation and activation.229-231 Other animal studies have shown that rodents 

with atherosclerotic risk factors (obesity, and those fed an atherogenic diet) had increased 

microglial activation.232  
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Figure 7.10 Case 10 - Aβ-negative MCI. MRI was normal, and amyloid 
and tau PET were negative. Microglial PET was strongly positive across 
the association cortex.  This was a case of cognitive impairment with 
isolated neuroinflammation. Follow up scans in this individual would be 
of interest, to identify whether biomarkers of amyloid or 
neurodegeneration emerge later in the disease course. Cognitive testing 
after two years of follow up was stable. 
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Case 11- Initial clinical diagnosis: AD. Biomarker profile:  A-T-N-I-.  

A 67 year old male (ɛ3ɛ4) presented with progressively worsening episodic and visuospatial 

memory impairment over five years. His main complaint was losing belongings, and getting 

lost when he left his home. 

MMSE was 18/30. Cognitive tests revealed impaired memory encoding, logical and word list 

recall, calculation, verbal and semantic fluency. Visuoconstruction and visual recall were 

markedly impaired. During the study he developed frequent visual hallucinations, and 

suffered from multiple falls. Further questioning revealed a longstanding history of night 

terrors, and well-defined episodes of disorganised speech. Cognitive test scores twelve 

months after initial screening had globally deteriorated with a notable increase in self-

reported anxiety and depression.  

MRI showed minimal vascular disease (WMH volume 5995mm3) and preserved hippocampal 

volumes (3772mm3 and 3821mm3). 

Amyloid, tau, and microglial PET scans were all negative on regional analysis. Voxel level 

analysis revealed a cluster of increased tau signal in the left parietal lobe. 

This man initially presented with a clinical presentation of AD. However, the presentation 

evolved to be more consistent with Dementia with Lewy Bodies (DLB). He fulfilled three 

core clinical criteria for DLB (fluctuations in speech, history of REM sleep behaviour 

disorder and visual hallucinations)233 and therefore a diagnosis of probable DLB was made.  

The preserved hippocampal volumes were also supportive of a diagnosis of DLB.233 Although 

the biomarkers used in this test were negative, this individual had severe symptom 

progression. This highlights a key point that not all neurodegenerative conditions are 

detectable with our available set of imaging biomarkers, and not all ‘biomarker negative’ 

individuals have a benign pathology.  
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Figure 7.11 Case 11 –Probable Dementia with Lewy Bodies. MRI appearances were normal, 
and amyloid, tau and microglial PET were negative.  These findings were initially unexpected 
given the degree of cognitive impairment. However, the clinical scenario evolved during the 
course of the study leading to a likely diagnosis of Dementia with Lewy Bodies 
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Case 12 – Clinical diagnosis: MCI. Biomarker profile: A-T-N-I- 

A 68 year old male (APOE ɛ3ɛ3) complained of subjective episodic memory loss, in 

particular for conversations, which were becoming a daily challenge. 

MMSE was 29/30. He was impaired in word list recall, but had preserved word recognition. 

All other cognitive testing was in the normal range for his age. Follow up testing revealed 

practice effects. 

MRI showed mild small vessel disease, and a cortical thalamic infarct. Hippocampal volumes 

were normal (4162mm3, 4331mm3) and there was minimal microvascular disease (WMH 

2845mm3). 

Amyloid, tau and microglial PET were all negative. However, voxel level analysis of 18F-

flutemetamol compared to controls showed clusters of increased tracer retention in the left 

parahippocampus, fusiform gyrus, superior temporal gyrus, insula, left lateral orbital gyrus 

and inferior frontal gyrus. A previous 18F-FDG-PET scan had revealed hypometabolism in the 

left occipital cortex, which led to a clinical diagnosis of AD.  

His improvement in cognition over time, along with negative biomarkers and normal 

hippocampal volumes indicate that the prognosis is likely to be stable. The sub-threshold 

amyloid detection (voxel level clusters, but not reaching the threshold for regional detection) 

may suggest that he is very early on the AD trajectory. Alternatively the cortical infarct could 

be responsible for his cognitive symptoms and explain the stable course of his symptoms. The 

previously abnormal 18F-FDG-PET could be a consequence of ageing or vascular disease – 

patterns of AD-like hypometabolism have been described in ageing 234, diabetes, and fasting 

hyperglycaemia235-237 and even hypercholesterolaemia,238 although these were not a factor in 

this case. These potential ‘mimics’ highlight the limited specificity of isolated biomarkers in 

making a diagnosis at an individual level. 
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Figure 7.12 Case 12- Aβ-negative MCI. MRI showed mild small vessel disease, 
and a cortical thalamic infarct. Amyloid, tau and microglial PET were all negative 
on regional analysis, but were all positive on voxel level analysis. These findings 
may suggest that the subject is very early on the AD trajectory. The cognitive test 
scores (which remained stable during the course of the study) may have been due 
to the thalamic infarct. Follow up imaging of this individual would be of interest to 
evaluate how the pattern of biomarkers evolves.  
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Discussion 

This is the first PET study to examine amyloid deposition, tau aggregation and microglial 

activation in cognitively impaired individuals on AD and non-AD trajectories.  Imaging 

microglial activation as well as amyloid plaques, tau tangles and neurodegeneration as 

biomarkers, distinct patterns emerged.  

The addition of microglial activation to the standardised A/T/N classification was helpful in 

several ways:  

1) It divided the AD individuals into those with and without microglial activation and 

detected a trend for worse cognition in the AD groups with inflammation.  

2) The presence of inflammation in the majority of the SNAP individuals revealed new 

insights about this pathology.  

3) Its presence in individuals without SNAP or AD led us to consider other biological 

causes of brain inflammation such as psychiatric and vascular disease.  These will be 

discussed further below. 

The role of microglial activation 

Although numbers in this study were small, there was a trend for worse performance in the 

A+T+I+ group compared to the A+T+ group (lower scores in MMSE, logical memory, 

semantic fluency, verbal fluency and word list recognition). In addition, the A+T+I+ group 

had a trend towards higher anxiety and depression scores, lower hippocampal volumes and 

higher composite cortical 18F-flutemetamol and 18F-AV1451 scores. This suggests that 

microglial activation may cause more aggressive disease when present in AD.  

Notably, the interactions between microglial activation and both tau and amyloid had 

independent effects on performance of the delayed visual memory, logical memory and word 

list recall - some of the hallmark cognitive deficits in AD. These interactions suggest that the 

processes work synergistically, possibly precipitating pathology. In vitro studies have shown 

that protein aggregation can cause a vicious cycle– microglial cells become activated in 

response to amyloid39 and tau aggregation.40 In response, the pro-inflammatory products of 

activated microglia then induce further tau hyperphosphorylation217, 219, 220, 239 and propagate 

disease progression.55 Studies have shown that activated microglia can upregulate β-amyloid 

and tau production.56 This may explain the fact that when both microglial activation and 

protein aggregation are present, they interact to promote neurodegeneration and is in line with 
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previous findings which show that the presence of activated microglia is associated with 

poorer cognition in AD.132, 134 44  

Microglial activation and disease heterogeneity 

The numbers in this study were too small to determine whether different patterns of 

microglial activation may be responsible for the disease heterogeneity in our cohort. 

However, microglial activation was present across a wide range of our individuals – from 

those positive for A+T+N+I+, to isolated microglial activation in an otherwise biomarker-

negative individual. It was also present in non-AD individuals. Accordingly, microglial 

activation could be responsible for the presentations of SNAP cases if it causes 

neurodegeneration in the absence of significant amyloid and tau aggregation. Follow up of 

these individuals is necessary to identify whether they develop downstream features of AD or 

other neurodegenerative conditions. In addition, microglial activation could contribute to the 

variability of AD cases – for example our Case 6 where there was relatively little amyloid but 

considerable tau aggregation and microglial activation. It is conceivable in that case that the 

microglial activation promoted the tau aggregation and disease progression. Microglial 

activation was not responsible for heterogeneity in Case 5, however, where the discordance 

between tau aggregation and cognitive profile is more likely to be explained by 

cerebrovascular disease, TDP43, Lewy bodies or Argyrophilic Grain Disease. 

Microglial activation in SNAP and non-AD individuals 

75% of our SNAP individuals had microglial activation. Although this was associated with 

impaired cognitive testing at baseline, all of these individuals remained stable on follow up. 

The significant interaction between microglial activation and protein aggregation, rather than 

the effects of microglial activation alone favours the detrimental effects arising when these 

processes occur together rather than microglial activation alone is present. This could explain 

the more stable cognitive tests in the individuals with microglial activation alone, although 

larger numbers are needed to test this hypothesis. 

Microglial activation is a component of other pathologies such as frontotemporal dementia,240 

dementia with Lewy bodies, and Parkinson’s disease.241 However, little research is available 

concerning how microglial activation contributes to pathologies such as TDP43, hippocampal 

sclerosis of ageing, and argyrophilic grain disease. Examining these processes and their 

interactions with inflammation may shed further light on the effects of mixed disease. 
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Heterogeneity in the diagnosis of AD and mixed pathologies 

Microglial activation is unlikely to be responsible for all of the discordance in the clinical and 

biomarker profiles in the cohort. Another reason for variability is the prevalence of other 

pathologies in the ageing brain that are not always detectable on imaging. For example, in 

cohort studies of clinically probable AD, 46% will have mixed pathologies – most commonly 

AD combined with cerebrovascular disease but also with Lewy bodies.242 While 54% of MCI 

individuals have confirmed AD neuropathological changes, 19% have mixed changes.242 

Other studies show that ‘pure’ AD changes on histopathology are rare – in an MCI follow up 

study only 22% of MCI individuals had pure AD neuropathological changes at autopsy.243 

This reflects a lifetime of ‘hits’ and insults in the older brain – including cerebrovascular 

disease, TDP43 and hippocampal sclerosis, Lewy body disease and argyrophilic grain 

disease. Each extra pathology can lower the cognitive threshold at which symptoms develop - 

this may explain why some of our cases had severe cognitive impairment without significant 

tau pathology.97 

Our findings in the SNAP group were also in line with previous findings – 75% were 

APOEε2 carriers, and cognitive scores and hippocampal volumes were intermediate between 

AD and biomarker negative individuals. In the MCI autopsy study described above, the 

commonest causes of SNAP were primary age-related tauopathy, cerebrovascular disease and 

hippocampal sclerosis.243 Additionally, the commonest pathology in MCI individuals without 

AD changes was cerebrovascular disease.243 This is line with increased WMH volume in the 

SNAP group, and provides an intriguing avenue for larger study, as this study is not powered 

to address this question. 

A challenge in this area is the lack of reliable imaging biomarkers in other neurodegenerative 

conditions. The precision and relevance of vascular biomarkers is debated, and reliable 

markers of α-synucleinopathy, TDP43 aggregation, and AGD have not yet been developed 

Vascular disease 

White matter hypointensity (WMH) volume was used as a surrogate marker of vascular 

disease in this study. However, there are multiple vascular biomarkers - macroscopic infarcts, 

microscopic infarcts, lacunar infarcts, haemorrhages, cerebral amyloid angiopathy, 

intracranial atherosclerosis and arteriosclerosis244 which may be detectable on autopsy but not 

imaging. 
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Microglial activation is well recognised as a subacute response to stroke.245, 246 Less evidence 

exists about its link with small vessel disease, but mouse models have shown that increasing 

cerebral hypoperfusion results in disruption of myelinated neurons and increasing numbers of 

activated microglial cells.229 Human studies have shown microgliosis in human brains with 

increasing severity from healthy controls through to severe dementia. Interestingly, in 

severely affected AD individuals, the microgliosis is associated with increased levels of 

laminin, fibrinogen and the pro-angiogenic Vascular Endothelial Growth Factor (VGEF) 

indicating a role for microglial induced vascular remodelling in AD.247 

Microglial activation was present in three of the four (75%) of the SNAP cases, all of which 

had some degree of visible small vessel disease on T2-weighted MRI. In the whole cohort 

there was no correlation between WMH burden and microglial activation, but the microglial 

activation could reflect vascular disease, and is an avenue of future work and a larger cohort. 

Lessons learned from individual cases 

Our case based discussion revealed important points for future consideration: Firstly, the 

imaging biomarkers currently available can be of limited utility in individual cases. Case 5, 

with a negative biomarker profile, had an evolving clinical picture compatible with DLB but 

this was not captured on the initial screening assessment or the biomarker tests used in this 

study. Case 7, with a clinical picture of semantic dementia, had a patchy and inconsistent 

biomarker profile most likely reflecting an alternative neurodegenerative process to 

Alzheimer’s disease. Case 12 had had a previously abnormal FDG-PET scan and been 

diagnosed with AD, but was negative on imaging for both amyloid and tau.  Careful clinical 

evaluation is essential alongside the use of imaging biomarkers. 

Secondly, microglial activation in individuals without major comorbidity or recognisable 

brain pathology could suggest that microglial activation (or expression of TSPO which binds 
11C-PBR28) can be induced by other factors, for example, psychiatric disorders, 

hypoperfusion, or possibly systemic inflammation.  

Finally, in studies of older individuals, it is essential to consider multiple senile processes, 

which may result in inconsistent clinical profiles and biomarker expression. 

Limitations 

This work should be interpreted with caution. Firstly, the numbers involved in the study are 

small particularly after accounting for biomarker profile. As a result, this data is not powered 
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to address the questions set out in the introduction. Although the trends described here are 

intriguing, the study needs to be replicated on a larger scale, along with follow up cognitive 

tests and ideally histopathological confirmation.  

Secondly, the disease groups were significantly older than the control group. However, one 

advantage of this is the low level of AD pathology in the controls, resulting in a ‘pure’ subset 

of control individuals in comparison with the older individuals with more advanced disease. 

However, when examining correlations with cognitive tests, statistical tests were adjusted for 

age. 

Third, PET biomarkers may not be sensitive to low levels of pathology. For example, 18F-

flutemetamol only reliably detects amyloid plaque deposition in its more advanced stages 

(Thal 3-5), and can miss earlier stage disease.107 Thus, the earliest AD cases may be 

incorrectly ascribed to non-AD pathology. Furthermore, 11C-PBR28 has limitations as a 

radiotracer being influenced by the TSPO polymorphism expressed, showing only moderate 

test-retest reliability, and uptake is highly variability across healthy controls.138, 139 

A relative strength of the study is that our individuals were well characterised with a full 

battery of neuropsychological tests as well as 3T MRI, and a multiple tracer protocol. 

Conclusion 

To conclude, in this chapter I have evaluated cognitively impaired individuals with PET 

biomarkers of amyloid deposition, tau aggregation and microglial activation. Specific 

biomarker profiles for those on AD and non-AD trajectories emerged. There was a trend for 

more impaired cognition and brain atrophy in AD individuals with microglial activation 

compared to those without. Those cognitively impaired individuals without amyloid (SNAP) 

also showed microglial activation. Our work suggests that imaging microglial activation is a 

useful biomarker to profile and follow individuals on the AD and non-AD trajectory as it 

predicts a worse outcome. This is useful in the older population, where multiple mixed 

pathologies can exist. Evaluating microglial activation in these individuals is valuable to shed 

light on the disease, the diagnosis and the prognosis for each individual patient. 
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Final conclusions 
 

In this study, I set out to acquire and scan a cohort of individuals with MCI and AD, and to 

examine levels of amyloid deposition, tau aggregation and microglial activation.  My overall 

research aim was to examine the role of microglial activation in MCI and AD and how it 

interacts with amyloid deposition and tau aggregation. I also wanted to clarify whether PET 

measures of the three processes would correlate with cognitive test scores. 

The principal findings of this study: 

The main findings in this thesis were that: 

1) Aβ deposition and tau aggregation are significantly increased in vivo in many MCI 

and most AD individuals with clinical impression as the standard of truth. 

2) Microglial activation as detected by 11C-PBR28 PET is significantly increased in Aβ-

positive MCI individuals compared to controls (at voxel level). This is a novel finding 

having not been identified previously. While there was no significant difference 

between AD and controls, six out of fourteen (43%) of AD individuals had 

significantly increased binding compared to the control mean + 2 standard deviations. 

3) In these ‘microglial positive’ individuals, clusters of increased binding were present in 

the temporal lobe in MCI and diffusely spread across association cortex in AD. 

4) Levels of amyloid deposition, tau aggregation and microglial activation all correlated 

with impaired cognitive test scores. 

5) Individuals who were Aβ-negative on regional analysis showed variable patterns of 

increased microglial activation and tau aggregation, suggesting that these individuals 

may either be early on their disease trajectory or have other neurodegenerative 

conditions. 

6) Microglial activation was associated with protein aggregation in both MCI and AD 

groups. These correlations were stronger between tau aggregation and microglial 

activation, and stronger in AD than MCI, suggesting that inflammation and tau 

aggregation increase together as the disease progresses. In contrast, amyloid and 

microglial activation were stronger in MCI than AD, in line with plateauing of 

amyloid deposition as disease progresses. There were also distant regional correlations 

between levels of tau aggregation and microglial activation, possibly suggesting 

neural communication between these regions. 
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7) Amyloid deposition and tau aggregation are correlated both locally (at a voxel level) 

and distantly (at a regional level). Tau aggregation in the medial temporal lobe 

structures correlated with amyloid deposition in the isocortex, compatible with 

pathological transmission along neuronal connections. 

8) Applying the ‘A/T/N/I’ classification was useful on an individual basis, allowing 

further in-depth characterisation of each individual’s biomarker profile. 

9)  ‘Microglial positive’, ‘amyloid positive’ and ‘tau positive’ status are independently 

associated with poorer performance on cognitive tests, as well as the interaction 

between them. 

 

Novel findings in this study and their implications 

The three processes of amyloid deposition, tau aggregation and microglial activation have not 

been studied together in living individuals using PET imaging. The highly significant 

correlations between microglial activation and abnormal protein aggregation in both MCI and 

AD are novel findings, and are important in considering the underlying pathophysiology of 

the disease.  The fact that microglial activation increases with tau aggregation suggests that it 

may have a role in disease propagation in established disease. The ‘tau-microglial’ 

interaction, discussed earlier in the thesis (in Chapter 6) may be responsible for the rapid 

deterioration of individuals with AD dementia. As such, targeting microglial activation may 

halt progression even in individuals with AD pathology. This has already been seen in mice49. 

Better still, targeting both microglial activation and protein aggregation in a two or three-

pronged attack may be more effective. There were also individuals in this dataset who had 

minimal Aβ and tau aggregation – that is, they had negative binding on regional analysis, but 

were positive on voxel level analysis. These individuals may be early on the disease 

trajectory, and the strong microglial signals in these individuals are interesting. This study is 

under-powered to definitively address this but it is possible that the microglial activation seen 

in these individuals may actually have led to protein aggregation, initiating a vicious cycle.56 

Using all three PET biomarkers (amyloid status, tau status, microglial status) and 

neurodegeneration status, the A/T/N/I classification can be used to describe each individual 

and follow the trajectories. Our cohort was underpowered to detect clinically significant 

differences in biomarker status, but provides a useful framework for larger study. 
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The main limitations of the overall study 

The limitations of the study have been highlighted in previous chapter, and are mentioned 

briefly below.  

Firstly, the healthy control group who had 18F-flutemetamol and 11C-PBR28 PET were 

significantly younger than the disease groups. This should be considered when interpreting 

the data, because microglial activation increases with age.156 As mentioned previously, 

however, an advantage of this is the relatively ‘pure’ control dataset, who were all Aβ 

negative, providing a useful reference with which to compare the disease cases. 

Secondly, there were other limitations in cohort recruitment. Although attempts were made to 

generalize enrolment from a variety of sources, the majority of participants were either 

responding to media advertisements or from the ‘Join Dementia Research’ website. As a 

result, this limits the dataset to a subset of highly motivated and interested individuals. The 

proportion of Black and Minority Ethnic groups was small, again limiting generalisability of 

the results to the population. 

Thirdly, due to restrictions in scan slot times and participant availability, there were time 

delays between scans. This may impact the validity of results, particularly when considering 

tracer correlations.  

Fourthly, the group comparisons of the 11C-PBR28 binding values were unexpected. There 

was no significant difference between the AD and healthy control group, possibly reflecting 

variability in TSPO expression amongst individuals. Another possibility is that the study is 

under-powered to detect differences – after accounting for cognitive status, binding affinity 

status and amyloid status, the group sizes were small. Accordingly, the results from the 

correlations between tracers should be interpreted with caution. 

Finally, the quality of the data is partly limited by the quality of tracers. 18F-flutemetamol 

misses early cases of amyloid deposition. 107 18F-AV1451 is a relatively new tracer and the 

full characteristics are only partly understood. The kinetics and binding qualities of 11C-

PBR28 are not fully understood and are currently under active investigation. 

Future directions for this project 

This study has generated multiple avenues of further investigation.  

Firstly, increasing the power of the study to detect significant differences between groups in 
11C-PBR28 binding is required.  



	

170	

Secondly, this study evaluated spatial relationships only, and longitudinal follow up is 

essential. A further facet to the longitudinal imaging would be the opportunity to follow the 

cohort clinically to identify those that develop delirium. Although there may be some 

practical considerations to PET imaging at that point, (such as obtaining informed consent, 

and ensuring the patients are stable to endure a PET scan) it would be valuable to evaluate 

changes in microglial activation in vivo and how they impact clinical progression.  

Thirdly, most of the individuals in the cohort have had follow-up cognitive testing, depending 

on the stage in the study when they enrolled. Full cognitive follow up in all individuals will 

allow us to identify predictor variables from the existing data to identify the individuals at 

highest risk of decline. 

Aβ negative subjects 

The Aβ-negative and SNAP individuals are of particular interest with regard to longitudinal 

evaluation, as follow up scanning would identify the sequence of pathological processes in 

these subjects. Evaluating temporal changes in tau aggregation and microglial activation, as 

well as patterns of distribution, may identify other underlying neurodegenerative diseases, or 

may show a switch to AD-trajectory. In particular more comprehensive neuropsychometric 

testing would be of interest to evaluate frontal, language or psychiatric components to the 

disease. In selected patients (such as Case 7, in Chapter 7) I would consider further genetic 

tests such as progranulin mutation and C9orf mutation.  

In the subjects with sub-threshold amyloid and tau deposition (such as those with voxel level 

uptake, but not seen on regional analysis) comparison with CSF amyloid and tau would 

provide further information about whether they are on the AD trajectory. Finally, an 

interesting avenue of further work in this group would be a more detailed assessment of the 

vascular burden and its interaction with each process. 

Subjective Cognitive Impairment 

Another group of individuals to enrol are the group with Subjective Cognitive Impairment, 

who were initially excluded due to the lack of objective cognitive deficit on 

neuropsychological deficit, to identify early patterns of microglial activation or protein 

aggregation at very early stages of the disease. 

Healthy controls 
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I would also examine the healthy controls in more detail, with more detailed 

neuropsychometric testing designed to detect subtle and early cognitive changes. If the cohort 

was big enough, I would divide them into Preclinical AD Stages 1,2, and 3 (all of the 

individuals in my cohort were Preclinical Stage 0 or 1). Ideally I would perform serial 11C-

PBR PET scans on these individuals every 6-12 months, along with detailed cognitive testing. 

This would give more information about the spatial distributions and patterns of microglial 

activation in healthy older age, and may highlight reasons for the high variability seen with 

the tracer. Additionally, analysing correlations between the three processes in healthy older 

age would be vital for comparison with MCI and AD subjects. Additionally, if resources 

allowed, I would enrol a group of healthy younger control subjects in their 3rd or 4th decade. 

This would enable comparisons with older controls, and would also allow to us analyse 

correlations between the different processes in the older controls.  This may give vital 

information about where and in whom the pathological processes start. 

Further evaluation of neurodegeneration and the ageing brain 

Thirdly, the addition of 18F-FDG PET would have been valuable to examine the correlations 

between hypometabolism, microglial activation and tau aggregation. Other biomarkers of 

synaptic impairment, such as CSF SNAP-25 levels, may also be of value. These extra 

neurodegenerative biomarkers may give further information about individuals at risk of 

further deterioration.  

Further evaluation of 11C-PBR28 and microglial activation 

CSF examination can yield information about neuroinflammation and allow further 

comparison with PET scans. However, in practice, the majority of participants to date have 

declined this test. Other biomarkers of inflammation in AD include CSF and serum cytokines, 

and astrocyte PET: comparing these findings to our 11C-PBR28 PET results could clarify 

some of the variability seen in this study. Another possible method of evaluating the 

performance of 11C-PBR28 would be to perform 11C-PK11195 PET simultaneously in the 

same cohort, and compare differences in binding patterns and variability.  

Additionally, to investigate the behaviour of microglial activation in more detail, I would 

examine the relationship between 11C-PBR28 binding and white matter integrity and 

functional connectivity. Further, I would correlate 11C-PBR28 binding with myo-inositol, a 

marker of microglial activation on MR spectroscopy. 248 
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Finally, autoradiographic validation is required (no studies to date have examined 

autoradiographic findings with 11C-PBR28 PET). Histopathological confirmation is required 

to confirm PET findings, and ideally this would happen on this same cohort of patients. This 

would be particularly valuable in determining the proportion of other senile pathologies 

(TDP43, Lewy Body Disease, Argyrophilic Grain Disease, vascular disease) present.  

Lessons learned, and retrospective considerations for running the study 

If I could perform the study again I would run a protocol to scan all subjects over a week to 

ensure that time between scans is minimized. This would also mean that cognitive tests, blood 

tests and CSF (if applicable) could be collected over a short time span, and would result in a 

shorter period of involvement for the participant. Another solution to this challenge could 

have been a period at the start of the study dedicated to screening and recruitment, to enable a 

more streamlined scanning schedule for the participants. This would allow more careful 

planning to ensure that the groups were matched for age. 

Regarding neuropsychometric testing I would not use MMSE scores as cut-offs between 

groups, as this is a crude marker of cognitive status. Instead I would consider using a 

composite Z-score of the delayed visual and word list recall. If larger numbers were possible, 

then I would have ideally divided the MCI group into ‘early’ and ‘late’ stages. 

In addition, the exclusion of ‘significant small vessel disease’ in the study protocol was 

subjective, and in practice it was difficult to ensure consistency. In future I would amend the 

protocol to calculate Fazekas score 249 with an independent observer, and exclude those with 

Fazekas Stage 3, or I would generate an exclusion threshold of White Matter Hypointensity 

volume on MRI. 

Overall, my major learning points included the importance of an early planning strategy, 

particularly at the start of the project to allow for matching the groups for age and education. 

By the time I realized that the groups were not matched for age, a large proportion of the 

participants had been enrolled. 

Final conclusions 

To conclude, this is the first PET study to examine levels of amyloid deposition, tau 

aggregation and microglial activation in a large cohort of well-characterized individuals with 

MCI and AD. The principal findings of the study were the strong highly significant 

correlations between microglial activation and abnormal protein aggregation in MCI and AD, 
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suggesting that the processes continue to increase across the brain as disease progresses. The 

findings in this study suggest that any future therapeutic strategy should target all three 

processes. 
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Appendix 1: Evaluating Amyloid deposition using 18F-flutemetamol 
 

Table A1.1 -Demographics of the individuals who had 18F-flutemetamol PET. Values are 
mean (standard deviation). Group comparisons were performed using Kruskal-Wallis test, 
where * indicates p<0.05, and ** indicates p<0.01. Both MCI and AD group were 
significantly more impaired on cognitive testing than the controls. 

 

 Controls (n=19) MCI (n=39) AD |(n=19) 

Age 64.9(8.79) 70.0(8.40) 73.65(6.63)** 

Years education 13.22(3.19) 13.48(2.86) 13.55(2.87) 

MMSE 29.41(1.06) 27.78(1.91) 22(3.59)** 

Visual delayed recall 18.18(7.12) 12.14(6.70)* 4.69(5.88)** 

Logical delayed 

recall 

27.53(5.77) 13.60(6.75)** 4.00(5.31)** 

Word list delayed 

recall 

10.21(2.04) 5.17(3.71)** 1.29(1.72)** 

Hopkins recognition 

index 

11.27(1.03) 8.50(3.02)** 4.35(3.67)** 

Semantic fluency 20.73(5.99) 15.94(4.52)* 10.12(6.04)** 

Verbal fluency 49.60(10.45) 37.61(13.78)* 31.23(15.15)** 

Digit span 19.07(3.33) 17.18(5.83) 13.06(4.81)** 

Letter number 

sequencing 

10.79(3.17) 7.26(3.67)** 4.44(3.39)** 

Trail-making A 35.24(10.83) 50.37(26.05) 108.13(109.11)** 

Trail-making B 74.13(23.00) 142.10(83.80)** 162.18(62.20)** 

Right hippocampal 

volume (mm3) 

3860(407) 3543(752) 2875(544)** 
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Left hippocampal 

volume (mm3) 

3745(333) 3391 (603)* 2759(439)** 

White matter 

hypointensity 

volume (mm3) 

2161(1208) 4374(8298) 7067(7108) 

 

Table A2.2 - Correlations between regional binding and cognitive tests (in the Aβ-positive 

MCI and AD group). Spearman rho statistic was used to examine correlations. Only positive 

binders were included in correlation analyses. Higher binding correlated with lower scores in 

MMSE and delayed logical recall. 

	

Cognitive test Region Correlation p-value 

MMSE Posterior cingulate 

cortex 

-0.35 0.04 

Parietal lobe -0.41 0.02 

Weschler logical 

delayed recall 

Parietal lobe -0.38 0.03 

 

Table A3.3 - Correlations between voxel-level binding and impaired cognitive tests (in the 

Aβ positive MCI and AD individuals). Correlation analyses included positive binders only. 

Correlations were performed using multiple regression in SPM. Binding correlated with 

impaired performance in MMSE, word list recall, visual recall and Trail-Making test. Higher 

binding also correlated with reduced hippocampal volume. 

Cognitive 

test 

Region Z-score R 

coeffici

ent 

p-value Cluster size 

MMSE Right posterior cingulate cortex 6 -41 35 3.34 <0.01 218221 

Right inferolateral part of 47 -34 3.28 
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parietal lobe 32 

Left posterior cingulate -7 -40 27 3.19 

Left postcentral gyrus -45 -12 

22 

3.06 

Left posterior orbital gyrus -26 22 -

21 

3.02 

Right superior temporal gyrus 

posterior part 

49 -4 -5 2.96 <0.01 32406 

Right superior temporal gyrus 

anterior part 

52 7 -12 2.91 

Right middle and inferior 

temporal gyrus 

65 -17 -

15 

2.76 

Hopkins 

delayed 

word list 

recall 

Left superior parietal gyrus -23 -51 

38 

3.51 0.01 14683 

Left inferolateral part of 

parietal lobe 

-31 -38 

27 

3.04 

Left cuneus -21 -67 5 2.56 

Left postcentral gyrus -30 -33 

48 

2.20 

Hopkins 

delayed 

word list 

recall 

Right inferolateral part of 

parietal lobe 

41 -31 

27 

3.10 <0.01 33373 

Right posterior temporal lobe 56 -32 -2 3.01 

Right middle and inferior and 

temporal gyrus 

56 -27 -6 2.98 

Right postcentral gyrus 59 -12 

16 

2.26 

Right insula 43 -6 -1 2.24 
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Hopkins 

delayed 

word list 

recall 

Left superior temporal gyrus 

posterior part 

-54 -21 -

1 

3.07 <0.01 44429 

Left middle and inferior 

temporal gyrus 

-56 -18 -

23 

2.72 

Left posterior temporal lobe -53 -44 

13 

2.69 

Hopkins 

delayed 

word list 

recall 

Right superior parietal gyrus 15 -46 

34 

2.54 

Right posterior temporal lobe 11 -47 3 2.44 

Corpus callosum -2 -36 19 2.42 

Rey delayed 

visual recall 

Left anterior temporal lobe 

lateral part 

-51 0 -28 3.43 <0.01 164897 

Right anterior temporal lobe 

medial part 

21 13 -

39 

3.37 

Left anterior temporal lobe 

medial part 

-27 17 -

42 

3.28 

Left anterior orbital gyrus -19 36 -

24 

3.10 

Right straight gyrus 3 19 -25 3.07 

Left parahippocampus -26 -3 -

38 

3.07 

Trail making 

A 

Left superior frontal gyrus -22 -6 65 3.58 <0.01 173987 

Right superior frontal gyrus 27 19 63 3.57 

Left superior parietal gyrus -11 -72 

32 

3.50 

Left postcentral gyrus -24 -30 

62 

3.45 
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Left 

hippocampal 

volume 

(mm3) 

Left superior parietal gyrus -29 -36 

42 

3.25 0.01 19574 

Left posterior temporal lobe 46 -36 5 3.16 

Left postcentral gyrus -45 -14 

21 

2.96 

Left inferolateral part of 

parietal lobe 

-43 -31 

28 

2.68 

Left superior temporal gyrus 

posterior part 

-56 -31 

14 

2.31 

Left middle and inferior 

temporal gyrus 

-49 -29 -

9 

2.16 

Right 

hippocampal 

volume 

(mm3) 

Left middle frontal gyrus -22 32 

40 

3.43 <0.01 38597 

Left superior parietal gyrus -31 -37 

47 

3.35 

Left postcentral gyrus -33 -36 

51 

3.22 

Left superior frontal gyrus -24 34 

45 

3.21 

Left precentral gyrus -53 -8 46 2.83 

Right precentral gyrus 17 -16 

64 

3.26 0.04 12097 

Right inferolateral part of 

parietal lobe 

47 -37 

29 

2.93 

Right postcentral gyrus 26 -29 

49 

2.5 

Right superior parietal gyrus 19 -60 2.28 
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44 

Right superior frontal gyrus 11 -2 63 2.05 

Left middle frontal gyrus -53 26 

31 

2.70 16361 

Left insula -28 9 -12 2.67  

Left posterior orbital gyrus -25 13 -

20 

2.43  
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Appendix 2: Evaluating tau aggregation in MCI and AD using 18F-AV1451 
 

Table A2.1-Demographic data for the cohort. Group comparisons were performed using 

Kruskal-Wallis test, and * indicates p<0.05 and ** indicates p<0.01. The Aβ-positive MCI and 

AD groups were significantly more impaired on cognitive testing than the controls and Aβ-

negative MCI group. 

 HC (n=8) Aβ –ve MCI 

(n=11) 

Aβ+ve MCI 

(n=14) 

AD (n=15) Aβ-ve ‘AD’ 

(n=3) 

Age 67.5(9.86) 68.10(6.55) 75.3(5.77) 73.5(7.31) 76.7(6.10) 

Years education 13(2.71) 12.22(2.44) 13.86(3.21) 14.07(2.87) 11.33(1.53) 

Gender male 2 8 10 9 3 

MMSE 29.29(1.25) 26.45(1.69) 28.29(1.27) 21.87(3.58)** 
20.67(2.31)** 

Delayed visual 

recall (total = 

36) 

19.80(5.76) 18.00(4.64) 9.93(7.19) 3.67(5.59)* 8.33(7.75) 

Delayed logical 

memory 

(total=50) 

26.71(7.04) 14.54(6.02) 11.11(6.32)* 4.46(5.99)** 2.33(2.08)** 

Delayed word 

list recall (total 

= 12) 

10.43(2.51) 5.91(3.65) 2.79(2.45)** 1.46(1.90)** 0.33(0.58)** 

Word list 

recognition 

(total = 12) 

11.43(1.13) 8.45(3.17) 7.71(2.97) 4.54(3.43)** 1.33(1.15)** 

Semantic 

fluency 

17.57(4.20) 17.18(5.53) 14.36(3.95) 11.85(5.43) 3.00(4.36)* 

Verbal fluency 50.86(12.55) 29.82(8.40)* 40.14(10.44) 34.08(14.85) 15.33(4.93)** 

Anxiety 6.29(3.99) 8.70(5.83) 5.77(2.98) 7.75(4.49) 7/00(5.29) 
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Depression 4.71(4.07) 8.00(5.03) 4.00(2.68) 4.67(4.07) 9.00(7.21) 

Digit span 

(total=30) 

18.86(3.24) 14.11(4.23) 18.86(6.96) 13.46(4.72) 0.67(4.62) 

Letter number 

sequencing 

(total=20) 

10.71(3.35) 5.89(3.14) 7.79(3.31) 4.61(3.48)* 2.00(2.83) 

Trails A 38.51(10.10) 55.20(26.00) 58.36(30.52) 112.82(125)* 113.00(53.20) 

Trails B 78.43(12.23) 133.44(41.35) 179.86(109.13)* 165.33(69.11) 144.00* 

Left 

hippocampal 

volume (mm3) 

3670(322) 3649(276) 3127(724) 2726(420)** 3073(609) 

Right 

hippocampal 

volume (mm3) 

3757(407) 3774(401) 3182(984) 2794(550)** 3342(481) 

White matter 

hypointensity 

(mm3) 

2174(767) 7257(14929) 3883(3327) 6799(8221) 7159(3195) 

APOEɛ4 carrier 1/8 2/11 10/14 10/15 1/3 

APOEɛ2 carrier 1/8 2/11 0/14 0/15 1/3 

 

 

Table A2.2 - Logan graphical analysis values for 18F-AV1451. Values are mean (standard 

deviation). Group comparisons were performed using the Kruskal-Wallis test and * indicates 

p<0.05 and ** indicates p<0.01. 

Region HC (n=6) Aβ-ve MCI 
(n=9) 

Aβ+ve 
MCI (n=9) 

AD (n=12) Aβ-ve AD 
(n=2) 

Hippocampus 1.06(0.18) 1.02(0.07) 1.22(0.09) 1.20(0.18) 1.04(0.07) 

Parahippocampus 0.95(0.06) 0.68(0.69) 1.10(0.16) 1.20(0.15)* 0.96(0.03) 

Fusiform gyrus 1.04(0.12) 0.97(0.06) 1.11(0.12) 1.32(0.19)* 1.06(0.00) 
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Amygdala 0.99(0.07) 0.97(0.08) 1.13(0.15) 1.26(0.17)** 1.05(0.00) 

Anterior 
cingulate cortex 

1.00(0.05) 1.01(0.06) 1.03(0.10) 1.14(0.22) 0.98(0.03) 

Posterior 
cingulate cortex 

1.06(0.04) 1.08(0.07) 1.12(0.15) 1.32(0.31) 1.09(0.04) 

Temporal lobe 1.02(0.05) 1.00(0.04) 1.11(0.11) 1.33(0.20)* 1.02(0.00) 

Frontal lobe 0.97(0.06) 0.95(0.05) 1.04(0.16) 1.12(0.15) 0.94(0.00) 

Parietal lobe 0.98(0.06) 0.97(0.05) 1.04(0.13) 1.24(0.28) 0.97(0.05) 

Occipital lobe 1.03(0.04) 1.03(0.04) 1.10(0.08) 1.31(0.30) 1.01(0.05) 

Striatum 1.12(0.15) 1.08(0.11) 1.20(0.11) 1.21(0.14) 1.13(0.01) 

Thalamus 1.11(0.12) 1.07(0.08) 1.14(0.07) 1.09(0.11) 1.03(0.02) 

Cerebellum 1.00(0.01) 1.00(0.01) 1.00(0.01) 1.00(0.01) 1.00(0.00) 

 

Table A2.3 – Simplified reference tissue model binding potential values for 18F-AV1451 

Values are mean (standard deviation). Groups comparisons were performed using the  

Kruskal-Wallis test where * indicates p<0.05 and ** indicates p<0.01. 

Region HC (n=6) Aβ-ve MCI 
(n=9) 

Aβ+ve 
MCI (n=9) 

AD (n=12) AD (Aβ-ve) 
(n=2) 

Hippocampus 0.05(0.10) 0.004(0.08) 0.16(0.07) 0.12(0.15) 0.004(0.08) 

Amygdala -0.03(0.06) -0.05(0.07) 0.10(0.13) 0.13(0.13) 0.007(0.04) 

Parahippocampus -0.06(0.09) -0.08(0.06) 0.01(0.09) 0.07(0.11) -0.09(0.05) 

Fusiform gyrus -0.03(0.05) -0.02(0.08) 0.07(0.10) 0.16(0.13)* -0.00(0.05) 

Anterior cingulate  -0.05(0.11) 0.004 (0.06) 0.01(0.10) 0.047(0.09) -0.03(0.04) 

Posterior 
cingulate  

0.05(0.04) 0.07(0.07) 0.12(0.13) 0.23(0.13) 0.08(0.04) 

Temporal lobe -0.10(0.30) 0.01(0.07) 0.07(0.08) 0.19(0.13)* 0.0024(0.02) 

Frontal lobe -0.03(0.07) -0.05(0.05) -0.08(0.29) 0.08(0.11) 0.04(0.17) 

Parietal lobe 0.005(0.07) -0.02(0.042) 0.01(0.12) 0.16(0.20) -0.03(0.05) 

Occipital lobe 0.03(0.04) 0.03(0.05) 0.11(0.07) 0.19(0.19) 0.005(0.05) 

Striatum 0.15(0.13) 0.09(0.07) 0.06(0.43) 0.20(0.12) 0.12(0.01) 

Thalamus 0.12(0.09) 0.11(0.04) 0.07(0.22) 0.11(0.09) -0.19(0.38) 



	

202	

Cerebellum -0.01(0.01) -0.004(0.01) -0.005(0.02) -0.01(0.14) -0.01(0.001) 

 

Table A2.4 - Correlations between Logan graphical analysis and SUVR values for 18F-

AV1451 Correlations were examined using the Spearman rho statistic. 

Region R correlation 

coefficient 

p-value 

Hippocampus 0.93 <0.01 

Amygdala 0.90 <0.01 

Parahippocampus 0.94 <0.01 

Fusiform gyrus 0.90 <0.01 

Anterior cingulate cortex 0.80 <0.01 

Posterior cingulate 
cortex 

0.70 <0.01 

Temporal lobe 0.78 <0.01 

Parietal lobe 0.67 <0.01 

Occipital lobe 0.77 <0.01 

Striatum 0.84 <0.01 

 

Table A2.5 - Correlations between SRTM BP and SUVR values for 18F-AV1451 

Correlations were performed using the Spearman rho statistic. 

Region R 
correlation 
coefficient 

p-value 

Hippocampus 0.93 <0.01 

Amygdala 0.90 <0.01 

Parahippocampus 0.94 <0.01 

Fusiform gyrus 0.90 <0.01 

Anterior cingulate 0.80 <0.01 

Posterior cingulate 0.70 <0.01 

Temporal lobe 0.78 <0.01 

Frontal lobe 0.77 <0.01 
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Parietal lobe 0.67 <0.01 

Occipital lobe 0.77 <0.01 

Striatum 0.84 <0.01 

Thalamus 0.82 <0.01 

Table A2.6 – Clusters of voxel level increased uptake of 18F-AV1451 in each individual 

compared to the control group. Comparisons with the control group were performed using 

independent t-test in SPM, with a threshold of significance of p<0.05 and an extent threshold 

of 500 voxels. 

Region MNI 
coordinates 

Z-score Cluster sixe p-value 

AD1 

Left posterior 
temporal lobe 

-51 -44 7 6.01 <0.01 572923 

Left middle and 
inferior temporal 
gyrus 

-64 -24 -6 5.86 

Left posterior 
cingulate cortex 

-2 -40 26 5.85 

Left superior 
temporal gyrus 
posterior part 

-64 -28 5 5.81 

Right posterior 
temporal lobe 

54 -37 -4 5.78 

Right superior 
parietal gyrus 

2 -50 17 5.76 

Right middle and 
inferior temporal 
gyrus 

66 -20 -21 5.69 

AD2 

Left middle and 
inferior temporal 
gyrus 

-63 -14 -25 6.14 <0.01 291873 

Left superior 
temporal gyrus 
posterior part 

-64 -29 5 5.44 
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Left posterior 
temporal lobe 

-62 -37 -3 5.44 

Right middle and 
inferior temporal 
gyrus 

66 -20 -20 5.41 <0.01 96228 

Right posterior 
temporal lobe 

67 -34 -11 4.96 

Right anterior 
temporal lobe 
lateral part 

57 10 -25 4.58 

AD3 

Left middle and 
inferior temporal 
gyrus 

-62 -13 -27 5.41 <0.01 294532 

Right superior 
parietal gyrus 

2 -50 17 5.06 

Left posterior 
temporal lobe 

-57 -33 1 4.98 

Right middle 
frontal gyrus 

27 62 10 4.58 

Left medial 
orbital gyrus 

-6 61 -19 4.54 

Left posterior 
cingulate cortex 

-2 -40 24 4.51 

Right middle and 
inferior temporal 
gyrus 

56 -17 -22 4.77 <0.01 51510 

Right posterior 
temporal lobe 

55 -37 -3 4.14 

Right superior 
temporal gyrus 
anterior part 

46 14 -14 3.74 

AD4 

Right superior 
parietal gyrus 

2 -51 16 6.31 <0.01 776294 

Right posterior 
temporal lobe 

49 -60 2 6.29 
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Right lateral part 
of occipital lobe 

37 -73 -19 5.92 

Left middle and 
inferior temporal 
gyrus 

-63 -13 -26 5.87 

Corpus callosum 5 -42 11 5.82 

AD 5 

Left middle and 
inferior temporal 
gyrus 

-62 -3 -31 5.21 <0.01 407247 

Left posterior 
cingulate cortex 

-2 -41 27 5.00 

Left lateral part 
of occipital lobe 

-40 -69 -3 4.76 

Right middle 
frontal gyrus 

39 18 32 4.76 

Left middle 
frontal gyrus 

-24 30 38 4.72 

Left medial 
orbital gyrus 

-5 62 -21 4.55 

Right middle and 
inferior temporal 
gyrus 

56 -17 -22 4.52 

Left posterior 
temporal lobe 

-39 -63 16 4.49 

Right middle 
frontal gyrus 

39 18 32 4.76 <0.01 38842 

Left medial 
orbital gyrus 

-5 62 -21 4.55 

Right superior 
frontal gyrus 

20 23 44 4.43 

Left middle 
frontal gyrus 

-24 30 38 4.72 <0.01 25759 

Left inferior 
frontal gyrus 

-40 32 12 3.09 

Left superior -22 67 5 3.01 
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frontal gyrus 

Left anterior 
orbital gyrus 

-31 64 -6 2.74 

AD6 

Left lateral part 
of occipital lobe 

-33 -88 31 4.14 0.04 36365 

Left inferolateral 
part of parietal 
lobe 

-49 -76 33 3.99 

Left superior 
parietal gyrus 

-43 -44 57 3.87 

AD7 

Left inferolateral 
part of parietal 
lobe 

-39 -63 47 3.66 <0.01 48761 

Left superior 
parietal gyrus 

-31 -60 42 3.55 

Right superior 
parietal gyrus 

28 -51 65 3.34 

Right postcentral 
gyrus 

52 -20 61 3.02 

Right 
inferolateral part 
of parietal lobe 

54 -40 56 2.94 

Left postcentral 
gyrus 

-47 -37 60 2.90 

AD8 

Right lingual 
gyrus 

17 -74 3 4.79 <0.01 59276 

Right posterior 
temporal lobe 

47 -65 -20 4.56 

Right lateral part 
of occipital lobe 

38 -73 -20 4.17 

Right superior 
parietal gyrus 

7 -55 16 3.74 
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Right cuneus 22 -64 17 3.7 

AD9 

Right superior 
parietal gyrus 

2 -50 17 6.49 <0.01 871963 

Left precentral 
gyrus 

-14 -54 -10 6.16 

Left posterior 
cingulate 

-2 -40 26 6.09 

Corpus callosum 1 -28 17 6.07 

Right lingual 
gyrus 

3 -66 -0 6.03 

AD10 

Left posterior 
temporal lobe 

-55 -55 -23 5.95 <0.01 316018 

Right posterior 
temporal lobe 

50 -56 -24 5.83 

Right lateral part 
of occipital lobe 

37 -73 -19 5.8 

Left middle and 
inferior temporal 
gyrus 

-63 -13 -27 5.63 

Right superior 
parietal gyrus 

10 -61 27 5.59 

Left lateral part 
of parietal lobe 

-34 -71 6 5.53 

Right lingual 
gyrus 

3 -66 0 5.45 

Left middle 
frontal gyrus 

-32 24 46 4.73 0.03 38006 

Left inferior 
frontal gyrus 

-36 28 10 3.91 

Left lateral 
orbital gyrus 

-40 35 -15 2.87 

AD12 

Right superior 2 -50 17 6.33 <0.01  768730 
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parietal gyrus 

Right posterior 
temporal lobe 

50 -56 -24 6.11 

Left posterior 
cingulate cortex 

-2 -40 26 6.04 

Left middle and 
inferior temporal 
gyrus 

-63 -14 -25 5.96 

Left posterior 
temporal lobe 

-39 -63 16 5.86 

Corpus callosum 1 -28 17 5.80 

Left precentral 
gyrus 

-25 -25 58 5.73 

Right posterior 
cingulate cortex 

5 -46 33 5.69 

AD13 

Left posterior 
temporal lobe 

-55 -55 -23 5.54 <0.01 271287 

Right lateral part 
of occipital lobe 

37 -72 -19 5.46 

Right posterior 
temporal lobe 

50 -55 -24 5.22 

Left middle and 
inferior temporal 
gyrus 

-63 -13 -26 5.14 

Left lateral part 
of occipital lobe 

-40 -69 -4 5.06 

Right lingual 
gyrus 

2 -79 -8 5.00 

AD14 

Left lateral part 
of occipital lobe 

-42 -67 -1 4.96 <0.01 109095 

Left posterior 
temporal lobe 

-39 -63 16 4.94 

Left middle and 
inferior temporal 

-63 -12 -31 4.24 
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gyrus 

Right posterior 
temporal lobe 

45 -62 6 4.17 

Corpus callosum 1 -28 17 3.99 

Left inferolateral 
part of occipital 
lobe 

-60 -27 20 3.95 

Right middle and 
inferior temporal 
gyrus 

50 -10 -45 3.90 

Aβ+ve MCI 1 

Left posterior 
temporal lobe 

-54 -56 -24 4.69 <0.01 9696 

Left lateral part 
of occipital lobe 

-35 -73 -20 4.42 

Left middle and 
inferior temporal 
gyrus 

-55 -23 -15 3.38 

Aβ+ve MCI2 

Right superior 
parietal gyrus 

10 -61 27 5.13 <0.01 48106 

Right middle and 
inferior temporal 
gyrus 

62 -19 -34 4.19 

Right 
parahippocampus 

25 -22 -18 3.90 

Right fusiform 
gyrus 

38 -14 -36 3.76 

Right posterior 
temporal lobe 

48 -9 -46 3.58 

Aβ+ve MCI3 

Right posterior 
temporal lobe 

-55 -55 -23 5.70 <0.01 314428 

Right superior 
parietal gyrus 

9 -61 27 5.59 
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Left posterior 
temporal lobe 

-59 -45 -27 5.58 

Left superior 
temporal gyrus 
posterior part 

-64 -29 5 5.37 

Left middle and 
inferior temporal 
gyrus 

-63 -13 -26 5.22 

Left inferolateral 
part of parietal 
lobe 

-56 -41 21 5.13 

Left lateral part 
of occipital lobe 

-43 -67 0 5.04 

Left inferolateral 
part of parietal 
lobe 

-61 -27 18 4.99 

Aβ+ve MCI 4 

Corpus callosum 5 -42 11 4.41 <0.01 10353 

Right superior 
parietal gyrus 

3 -51 16 3.00 

Left posterior 
cingulate cortex 

-2 -44 30 4.00 

Right posterior 
cingulate cortex 

4 -47 33 3.76 

Right posterior 
cingulate cortex 

5 -4 45 4.15 <0.01 2493 

Corpus callosum 7 1 29 3.97 

Left posterior 
cingulate cortex 

0 -19 47 3.71 

Left anterior 
cingulate cortex 

-6 -2 30 3.49 

Left posterior 
temporal lobe 

-58 -53 -3 4.03 <0.01 3874 

Aβ+ve MCI 5 

Right lateral part 
of occipital lobe 

37 -72 -19 4.41 <0.01 20815 
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Right lingual 
gyrus 

5 -66 7 4.17 

Right cuneus 22 -63 16 4.11 

Right lateral part 
of occipital lobe 

31 -76 -19 4.08 

Right superior 
parietal gyrus 

20 -54 -33 3.47 

Aβ+ve MCI6 

Right lateral part 
of occipital lobe 

25 -79 39 3.61 <0.01 10021 

Right 
inferolateral part 
of parietal lobe 

59 -34 54 3.57 

Right superior 
parietal gyrus 

33 -52 63 3.05 

Aβ-ve MCI 1 

Right lingual 
gyrus 

2 -81 -7 4.52 <0.01 279556 

Left precentral 
gyrus 

-25 -25 58 4.32 

Right superior 
frontal gyrus 

24 20 63 4.25 

Right middle 
frontal gyrus 

43 13 54 4.06 

Right precentral 
gyrus 

69 -5 25 3.90 

Left postcentral 
gyrus 

-26 -29 61 3.89 

Left superior 
parietal gyrus 

-1 -52 64 3.86 

Left posterior 
temporal lobe 

-60 -53 -4 3.85 

Right 
inferolateral part 
of parietal lobe 

65 -43 27 3.79 
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Right superior 
parietal gyrus 

18 -55 58 3.77 

Aβ-ve MCI 2 

Right 
inferolateral part 
of parietal lobe 

66 -29 46 4.26 <0.01 83396 

Right postcentral 
gyrus 

53 -22 60 3.96 

Right middle 
frontal gyrus 

42 14 57 3.71 

Right superior 
parietal gyrus 

11 -61 61 3.67 

Right precentral 
gyrus 

54 -4 52 3.50 

Aβ-ve MCI 3 

Right superior 
frontal gyrus 

22 20 63 4.91 <0.01 132871 

Left precentral 
gyrus 

-25 -25 58 4.74 

Right middle 
frontal gyrus 

54 19 41 4.69 

Right superior 
frontal gyrus 

16 15 66 4.48 

Left superior 
frontal gyrus 

-13 28 60 4.37 

Left middle 
frontal gyrus 

-28 2 65 4.34 

Right precentral 
gyrus 

59 7 40 4.29 

Right middle 
frontal gyrus 

53 9 46 4.28 

Aβ-ve MCI 4 

Left precentral 
gyrus 

-24 -25 57 4.44 <0.01 47060 

Right superior 10 -62 28 3.59 
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parietal gyrus 

Corpus callosum 7 2 29 3.56 

Left posterior 
cingulate cortex 

0 -20 47 3.32 

Right posterior 
cingulate cortex 

6 -18 33 3.28 

Left lateral part 
of occipital lobe 

-31 -64 19 3.18 

Right precentral 
gyrus 

6 -25 59 2.99 

Left superior 
parietal gyrus 

-7 -41 39 2.90 

Left inferolateral 
part of parietal 
lobe 

-33 -49 41 2.89 

Aβ-ve AD 1 

Right postcentral 
gyrus 

52 -20 61 3.73 <0.01 61430 

Right 
inferolateral part 
of parietal lobe 

61 -34 52 3.62 

Left inferolateral 
part of parietal 
lobe 

-59 -30 52 3.43 

Right superior 
parietal gyrus 

-31 -59 55 3.38 

Left lateral part 
of occipital lobe 

-27 -98 10 3.38 

Right 
inferolateral part 
of parietal lobe 

66 -29 46 3.36 

Right middle 
frontal gyrus 

42 13 59 3.33 

Right superior 
frontal gyrus 

22 19 64 3.26 

Left postcentral -42 -38 65 3.23 
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gyrus 

Left inferolateral 
part of parietal 
lobe 

-42 -60 47 3.18 
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Appendix 3:Evaluation of microglial activation in MCI and AD using 11C-
PBR28 PET 

Table A3.1 – 11C-PBR28 (VT binding) in the medium affinity binders. Values are mean 

(standard deviation). There were no group differences on Kruskal-Wallis comparison. 

	

Composite cortex HC (n=7) Aβ -ve MCI 

(n=7) 

Aβ+ve MCI 

(n=7) 

AD (n=7) 

Hippocampus 3.15(0.66) 3.23(0.72) 3.51(0.52) 3.30(0.97) 

Right hippocampus 2.75(1.39) 3.32(0.76) 3.62(0.54) 3.47(0.99) 

Left hippocampus 3.18(0.70) 3.14(0.72) 3.42(0.51) 3.14(1.01) 

Parahippocampus 2.94(0.70) 2.99(0.64) 3.29(0.48) 3.17(0.83) 

Right parahippocampus 2.95(0.67) 3.05(0.64) 3.29(0.55) 3.23(0.74) 

Left parahippocampus 2.97(0.76) 2.93(0.63) 3.21(0.37) 3.15(0.89) 

Fusiform gyrus 2.95(0.66) 3.06(0.69) 3.19(0.50) 2.95(0.77) 

Amygdala  3.34(0.75) 3.36(0.67) 3.72(0.74) 3.55(1.06) 

Right amygdala  3.33(0.74) 3.39(0.80) 4.00(0.76) 3.60(1.03) 

Left amygdala 3.37(0.80) 3.59(1.01) 3.75(0.50) 3.52(1.11) 

Anterior cingulate cortex 3.13(0.68) 2.98(0.74) 3.07(0.48) 2.87(0.77) 

Posterior cingulate cortex 3.14(0.69) 3.01(0.81) 3.14(0.51) 2.94(0.78) 

Temporal lobe 2.94(0.68) 2.86(0.56) 3.01(0.41) 2.83(0.76) 

Right temporal lobe 2.92(0.69) 2.87(0.59) 3.15(0.48) 2.84(0.76) 

Left temporal lobe 2.95(0.68) 2.92(0.69) 3.07(0.43) 2.84(0.76) 

Frontal lobe 2.96(0.68) 2.73(0.60) 2.94(0.41) 2.87(0.72) 

Right frontal lobe 2.96(0.68) 2.74(0.65) 2.93(0.41) 2.75(0.65) 

Left frontal lobe 2.95(0.67) 2.73(0.56) 2.88(0.39) 2.73(0.72) 
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Parietal lobe 2.89(0.69) 2.68(0.64) 2.89(0.39) 2.80(0.82) 

Right parietal lobe 2.89(0.70) 2.83(0.56) 2.77(0.52) 2.75(0.78) 

Left parietal lobe 2.90(0.70) 2.53(0.80) 2.89(0.40) 2.74(0.74) 

Occipital lobe 3.00(0.74) 2.78(0.56) 3.08(0.43) 2.83(0.79) 

Right occipital lobe 2.99(0.74) 2.79(0.53) 3.09(0.42) 2.88(0.84) 

Left occipital lobe 3.01(0.76) 2.78(0.58) 3.06(0.45) 2.83(0.81) 

Striatum 2.67(0.53) 2.52(0.39) 2.77(0.36) 2.60(0.73) 

Thalamus 3.30(0.63) 3.15(0.56) 3.48(0.52) 3.19(0.89) 

Cerebellum 2.98(0.60) 3.02(0.66) 3.11(0.43) 2.81(0.74) 

Composite cortex 2.94(0.69) 2.72(0.61) 2.99(0.41) 2.77(0.74) 

 

Table A3.2 -11C-PBR28 binding (VT ) in the High affinity binders As with the medium 

affinity binders, there were no group differences in binding on Kruskal-Wallis comparison. 

Region HC n=11 Aβ-ve MCI 

n=12 

Aβ+ve 

MCI n=7 

AD 

(Aβ+ve) 

n=8 

AD (Aβ-

ve) n=3 

Composite cortex 5.32(0.89) 5.53(1.65) 5.60(0.86) 5.66(1.80) 6.50(3.16) 

Parahippocampus 5.51(0.86) 5.90(1.76) 5.66(1.04) 5.40(2.32) 4.09(4.11) 

Right 

parahippocampus 

5.61(0.95) 5.80(1.98) 5.62(1.01) 4.85(4.08) 4.08(3.82) 

Left parahippocampus 5.38(0.86) 6.03(1.75) 5.71(1.06) 5.07(2.20) 4.05(4.10) 

Fusiform gyrus 5.48(1.10) 5.27(2.04) 5.72(1.11) 5.44(2.29) 2.62(5.20) 

Hippocampus 5.42(2.00) 5.36(1.67) 6.05(1.17) 5.30(2.43) 7.64(1.77) 

Right hippocampus 6.29(1.03) 5.51(1.75) 6.12(1.38) 5.56(2.35) 4.17(2.89) 

Left hippocampus 5.89(0.88) 5.37(1.75) 6.09(1.18) 5.06(2.30) 4.23(2.98) 
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Temporal lobe 5.36(0.87) 5.66(1.55) 5.71(1.03) 5.91(2.08) 6.97(2.83) 

Right temporal lobe 5.64(1.15) 5.64(1.57) 5.73(1.05) 5.87(2.06) 3.94(4.16) 

Left temporal lobe 5.40(0.84) 5.67(1.54) 5.69(1.02) 5.93(2.12) 6.90(2.72) 

Frontal lobe 5.36(1.02) 5.49(1.71) 5.51(0.89) 5.71(1.74) 6.40(3.14) 

Right frontal lobe 4.77(1.85) 5.49(1.71) 5.66(0.87) 5.60(1.73) 6.38(3.17) 

Left frontal lobe 5.35(1.00) 5.49(1.70) 5.64(0.81) 5.74(1.74) 6.42(3.12) 

Parietal lobe 5.13(0.88) 5.51(1.82) 5.61(0.85) 5.54(1.84) 6.25(3.30) 

Right parietal lobe 5.12(0.86) 5.34(1.70) 5.34(0.82) 5.53(1.83) 6.24(3.31) 

Left parietal lobe 5.12(0.87) 5.41(1.67) 5.36(0.80) 5.55(1.89(0 6.27(3.29) 

Occipital lobe 5.13(0.88) 5.62(1.67) 5.51(0.92) 5.52(1.60) 3.65(2.54) 

Right occipital lobe 5.31(0.82) 5.64(1.66) 5.51(0.94) 5.51(1.55) 3.68(2.59) 

Left occipital lobe 5.32(0.86) 5.61(1.67) 5.51(0.90) 5.54(1.68) 3.62(2.51) 

Anterior cingulate 5.96(1.21) 5.40(2.14) 5.91(0.91) 6.11(1.89) 4.11(3.34) 

Posterior cingulate 
5.71(1.08) 

6.18(2.16) 5.95(0.85) 6.24(2.15) 4.14(3.37) 

Striatum 5.07(1.20) 4.78(1.45) 4.99(0.86) 5.03(1.53) 5.73(2.46) 

Amygdala 5.97(1.12) 5.64(1.92) 6.54(1.03) 5.96(2.57) 5.59(3.90) 

Right amygdala 6.24(1.36) 6.10(2.40) 6.61(1.46) 3.66(4.450) 4.66(3.32) 

Left amygdala 5.85(1.07) 5.15(1.97) 6.71(0.96) 6.01(2.51) 5.03(3.50) 

Thalamus 6.32(1.12) 5.71(2.07) 6.82(1.19) 5.25(2.32) 4.27(3.51) 

Cerebellum 5.57(0.91) 5.89(1.68) 5.85(1.25) 5.73(2.14) 4.20(2.97) 
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Table A3.3 - VT corrected for free tracer in plasma (medium affinity binders). Values were 

corrected for the free fraction of the tracer in plasma for each individual using the formula: VT 

(region)/free fraction of tracer in plasma. There were no group differences on Kruskal-Wallis 

comparison. Values are mean (standard deviation). 

	

Region HC (n=7) Aβ-ve 

MCI 

(n=7) 

Aβ+ve MCI 

(n=7) 

AD (n=7) 

Composite cortex 206(70) 144(37) 154(46) 154(42) 

Parahippocampus 207(74) 159(43) 169(49) 176(40) 

Right parahippocampus 208(76) 163(43) 169(50) 181(41) 

Left parahippocampus 209(76) 156(43) 164(42) 181(43) 

Fusiform gyrus 208)76) 163(46) 162(42) 164(43) 

Hippocampus 222(78) 171(44) 179(49) 181(41) 

Right hippocampus 197(120) 177(48) 185(55) 191(43) 

Left hippocampus 223(76) 146(75) 175(49) 173(43) 

Temporal lobe 206(73) 160(35) 149(41) 157(40) 

Right temporal lobe 205(73) 153(39) 161(46) 168(62) 

Left temporal lobe 207(73) 155(42) 158(46) 157(38) 

Frontal lobe 207(69) 144(35) 151(46) 159(38) 

Right temporal lobe 207(69) 145(37) 151(45) 155(42) 

Left temporal lobe 206(70) 144(33) 123(67) 152(38) 

Parietal lobe 202(68) 138(38) 149(45) 155(45) 

Right parietal lobe 202(68) 152(43) 142(47) 153(45) 

Left parietal lobe 203(68) 135(46) 149(46) 153(43) 

Occipital lobe 210(72) 148(42) 158(47) 160(52) 
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Right occipital lobe 209(72) 148(35) 159(47) 162(52) 

Left occipital lobe 211(72) 148(36) 158(48) 160(53) 

Anterior cingulate cortex 219(76) 158(42) 157(45) 158(36) 

Posterior cingulate cortex 222(78) 158(44) 161(47) 163(43) 

Amygdala 236(91) 181(53) 191(64) 196(49) 

Right amygdala 235(84) 182(56) 204(62) 198(44) 

Left amygdala 2240(98) 197(91) 194(64) 194(54) 

Thalamus 232(79) 167(37) 180(54) 175(35) 

Striatum 189(66) 134(30) 143(44) 146(37) 

Cerebellum 211(78) 161(43) 160(45) 157(43) 

 

Table A3.4 - VT corrected for free tracer in plasma (high affinity binders). Values were 

corrected for the free fraction of the tracer in plasma for each individual using the formula: VT 

(region)/free fraction of tracer in plasma. There were no group differences on Kruskal-Wallis 

comparison. Values are mean (standard deviation). 

 

Region HC 

(n=11) 

Aβ-ve 

MCI 

(n=12) 

Aβ+ve 

MCI 

(n=7) 

Aβ-ve 

AD 

(n=3) 

Aβ+ve 

AD (n=8) 

Composite cortex 303(104) 355(147) 355(97) 284(12) 337(137) 

Parahippocampus 312(105) 383(184) 353(72) 185(194) 309(133) 

Right parahippocampus 319(117) 362(206) 353(84) 325(290) 192(129) 

Left parahippocampus 304(97) 379(210) 356(74) 293(135) 195(138) 

Fusiform gyrus 313(12) 325(148) 357(81)_ 118(241) 310(137) 

Hippocampus 256(112) 346(163) 376(76) 193(139) 303(138) 
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Right hippocampus 354(111) 355(168) 326(162) 318(132) 192(137) 

Left hippocampus 336(113) 323(150) 380(86) 296(151) 194(141) 

Temporal lobe 305(103) 363(151) 358(85) 305(103) 352(156) 

Right temporal lobe 316(96) 360(145) 359(81) 349(150) 119(173) 

Left temporal lobe 308(104) 366(156) 358(88) 355(163) 302(98) 

Frontal lobe 305(105) 353(149) 352(111) 279(122) 341(137) 

Right frontal lobe 269(135) 352(147) 361(107) 340(135) 278(123) 

Left frontal lobe 304(105) 354(151) 361(108) 343(138) 280(121) 

Parietal lobe 293(103) 360(175) 357(100) 272(126) 328(133) 

Right parietal lobe 293(102) 344(146) 349(119)( 328(131) 272(127) 

Left parietal lobe 293(102) 351(152) 348(115) 329(135) 273(126) 

Occipital lobe 293(103) 359(144) 349(94) 167(120) 329(126) 

Right occipital lobe 304(106) 359(144) 349(92) 328(121) 169(122) 

Left occipital lobe 304(105) 358(144) 287(154) 331(132) 166(118) 

Anterior cingulate cortex 337(114) 355(191) 376(107) 185(157) 365(152) 

Posterior cingulate cortex 327(122) 402(185) 380(113) 190(158) 367(143) 

Striatum 283(86) 304(123) 315(82) 251(93) 300(119) 

Amygdala 335(105) 370(200) 414(110) 258(185) 337(131) 

Right amygdala 347(108) 415(290) 414(102) 212(241) 165(166) 

Left amygdala 330(106) 342(193) 430(134) 348(157) 232(166) 

Thalamus 356(110) 372(188) 430(110) 196(164) 299(127) 

Cerebellum 318(109) 375(151) 362(72) 193(140) 343(164) 
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Table A3.5 -VT normalised to cerebellum (medium affinity binders). Values are mean 

(standard deviation). Values were calculated using the formula VT (region)/VT cerebellum. 

Group comparison was performed using Kruskal-Wallis test, where * indicates p<0.05 and ** 

indicates p<0.01. 

	

Region HC (n=7) Aβ-ve MCI 

(n=7) 

Aβ+ve MCI 

(n=7) 

AD (n=7) 

Composite 1.00(0.05) 0.90(0.05) 0.96(0.04) 0.98(0.03) 

Parahippocampus 1.00(0.06) 0.99(0.06) 1.06(0.04) 1.13(0.10)* 

Right 

parahippocampus 

1.00(0.04) 1.01(0.07) 1.06(0.07) 1.17(0.12) 

Left 

parahippocampus 

1.02(0.08) 0.97(0.07) 1.04(0.08) 1.12(0.09) 

Fusiform gyrus 1.00(0.05) 1.01(0.07) 1.03(0.07) 1.05(0.07) 

Hippocampus 1.06(0.07) 1.07(0.06) 1.13(0.07) 1.17(0.12) 

Right hippocampus 1.05(0.05) 1.10(0.06) 1.17(0.07) 1.23(0.11) 

Left hippocampus 1.07(0.12) 0.88(0.40) 1.10(0.07) 1.11(0.16) 

Temporal lobe 0.99(0.05) 0.81(0.36) 0.99(0.04) 1.01(0.04) 

Right temporal lobe 0.99(0.05) 0.81(0.36) 0.99(0.04) 1.01(0.04) 

Left temporal lobe 0.99(0.05) 0.96(0.04) 0.99(0.03) 1.01(0.04) 

Frontal lobe 1.00(0.06) 0.90(0.04) 1.28(0.91) 1.03(0.18) 

Right frontal lobe 1.00(0.07) 0.05(0.94) 0.94(0.05) 0.99(0.03) 

Left frontal lobe 0.99(0.06) 0.91(0.05) 0.81(0.36) 0.97(0.04) 

Parietal lobe  0.99(0.07) 0.75(0.34)* 0.93(0.06) 0.99(0.06) 

Right parietal lobe 0.99(0.07) 0.94(0.07) 0.89(0.13) 0.98(0.07) 

Left parietal lobe 0.99(0.07) 0.83(0.15) 0.15(0.93) 0.97(0.06) 
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Occipital lobe 1.04(0.08) 0.92(0.06) 0.99(0.07) 1.01(0.06) 

Right occipital lobe 1.03(0.07) 0.93(0.06) 1.00(0.07) 1.02(0.07) 

Left occipital lobe 1.04(0.08) 0.92(0.05) 0.99(0.06) 1.06(0.12) 

Anterior cingulate 

cortex 

1.04(0.06) 0.99(0.09) 0.99(0.05) 1.02(0.08) 

Posterior cingulate 

cortex 

1.07(0.05) 0.99(0.10) 1.01(0.08) 1.05(0.08) 

Striatum 0.91(0.05) 0.84(0.05) 0.89(0.06) 0.77(0.34) 

Thalamus 1.10(0.06) 1.05(0.06) 1.12(0.07) 1.13(0.11) 

Amygdala 1.12(0.04) 1.12(0.11) 1.20(0.16) 1.26(0.13) 

Right amygdala 1.13(0.05) 1.12(0.1) 1.29(0.12) 1.28(0.10) 

Left amygdala 1.12(0.07) 1.21(0.39) 1.21(0.15) 1.24(0.15) 

 

Table A3.6  - VT normalised to cerebellum (high affinity binders) Values are mean (standard 

deviation). Values were calculated using the formula VT (region)/VT cerebellum. There were no 

differences on group comparison on Kruskal-Wallis test. 

 

Region HC 

(n=11) 

Aβ-ve 

MCI 

(n=12) 

Aβ+ve 

MCI 

(n=7) 

Aβ+ve 

AD (n=8) 

Aβ-ve AD 

(n=3) 

Composite cortex 0.95(0.03) 0.94(0.06) 0.97(0.08) 1.00(0.10) 3.58(4.75) 

Parahippocampus 0.99(0.09) 1.01(0.15) 0.97(0.06) 1.07(0.50) 0.70(0.61) 

Right 

parahippocampus 

1.01(0.12) 0.90(0.31) 0.97(0.07) 0.86(0.97) 1.08(0.19) 

Left 

parahippocampus 

0.97(0.09) 0.95(0.35) 0.98(0.05) 0.98(0.38) 1.03(0.04) 
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Fusiform gyrus 0.98(0.10) 0.91(0.25) 0.98(0.08) 0.91(0.57) 0.67(0.92) 

Hippocampus 1.07(0.11) 0.99(0.30) 1.14(0.12) 1.16(0.50) 1.30(0.40) 

Right hippocampus 1.13(0.08) 1.00(0.30) 1.76(1.90) 1.09(0.46) 1.01(0.02) 

Left hippocampus 1.06(0.04) 0.97(0.32) 1.05(0.03) 0.97(0.38) 1.02(0.03) 

Temporal lobe 1.09(0.04) 0.97(0.29) 1.04(0.05) 1.01(0.38) 1.01(0.02) 

Right temporal lobe 1.02(0.17) 0.96(0.06) 0.99(0.04) 1.03(0.10) 0.64(0.55) 

Left temporal lobe 0.97(0.03) 0.97(0.07) 0.98(0.06) 1.04(0.09) 3.66(4.69) 

Frontal lobe 0.96(0.03) 0.96(0.06) 0.98(0.05) 1.04(0.09) 3.72(4.80) 

Right frontal lobe 0.96(0.05) 0.93(0.07) 0.98(0.10) 1.01(0.12) 3.46(0.4.57) 

Left frontal lobe 0.96(0.04) 0.93(0.08) 0.98(0.11) 1.02(0.12) 3.47(4.58) 

Parietal lobe 0.96(0.04) 0.93(0.08) 0.96(0.10) 1.02(0.12) 3.46(4.57) 

Right parietal lobe 0.92(0.06) 0.90(0.08) 0.80(0.37) 0.98(0.11) 3.49(4.71) 

Left parietal lobe 0.92(0.06) 0.92(0.08) 0.79(0.36) 0.98(0.11) 3.51(4.74) 

Occipital lobe 0.92(0.06) 0.93(0.12) 0.97(0.09) 1.28(0.81) 3.50(4.73) 

Right occipital lobe 0.96(0.06) 0.96(0.05) 0.95(0.06) 0.98(0.11) 0.90(0.07) 

Left occipital lobe 0.96(0.05) 0.95(0.05) 0.81(0.37) 0.99(0.09) 0.89(0.07) 

Anterior cingulate 

cortex 

0.96(0.05) 0.95(0.04) 0.95(0.07) 0.98(0.09) 0.89(0.07) 

Posterior cingulate 

cortex 

1.06(0.08) 0.96(0.30) 1.03(0.10) 1.09(0.18) 0.95(0.19) 

Striatum 1.02(0.07) 1.04(0.15) 1.04(0.11) 1.10(0.17) 0.99(0.20) 

Thalamus 0.91(0.20) 0.81(0.06) 0.86(0.06) 0.89(0.07) 3.03(3.91) 

Amygdala 1.13(0.06) 1.02(0.30) 1.18(0.09) 1.01(0.37) 0.99(0.17) 

Right amygdala 1.12(0.19) 1.09(0.40) 1.14(0.20) 0.64(0.79) 0.86(0.36) 
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Left amygdala 1.05(0.09) 0.92(0.32) 1.17(0.12) 1.20(0.60) 1.17(0.18) 

 

Table A3.7 - SUVR values of target: cerebellar ratio method (MABs). Values are mean 

(standard deviation). Group comparison was performed using Kruskal-Wallis statistic where * 

indicates p<0.05 and ** indicates p<0.01. 

Region HC (n=7) Aβ -ve (n=9) Aβ+ve (n=8) AD (n=7) 

Composite 1.00(0.05) 0.70(0.39) 0.96(0.04) 0.99(0.05) 

Hippocampus 1.01(0.12) 1.11(0.07) 1.12(0.09) 1.04(0.33) 

Parahippocampus 0.99(0.04) 1.03(0.06) 1.06(0.05) 1.15(0.07)** 

Amygdala 1.09(0.04) 1.13(0.18) 1.18(0.08) 1.19(0.13) 

Fusiform gyrus 0.98(0.03) 1.04(0.04) 1.01(0.05) 1.03(0.08) 

Anterior 

cingulate cortex 

1.05(0.05) 0.99(0.09) 1.02(0.06) 1.03(0.07) 

Posterior 

cingulate cortex 

1.05(0.05) 0.96(0.13) 1.01(0.07) 1.02(0.08) 

Temporal lobe 0.99(0.04) 0.98(0.04) 1.00(0.04) 1.03(0.04) 

Frontal lobe 0.99(0.07) 0.90(0.07) 0.93(0.06) 1.13(0.39) 

Parietal lobe 0.97(0.07) 0.90(0.10) 0.93(0.05) 0.97(0.72) 

Occipital lobe 1.14(0.34) 0.94(0.07) 1.00(0.05) 1.00(0.06) 

Striatum 0.89(0.05) 0.84(0.05) 0.88(0.06) 0.90(0.07) 

Thalamus 1.07(0.03) 1.03(0.08) 1.10(0.05) 1.11(0.07) 
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Table A3.8 - SUVR values of target: cerebellar ratio method (HABs) Values are mean 

(standard deviation). There were no differences on Kruskal-Wallis group comparison. 

 

Region HC 

(n=11) 

Aβ –ve 

MCI 

(n=12) 

Aβ +ve 

MCI 

(n=7) 

Aβ +ve 

AD (n=8) 

Aβ -ve 

AD (n=3) 

Composite 0.97(0.05) 0.94(0.06) 1.02(0.09) 0.98(0.10) 0.87(0.11) 

Parahippocampus 0.96(0.08) 0.87(0.15) 1.19(0.39) 1.03(0.11) 0.95(0.03) 

Fusiform gyrus 0.94(0.08) 0.91(0.15) 1.04(0.23) 1.07(0.18) 0.98(0.01) 

Amygdala 1.04(0.12) 0.91(0.17) 1.16(0.22) 1.05(0.06) 1.02(0.06) 

Hippocampus 1.04(0.10) 0.88(0.20) 1.10(0.12) 1.03(0.11) 0.95(0.03) 

Temporal lobe 0.98(0.04) 0.94(0.05) 1.03(0.07) 0.98(0.10) 0.94(0.03) 

Frontal lobe 0.96(0.05) 0.94(0.06) 1.01(0.08) 0.98(0.13) 0.82(0.17) 

Parietal lobe 0.95(0.08) 0.92(0.09) 0.98(0.10) 0.96(0.10) 0.80(0.17) 

Occipital lobe 0.99(0.72) 0.91(0.16) 1.02(0.09) 0.98(0.11) 0.92(0.06) 

Anterior 

cingulate 

1.03(0.11) 1.03(0.13) 1.06(0.09) 1.02(0.17) 0.91(0.24) 

Posterior 

cingulate 

1.01(0.11) 1.02(0.16) 1.06(0.09) 1.07(0.17) 0.92(0.33) 

Striatum 0.88(0.05) 0.84(0.07) 1.04(0.25) 0.93(0.15) 0.76(0.06) 

Thalamus 1.14(0.08) 1.05(0.14) 1.17(0.16) 1.00(0.15) 0.98(0.10) 
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Table A3.9- Logan graphical analysis DVR values  (MABs). Values are mean (standard 

deviation). There were no differences on group comparison on Kruskal-Wallis test. 

 

Region HC (n=7) Aβ-ve MCI 

(n=8) 

Aβ+ve MCI 

(n=6) 

AD (n=7) 

Composite cortex 3.40(0.75) 3.14(0.73) 3.30(0.46) 3.17(0.87) 

Parahippocampus 3.02(0.63) 3.19(0.81) 3.16(0.55) 2.90(1.19) 

Right parahippocampus 2.73(0.53) 3.22(0.81) 3.18(0.61) 3.24(1.02) 

Left parahippocampus 3.03(0.60) 3.15(0.82) 3.09(0.42) 3.23(1.06) 

Fusiform gyrus 3.13(0.75) 3.18(0.74) 3.05(0.45) 3.03(0.97) 

Right fusiform gyrus 3.12(0.79) 3.20(0.73) 3.05(0.47) 3.07(0.94) 

Left fusiform gyrus 3.12(0.71) 3.16(0.74) 3.06(0.43) 2.98(1.01) 

Amygdala 3.36(0.72) 3,57(0.78) 3.61(0.54) 3.49(1.17) 

Right amygdala 3.38(0.76) 3.64(0.94) 3.63(0.55) 3.48(1.17) 

Left amygdala 3.34(0.68) 3.62(0.88) 3.57(0.52) 3.58(1.15) 

Hippocampus 3.34(0.71) 3.34(0.81) 3.60(0.47) 3.41(1.17) 

Right hippocampus 3.29(0.68) 3.49(0.83) 3.64(0.49) 3.35(1.02) 

Left hippocampus 3.37(0.74) 3.34(0.81) 3.56(0.46) 3.34(1.22) 

Temporal lobe 3.30(0.74) 3.18(0.69) 3.27(0.49) 3.14(0.89) 

Right temporal lobe 3.29(0.75) 3.19(0.72) 3.28(0.47) 3.10(0.87) 

Left temporal lobe 3.32(0.73) 3.18(0.66) 3.30(0.49) 3.19(0.90) 

Frontal lobe 3.38(0.75) 3.11(0.74) 3.30(0.44) 3.14(0.84) 

Right frontal lobe 3.40(0.73) 3.10(0.78) 3.29(0.45) 3.13(0.84) 
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Left frontal lobe 3.43(0.74) 3.13(0.71) 3.23(0.43) 3.15(0.85) 

Parietal lobe 3.36(0.74) 3.12(0.73) 3.25(0.46) 3.14(0.89) 

Right parietal lobe 3.34(0.74) 3.06(0.80) 3.25(0.46) 3.13(0.89) 

Left parietal lobe 3.40(0.77) 3.07(0.79) 3.23(0.47) 3.15(0.89) 

Occipital lobe 3.54(0.84) 3.21(0.73) 3.44(0.49) 3.30(0.93) 

Right occipital lobe 3.51(0.85) 3.20(0.71) 3.46(0.47) 3.26(0.92) 

Left occipital lobe 3.59(0.84) 3.23(0.75) 3.42(0.51) 3.34(0.94) 

Striatum 2.85(0.61) 2.90(0.70) 2.95(0.35) 2.73(0.77) 

Thalamus 3.60(0.62) 3.37(0.84) 3.69(0.54) 3.39(0.96) 

Cerebellum 3.37(0.69) 3.35(0.82) 3.29(0.57) 3.14(0.86) 

 

Table A3.10 – Logan graphical analysis DVR values (HABs) Values are mean (standard 

deviation). There were no differences in group comparison on Kruskal-Wallis test. 

	

Region HC 

(n=11) 

Aβ-ve 

MCI 

(n=10) 

Aβ+ve 

MCI 

(n=8) 

AD Aβ+ve 

(n=8) 

AD Aβ-ve 

(n=3) 

Composite cortex 5.58(0.94) 5.30(2.41) 5.16(1.72) 5.81(2.00) 6.84(2.91) 

Parahippocampus 5.02(0.68) 5.02(1.87) 4.74(1.52) 5.11(2.14) 5.09(2.47) 

Right 

parahippocampus 

5.05(0.76) 4.97(1.91) 4.73(1.53) 5.02(2.12) 4.82(2.36) 

Left 

parahippocampus 

4.98(0.64) 5.03(1.77) 4.74(1.53) 5.18(2.18) 5.34(2.80) 

Fusiform gyrus 5.21(0.83) 5.26(1.80) 4.64(1.56) 5.42(2.19) 6.02(2.42) 

Amygdala 5.44(0.77) 5.26(1.82) 5.18(1.74) 5.76(2.58) 6.48(2.46) 
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Right amygdala 5.45(0.81) 5.51(1.93) 5.07(1.58) 5.67(2.50) 6.25(2.91) 

Left amygdala 5.43(0.78) 5.12(1.84) 5.29(1.95) 5.85(2.64) 6.65(2.09) 

Hippocampus 5.81(0.94) 5.57(2.01) 4.96(1.78) 5.75(2.47) 5.62(3.79) 

Right 

hippocampus 

5.81(0.94) 5.61(2.00) 4.96(1.78) 5.23(2.53) 5.40(3.72) 

Left hippocampus 5.81(0.93) 5.54(2.03) 5.26(1.83) 5.66(2.30) 5.84(3.83) 

Temporal lobe 5.50(0.83) 5.54(1.74) 5.11(1.59) 5.60(2.14) 6.54(2.68) 

Right temporal 

lobe 

5.47(0.84) 5.53(1.76) 5.11(1.59) 5.58(2.17) 6.51(2.59) 

Left temporal lobe 5.53(0.83) 5.55(1.74) 5.11(1.60) 5.67(2.14) 6.55(2.76) 

Frontal lobe 5.60(1.09) 5.77(1.77) 5.30(1.81) 5.86(1.98) 6.91(3.03) 

Right frontal lobe 5.56(1.12) 5.79(1.89) 5.35(1.68) 5.85(1.98) 6.88(3.03) 

Left frontal lobe 5.63(1.07) 5.79(1.790 5.34(1.74) 5.94(1.99) 6.94(3.03) 

Parietal lobe 5.51(0.94) 5.79(1.82) 4.98(1.81) 5.81(2.03) 6.89(2.89) 

Right parietal lobe 5.50(0.96) 5.76(1.80) 4.97(1.80) 5.77(2.02) 6.86(2.88) 

Left parietal lobe 5.53(0.96) 5.83(1.85) 4.99(1.81) 5.89(1.98) 6.94(2.90) 

Occipital lobe 5.78(.090) 5.95(1.78) 5.12(1.90) 5.85(1.85) 7.12(3.14) 

Right occipital 

lobe 

5.79(0.90) 5.96(1.78) 5.14(1.90) 5.87(1.86) 7.16(3.17) 

Left occipital lobe 5.73(0.98) 5.97(1.82) 5.10(1.89) 5.84(1.85) 7.09(3.11) 

Striatum 4.89(0.93) 5.08(1.87) 4.54(1.65) 5.34(1.74) 6.41(1.50) 

Thalamus 6.49(1.27) 6.45(1.88) 5.81(2.21) 6.41(2.33) 7.63(3.15) 

Cerebellum 5.72(0.87) 5.85(1.78) 5.27(1.62) 5.86(2.23) 8.49(2.34) 
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Table A3.11– Single subject voxel level increased binding compared to controls on t-test 

in SPM. Comparisons were made compared to controls using independent t-test in SPM. At 

group level, only the Aβ-positive MCI group had significantly increased voxel uptake 

compared to the controls. At individual level, 5 Aβ+ve AD, 2 Aβ-negative AD, 4 Aβ-positive 

MCI and 5 Aβ-negative MCI individuals had increased uptake compared to the controls. 

	

Subject Region Coordinates Z score p-value Cluster size 

HAB 

Aβ+ve 

MCI vs HC 

Right anterior 

orbital gyrus 

27 39 -7 3.68 0.04 17453 

Right inferior 

frontal gyrus 

40 17 7 3.15 

Right middle 

frontal gyrus 

53 28 36 3.15 

Right medial 

orbital gyrus 

12 46 -20 2.88 

Right superior 

frontal gyrus 

11 39 -13 2.82 

Right insula 32 20 10 2.81 

Right lateral 

orbital gyrus 

44 31 -15 2.78 

AD1 Right superior 

parietal gyrus 

18 -45 -40 4.28 <0.01 681404 

Right posterior 

temporal lobe 

36 -58 8 4.20 

Left middle 

frontal gyrus 

-25 33 13 4.12 

Left superior -16 -52 44 4.05 
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parietal gyrus 

Right lateral part 

of occipital lobe 

41 -63 9 3.99 

Left inferolateral 

part of parietal 

lobe 

-47 -50 34 3.99 

Right precentral 

gyrus 

23 -22 46 3.92 

Right superior 

frontal gyrus 

17 -6 51 3.91 

Right middle and 

interior temporal 

gyrus 

36 -7 -43 3.89 

Right 

inferolateral part 

of parietal lobe 

49 -44 32 3.89 

Left superior 

parietal gyrus 

-10 -46 35 3.87 

Left lingual 

gyrus 

-11 -47 -3 3.86 

AD2 Left anterior 

temporal lobe 

medial part 

-26 1 -49 4.72 <0.01 1000336 

Right 

inferolateral part 

of parietal lobe 

32 -52 37 4.67 

Right anterior 

temporal lobe 

Right 

anterior 

temporal 

41 14 -37 



	

231	

lateral part lobe lateral 

part 

Left posterior 

temporal lobe 

-63 -42 -23 4.6 

Right posterior 

cingulate cortex 

2 -21 44 4.59 

Right posterior 

temporal lobe 

66 -46 -2 4.58 

Left 

parahippocampus 

-27 -14 -30 4.55 

Left middle and 

inferior temporal 

gyrus 

-37 -3 -42 4.53 

AD 3 Right insula 36 -12 -9 4.53 <0.01 363635 

Right middle 

frontal gyrus 

21 10 35 4.24 

Right fusiform 

gyrus 

31 -9 -37 4.09 

Left inferolateral 

part of parietal 

lobe 

-34 -24 31 3.95 

Left middle 

frontal gyrus 

-25 37 -5 3.91 

Right 

parahippocampus 

26 -9 -34 3.89 

Left posterior 

temporal lobe 

-37 -36 0 3.85 
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Right 

inferolateral part 

of parietal lobe 

41 -33 28 3.71 

Left middle 

frontal gyrus 

-21 44 3 3.66 

Right posterior 

temporal lobe 

48 -38 -15 3.66  

AD 4 Left superior 

parietal gyrus 

-27 -39 48 3.35 <0.01 24158 

Left posterior 

temporal lobe 

-47 -51 5 3.09 

Left lateral part 

of occipital lobe 

-29 -82 15 3.08 

Left postcentral 

gyrus 

-26 -35 47 3.02 

AD 5 Right 

hippocampus 

31 -30 -6 4.91 0.03 15117 

Right middle and 

inferior temporal 

gyrus 

43 -22 -12 2.64 

Right 

parahippocampus 

30 -24 -24 2.6 

Right thalamus 18 -20 6 2.53 

Right fusiform 35 -8 -30 2.5 

Right posterior 

temporal lobe 

50 -43 -12 2.46 

Right anterior 

temporal lobe 

37 3 -33 2.43 
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medial part 

Aβ+ve 

MCI 1 

Right fusiform 

gyrus 

27 -4 -47 3.49 0.04 13309 

Brainstem 10 -35 -19 3.84 <0.01 66332 

Left 

hippocampus 

-20  -13 -16 3.82 

Left posterior 

temporal lobe 

-52 -37 -13 3.55 

Left anterior 

temporal lobe 

medial part 

-30 5 -30 3.50 

Left 

parahippocampus 

-24 -3 -38 3.47 

Left posterior 

temporal lobe 

(31) 

13 -42 -3 3.17 

Aβ+ve 

MCI 2 

Left anterior 

temporal lobe 

lateral part 

-59 8 -24 3.81 <0.01 5586 

Left middle and 

inferior temporal 

gyrus 

-65 -5 -24 3.69 <0.01 5586 

Aβ+ve 

MCI 3 

Left anterior 

temporal lobe 

medial part 

-36 7 -39 4.19 <0.01 16673 

Left fusiform 

gyrus 

-38 -27 -29 3.79 

Left middle and -47 -29 -27 3.64 
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inferior temporal 

gyrus 

Left 

parahippocampus 

-27 -17 -32 2.98 

Right fusiform 

gyrus 

-37 -21 -30 2.91 

Left anterior 

temporal lobe 

lateral part 

-44 -2 -44 2.87 

Left lateral part 

of occipital lobe 

-35 -69 10 2.79 

Left middle and 

temporal gyrus 

-40 -6 -43 2.68 

Left postcentral 

gyrus 

-28 -32 44 3.42 <0.01 46008 

Right superior 

parietal gyrus 

12 -51 53 3.37 

Right 

inferolateral part 

of parietal lobe 

43 -30 30 3.31 

Left superior 

parietal gyrus 

-32 -37 48 3.29 

Left inferolateral 

part of parietal 

lobe 

-40 -33 32 3.16 

Right superior 

frontal gyrus 

17 -4 52 2.88 

Right precentral 3 -22 68 2.78 
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gyrus 

Right postcentral 

gyrus 

21 -31 48 2.74 

Aβ+ve 

MCI 4 

Right 

parahippocampus 

25 -24 -17 3.07 <0.01 19319 

Right superior 

temporal gyrus 

posterior part 

41 -22 -8 3.01 

Right fusiform 

gyrus 

40 -18 -26 2.99 

Right middle and 

inferior temporal 

gyrus 

42 -13 -19 2.89 

Aβ-ve MCI 

1 

Left insula -33 15 6 4.77 <0.01 909967 

Right middle 

frontal gyrus 

21 38 -8 4.68 

Aβ-ve MCI 

2 

Left posterior 

temporal lobe 

-33 -57 17 4.73 <0.01 1015325 

Right superior 

frontal gyrus 

11 25 45 4.69 

Left putamen -29 -2 -2 4.59 

Right posterior 

temporal lobe 

38 -61 -18 4.58 

Right anterior 

temporal lobe 

medial part 

33 3 -40 4.58 

Right middle 26 8 34 4.57 
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frontal gyrus 

Right cerebellum -11 -51 -23 4.48 

Left cerebellum -32 -62 -53 4.48 

Left 

parahippocampus 

-23 -17 -24 4.47 

Left superior 

frontal gyrus 

-10 51 -9 4.47 

Left anterior 

temporal lobe 

medial part 

-34 -1 -27 4.46 

Aβ-ve MCI 

3 

Right postcentral 

gyrus 

34 -27 43 3.81 <0.01 31528 

Right precentral 

gyrus 

36 -23 49 3.72 

Left superior 

parietal gyrus 

-19 -39 68 3.65 

Right superior 

parietal gyrus 

31 -36 56 3.63 

Right superior 

parietal gyrus 

17 -48 56 3.54 

Left inferolateral 

part of parietal 

lobe 

-54 -28 47 3.52 

Right superior 

frontal gyrus 

9 -4 60 3.49 

Left precentral 

gyrus 

-34 -20 51 3.44 
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Right 

inferolateral part 

of parietal lobe 

37 -65 40 3.4 

Left postcentral 

gyrus 

-18 -38 62 3.32 

Right middle and 

inferior temporal 

gyrus 

66 -23 -22 3.32 <0.01 3730 

Right precentral 

gyrus 

59 -1 9 2.86 

Right superior 

temporal gyrus 

posterior part 

65 1 0 2.80 

Left lingual 

gyrus 

-8 -86 -5 2.82 0.02 3262 

Right cuneus 5 -92 9 2.74 

Left cuneus -2 -91 -1 2.68 

Right superior 

temporal gyrus 

posterior part 

53 1 -13 3.47 <0.01 4545 

Right superior 

temporal gyrus 

anterior part 

48 18 -22 3.45 

Right middle 

frontal gyrus 

23 51 -4 3.41 

Right anterior 

temporal lobe 

medial part 

38 10 -25 3.13 
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Right inferior 

frontal gyrus 

48 36 -9 2.89 

Aβ-ve MCI 

4 

Right middle and 

inferior temporal 

gyrus 

44 -31 -12 4.07 <0.01 30488 

Right posterior 

temporal lobe 

44 -35 -15 3.12 

Aβ-ve MCI 

5 

right thalamus  3.62 <0.01 229550 

Right cerebellum  3.60 

Brainstem  3.51 

Left putamen  3.40 

Left middle and 

inferior temporal 

gyrus 

 3.26 

Right middle 

frontal gyrus 

 3.24 

Aβ-ve AD 1 Right middle 

frontal gyrus 

21 38 13 5.37 <0.01 1398526 

Left postcentral 

gyrus 

-12 -34 64 5.33 

Right middle and 

inferior temporal 

gyrus 

49 -10 -31 5.08 

Aβ-ve AD 2 Left straight 

gyrus 

-7 13 -17 4.57 <0.01 47101 

Right anterior 

temporal lobe 

45 8 -38 4.46 
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lateral part 

Right fusiform 

gyrus 

33 0 -30 3.68 

Right middle and 

inferior temporal 

gyrus 

47 -3 -35 3.66 

Right posterior 

temporal lobe 

50 -41 6 3.49 

Right anterior 

temporal lobe 

medial part 

39 0 -42 3.46 

Right straight 

gyrus 

6 10 -18 3.43 

Left putamen -21 7 -3 3.40 

Left medial 

orbital gyrus 

-11 13 -22 3.33 

Left superior 

frontal gyrus 

-12 37 42 3.61 <0.01 24774 

Right posterior 

cingulate cortex 

10 -18 34 3.39 

Left precentral 

gyrus 

-19 -18 56 3.19 

Left anterior 

cingulate cortex 

-3 18 28 3.12 

Right superior 

frontal gyrus 

10 27 38 3.09 

Right anterior 3 -2 35 3.08 
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cingulate cortex 

Left posterior 

cingulate cortex 

-7 -15 35 3.05 

Left anterior 

cingulate cortex 

-4 -1 42 2.96 

Left superior 

parietal gyrus 

-9 -48 59 2.95 

Left superior 

parietal gyrus 

-9 -48 59 2.95 

Left superior 

frontal gyrus 

-5 3 64 2.92 
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Appendix 4: Evaluating the spatial relationship between amyloid deposition, 

tau aggregation and microglia activation in MCI and AD 

Table A4.1 - Demographic data of the cohort. Values are mean (standard deviation). Groups 
were compared using Kruskal-Wallis test where * indicates p<0.05 and ** indicates p<0.01.  
	

Demographic HC (n=19) MCI Aβ+ve 

(n=9) 

MCI Aβ-ve 

(n=7) 

AD (n=16) 

Age 64.22(8.52) 76.62(5.07)** 68.71(7.48) 73.69(7.15)* 

Years education 13.37(3.34) 14.14(3.98) 11.25(0.96) 12.92(2.74) 

MMSE 29.41(1.06) 28.33(1.22) 26.71(2.06)* 21.62(3.28)** 

Delayed visual recall 18.18(7.12) 10.44(6.32)* 19.29(3.67) 5.19(6.33)** 

Delayed word list recall 10.21(2.04) 2.22(1.99)** 6.86(3.34)* 1.14(1.70)** 

Word list recognition 11.27(1.03) 7.67(3.57) 8.29(3.63) 3.64(3.13) 

Semantic fluency 20.73(6.00) 13.33(4.03)* 19.29(5.82) 10.93(6.13)** 

Trail-making A 35.24(10.83) 51.22(11.71) 52.43(25.44)* 107.67(120) 

Trail-making B 74.13(23.00) 171.67(106)** 116.33(39.80)*

* 

148(46)* 

Right hippocampal 

volume (mm3) 

3860(407) 3398(574) 3669(477) 2827(549)** 

Left hippocampal 

volume (mm3) 

3745(333) 3199(779)* 3662(267) 2743(400)** 

White matter 

hypointensity volume 

(mm3) 

2160(1208) 3693.5(1771) 9898(18658) 5153(3296)** 
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Table A4.2  - Voxel level increases in amyloid, tau and microglial activation in the whole 

cohort. Group comparisons were made with the controls using independent t-test in SPM, using 

a threshold of significance of p<0.05 and an extent threshold of 500 voxels. 

	

Subject group Region MNI 

coordinates 

Z-score p-value Cluster size 

18F-flutemetamol  (MCI 

group) 

Corpus callosum 3 -28 23 7.07 <0.01 502851 

Left medial orbital 

gyrus 

-2 60 -24 6.82 

Right superior parietal 

gyrus 

2 -51 16 6.50 

Right medial orbital 

gyrus 

1 57 -24 6.41 

Left straight gyrus -2 46 -30 6.32 

Left superior temporal 

gyrus anterior part 

-45 17 -19 6.19 

Right straight gyrus 2 54 -29 6.18 

Right superior frontal 

gyrus 

2 52 13 6.14 

18F-flutemetamol (AD 

group) 

Left posterior orbital 

gyrus 

-22 29 -24 Infinite 

value 

<0.01 1362377 

Left middle and 

inferior temporal 

gyrus 

-56 -29 -14 7.63 

Right middle and 

inferior temporal 

gyrus 

57 -18 -17 7.60 

Corpus callosum 1 -34 11 7.57 
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Right posterior orbital 

gyrus 

28 24 -18 7.52 

Right medial orbital 

gyrus 

7 65 -17 7.38 

18F-AV1451 (MCI 

group) 

Right superior 

temporal gyrus 

anterior part 

48 11 -15 3.72 0.01 80845 

Right anterior 

cingulate cortex 

10 27 24 3.48 

Right anterior 

temporal lobe medial 

part 

35 1 -44 3.45 

Right inferior frontal 

gyrus 

53 14 11 3.17 

Right insula 38 13 -16 3.11 

Right cuneus 21 -65 15 3.08 

Right posterior 

temporal lobe 

9 -46 0  2.94 

Right insula 45 11 -6 2.93 

Right 

parahippocampus 

23 -24 -28 2.89 

Right fusiform gyrus 32 -19 -35 2.86 

18F-AV1451 (AD 

group) 

Right anterior 

temporal lobe medial 

part 

32 0 -47 4.66 <0.01 493888 

Right posterior 

temporal lobe 

54 -37 -28 4.33 
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Right middle and 

inferior temporal 

gyrus 

42 -5 -43 4.20 

Left anterior temporal 

lobe medial part 

-22 14 -44 4.07 

Left anterior temporal 

lobe lateral part 

-60 5 -29 3.92 

Right fusiform gyrus 31 -19 -35 3.76 

Left fusiform gyrus -31 -13 -43 3.74 

Left middle and 

inferior temporal 

gyrus 

-62 -12 -33 3.73 

Left parahippocampus -22 -28 -26 3.69 

11C-PBR28 MCI (HAB) 

group 

Right inferolateral 

part of parietal lobe 

49 -45 31 4.56 <0.01 51224 

Right middle and 

inferior temporal 

gyrus 

55 -20 -27 3.90 

Right posterior 

temporal lobe 

40 -56 -20 3.80 

Right anterior 

temporal lobe medial 

part 

34 12 -28 3.52 

Right superior 

temporal gyrus 

posterior part 

70 -9 0 3.47 

Right fusiform gyrus 34 -29 -23 3.31 
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Left middle frontal 

gyrus 

-24 37 -4 4.07 <0.01 94744 

Left anterior orbital 

gyrus 

-18 35 -13 3.74 

Left middle and 

inferior temporal 

gyrus 

-44 -15 -22 3.73 

Left posterior 

temporal lobe 

-27 -42 -16 3.71 

Left postcentral gyrus -29 -31 50 3.65 

Left parahippocampus 

 

 

--23 -5 -32 3.59 

Left anterior temporal 

lobe medial part 

-29 15 -41 3.48 

Left inferior frontal 

gyrus 

-36 14 19 3.39 

Left lateral part of 

occipital lobe 

-29 -79 -11 3.37 

Left insula -33 13 5 3.34 

Left superior temporal 

gyrus anterior part 

-53 13 -15 3.28 

Left posterior orbital 

gyrus 

-25 25 -10 3.24 

Right anterior orbital 

gyrus 

23 38 -10 3.67 0.01 28323 

Right middle frontal 32 44 23 3.35 
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gyrus 

Right superior frontal 

gyrus 

19 30 31 3.28 

Right inferior frontal 

gyrus 

59 24 16 3.20 

Right subgenual 

frontal cortex 

6 17 -11 3.10 

Right lateral orbital 

gyrus 

45 34 -12 3.00 

Right putamen 23 19 -3 2.92 

Right straight gyrus 11 29 -16 2.87 

 

 

Table A4.3  - Voxel level clusters of positive binding for each ‘triple tracer positive’ 

individual. For each individual, binding was compared to the control group using independent t-

test in SPM, with a threshold of significance of p<0.05 and an extent threshold of 500 voxels. 

	

Subje

ct 

Tracer Region Coordinate

s 

Z-score p-value Cluster 

size 

AD1 11C-PBR28 Right superior 

parietal gyrus 

18 -45 40 4.28 <0.01 681404 

Right posterior 

temporal lobe 

36 -58 8 4.20 

Left middle 

frontal gyrus 

-25 33 13 4.12 

Left superior 

parietal gyrus 

-16 -52 44 4.05 
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Right lateral part 

of occipital lobe 

41 -63 9 3.99 

Left inferolateral 

part of parietal 

lobe 

-47 -50 34 3.99 

Right precentral 

gyrus 

23 -22 46 3.92 

Right superior 

frontal gyrus 

17 -6 51 3.91 

Right middle and 

inferior temporal 

gyrus 

36 -7 -43 3.89 

Right inferolateral 

part of parietal 

lobe 

49 -44 32 3.89 

Left superior 

parietal gyrus 

-10 -46 35 3.87 

Left lingual gyrus -11 -47 -3 3.86 

18F-AV1451 Left posterior 

temporal lobe 

-51 -44 7 6.01 <0.01 572923 

Left middle and 

inferior temporal 

gyrus 

-64 -24 -6 5.86 

Left posterior 

cingulate cortex 

-2 -40 26 5.85 

Left superior 

temporal gyrus 

posterior part 

-64 -28 5 5.81 
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Right posterior 

temporal lobe 

54 -37 -4 5.78 

Right superior 

parietal gyrus 

2 -50 17 5.76 

Right middle and 

inferior temporal 

gyrus 

66 -20 -21 5.69 

18F-

flutemetamol 

Corpus callosum 0 -36 21 6.34 <0.01 216542 

Right superior 

frontal gyrus 

3 66 -5 6.31 

Right medial 

orbital gyrus 

3 65 -18 6.29 

Right middle and 

inferior temporal 

gyrus 

60 -17 -19 6.08 

Left anterior 

temporal lobe 

lateral part 

-59 2 -28 5.54 

Left medial 

orbital gyrus 

-11 28 -26 5.37 

Right superior 

temporal gyrus 

posterior part 

60 1 -7 5.33 

Left superior 

parietal gyrus 

-1 -53 12 5.25 

Left middle and 

inferior temporal 

gyrus 

-59 -32 -13 5.21 



	

249	

Right superior 

temporal gyrus 

anterior part 

55 6 -10 5.17 

AD2 11C-PBR28 Left anterior 

temporal lobe 

medial part 

-26 1 -49 4.72 <0.01 1000336 

Right inferolateral 

part of parietal 

lobe 

32 -52 37 4.67 

Right anterior 

temporal lobe 

lateral part 

41 14 -37  4.65 

Left posterior 

temporal lobe 

-63 -42 -23 4.60 

Right posterior 

cingulate cortex 

2 -21 44 4.59 

Right posterior 

temporal lobe 

66 -46 -2 4.58 

Left 

parahippocampus 

-27 -14 -30 4.55 

Left middle and 

inferior temporal 

gyrus 

-37 -3 -43 4.53 

18F-AV1451 Left middle and 

inferior temporal 

gyrus 

-63 -14 -25 6.14 <0.01 291873 

Left superior 

temporal gyrus 

posterior part 

-64 -29 5 5.44 
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Left posterior 

temporal lobe 

-62 -37 -3 5.44 

Right middle and 

inferior temporal 

lobe 

66 -20 -20 5.41 <0.01 96228 

Right posterior 

temporal lobe 

67 -34 -11 5.15 

Right anterior 

temporal lobe 

lateral part 

57 10 -25 4.58 

 18F-

flutemetamol 

Corpus callosum 1 -36 21 7.27 <0.01 426461 

Right middle and 

inferior temporal 

gyrus 

60 -16 -20 6.78 

Left anterior 

temporal lobe 

lateral part 

-58 4 -29 6.51 

Left middle and 

inferior temporal 

gyrus 

-62 -1 -28 6.49 

Left medial 

orbital gyrus 

3 65 -18 6.46 

Right superior 

frontal gyrus 

2 65 -7 6.05 

Right posterior 

orbital gyrus 

26 24 -24 6.04 

Left lateral orbital 

gyrus 

-36 25 -14 6.01 
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Left medial 

orbital gyrus 

-12 28 -27 5.97 

Left posterior 

temporal lobe 

-63 -36 -11  

AD3 

 

11C-PBR28 Right insula 36 -12 -9 4.53 <0.01 363635 

Right middle 

frontal gyrus 

21 10 35 4.24 

Right fusiform 

gyrus 

31 -9 -37 4.09 

Left inferolateral 

part of parietal 

lobe 

-34 -24 31 3.95 

Left middle 

frontal gyrus 

-25 37 -5 3.91 

Right 

parahippocampus 

26 -9 -34 3.89 

Left posterior 

temporal lobe 

-37 -36 0 3.85 

Right inferolateral 

part of parietal 

lobe 

41 -33 28 3.71 

Left middle 

frontal gyrus 

-21 44 3 3.66 

Right posterior 

temporal lobe 

48 -38 -15 3.66 

18F-AV1451 Left middle and 

inferior temporal 

gyrus 

-62 -13 -27 5.41 <0.01 294532 
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Right superior 

parietal gyrus 

2 -50 17 5.06 

Left posterior 

temporal lobe 

-57 -33 1 4.98 

Right middle 

frontal gyrus 

27 62 10 4.58 

Left medial 

orbital gyrus 

-6 61 -19 4.54 

Left posterior 

cingulate cortex 

-2 -40 25 4.51 

Right middle and 

inferior temporal 

gyrus 

56 -17 -22 4.77 <0.01 51510 

Right posterior 

temporal lobe 

55 -37 -3 4.14 

Right superior 

temporal gyrus 

anterior part 

46 14 -14 3.74 

18F-

flutemetamol 

Corpus callosum 1 -35 21 5.35 <0.01 47805 

Right medial 

orbital gyrus 

3 65 -17 4.76 

Right posterior 

cingulate cortex 

4 -41 25 4.68 

Right superior 

frontal gyrus 

3 69 -6 4.55 

Right superior 

parietal gyrus 

1 -53 15 4.35 
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Left superior 

parietal gyrus 

-2 -51 11 3.87 

Right posterior 

cingulate cortex 

2 -46 31 3.84 

Right superior 

frontal gyrus 

2 51 15 3.83 

Left superior 

frontal gyrus 

0 33 36 3.72 

Left posterior 

cingulate cortex 

0 -50 19 3.52 

AD4 11C-PBR28 Left superior 

parietal gyrus 

-27 -39 48 3.35 <0.01 24158 

Left posterior 

temporal lobe 

-47 -51 5 3.09 

Left lateral part of 

occipital lobe 

-29 -82 15 3.08 

Left postcentral 

gyrus 

-26 -35 47 3.02 

18F-AV1451 Right superior 

parietal gyrus 

2 -51 16 6.31 <0.01 776294 

Right posterior 

temporal lobe 

49 -60 2 6.29 

Right lateral part 

of occipital lobe 

37 -73 -19 5.89 

Left middle and 

inferior temporal 

gyrus 

-63 -13 -26 5.87 
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Corpus callosum 5 -42 11 5.82 

18F-

flutemetamol 

Corpus callosum 1 -35 21 6.91 <0.01 178806 

Right posterior 

cingulate cortex 

3 -40 25 5.83 

Left superior 

parietal gyrus 

-1 -53 12 5.74 

Right superior 

parietal gyrus 

1 -56 14 5.66 

Left posterior 

orbital gyrus 

-26 25 -18 5.29 

Left medial 

orbital gyrus 

-12 28 -26 5.29 

Left superior 

temporal gyrus 

posterior part 

-58 -23 0 5.18 

Left middle and 

inferior temporal 

gyrus 

-59 -32 -13 5.13 

Left lateral orbital 

gyrus 

-36 25 -14 4.72 

Right middle and 

inferior temporal 

gyrus 

60 -17 -19 4.95 <0.01 36042 

Right posterior 

temporal lobe 

50 -46 7 4.77 

Right superior 

temporal gyrus 

posterior part 

55 -25 2 3.8 
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Right lateral part 

of occipital lobe 

33 -61 14 3.59 

Right superior 

temporal gyrus 

anterior part 

54 8 -11 2.94 

AD5 11C-PBR28 Right 

hippocampus 

31 -30 -6 2.85 0.03 15117 

Right middle and 

inferior temporal 

gyrus 

43 -22 -12 2.64 

Right 

parahippocampus 

30 -24 -24 2.6 

Right thalamus 18 -20 6 2.53 

Right fusiform 35 -8 -30 2.50 

Right posterior 

temporal lobe 

50 -43 -12 2.46 

Right anterior 

temporal lobe 

medial part 

37 3 -33 2.43 

18F-AV1451 Left middle and 

inferior temporal 

gyrus 

-62 -3 -31 5.21 <0.01 407247 

Left posterior 

cingulate cortex 

-2 -41 27 5.18 

Left lateral part of 

occipital lobe 

-40 -69 -3 4.76 

Right middle 

frontal gyrus 

39 18 32 4.76 
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Left middle 

frontal gyrus 

-24 30 38 4.72 

Left medial 

orbital gyrus 

-5 62 -21 4.55 

Right middle and 

inferior temporal 

gyrus 

56 -17 -22 4.52 

Left posterior 

temporal lobe 

-39 -63 16  

Right middle 

frontal gyrus 

39 18 32 4.76 <0.01 38842 

Left medial 

orbital gyrus 

-5 62 -21 4.55 

Right superior 

frontal gyrus 

20 23 44 4.43 

Left middle 

frontal gyrus 

-24 30 38 4.72 <0.01 25759 

Left inferior 

frontal gyrus 

-40 32 12 3.09 

Left superior 

frontal gyrus 

-22 67 5 3.01 

Left anterior 

orbital gyrus 

-31 64 -6 2.74 

18F-

flutemetamol 

Corpus callosum 0 -35 21 7.84 <0.01 7—242 

Right medial 

orbital gyrus 

3 65 -18 7.48 

Right superior 2 66 -7 7.39 
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frontal gyrus 

Right posterior 

cingulate cortex 

4 -41 26 7.30 

Left medial 

orbital gyrus 

-11 28 -26 7.28 

Left posterior 

cingulate cortex 

0 -34 31 7.07 

Right middle and 

inferior temporal 

gyrus 

60 -16 -20 7.00 

Right lateral 

orbital gyrus 

44 25 -18 6.75 

Right superior 

temporal gyrus 

anterior part 

46 18 -20 6.70 

Right superior 

parietal gyrus 

1 -53 15 6.68 

MCI1 11C-PBR28 Right 

parahippocampus 

25 -24 -17 3.07 <0.01 19319 

Left cerebellum 47 -42 -37 3.31 

Right superior 

temporal gyrus 

posterior part 

41 -22 -8 3.01 

Right fusiform 

gyrus 

40 -18 -26 2.99 

Right middle and 

inferior temporal 

gyrus 

42 -13 -19 2.89 
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18F-AV1451 Corpus callosum 5 -42 11 4.41 <0.01 10353 

Right superior 

parietal gyrus 

3 -51 16 4.36 

Left posterior 

cingulate cortex 

-2 -44 30 4.00 

Right posterior 

cingulate cortex 

4 -37 33 3.76 

Right posterior 

cingulate 

5 -4 45 4.15 <0.01 2493 

Corpus callosum 7 1 29 3.97 

Left posterior 

cingulate 

0 -19 47 3.71 

Left anterior 

cingulate cortex 

-6 -2 30 3.49 

Left posterior 

temporal lobe 

-58 -53 -3 4.03 <0.01 3874 

18F-

flutemetamol 

Corpus callosum 1 -35 21 6.66 <0.01 242249 

Right posterior 

orbital gyrus 

26 24 -24 5.55 <0.01 31314 

Left medial 

orbital gyrus 

-11 27 -27 5.46 

Right straight 

gyrus 

0 37 -29 5.25 

Right medial 

orbital gyrus 

6 65 -20 5.04 

Right superior 

temporal gyrus 

46 23 -23 5.71 <0.01 14019 
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anterior part 

Right lateral 

orbital gyrus 

39 36 -17 4.71 

Right inferior 

frontal gyrus 

49 25 -13 4.18 

Corpus callosum 1 -35 21 6.66 <0.01 25349 

Right superior 

parietal gyrus 

2 -57 15 5.63 

Right posterior 

cingulate cortex 

2 -46 30 5.19 

Left anterior 

cingulate cortex 

1 -1 30 5.17 

Right posterior 

cingulate cortex 

0 -33 31 4.93 

Left posterior 

temporal lobe 

-20 -46 -15 4.77 

Left posterior 

cingulate cortex 

-4 -13 30 4.69 

Right superior 

temporal gyrus 

anterior part 

61 8 -12 5.01 <0.01 2083 

Right superior 

temporal gyrus 

posterior part 

60 2 -7 4.83 

Left superior 

temporal gyrus 

posterior part 

-66 -27 4 5.88 <0.01 2194 
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Left superior 

frontal gyrus 

0 33 36 5.71 <0.01 8347 

Right anterior 

cingulate 

3 29 29 5.46 

Right superior 

frontal gyrus 

3 51 11 4.92 

Right postcentral 

gyrus 

64 -12 13 4.67 <0.01 789 

Left superior 

parietal gyrus 

-13 -64 23 4.53 0.04 282 

 

 

Table A4.4 -Voxel level correlations between amyloid and tau in MCI and AD Correlations 

were examined using the Biological Parametric Mapping toolbox in SPM, with a threshold of 

significance of p<0.05 and an extent threshold of 500 voxels. 

	

Region MNI 

coordinates 

Z-

score 

R correlation 

coefficient 

p-

value 

Cluster 

size 

MCI 

Right lateral part of 

occipital lobe 

33 -83 -19 2.44 0.81 <0.01 2054 

Right lingual gyrus 15 -85 -6 2.23 0.77 

Left middle frontal gyrus -26 11 27 3.14 0.91 <0.01 1040 

Right precentral gyrus 35 -10 38 3.07 0.90 <0.01 1838 

Right postcentral gyrus 34 -7 23 2.34 0.79 

Right middle frontal gyrus 37 2 37 1.76 0.65 

Right precentral gyrus 5 -20 76 1.66 0.62 <0.01 928 
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Left posterior temporal 

lobe 

-21 -42 -13 3.95 0.97 <0.01 61565 

Right thalamus 7 -4 4 4.81 0.99 <0.01 12536 

Left pre-subgenual frontal 

cortex 

-2 37 -9 4.36 0.98 

Right middle frontal gyrus 17 43 -10 4.19 0.98 

Corpus callosum -6 25 -3 4.05 0.97 

Right caudate 10 16 3 3.95 0.97 

Left anterior cingulate 

cortex 

-10 42 12 3.78 0.96 

Left middle frontal gyrus -21 29 8 3.72 0.96 

Left caudate -15 12 8 3.63 0.95 

Right pre-subgenual frontal 

cortex 

5 33 -5 3.61 0.95 

Left subgenual frontal 

cortex 

-1 28 -6 3.58 0.95 

Left thalamus -18 -7 5 3.53 0.94 

Right insula 24 17 9 3.47 0.94 

Right putamen 23 9 6 3.17 0.91 

Right anterior orbital gyrus 23 49 -12 2.82 0.87 

Left superior frontal gyrus -16 41 1 2.78 0.87 

Left subgenual frontal 

cortex 

-19 48 -3 2.70 0.85 

Left precentral gyrus -22 -25 55 4.49 0.99 <0.01 3383 

Left lateral part of occipital -23 -68 37 4.13 0.98 
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lobe 

Left superior parietal gyrus -27 -50 52 3.48 0.94 

Left postcentral gyrus -21 -37 60 3.16 0.91 

Left posterior temporal 

lobe 

-58 -63 8 4.05 0.97 <0.01 1650 

Left inferolateral part of 

parietal lobe 

-58 -63 8 4.05 0.97 

Left straight gyrus -5 12 -19 3.76 0.96 <0.01 899 

Right superior frontal gyrus 15 -12 57 4.02 0.97 <0.01 3841 

Right posterior cingulate 

cortex 

2 -20 39 3.55 0.95 

Right precentral gyrus 2 -26 55 3.5 0.94 

Right postcentral gyrus 2 -32 51 3.15 0.91 

Left superior frontal gyrus -3 -7 65 2.66 0.85 

Left inferior frontal gyrus -53 35 12 3.95 0.97 <0.01 818 

Right putamen 21 5 -7 3.91 0.97 <0.01 503 

Right pallidum 21 1 -5 3.31 0.93 

Right amygdala 26 -4 -17 2.46 0.81 

Left superior temporal 

gyrus posterior part 

-62 -16 8 3.78 0.96 <0.01 818 

Right superior parietal 

gyrus 

9 -57 50 3.5 0.94 <0.01 562 

Left lateral part of parietal 

lobe 

-10 -93 11 3.49 0.94 <0.01 733 

Left cuneus -4 -94 10 3.33 0.93 
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Right posterior temporal 

lobe 

26 -57 -14 3.46 0.94 <0.01 1632 

Right lingual gyrus 23 -56 -4 3.16 0.91 

Left superior frontal gyrus -5 24 -60 3.45 0.94 <0.01 755 

Right cuneus 11 -87 34 2.99 0.89 <0.01 1212 

Left cuneus -7 -85 35 2.98 0.89 

Right lateral part of 

occipital lobe 

15 -85 30 2.98 0.89 

Right superior parietal 

gyrus 

14 -79 44 2.84 0.87 

Left lateral part of occipital 

lobe 

-21 -82 39 3.05 0.90 <0.01 508 

Left superior parietal gyrus -20 -75 51 2.55 0.83 

Right posterior cingulate 5 -43 29 3.02 0.90 <0.01 608 

Right superior parietal 

gyrus 

11 -52 34 2.8 0.87 

Right superior frontal gyrus 2 15 47 2.96 0.89 <0.01 651 

Right anterior cingulate 

cortex 

3 18 34 2.91 0.88 

Right inferolateral part of 

parietal lobe 

36 -70 41 2.94 0.89 <0.01 618 

Right lateral part of 

occipital lobe 

32 -75 37 2.87 0.88 

Left posterior temporal 

lobe 

-21 -42 -13 3.95 0.97 <0.01 61565 

Right thalamus 7 -4 4 4.81 0.99 <0.01 12536 
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Left pre-subgenual frontal 

cortex 

-2 37 -9 4.36 0.98 

Right middle frontal gyrus 17 43 -10 4.19 0.98 

Corpus callosum -6 25 -3 4.05 0.97 

Right caudate 10 16 3 3.95 0.97 

Left anterior cingulate 

cortex 

-10 42 12 3.78 0.96 

Left middle frontal cortex -21 29 8 3.72 0.96 

Left caudate -15 12 8 3.63 0.95 

Right pre-subgenual frontal 

cortex 

5 33 -5 3.61 0.95 

Left subgenual frontal 

cortex 

-1 28 -6 3.58 0.95 

Left thalamus -10 -7 5 3.53 0.94 

Right insula 24 17 9 3.47 0.94 

Right putamen 23 9 6 3.17 0.91 

Right anterior orbital gyrus 23 49 -13 2.82 0.87 

Left superior frontal gyrus -16 41 1 2.78 0.87 

Left subgenual frontal 

cortex 

-2 19 -6 2.72 0.86 

Left precentral gyrus -22 -25 55 4.49 0.99 <0.01 3383 

Left lateral part of occipital 

lobe 

-23 -68 37 4.13 0.98 

Left superior parietal gyrus -27 -50 52 3.48 0.94 

Left postcentral gyrus -21 -37 60 3.16 0.91 
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Left posterior temporal 

lobe 

-58 -63 8 4.05 0.97 <0.01 1650 

Left inferolateral part of 

parietal lobe 

-65 -49 23 3.60 0.95 

Left straight gyrus -5 12 -19 3.76 0.96 <0.01 899 

Right superior frontal gyrus 15 -12 57 4.02 0.97 <0.01 3841 

Right posterior cingulate 2 -20 39 3.55 0.95 

Right precentral gyrus 2 -26 55 3.50 0.94 

Right postcentral gyrus 2 -32 51 3.15 0.91 

Left superior frontal gyrus -3 -7 65 2.66 0.85 

Left inferior frontal gyrus -53 35 12 3.95 0.97 <0.01 818 

Right putamen 21 5 -7 3.91 0.97 <0.01 503 

Right pallidum 21 1 -5 3.31 0.93 

Right amygdala 26 -4 -17 2.46 0.81 

Left superior temporal 

gyrus posterior part 

-62 -16 8 3.78 0.96 <0.01 818 

Right superior parietal 

gyrus 

9 -57 70 3.5 0.94 <0.01 562 

Left lateral part of occipital 

lobe 

-10 -93 11 3.49 0.94 <0.01 733 

Left cuneus -4 -94 10 3.33 0.93 

Right posterior temporal 

lobe 

26 -57 -14 3.46 0.94 <0.01 1632 

Right lingual gyrus 23 -56 -4 3.16 0.91 

Left superior frontal gyrus -5 24 60 3.45 0.94 <0.01 755 
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Right cuneus 11 -87 34 2.99 0.89 <0.01 1212 

Left cuneus -7 -85 35 2.98 0.89 

Right lateral part of 

occipital lobe 

15 -85 30 2.98 0.89 

Right superior parietal 

gyrus 

14 -79 44 2.84 0.87 

Left lateral part of occipital 

lobe 

-21 -82 39 3.05 0.90 <0.01 508 

Left superior parietal gyrus -20 -75 51 2.55 0.83 

Right posterior cingulate 5 -43 29 3.02 0.90 <0.01 608 

Right superior parietal 

gyrus 

11 -52 34 2.80 0.87 

Right superior frontal gyrus 2 15 47 2.96 0.89 <0.01 651 

Right anterior cingulate 

cortex 

3 18 34 2.91 0.88 

Right inferolateral part of 

parietal lobe 

36 -70 41 2.94 0.89 <0.01 618 

Right lateral part of 

occipital lobe 

32 -75 37 2.87 0.88 

AD 

Right lateral part of 

occipital lobe 

21 -87 36 4.67 0.93 <0.01 2488 

Right superior parietal 

gyrus 

24 -80 47 3.67 0.85 

Right substantia nigra 5 -14 -15 4.53 0.93 <0.01 35219 

Right subgenual frontal 2 17 -11 4.36 0.91 
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cortex 

Right posterior temporal 

lobe 

28 -36 -3 4.35 0.91 

Left straight gyrus -1 19 -23 4.09 0.89 

Right straight gyrus 1 20 -19 4.05 0.89 

Right thalamus 13 -23 -2 3.78 0.86 

Corpus callosum -11 32 2 3.71 0.85 

Left caudate -16 15 9 3.68 0.85 

Left thalamus -9 -19 -5 3.59 0.84 

Left anterior orbital gyrus -19 43 -21 3.44 0.82 

Left subgenual frontal 

cortex 

-4 23 -6 3.40 0.82 

Right inferolateral part of 

parietal lobe 

38 -69 51 4.57 0.93 <0.01 6317 

Right lateral part of 

occipital lobe 

43 -86 14 4.10 0.89 

Right superior parietal 

gyrus 

27 -62 64 3.72 0.85 <0.01 6317 

Right lateral part of 

occipital lobe 

24 -93 -9 3.26 0.79 <0.01 2892 

Left superior parietal gyrus -13 -58 68 3.81 0.86 <0.01 1294 

Right middle frontal gyrus 16 38 -5 3.61 0.84 <0.01 2300 

Right medial orbital gyrus 9 43 -17 3.40 0.82 

Right anterior orbital gyrus 18 46 -12 3.29 0.80 

Right superior frontal gyrus 9 37 -11 3.09 0.77 
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Right superior parietal 

gyrus 

2 -52 50 3.34 0.81 <0.01 937 

Left lateral part of parietal 

lobe 

-34 -86 29 3.31 0.80 <0.01 522 

Right fusiform gyrus 37 -26 -17 2.83 0.73 <0.01 865 

Right pallidum 24 -13 0 2.58 0.68 

 

Table A4.5  - Regional level correlations between amyloid and tau in MCI and AD. 

Correlations were examined using the Spearman rho statistic. 

Regional 18F-flutemetamol Regional 18F-AV1451 R-correlation 

coefficient 

p-value 

MCI 

Anterior cingulate Composite cortex 0.64 0.048 

Right hippocampus 0.67 0.02 

Amygdala 0.66 0.03 

Right occipital lobe 0.74 <0.01 

Posterior cingulate Right fusiform 0.82 0.02 

Right hippocampus 0.66 0.03 

Amygdala 0.64 0.04 

Right occipital lobe 0.76 <0.01 

Frontal lobe Hippocampus 0.67 0.02 

Amygdala 0.63 0.04 

Right occipital lobe 0.63 0.04 

Parietal lobe Composite cortical 0.64 0.048 
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Hippocampus 0.70 0.02 

Right hippocampus 0.71 0.02 

Amygdala 0.71 0.02 

Amygdala 0.71 0.02 

Right occipital lobe 0.69 0.02 

Composite cortex Hippocampus 0.64 0.04 

Right hippocampus 0.62 0.04 

Amygdala 0.62 0.04 

Right occipital lobe 0.66 0.03 

Left temporal lobe Composite cortex 0.71 0.02 

Right hippocampus 0.62 0.04 

Amygdala 0.70 0.02 

Occipital lobe 0.72 0.01 

Right occipital lobe 0.72 0.01 

Right frontal lobe Composite cortical 0.64 0.048 

Hippocampus 0.70 0.02 

Right hippocampus 0.71 0.02 

Amygdala 0.71 0.02 

Right occipital lobe Right occipital lobe 0.69 0.02 

Left frontal lobe Hippocampus 0.68 0.02 

Right hippocampus 0.68 0.02 

Amygdala 0.64 0.04 

Right occipital lobe 0.64 0.04 
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Right parietal lobe Hippocampus 0.67 0.02 

Right hippocampus 0.63 0.04 

Amygdala 0.65 0.03 

Occipital lobe 0.66 0.03 

Left parietal lobe Right fusiform 0.79 0.04 

Composite 0.76 0.01 

Hippocampus 0.72 0.01 

Right hippocampus 0.76 <0.01 

Amygdala 0.77 <0.01 

Right temporal lobe 0.61 0.047 

Occipital lobe 0.67 0.02 

Right occipital lobe 0.77 <0.01 

Left occipital lobe Occipital lobe 0.72 0.02 

Left occipital lobe 0.64 0.048 

AD 

Amygdala Left amygdala 0.59 0.04 

Right fusiform Amygdala 0.63 0.02 

Amygdala Amygdala 0.59 0.04 
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Table A4.6- Voxel level correlations between amyloid and microglial activation in MCI and 

AD Correlations were examined using the Biological Parametric Mapping toolbox in SPM, using 

a threshold of significance of p<0.05 and an extent threshold of 500 voxels. 

	

Region of interest MNI 

Coordinate

s 

Z-score R 

correlation 

coefficient 

p-value Cluster 

size 

MCI (Aβ-positive individuals) 

Right middle frontal gyrus 15 44 -9  4.23 0.98 <0.01 36790 

Right superior frontal gyrus 16 44 0 4.00 0.97 <0.01 36790 

Left pre-subgenual frontal 

cortex 

-2 37 -7 3.83 0.96 <0.01 36790 

Left superior frontal gyrus -13 46 -2 3.82 0.96 <0.01 36790 

Corpus callosum 8 29 -1 3.67 0.95 <0.01 36790 

Right thalamus 3 -4 4  3.61 0.95 <0.01 36790 

Right pre-subgenual frontal 

cortex 

6 32 -3  3.59 0.95 <0.01 36790 

Right anterior orbital gyrus 17 46 -14 3.46 0.94 <0.01 36790 

Left straight gyrus -3 21 -18 3.40 0.93 <0.01 36790 

Right parahippocampus 19 -10 -36 3.28 0.92 <0.01 36790 

Left anterior cingulate -9 43 -2 3.19 0.92 <0.01 36790 

Left medial orbital gyrus -14 45 -16 3.16 0.91 <0.01 36790 

Left middle frontal gyrus -19 38 1 3.14 0.91 <0.01 36790 

Left anterior orbital gyrus -16 47 -12 3.11 0.91 <0.01 36790 
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Left parahippocampus -25 -14 -26 3.95 0.97 <0.01 7541 

Left posterior temporal lobe -27 -53 -17 3.44 0.94 <0.01 7541 

Left thalamus -20 -29 2 3.37 0.93 <0.01 7541 

Left insula -26 -24 7 2.92 0.89 <0.01 7541 

Left caudate -17 8 12 2.78 0.87 <0.01 7541 

Left fusiform -33 -18 -29 2.23 0.77 <0.01 7541 

Left amygdala -20 -5 -18 2.15 0.75 <0.01 7541 

Right lateral part of occipital 

lobe 

12 -98 -1 3.75 0.96 <0.01 2126 

Right cuneus 10 -95 8 2.74 0.86 <0.01 2126 

Left cuneus -2 -98 0 1.73 0.64 <0.01 2126 

Right posterior temporal lobe 71 -44 -5 2.38 0.80 <0.01 778 

AD (Aβ +ve individuals) 

Left superior parietal gyrus -12 -67 64 3.64 0.85 <0.01 20616 

Left inferolateral part of 

parietal lobe 

-37 -69 51 

 

3.36 0.81 <0.01 20616 

Left lateral part of occipital 

lobe 

-28 -83 23 

 

3.08 0.77 <0.01 20616 

Right precentral gyrus 32 -10 63 

 

4.28 0.91 <0.01 829 

Right lateral part of occipital 

lobe 

50 -65   8 

 

3.40 0.82 <0.01 829 

Right posterior temporal lobe 63 -52 -11 

 

2.88 0.74 <0.01 829 
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Right inferolateral part of 

parietal lobe 

47 -56 30 

 

2.79 0.72 <0.01 829 

Right posterior temporal lobe 53 -60 13 3.49 0.83 <0.01 9206 

Right lateral part of occipital 

lobe 

50 -65 8 3.40 0.82 <0.01 9206 

Right inferolateral part of 

parietal lobe 

47 -56 30 -2.79 0.72   

Right superior parietal gyrus 12 -43 63 

 

3.44 0.82 <0.01 11745 

Right postcentral gyrus   9 -32 58 

 

3.44 0.82 <0.01 11745 

Left superior parietal gyrus -1 -50 55 

 

3.10 0.77 <0.01 11745 

Right lateral part of occipital 

lobe 

22 -69 36 

 

3.03 0.76 <0.01 11745 

Right precentral gyrus 16 -21 63 

 

2.89 0.74 <0.01 11745 

Left postcentral gyrus -1 -39 57 

 

2.86 0.73 <0.01 11745 

Left postcentral gyrus -40 -25 56 

 

3.42 0.82 <0.01 686 

Left precentral gyrus -33 -27 60 

 

2.83 0.73 <0.01 686 

Left precentral gyrus -57 7 32 2.96 0.75 <0.01 729 
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Left middle frontal gyrus -48 15 42 

 

2.45 0.66 <0.01 729 

Right lateral part of occipital 

lobe 

47 -77 25 

 

2.03 0.57 <0.01 713 

Left inferolateral part of 

parietal lobe 

-54 -56 21 

 

2.75 0.72 <0.01 629 

Left lateral part of occipital 

lobe 

-41 -71 17 

 

2.01 0.56 <0.01 629 

Left superior frontal gyrus -16 -11 63 

 

2.72 0.71 <0.01 590 

Left middle frontal gyrus -29   0 61 

 

2.31 0.63 <0.01 590 

Left precentral gyrus -20 -16 62 

 

2.00 0.56 <0.01 590 

Right lateral part of occipital 

lobe 

26 -85 -19 

 

2.07 0.58 <0.01 509 

Left superior parietal gyrus -34 -47 52 

 

2.59 0.60 <0.01 1276 

Left inferolateral part of 

parietal lobe 

-38 -45 45 

 

2.32 0.63 <0.01 1276 
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Table A4.7 - Voxel level correlations between microglial activation and tau in MCI, AD and 

Aβ-negative individuals. Correlations were examined using the Biological Parametric Mapping 

toolbox in SPM, using a threshold of significance of p<0.01 and an extent threshold of 500 

voxels. 

	

Region of interest Coordinates Z-score R 

correlation 

coefficient 

p-value Cluster 

size 

MCI (Aβ-positive) 

Right superior frontal gyrus   5  -8 72 

 

4.49 0.99 <0.01 49058 

Left superior frontal gyrus -14 51 41 

 

3.92 0.97 

Left middle frontal gyrus -36 61   0 

 

3.55 0.95 <0.01 2118 

Right caudate 16 -12 21 

 

4.51 0.99 <0.01 13813 

Corpus callosum   5   0 22 

 

4.16 0.98 

Right middle frontal gyrus 19 23 10 

 

3.96 0.97 

Left superior frontal gyrus -17 29 18 3.47 0.94 

Left precentral gyrus -19  -7 31 

 

3.43 0.94 
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Right anterior cingulate   8   6 29 

 

3.40 0.93 

Right superior frontal gyrus 18 31 10 

 

3.30 0.93 

Left caudate -15 -12 22 

 

3.28 0.92 

Right superior parietal gyrus 14 -50 18 

 

4.51 0.99 <0.01 8830 

Left posterior temporal lobe -22 -52   2 

 

4.32 0.98 

Right posterior temporal lobe 28 -52   4 

 

4.22 0.98 

Corpus callosum 12 -45 16 

 

4.01 0.97 

Left superior parietal gyrus -22 -42 24 

 

3.77 0.96 

Left thalamus -5 -19  -2 

 

4.37 0.98 <0.01 3493 

Left fusiform gyrus -35 -16 -39 3.36 0.93 <0.01 1548 

Right lateral orbital gyrus 39 48  -9 

 

3.18 0.91 <0.01 2504 

Right middle frontal gyrus 22 59  -5 

 

2.90 0.88 

Right superior frontal gyrus 25 68   4 2.77 0.86 
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Left superior frontal gyrus -13 70 -4 3.90 0.97 <0.01 560 

Left precentral gyrus 58 -2 43 3.21 0.92 <0.01 826 

Right superior frontal gyrus 10 70  -2 

 

3.36 0.93 <0.01 1086 

Right medial orbital gyrus   9 64 -19 

 

2.86 0.88 

Left inferolateral part of 

parietal lobe 

-50 -46 53 

 

2.75 0.86 <0.01 574 

AD (Aβ-positive) 

Right superior frontal gyrus 16 42 53 

 

4.99 0.95 <0.01 528779 

Left posterior temporal lobe -55 -43 12 4.89 0.95 

Right inferior and temporal 

gyrus 

51  -4 -41 

 

4.89 0.95 

Left superior frontal gyrus -9   3 47 

 

4.85 0.94 

Right insula 43   3   1 

 

4.84 0.94 

Left middle frontal gyrus -48 25 35 4.80 0.94 

Right anterior temporal lobe 

lateral part 

62   3 -21 

 

4.76 0.94 

Right anterior temporal lobe 

medial part 

37   0 -48 

 

4.73 0.94 
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Left caudate -16   7 21 

 

3.91 0.87 <0.01 1337 

Left middle frontal gyrus -22 18 12 

 

2.91 0.74 

Left insula -25 16 10 

 

2.62 0.69 

Right superior parietal gyrus 43 -41 63 

 

3.73 0.86 <0.01 4844 

Right inferolateral part of 

parietal lobe 

43 -67 49 

 

3.33 0.81 

Right postcentral gyrus 37 -37 65 

 

2.59 0.69 

Right lateral part of occipital 

lobe 

42 -71 33 

 

2.48 0.66 

Right posterior temporal lobe 23 -35 -18 

 

3.42 0.82 <0.01 578 

Right fusiform gyrus 30 -32 -19 

 

3.05 0.77 

Right lateral part of occipital 

lobe 

41 -90  -3 

 

2.67 0.70 <0.01 680 

Left amygdala -18  -2 -19 2.82 0.73 <0.01 890 

Left anterior temporal lobe 

medial part 

-23 16 -38 

 

2.78 0.72 

Left parahippocampus -13  -5 -24 2.72 0.71 
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Left posterior orbital gyrus -24 13 -25 

 

2.38 0.64 

Left superior parietal gyrus   0 -66 43 

 

2.66 0.70 <0.01 575 

Right superior parietal gyrus   5 -76 42 

 

2.63 0.69 

Aβ-negative individuals 

Right superior parietal gyrus 33 -41 61 

 

3.41 0.94 <0.01 1538 

Left posterior temporal lobe -46 -63 -16 3.40 0.93 <0.01 3149 

Left lateral part of occipital 

lobe 

-42 -72 -14 2.72 0.86 

left superior frontal gyrus 11 48 34 2.57 0.83 0.03 1168 

 

Table A4.8 - Regional correlations between tau and microglial activation (HABs only). 

Correlations were performed using the Spearman rho statistic 

	

Regional 18F-AV1451 Regional Logan 
11C-PBR28 

R 

correlation 

coefficient 

p-value 

Right occipital lobe Left fusiform 

gyrus 

0.58 0.048 

Parietal lobe 0.59 0.045 

Right parietal 

lobe 

0.61 0.04 
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Table A4.9-Voxel level correlations between amyloid and tau in ‘tracer positive’ 

individuals. The MCI and AD group were combined). Correlations were examined using the 

Biological Parametric Mapping toolbox in SPM. 

Region MNI 

coordinates 

Z-score R 

correlation 

coefficient 

p-value Cluster 

size 

Right superior frontal 

gyrus 

7 42 -11 4.35 1.00 <0.01 3769 

Corpus callosum 3 25 -2 2.99 0.98 

Left superior frontal 

gyrus 

-9 43 -13 2.59 0.96 

Right pre-subgenual 

frontal cortex 

1 32 -10 2.53 0.95 

Left middle frontal 

gyrus 

-22 42 -3 2.40 0.94 

Right middle frontal 

gyrus 

16 44 -11 2.05 0.89 

Left presubgenual 

frontal cortex 

-2 39 -11 2.02 0.89 

Right substantia nigra 13 -23 -12 3.84 1.00 <0.01 7457 

Right 

parahippocampus 

25 -12 -33 3.84 1.00 

Right thalamus 15 -10 6 3.83 1.00 

Left caudate -5 13 1 3.32 0.99 

Corpus callosum 3 17 -3 3.2 0.99 

Left thalamus -3 -10 2 2.77 0.97 
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Right subgenual 

frontal cortex 

4 19 -12 2.62 0.96 

Right fusiform gyrus -7 6 3 2.29 0.93 

Right subcallosal area 4 9 -8 2.25 0.92 

Left precentral gyrus -43 -4 47 3.42 0.99 <0.01 3061 

Left middle frontal 

gyrus 

-27 19 45 3.35 0.99 

Right superior frontal 

gyrus 

7 42 -11 4.35 1.00 <0.01 530 

Right presubgenual 

frontal cortex 

1 32 -10 2.53 0.95 

Right substantia nigra 13 -23 -12 3.84 1.00 <0.01 1171 

Right thalamus 15 -10 6 3.82 1.00 

 

Table A4.10 -Voxel level correlations between amyloid and microglial activation in 

‘tracer positive’ individuals. Correlations were performed using the Biological Parametric 

Mapping toolbox in SPM, using a threshold of significance of p<0.05 and an extent threshold 

of 500 voxels. The MCI and AD group were combined. 

	

Region MNI 

coordinates 

Z-score R 

correlation 

coefficient 

p-value Cluster 

size 

Left precentral gyrus -57 -9 42 4.12 1.00 <0.01 32243 

Left inferior frontal 

gyrus 

-47 39 -1 4.02 1.00 

Left middle frontal 

gyrus 

-28 64 9 3.79 1.00 
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Right lateral orbital 

gyrus 

42 54 -16 3.77 1.00 

Left superior frontal 

gyrus 

-21 33 56 3.68 1.00 

Right middle frontal 

gyrus 

32 51 31 3.66 1.00 

Left superior temporal 

gyrus posterior part 

-68 -19 -2 3.56 1.00 

Left lateral orbital 

gyrus 

-49 44 -16 3.37 0.99 

Left middle and 

inferior temporal 

gyrus 

-66 -17 -27 3.13 0.99 

Left middle frontal 

gyrus 

-48 49 -10 3.11 0.99 

Right inferior frontal 

gyrus 

58 27 24 3.03 0.98 

Left superior temporal 

gyrus posterior part 

-63 -7 -4 3.03 0.98 

Corpus callosum -10 30 5 3.84 1.00 <0.01 6635 

Right caudate 18 20 13 3.59 1.00 

Right middle frontal 

gyrus 

18 26 11 3.57 1.00 

Right subgenual 

frontal cortex 

2 2 -6 3.27 0.99 

Right insula 21 26 4 3.00 0.98 

Right thalamus 2 -12 3 3.81 1.00 <0.01 2546 
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Right insula 25 -27 -7  0.92 

Left anterior temporal 

lobe medial part 

-34 19 -39 3.19 0.99 0.03 1323 

Left anterior temporal 

lobe lateral part 

-53 12 -29 2.75 0.97 

Left superior temporal 

gyrus anterior part 

-45 22 -27 2.52 0.95 

Left middle and 

inferior temporal 

gyrus 

-58 -2 -35 2.18 0.91 

Right posterior 

temporal lobe 

19 -36 5 3.03 0.98 0.01 1526 

Corpus callosum 15 -27 25 2.59 0.96 

Right superior parietal 

gyrus 

19 -30 29 2.56 0.96 

Corpus callosum -12 -17 29 2.98 0.98 <0.01 2481 

Left postcentral gyrus -16 -18 31 2.64 0.960 

Left superior parietal 

gyrus 

-19 -42 31 2.43 0.950 

Left posterior 

cingulate cortex 

-9 -36 27 2.28 0.930 

Left inferior frontal 

gyrus 

-47 39 -1 4.02 1.00 <0.01 1249 

Left lateral orbital 

gyrus 

-49 44 -16 3.37 0.99 

Left middle frontal 

gyrus 

-48 49 -10 3.11 0.99 
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Corpus callosum -10 30 5 3.84 1.00 <0.01 567 

Right thalamus 2 -12 3 3.81 1.00 <0.01 602 

Right lateral orbital 

gyrus 

42 54 -16 3.77 1.00 <0.01 1704 

Right middle frontal 

gyrus 

38 57 3 3.00 0.980 

Right anterior orbital 

gyrus 

31 59 -7 2.67 0.970 

Left superior frontal 

gyrus 

-12 69 4 3.57 1.00 <0.01 689 

Left superior temporal 

gyrus posterior part 

-68 -19 -2 3.56 1.00 <0.01 739 

Left middle and 

inferior temporal 

gyrus 

-66 -17 -27 3.13 0.99 

 

Table A4.11-Voxel level correlations between tau and microglial activation in ‘tracer 

positive’ individuals Correlations were examined using the Biological Parametric Mapping 

toolbox in SPM, using a threshold of significance of p<0.01 and an extent threshold of 500 

voxels. The MCI and AD groups were combined.  

	

Region MNI 

coordinates 

Z-score R 

correlation 

coefficient 

p-value Cluster 

size 

Right middle frontal 

gyrus 

52 39 17 4.25 1.00 <0.01 15651 

Right superior frontal 

gyrus 

13 68 13 3.99 1.00 
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Right inferior frontal 

gyrus 

51 36 12 3.82 1.00 

Right anterior orbital 

gyrus 

25 65 -7 3.41 0.99 

Right lateral orbital 

gyrus 

41 56 -7 2.93 0.98 

Left inferolateral part 

of occipital lobe 

-32 -44 37 4.10 1.00 <0.01 64302 

Left posterior 

temporal lobe 

-49 -46 5 3.99 1.00 

Left middle and 

inferior temporal 

gyrus 

-50 -8 -39 3.99 1.00 

Right lateral part of 

occipital lobe 

29 -73 11 3.88 1.00 

Left superior temporal 

gyrus posterior part 

-52 -1 0 3.86 1.00 

Left precentral gyrus -61 4 15 3.84 1.00 

Right superior parietal 

gyrus 

15 -44 26 3.64 1.00 

Left anterior temporal 

lobe lateral part 

-56 4 -27 3.63 1.00 

Left lateral part part of 

occipital lobe 

-50 -77 -9 3.62 1.00 

Right middle frontal 

gyrus 

24 26 28 3.44 0.99 

Left superior parietal -25 -44 39 3.33 0.99 
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gyrus 

Corpus callosum 19 -43 20 3.32 0.99 

Left postcentral gyrus -5 -32 48 3.30 0.99 

Right anterior 

temporal lobe medial 

part 

28 7 -30 3.79 1.00 <0.01 9190 

Right 

parahippocampus 

16 -12 -26 3.42 0.99 

Right anterior 

temporal lobe lateral 

part 

39 19 -38 3.31 0.99 

Right superior 

temporal gyrus 

anterior part 

63 8 -6 3.09 0.99 

Right superior 

temporal gyrus 

posterior part 

64 2 -2 2.90 0.98 

Right middle and 

inferior temporal 

gyrus 

47 -14 -37 2.84 0.98 

Right fusiform gyrus 47 -14 -37 2.84 0.95 

Right amygdala 17 -6 -20 2.49 0.95 

Right posterior 

temporal lobe 

40 -50 4 3.75 1.00 <0.01 2189 

Left superior frontal 

gyrus 

-17 25 62 3.63 1.00 <0.01 10412 

Left middle frontal -46 48 15 3.07 0.99 
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gyrus 

Left anterior orbital 

gyrus 

-23 65 -7 2.60 0.96 

Right superior frontal 

gyrus 

2 17 64 3.08 0.99 <0.01 1592 

Left superior frontal 

gyrus 

-2 11 54 2.83 0.98 

Right middle frontal 

gyrus 

52 39 17 4.25 1.00 <0.01 1257 

Right inferior frontal 

gyrus 

51 36 12 3.82 1.000 

Right superior frontal 

gyrus 

13 68 13 3.99 1.00 <0.01 563 

Right anterior orbital 

gyrus 

25 65 -7 3.41 0.99 

Left middle and 

inferior temporal 

gyrus 

-50 -8 -39 3.99 1.00 <0.01 727 

Left anterior temporal 

lobe lateral part 

-54 0 -39 2.92 0.98 <0.01 727 

Left superior temporal 

gyrus posterior part 

-52 -1 0 3.86 1.00 <0.01 525 

Left precentral gyrus -61 4 15 3.84 1.00 

Left posterior 

temporal lobe 

-41 -42 -20 3.65 1.00 <0.01 661 

Right superior parietal 

gyrus 

15 -44 26 3.64 1.00 <0.01 1325 
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Corpus callosum 19 -43 20 3.32 0.99 

Left lateral part of 

occipital lobe 

-50 -77 -9 3.62 1.00 <0.01 843 

Right middle frontal 

gyrus 

39 56 -1 3.55 1.00 <0.01 836 

Right inferior frontal 

gyrus 

53 42 -1 3.29 0.99 

Left lateral orbital 

gyrus 

41 56 -7 2.93 0.98 

Left superior frontal 

gyrus 

-14 67 17 3.32 0.99 <0.01 720 

Left anterior orbital 

gyrus 

-23 65 -7 2.6 0.96 

 

  



	

289	

Appendix 5– Publications and poster presentations 
 

Publication 1: 

Tau imaging in neurodegenerative diseases; Dani M; Brooks DJ; Edison P; Eur J Nucl 

Med Mol Imaging 2016, 43; 1139-1150 

 

Publication 2:  

Imaging biomarkers in tauopathies; Dani, M; Edison P; Brooks DJ; Parkinsonsism Relat 

Disord; 2016 22S1:s26-8 
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Suspected non Alzheimer’s pathology – is it non Alzheimer’s or non-amyloid?’;  Dani M; 

Brooks DJ, Edison P; Ageing Res Rev 2017; 35:20-31 

 

Poster 1: 

Amyloid deposition, tau aggregation and microglial activation correlated with vascular 

burden in vivo in Alzheimer’s disease; Dani M; Fan Z; Mizoguchi, R; Morgan R; Walker 

Z; Femminella GD; Calsolaro V; Brooks DJ; Edison P; Alzheimer’s Association 

International Conference; July 2017 

 

Poster 2: 

Cerebellar reference based modeling of tau tracer 18F-AV1451 in mild cognitive 

impairment and Alzheimer disease; Dani M; Wood M; Mizoguchi, R; Fan Z; Brooks DJ; 

Edison P, Alzheimer’s Association International Conference; 2017, London UK 
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Imaging Amyloid, neuroinflammation and tau in mild cognitive impairment and Alzheimers 

disease; Dani M; Wood M; Fan Z; Calsolaro V; Femminella G; Mizoguchi R; Atkinson R; 

Brooks DJ; Edison P; Human Amyloid Imaging, January 2016 
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Appendix 6: Publications 
	

1. Review entitled ‘Tau imaging in neurodegenerative diseases’ (this is an open 

access article and permissions to present it here are not required) 

2. Review on ‘Suspected non Alzheimer’s pathology – is it non-Alzheimer’s or 

non-amyloid?’ Permission to present is enclosed at the end 
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a  b  s  t  r a  c t

Neurodegeneration,  the  progressive loss of neurons, is  a  major process involved in dementia  and age-
related  cognitive  impairment.  It can be  detected  clinically  using currently  available  biomarker  tests.
Suspected  Non  Alzheimer Pathology  (SNAP)  is a biomarker-based  concept  that  encompasses  a group
of individuals with  neurodegeneration,  but  no evidence  of amyloid  deposition (thereby  distinguishing  it
from  Alzheimer’s  disease  (AD)).  These individuals  may  often  have  a clinical  diagnosis  of AD,  but  their  clin-
ical  features, genetic susceptibility  and progression  can  differ  significantly,  carrying  crucial  implications
for  precise  diagnostics, clinical  management,  and efficacy  of clinical  drug  trials.

SNAP  has caused  wide  interest  in the  dementia  research  community, because  it is  still unclear whether
it represents distinct pathology separate  from  AD, or  whether  in some  individuals,  it could  represent  the
earliest  stage of  AD. This  debate  has  raised  pertinent  questions  about the  pathways  to  AD,  the  need  for
biomarkers,  and the  sensitivity  of current  biomarker  tests.

In  this  review, we discuss  the  biomarker  and  imaging  trials  that  first recognised  SNAP.  We describe the
pathological  correlates  of SNAP and comment  on the  different  causes of neurodegeneration. Finally,  we
discuss  the  debate around  the  concept of SNAP,  and  further  unanswered  questions that  are  emerging.

© 2017  Elsevier  B.V.  All rights  reserved.
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1. Introduction

Alzheimer’s Disease (AD) is the commonest cause of dementia
and cognitive impairment worldwide and leads to signifi-
cant disability and death. While the NINCDS-ADRDA (National
Institute of Neurological and Communicative Disorders and Stroke-
Alzheimer’s Disease and Related Disorders) 1984 criteria are  based
on clinical factors, the National Institute of Ageing-Alzheimer Asso-
ciation (NIA-AA) diagnostic guidelines from 2011 incorporate the
use of biomarkers into the diagnosis of Mild Cognitive Impairment
(MCI), AD and preclinical disease (Albert et al., 2011; McKhann
et al., 2011; Sperling et al., 2011). These biomarkers reflect amy-
loid (A!) deposition (reduced CSF A! or detection of amyloid
fibrils with Positron Emission Tomography (PET)) and neurode-
generation (raised CSF tau, medial temporal lobe atrophy on MRI,
hypometabolism on fluorodeoxyglucose (FDG) PET imaging). These
operationalized biomarkers can classify the pre-clinical stages of
the AD trajectory, allowing each stage to be  characterized and
examined in  more detail – stage 1 (biomarker evidence of A!, but
no neuronal injury), stage 2 (A!,  and neuronal injury) and stage 3
(A!,  neuronal injury, and subtle cognitive impairment, not reach-
ing the criteria for Mild Cognitive Impairment) (Jack et al., 2012).
These studies have consistently revealed a significant minority of
individuals with biomarker evidence of neurodegeneration, but no
evidence of amyloid deposition. This has been labelled Suspected
Non Alzheimer Pathology (SNAP). Histopathologic data also suggest
that a  proportion of patients represent neurodegeneration posi-
tive, Aß negative ‘mimics’ of AD, and have different clinical and
prognostic features from AD. There is  debate about whether these
‘neurodegeneration only’ subjects form part of the spectrum of
AD, with neurodegeneration occurring prior to amyloid deposition,
or whether the non-amyloidogenic pathways reflect underlying
tauopathy or other pathologies. Current tau PET imaging studies
may  help answer this. Importantly, the biomarker profiles asso-
ciated with SNAP have different clinical and prognostic features
from amyloid positive AD, and this carries both clinical and research
implications.

In this review, we discuss the defining imaging and biomarker
studies which have led to the conceptualization of SNAP, and
implications for future work. We  also describe possible patho-
logical bases for SNAP, by  describing conditions with positive
biomarkers for neurodegeneration (cortical atrophy and cortical
hypometabolism) in the absence of A!, and possible mechanisms of
neurodegeneration in these subjects. We then discuss the patholog-
ical relationship between SNAP and the histopathological concept
of PART (Primary Age-Related Tauopathy) and detail how their
neurodegenerative patterns differ. Finally, we  discuss whether
these entities are a subgroup of AD, or represent entirely separate
pathologies.

2. The emergence of suspected non amyloid pathology
(SNAP) in biomarker and imaging studies

The sensitivity and specificity of clinical criteria in making a
diagnosis of AD are widely recognised to be imperfect (Beach et al.,
2012; Bradford et al., 2009). This was highlighted recently when a
drug trial that was recruiting patients with a clinical diagnosis of
AD revealed that 16% of patients were amyloid negative (Salloway
et al., 2014). This finding has been corroborated by: (a) Patholog-

ical examination, which has shown that  14% of individuals with
a  clinical diagnosis of probable AD have no or  few A! plaques at
subsequent autopsy (Serrano-Pozo et al., 2014)  (b) Imaging studies
which show that 15% of clinical AD cases are amyloid negative on
Positron Emission Tomography scans (Landau et al., 2016). These
findings highlight the need for biomarkers in making a diagno-
sis of AD (as suggested in the NIA-AA criteria described above).
However, the application of these guidelines by  using imaging
and CSF biomarkers has led  researchers to find different combina-
tions of biomarkers present in  the ageing brain with and without
cognitive impairment. The biomarkers that are  currently used in
the diagnosis of AD are those that reflect amyloid plaque deposi-
tion (detected by amyloid PET imaging or inferred by  reduced CSF
A!42 levels) and markers of neurodegeneration (hypometabolism
detected on 18F FDG PET, hippocampal atrophy measured with MRI,
and raised phospho-tau and total tau measured in  CSF). A two-
feature biomarker classification system devised by  Jack et al. (Jack
et al., 2012; Jack et al., 2014)  stratifies subjects according to  their
amyloid positivity or negativity (A+/A−)  and neurodegeneration
status (N+/N−).  Using this stratification, a  proportion of  subjects
are amyloid and neurodegeneration positive (A+N+, representing
preclinical, prodromal, or clinical AD subjects); neurodegeneration
positive in  the absence of A! (A−N+, also known as Suspected
Non Alzheimer Pathology, or SNAP); amyloid positive only (A+N−);
and negative for both amyloid and neurodegeneration (A−N−).
This framework acknowledges that not  all patients are on a  ‘typi-
cal’ recognised AD pathway (Jack et al., 2012), and challenges the
Amyloid Cascade Hypothesis, which posits that neurodegeneration
occurs as a downstream effect of amyloid deposition (Karran et al.,
2011)

SNAP (Suspected Non Alzheimer Pathology) is a biomarker-
defined syndrome that encompasses individuals across the
cognitive spectrum with normal amyloid biomarkers, but evidence
of neurodegeneration on CSF, MRI  or FDG-PET (Jack et al., 2016a).
It  was  first defined in 2012 by Jack et al. (2012) who  evaluated
the NIA-AA criteria for preclinical AD using 450 cognitively normal
volunteers, and found that 23% of the sample had normal amyloid
PET imaging but were positive for biomarkers of  neurodegenera-
tion (defined by hippocampal volume and FDG-PET). There was  a
lower prevalence of APOE !4 carriers in this cohort compared to
the preclinical AD (A!)  group.

2.1. Prevalence

Following the initial classification described above by  Jack et al.
in  2012, several studies have followed, evaluating cognitively nor-
mal  elderly subjects, individuals with MCI, and cases of  clinically
diagnosed dementia. These are summarized in Table 1  (cognitively
normal subjects) and Table 2 (cognitively impaired subjects).

In the cognitively normal group, the prevalence ranged from
18 to  35%, the majority of studies (6 of 9)  showing remark-
able consistency at 22–25%. The age group of  the SNAP subjects
was 57–81 years. APOE"4 carriage amongst the SNAP subjects
was 12–41%, consistently lower than in the A+N+ subjects (range
41–71%)(Burnham et al., 2016; Jack et al., 2012; Knopman et al.,
2012, 2013, 2016; Mormino et al., 2014, 2016; Soldan et al., 2016;
Vos et al., 2013, 2016).

In the MCI  group, prevalence ranged from 16.6% to 35%, with
higher variability of prevalence between cohorts than the cogni-
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tively normal group. The age of the SNAP group was 69.4-82 years,
and APOE"4 carriage varied from 9 to 40%. (Caroli et al., 2015; Duara
et al., 2013; Knopman et al., 2016; Petersen et al., 2013; Prestia et al.,
2013; Wisse et al., 2015).

One study has examined the prevalence of SNAP in subjects with
a clinical diagnosis of AD, finding a prevalence of 7% (Lowe et al.,
2013).

It is important to note that the studies shown in  Tables 1 and 2
differ in the type of study cohort examined, the biomarker defini-
tions used to  define SNAP, the mode of diagnosis of MCI, and length
of follow up, so head to head comparison of the studies is unreliable
and may  explain some of the variability in  reported prevalence. In
one cohort, for example, 75% of cognitively normal participants had
a first degree relative with AD,  which may  have introduced bias into
the results and could explain why this group had a  higher APOE"4
carriage (41%) than other groups (Soldan et al., 2016). Most studies
did not stipulate how they quantified vascular burden, while others
described visual inspection (Caroli et al., 2015), and so this could
be variable. Finally, inclusion criteria for MCI  varied: most studies
made a clinical diagnosis based on Petersen criteria, while others
stipulated Clinical Dementia Rating Scale and specific memory test
scores (Petersen et al., 2013). Moreover, as we discuss in  Section
2.5, there is  heterogeneity in the cut-offs, thresholds and defini-
tions of  neurodegeneration, which can introduce variability in  the
results. Some studies examined only amnestic MCI  subjects (Duara
et al., 2013; Petersen et al., 2013; Wisse et al., 2015)  while oth-
ers included early MCI  (Wisse et al., 2015). This is reflected in the
mean MMSE scores for the MCI SNAP studies, which ranged from
25(IQR 24,  27) to 28.1 (SD 1.8), spanning a  wide range of cognitive
impairment and potential extent of degeneration. This may  partly
explain some of the variability in outcomes in Table 1 and 2 particu-
larly in the MCI  group. However, despite these differences in  study
design, the prevalence of SNAP in cognitively normal individuals
and characteristics of the SNAP cohort (described in the next sec-
tion) are remarkably consistent, supporting the concept of SNAP as
a distinct entity.

2.2. Characteristics of SNAP

SNAP subjects have a lower incidence of APOE !4 carriage than
preclinical AD (Caroli et al., 2015; Jack et al., 2012, 2016b; Knopman
et al., 2013; Wisse et al., 2015) and targets older males (Jack et al.,
2014, 2015, 2016b; Mormino et al., 2014). Jack et al. (2015) and
Wisse et al. (2015) compared to individuals without neurodegen-
eration. There is  no difference in educational attainment between
SNAP groups and those with other biomarker profiles. While no
studies have reported a  racial predilection for SNAP, the few studies
that did report ethnicity contained predominantly Caucasian par-
ticipants (97% and 92%) making it difficult to  observe inter-racial
differences (Soldan et al., 2016; Vos et al., 2013).

Some studies have shown a  greater burden of white matter dis-
ease in SNAP patients compared to controls (Wirth et al., 2013b).
Another study found no difference in  small vessel disease or vascu-
lar risk factors compared to preclinical AD (Knopman et al., 2013).
Wisse et  al. found that SNAP MCI subjects were more likely to  have
cardiovascular disease and hypertension than A-N- MCI  subjects,
although these differences did not survive a  correction for age (only
a trend for greater heart disease remained) (Wisse et al., 2015). This
is notable, because of the predilection of SNAP for older age com-
pared to A-N- individuals (Jack, 2014; Jack et al., 2015; Mormino
et al., 2014; Wisse et al., 2015).

Wirth et al. found that neurodegeneration in SNAP in  the
absence of A! had a similar pattern and distribution to that seen
in AD (Wirth et al., 2013b). The patterns of hypometabolism in
SNAP and preclinical AD (A+N+) groups were comparable (Caroli
et al., 2015) but hippocampal atrophy was more severe in  SNAP

(Caroli et al., 2015). However, a second series found no distinguish-
ing differences in clinical or imaging features between SNAP and
preclinical AD (Knopman et al., 2013).

Current knowledge about SNAP will continue to  evolve as tau
PET studies further characterize this group. In a  recent PET study,
Mormino et al. found that the tau tracer 18F-AV1451 did not  detect
elevated neurofibrillary tangles (NFTs) in  the middle and inferior
temporal lobes in  cognitively normal individuals with SNAP com-
pared to A-N- controls, and had lower tracer uptake than preclinical
stage 2 AD (Mormino et al., 2016). While this finding needs patho-
logical verification, and does not  necessarily indicate total absence
of NFTs (rather, it suggests that these individuals do  not have a
significant burden compared to controls), it may suggest that indi-
viduals with an imaging profile of SNAP do  not all have an active
tauopathy. This is a  very important finding −  it highlights that the
current definition of ‘neurodegeneration’ may  encompass a  wide
range of pathologies including conditions with active, progressive,
neurodegeneration such as tauopathy, hippocampal sclerosis, fron-
totemporal dementia and synucleinopathy. Other conditions may
reflect brain injury resulting in atrophy or hypometabolism, but not
necessarily a  progressive neurodegenerative process. Examples of
the latter include type 2 diabetes (den Heijer et al., 2003) dialysis
therapy (Drew et al., 2013), subcortical vascular disease (Fein et al.,
2000; Mungas et al., 2001)  and older age (Du et al., 2006).

An important unanswered question is whether these non-tau,
non-amyloid cases are static or  progressive, and what features can
predict this. The answer may  become available with longitudinal
clinical and tau PET studies, histopathological examination, and
developments in  biomarkers for #-synuclein and vascular burden.
Vascular disease may  well drive progression – one recent study
revealed that vascular disease (measured as white matter hyper-
intensity volume) was  associated with progressive hippocampal
atrophy over time, independent of CSF amyloid and tau (Fiford et al.,
2016).

2.3. Amyloid-first and neurodegeneration-first pathways

Using the biomarkers of amyloid and neurodegeneration to
characterize AD,  two  different pathways are apparent: amyloid-
first and neurodegeneration-first pathways. Jack et al. followed a
group of 123 healthy amyloid negative controls from baseline with
MRI, amyloid PET and FDG-PET. Of the 26/123 (13%) per year who
became amyloid positive, 15/26 (58%) participants developed amy-
loid first, but 11/26 (42%) had evidence of neurodegeneration prior
to amyloid deposition (Jack et al., 2013). In another study, Gordon
et al. found that 14–17% SNAP subjects later developed detectable
A! on follow up amyloid PET imaging, leading the authors to con-
clude that the initial presence of neurodegenerative markers is
not dependent on A!,  and, in some cases may  represent coinci-
dental comorbid injury rather than an active neurodegenerative
process (Gordon et al., 2016). This study also suggests that neu-
rodegeneration does not  always occur downstream of detectable
A! deposition but can be present prior to it,  or alongside it. In
addition, Burnham et al. found that 5% of SNAP subjects and 8%
A+N− subjects converted to  A+N+. Interestingly, although the SNAP
subjects had reduced hippocampal volume at baseline, they did
not show progressive hippocampal atrophy over time compared
to  the control group, unlike the A+N+ cases, suggesting that N+
alone does not  necessarily represent active progressive neurode-
generation (Burnham et al., 2016). While the number of subjects
included in this study is  relatively small, these findings suggest
that only some SNAP subjects will go on to develop AD (or other
neurodegenerative diseases).

Jack et al. then studied 985 healthy controls in different age
groups, labeling each subject according to  their biomarker pro-
file (Jack et al., 2014) and found that different biomarker states
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predominate at different ages – prevalence of A−N− was 100% at
50 years then decreased, while the prevalence of A+N− increased
to the mid-70 s then decreased. A+N+ (preclinical AD) prevalence
increased over the age of 65 years, peaking at 42% by 89 years,
while A−N+ also increased with age, reaching 24% by  89 years.
There was a  trend for greater neurodegeneration in men (Jack et al.,
2014). The same group constructed Markov models to estimate
transition rates between the groups and found that ageing was
associated with transitions between states (Jack et al., 2016a) – the
change from A−N− to  A−N+ (SNAP) was 11 times higher at 85 years
than 65 years, while A−N+ to  A+N+ (SNAP to preclinical AD) was
5 times higher. The ‘A! first pathway’ (A+N− to A+N+ transition)
was consistently higher than the neurodegeneration first pathway
(A−N+ to  A+N+ transition) (Jack et al., 2016a). These findings high-
light that biomarkers of neurodegeneration (hippocampal atrophy,
hypometabolism) are more likely to be  present in  older age.

The consistent finding of SNAP in older populations where AD-
like neurodegeneration occurs in  the absence of A!,  has led some
researchers (Wirth et al., 2013a) to question the traditional concep-
tual model of AD biomarkers which shows amyloid deposition as
the first abnormal biomarker, followed by  downstream neurode-
generation and cognitive impairment (Jack et al., 2010). It  is clear
that a variety of brain insults can be acquired with age (age-related
atrophy, vascular disease, medial temporal lobe NFT aggregation).
These occur independently from amyloid deposition, but may  ren-
der the brain more susceptible to amyloid deposition and spreading
tauopathy later in the disease course. An understanding of these
susceptibility factors is critical in the development of drug inter-
ventions for AD.

2.4. Progression to dementia

Several groups have longitudinally assessed SNAP subjects
to assess their eventual outcomes. The conversion rates of the
SNAP group compared to other biomarker profiles are shown in
Tables 1 and 2.  It  is  not  possible to compare the conversion rates
between the studies because of varying end-points and follow up
periods. However, the pattern is striking – A+N+ is consistently
associated with higher rates of progression of cognitive impairment
than SNAP, (Caroli et al., 2015; Mormino et al., 2014; Soldan et al.,
2016; Vos et al., 2013, 2015; Wisse et al., 2015) with the exception
of the ADNI1 and MCSA cohorts where the same rates were found
(Petersen et al., 2013). In the MCI group, all studies except one
(Petersen et al., 2013) revealed that SNAP individuals had higher
conversion rates than A+N− and A−N− groups, but lower than
A+N+. In  the cognitively normal group, SNAP subjects had lower
conversion than A+N+ subjects but equivalent or lower rates of con-
version than individuals with A+N−  or A−N−. The consistency of
this pattern suggests that despite variability in  the thresholds and
study designs, the SNAP group represents an intermediate state
between normal and A+N+.

A possible reason for the high variability in conversion rates
(albeit incomparable) is the wide range of underlying diagnoses
especially seen in  older age (see Section 4.2).

Knopman et al. found that the cognitively normal SNAP popula-
tion did not differ from preclinical AD stages 2 + 3 on FDG-PET, MRI
volumes, or ischaemic lesions, but had a lower incidence of APOE"4
(Knopman et al., 2013). The same group also found that the A+N+
group had large declines over time, while the SNAP group did not
progress faster than A+N−  or A+N−  groups (Knopman et al., 2015).

Caroli et al. noted that in  the SNAP group, 63.5% progressed
to AD, 26.3% progressed to Frontotemporal Dementia (FTD), and
10.5% to Dementia with Lewy Bodies (DLB). These findings highlight
the heterogeneity of the SNAP group, and the variety of non-
amyloid neurodegenerative processes that may  be present. This
variability may  also partly contribute to the different conversion

rates in  the MCI group. SNAP subjects with hypometabolism were
more likely to  progress than those without (Caroli et al., 2015)
Mormino et al. found that in cognitively normal individuals the
combined effects of having raised amyloid and neurodegeneration
were more than additive (Mormino et al., 2014). These findings
suggest that the presence of both Aß and other pathologies causing
neurodegeneration have an interaction, leading to accelerated neu-
rodegeneration and higher rates of disease progression compared
with either biomarker alone. The authors suggest that, while ini-
tial neurodegeneration pathways may  be non-amyloid dependent,
the progression of neurodegeneration that occurs in  AD requires
the presence of cortical A!. This is in accord with the finding that,
while NFTs may  predate amyloid deposition in humans and mouse
models, the presence of isocortical amyloid is  required for propaga-
tion of NFT  deposition and the onset of AD. Therefore, while either
pathology can arise independently, both are required to  cause the
progressive pathological processes typical of AD (Ittner and Gotz,
2011; Price and Morris, 1999; Wang et al., 2016).

2.5. Problems with SNAP

The thresholds and cut-offs used to define the presence of  A!
and neurodegeneration influence the prevalence of SNAP cases
in different studies. One study found a  low agreement and high
variability between the various neurodegeneration biomarkers
(hippocampal volume, hippocampal atrophy on MRI, CSF total-tau
and phospho-tau, and FDG-PET) when identifying cognitively nor-
mal  elders with neuronal injury (Toledo et al., 2014). The authors
point out, however, that different neurodegeneration biomarkers
track different aspects of the disease process. A second study also
found a  weak agreement between different definitions of neu-
rodegeneration (1)abnormal hippocampal volumes alone 2) AD
signature cortical thickness alone 3) abnormal FDG PET scan 4)
abnormal hippocampal volume or FDG PET 5) abnormal AD cor-
tical thickness or FDG PET. Interestingly, however, when subjects
were classified into A−N−, A+N−,  A-N+, and A+N+, the frequency
curves of each individual biomarker profile for each age were sim-
ilar regardless of the definition of neurodegeneration. (Jack et al.,
2015). Another recent study showed low concordance of  CSF tau
and MRI  markers of hippocampal atrophy (47%), although found
that the prognosis of preclinical stage 2 AD was worse than other
biomarker states regardless of the definition used (Vos et al., 2016).

Most of the studies (shown in Tables 1 and 2) defined neu-
rodegeneration as having either abnormal FDG-PET or  abnormal
hippocampal volume, which, from the findings of  the study above,
may  include differences in detection. This definition (either hip-
pocampal volumes or FDG-PET) identified 71% of  total identified
‘neurodegeneration positive’ individuals in the study by  Jack et al.
(2015). These findings of low agreement and high variability
depending on biomarker definition are important and highlight
a  pressing need for standardized definitions, thresholds and cut-
offs between centres. Further work to identify histopathological
causes of each underlying component of neurodegeneration (hip-
pocampal atrophy, hypometabolism, cortical thickness) will refine
our understanding of neurodegeneration. The introduction of tau
imaging will add a  new dimension to this categorization, and help
distinguish NFT-related neurodegeneration from other potential
contributors such as hippocampal sclerosis, lewy body disease and
vascular disease.

Another potential pitfall in  profiling SNAP individuals is the
binary nature of determining ‘positivity or negativity’ for the con-
tinuous processes of amyloid deposition and neurodegeneration.
Different thresholds are used, but are usually determined from
centre specific cut-offs based on healthy control mean and stan-
dard deviation data, and so will differ between studies. As a  result,
error will be introduced in borderline cases. For example, SNAP
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Fig. 1. Hippocampal atrophy. MRI  scans from the authors’ dataset showing varying levels of hippocampal atrophy, from normal (left), mild (centre) and severe (right).

Fig. 2. Cortical hypometabolism. FDG-PET images from the authors’ dataset of a healthy control (left), a subject with mild cortical hypometabolism (centre) and another
patient with severe widespread cortical hypometabolism (right).

cases with borderline values for amyloid deposition will be classi-
fied as SNAP but biologically be more in keeping with preclinical
AD. It is known that current thresholds used for amyloid positiv-
ity miss Thal stage 1 and 2 cases (Thal et al., 2015). A study of
amyloid negative healthy elders using pre-defined centre-specific
cut-offs showed a  trend towards sub-threshold A! and neurode-
generation, indicating that levels just below the cut-off may  be
relevant in determining their biomarker profile status (Mormino
et al., 2014). In a  study of SNAP MCI  patients who progressed to  AD,
values of CSF A!1-42 were closer to the dichotomous cut-off value
than non-progressors or  those who converted to non-AD dementia
(Vos et al., 2015). In  contrast, Wisse et al. found no difference in
CSF-amyloid levels between A-N- MCI  subjects and amyloid nega-
tive controls, who tended to have lower SUVR values (Wisse et al.,
2015). Imaging appearances of neurodegeneration are shown in
Fig. 1 (hippocampal atrophy) and Fig. 2 (cortical hypometabolism).

3. Causes of SNAP

Some individuals with SNAP may  have early AD, and this will
be discussed in  Section 5. It  is also likely that a  significant pro-
portion of SNAP subjects have other active neurodegenerative
conditions (including tauopathies), which may  be clinically sim-
ilar to AD,  resulting in  an overlap in the clinical diagnosis. The
‘AD mimics’ have been recognised in  autopsy studies for some
time (Knopman et al., 2003b; Nelson et al., 2016; Schneider et al.,
2009), and therefore it is  unsurprising that this is reflected in
imaging and biomarker studies. Until parallel neuropathological
data are available in  subjects with imaging profiles of SNAP, it
will not be possible to establish the true contribution of each
disease. Common amyloid-negative neurodegenerative conditions

include cerebrovascular disease, Hippocampal sclerosis of Ageing
(Dawe et al., 2011), frontotemporal dementia (Boccardi et al., 2003)
Dementia with Lewy Bodies (Tripathi et al., 2014)  and Parkinson’s
disease (Gonzalez-Redondo et al., 2014).

3.1. Cerebrovascular disease

Vascular disease commonly presents as an ‘AD mimic’ and is
likely to represent a  proportion of SNAP cases. In the Religious
Orders Study and Rush Memory and Aging Project, 4.5% patients
with a  clinical diagnosis of AD, 13.3% of amnestic MCI  and 18.6%
non amnestic MCI subjects had macroscopic infarcts on autopsy in
the absence of AD pathology. (Schneider et al., 2009). Microinfarcts
are also prevalent, contributing to worsening cognitive decline
(Arvanitakis et al., 2011). Even in the cognitively normal elderly,
vascular disease is  very prevalent; 46% of subjects in one cohort of
cognitively elderly had at least one mature infarct (Knopman et al.,
2003b) so determining direct causation in the elderly is  difficult.

Vascular disease is associated with neurodegeneration and cor-
tical atrophy: MRI  studies have shown that acute infarcts are
associated with cortical thinning in remote areas connected to  the
infarct and degeneration of the connecting fibre tracts (Duering
et al., 2015). Other studies have shown that strokes are associ-
ated with posterior cingulate cortical atrophy on 6-month follow
up imaging (Matsuoka et al., 2015).

In  addition, white matter hyperintensities are negatively corre-
lated with cortical thickness (Lambert et al., 2015; Reid et al., 2010)
and volume (Kloppenborg et al., 2012). Furthermore, rates of white
matter hyperintensity progression are associated with increased
grey matter atrophy in  the medial frontal, orbital frontal, pari-
etal and occipital regions (although, interestingly, not  the medial
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Fig. 3. Pathological correlates of SNAP. a. The  hippocampus and parahippocampus of an 89 year old man  with NFT-Predominant Dementia. Dense anti-tau staining is seen  with
AT8.  From Jellinger and Attems, Acta  Neuropathologica 2007 (Jellinger and Attems, 2007)  b. T2-weighted MRI  scan showing atrophy and increased signal in the hippocampi
(arrows). Subsequent post-mortem revealed hippocampal sclerosis and Alzheimer’s disease. From Nelson et al., Acta Neuropathologica, 2013.

temporal lobes) (Lambert et al., 2016). Even asymptomatic carotid
artery stenosis, in the absence of acute infarct is associated with
atrophy in ipsilateral anterior circulation grey matter areas (Avelar
et al., 2015).

3.2. Hippocampal sclerosis of ageing

Hippocampal sclerosis of ageing (HSc) is  another com-
mon amyloid-negative condition with positive neurodegenerative
biomarkers. It  is  defined by  pathological criteria – neuronal loss
and gliosis in  the hippocampal formation out of proportion to
AD pathology’ (Nelson et al., 2013). It is strongly associated with
brain arteriosclerosis, including regions outside the hippocampus
(Neltner et al., 2014). It is  also associated with TAR DNA-binding
protein 43 (TDP-43) pathology, which differentiates HSc of ageing
with other causes of hippocampal sclerosis, such as those associ-
ated with epilepsy and cerebrovascular disease (Nelson et al., 2013).
It is more prevalent in older age, with autopsy prevalence ranging
from 5 to  30% in nonagenarians (Nelson et al., 2013). One study of
postmortem MRI  and histopathological studies in  elderly individu-
als found that HSc had a stronger correlation with post-mortem
hippocampal volume than AD (Dawe et al., 2011). A  new term
was coined recently to  reflect the association with older age and
the presence of arteriosclerosis and TDP-43 pathologies extending
past the hippocampus, named as Cerebral Age-Related TDP-43 and
Arteriosclerosis, (CARTS). (Nelson et al., 2016).

3.3. NFT-predominant dementia/primary age-related tauopathy
(PART)

NFT-predominant dementia (also called Limbic Neurofibrillary
Tangle Dementia (LNTD) (Iseki et al., 2006), Neurofibrillary Tan-
gle Predominant Dementia (NFTPD) (Jellinger and Attems, 2007),
Senile Dementia of the Neurofibrillary Type (Yamada et al., 2001)
and Tangle Only Dementia) (Yamada, 2003)  is a  late onset dementia
characterized by  abundant NFTs in  the hippocampal region, with
absent or scarce A! plaques throughout the brain (Yamada, 2003).
Histopathological and imaging appearances are shown in Fig. 3.
Two other recently defined conditions, which may  be  on the same
spectrum, are Age-Related Tau Astrogliopathy (ARTAG) (Kovacs
et al., 2016) and Globular Glial Tauopathy (GGT) (Ahmed et al.,
2013). These describe hyperphosphorylated tau in the astrocytes
and oligodendroglia of ageing brains, resulting in local atrophy
patterns and cognitive symptoms.

The term PART was coined in 2014 by Crary et al. (2014) to
describe the histopathological spectrum of tau-NFTs in the medial
temporal lobe seen in the ageing brain, across the spectrum of
cognition, with no or minimal A! (Crary et al., 2014). The term
encompasses the term NFTPD. The authors proposed this concept to
separate the neuropathological information from the clinical symp-
toms, acknowledging that NFTs are prevalent in ageing brains but
do not  necessarily cause cognitive impairment. The authors argue
that medial temporal lobe NFTs can represent a non-amyloidogenic
pathway and are  associated with a  higher age of death, a lower
effect on cognition, and no influence of APOE phenotype (Crary
et al., 2014). Parallels have been drawn with SNAP (Jack, 2014), not-
ing the similar incidence, the under-representation of APOE"4, and
the milder cognitive impact. However, from the study by  Mormino
et al. described above (Mormino et al., 2016), it is  important to note
that the SNAP definition may  also encompass individuals without
PART – that is, conditions defined by neurodegeneration, but not
tauopathy.

Some authors have drawn similarities between PART and ARTAG
– with PART describing neuronal tau, while ARTAG describes the
spectrum of astrocytic pathology. It  has been speculated that they
may be on the same or separate spectrum of  one disease process.
(Kovacs et al., 2016)

4. Mechanisms of amyloid negative neurodegeneration

4.1. Hyperphosphorylated tau

Many neurodegenerative diseases are  associated with abnor-
mal  hyper-phosporylation of tau protein (a microtubule-associated
protein, which binds and stabilizes the microtubules which main-
tain cell cytostructure and are critical for axonal transport).
Hyperphosphorylation of tau leads to its detachment from the
microtubules, causing it to  misfold and aggregate into fibrils that
become neurofibrillary tangles. Neuronal dysfunction arises from
toxic loss of axonal transport and the obstruction of vital cell oper-
ations by NFTs (Ballatore et al., 2007; Spillantini and Goedert, 2013;
Stoothoff and Johnson, 2005).

It  has been hypothesized that some NFT+/A! −ve  patients were
members of a  high risk birth cohort for infection during the world-
wide 1918–1919 influenza pandemic which was associated with
encephalitis lethargica, and subsequently post encephalitic parkin-
sonism (Nelson et al., 2009). Survivors of a mild form of this illness
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who survived to  old age may  then have developed a  late tauopathy
leading to  neurodegeneration.

4.2. The ageing brain

The ageing brain itself can be associated with a  number of
pathologies that may  be associated with neurodegeneration and be
classified as SNAP. In an autopsy study of cognitively normal elderly
individuals aged 74–95 years (median 85 years) (Knopman et al.,
2003a),  46% had at least one small old infarct, with 23% having more
than one. Moreover, 41% had Lewy bodies, and 31% had argyrophilic
grains. Importantly, only 1/39 patient had no NFTs, suggesting that
NFTs are almost ubiquitous in  the elderly. Furthermore, certain
neuronal systems appear to  be more vulnerable to  ageing than oth-
ers, such as the medial temporal lobe system and frontal striatal
executive system. Part of the vulnerability arises from changes to
synaptic function rather than neuronal loss (Jagust, 2013; Morrison
and Baxter, 2012) Advancing age can result in changes in dendritic
spine density and length (Jacobs et al., 1997; Benavides-Piccione
et al., 2013; Jagust, 2013).

Within the medial temporal lobe, different subfields are differ-
entially affected depending on the pathology – entorhinal cortex
and CA1 are  predominantly affected in  AD (Jagust, 2013; West et al.,
1994), compared to the dentate gyrus and subiculum (typically
sparing CA1-3) in natural ageing (Jagust, 2013).

4.3. Microglial activation

Microglial activation may  play a key role in  neurodegeneration.
It is commonly seen surrounding A! plaques (Hashioka et al., 2008;
Stalder et al., 1999)  but is also a  frequent feature in non-amyloid
degenerative diseases such as Parkinson’s disease, Dementia with
Lewy Bodies, Frontotemporal Dementia, and Motor Neuron Disease
(Klegeris et al., 2008; Pasqualetti et al., 2015; Ransohoff, 2016).

Microglial activation is associated with impaired cognition,
implicating it as a  component of neurodegeneration. PET imaging
studies have shown that increased microglial activation negatively
correlates with MMSE  score (Edison et al., 2013), while animal
studies show that cognitive status is  affected by induction and
attenuation of microglial activation (Hou et al., 2016; Sun et al.,
2015).

Microglia are  the intrinsic macrophages of the central nervous
system, comprising about 10% of the cell population. They nor-
mally exist in  a  resting and ‘surveillance’ state, sampling their
surroundings for a change in cell homeostasis. When they detect
a change, such as trauma, injury, infection or protein aggregation,
they become ‘activated’, releasing pro-inflammatory cytokines and
reactive oxygen species. While this can be an appropriate response
to the initial insult, in  neurodegenerative diseases, this response
can become inappropriately prolonged and damaging to  existing
neurons (Cunningham, 2013; Heneka et al., 2015; Pasqualetti et al.,
2015).

Several products of microglia have been implicated in neuronal
cell death, either by  direct toxicity or indirectly by  further aug-
mentation of the inflammatory response (Brown and Vilalta, 2015).
These include TNF# and other pro-inflammatory cytokines such as
IL-1!, the cysteine protease B  (cathepsin B), glutamate, reactive
oxygen species and reactive nitrogen species (Brown and Vilalta,
2015). Another mechanism of neuronal loss is  by phagocytosis
of injured neurons by  the activated microglial cell (Brown and
Neher, 2014). Brain ageing has been implicated in  dysregulation
of inflammatory homeostasis, and chronic low level inflammation
in an otherwise healthy older brain may  be another contributor
to neurodegeneration (von Bernhardi et al., 2015). Finally, there is
emerging evidence that activated microglia (and other inflamma-
tory mediators such as astrocytes, and complement proteins) can

affect synaptic numbers and integrity, which can further contribute
to neurodegeneration under certain conditions (Chung et al., 2015;
Hong et al., 2016).

4.4. Insulin resistance and metabolic dysfunction

Insulin resistance, metabolic syndrome and obesity are all
involved in neuronal damage and cognitive impairment, both in
the presence and absence of A!.

Insulin has an important role in facilitating learning and mem-
ory in the brain, where it affects synaptic plasticity and modulates
levels of the cognition-related neurotransmitter acetylcholine (Ma
et al., 2015; Rani et al., 2016). Insulin resistance occurs when there
is  reduced end-organ sensitivity to insulin, leading to hyperin-
sulinaemia, and is a  central feature of the metabolic syndrome.
Prolonged exposure to  hyperinsulinaemia can result in  toxicity
to  the neuron (Ma et al., 2015). Insulin resistance also results
in  dephosphorylation of the enzyme glycogen synthase kinase 3
beta (GSK3!), resulting in phosporylation of tau, thus causing an
amyloid independent mechanism of neurodegeneration (Ma et al.,
2015). Moreover, insulin resistance is  associated with increased
levels of pro-inflammatory cytokines in  the brain, contributing to
neurodegeneration as described above (Ma et al., 2015).

Obesity is associated with raised pro-inflammatory cytokines
and impaired insulin regulation pathways, and has been associated
with AD, Parkinson’s disease, Motor Neuron Disease, and earlier
onset of Huntington’s disease (Jha et al., 2016; Spielman et al.,
2014).

All  of these metabolic disorders – obesity, insulin resistance
and metabolic syndrome, have been linked to mitochondrial dys-
function and oxidative stress – an imbalance between harmful free
radicals, reactive oxygen and reactive nitrogen species (described
in  Section 4.3) compared to the body’s repair and detoxification
systems. All  of these syndromes, therefore, can contribute to neu-
rodegeneration. (Jha et al., 2016; Verdile et al., 2015)

5. SNAP, PART and the AD spectrum- controversies and
debate

The nascent concepts of SNAP and PART have caused lively
debate in  the AD research field, and have led  to further questions
and controversies. A salient unanswered question is whether they
represent a  distinct disease entity separate from AD, or whether
they are a  heterogeneous syndrome (Fig. 4). AD itself can no
longer be considered as a single sequential pathway, but is a  het-
erogeneous, multi-pathology disease which results from several
independent processes (Chetelat, 2013).

Some groups argue that PART and AD are separate patholo-
gies (Jellinger et al., 2015). They note that some patients with
MTL  tauopathy do  not progress clinically or  pathologically and
that, while almost all the elderly develop MTL  NFTS, only 80% of
nonagenarians develop A!,  leaving a  significant minority with tau
associated neurodegeneration but no amyloid.

Other groups argue that in  early NFT stages, A! is almost always
present, but may  not always be detectable using standard detection
methods (Braak and Del Tredici, 2015; Duyckaerts et al., 2015). In
Braak and Del Tredici’s dataset of individuals aged 1–100 years,
the authors comment that the absence of detectable A! is  not ade-
quate to  remove an individual from the AD spectrum, and they note
that there are significant inter-individual differences in  people who
develop subcortical and brainstem NFTs in their teens, and others
who develop them in their 90s, but that they are all on a  long and
heterogeneous spectrum of AD pathology (Braak and Del  Tredici,
2015).
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Fig. 4. Amyloid and neurodegeneration pathways. Each may occur independently, or together as part of the spectrum of Alzheimer’s Disease.
Abbreviations: FTLD, Fronto Temporal Lobar Degeneration; PART, Primary Age Related Tauopathy; AD, Alzheimer Disease; ND, Neurodegeneration.

The answer has partly been answered in the studies described
in Section 2.3 – there are subjects who initially fulfil criteria for
SNAP, but then develop detectable amyloid deposition and develop
an AD phenotype. An  area for future research will be identifying
which SNAP subjects go on to  develop amyloid deposition, and
what the susceptibility factors are for development of A!. Some
of these individuals will have had a  single insult resulting in  atro-
phy or hypometabolism (for example, a vascular or anoxic event or
developmentally small hippocampi) prior to any amyloid deposi-
tion, which are unlikely to  progress over time, unlike subjects with
active tau aggregation. The studies discussed in this review have
revealed insights that SNAP is a large and heterogeneous group –
within the SNAP group, there will be variation in  clinical trajectory
and outcome.

6. Conclusion

The biomarker studies described here have demonstrated that
while the presence of both amyloid aggregation and evidence of
neurodegeneration together result in progressive cognitive dete-
rioration resulting in AD, either pathology alone can be  relatively
benign.

Future results from tau PET studies should help to answer
some of the questions that have arisen about SNAP: which cases
with hippocampal atrophy and hypometabolism have tau aggre-
gation? How does tau positive neurodegeneration differ from tau
negative neurodegeneration? Longitudinal tau PET studies may
provide answers, especially with respect to the amyloid first and
neurodegeneration first pathways. The search for more specific
biomarkers for neurodegeneration (for example, for #-synuclein,
TDP-43 aggregation, and vascular disease) will help characterize
the SNAP cases more clearly. Differentiating tau pathology from
other causes of non-amyloid related neurodegeneration will nar-
row the debate about the AD spectrum.

A key issue that has been highlighted in the debates and con-
troversies around SNAP and PART is the sensitivity of current
biomarker tests, particularly for detecting amyloid deposition.

Conventional amyloid PET thresholds miss Thal stage 1 and 2
deposition (Thal et al., 2015). In addition, decisions regarding
appropriate cut-offs for detection of each biomarker are currently
specific to each centre and study, and this will need to be addressed
in  future studies.

SNAP and PART, whether on the AD spectrum or  not, have
challenged long held ideas about the pathology of AD and neu-
rodegenerative diseases. Their emergence via biomarker studies
emphasise the importance of biomarkers in making precise early
diagnosis allowing more rigorous inclusion criteria into clinical tri-
als, resulting in  more robust evaluation of novel drug treatments.
Furthermore, when treatments become available, appropriate
patients can be targeted to experience maximum therapeutic ben-
efit, while unsuitable patients can avoid unnecessary side effects.
In the research arena, a deeper understanding of the many complex
pathways leading to dementia and disability will allow each indi-
vidual pathway and process to  be examined and targeted, giving
precise substrate for prevention and cure.
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Abstract Aggregated tau protein is a major neuropathologi-
cal substrate central to the pathophysiology of neurodegener-
ative diseases such as Alzheimer ’s disease (AD),
frontotemporal dementia, progressive supranuclear palsy,
corticobasal degeneration and chronic traumatic encephalop-
athy. In AD, it has been shown that the density of
hyperphosphorylated tau tangles correlates closely with neu-
ronal dysfunction and cell death, unlikeβ-amyloid. Until now,
diagnostic and pathologic information about tau deposition
has only been available from invasive techniques such as brain
biopsy or autopsy. The recent development of selective in-
vivo tau PET imaging ligands including [18F]THK523,
[18F]THK5117, [18F]THK5105 and [18F]THK5351,
[18F]AV1451(T807) and [11C]PBB3 has provided information
about the role of tau in the early phases of neurodegenerative
diseases, and provided support for diagnosis, prognosis, and
imaging biomarkers to track disease progression. Moreover,
the spatial and longitudinal relationship of tau distribution
compared with β - amyloid and other pathologies in these
diseases can be mapped. In this review, we discuss the role
of aggregated tau in tauopathies, the challenges posed in de-
veloping selective tau ligands as biomarkers, the state of de-
velopment in tau tracers, and the new clinical information that
has been uncovered, as well as the opportunities for improving
diagnosis and designing clinical trials in the future.

Keywords Tau imaging . Dementia . Neurodegenerative
diseases

Introduction

Alzheimer’s disease (AD), Parkinson’s disease without (PD)
and with later dementia (PDD), Lewy body dementia (LBD),
frontotemporal dementia (FTD), and corticobasal degeneration
(CBD) are common neurodegenerative disorders. Tau is a
microtubule-associated protein which is essential for neuronal
stability and transport of axonal nutrients. Aggregated tau, due
to hyperphosphorylation, is a pathological characteristic of a
group of neurodegenerative conditions known as the
tauopathies [1]. The neuropathological substrates of AD are
tau neurofibrillary tangles (NFT) andβ-amyloid (Aβ) plaques,
while activated microglia, astrocytes, and neuropil threads also
play a significant role in disease pathogenesis. It has been
shown that Aβ plaque deposition can begin decades before
symptomonset, while tau deposition is more closely associated
with symptom onset due to neuronal dysfunction, its levels at
autopsy correlating well pre-morbid cognitive status [2, 3].

Recent advances in selective tau tracer development for
positron emission tomography (PET) imaging have, for the
first time, allowed in-vivo exploration of the presence and
extent of tau pathology in patients suspected of having
tauopathies. Clinically, tau PET imaging can provide valuable
support in the early differential diagnosis of neurodegenera-
tive disorders by revealing whether a characteristic pattern of
aggregated tau is present. It also provides a potential biomark-
er of disease progression. Over the next decade, tau imaging is
likely to dominate the field of dementia research and, in this
review, we will discuss current developments in novel tau
tracers, future applications, and how this could extend our
knowledge of dementia.
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Tau protein and its role in the pathophysiology
of the tauopathies

Tau is a natively unfolded phosphorylated protein that is pres-
ent mainly in axons, and binds to microtubules, stabilizing
them. Microtubules comprise the cell cytoskeleton, and are
critical for maintaining the structural integrity of the cell and
for transporting nutrients from the soma down the axons to
synaptic terminals [1, 4, 5]. Tau protein exists as six distinct
isoforms that result from alternate mRNA splicing of the
MAPT (microtubule associated protein tau) gene on chromo-
some 17 (cytogenetic location 17q21.1). The isoforms differ
in the number of microtubule binding repeats (which are
encoded by exon 10) that are present, and tau can exist in 3-
repeat (3R) or 4-repeat (4R) forms. The healthy adult human
cortex has equal numbers of 3R and 4R isoforms, and its tau
expression is roughly double that seen in the white matter and
cerebellum [1]. Through the tandem repeats, tau assembles
into filaments which have a cross β structure, similar to that
of Aβ. The ability of tau to bind to microtubules is also reg-
ulated by post-translational modification of the protein by
phosphorylation, glycosylation, glycation, ubiquitination,
sumoylation, and nitration [1, 6]. The functions of tau are
regulated in part by its phosphorylation state, and the protein
has multiple kinase phosphorylation sites [7, 8].

In all neurodegenerative diseases in which tau is implicat-
ed, it is in a hyperphosphorylated form, and this is responsible
for its aggregation, leading to neuronal dysfunction and death.
Hyperphosphorylation prevents tau binding to microtubules,
reducing their stability, which in turn leads to impaired axon
transport. Aggregated tau in AD exists as paired helical fila-
ments which further coalesce into neurofibrillary tangles
(NFTs) [5, 9, 10]. These then lead to impaired synaptic and
neuronal dysfunction [11].

In AD, the distribution of extracellular Aβ plaques can be
variable between individuals, but amyloid deposition is
thought to start in the inferior frontal cingulate areas and then
spread to association cortex [12]. According to Braak staging
of AD, the deposition of NFTs follows a more predictable and
stereotyped course than Aβ as the disease progresses [12].
NFTs are first detected in the transentorhinal cortex (stages 1
and 2) in the presymptomatic stage of AD, and then spread to
the limbic areas, by which time symptoms become evident.
NFTs finally involve association cortical areas by stages 5–6,
when symptoms become severe. Braak et al. have also report-
ed that at post mortem occasional NFTs can be found in the
brains of apparently healthy 30-year-olds [13].

Multiple studies have reported that the density of NFTs
correlates more closely with cell dysfunction and symptoms
than does Aβ plaque density. In-vivo Aβ PET imaging studies
have demonstrated that Aβ deposition can occur 1–2 decades
before the symptoms appear, levels approaching a plateau by
the onset of cognitive symptoms. The Aβ cascade hypothesis

posits that Aβ deposition is central to the pathology of dis-
ease, leading to a series of downstream events which cause tau
hyperphosphorylation and aggregation, which results in neu-
ronal dysfunction. Recent Aβ imaging studies support the Aβ
cascade hypothesis to some extent [14], but it is now
recognised that Aβ deposition alone cannot explain AD pro-
gression and pathogenesis. Thirty percent of elderly healthy
subjects have significant levels of cortical amyloid deposition
when imaged with 11C-PIB PET but manifest no overt symp-
toms [15]. Additionally, several high-profile anti-Aβ treat-
ments have failed to halt or reverse the symptoms of AD [5].

Although the cascade hypothesis may be over simplistic,
cognitively normal subjects who have brain Aβ deposition
show cortical thinning [16] and have a higher risk of
progressing to dementia [17, 18] so clearly amyloid aggregates
are toxic to the brain. Aβ deposition, however, occurs at a slow
rate over time, preceding neurodegenerative changes and cog-
nitive deterioration [19], and levels correlate poorly with sever-
ity of cognitive symptoms. This suggests that strategies to re-
move amyloid could be most effective if used to protect early
asymptomatic cases. In contrast, histopathological studies have
shown that the presence of NFTs and neuronal loss increase in
parallel with the duration and severity of symptoms [2]. While
Aβ deposition plateaus early in the disease, NFT deposition
and cell dysfunction continue to progress throughout the course
of disease, correlating with symptom severity [3].

The emerging evidence, therefore, supports a complex
pathological relationship betweenAβ and tau aggregation that
may also involve neuroinflammation in the form of microglial
activation. This has been described as a ‘toxic pas de deux’
[20]. Histopathological comparisons of brains of non-dement-
ed, mildly demented and severely demented patients have
shown that NFTs increase in all individuals with increasing
age, but have a different distribution from that of Aβ plaques,
indicating that the formation of tau and Aβ occurs indepen-
dently. While NFT formation can occur early, the pathology
progresses only slowly in isolation; however, if Aβ plaques
are also present then their density increases rapidly. While tau
and Aβ aggregation occur independently of one another, nei-
ther are sufficient alone to cause AD, and their pathologies
may be interdependent [21].

This view is supported by animal studies. Injection of
Aβ42 into the brains of transgenic mice expressing P301L
pathological tau caused a 5-fold increase in NFT deposition
compared with controls, indicating that the introduction of Aβ
drove the tau pathology [22]. Furthermore, the offspring of
transgenic mice expressing mutant tau crossed with mutant
APP mice developed Aβ plaques at the same age, but had a
significantly higher density of NFTs in the limbic system and
cortex [23]. When brain extracts from APP transgenic mice
were introduced into P301L tau transgenic mice, tau patholo-
gy was later identified not only at injection sites, but also in
distant brain regions [24], indicating that introduction of Aβ
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triggered tau pathology and that tau aggregation was capable
of ‘spreading’ across vulnerable neuronal networks in the
brain. This may explain the predictable pattern of tau deposi-
tion throughout the cortex described by Braak staging.
Aggregated tau is capable of leaving cells and causing normal
tau to undergo aggregation and fibrillation [25]. For this rea-
son, the transmission of tau aggregation has been likened to
that of prions [26].

The presence of aggregated tau is a defining feature of
several other neurodegenerative diseases, which include pro-
gressive supranuclear palsy [27], frontotemporal dementia re-
lated to chromosome 17 [28], argyrophilic grain disease (an
age-related disease, caused by degeneration of argyrophilic
grains, correlating with NFT deposition and cognitive impair-
ment [29]), senile dementia of the NFT type [30], corticobasal
degeneration and Pick’s disease [31]. Different ultrastructural
forms of tau can cause different disease phenotypes. While
normal human and Alzheimer brains contain equal amounts
of 3R and 4R isoforms, Pick’s disease is characterised by
aggregation of 3R isoforms into Pick bodies, while CBD,
PSP, and argyrophilic grain disorders contain aggregated 4R
isoforms as globose tangles in the case of PSP [1].

Chronic traumatic encephalopathy (CTE) is a progressive
dementing neuropsychological illness in people who have suf-
fered serial mild concussive brain injuries, which result in
axonal injury. The condition has received significant attention
in players of contact sports such as American football, rugby,
and boxing, and also in horse riders who have frequent falls. It
is characterised histologically by the deposition of tau in areas
of axonal injury [32]. In one autopsy study of 85 people with
mild and repetitive traumatic brain injury, compared with 18
controls, a clear and predictable range of NFT pathology
across multiple regions was found, allowing for a grading
system of tau pathology [33].

Table 1 shows the characteristic topographic features
and distribution of tau aggregates in the common
tauopathies. [31, 33–36]

Tau PET imaging as a biomarker in AD

The National Institute of Ageing–Alzheimer’s Association
(NIA–AA) Working Group Guidelines have emphasised the
concept of AD as a spectrum or continuum of disease, consis-
tent with the idea that pathophysiological changes of AD occur
long before the onset of cognitive symptoms and ultimate de-
mentia. Stages of disease can therefore be considered as an ‘AD
Preclinical Stage’, reflecting the asymptomatic stage during
which underlying pathology develops, and an ‘AD Clinical’
stage including mild cognitive impairment, when symptoms
occur secondary to synaptic dysfunction and neuronal loss.
The long prodrome has been identified as a key target time
for disease-modifying therapy [37]. During the asymptomatic

prodrome, imaging biomarkers can potentially be used to stage
disease and follow its progression. Biomarkers in current use
for detecting AD pathology are those reflecting Aβ deposition
(reduced CSFAβ levels and raised brain Aβ load) and markers
of neurodegeneration (MRI atrophy, reduced glucose metabo-
lism on FDG-PET, and raised CSF p-tau) [38]. These bio-
markers have clinical utility in that they can predict risk of
progression of mild cognitive impairment (MCI) to AD and
health to MCI [39, 40] and give an indication of the sequence
of pathological processes that occur in AD [39]. However, CSF
measurement of tau requires a painful invasive spinal tap re-
quiring a skilled operator, and does not provide critical infor-
mation about the spatial distribution of tau. Aβ imaging pro-
vides useful information about the spatial and temporal distri-
bution of Aβ deposition, but is not a marker of disease progres-
sion, due to the plateauing of plaque deposition.

There has been a global effort to identify a selective tau
tracer to enable in-vivo PET imaging of NFT load as a method
of identifying the spatial and temporal progression of tau pa-
thology. As NFT density correlates with neuronal dysfunction
and symptom onset, tau imaging should provide a valuable
marker of disease progression. Simultaneous imaging of tau
and Aβ aggregant load will promote a deeper understanding
of the complex synergistic relationship between the two, help-
ing to prove or refute much of the current speculation.

Tau PET imaging could be useful in clinical trials assessing
the efficacy of anti-tau strategies. It will aid recruitment of
subjects with a significant tau load (no longer relying on clin-
ical assessment, which can be unhelpful, and markers of neu-
ronal degeneration, which occur late in the course of disease),
will provide proof of mechanism, andmonitor tau clearance as
an end-point. In the clinical setting, it can be used in the dif-
ferential diagnosis of early dementias (differentiating between
AD and non-AD pathologies), and also in differentiating be-
tween MCI and normal ageing [41–44].

The search for a suitable tau tracer

While molecular imaging in dementia has been stimulated by
the success of Aβ imaging, particularly using the Aβ tracer
[11C]PIB, the identification of selective tau tracers has proved
more difficult until the last few years. There are certain idio-
syncrasies of the tau protein that need to be taken in consid-
eration during tracer design. Tau is an inherently more com-
plex and unpredictable protein, with multiple isoforms and
many post-translational modifications. Therefore, tracers
may bind specifically to a particular isoform or to multiple
isoforms. Tau is an intracellular protein, so any ligand must
cross the plasma cell membrane as well as the blood–brain
barrier, which confers requirements about the molecular size
and lipophilicity of the ligand. Furthermore, tau is present in
the brain at much lower concentrations than Aβ, so a selective

Eur J Nucl Med Mol Imaging (2016) 43:1139–1150 1141



Ta
bl
e
1

C
om

m
on

ta
uo
pa
th
ie
s
w
ith

de
sc
rip

tio
ns

of
th
e
st
ru
ct
ur
e
an
d
di
st
rib

ut
io
n
of

ta
u
ag
gr
eg
at
es

Ta
uo
pa
th
y

C
ha
ra
ct
er
is
tic
s
of

ag
gr
eg
at
ed

ta
u

L
oc
at
io
n
of

ag
gr
eg
at
ed

ta
u

O
th
er

as
so
ci
at
io
ns

A
lz
he
im

er
’s
di
se
as
e
(A

D
)

In
tra
ce
llu
la
r
N
FT

s
co
nt
ai
ni
ng

bo
th

3R
an
d
4R

in
cl
us
io
ns
;e
xt
ra
ce
llu

la
r
‘g
ho
st
ta
ng
le
s’

St
er
eo
ty
pi
c
pr
og
re
ss
io
n
fr
om

tra
ns
en
to
rh
in
al
/

en
to
rh
in
al
co
rte
x,
to

am
yg
da
la
,h
ip
po
ca
m
pu
s,

th
en

w
id
es
pr
ea
d
ar
ea
s
of

co
rte
x

C
o-
ex
is
te
nc
e
w
ith

ex
tra
ce
llu

la
r
β
-a
m
yl
oi
d

pl
aq
ue
s.

A
ss
oc
ia
tio
n
w
ith

A
PO

E
4
al
le
le

Fr
on
to
te
m
po
ra
ld

em
en
tia

an
d
Pa
rk
in
so
ni
sm

lin
ke
d
to

ch
ro
m
os
om

e
17

Ta
u
cy
to
pl
as
m
ic
in
cl
us
io
ns

(3
R
,4
R
an
d
bo
th

3R
an
d
4R

)
in

ne
ur
on
al
an
d
gl
ia
lc
el
ls

W
id
es
pr
ea
d
di
st
rib

ut
io
n

M
A
PT

ge
ne

on
ch
ro
m
os
om

e
17
q2
1-
22

Pr
og
re
ss
iv
e
su
pr
an
uc
le
ar

pa
ls
y
(P
SP

)
4R

‘g
lo
bo
se
’
in
cl
us
io
ns
,t
uf
te
d
as
tro

cy
te
s,

ol
ig
od
en
dr
og
lia
lc
oi
le
d
bo
di
es

an
d
th
re
ad
s

Su
bt
ha
la
m
ic
nu
cl
eu
s,
ba
sa
lg

an
gl
ia
,

br
ai
ns
te
m
,a
nd

oc
ca
si
on
al
ly

co
rte
x

C
or
tic
ob
as
al
de
ge
ne
ra
tio
n
(C
B
D
)

4R
‘b
al
lo
on
ed
’
ne
ur
on
s
an
d
gl
ia
li
nc
lu
si
on
s,

as
tro

cy
tic

pl
aq
ue
s,
th
re
ad
s
in

gr
ey

an
d

w
hi
te
m
at
te
r,
co
ile
d
bo
di
es

N
eo
co
rti
ca
la
re
as
,a
nd

su
bc
or
tic
al
ar
ea
s

su
ch

as
st
ria
tu
m

Pi
ck
’s
di
se
as
e

N
eu
ro
na
lc
yt
op
la
sm

ic
Pi
ck

bo
di
es

(3
R
in
cl
us
io
ns
).

St
ra
ig
ht

an
d
tw
is
te
d
fil
am

en
ts

D
en
ta
te
gy
ru
s,
fo
llo

w
ed

by
hi
pp
oc
am

pu
s,

th
en

co
rte
x.
A
ls
o
se
en

in
su
bc
or
tic
al

st
ru
ct
ur
es

A
rg
yr
op
hi
lic

gr
ai
n
di
se
as
e
(A

G
D
)

4R
sp
in
dl
e-
sh
ap
ed

ne
ur
on
al
in
cl
us
io
ns
.A

ls
o

pr
et
an
gl
es
,c
oi
le
d
bo
di
es
,a
st
ro
cy
tic

in
cl
us
io
ns
,

an
d
ba
llo
on
ed

ne
ur
on
s

A
m
yg
da
la
,e
nt
or
hi
na
l/t
ra
ns
en
to
rh
in
al

co
rte
x,
hi
pp
oc
am

pu
s

O
fte
n
co
-e
xi
st
s
w
ith

ot
he
r
ta
uo
pa
th
ie
s
su
ch

as
A
D
.A

ss
oc
ia
tio
n
w
ith

H
1
H
ap
lo
ty
pe

of
M
A
PT

ge
ne

C
hr
on
ic
tra
um

at
ic
en
ce
ph
al
op
at
hy

3R
an
d
4R

N
FT

s
an
d
pr
om

in
en
ta
st
ro
cy
tic

ta
ng
le
s

Fo
ca
le
pi
ce
nt
re
s
in

th
e
fr
on
ta
ll
ob
e,
th
en

w
id
es
pr
ea
d
co
rti
ca
la
re
as

in
a
pa
tc
hy

di
st
rib

ut
io
n.
H
ig
h
de
ns
ity

in
th
al
am

us
,

m
am

m
ill
ar
y
bo
di
es
,b
ra
in
st
em

,b
as
al

ga
ng
lia

O
th
er

pa
th
ol
og
ie
s
ca
n
co
-e
xi
st
—

β
,T

D
P4

3,
an
d
α
-s
yn
uc
le
in

Pr
im

ar
y
ag
e-
re
la
te
d
ta
uo
pa
th
y
(P
A
R
T
)

4R
N
FT

s
an
d
gh
os
tt
an
gl
es

R
es
tri
ct
ed

to
m
es
ia
lt
em

po
ra
ll
ob
e

C
ha
ra
ct
er
is
ed

by
ab
se
nc
e
of

am
yl
oi
d
pl
aq
ue

1142 Eur J Nucl Med Mol Imaging (2016) 43:1139–1150



ligand will need to have a high binding affinity for tau over
Aβ. This problem is confounded by the fact that Aβ and tau
often co-exist in the same cortical areas, and both manifest β-
sheet structure, which is where planar polyaromatic ligands
tend to bind [41–45].

Therefore, requirements of an ideal tau tracer are: (1) high
sensitivity and selectivity for its target (20–50-fold selectivity is
required for tau over Aβ), (2) low toxicity, (3) rapid uptake and
clearance from the brain, and (4) no active brain metabolism.
From a practical view, the radioactive half-life of the isotope
used to label the ligand should also be taken into consideration.
Use of 18F (half-life of 110 minutes) rather than 11C (half-life
20 minutes) can preclude the need for onsite production and
allows longer imaging times, but increases the dosimetry. An
11C tracer may be preferred if multiple PET scans are to be
performed, due to its lower dosimetry [41, 42, 44, 45].
Figure 1 shows the chemical structure of different tau tracers.

[18F]FDDNP

2 - (1 -{6 - [2 - [ 1 8F ] f l uo roe thy l ) (me thy l ) amino ] -2 -
naphthylethylidene)malononitrile (FDDNP) was developed as
an amyloid marker by Barrio et al. in 2008 [46]. It is extracted
well by the brain and shows moderate affinity for both amyloid
plaques and neurofibrillary tangles, though the specific signal is
low. FDDNP PET will separate groups of normal, MCI, and
AD subjects by their levels of cortical uptake. The pattern of
FDDNP uptake inAD reflects both amyloid and tau deposition,
as signal is seen in both association cortex and hippocampus
[47]. The uptake of FDDNP increases over time in AD and

MCI due to increasing tau accumulation, so the tracer can be
used to track disease progression. FDDNP PET has also been
used to detect brain amyloid in Down syndrome [48] and de-
mentia with Lewy bodies [49]. Drawbacks of FDDNP PETas a
biomarker are its low sensitivity and selectivity. While it has
been reported that [18F]FDDNP PET can predict progressive
cognitive impairment in MCI [50], it is less sensitive than
[18F]FDG PET for detecting disease progression. As a conse-
quence, further searches for selective tau ligands were per-
formed. A further consideration of FDDNP PET is the rapid
metabolism and clearance of the tracer [51], and it does not
reach a steady state for a long time. The optimal analysis meth-
od is therefore Logan graphical analysis using the cerebellum
as a reference region, as used by Small et al. [52]. This requires
long scanning periods (up to 125 minutes), making it a difficult
tracer to use in clinical practice.

THK compounds

The first tau-selective ligand, [18F]THK523, was identified by
Okamura and colleagues at Tohuku University, after screening
a series of quinolone and benzimidazole derivatives [59].

Pharmacokinetic studies showed excellent brain uptake and
rapid clearance in mice, with no lipophilic metabolites and
higher binding to tau over Aβ [59].[60] In-vitro studies of this
ligand demonstrated binding to NFTs in AD brain sections and
a higher affinity for tau fibrils than Aβ fibrils [61]. MicroPET
studies in tau transgenic mice showed a correlation between in-
vivo binding with subsequent histofluorescence [62].
However, while in-vivo testing in humans demonstrated

Fig. 1 Chemical structures of
current tau tracers. The chemical
structures of: a [18F] THK-523, b
[18F]THK-5105, c [18F] THK-
5117, d [18F] THK-5351, e [11C]
PBB3, f [18F]T808, and g [18F]-
T807
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selective tau binding, which correlated with the known tau
distribution in AD, and a correlation of tracer uptake with
impaired cognition, there was significant white matter retention
which prevented accurate visual interpretation of signals, thus
precluding its widespread use as a PET tracer [60].
Furthermore, it does not bind tau aggregates in non-AD
tauopathies, further limiting its diagnostic utility [63].

Subsequently, the same researchers identified two further 2-
arylquinoline derivatives, [18F]THK5105 and [18F]THK5117
which have superior binding affinity (Ki=59.3nM for
THK523, 7.8nM for THK5105, and 10.9nM for THK5117)
and selectivity for tau in AD brains than [18F]THK523, as well
as higher brain uptake andmore rapid clearance. The tracer also
has good penetration of the blood–brain barrier and no toxic
effects [64]. In-vivo studies showed that there was higher cor-
tical retention in AD patients compared with healthy controls,
and retention correlated well with impaired performance on
cognitive testing, and loss of brain volume [54].

[18F]THK5105 has a binding affinity to tau 25 times great-
er than that of amyloid, with peak brain entry higher than that
for [18F}THK523, [18F]AV1451, [18F]T808, and [11C]PBB3
after 6 minutes. There is no obvious accumulation in the skull
reported, but there is non-specific tracer retention in the
brainstem, thalamus, subcortical white matter, probably due
to binding to β-sheet structures in the myelin basic protein.
This is not reported to be visually noticeable [54]. Compared
to [18F]THK5117, [18F]THK5105 has a relatively slower
clearance from the brain and higher lipophilicity, resulting in
a lower signal to noise ratio [54]. Figure 2 shows
[18F]THK523, [18F]THK5105, and [18F]THK5117 PET in
different stages and types of dementia.

Brain uptake of [18F]THK5117 has been shown to have
high affinity for tau in saturation binding assays, with
nanomolar binding affinity [65]. It has been compared with
that of [11C]PIB and [18F]FDG in subjects with MCI and AD.
The authors noted a significant correlation between trac-
er retention of [18F]THK5117 and cognitive perfor-
mance. In addition, they noted a different regional pat-
tern of retention compared with [11C]PIB. The investi-
gators reported lower [18F]THK5117 uptake in MCI
compared with AD subjects, though both were raised
compared to healthy controls, thus demonstrating the
ability of the tau tracer to distinguish the spectrum of
the Alzheimer disease process [66].

One report concerned three AD patients who had had
[18F]FDG and [11C]PIB PET scans in life and donated their
brains for subsequent post-mortem analysis, allowing in-vitro
binding of [18F]THK5117 to be investigated by autoradiogra-
phy. Binding of the tracer was highest in the mesial temporal
region in all subjects, consistent with known tau pathology,
but levels showed poor correlations with mesial temporal glu-
cose metabolism and Aβ binding [67]. The authors concluded
that tau imaging does not just mirror [18F]FDG PET findings.

Another 2-arylquinoline, [18F]THK5351 has also been re-
cently developed which also shows high tau binding affinity in
AD brains. [18F]THK5351 PET has been trialled in ten healthy
controls and ten AD patients, while two other patients received
[18F]THK5117 and [18F]THK5351 for a direct comparison.
[18F]THK5351 had similar grey matter but lower white matter
and brainstem retention than [18F]THK5117, potentially
allowing for better tau visualization, while faster uptake and
washout kinetics may facilitate kinetic modelling [68].

The same group has also developed [11C]THK951,
which has low lipophilicity (and therefore a higher sig-
nal to noise ratio), rapid brain uptake, and fast clear-
ance. Uptake ratio in mouse brain was found to be
superior to that of [18F]THK523, [18F]THK5105, and
[18F]THK 5117, with slightly lower affinity to tau. In-
vivo human testing has not yet been reported [69].
Figure 3 shows [18F]THK5351 in different stages of
cognitive impairment.

[18F] AV-1451 (T807) and [18F]T808

[18F]AV-1451 (T807) and [18F]T808 are tau-selective com-
pounds recently synthesized by Hartmuth Kolb and his col-
leagues [70] and now tested in vivo [71]. [18F]T808 showed
high binding affinity and good selectivity for tau over Aβ, with
rapid uptake and washout in transgenic mice. MicroPET
showed that it crossed the blood–brain barrier, with minimal
white matter binding. However, studies in mice showed that
18F accumulated in bone, indicating defluorination was occur-
ring, so the tracer has not been taken forward, even though it
did not exhibit defluorination when tested in humans [72]. In-
vivo tracer retention correlated closely with histological exam-
ination of tau deposition in another AD patient who died
2 weeks after PET images were obtained [73].

[18F]AV-1451 (T807) has demonstrated >25-fold selectiv-
ity for PHF-tau over Aβ (Kd=14.6nM) on autoradiography
and in vivo shows rapid brain extraction and washout,
with no plasma metabolites entering the brain [74]. It is
of low molecular weight (262.1 g/mol) and crosses the
blood–brain barrier readily. The LogP of [18 F]AV-1451
is 1.67[74]. In mice, there was some accumulation in the
bone noted, but the authors commented that radioactivity
did not increase over time, and that brain homogenate in
humans did not contain active metabolite [74]. Post-
mortem validation of the tracer has shown high binding
of the ligand to dystrophic neurites in AD [75]. In-vivo
studies in humans show favourable [18F]AV-1451 uptake
and washout kinetics, and tracer retention in AD mirrors
the known distribution of tau in the brain. MCI cases
showed lower uptake than AD patients, with tracer uptake
patterns following Braak staging [55].
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Pontecorvo et al. have reported preliminary findings in a
PET study comparing Aβ and tau binding in subjects with
MCI, AD, and cognitively normal controls. They noted
highest tau deposition in patients with AD, followed by
MCI, compared with low signal in normal controls. They also
noted that cortical tau binding was significantly higher in Aβ-
positive than in Aβ-negative individuals. In Aβ-negative in-
dividuals, hippocampal tau increased with age but no cortical
deposition was detected [76].

Other studies have also shown increased binding of
[18F]AV-1451 in MCI compared with controls which targeted
all the association cortical areas.Worse cognitive performance
(in terms of delayed recall) was associated with increased
ligand retention in the entorhinal cortex [77]. Preliminary

human studies using [18F]AV-1451 have been used to follow
MCI and AD progression over relatively short periods of time
(up to 19 months), and have shown significant rises in tau
signals over time as symptoms progress, indicating the poten-
tial for tau tracers to detect disease progression [57].

[18F]AV-1451 (T807) also has the ability to distinguish var-
iants of AD. In a patient with posterior cortical atrophy (PCA),
binding was seen in primary visual and visual association cor-
tices which correlated with decreased [18F]FDG uptake, where-
as [11C]PIB uptake was globally elevated and showed no asso-
ciation with FDG metabolism [78]. The same group found that
tau binding was increased in left parietal, temporal, and frontal
regions in logopenic primary progressive aphasia [79].

[18F]AV-1451 PET has also detected increased signal in
non-AD tauopathies such as PSP where the basal ganglia,
thalamus, and frontal cortex were targeted. Its uptake has also
been evaluated in patients with FTD, including the progres-
sive aphasia and semantic dementia variants. The authors
found that a symptomatic MAPT carrier showed increased
ligand binding in the frontal, insular, and anterior temporal
cortex, whereas in aphasic patients it was increased in left
dorsolateral, prefrontal, and insular cortices. Patients with se-
mantic dementia had highest uptake in the anterior temporal
cortex with marked asymmetry [80].

Autoradiographic studies on brain specimens of patients
with a range of disorders [AD, FTD-tau and PSP, CBD,
Parkinsons disease (PD), dementia with Lewy bodies
(DLB), and cerebral amyloid angiopathy (CAA)] have shown

Fig. 3 Novel tau tracer [18F]THK-5351 in different stages of cognitive
impairment. PET images of [18F]THK-5351 in a healthy control, an MCI
subject (MMSE 25), and an AD subject (MMSE 16). There is increasing
tracer retention as disease progresses. In the AD patient, a [11C]PIB PET
scan shows amyloid deposition in discrete separate areas of cortex.
Courtesy of Nobayaki Okamura, unpublished work

Fig. 2 PET images using the [18F] THK family of tracers. a The first tau
tracer, [18F] THK 523 in a healthy control, a subject with semantic
dementia and an AD subject. There is increased tracer retention in the
AD subject, but no difference between the control and SD Reproduced
from Villemagne 2014 [53]. b [18F] THK5105 PET images in a 72-year-
old healthy control (MMSE 29) and a 68-year-old AD subject (MMSE

20). Reproduced from Okamura 2014 [54]. c Tau tracer [18F]THK 5117
in a subject with mild, moderate, and severe AD, showing increasing
retention of tracer as disease progresses from the medial, anterior, and
inferior temporal cortex in mild AD, spreading to association areas in
moderate AD, and throughout the neocortex in severe AD. Reproduced
from Okamura 2014 [44]
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that while AD brains containing NFTs show high tracer bind-
ing, this is not evident in DLB, CAA, and FTD-TDP43.
Fluorescent staining with disease specific tau antibodies re-
vealed labelling of neurites and tangles in AD, PSP, CBD,
and Pick’s disease, but not Lewy bodies or TDP43 [75].
Some preliminary work has shown binding of tracer in a dis-
tribution known to be compatible with PHF-tau distribution in
PSP distinct from PD brains [81].

[18F]AV-1451 binding has been described in a retired
American National Football League (NFL) player with cogni-
tive decline and features suggestive of either CTE or PSP, and
confirmed CTE based on binding patterns, demonstrating that
tau imaging can help to differentiate between different types
of dementia [82].

[18F]AV-1451 PET has also revealed insights concerning
tau deposition in healthy cognitively normal individuals.
Schultz et al. used Aβ and tau imaging to characterise
in vivo the complex relationship between Aβ and tau pathol-
ogies. Seventy-five healthy elderly subjects were examined
using longitudinal [11C]PIB and [18F]AV-1451 PET. A signif-
icant relationship was found between baseline Aβ burden and
tau binding in the inferior temporal lobe, as well as an associ-
ation between tau binding and the rate of Aβ accumulation,
consistent with histology findings that Aβ pathology can in-
fluences tau ‘spreading’ throughout the cortex [83].

Sperling et al. compared Aβ with tau binding in cognitive-
ly healthy individuals, and showed that the presence of tau
tangles on PET did not correlate with memory loss in healthy
individuals unless Aβ plaques were also present. In the pres-
ence of plaques, however, there was a correlation between tau
deposition and memory loss, again reinforcing the principle
that the presence of Aβ accelerates tau pathology [84]. In
cognitively normal elderly subjects, [18F]AV-1451 binding
has been shown to correlate with levels of CSF tau [85].

Lockhart et al. used [18F]AV-1451 and[11C]PIB PET to
study the effects of age on Aβ and tau aggregation in cogni-
tively normal elders. They found significantly increased accu-
mulation of tau in the basal ganglia, midbrain, hippocampus,
and fornix of elderly normals, which extended to the neocor-
tex as their age and the level of Aβ binding increased. The
authors concluded that age and levels of Aβ binding could
independently predict tau binding in healthy older people.
Age predicted the level of tau accumulation in the medial
temporal lobe, while levels of Aβ binding predicted tau depo-
sition outside the medial temporal lobe [86]. Figure 4 shows
[18F]AV-1451 (T807) in different stages of dementia and in
longitudinal progression of disease.

[11C]PBB3

Maruyama et al. have developed another family of ligands, the
p h e n y l / p y r i d i n y l - b u t a d i e n y l - b e n z o t h i a z o l e s /

benzothiazoliums or PBBs, which bind strongly to NFTs in
AD brains. In addition, ex-vivo examination of the brains and
spinal cords of transgenic mice that had been injected with
these compounds showed intense uptake in areas of tau accu-
mulation [58]. [11C}PBB3 has a 40–50 times higher affinity
for NFTs than for senile plaques, with affinity in the
nanomolar range [58], readily crosses the blood–brain barrier
(LogD=3.3) [87], and is quickly washed out. There is mini-
mal non-specific and white-matter binding [58].The tracer de-
cays quickly to radioactive metabolites in preclinical models,
but the radioactive metabolites have not been shown to enter
the brain [87]. Nevertheless, simplified analysis methods such
as Reference Tissue Models seem to agree with dual input
compartment modeling [88].

[11C]PBB3 PET imaging of AD patients has shown in-
creased tracer retention in the hippocampi in contrast to
[11C]PIB. There was spreading of [11C]PBB3 binding
throughout the cortex as the disease progressed [58, 89].
When [11C]PBB3 PET was performed in a patient with
corticobasal degeneration, tracer retention was noted in the
neocortical and subcortical structures, while [11C]PIB uptake
was normal, highlighting the potential of tau tracers in non-
AD tauopathies [58]. [11C] PBB3 has lower brain uptake than
[18F]T807 or [11C]PIB due to this rapid metabolism and clear-
ance, but the authors conclude that this may assist its selective
binding to high-affinity, low-capacity sites on NFTs, com-
pared to low-affinity, high-capacity sites on the more preva-
lent β-amyloid [87]. Figure 5 shows tau tracer [11C]-PBB in
differing stages of cognitive impairment.

Other compounds

Honer et al. have developed further compounds, RO6931643,
RO6924963 and RO6958948, which are high-affinity binders
at the [3H]T808 binding site on tau aggregates. All com-
pounds have been noted to bind with high affinity and speci-
ficity to tau aggregates, and lack affinity to Aβ plaques. They
also showed low non-specific binding in healthy brain tissues.
In addition, there was macro- and micro-colocalisation of
radioligand binding. Their pharmacokinetics showed rapid
brain entry, washout, and safe metabolic patterns. These
tracers are currently being tested in humans [90].

To date, several studies have used [18F]AV1451, which has
demonstrated robust pharmacokinetics, high affinity for tau
NFTs over amyloid, and minimal non-specific binding, as
well as the ability to bind non AD tauopathies. Of the THK
compounds, [18F] THK5117 has a very good pharmacokinetic
profile, but with further data for [18F]THK5351 and
[18F]THK951 awaited. [11C]PBB3 also offers good pharma-
cokinetics, with the ability to bind non-ADNFTs, but the short
half-life of the 11C tracer may limit its use, and the rapid
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metabolism of the tracer may result in difficulty with data
analysis.

Conclusions

Recent years have seen exciting progress in the molecular
imaging of dementia, and the tauopathies in particular. In-
vivo tau imaging provides further information about the start
and progression of the neuropathology of neurodegenerative
disorders and, combined with amyloid imaging and FDG, it
will be a promising biomarker, both clinically, in supporting
differential diagnosis, and also in research, where it will help
select appropriate patients and provide proof of mechanism
and efficacy in clinical trials. While Aβ imaging plays a key
role in the evaluation of dementia, the closer correlation of tau
with cognitive impairment and neuronal dysfunction makes it
more suitable as a biomarker of disease progression.

Several novel tau tracers are under development, and a
number of phase 3 clinical studies are ongoing, with results
keenly anticipated. In addition, further work involving tau,
Aβ, and further pathologies, performed at different stages of
the disease process will yield yet further insights into disease
pathogenesis. These novel imaging targets give a real

Fig. 5 Tau tracer [11C]-PBB in differing stages of cognitive impairment.
[11C]PBB3 and [11C]PIB in normal controls and AD patients with
increasing severity of disease. The arrowheads indicate the hippocampi.
While there is minimal tracer retention in the hippocampi of normal
controls, there is increasing retention in the AD patients, especially as
MMSE declines, with spread from the hippocampus to the neocortex,
consistent with Braak staging. Reproduced from Maruyama 2013 [58]

Fig. 4 Novel tau tracer [18F]AV-1451 (previously [18F]-T807. a
[18F]T807 in a healthy control (top left), through increasing severity of
cognitive impairment to severe AD (bottom right). Increased tracer
retention is seen as disease progresses, with widespread neocortical
deposition in severe disease. Reproduced from Chien 2013 [55]. b PET
images from two cognitively normal individuals, and one with AD
dementia, with amyloid PET images on the top row ([11C]PIB) and tau
PET images on the bottom row ([18F] T807). From left to right, increasing

amyloid deposition is seen in the neocortex, as well as increasing tau in
the inferior temporal cortices. Reproduced from Sperling 2014) [56]. c
[18F] T807 in a subject with MCI at baseline, and after 10 months,
showing a significant increase in tracer deposition in the temporal and
parietal lobes. This indicates the clinical utility of tau imaging in detecting
disease progression over relatively short time periods. Reproduced from
Mark Mintun, 2015 [57]
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opportunity to diagnose dementia accurately, and to evaluate
multi-targeted therapy much more efficiently.
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materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
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scanned version of the material to be stored in a central repository such as that provided by
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reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
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If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
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private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
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Please refer to Elsevier's posting policy for further information.
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allowed to download and post the published electronic version of your chapter, nor may you
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submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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