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Abstract 

It is now well recognised that Alzheimer’s disease (AD) has a long presymptomatic 

period, with evidence of amyloid deposition being detected approximately 20 years 

before the onset of cognitive decline. This clinically silent period opens up a 

treatment window at a potentially more tractable stage of the disease. As we move 

towards AD prevention trials, there is a need for robust and sensitive methods that 

can detect and track disease progression, especially during this asymptomatic period.  

Familial Alzheimer’s disease (FAD) is an autosomal dominant condition that has many 

shared clinical, radiological, and neuropathological features with the more common 

sporadic form of disease. In addition, the age at onset in FAD is reasonably consistent 

between successive generations. Therefore, study of FAD mutation carriers provides 

an opportunity to prospectively characterise the sequence, and timings, of key 

pathological changes in AD. In addition, this reasonably pathologically pure form of 

AD provides a valuable opportunity to better understand the molecular drivers of 

disease onset. 

The studies presented in this thesis aim to facilitate the identification of biomarkers 

of FAD, with the overarching aim of identifying biomarkers of preclinical disease 

and/or key pathological processes. A multimodal approach is taken, with both 

presymptomatic and mildly symptomatic individuals being included. Chapter 1 

introduces the background to the problems addressed in this thesis by providing an 

overview of early onset and familial Alzheimer’s disease and its preclinical period. 

Chapter 1 also outlines some of the key pathological drivers of AD onset, and 

specifically FAD. Chapter 2 then outlines the methodological approaches that are 

common to the different studies reported in this thesis. 

The first data chapter of this thesis (Chapter 3) performs data-driven modelling of 

cognitive performance in a clinically asymptomatic FAD cohort to demonstrate the 

sequence and timing of early cognitive change in FAD (Chapter 3). Following on from 

this the trajectory of a promising AD biomarker, plasma phospho-tau181 (p-tau181), 
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in FAD is explored (Chapter 4). This study, which was the first to examine the utility 

of plasma p-tau181 in FAD, showed that increased levels are detected in 

presymptomatic mutation carriers and that increases begin over a decade prior to 

estimated symptom onset. The ability of imaging measures of tau, specifically 

longitudinal tau positron emission topography (PET) scanning, to detect 

presymptomatic change is also examined (Chapter 5). In contrast to blood measures 

of p-tau181, this study did not find evidence of increased tau signal in 

presymptomatic mutation carriers, instead it showed tau burden in FAD increases in 

close temporal proximity to symptom onset.  

Finally, Chapter 6 investigates the influence of FAD genotype on plasma amyloid beta 

ratios. This study, the first to investigate inter-mutation differences in plasma 

amyloid beta profiles, showed evidence of marked inter-group differences as well as 

associations between the relative production of longer (≥ 42 amino acids length) 

amyloid beta peptides and the estimated timing of symptom onset in Presenilin1 

mutation carriers.  

The thesis draws together these different approaches and discusses how they 

advance our understanding of the neurobiology of AD and their potential utility in 

both clinical assessment and presymptomatic therapeutic trials. 
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Impact statement 

The studies presented in this thesis have several potential impacts on research and 

application to clinical contexts. 

The data-driven characterisation of early cognitive change in FAD presented in 

Chapter 3 can be used to improve clinical trial design by informing the selection of 

screening and outcome measures. Additionally, this study shows the value of utilising 

data-driven modelling techniques, in this case event based modelling, to advance 

understanding of AD progression.  

By improving understanding of the trajectory of plasma p-tau181 in FAD, the study 

reported in Chapter 4 provides important information on potential contexts of use 

for this promising blood biomarker. This longitudinal study, with its demonstration of 

considerable intra- and inter-individual variability in blood biomarker concentrations, 

also provides important insights into the need for careful characterisation of the 

potential drivers of variability in plasma biomarker levels, which must be controlled 

or accounted for in future studies, especially those investigating longitudinal change. 

The longitudinal tau PET imaging study presented in Chapter 5 provides insights into 

the spatial and temporal dynamics of early tau accumulation in FAD. The findings of 

this study can be used to refine the design of future clinical trials, both by better 

defining the optimal time window for interventions that target pathological tau 

deposition, as well as informing the choice of tau PET outcome measures.  

Finally, the results presented in Chapter 6 demonstrate significant inter-mutation 

differences in amyloid processing. These findings have important implications for AD 

therapy development, as well as raising the prospect that plasma amyloid ratios may 

serve as dynamic markers of amyloid processing in FAD. If the findings are validated 

in other FAD cohorts, these results would open up the possibility of plasma amyloid 

ratios functioning as minimally invasive pharmacodynamic markers of amyloid 

processing; this type of biomarker is likely to be increasingly valuable as we enter an 

era of personalised medicine and gene-silencing therapies.  
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In order to ensure maximum impact from the body of work presented in this thesis, 

the findings reported in Chapters 3, 4 and 6 have been published in the following, 

respectively listed, peer-reviewed journals: Alzheimer’s Research and Therapy, 

Molecular Psychiatry and Brain. In addition, the results of Chapter 5 have been 

presented, as an oral presentation, at an international AD conference (Alzheimer’s 

Association International Conference 2019). Additionally, the data presented in this 

chapter has also been shared with the Dominantly Inherited Alzheimer’s Network - 

Trials Unit (DIAN-TU), where it has been used to inform sample size calculations. 

Furthermore, public engagement activities, including presentation at the UK’s 

familial Alzheimer’s disease family conference, have facilitated the sharing of these 

research outputs with both the public and with research participants.  

In summary, the most direct impact of this work is likely to be its contribution toward 

the identification, and improved understanding, of biomarkers of FAD; both markers 

of preclinical disease as well as indicators of disease pathophysiology. Clinical trials 

may benefit from utilising the cognitive, imaging and blood biomarkers studied in this 

thesis for screening and/or monitoring. Additionally, should effective disease 

modifying therapies be realised, the biomarkers described here may well translate 

from research into clinical practice. 
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Chapter 1 Introduction 

1.1  Global burden of dementia  

Dementia is a syndrome characterised by progressive decline that affects memory, 

thinking and behaviour that ultimately impairs ability to complete everyday activities. 

Dementia is a major and increasing global health challenge that has wide-ranging 

consequences for families, health-care systems, and society as a whole. It is currently 

estimated that 40–50 million people worldwide are living with dementia, increasing 

from 20 million in 1990 1. As of December 2020 dementia was the leading cause of 5-

year mortality in England, and accounted for 11.6% of all deaths in 2020, coming 

second only to COVID-19, which was responsible for 12.1% of all deaths in that year2. 

There have been accompanying increases in the burden associated with dementia – 

both in terms of years of life lost and years lived with disability3. In addition, there 

has been the increasing financial cost of dementia, which is now estimated to cost 

over 26 billion pounds sterling/year within the UK and 800 billion US dollars/year 

worldwide, representing over one percent of global gross domestic product3,4.  

As the number of people living with dementia increases, diagnosis and management 

of this condition becomes an increasing part of workload for all those who practice 

medicine. There is a clear need for further research, with a particularly urgent need 

for effective disease modifying treatments. It will also be increasingly important to 

develop easily accessible markers to enable early diagnosis; these markers are 

needed to facilitate timely access to treatments and supports, as well as to serve as 

outcome measures in clinical trials. 

1.2 Early onset and familial Alzheimer’s disease 

Dementia is caused by a wide range of neurodegenerative and non-

neurodegenerative conditions, and mainly affects older adults, although 2-10% of 

cases are estimated to start before the age of 655. Alzheimer’s disease (AD) is the 

leading cause of dementia, representing 50-75% of cases5. AD was originally thought 

to be exclusively early onset: Alois Alzheimer’s diagnosed the first case of AD in 1906 
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in a 51 year old who had symptom onset in her 40s 6. For the next 50 years AD was 

considered a “presenile” dementia. 

 Currently early onset AD (EOAD) is defined as clinical onset before 65, however this 

is clearly arbitrary. AD is a continuum with clinical heterogeneity at all ages, and there 

is often little difference between someone with AD and an onset at 64 compared to 

someone with an onset at 66. Yet at a group level there are many aspects where early 

onset AD differs from late onset AD (LOAD), with implications for clinical practice and 

raising questions about our understanding of AD. 

A rare but important subset of EOAD is due to familial or autosomal dominant AD. 

Familial AD (FAD) is an autosomal dominant condition caused by pathogenic 

mutations in presenilin 1 (PSEN1), presenilin 2 (PSEN2) and amyloid precursor protein 

(APP)7. Another important genetic form of EOAD is Down syndrome: complete 

trisomy of chromosome 21 leads to the development of cerebral AD pathology, by 

the age of 40, and an estimated two-thirds of individuals with Down syndrome 

develop dementia by the age of 608–10. EOAD in Down syndrome will not be covered 

in this thesis, but for further detail on this topic see review by Wiseman et al11. 

FAD represents less than 1% of total AD cases. However due to the young age at onset 

in FAD (typically symptoms start between the age of 30 – 60 years), this monogenic 

form of AD accounts for a larger proportion, perhaps up to 5%, of EOAD cases 12,13. 

There is considerable clinical heterogeneity within- as well as between-genes. At a 

group level there are marked differences in mean age at onset across the three 

genotypes: PSEN1 carriers have significantly earlier onset (mean age at onset around 

43 years, typically 30-60 years of age) compared to APP carriers (mean age at onset 

50 years, typically 40-60 years of age), while PSEN2 have the latest onset of all 3 genes 

(typically 50 -65 years of age) 7,14. Although the majority of FAD cases begin before 

the age of 65, FAD does not exclusively cause early onset disease; pathogenic FAD 

mutations can cause disease with an age of onset in the 60s and 70s 14,15.  

A large amount, over 70%, of the variance in age at onset in FAD can be attributed to 

mutation site, with carriers of the same mutation having reasonably consistent age 

at onset 7,14. This consistency in age at onset, allied to the high, near 100%, 
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penetrance of mutations, means that FAD has proved to be a valuable model for 

studying AD 14,16. FAD has provided important insights into molecular drivers of AD 

onset, as well as the evolution of presymptomatic changes.  

FAD, the main focus of this thesis, has many similarities with EOAD, and as a result I 

will begin with an overview of both early onset and familial AD to provide background 

and context.  

1.2.1 Epidemiology 

The prevalence of dementia increases exponentially across the age span, doubling 

with every 5 year increase in age, and this holds true even below the age of 65 (Figure 

1-1) 5,17–19. AD is the most common cause of early onset dementia, representing over 

50% of young onset cases (Figure 1-2) 17. Despite AD being very age related, 4-15% of 

all AD cases develop symptoms before the age of 6520. The majority of EOAD cases 

have onset in 60s with overall AD dementia prevalence increasing from 56/100,000 

in the 55-59 age group to 207/100,000 amongst the 60-64 age grouping 19.  

 

Figure 1-1 Estimated age-specific annual incidence of dementia for world regions, 
reproduced from the World Alzheimer’s Report 20153. Abbreviations: HIC = high income 
countries; LMIC = low and middle income countries 
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Figure 1-2: Subtypes of young onset dementia in a population based study in Norway, 
reproduced from Kvello-Alme et al17. Abbreviations: AD = Alzheimer’s disease; DLB = 
Dementia with Lewy bodies; PDD = Parkinson’s disease dementia; HD = Huntington’s 
disease; FTD= Frontotemporal dementia. 

There is considerable variability in the rate of AD diagnosis globally, with significantly 

higher prevalence of early and late onset AD documented in higher compared to low 

and middle income countries 3,20. Inequity of access to diagnostic tools, with limited, 

and delayed access, to diagnostic services in developing countries, is likely to 

contribute to this discrepancy: highlighting the urgent need for cheap, non-invasive 

diagnostic biomarkers.  

Regarding FAD, a population study performed in France estimated that the 

prevalence is 5.3/100,000 persons aged 60 and under12. Across the different 

genotypes PSEN1 is most common, representing 30-70% of FAD cases, while APP 

accounts for 10-15%, with PSEN2 being the least common, being responsible for <5% 

of FAD cases21. Like EOAD, there is significant variability in the rates of diagnosis of 

FAD, even within the same country; inter-regional differences in detection are 

estimated to be as high as 70% within the United Kingdom 22. Potential reasons for 

this discrepancy include variability in genetic testing practices, inequity of access to 

specialist diagnostic services. There is also variability in clinical practice with different 

views on the value of and reasons for considering a genetic diagnosis. Variability in 
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rates of diagnosis of FAD again highlights the value of accessible genetic testing and 

AD biomarkers, such biomarkers would help many families get appropriate 

treatment, diagnostic counselling and support. 

1.2.2 Genetics 

A common concern of those with EOAD, is genetic risk and in particular the risk of 

heritability. These concerns have grown over the years with increasing public 

recognition of genetic causes of dementia. As discussed above, approximately 5% of 

EOAD cases are associated with autosomal dominant mutations i.e. are cases of FAD 

– see Table 1-1 for further genetic details 12,13. Therefore, the majority of EOAD are 

sporadic i.e. no single genetic mutation responsible. However genetics plays a role in 

sporadic AD (sAD), with twin studies estimating that 60-80% of AD risk may be 

attributed to heritable factors23. 

Gene Chromosone Location of 
mutation 

Type of mutation Implicated 
pathway 

APP 21 Exons 16 
and 17 

Missense 
Gene/Locus 
duplication 
Trisomy of 

chromosone 21 

Amyloid 
processing 
(substrate)  

PSEN1 14 Whole gene Missense 
Insertions/deletions 

Amyloid 
processing 
(enzyme)  

PSEN2 1 Whole gene Missense 
Insertions/deletions 

Amyloid 
processing 
(enzyme)  

Table 1-1: Causal genes in familial Alzheimer’s disease. Information reproduced from 
Bettens et al24 and Brouwers et al16. 

It is important to identify the subset of EOAD cases due to FAD as this diagnosis has 

clinical implications not only for patients, but also for their families; the autosomal 

dominant pattern of inheritance and near 100% penetrance of pathogenic mutations 

places the children of affected individuals at a 50% risk of developing FAD. Younger 

age at clinical onset and family history both strongly predict the likelihood of an 

underlying pathogenic mutation, but are not always present 13,25. Thus, clinicians 
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should consider offering genetic testing to all those with AD with an age at onset less 

than 60, and especially in those younger onset cases with a family history of early 

cognitive decline.  

Although not associated with a mendelian pattern of inheritance, the 

apolipoproteinE (APOE) ε4 allele, which occurs in almost 20% of the population, is 

the greatest genetic risk factor for both early and late onset AD 26. The APOE gene is 

located on chromosome 19 and occurs in three main isoforms (APOEε2, APOEε3, and 

APOEε4); these isoforms differ depending on two amino acid residues (position 112 

and 158) 15. Carriage of one ε4 allele leads to a three-fold-increased risk of developing 

AD, while those with two ε4 alleles are at almost 15-times-increased risk24. In 

addition, APOEε4 has a dose-dependent effect on age at onset, with individual with 

two copies having a significantly lower age at onset than those with one or no copies 

(Figure 1-3)27. While APOε4 is the greatest genetic risk factor for sAD it is neither a 

prerequisite for, nor sufficient to cause, AD. APOE status and FAD only explain a 

proportion of genetic risk, and other genetic variants identified through genome wide 

association studies (GWAS) also contribute – these include TREM2, SORL1, ABCA7, 

BIN1, CLU, CR1, CD2AP, and PICALM (Table 1-2) 28,29 . 

 
Figure 1-3: Risk curves of Alzheimer’s disease by tertiles of the genetic risk score, 
reproduced from van der Lee et al30. Shaded areas are 95% CIs 

At present clinical testing for genetic risk variants including APOE, and calculation of 

polygenetic risk scores, is not recommended. However, this is likely to change as 
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disease modifying agents become widely available – especially if presymptomatic 

therapy is shown to have clinical benefit. Furthermore, with the advent of direct-to-

consumer testing, clinicians need to be prepared to counsel patients about the 

genetic risk of AD. For clinicians direct-to-consumer results represent a challenge as 

these are often accompanied with no or limited counselling. In addition, there is a 

need to treat results with caution; up to 40% of pathogenic variants are not 

confirmed on clinical testing i.e. turn out to be false positives 31. Additionally, benign 

polymorphisms can be inappropriately classified as risk variants - highlighting the 

importance of clinicians interpreting reports in the context of existing literature and 

population frequency data 31. It can be argued that genetic risk tools add value by 

informing personalised health strategies, and therefore can empower individuals to 

reduce their risk of developing AD. However, there is little evidence that awareness 

of genetic predisposition translates into significant lifestyle changes apart from 

decisions around family planning 32. Furthermore, the main tools for AD risk 

reduction are healthy diet, exercise, avoidance of smoking and harmful levels of 

alcohol consumption, recommendations that apply to virtually all members of 

society33. 

Studying the influence of genetic variants on AD is critical to improving understanding 

of disease pathogenesis. The discovery of pathogenic mutations in FAD kindreds, as 

well as the high rates of AD pathology in Down syndrome have been central to the 

development of the amyloid cascade hypothesis34,35: this will be discussed in greater 

detail in section 1.4. The critical role of the amyloid processing in AD pathogenesis 

was also supported by the discovery of the APOE risk variant: APOE codes for a 

cholesterol transporter that plays a role in the intra-cerebral clearance of amyloid 36. 

Additional evidence in support of the amyloid cascade hypothesis comes from the 

discovery of a variant in the APP gene (A673T) that protects against AD: this variant 

will also be discussed in greater detail in section 1.4.  

Genetic risk variants (GWAS hits) for AD implicate other biological pathways beyond 

amyloid metabolism/formation including innate immunity, lipid metabolism and tau 

binding (Table 1-2) 37. More recently studies in African-Americans have also 

implicated genes associated with renal function 38. The discovery, and improved 
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understanding of the contribution of genetic risk variants has been critical to 

advancing AD research as it facilitates the identification of pathway specific 

biomarkers as well as aiding the devolvement of targeted treatments. 

Gene Chromosome Implicated pathway 

APOE 19 Amyloid processing and 
lipid metabolism 

SORL1 11 Amyloid processing and 
lipid metabolism 

BIN1 2 Synaptic function 

CR1 1 Inflammatory response 

CLU 8 Inflammatory response 

PICALM 11 Synaptic function 

ABCA7 19 Lipid metabolism and 
inflammatory response 

FERMT2 14 Angiogenesis, tau 
processing 

CASS4 20 Amyloid and tau processing 

MS4A6Alocus 11 Inflammatory response 

EPHA1 7 Inflammatory response 

HLA-DRB5, HLA-DRB1 6 Inflammatory response 

PTK2B 8 Synaptic function 

CD2AP 6 Synaptic function 

ZCWPW 7 Epigenetic regulation 

SLC24A4/RIN3locus 14 Possible cardiovascular link 

INPP5D 2 Amyloid processing and 
inflammatory response 

MEF2C 5 Inflammatory response and 
synaptic function 

NME8locus 7 Cytoskeletal function 

CELF1 11 Cytoskeletal function 

CD33 19 Inflammatory response 

EDEM1  3 Amyloid processing 

ALCAM  3 Inflammatory response 

GPC6 13 Synaptic function 

VRK3  19 Synaptic function 
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TREM2 6 Inflammatory response 

ADAM10 15 Amyloid processing 

IQCK 16 Obesity 

WWOX 16 Tau processing 

ACE 17 Inflammatory response 

ADAMTS1 21 Inflammatory response 

NYAP1 7 Neuronal development 

SPI1 11 Inflammatory response 
Table 1-2: Alzheimer disease susceptibility loci. Information collated from Kunkle et al 37,38, 
Carmona et al39 and Lambert et al28.  

 

1.2.3 Clinical features 

AD, most commonly presents with episodic memory dysfunction, regardless of age 

at onset. This is attributed to impaired hippocampal function and characterised by 

impaired free recall, with a limited effect of cueing40. In addition intrusions and false 

positives on recognition tasks are not uncommon, and are especially suggestive of 

AD in settings where information has been effectively encoded40. AD usually begins 

insidiously and is progressive (Table 1-3). Topographical memory impairment which 

results in orientation difficulties often co-occurs or emerges soon after. As the 

disease progresses, cognitive difficulties become more profound and spread to 

involve other domains, ultimately resulting in impairments of activities of daily living; 

at this stage a patient fulfils criteria for AD dementia.  
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Stage Clinical Characteristics 

1: No cognitive decline Clinically normal: no complaints, nor 
objective evidence, of memory deficit  

2: Very mild cognitive decline Phase of forgetfulness: patient complains 
of memory deficits e.g. forgets where 

familiar objects have been placed, however 
no objective evidence of memory 

impairment on clinical examination nor in 
employment or social history 

3: Mild cognitive decline Clinical evidence of cognitive deficit: 
objective evidence of impairment on 

clinical interview. Decreased performance 
impacts on function in demanding 
employment and social situations. 

Progressive memory decline can lead to 
loss/misplacing of items and word finding 
difficulty. Topographical impairment can 

emerge at this stage, with difficulty 
navigating in unfamiliar locations. Insight 

may be impaired 

4: Moderate cognitive decline Clear evidence of impaired function with 
deficits across multiple cognitive domains. 

Impaired executive function and 
concentration means complex tasks can no 

longer be completed independently. 
Decreased recall of recent salient events. 
Apathy often seen. Insight into cognitive 

deficits usually lost at this stage. 

5: Moderately severe cognitive decline Early stage of dementia. Assistance now 
required for some activities such as 

dressing, but ability to perform basic 
activities of daily living e.g. toileting and 

feeding usually preserved. Often 
disorientated to time and place.  

6: Severe cognitive decline Mid stage of dementia. Requires 
substantial assistance for activities of daily 
living. Diurnal rhythm frequently becomes 

disturbed. Personality and emotional 
changes can emerge at this stage. 

7: Very severe cognitive decline Late stage dementia. All verbal abilities 
lost, now incontinent and need assistance 

for feeding. 
Table 1-3 Reisberg stages of cognitive decline41 
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There are however important clinical differences between early onset and late onset 

AD, and within the early onset and familial grouping important clinical features. 

Atypical presentations occur more frequently in those under 65: 33% of EOAD cases 

have non-amnestic presentations as opposed to just 6% of late onset cases42. 

Younger age at onset is associated with a higher likelihood of depression and of non-

amnestic symptoms, which include compromise of judgement and problem solving, 

language and visuospatial function43. The high frequency of atypical presentations in 

EOAD has important clinical implications as it is associated with diagnostic delays and 

also results in specialist support needs e.g. language-led presentations benefit from 

speech and language therapy input, while presentation dominated by visual 

dysfunction can benefit from environmental modifications 44,45. It is also worth noting 

that, regardless of presentation, time from symptom onset to diagnosis is, on 

average, greater in EOAD: 4.4 years versus 2.9 years in late onset cases46. Despite 

atypical presentations being relatively more common in EOAD, amnestic 

presentations remain most common, accounting for about two thirds of EOAD 

cases42.  

Memory dysfunction is also the leading symptom in most cases of FAD, although 

there is heterogeneity between genotypes: typical amnestic presentations occur in 

over 95% of APP cases as opposed to 84% of PSEN17. There is also some 

heterogeneity within the PSEN1 group, atypical presentations are more commonly 

seen when mutations lie beyond codon 200 i.e. within exon 8 of the PSEN1 gene7. 

The higher frequency of atypical presentation in PSEN1 cases may be partly 

attributable to fact that the PSEN-encoded proteins are not exclusively involved in 

amyloid processing: they also contribute to the catalysis of multiple other substrates 

beyond amyloid precursor protein. Atypical cognitive presentations seen in FAD 

include behavioural change, language impairment and dysexecutive syndromes7,47. 

Initial presentation with behavioural and psychiatric symptoms, which has been 

described in both pre and post-codon 200 carriers, can lead to some PSEN1 cases 

being mistaken for frontotemporal dementia48. Misdiagnosis with progressive non-

fluent aphasia has also been reported in FAD in a PSEN1 R278I carrier who presented 

with word finding difficulty and speech impairment, but relative initial preservation 
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of memory49. These cases highlight the importance of considering the possibility of 

FAD in young onset, non-amnestic cases, especially in the setting of a positive family 

history, although this is not mandatory25,48. 

In addition to non-amnestic presentations, additional neurological features such as, 

pyramidal and extra-pyramidal dysfunction as well as cerebellar ataxia also occur in 

FAD 7,47. Pyramidal signs are detected in 20-25% of PSEN1 cases, and are more 

frequent in mutations lying beyond codon 200 7.Extrapyramidal findings are also 

reasonably common, being reported in 10 -30% of FAD mutation carriers, are again 

more common in PSEN1 post-codon 200 carriers (36%) compared to pre-codon 200 

carriers (19%)47,50. Compared to sAD cases at a similar disease stage, symptomatic 

FAD carriers have been shown to have a higher frequency of extrapyramidal 

dysfunction (62% vs 71%, respectively, in moderately severe disease) 50. The most 

commonly detected parkinsonian feature in FAD is bradykinesia, followed by rigidity 

and finally tremor50. Dystonia has also been described in FAD, and can result in a 

corticobasal presentation, as was the case in one PSEN1 Y115H carrier7,48. Ataxia is 

also reasonably common in FAD, with one prospective series reporting a frequency 

15% in symptomatic mutation carriers47.  

Language presentations, occurring in 7-9% of early onset AD cases, are most 

commonly classified as logopenic42. Logopenic progressive aphasia (LPA) is 

characterised by frequent word finding pauses, anomia and impaired working 

memory, which classically results in impaired sentence repetition with preserved 

repetition of single words or shorter phrases 51. Language presentations, although 

uncommon, also occur in FAD, and have been described in both pre and post codon 

200 carriers 7,49,52.  

Posterior Cortical Atrophy (PCA), a visual variant of AD, is seen in 8-13% of early onset 

cases42. Initial symptoms include impaired cortical processing of visual information 

resulting in prominent visuospatial and visuoperceptual difficulties; this often 

manifests with patients making multiple trips to opticians, driving problems and 

difficulty reading 53,54. Memory is initially relatively well preserved as can be insight, 

which can lead to prominent anxiety 53. Other posterior functions, such as arithmetic, 
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spelling and praxis, are either affected at presentation or become involved over 

time53,54. It is important to make a timely diagnosis in PCA, although delays are not 

uncommon as PCA can be mistaken for a hemianopia or a functional disorder53. 

Diagnostic delays have important implications for patients and families; this 

condition can compromise safety, especially driving, and delays can lead to exposure 

to unhelpful investigations and sometimes even surgical interventions. Commonly 

individuals have had multiple assessments at opticians and may have purchased 

several pairs of spectacles – with little benefit. PCA presentations are rare in FAD, 

with only a handful of atypical cases reported in the literature, which raises 

interesting questions as to the aetiology of PCA 55–57. It is also interesting to note that 

PCA cases are less likely to have an APOE ε4 allele than those with a typical amnestic 

presentation58,59.  

Frontal variants of AD, while generally rare, are more commonly seen in early onset 

cases compared to late onset AD (2% vs 1% respectively)42. Frontal presentation are 

characterised by either prominent behavioural change and/or executive 

dysfunction60,61. It is important to consider the possibility of an underlying PSEN1 

mutation in behavioural/dysexecutive presentations; approximately 4% of PSEN1 

cases present with frontal dysfunction, and up to 60% of FAD cases show some 

degree of behavioural or personality change7,47.  

Atypical presentations can overlap, and they also merge, as pathology spreads 

through the neocortex. For instance, there is often a degree of phenotypic overlap 

between PCA and LPA presentations. Additional neurological features, while more 

common in FAD compared to sporadic disease, are not exclusive to FAD; nearly a 

third of PCA cases experience asymmetric upper limb rigidity consistent with a 

corticobasal syndrome62.  

Myoclonus and seizures are an important, and often under recognised, feature of AD. 

Seizure semiology in AD is varied: episodes of altered responsiveness, automatisms, 

auras, speech and behavioural arrest, focal motor seizures, sensory phenomena, as 

well as generalised seizures have been described63,64. It is important to treat seizures 

as they have been argued to have the potential to accelerate cognitive decline65. 
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Seizures are common in EOAD, with a reported frequency of 45% in some series66–68. 

Seizures are also a common feature of FAD, and appear to be roughly equally likely 

to occur in either PSEN1 or APP missense mutation carriers7,47,69. Some FAD 

mutations are associated with a particularly high risk of seizures, for example APP 

duplications cases are estimated to be at least four times more likely to develop 

seizures compared to either PSEN1 or APP point mutation carriers69. The likelihood 

of seizure onset in FAD increases with younger age at onset, with overall frequency 

estimated to be 25-48% 7,47,69. In both FAD and EOAD, myoclonus and seizures often 

co-occur, with myoclonus being a harbinger of subsequent seizure onset7,47,68. It is 

increasingly recognized that seizures in both familial and sporadic AD can occur early 

in the disease course and may even predate the onset of cognitive decline64,67,70. 

Seizures have been reported in 6% of cognitively normal FAD mutation carriers as 

opposed to 1.5% of non-carriers (a statistically significant difference, p=0.04), with 

the occurrence of seizures increasing the likelihood that an asymptomatic individual 

is a mutation carrier (positive predictive value = 0.86) 70. 

1.2.4 Clinical progression 

Disease duration differs between early and late onset AD. Survival from symptom 

onset has been shown to be longer in EOAD, with studies showing that those with 

early onset (average age at onset of 59) have a mean disease duration of almost 11 

years compared to 8.5 years in with late onset (average age at onset 74)46. However, 

when one places these figures in the context of average life expectancy, currently 79 

years for males and 83 years for females in the United Kingdom, we see that the years 

of life lost is considerably greater in EOAD: estimated, on average, to equate to 18 

years46,71.  

Within FAD, the average disease duration is reasonably similar to EOAD – estimated 

to be 11.6 years on average, with survival being similar in PSEN1 and APP carriers72. 

However, it is interesting to note that there is variability in survival in FAD depending 

on cognitive presentation with those with an atypical non-amnestic presentation 

having a longer disease duration, on average 16 years 72.  
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Regarding disease progression, a younger age of onset is associated with a more 

aggressive disease course; the rate of cognitive decline, as measured by annual 

change in Mini-Mental Status Exam (MMSE) score, increases with younger age at 

disease onset73. However in spite of this, functional outcomes and time to nursing 

home placement does not significantly differ between early and late onset AD 74.  

1.2.5 EOAD and FAD mimics – diagnosis not to be missed 

Many non-degenerative diseases can mimic EOAD. In the first instance, a clinical 

priority should be to exclude potentially treatable causes of cognitive change. These 

include an array of structural, inflammatory, infectious, metabolic and functional 

causes (Table 1-4).  

AD mimic Investigations and/or additional history 

Transient Epileptic Amnesia EEG, may have other seizures, vacational 
amnesia 

Autoimmune or paraneoplastic 
encephalitis*  

Serum serology: antibodies 
 MRI Brain: T1, T2, FLAIR 

CSF: Oligoclonal bands, White Cell Count, 
antibodies 

Body PET or CT to investigate for 
underlying neoplasia 

Obstructive Sleep Apnoea Sleep study 

Drug/Toxin Medication and social history 

Infections CSF: cell count, protein, viral PCR 
Serum serology for HIV and syphilis  

Metabolic B12, folate, vitamin D, homocysteine 
concentrations and methylmalonic acid 

Thyroid Function Tests 
Renal, liver, bone profiles 

Ammonia 

Structural  MRI brain to exclude tumours, space 
occupying lesions and normal pressure 

hydrocephalus 

Functional cognitive change  Anxiety and depression screening 
instruments, neuropsychology testing 

Table 1-4 Treatable AD mimics.  Abbreviations: CSF: cerebrospinal fluid; EEG: 
electroencephalogram; FLAIR: fluid-attenuated inversion recovery; HIV: human 
immunodeficiency virus; PCR: polymerase chain reaction; PET: positron emission 
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topography; MRI: magnetic resonance imaging. *Detailed overview of autoimmune 
encephalitis investigation beyond the scope of this thesis, for further detail please see 
review by Graus et al75.  

There is also an array of inherited dementias that can cause a clinical syndrome that 

closely resembles FAD76,77. It is important to be aware of, and to test for, these 

genetic mimics in mutation negative cases of “FAD” – see table below.  

Gene/ Genetic group 

 

Associated features  

MAPT – particularly Intron 10+16, 
R406W, P301L 

These may have early amnestic features. 
Extrapyramidal signs, behavioural change 

PRNP - particularly octapeptide 
repeat expansions 

Ataxia, myoclonus 

C9ORF72 Behavioural change, psychiatric symptoms 

DNMT1 Deafness, sensory and autonomic neuropathy, optic 
neuropathy 

NOTCH3 (CADASIL) white matter change, migraine, strokes 

CSF1R Behavioural change, pyramidal dysfunction, white 
matter change 

Familial British and Danish 
dementias 

Ataxia, pyramidal dysfunction, white matter change,  

Hereditary Spastic Paraplegia 
(particularly type 3) 

Pyramidal dysfunction, ataxia 

Spinocerebellar Ataxia 
(particularly 2,12,17) 

Ataxia  

Table 1-5: Genetic mimics of FAD.  Mutations where phenotype can be especially similar to 
FAD highlighted in bold. Abbreviations: MAPT = Microtubule associated protein tau; PRNP= 
Prion Protein; C9ORF72= C9 open reading frame 72; DNMT1= DNA methyltransferase 1; 
CADASIL = Cerebral Autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy; CSF1R = Colony stimulating factor 1 receptor.  

1.2.6 Neuropathology 

By definition, both EOAD and LOAD share key pathological features i.e. both 

demonstrate amyloid plaques and neurofibrillary tangles (NFT) on post-mortem 

examination. Yet there are important pathological differences. It is important to 

interpret this pathological heterogeneity in the context of group differences in 

comorbidities, disease duration (which is not independent of age), clinical 

presentation and underlying genetic variants. Different pathological subtypes of sAD 
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include limbic predominant; typical; and hippocampal sparing. Of these subtypes 

hippocampal sparing AD has the lowest age at onset (average of 63 years)78. It is 

associated with a higher burden of NFT in neocortical association cortices with lower 

levels in the hippocampi when compared to both typical and limbic predominant 

AD78. This group difference occurs in spite of the levels of neocortical amyloid 

pathology being similar across all three subtypes 78.  

Young onset cases have higher levels of cortical and hippocampal of NFT burden 

compared to late onset cases 79,80 Additionally the likelihood of comorbid cerebral 

pathology increases with advancing age and this has important clinical implications, 

as well as ramifications for therapy development and clinical trial design 81. Pure AD 

pathology represents the exception as opposed to the rule in LOAD; a recent post-

mortem study of over 1,000 individuals, who had an average age of death at 89, 

reported that only 9% had AD pathology in isolation, while another series reported 

mixed pathology in 100% of late onset cases (median age at onset 73 years)79,82. 

Additionally, the number of co-existent, non-AD pathologies, has been found to be 

greater in late (median number of 3) compared to early onset AD (median number of 

2, p= 0.002)79. The presence of co-pathology modifies cognitive profiles and disease 

trajectory - for instance transactive response DNA-binding protein 43 (TDP-43) is 

associated with greater levels of episodic impairment and hippocampal atrophy 83,84. 

Furthermore age-related neuropathologies contribute independently to risk of 

developing functional impairment and mixed pathology, particularly the combined 

presence of tau, amyloid, α-synuclein, and TDP-43, is associated with more rapid 

clinical decline and greater levels of cognitive impairment 82,85.  

Although the frequency and number of additional pathologies are greater in late 

compared to early onset AD, co-morbid pathologies have also been found at post-

mortem in over 90% of EOAD cases (median age at onset = 55 years)79. The 

interpretation of the extent and significance of these additional pathologies depends 

on how they are reported. The coexistent pathology most commonly “reported” in 

EOAD is cerebral amyloid angiopathy (frequency of 86%)79 – this can reasonably be 

considered to be simply a facet or manifestation of the core AD pathology rather than 

something separate. The second most commonly occurring coexistent pathology in 
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EOAD cases is Lewy body disease: the overall frequency of comorbid alpha-synuclein 

pathology is reasonably similar in early and late onset AD (42% vs 49% respectively)79. 

However, there are some interesting topographical differences with alpha-synuclein 

deposits having a greater predilection for the amygdala in early versus late onset 

disease79. The occurrence of Lewy body pathology within the amygdala is also 

reasonably common in genetically determined familial cases, being seen in 50-60% 

of post-mortem cases86,87. 

There are important neuropathological differences between familial and sporadic 

Alzheimer’s disease. PSEN1/2 carriers have higher burdens of amyloid plaque 

pathology compared to those with sporadic disease, while PSEN1 carriers have 

greater rates of NFT accumulation compared to both PSEN2 and sAD 88. There is also 

pathological heterogeneity with the PSEN1 group; carriers with mutations lying 

beyond codon 200 have higher burdens of tau pathology compared to pre-codon 200 

mutation carriers, and also tend to have high levels of cerebral amyloid angiopathy89.  

1.2.7 Neuropsychology 

Neuropsychological tests provide a more objective measure of cognitive dysfunction 

and are used to facilitate diagnosis and monitor disease progression. At a group level 

young onset cases show greater impairment on tests of visuospatial function, 

attention and executive function compared to late onset cases90,91. The presence of 

an APOE ε4 allele can also influence the neuropsychological profile –carriage of an ε4 

allele is associated with poorer performance on memory testing, and also with a 

faster rate of decline across measures of memory as well as other cognitive 

domains92–95.  

Atypical phenotypes have distinct, characteristic patterns of neuropsychological 

dysfunction, which can contribute to group level differences between early and late 

onset AD. Compared to amnestic onset AD patients, PCA patients perform better on 

test of verbal memory but experience significantly greater impairment on tests of 

visuoperceptive and visuospatial function96. Tests of visual processing that detect 

change reasonably early in the course of PCA include the ability to read fragmented 

letters and time to complete a letter “A” cancellation task97. Additionally, tests of 
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mental arithmetic, such as graded difficult arithmetic, are amongst the first to decline 

in PCA97. In LPA there is early and disproportionate difficulty with sentence versus 

single word repetition98. This pattern of dysfunction is attributed to impairment of 

verbal working memory, which also leads to declines in digit span98. Additionally, 

confrontational naming is impaired and assessments of posterior cortical functions, 

such as limb praxis and visuoperceptive function, are often abnormal98,99.  

Subtle group-level declines in some neuropsychology measures can be detected in 

FAD before the onset of clinical symptoms100–102. These early changes have been 

most commonly reported in measures of verbal memory, processing speed and 

performance IQ, and will be discussed in greater detail in section 1.3.3101,103,104.  

1.2.8 Cerebrospinal Fluid (CSF) biomarkers 

Historically, a definitive diagnosis of AD required histopathological confirmation of 

the presence of amyloid and tau pathology. However, with the advent of fluid and 

imaging biomarkers AD can now be diagnosed with greater certainty during life.  

In AD, reductions in both cerebrospinal fluid (CSF) amyloid-β42 (Aβ42) and amyloid-

β42:40 (Aβ42:40) ratio indicate cerebral amyloid plaque deposition – these declines 

are attributed to amyloid plaques acting as a sink that sequesters Aβ42 out of CSF. 

Recent evidence suggests amyloid-β42:40 ratio may outperform Aβ42 in terms of 

diagnostic accuracy and concordance with amyloid PET positivity105; this is attributed 

to the ratio normalising for ‘total’ amyloid-β production and thus increasing the 

likelihood that declines in CSF Aβ42 will be detected in those with high overall 

production, and also that borderline low CSF Aβ42 in individuals with low total Aβ 

production will not be misinterpreted as being consistent with cerebral 

amyloidosis106. 

Other reasonably well established CSF markers of AD include total tau (t-tau) and 

phosphorylated tau (p-tau)107. Tau is a microtubule associated protein found in 

healthy, mature neurones108. A very small proportion of tau is phosphorylated in 

normal neurons. However, in AD, tau phosphorylation increases, impairing 

microtubule binding and leading to release and intra-neuronal aggregation of 
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phosphorylated tau within NFTs108. CSF p-tau181 concentration increases in AD, and 

can be used to differentiate AD cases from controls, as well as from non-AD 

neurogenerative conditions109. Combining CSF p-tau181 with Aβ42 as a ratio further 

improves the discriminatory power, increasing area under the receiver operating 

characteristic curve from 0.83 to 0.92 when comparing AD cases to controls, and from 

0.81 to 0.86 when comparing AD to non-AD neurodegenerative cases109.  

CSF total tau (t-tau) concentration also increases in AD, with changes in concentration 

reflecting neurodegeneration108. However, t-tau is a somewhat non-specific marker 

of neuronal injury with increases also being detected in an array of other neurological 

conditions including Creutzfeldt Jakob Disease, stroke and traumatic brain injury108. 

As with CSF p-tau, the diagnostic accuracy of CSF t-tau increases when it is combined 

in a ratio with CSF Aβ42: area under the receiver operating characteristic curve (AUC) 

increases from 0.88 to 0.93 when comparing AD cases to controls, and from 0.79 to 

0.85 when comparing AD to non-AD neurodegenerative cases109.  

There are group differences in CSF biomarker concentrations between early and late 

onset disease, and also between different phenotypes. However, it is important to 

be aware that inter-group comparisons are often confounded by other factors such 

as disease severity and duration. When comparing CSF biomarker levels between 

EOAD and LOAD, age and sex adjusted analyses have revealed higher levels of total 

and phosphorylated tau in younger onset cases, but no differences in CSF Aβ42 

concentrations109.  

However, the key clinical difference between early and late onset AD is not the 

absolute biomarker concentrations but the greater diagnostic utility of CSF 

biomarkers in EOAD. The diagnostic potential of CSF neurodegenerative biomarker 

declines with increasing age; this is due to age-related changes in neurodegenerative 

markers reducing the specificity of these amyloid markers for AD as the cause of 

cognitive problems in older individuals. Amongst cognitively normal individuals 

amyloid positivity is present in 10% or fewer of those under the age 65 years of age, 

rising to approximately 20% at 70 years of age and increasing thereafter 110. The age-

related increases in the prevalence of amyloid positivity in those with normal 
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cognition parallels age-related increase in AD dementia prevalence (Figure 1-4) 110. 

This is consistent with AD having a long preclinical period, with amyloid deposition 

predating cognitive decline by almost two decades. Studies of FAD have also shown 

that changes in amyloid deposition begin over 20 years prior to symptom onset, while 

changes in CSF p-tau can be detected over a decade before cognitive decline 

occurs100. These early changes in biomarkers enable identification of those on the AD 

continuum even before symptom onset. This means that amyloid pathology can be 

co-incidental to other causes of cognitive change – particular at older ages. 

Therefore, molecular biomarkers of AD pathology should only be used for diagnostic 

confirmation in the correct clinical setting and, in absence of effective disease 

modifying treatments for asymptomatic disease, should not be used for screening. 

The preclinical period of AD will be discussed in greater detail later in this thesis in 

section 1.3.  

 

Figure 1-4: Prevalence of amyloid positivity and AD dementia reproduced from Jansen et 
al110.  

An important practical consequence of age-related changes in amyloid positivity and 

the long preclinical period of AD is that markers of amyloid pathology must be 

interpreted in the context of a person’s age. For a person aged under 65 amyloid 

markers have both good sensitivity and good specificity for AD, whereas in later onset 

cases amyloid positivity is less specific (i.e. could be false positive), however amyloid 
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markers still have good value for “ruling out” AD regardless of age at onset. Taken 

together, this means that molecular markers of amyloid pathology confer negative 

predictive value at all ages but much higher positive predictive values in younger 

cases.  

Beyond the core AD biomarkers of CSF Aβ, t-tau and p-tau, several promising 

measures of neuronal injury, synaptic function and microglia activity have emerged. 

In particular neurofilament light (NfL), a scaffolding cytoskeletal protein that plays a 

role in maintaining the structural integrity of myelinated axons, has emerged as 

reliable, albeit non-specific, marker of neuronal injury and neurodegeneration with 

increases being seen in a wide array of neurodegenerative and neuroinflammatory 

conditions111. CSF NfL concentration is increased in both early and late onset AD 

when compared to healthy controls, with no significant difference being found 

between the two disease groups112. CSF NfL levels also increase in FAD, with 

concentrations being significantly greater in mutation carriers compared to non-

carriers113. Regarding markers of synaptic integrity, CSF neurogranin, a neuron-

specific post-synaptic protein, appears to be a reasonably AD specific measure: 

neurogranin levels in CSF are significantly increased in AD when compared to both 

healthy controls and non-AD neurodegenerative dementias. CSF neurogranin levels 

are also greater than control levels in some but not all cases of FAD114. There is now 

also increasing interest in developing markers of immune response, with several 

promising CSF measures (e.g. TREM2, YKL40, glial fibrillary acidic protein (GFAP)) 

emerging107,115,116. CSF TREM2 has been studied in FAD, with levels being significantly 

greater in mutation carriers, compared to non-carriers, from 5 years before 

estimated symptom onset115. This finding, combined with growing evidence from 

genetic studies implicating immune response genes as AD susceptibility loci (1.2.2), 

highlight the value of developing CSF biomarkers of inflammatory processes in AD as 

they could possibly serve as outcome measures in future clinical trials116.  

1.2.9 Blood biomarkers 

An important recent advance in AD research has been the development of blood 

biomarkers. The improved analytical sensitivity of assays means it is now possible to 
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detect markers of AD pathology and neurodegeneration in blood. The advantages 

offered by blood biomarkers include affordability, acceptability and ease of use. 

Blood biomarkers open up the prospect of much wider use of AD diagnostics, and 

may have a transformative effect on clinical practice, particularly in primary care and 

globally in low resource settings.  

It is now possible to detect cerebral amyloid accumulation, as measured by PET or 

CSF, using the plasma Aβ42:40 ratio; this ratio is often measured with either 

immunoprecipitation mass spectrometry or ultrasensitive enzyme linked-

immunosorbent assays117–119. The same technology has been used to measure 

phosphorylated tau (p-tau181, p-tau217 and p-tau231)120–122. Plasma measures of p-

tau show great diagnostic promise, with levels in blood distinguishing AD cases from 

both controls and non-AD dementia cases, and also predicting disease 

progression120–122. Finally, blood NfL, measured using advanced immunoassay 

platforms, is a sensitive, albeit non-specific, marker of neurodegeneration123. Blood 

NfL measures could be used to track disease progression, and possibly even a 

treatment response should disease-modifying agents become available. 

It will be important to explore the influence of phenotype and timing of disease onset 

on blood biomarker levels, with recent evidence suggesting that plasma NfL may have 

greater diagnostic utility in early compared to late onset AD124. Such studies will need 

to carefully consider the effects of disease stage and age as both are likely to have 

confounding effects on biomarker concentrations.  

In addition, it will also be important to explore the changes in these blood biomarkers 

in genetically determined forms of AD; such studies can provide improved 

understanding of AD pathophysiology, as well as providing important insights into 

the preclinical trajectory of promising novel blood biomarkers. Therefore, I aimed to 

determine the influence of FAD genotype on the concentrations of p-tau181 and Aβ 

peptides in blood and this thesis describes a series of experiments to this end.  
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1.2.10 Neuroimaging 

1.2.10.1 MRI 

Structural MRI is also a valuable diagnostic tool that can be used to differentiate AD 

from normal aging, as well as from (some) other neurodegenerative disorders125. 

Younger onset cases have more neocortical atrophy, particularly of parietal and 

posterior cingulate cortices, and relatively less medial temporal lobe atrophy 

compared to late onset cases126. This pattern of atrophy can be somewhat of a 

diagnostic pitfall in EOAD as scans can be interpreted as not being consistent with AD 

because hippocampi look “normal” and are “not atrophied”. 

In addition, structural MRI facilitates subtyping of different AD phenotypes; different 

clinical presentations are associated with characteristic patterns of cortical volume 

loss127. Logopenic cases show asymmetric, left-sided atrophy which predominantly 

involves the posterior peri-sylvian and temporoparietal areas (angular gyrus, 

posterior middle temporal gyrus, superior temporal gyrus and superior temporal 

sulcus) 127. PCA is associated with prominent atrophy of the parieto-occipital cortex, 

which can initially be quite focal, with relative sparing of medial temporal lobe 

structures, and is also occasionally asymmetric53.  

Signature regions of cortical volume loss have also been identified in FAD; vulnerable 

regions include the entorhinal, inferior parietal, superior parietal and superior frontal 

cortex as well as the precuneus and supramarginal gyrus128. Within FAD there are 

some differences in atrophy patterns between genetic subgroups; APP mutation 

carriers demonstrate relatively greater medial temporal lobe atrophy, while PSEN1 

carriers have relatively more posterior neocortical volume loss129. In FAD, structural 

MRI often shows signal change within the white matter, especially in the parieto-

occipital region130. White matter hyperintensities can predate the onset of cognitive 

decline, and are particularly common in PSEN1 post-codon 200 mutation 

carriers130,131. 

Serial MRI can be used to derive measures of atrophy and rates of atrophy – these 

within person measurements are useful markers of both disease state and disease 

progression. In addition they can also be used as outcome measures in clinical 
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trials132. In EOAD the rates of atrophy on average are higher (2%/year global atrophy 

rate) compared to late onset cases (1.5%/year)133. Presence of an APOE ε4 also 

accelerates atrophy, particularly of the medial temporal lobe58. In familial cases, 

atrophy can be detected before the onset of noticeable cognitive decline134. The 

precuneus is particularly sensitive to early change in FAD; cortical thickness in this 

region declining five or more years prior to symptom onset - the timing and 

topography of presymptomatic atrophy in FAD will be discussed in greater detail in 

section 1.3.4135.  

1.2.10.2 Amyloid Positron Emission Tomography (PET) imaging 

Amyloid Positron Emission Tomography (PET) is a neuroimaging technique that 

enables in-vivo detection of amyloid plaques. There is growing evidence supporting 

the clinical utility of amyloid PET in the investigation of patients suspected of having 

underlying AD pathology: the ABIDE study has shown that the additional use of 

amyloid PET in memory clinics in patients aged under 70 led to a change in diagnosis 

in 25% of cases, as well as an increase in diagnostic confidence among clinicians136. 

The US Food and Drug Administration (FDA) and the European Medicines Agency 

have now approved the use of several amyloid tracers (e.g. florbetapir, flumetamol 

and florbetaben) for excluding the presence of amyloid pathology in individuals with 

cognitive decline137. Amyloid PET imaging does not, however, differentiate between 

different AD phenotypes: the pattern of tracer uptake reflects the distribution of 

cerebral amyloid plaques and thus does not differ between young and late onset 

cases, or between different AD phenotypes138,139. 

1.2.10.3 ¹⁸F-fluorodeoxyglucose (FDG) PET imaging 

¹⁸F-fluorodeoxyglucose (FDG) PET measures glucose consumption and is used in the 

assessment of neurodegenerative diseases to characterise the extent and location of 

cerebral hypometabolism. The pattern of cerebral hypometabolism can be used to 

distinguish AD from other neurodegenerative diseases, as well as differentiating 

between different AD subtypes. Cerebral hypometabolism reflects neuronal 

dysfunction and is seen within the temporoparietal regions in typical AD, while there 

is parieto-occipital change in PCA and asymmetric temporo-parietal hypometabolism 

in progressive aphasia 51,53,139. 
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1.2.10.4 Tau PET 

Tau PET tracers bind paired helical filaments and are gaining increasing acceptance 

as useful diagnostic tools. The US FDA has recently approved the clinical use of the 

first-generation tracer (F-AV-1451/flortaucipir/FTP) for imaging in 

neurodegenerative cases. Tau PET has the potential to play a number of clinical roles: 

it is able to differentiate AD from other neurodegenerative disorders and is also 

useful for disease staging – showing relatively high spatial and temporal correlations 

with cognitive change and cortical atrophy140–143. From a diagnostic perspective visual 

ratings of tau PET scans have a high sensitivity (> 92%) and reasonable specificity 

(>50%) for detecting moderate levels of tau burden in pathologically proven post-

mortem cases144; this finding has important implications for the future practice of 

both neuroradiologists and clinicians.  

Tau PET has demonstrated group differences within AD, between early and late onset 

cases and between different AD phenotypes. Tau signal mirrors patterns of 

neurodegeneration. For example PCA cases have greater uptake in parieto-occipital 

regions while LPA cases have high uptake in the dominant hemisphere in the 

temporoparietal region145. In contrast behaviour/dysexecutive cases have a high 

burden of tau uptake in the frontal lobes 138.  

The pattern of tau signal uptake in EOAD is somewhat different from LOAD; young 

onset cases have greater uptake in frontal and parietal cortices while signal is more 

confined to the temporal lobe in late onset cases 146. Similarly the distribution of tau 

PET signal in FAD diverges from LOAD with FAD cases having comparatively higher 

levels of signal uptake in the precuneus 147.  

Young onset AD cases typically have higher tau PET SUVR values than late onset 

AD142,148. Even within the same phenotype, there are group differences in tau burden 

between EO and LOAD; late onset typical cases have lower levels of entorhinal and 

neocortical uptake compared to young onset cases 149. This has important prognostic 

implications as tau PET signal correlates well with subsequent cortical thinning both 

in terms of intensity and topography 142.  
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1.2.10.5 Novel PET tracers 

The ability to image the cardinal features of AD pathology, i.e. amyloid and tau 

deposition and neurodegeneration is of clear clinical utility. However, we also know 

other processes, like inflammation, contribute to AD development. The development 

of novel tracers means it is now possible to image both synaptic density (the synaptic 

vesicle glycoprotein 2A tracer) and microglial activity (translocator protein (TSPO) 

tracer)150,151. The advent of these novel tracers may help advance understanding of 

disease pathobiology in-vivo; these tracers are likely to be incorporated into the 

evaluation of new therapies, however a clinical role for these novel tracers has yet to 

be established.   

1.2.11 Treatments and future research 

AD is devastating at any age but EOAD brings additional burdens including ongoing 

caring responsibilities, financial and employment issues. In addition, individuals are 

often physically more robust and this can lead to greater difficulty in finding 

appropriate care, support and respite; such difficulties have been compounded by 

the devastating effect of the COVID-19 pandemic on social and community 

supports45. There is an urgent need for effective treatments, which can alter the 

disease course. 

While the search for effective disease modification continues, current clinical 

management focuses on symptomatic therapies, management of complications and 

on holistic support. Acetyl-cholinesterase inhibitors (donepezil, galantamine and 

rivastigmine) and memantine (an N-methyl-D-aspartate receptor antagonist) are the 

mainstays of symptomatic therapy. It is unclear if there is a group difference in terms 

of response between early and late onset AD, and such studies are also lacking in 

atypical AD. 

While there have been no new licenced therapies for AD in the UK since 1991, 

although Aducanumab has recently received approval in the United States, there is a 

growing pipeline of AD therapies in clinical trials 152. Improved understanding of the 

complex pathobiology of AD has led to widening array of disease mechanisms being 

targeted152. There is also increasing recognition of the need to tailor treatments to 
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different disease stages, as well as the importance of intervening prior to the onset 

of cognitive decline; this clinically silent period opens up a treatment window to 

intervene when there is the greatest potential benefit – the most to save in terms of 

cognitive function; and perhaps also the best chance of success – before downstream 

processes gather momentum 152,153. 

Early onset AD is arguably an ideal target population for clinical trials as individuals 

are motivated, and often accompanied by young carers who are willing to support 

individuals through the rigorous process of trial participation. Additionally, younger 

individuals are less frail and therefore often better able to tolerate medication side 

effects. Early onset disease usually lacks the complicating impact of mixed pathology, 

allowing agents to be assessed in a reasonably pure pathological setting. Within 

EOAD, FAD has particular advantages for carrying out clinical trials, especially 

secondary or even primary prevention trials, and these have already begun: the API 

in PSEN1 E280A kindred and the DIAN-TU trial 154,155. The rarity of these families is a 

major barrier however. 

Trials of agents with different mechanisms of actions, and the increasing use of 

preclinical populations, highlight the need for caution when using “one-size-fits-all” 

screening and outcome measures, especially in heterogenous patient populations. 

The success of future trials will hinge not only on targeted interventions being given 

at appropriate disease stages, but also on the use of sensitive, yet clinically 

meaningful, endpoints. The refinement of screening and outcome measures, as well 

as the development of subtyping tools that can stratify participants into homogenous 

groups, are important areas of ongoing research, and very relevant to this thesis.  

In summary, EOAD is not rare, however it remains under-recognised and under 

supported. There are many more commonalities than differences with LOAD but 

there are important differences. Within EOAD, it is important to be aware of, and 

diagnose, atypical and genetic cases so that patients can be appropriately supported 

and counselled. Biomarkers are particularly helpful in diagnosing EOAD as they are 

more likely to represent causative disease processes as opposed to a co-incidental 
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pathology. There is a need for further research and in particular an urgent need for 

effective disease modifying treatments.
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1.3 Familial Alzheimer’s disease and insights into preclinical disease 

In this section I will discuss the presymptomatic phase of AD and provide an overview 

as to why FAD is a useful model for studying preclinical disease. Additionally, I will 

discuss the timing of key biomarker changes in FAD and the generalisability of 

findings in FAD to sporadic disease.  

1.3.1 Preclinical Alzheimer’s disease 

The development of in-vivo biomarkers has facilitated the definitive diagnosis of AD 

during life. This has led to a shift in the diagnostic criteria for AD towards a more 

biological or pathophysiological definition, based on biomarker evidence of 

underlying AD pathology, being incorporated into classification systems (Table 1-6). 

The pathological processes that underlie AD begin decades before symptom onset, 

and this means that the biological definition of AD can be met before the onset of 

clinical symptoms 100,156. This has led to broadening of the definition of AD to 

acknowledge presymptomatic and preclinical stages. These two terms are often used 

interchangeably, however there is a subtle difference between them: 

“presymptomatic” implies no subjective experience of change noticed by the patient 

(arguably less relevant when insight is lacking), whilst preclinical implies an individual 

where there is no objective evidence of clinical impairment on assessment. 
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 NINCDS-
ADRDA 
(1984)157 

IWG (2007)158 IWG (2010)159 NIA_AA (2011)160 IWG (2014)161 IWG-AA 
(2016)162 

NIA-AA 
(2018)163 

IWG (2021)164 

Applicable 
settings 

Research 
and clinical 

Research Research Research and clinical Research Research Research Research and 
clinical 

Clinical 
criteria 

Dementia 
(memory 

changes and 
another 

cognitive 
impairment 

Amnestic syndrome 
of a hippocampal 

type 

Amnestic 
syndrome of a 
hippocampal 

type, posterior 
cortical variant, 

logopenic variant 
or behavioural-
frontal variant 

Mild cognitive 
impairment 

(amnestic or non-
amnestic) or 

dementia 

Amnestic syndrome 
of a hippocampal 

type, posterior 
cortical variant, 

logopenic variant or 
behavioural-frontal 

variant 

None None Amnestic 
syndrome of a 
hippocampal 

type, posterior 
cortical variant, 

logopenic variant 
or behavioural-
frontal variant* 

Biological 
criteria 

None CSF biomarkers, 
MRI atrophy,  

FDG-PET 
hypometabolism,  

Amyloid PET 
positive or FAD 

mutation 

Pathophysiologica
l markers: CSF 

changes (low CSF 
Aβ 42, high 

phosphorylated 
tau or high total 
tau) or amyloid 

PET positive 

Aβ marker (PET or 
CSF) or marker of 
degeneration (CSF 

tau, phosphorylated 
tau, FDG PET and T1 

weighted MRI) 

CSF Aβ and tau or 
amyloid PET 

positive 

Aβ marker 
(CSF or 

PET) and 
tau marker 

(CSF or 
PET) 

Aβ marker 
(CSF or 

PET) and 
tau marker 

(CSF or 
PET) 

Aβ marker (CSF or 
PET) and tau 

marker (CSF or 
PET) 

Table 1-6: Details of successive proposed criteria for AD diagnosis, reproduced from Dubois et al164.  Abbreviations: ADRDA: Alzheimer’s disease and 
related disorders association; IWG: International working group; IWG-AA: International working group and Alzheimer’s Association joint criteria; NINCDS: US 
National Institute of neurological and communicative disorders and stroke criteria. * Cognitively unimpaired individuals are considered at risk for AD 
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The 2018 NIA–AA diagnostic criteria for AD transitioned to an exclusively biological 

definition of AD independent from clinical systems. This biomarker definition, which 

was established for use in research settings, proposed three key biomarker 

categories (the “ATN” staging system) 163. The ATN categories are defined as 163: 

A: Amyloid biomarkers (CSF Aβ42/ Aβ42/40/Amyloid PET) to determine whether 

or not an individual is in the Alzheimer’s continuum. 

 T: Biomarkers of tau pathology (CSF phosphorylated tau/Tau PET) to 

determine if someone who is in the Alzheimer’s continuum has AD. 

N: Neurodegenerative/neuronal injury biomarkers (structural MRI/FDG PET/ 

CSF total tau). 

These biomarker profiles facilitate subtyping of cognitively unimpaired individuals 

into sub-categories and the identification of those with preclinical Alzheimer’s 

pathological change (A+T-N-), preclinical Alzheimer’s disease (A+T+N+) and mixed 

disease (A+T-N+) 163.  

Defining AD by biomarker change as opposed to a clinical syndrome is a profound 

shift in thinking. This conceptual change has been accompanied by a growing drive 

among the AD research community to better understand presymptomatic disease, 

and in particular the pathological changes that occur before symptom onset. A 

model, proposed by Jack (amongst others), describing AD as a sequence of 

pathological changes has gained widespread acceptance (Figure 1-5) 165. This model 

outlines the temporal sequence of biological changes proposing early alterations in 

amyloid processing, later build of tau pathology and structural changes, and then 

finally the onset of cognitive and clinical changes.  
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Figure 1-5 Hypothetical model representing dynamic cascade of pathological change 
underlying AD, reproduced from Jack et al. 165. 

This preclinical period, with its sequence of potentially identifiable pathological 

changes, opens up an important treatment window. The opportunity to intervene 

before symptoms is likely to offer the greater potential benefit as there is the most 

to save in terms of cognitive function. However, performing trials in preclinical AD is 

not straightforward. Clinical “prevention” trials present design challenges that 

include identification of appropriate participants; determining optimal endpoints 

that are meaningful and yet sensitive to change; and targeting interventions to the 

appropriate time window 153.  

Studies of FAD represent a unique opportunity to characterise the entire AD 

continuum from the asymptomatic period through to symptom onset and 

subsequent cognitive decline. Longitudinal research of presymptomatic mutation 

carriers, who will almost certainly develop symptoms within a predictable time 

window, facilitates the staging of the sequence and timing of preclinical change. Such 

studies have been, and remain, critical to advancing understanding of 

presymptomatic disease, something I will discuss in greater detail in the following 

sections.  
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1.3.2 The utility of studying FAD 

FAD, as discussed in section 1.2, is an autosomal dominant, predominantly young 

onset, form of AD that is inherited with nearly 100% penetrance16. The young age at 

onset of FAD, typically aged 30 to 60 years, reduces the likelihood of comorbid 

pathology14: post-mortem series have demonstrated that additional pathologies, 

including TDP-43, argyrophilic grain disease (AGD), hippocampal sclerosis and 

cerebral infarcts are less common in FAD compared to LOAD87. The relative 

pathologically purity of FAD means it is a suitable in-vivo model for studying disease 

pathogenesis; changes can reliably be attributed to AD as opposed to the 

confounding effect of comorbidity. Additionally, the near 100% penetrance of 

mutations adds diagnostic certainty.  

Studies of FAD families provides a remarkable opportunity to examine disease 

evolution. By studying mutation carriers one can prospectively characterise the 

biological, clinical and cognitive changes of AD and see how they lead on to each 

other, gaining a fine-grained understating of the disease progression. This is 

particularly valuable for studying presymptomatic disease, as the high penetrance of 

FAD mutations, means mutation carriers can be feasibly assessed for many years 

before the onset of cognitive decline.  

Additionally, it is possible to estimate the approximate age of symptom onset for FAD 

mutation carriers. Previous studies have demonstrated significant associations 

between individual age at symptom onset and (i) parental age at onset, (ii) average 

age of onset amongst mutation carriers within the same family and also (iii) average 

age of onset of carriers of the same mutation (r2 = 0.38, 0.50, 0.53 respectively; all p-

values <10-16)14. The ability to predict age at symptom onset for a cognitively normal 

mutation carrier allows one to estimate how long until that individual will begin to 

experience clinical decline. This in turn enables studies of FAD to estimate the timing 

of presymptomatic changes; something that would only be possible with extensive 

resources and prolonged follow-up in studies of preclinical sAD.  

An important feature of FAD research is the inclusion of family members who are 

non-carriers as controls. Observational studies of FAD have shown that 
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approximately 75% of asymptomatic family members who engage in FAD research 

are unaware of their mutation status166. This results in FAD studies recruiting 

asymptomatic at-risk individuals; this group contains a mix of mutation carriers and 

non-carriers. The non-carriers are an ideal control group as they share environmental 

and social backgrounds with mutation carriers, and in most cases both they and the 

researcher team are unaware of their mutation status.  

FAD family members are often highly motivated research participants. A recent 

clinical trial in FAD (Dominantly Inherited Alzheimer’s Network trials unit (DIAN-TU)), 

which required monthly infusions as well as regular MRI and PET scanning and CSF 

sampling, achieved a compliance rate of 99% with a drop-out rate of only 7% 167. The 

high levels of dedication and sustained commitment of FAD family members 

increases the likelihood of FAD research studies reaching their end-points. Although 

it must be acknowledged that the relative rarity of FAD, much less than 1% of all cases 

of AD, does mean that recruitment to, and adequate powering of, FAD studies can be 

challenging.  

In spite of only a small proportion of AD cases being attributed to FAD, this genetic 

form has still provided many important insights into preclinical disease; I will discuss 

this in more detail in the following three sections.  

1.3.3 Cognitive change 

Detailed characterisation of preclinical cognitive changes, and identification of 

neuropsychometry measures that can detect and/or track early cognitive change, is 

critical to improving clinical trial design as this information can be used to make 

evidence-based decisions about cognitive endpoints and samples size estimates. 

Over the previous two decades observational studies of FAD have made advances in 

identifying early neuropsychological features of AD. These studies, which have been 

performed in an array of FAD kindreds, have shown that change in sensitive 

neuropsychology measures can be detected before symptom onset 101,104,168.  

Presymptomatic cognitive change in FAD has been detected in measures of medial 

temporal lobe function as well as tests of general intelligence and processing 
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speed101,104,168. Neuropsychological measures of verbal memory have been shown to 

be particularly early indicators of cognitive dysfunction– declining performance in 

word list recall begins perhaps a decade prior to onset of mild cognitive impairment 

(MCI), with changes in recognition memory occurring closer to symptom onset101,168. 

Early changes on other tests that reflect medial temporal lobe function, including 

tasks assessing accelerated long-term forgetting (ALF) and visual binding, have also 

been reported in FAD. ALF refers to a process whereby new material is learned and 

is initially retained normally but is then forgotten at an abnormally rapid rate. This 

process was initially described in transient epileptic amnesia but has been more 

recently reported in a FAD169,170. ALF is assessed by testing recall over extended 

intervals; traditional neuropsychometry measures assess recall over a period of 

minutes, whereas tests of ALF assess recall after an interval of several days. Such 

measures may be particularly adept at detecting early cognitive dysfunction in FAD; 

compared to non-carriers, significant declines were seen in visual and verbal 

measures of ALF in presymptomatic mutation carriers who were on average over 7 

years away from estimated symptom onset 169. Interestingly this study suggested that 

measures of ALF may be more sensitive than other tests of episodic memory – such 

as recognition memory tests 169.  

Other promising neuropsychology measures of memory are visual binding tasks. 

Visual binding involves integration and retention of a conjunction of features from 

complex object representations. Declining performance in visual binding tasks have 

been described in presymptomatic mutation carriers from two separate FAD 

kindreds; the presymptomatic group in one study was over 8 years away from 

estimated symptom onset, while presymptomatic mutation carriers in the other 

study were 9 years younger than the median age of Mild Cognitive Impairment (MCI) 

onset171,172. Binding is described as a measure of memory; however, it is important 

to state that there has been some debate about the exact localisation of this cognitive 

function. Impairments have been described in cases of localised hippocampal 

dysfunction, but have also been associated with altered connectivity in white matter 

tracts in FAD mutation carriers 173,174. 
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Cognitive compromise that extends beyond the medial temporal lobe has previously 

been shown to predate symptom onset in FAD. Declines in measure of performance 

IQ have been reported in presymptomatic mutation carriers101. In addition, there has 

been evidence of early, presymptomatic decline in fronto-subcortical functions: 

impaired performance in measures of processing speed (the Digit Symbol 

Substitution Test and Trails A), executive function (Trails B) and attention (MMSE sub-

item) have all been reported in presymptomatic mutation carriers104,175,176.  

In addition to change in objective measures of neuropsychological function, there is 

some evidence that subjective measures of cognitive decline may also be reasonably 

sensitive at detecting preclinical change; cognitively normal PSEN1 E280A mutation 

carriers have been shown to have higher levels of subjective memory concerns than 

non-carriers177. However, this finding was not replicated in a multi-centre study of 

PSEN1/2 and APP carriers, although this study depended on single item question as 

opposed to the 15-item scale used in the PSEN1 E280A study 177,178.  

Studies of FAD have demonstrated that a wide array of neuropsychological measures 

can detect subtle cognitive change before symptom onset. This knowledge has been 

central to improving understanding of disease pathogenesis and to informing clinical 

trial design. However, there are still many important unanswered questions including 

the exact sequence and timing of preclinical cognitive change, and where do novel 

measures of ALF and subjective cognitive decline fall within the cascade of cognitive 

changes. These are questions I seek to address in Chapter 3.  

1.3.4 Imaging changes 

Earlier in this chapter I outlined how imaging measures are valuable diagnostic tools, 

and can sometimes be used as measures of disease progression. In this section I will 

discuss in greater detail preclinical changes in imaging measures that have been 

described in FAD studies. As previously I will restrict my discussion to the following 

imaging modalities: structural MRI, FDG and amyloid PET, as well as Tau PET. Other 

MRI and PET measures have also provided important insights into FAD pathology; 

however, these modalities are outside the scope of this thesis.  
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1.3.4.1 Structural MRI 

Structural MRI is one of the most studied imaging techniques in neurodegeneration. 

Since the 1990s, observational MRI studies of FAD have provided important insights 

into the timing and topography of AD-related atrophy. Early MRI studies in sAD 

demonstrated significant hippocampal volume loss in symptomatic AD179,180. Studies 

of FAD have since found evidence that hippocampal atrophy begins before symptom 

onset100,181–183. One of the first MRI studies to provide evidence of presymptomatic 

hippocampal atrophy involved APP V717G family members, three of whom became 

symptomatic over the course the study181. These three participants had significantly 

increased levels of hippocampal volume loss at baseline compared to non-carrier 

controls.  

In addition to showing evidence of presymptomatic hippocampal atrophy this study 

highlighted the value of longitudinal scanning as it provided some evidence that 

within-subject change may be able to detect AD related changes earlier than absolute 

hippocampal volumes. A subsequent MRI study, which investigated changes in whole 

brain and hippocampal volume relative to the timing of AD diagnosis, provided clear 

evidence of the value of longitudinal scanning; significant change in hippocampal and 

whole-brain atrophy rates predated change in absolute volumes by two years182. This 

study, which involved a mix of APP and PSEN1 carriers (n=9), also showed that 

cerebral atrophy accelerates before and after symptom onset: the mean difference 

in hippocampal and whole brain atrophy rates between mutation carriers and 

controls increased over time 182. 

A study performed in the Colombian kindred of PSEN1 E280A carriers also found 

evidence that hippocampal atrophy accelerates with advancing disease stage; the 

association between hippocampal volume and age in mutation carriers supported 

the use of a quadratic term183. Like other studies of FAD, this cross-sectional study, 

which involved 32 mutation carriers, found evidence that changes in hippocampal 

volume predate symptom onset; compared to non-carriers, significant reductions 

were detected in mutation carriers from 6 years before the onset of MCI183. A more 

recent multi-centre, longitudinal study of FAD mutation carriers, also found evidence 

of presymptomatic hippocampal and whole brain atrophy, as well as acceleration of 
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cerebral atrophy with advancing disease134. This study, which used nonlinear mixed-

effects models to estimate the change-point when atrophy rates differ from normal, 

found that changes in whole-brain and ventricular volumes were detected 3-4 years 

before changes in hippocampal volume134. However, this difference in timing was 

only detected when a gradual acceleration model was used. In contrast a step-wise 

change model demonstrated that changes in hippocampal, ventricular and whole 

brain volumes occur simultaneously, 1 year before symptom onset 184. 

In contrast a different paper from the same multi-site study (N =137 mutation 

carriers), in which differences in biomarker trajectories between carriers and non-

carriers were tested for using a general linear mixed effects model, reported that 

changes in hippocampal volume can first be detected 10 years before symptom 

onset185. These differences illustrate the need for caution when interpreting the 

timings of presymptomatic biomarker changes: findings will differ depending on the 

statistical analysis performed, as well as the imaging techniques used and the cohorts 

involved. However, in spite of inter-study differences, there is reasonable consensus 

across the FAD literature that changes in hippocampal volume can be detected in the 

5-10-year window before symptom onset. Figure 1-6 depicts typical pattern of 

volume loss in FAD, along with estimated timings; figure also displays pattern, and 

estimated timings, of tracer uptake detected using amyloid and tau PET in FAD.  

Presymptomatic atrophy in FAD is not restricted to the hippocampus, in addition to 

changes in whole brain volume described, early changes in neocortical and 

subcortical atrophy measures have also been reported. The precuneus has been 

shown to be particularly susceptible to early neocortical atrophy in FAD135,183,186. In a 

cross-sectional study of PSEN1 E280A carriers cortical thickness of the precuneus 

region was significantly lower in mutation carriers, compared to non-carriers, from 6 

years prior to the estimated onset of MCI183. Similarly, a multi-centre study of 

PSEN1/2 and APP carriers detected significant neocortical atrophy in mutation 

carriers compared to non-carriers from 5 years prior to symptom onset, with the 

precuneus demonstrating the most extensive volume loss185. It is now relatively 

established that the precuneus is the first region to show a difference in cortical 

thickness between mutation carriers and non-carriers; recent longitudinal studies 
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have estimated that differences in rates of atrophy between mutation carriers and 

non-carriers can be detected from 8 to 13 years before estimated symptom 

onset135,186.  

Similar to changes in hippocampal volume, rates of neocortical atrophy accelerate 

with advancing disease stage. Additionally, longitudinal measures of cortical thinning 

detect change earlier than cross-sectional values; change in precuneus being 

detected 4 years earlier when rates of change, as opposed to when baseline 

measures, were used186.  

Neocortical atrophy is not restricted to the precuneus, even early on. In a multi-

centre study of 229 participants (92 non-carriers, 137 mutation carriers) over 70% of 

the neocortex has been shown to have increased rates of atrophy in mutation carriers 

compared to non-carriers during the presymptomatic period, with early (>5 years 

before estimated symptom onset) change also being described in the posterior 

cingulate and lateral parieto-temporal regions135. Subcortical grey matter atrophy 

also predates symptom onset in FAD. Subcortical regions that are sensitive to early 

change include the putamen, thalami and caudate nuclei185,187. 

In addition to declines in volume, presymptomatic increases in the volume of some 

brain regions have also been reported in FAD. This surprising occurrence is described 

in asymptomatic mutation carriers far (≥10 years) from symptom onset188–190. 

Increases are most often described in the cortical regions that later become 

associated with significant atrophy such as the precuneus, the posterior cingulate 

gyrus and lateral parieto-temporal regions189,190. Presymptomatic increases have also 

been reported in the subcortical nuclei (specifically the caudate nuclei), however this 

finding has only been described in small studies where it did not consistently meet 

the threshold for statistical significance189,190.  

Increases in cortical volumes may begin very early in the disease course; the volumes 

of hippocampi, parahippocampi, and parieto-temporal regions were significantly 

greater in children (n=18, average age = 13) carrying PSEN1 E280A mutations 

compared to age-matched non-carriers188. Taken together, these findings suggest 

that cortical structures in FAD may follow nonlinear trajectories, with regional 
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increases occurring very early in the disease course, with the same regions 

subsequently experiencing significant decreases in volume. These early volume 

increases are still somewhat controversial and the mechanisms underlying 

“paradoxical” increases in volume are not known. Some have proposed that changes 

are due to a compensatory response to AD pathology e.g. neuronal hypertrophy 

and/or associated inflammatory responses to early amyloid deposition189,190.  

Presymptomatic structural MRI changes in FAD are not restricted to grey matter – 

early change in white matter metrics have also been described. Asymptomatic FAD 

mutation carriers have a significantly greater volume of white matter 

hyperintensities compared to non-carriers, with increases being detected across the 

whole brain from 6 years prior to estimated symptom onset and regional changes 

being detected even earlier: significant increases in white matter hyperintensities in 

the occipital region begin over two decades prior to estimated symptom onset130.  

 

Figure 1-6: Sequence, and estimated timings, of changes in tau PET, amyloid PET and 
structural MRI in FAD. Arrows highlight areas of prominent cerebral volume loss. 
Illustration based on data presented in Chapter 6. 

1.3.4.2 Amyloid PET 

Cerebral amyloid accumulation, detected by PET scanning, is one of the earliest 

detectable pathological abnormalities in FAD. Mutation carriers display significant 

albeit heterogenous patterns of increased amyloid PET uptake compared to non-
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carriers from over 20 years prior to estimated symptom onset135. Widespread 

amyloid uptake is seen in FAD; significant elevations are detected in most cortical 

regions (exceptions include the entorhinal, precentral and post-central gyrus) as well 

as within several subcortical regions from 15 years prior to symptom onset, however 

there are between-mutation differences in the patterns of amyloid PET 

binding183,185,191. 

Some longitudinal studies of PSEN1/2 and APP carriers have shown ongoing increases 

in cerebral amyloid deposition after symptom onset135. However, this has not been a 

consistent finding; another study, of just PSEN1 E280A carriers, demonstrated a 

plateau in amyloid SUVR levels prior to the onset of cognitive decline185. This 

discrepancy may be due to noise associated with the estimated timing of symptom 

onset, heterogeneity in FAD pathology or differences in imaging protocols (reference 

regions for the calculation of SUVR values differed between these two studies).  

1.3.4.3 FDG PET 

Precuneus hypometabolism, measured using FDG PET scanning, is detected very 

early in FAD135. Compared to non-carriers, mutation carriers have significantly lower 

levels of metabolic activity from approximately 10-15 years before symptom onset, 

with earlier declines being detected when longitudinal measures are used 

(approximately 18 years before symptom onset)135,183,185. Early hypometabolism is 

also seen in other cortical regions (posterior cingulate and lateral parietal regions); 

compared to non-carriers, mutation carriers have significantly lower glucose 

metabolism within these posterior regions from a decade before symptom onset185. 

Within 5 years of estimated symptom onset, declines in glucose uptake become more 

widespread, with statistically significant declines being seen across fronto-temporal 

regions in mutation carriers when compared to non-carriers 185. 

In addition to mutation carriers experiencing significant preclinical declines in glucose 

metabolism, significant increases have also been described. One study found that the 

precuneus/posterior cingulate and lateral parietal regions of mutation carriers had 

significantly greater glucose uptake compared to non-carriers 25 years before 

estimated symptom onset185. The pathological drivers of this early period of 
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hypermetabolism are not known. Some have speculated that it represents a period 

of compensation, or perhaps increased neuronal activity, in the context of amyloid 

deposition, or perhaps a reflection of inflammation.  

1.3.4.4 Tau PET 

Tau deposition, which has been investigated in FAD using the first generation 

AV1451/Flortaucipir (FTP) tracer, is detected after the onset of cerebral amyloid 

accumulation192, although there is some uncertainty about the exact timing of tau 

build-up. Two studies of PSEN1 E280A carriers showed significant increases in tau 

signal within the medial temporal lobe from 6 - 9 years prior to the onset of MCI192,193. 

In contrast a multi-centre study of PSEN1/2 and APP carriers did not find any 

significant differences in tau burden between presymptomatic mutation carriers and 

non-carriers147.  

There is also some uncertainty regarding the earliest sites of tau deposition in FAD. 

DIAN’s cross-sectional study showed that, compared to sAD, there was greater tau 

build up in the precuneus147. Furthermore, a longitudinal tau PET study comparing 

PSEN1 E280A carriers to non-carriers, found significant increases in rates of change 

in the precuneus in mutation carriers despite there being no significant differences 

in rates of change within the entorhinal or inferior temporal cortices between carriers 

and non-carriers192. However the same study found that mutation carriers had earlier 

increases in absolute tau SUVRs in the entorhinal region compared to precuneus, 

while also reporting that baseline entorhinal tau SUVRs were significantly correlated 

with subsequent neocortical tau accumulation192.  

Further research, particularly involving longitudinal tau PET, is needed to better 

clarify the exact sequence and timing of tau deposition in FAD. This will be a focus of 

a separate chapter of this thesis.  

1.3.5 Fluid biomarker changes 

Earlier in this chapter I outlined the evolving role of fluid biomarkers in the diagnosis 

of AD. In this sub-section I will discuss the presymptomatic trajectory of key fluid 

biomarkers in FAD (overview given in Figure 1-7). I will restrict my discussion of CSF 
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measures to p-tau181, total tau and Aβ42 and Aβ42:40. I will also discuss preclinical 

change of NfL in blood in FAD.  

Cross-sectional studies of FAD have shown very early declines in CSF measures of Aβ. 

Decreases in the CSF concentration of Aβ42 were seen from 25 years before 

symptom onset in a multi-centre study involving 88 mutation carriers194. Similarly, 

declining levels were also seen in PSEN1 E280A mutation carriers (N=54) from 20 

years before the estimated onset of MCI183. In spite of levels of Aβ42 starting to fall 

very far from symptom onset, statistically significant group differences between 

mutation carriers and non-carriers were only seen from about 10 years before the 

estimated onset of cognitive change194,195. This discrepancy has been attributed to 

the concentration of Aβ42 being elevated in mutation carriers far (over 20 years) 

from symptom onset194. A recent study, which also performed amyloid PET, found 

that CSF Aβ42 is higher in mutation carriers compared to non-carriers prior to the 

onset of significant cerebral amyloid deposition, however as amyloid burden 

increases, CSF Aβ42 levels in mutation carriers fall, eventually becoming lower than 

levels in non-carriers196. Additionally, the trajectory of CSF Aβ42 is non-linear, with 

rates of change decelerating as symptom onset approaches195. 

The relative production CSF Aβ42 compared to Aβ40 appears to be marginally more 

sensitive to preclinical change than the use of Aβ42 alone: change in absolute 

Aβ42:40 ratio levels were detected 3 years earlier than CSF Aβ42 levels, while 

differences in rate of change in the ratio were seen 6 years earlier than changes in 

Aβ42196. As discussed in section 1.2.8, the increased sensitivity of the ratio has been 

attributed to Aβ40 serving as a proxy for ‘total’ Aβ production, thus that the ratio 

normalizes for ‘total’ Aβ production level between individuals, meaning that declines 

in CSF Aβ42 amongst individuals with high total Aβ production can be identified more 

accurately106. 

Preclinical changes are also seen in CSF t-tau and CSF p-tau in FAD. Change in the 

absolute values of both CSF t-tau and p-tau in mutation carriers are estimated to 

begin 10-20 years before symptom onset183,194,195. In contrast to other biomarkers of 

FAD, longitudinal measures of t-tau and p-tau, i.e. rate of change, are less sensitive 
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than absolute values i.e. group differences between mutation carriers and non-

carriers are detected earlier when absolute values as opposed to rates of change are 

used: a longitudinal study involving 411 participants, 217 of whom had longitudinal 

data, did not find any significant differences in rates of change of either p-tau181 or 

t-tau between mutation carriers and non-carriers195. In contrast significant 

differences in absolute levels were seen 14 (t-tau) and 11 (p-tau) years before 

estimated symptom onset195. The absence of group differences in rates of changes 

was partly attributed variability in the rates of change of these markers; soluble 

measures of tau increase prior to the onset of symptoms with levels subsequently 

falling around the time of symptom onset195.  

Preclinical changes in fluid biomarkers in FAD are not restricted to CSF measures, 

changes are also seen in blood biomarkers like NfL. As discussed earlier NfL is a non-

specific measure of neuronal injury, with increased concentrations in blood being 

demonstrated in an array of neuroinflammatory and neurodegenerative 

conditions123. The concentration of NfL in blood is increased in presymptomatic 

mutation carriers compared to non-carriers, with changes in absolute values being 

detected between 5 and 20 years before symptom onset113,197,198. Despite early 

changes in NfL levels, the diagnostic sensitivity of NfL, i.e. its ability to discriminate 

carriers from non-carriers, only becomes greater than 60% in the two years before 

the estimated onset of MCI197.  

Rates of change in NfL may be more sensitive to early change than absolute values, 

however this has not been a consistent finding. One multi-centre study involving 

PSEN1/2 and APP mutation carriers (n=243, 133 with longitudinal data) showed that 

changes in longitudinal NfL measures are seen for almost a decade before changes in 

absolute values are detected 113. However, another very large study of the PSEN1 

E280A kindred (n=1070 mutation carriers, of whom 262 had longitudinal data) 

showed that change in longitudinal and cross-sectional measures occur almost 

simultaneously; 22 years before the estimated onset of MCI 197. These contrasting 

results, allied to the significant intra- and inter-individual variability seen in 

longitudinal NfL measures in FAD, highlight the need to better characterise rates of 
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change of NfL and to compare the trajectory of plasma NfL to other novel blood 

biomarkers 198.  

 

Figure 1-7: Biomarkers for Alzheimer’s disease. The figure shows a neuron and AD 
pathology, with AD-related biomarkers of preclinical disease indicated in text boxes. 

 

1.3.6 Sequence of biomarker changes 

This section discusses early fluid and imaging biomarker changes in FAD. The findings 

described are broadly consistent with currently proposed models of disease 

progression199: early alterations in amyloid processing, with later abnormalities in tau 

processing and subsequent cortical hypometabolism, neurodegeneration and finally 

the onset of cognitive change (Figure 1-8).  

Admittedly there is some inter-study variability in the estimated timings of key 

pathological changes. However, this is unsurprising given that the timing of changes 

will depend on the sensitivity of the biomarker and assay used. For example, t-tau, 

NfL and cortical atrophy can all serve as proxy measures of neurodegeneration; this 

results in a broad window during which neuronal loss can be detected. Discrepancies 

in the estimated timing of biomarker changes can also be partly attributed to noise 

associated with the estimated timing of symptom onset, and the significant 

heterogeneity seen in FAD7,14. In spite of these limitations, the sequence and timing 

of biomarker changes in observational studies of FAD are reasonably consistent; 

illustrating the valuable role FAD studies can play in improving clinical trial design, 
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particularly in informing the choice of screening and outcome measures in 

prevention trials, as well as in defining appropriate treatment targets.  

 

Figure 1-8: Cascade, and estimated timings, of pathological changes underlying FAD.  

1.3.7 Generalisability of research in presymptomatic FAD to sporadic AD 

The preclinical periods of familial and sporadic AD share many common cognitive, 

radiological and fluid biomarker features. Additionally, the sequence of preclinical 

biomarker change is similar in both forms of AD100,156. 

Observational studies investigating cognitive change in sporadic disease have 

demonstrated declining performance in an array of cognitive measures amongst 

asymptomatic individuals on the AD continuum. Like in FAD, early changes have been 

shown in measures of verbal memory, accelerated forgetting, executive function and 

subjective cognitive decline200–202. The recognition that cognitive decline may be 

reasonably widespread, even at a preclinical stage, has led to the use of cognitive 

composites as end-points in secondary prevention trials of both sporadic and familial 

AD203,204.  

There is a large of amount of overlap in the pattern of atrophy between sporadic and 

familial AD. Early hippocampal atrophy occurs in both, with rates of change being 

broadly similar184,205. Common regions of atrophy in familial and sporadic AD extend 



 69 

beyond the hippocampus: compared to non-carriers, presymptomatic PSEN1 E280A 

carriers have significant volume loss across cortical regions that are also prone to 

atrophy in sAD206. However, the distribution of neocortical atrophy is not identical; 

medial temporal atrophy is more prominent in sporadic compared to familial AD, 

while posterior atrophy, particularly of parietal regions, is more clearly seen in 

FAD207.  

Early cerebral amyloid deposition, decades before symptoms, is seen in both familial 

and sporadic AD. As in FAD, increases in amyloid PET SUVRs are seen before symptom 

onset in sporadic disease, with early amyloid accumulation being particularly 

prominent in the precuneus and posterior cingulate gyrus in both conditions135,156,208. 

That said, there are also important differences. For example, amyloid deposition 

within subcortical nuclei and the cerebellum is a feature of familial but not sporadic 

AD191,209.  

Regarding FDG PET, regional hypometabolism in cognitively normal individuals at 

high risk of developing sAD (APOE ε4 carriers) involves the precuneus and posterior 

cingulate cortex210; the same regions that have been shown to have presymptomatic 

declines in FAD135.  

In both sporadic and familial AD, cerebral amyloid accumulation appears to predate 

pathological tau deposition192,211. Additionally, tau deposition is highly correlated 

with atrophy and cognitive decline in both genetic and sporadic forms192,212. 

However, tau deposition does appear to be more rapidly progressive in familial 

compared to sAD, with higher absolute FTP SUVR values and rates of change being 

recorded in familial versus sporadic cases147,192,213. This discrepancy may be partially 

due to the younger age at onset of FAD, as younger age is also associated with greater 

cross-sectional and longitudinal levels of tau accumulation in sAD146,214.  

As in FAD, changes in CSF measures of Aβ, t-tau and p-tau are seen in cognitively 

normal individuals on the sAD continuum194,215,216. The order of CSF biomarker 

changes is similar to FAD with evidence that declines in CSF Aβ measures also precede 

changes in CSF t-tau and p-tau in sporadic disease217,218. Preclinical increases in the 
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blood NfL are also seen in sAD, with significant increases in plasma concentrations 

being seen almost a decade before AD diagnosis219. 

Observational studies of FAD have played a critical role in characterising the 

sequence and timing of biomarker changes in preclinical AD. Importantly, preclinical 

biomarkers of FAD display reasonably similar trajectories in sporadic forms of the 

disease. However, in spite of the huge progress that been made in studying preclinical 

AD, there are still some important unanswered questions. Improved understanding 

of preclinical changes in novel cognitive, blood and imaging (longitudinal tau PET) 

biomarkers is needed; these are areas which I intend to explore over the course of 

this thesis.
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1.4 Contribution of FAD research to advancing understanding of AD 

pathophysiology 

This sub-chapter will outline the some of the key contributions FAD research has 

made to advancing understanding of AD pathophysiology. In particular I will focus on 

the alterations in amyloid processing seen in FAD. I will discuss the enzymatic 

processes that lead to the generation of aggregation-prone Aβ peptides in APP and 

PSEN1 mutations. I will also briefly outline some of the hurdles associated with the 

clinical translation of AD research, and in particular those associated with clinical trial 

design. Finally, I will discuss the important role observational studies of FAD can play 

in advancing AD research. 

1.4.1 Genetic underpinnings of the amyloid cascade hypothesis 

The amyloid cascade hypothesis proposed in the early 1990s that amyloid 

accumulation was the primary driver of AD onset and that AD associated tau 

deposition, neurodegeneration and vascular dysfunction were downstream 

consequences of intra-cerebral amyloid deposition (Figure 1-9)34.  

The evidence underpinning the amyloid cascade hypothesis was partly derived from 

the field of genetics (Figure 1-9). The early occurrence of AD neuropathology in 

individuals with Down syndrome provided supporting evidence of the central role of 

deranged amyloid production/processing in AD development34: complete trisomy of 

chromosome 21 typically causes amyloid plaques and tau pathology to accumulate 

by the age of 40, and by age of 60 it is estimated that over 60% of Down syndrome 

individuals will develop dementia11. The high frequency of AD pathology in Down 

syndrome is attributed to the presence of three copies of the gene located on 

chromosome 21 that encodes APP, the precursor substrate of Aβ34. Further evidence 

supporting the critical role of increased APP production was provided by the 

discovery that APP duplications also cause early onset AD220. Additionally, the 

identification of several missense mutations in the Aβ coding region of APP gene in 
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FAD kindreds (discussed in greater detail below) provided further support of the 

central importance of amyloid processing in AD pathogenesis34.  

 
Figure 1-9: The amyloid cascade hypothesis, reproduced from Karran, Mercken and de 
Strooper221.PSEN: presenilin; APP: amyloid precursor protein, PHF: paired helical filaments.  

Since the amyloid cascade hypothesis was first published further evidence supporting 

the importance of Aβ in AD development has emerged. Research into the 

pathophysiology of FAD has played a particularly important role in advancing 

understanding of Aβ production, something I will discuss in greater detail in the 

following sections.  

1.4.2 The role of amyloid precursor protein mutations in AD pathogenesis 

The APP gene was first identified, and mapped to chromosome 21, in 1987222. APP 

consists of 18 exons, with exons 16 and 17 encoding the Aβ peptide223. APP is a 

transmembrane protein with a large N-terminal extracellular domain and a small C-

terminal cytoplasmic domain (Figure 1-10)222,223. APP is processed along one of two 

mutually exclusive pathways: the non-amyloidogenic pathway which precludes Aβ 

formation or the amyloidogenic pathway, which is particularly enriched in neurons, 

and gives rise to Aβ peptides16. The non-amyloidogenic processing pathway involves 
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cleavage of APP by α-secretase within the Aβ domain16. This catalytic step releases a 

large soluble ectodomain (sAPPα) and a membrane-associated C-terminal fragment 

(C83)223. In the amyloidogenic pathway (Figure 1-10), APP is cleaved at the N-

terminus of the Aβ peptide by β-secretase, generating a soluble ectodomain (sAPPβ) 

and a membrane associated C-terminal (C99)223. Subsequently, γ-secretase cleaves 

the membrane associated C99 fragment producing Aβ along with the APP 

intracellular domain (AICD)223.  

 
Figure 1-10: Figure representing Presenilins the γ-secretase complex and APP processing. 
Schematic overview of the two major APP processing pathways, i.e. the constitutive, non-
amyloidogenic and the amyloidogenic pathway. Arrowheads indicate the respective 
cleavage sites (α -, β -, and γ - site); arrows indicate the cleavage event by the respective 
proteases (α -, β -, and γ -secretase). After release of sAPPβ by β-secretase, the remaining 
APP segment is further cleaved by γ-secretase. First, ε-cleavage by γ-secretase releases 
AICD and Aβ, of which there can be longer and shorter Aβ peptides. Abbreviations: AICD= 
APP intracellular domain; CTF = C-terminal fragment. Figure 1-10 reproduced from 
Brouwers et al16  

Pathogenic missense mutations in APP are centred around the action sites of either 

α -, β -, or γ -secretase (Figure 1-11)16. The mutation site is an important determinant 

of the clinical and biochemical profile of disease. The first pathogenic mutation found 

at the β-secretase site, i.e. N-terminal end of the Aβ, was a double mutation: the APP 

K670N/M671L (Swedish) mutation224. This mutation is associated with increased 

production of Aβ225. Other mutations lying near this cleavage site (e.g. APP D678H, 

APP E682K) also lead to augmented levels of Aβ production226. Clinically this group of 

mutations typically have an amnestic presentation, with additional neurological 
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features (seizures and myoclonus) being described in some carriers of the Swedish 

mutation227–229.  

 
Figure 1-11 APP linked mutations (reproduced from Ryan and Rossor) 230. Pathogenic FAD 
mutations are shown in red while non-pathogenic mutations are displayed in orange. 
APP=amyloid precursor protein; CTF=C-terminal fragment; NTF=N-terminal fragment.  

Pathogenic APP mutations that cluster around the α-secretase site lie within the Aβ 

sequence. It has been proposed that mutations around this cleavage site reduce the 

catalytic efficiency of α-secretase, reducing the amount of APP being processed along 

the non-amyloidogenic pathway with consequent increases in Aβ production16. 

Biochemical evidence from the Flemish mutation (APP A692G) supports this 

hypothesis; this mutation leads to increased generation of Aβ40 and Aβ42 as well as 

increased production of Aβ42 relative to 40226. However increased production of Aβ 

is not a consistent feature of all of the pathogenic mutations lying near the α -

secretase cleavage site –mutations residing at codon 693 have the opposite effect, 

leading to decreased production of both Aβ42 and 40226.  
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An alternative explanation for the pathogenicity of α -secretase site mutations is that 

they change the amino acid sequence of Aβ, which in turn alters its physiochemical 

properties; this can have knock-on effects on the propensity of Aβ to form toxic 

aggregates231. Accelerated aggregation of mutant Aβ peptides into oligomers and 

protofibrils, as well as increased fibril stability, has been shown in cell-based studies 

of the α -secretase site mutations, supporting this hypothesis 226.  

Missense mutations lying near the α-secretase cleavage site have distinct clinical, 

radiological and neuropathological features. Cerebral amyloid angiopathy, with its 

associated haemorrhages, dominates the clinical presentation in many of these 

mutations. In fact, in some cases (e.g. APP E693K mutation carriers) intra-cerebral 

amyloid deposition is not even a central feature232. Mutations that are associated 

with significant cerebral amyloid angiopathy have prominent Aβ40 deposition within 

the cerebral vasculature226. Not all α -secretase site mutations have isolated intra-

vascular amyloid deposition, for example the neuropathology of the Arctic mutation 

(APP E693G) also features intra-parenchymal amyloid plaques233. However, these 

plaques are atypical for AD – they are ring-like, lack an amyloid core and have a low 

affinity for amyloid PET tracers233,234.  

Pathogenic APP mutations lying near the γ -secretase cleavage site are located within 

the C-terminal domain of the Aβ peptide223. The first pathogenic mutation discovered 

in FAD, the APP V717I “London” mutation, was identified within this region35. Since 

this mutation was discovered, several other missense mutations at this codon 

(V717G, V717L, V717F) have been reported226. Additionally, pathogenic mutations 

have also been detected within nearby codons (714-724)226. The mutations clustered 

at this site influence the proteolytic activity of γ-secretase causing increased relative 

production of Aβ42 compared to Aβ40, and premature release of longer (≥ 45 amino 

acid length) Aβ peptides226,235. Clinically this group of mutations most often present 

with amnestic dysfunction – with atypical presentations and additional neurological 

features (with the exception of seizures and myoclonus) being uncommon7,236. 

Unsurprisingly given this cognitive profile, early and prominent hippocampal atrophy 

is characteristic of APP C-terminal domain mutations181,237.  
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In addition to missense mutations of APP, locus duplications of APP also cause FAD. 

APP duplications were first linked to FAD in a case series of five unrelated French 

families 238. This series demonstrated segregation of APP locus duplications with 

young onset AD and/or cerebral amyloid angiopathy 238. The size of APP duplications 

detected in FAD can vary; reported sizes of duplicated segments range from 380 

kilobases, just spanning the length of the APP gene, to over 15 megabases 239,240. The 

discovery that short locus duplications cause FAD, without duplication of adjacent 

genes, supports the importance of APP in AD pathogenesis, especially when 

combined with evidence from Down syndrome (see previous section). Clinically APP 

duplications most commonly present with early onset cognitive dysfunction; ages at 

onset reported range from late 30s to mid 60s 238,240,241. Additional features described 

include seizures, which may precede the onset of cognitive dysfunction, and intra-

cerebral haemorrhages238,240,241. There is often prominent cerebral amyloid 

angiopathy at post-mortem 238,240,241. Taken together, the early of occurrence of AD 

in those with Down syndrome and APP duplications provides reasonably convincing 

evidence that overexpression of APP, and the consequent increases in Aβ levels, are 

sufficient to cause AD.  

Further evidence supporting the importance of APP processing in AD development 

comes from the identification of a protective variant, the APP A673T mutation 242. 

This missense mutation, which lies adjacent to the β-secretase cleavage site at the N-

terminal of Aβ, leads to a 40% reduction in the production of amyloidogenic 

peptides242. This decline is attributed to the reduced efficiency of β-secretase 

cleavage242. Carriage of this variant reduces the likelihood of developing AD: this 

mutation was significantly more common in Icelandic elderly controls compared to 

AD cases (0.62% vs. 0.13%; odds ratio 5) 242.  

The molecular changes seen in APP mutations and duplications support the central 

importance of deranged amyloid processing in AD development. However, there is 

clear biochemical and clinical heterogeneity within the APP family of mutations, 

highlighting the need for improved understanding of the pathobiology of AD.  
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1.4.3 The role of presenilin mutations in AD pathogenesis 

Early genetic studies showed that only a minority of cases of FAD could be explained 

by mutations at chromosome 21 as the majority of cases did not segregate with an 

APP mutation 243–245. In fact, linkage studies suggested that a large share of familial 

early onset cases were instead associated with a locus on the long arm of 

chromosome 14246. Subsequently, missense mutations in the PSEN1 gene were 

discovered in several linked pedigrees 247. Following the identification of PSEN1, 

homology mapping identified a second PSEN gene, PSEN2 on chromosome 1248. 

PSEN1 is 984 kb in size and comprises 13 exons with 9 transmembrane domains 

(Figure 1-12), whereas PSEN2 is smaller, comprising only 925 kb and 12 exons 16. 

Apart from differences in genomic size, the PSENs are highly homologous, having a 

similar gene structure as well as an overall amino acid sequence homology of 67%249.  

 

Figure 1-12: PSEN1 linked mutations, reproduced with permission from Ryan and 
Rossor230. Pathogenic FAD mutations are shown in red while non-pathogenic mutations are 
displayed in orange. Interaction domains with APP/TLN or NCT/APH-1/PEN-2 are marked in 
blue. APH= Anterior Pharynx Defective; APP=amyloid precursor protein; CTF= C-terminal 
fragment; NTF=N-terminal fragment; PEN=Presenilin enhancer; PLD=Phospholipase D; 
PSAP= Presenilin Associated protein; PSEN=Presenilin; NCT=Nicastrin; SLP= Signal peptide 
peptidase; TLN=Telencephalin; TMD = Transmembrane domain. 
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The PSEN proteins form the intra-membranous active site of the γ-secretase 

enzyme250. As mentioned previously, γ-secretase is involved in the amyloidogenic 

pathway of APP processing; proteolysis of APP by β-secretase and γ-secretase 

generates Aβ peptides223. Cell-based studies of APP processing have provided 

detailed insights into the catalytic processes underlying Aβ production (Figure 1-13). 

It is now widely accepted that γ-secretase sequentially cuts APP. The first 

endopeptidase cleavage (ε) take place at C-terminal end of Aβ, at either position 49 

or position 48251. The endopeptidase products, either Aβ49 or 48, are then 

sequentially cleaved by the carboxypeptidase activity of γ-secretase with processing 

largely taking place along two major product lines: Aβ49 → Aβ46 → Aβ43 → Aβ40 or 

Aβ48 → Aβ45 → Aβ42 → Aβ38 251. 

 

 

Figure 1-13: Schematic representing processing of the C-terminal domain of APP (product 
of β-secretase cleavage) by γ-secretase  The first step involves endopeptidase activity, 
which produces an APP intracellular domain (AICD) and an Aβ peptide, either Aβ49 (major 
product) or Aβ48 (minor product) The Aβ peptide generated then undergoes sequential 
carboxypeptidase cleavage, which ultimately leads to the release of Aβ pep- tides of 
somewhat variable in length but mostly Ab40. Figure reproduced from Veugelen et al252. 

It is important to note that Aβ is not the only product of γ-secretase catalysis. 

Substrates other than APP include Notch receptor (a transmembrane protein that is 
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involved in the regulation of gene transcription), N-cadherin and E-cadherin 

(adhesion molecules), p75 (a neurotrophin receptor), and neuregulin (a 

transmembrane protein involved in myelin formation) 250.  

Pathogenic mutations in PSEN1 are the most common cause of FAD, with over 150 

pathogenic mutations being reported 249. PSEN mutations disrupt the active site of γ-

secretase, impairing enzyme processivity 253. Mutation-induced enzyme dysfunction 

leads to deranged APP processing characterised by premature release of (longer) Aβ 

peptides 253. This in turn leads to increased relative production of A β 42 compared 

to Aβ40 253,254. While it is widely accepted that Aβ42 plays an important role in AD 

pathogenesis, there is also growing evidence that increased generation of other 

longer Aβ peptides may also contribute 253.  

Cell-based studies have shown that pathogenic PSEN mutations reduce the 

carboxypeptidase efficiency of γ-secretase at multiple cleavage sites, resulting in 

relative increases in levels of not only Aβ42 but also other long Aβ peptides (e.g. 

Aβ43, 45, 46)253,255. These long Aβ peptides are hydrophobic and thus prone to 

aggregation, promoting amyloid plaque formation 253. These findings support the 

amyloid cascade hypothesis in so far as they are consistent with amyloid playing a 

central role in AD pathogenesis. However mechanistic insights into the pathobiology 

of PSEN mutations also broaden the hypothesis as they suggest that qualitative 

changes in Aβ may be at least as important as the quantitative alterations originally 

proposed 34,256. 

Clinically, PSEN mutations most commonly cause typical AD, with early (often 

memory lead) cognitive dysfunction dominating presentations 7. However, there are 

also intriguing intra- and inter-mutation differences in clinical presentation 257. PSEN2 

mutation carriers typically have later symptom onset than either PSEN1 carriers or 

APP carriers, while PSEN1 post-codon200 mutations have a later disease onset than 

pre-codon200 mutations 7,14. There is also significant within genotype variability in 

age at onset, particularly amongst PSEN2 carriers where discrepancies of over 20 

years have been reported in the timing of symptom onset between carriers of the 

same mutation 248. There is also some variability in age at onset amongst PSEN1 
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carriers, however much of this variation (over 70%) can be attributed to mutation 

site and family membership 7.  

As was briefly discussed in section 1.2.3 atypical cognitive presentations, which 

include behavioural change, executive dysfunction and language problems, also 

occur in PSEN1 carriers, and are particularly associated with mutations located within 

exon 8 7. Additional neurological features, which include cerebellar, pyramidal and 

extra-pyramidal signs, are also seen in PSEN1 carriers 7,47. Pyramidal signs are more 

frequently detected in post-codon 200 mutation carriers7. In contrast PSEN1 

mutation site has not been found to influence the likelihood of developing either 

extrapyramidal or cerebellar signs7. It has been proposed that altered processing by 

γ -secretase of other (non-APP) substrates could contribute to the atypical 

phenotypes seen in some PSEN1 cases 7. 

Seizures and myoclonus are a clinical feature in both PSEN1 and PSEN2 mutation 

carriers. As was discussed in section 1.2.3 myoclonus and seizures are reasonably 

common in PSEN1 carriers (myoclonus frequency estimated at 24-47% and seizures 

in approximately 25%)47,257. The relative rarity of PSEN2 has limited the ability of 

studies to investigate differences in clinical presentation with other genotypes – 

however it does appear the seizure frequency is reasonably similar in PSEN1 and 

PSEN2 carriers: a retrospective review reported a seizure frequency of approximately 

25% in published reports of pathogenic PSEN2 mutations 47.  

Intra- and inter-mutation differences in neuropathology may partly explain some of 

the phenotypic heterogeneity seen in PSEN-linked FAD. The spastic paraparesis seen 

in PSEN1 mutation carriers has been strongly linked to cotton-wool plaques 258. These 

diffuse plaques are atypical in that they lack a congophillic core and have an unusual 

distribution, being found within the white matter, motor cortices and cerebellum of 

post-mortem cases258,259. As discussed, pyramidal dysfunction is more common in 

post-codon 200 mutation carriers, thus it is somewhat unsurprising that cotton wool 

plaques have mainly been reported in mutations lying within exon 8 and 9 of the 

PSEN1 gene259. Other neuropathological features seen in post codon200 mutation 

carriers include more aggressive tau pathology (higher Braak staging) and greater 
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levels of cerebral amyloid angiopathy compared to pre-codon200 carriers 89. In 

contrast PSEN2 carriers have been found to have lower levels of tau pathology at 

post-mortem compared to PSEN1 carriers 88. 

Deranged amyloid processing has been shown to play a central role in AD 

development in PSEN mutation carriers. However, just as in the APP family of 

mutations, there is clinical heterogeneity within the PSEN family of mutations. 

Additionally, it has been shown that mutations located within certain areas of the 

PSEN1 gene are associated with particularly early-onset disease. It will be important 

for future studies to clarify the exact molecular drivers of clinical heterogeneity and 

timing of disease onset, as this could open up avenues for AD therapy development. 

1.4.4 Influence of genetic and other modifiers on timing of FAD onset and 

disease course 

There is variability in the timing of symptom onset in FAD. This variability is not only 

seen between different mutations, but also between carriers of the same mutation 

and even between members of the same family 14,257. In addition, cases of incomplete 

penetrance, although rare, have been reported 260–262. There has been significant 

interest in identifying factors that could confer resistance to FAD, as such insights 

would have considerable implications for AD therapy development. 

APOE, an important genetic risk variant for sAD, has been proposed as a possible 

modifier of symptom onset and/or disease course in FAD. The APOE ε2 variant has 

been associated with later symptom onset in the PSEN1 E280A kindred263. More 

recently, homozygosity of the rare APOE ε3 Christchurch (R136S) variant has been 

linked to remarkable resistance to FAD in this kindred264. Two copies of this variant 

were identified in a PSEN1 E280A mutation carrier who, in spite of being in her 

seventies (over 3 decades later than the median age at onset of MCI in this kindred), 

had not experienced progressive cognitive decline, although there was evidence of 

stable single domain (episodic memory) impairment 264. Additionally, molecular 

imaging confirmed evidence of extensive amyloid pathology, but reasonably limited 

tau pathology and neurodegeneration264. No other homozygous carriers of this 

variant were identified264. The authors proposed that the APOE Christchurch variant’s 
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beneficial effect may be partly due to alterations in the binding functions of heparan 

sulphate proteoglycans and/or lipoprotein receptors 264.  

Other genetic variants, involved in a wide array of cellular functions including 

chemokine signalling, protein regulation, apoptosis and immune function, have also 

been implicated in conferring resistance to FAD263,265. Variants may also influence 

disease course; the Val66Met polymorphism in Brain Derived Neurotrophic Factor is 

associated with greater levels of cognitive decline, while carriage of an APOE ε4 allele 

is associated with longer disease duration in PSEN1 mutation carriers72,266. There is 

also some evidence that variability in tau processing may impact on the timing of 

symptom onset in FAD mutation carriers: in a study of PSEN1 E280A carriers, 

individuals with a later age at onset had lower levels of kinase activity amongst 

enzymes involved in tau phosphorylation 267. Additionally, this study also found that 

later age at onset was associated with lower levels of p-tau seeding 267.  

There is also some evidence that lifestyle factors may impact on the disease course 

in FAD – however these findings can be at risk of reverse causality. Multi-centre 

studies of FAD mutation carriers have shown that carriers with high levels of exercise 

(>150 minutes/week) had lower levels of amyloid pathology (measured using amyloid 

PET) compared to carriers with lower activity levels, carriers with high exercise levels 

also had higher levels of clinical and cognitive function at similar EYO 

timepoints268,269. However, there were no significant differences in levels of CSF Aβ42 

or t-tau between high and low exercise groups, and the group difference in amyloid 

PET burden was only significant in an analysis restricted to mutation carriers who 

were amyloid PET positive269. Additionally, studies of FAD have shown that exercise 

levels decline with advancing disease stage, suggesting that low exercise may be a 

consequence, as opposed to a modifier of disease burden268. Level of education may 

also influence disease course: higher educational levels are associated with later 

onset of cognitive decline, although rates of changes are higher once symptomatic 

decline begins270.  
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1.4.5 Challenges associated with clinical trial design 

Improved understanding of the diverse molecular biology underlying FAD, and in 

particular the effects of pathogenic mutations on APP processing may help pave the 

way for the development of AD therapeutics. However, AD therapy development, as 

well as clinical trial design, is not straightforward. For instance, trialling an agent at a 

suboptimal dose in inappropriate populations, or use of outcome measures that are 

not sufficiently sensitive to detect a treatment response, could lead to erroneous 

conclusions about the success of a treatment.  

Another hurdle facing the field is the development of cost-effective screening tools; 

up to this point trials have largely relied on CSF or PET measure of amyloid to identify 

individuals who are on the AD continuum. Additionally, there is the difficulty 

associated with adequately powering studies as well as precisely determining disease 

stage, especially in asymptomatic cases who may be many years from symptom onset 

and thus unlikely to have a clinically meaningful treatment response over the course 

of a drug trial.  

The choice of appropriate drug target, and the accompanying decision about the 

appropriate trial population, is also increasingly a matter of debate. As discussed 

previously, there has been growing recognition in the field that there is a need to 

intervene earlier in the disease course153, the theory being that in symptomatic 

disease there is established neuropathology and significant neurodegeneration, 

which is unlikely to be reversible. This has led to a shift in the populations being 

recruited into clinical trials; participants with mild, or even no symptoms, are now 

increasingly being targeted152. However earlier intervention does not guarantee 

success. For instance, trials testing the efficacy of β-site amyloid precursor protein–

cleaving enzyme 1 (BACE-1) inhibitors in prodromal and mild AD failed to meet their 

endpoints – and in fact that there was a signal that higher doses, and earlier 

interventions, were associated with poorer performance on cognitive outcome 

measures271,272. The failure of anti-amyloid interventions, along with the growing 

evidence that tau pathology strongly correlates with cognitive change in AD, has led 

to a growing pipeline of agents targeting tau build-up152. Recognition of the critical 
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role of tau accumulation in AD has also led to increasing interest in the value of 

combination treatment with both anti-tau and anti-amyloid agents 152.  

The challenging nature of AD clinical trial design and interpretation has been 

highlighted by the recent FDA for approval of Aducanumab. Aducanumab was 

assessed by two phase III clinical trials, ENGAGE and EMERGE; both were terminated 

early due to the results of an interim futility analysis273. However subsequent data 

from the EMERGE study suggested that there may have been a disease modifying 

signal at higher drug doses (slower decline in CDR-SB in the high-dose Aducanumab 

group compared to placebo); although this finding was not replicated in the ENGAGE 

study273. There has much debate in the field about the value of this post-hoc analysis 

and its un-replicated findings, with no clear consensus emerging, even within the FDA 

where the clinical and statistical board came to conflicting conclusions about drug 

efficacy, about whether this treatment should be approved 273. 

In order to address some of the challenges associated with designing clinical trials for 

the early stages of AD, the FDA has released draft guidelines for industry 274. These 

guidelines stratify early AD into 3 stages (Table 1-7), and then use these stages to 

provide a framework for discussing the selection of appropriate outcome measures. 

For stage 3 patients, the guideline advises inclusion of both functional and cognitive 

outcomes measures274,275. In contrast, for stage 2 patients, evidence of a convincing 

treatment effect on sensitive neuropsychological measures could be deemed 

sufficient for marketing approval274,275. However, the level of evidence deemed to be 

convincing/persuasive is exacting: a treatment effect should ideally  

• be seen across multiple different tests 

• be of reasonably large magnitude 

• be associated with later progression in meaningful cognitive and functional 

measures  

This guideline discusses the valuable role of biomarkers as potential outcome 

measures for patients in stage 1. However, the guidance does qualify this statement 

by highlighting urgent need for improved understanding of AD biomarkers, and the 



 85 

need for ongoing progress in this field before biomarkers could be considered as 

viable outcome measures 274.  

Table 1-7: Stages of AD that can be used to guide clinical trial design – adapted from FDA 
draft guidance on clinical trial design in early AD 274. 

Categories/stages of AD that are conceptually 
useful for the design of clinical trials  

Potentially suitable endpoints 

Stage 1: Patients with characteristic 
pathophysiologic changes of AD but no evidence 

of clinical impact 

An effect on AD pathology, as 
demonstrated by an effect on various 
biomarkers, could serve as basis for 

accelerated approval 

Stage 2: Patients with characteristic 
pathophysiologic changes of AD and subtle 

detectable abnormalities on sensitive 
neuropsychological measures, but no functional 

impairment. 

A persuasive effect on sensitive 
measures of neuropsychological 

performance may provide adequate 
support for approval 

Stage 3: Patients with characteristic 
pathophysiologic changes of AD, subtle or more 
apparent detectable abnormalities on sensitive 

neuropsychological measures, and mild but 
detectable functional impairment. 

An integrated scale that adequately 
and meaningfully assesses both daily 
function and cognitive effects in early 
AD patients is acceptable as a single 
primary efficacy outcome measure. 

The previous failures, and ongoing difficulties with developing an effective disease 

modifying treatment for AD, highlight the importance of careful clinical trial design. 

The success of future trials will hinge on the correct agent, being given at the 

appropriate disease stage, in an adequately powered trial that uses sensitive, yet 

meaningful, outcome measures. Observational studies of FAD can play an important 

role in informing the design of future clinical trials as they provide a valuable 

opportunity to identify biomarkers of preclinical disease, as well as facilitating the 

improved understanding of AD pathophysiology.  

1.4.6 The utility of observational studies of FAD in advancing the AD clinical trial 

design and therapy development  

Earlier in this introduction, I discussed the role observational studies of FAD can play 

in identifying fluid and imaging biomarkers of preclinical AD, as well as characterising 

the temporal ordering of these changes. Additionally, I have discussed some of the 

important contributions FAD studies have made to advancing understanding of AD 
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pathophysiology. The lessons learned from observational studies of FAD can be 

translated into evidence-based decisions about screening measures, trial endpoints 

and treatment strategies. 

The success of clinical trials hinges on the certainty of diagnosis of enrolled 

individuals. Therefore, it is important that trials use reliable screening measures. 

Additionally, screening measures can be used to stratify patients into reasonably 

homogenous groups, at a similar disease stage, thereby increasing the likelihood that 

trial will be adequately powered to detect a treatment effect276. FAD, as it is a 

genetically pure form of AD with low levels of confounding comorbid pathology, 

provides a valuable opportunity to identify screening measures for AD. Additionally, 

the reasonably predictable age at symptom onset in FAD mutation carriers facilitates 

the characterisation of the timing and temporal dynamics of AD biomarkers, both 

before and after symptom onset14,100. Therefore, observational studies of FAD not 

only provide an opportunity to identify markers of underlying AD pathology, but they 

also can be used to inform enrichment strategies: enrichment is the prospective use 

of any participant characteristic to recruit a study population in which detection of a 

drug effect (if one is in fact present) is more likely than it would be in an unselected 

population 277.  

As we move towards presymptomatic trials, sensitive neuropsychology measures 

that are adept at detecting and tracking change across the preclinical period are 

increasingly needed; such measures are especially critical to the success of trials 

involving stage 2 patients (described above). Important insights into early AD related 

cognitive changes have been derived from observational studies of FAD. FAD 

research also provides a valuable opportunity to stratify the sequence of early 

cognitive changes, seeing how decline in different neuropsychology measures lead 

on to each other and how changes relate to subsequent disease progression. Such a 

fine-grained understanding of AD related cognitive decline could be used to guide the 

selection of sensitive, yet meaningful, neuropsychology tests as outcome measures 

in future clinical trials.  
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A major challenge facing AD research is the identification of outcome measures that 

can serve as endpoints in clinical trials involving asymptomatic, cognitively normal 

participants. As discussed above, progress in the field of AD biomarkers is essential 

for the success of such prevention trials. In particular improved understanding of the 

relationship between different biomarkers, and their associations with subsequent 

disease progression is needed. FAD studies provide a valuable opportunity to 

investigate the preclinical course of AD biomarkers, and to relate biomarker changes 

to an important milestone of disease progression – the estimated timing of symptom 

onset. The need to fully characterise AD biomarkers is becoming increasingly 

important, especially as we enter an era where blood biomarkers may be 

transformative. Blood biomarkers have the potential to revolutionise AD clinical trial 

design, as well as clinical practice, by offering a cheap, non-invasive, widely-

accessible and easily repeatable means of assessing AD pathology. The use of blood 

biomarkers in future prevention trials will hinge on their ability to detect and track 

preclinical change. Therefore, there is an urgent need to study the timing and 

trajectory of blood biomarkers changes in asymptomatic individuals on the AD 

continuum; something which observational studies of FAD are well-suited for.  

The discovery of effective AD therapeutics will require detailed understanding of the 

molecular drivers of disease. Observational studies of FAD have made, and can 

continue to make, important contributions to advancing understanding of AD 

pathophysiology. I have discussed the role that FAD research studies have played in 

refining understanding of the cascade of pathophysiological changes that drive AD, 

and also in clarifying the fundamental importance of deranged amyloid processing in 

AD development. However, there are still many unanswered questions about the 

pathobiology of FAD, and in particular the drivers of disease heterogeneity as well as 

the timing and sequence of key pathological changes. There is a need for FAD 

research that can shed light on the relationships between genotype, downstream 

biological processing and disease progression; improved understanding of these 

relationships would almost certainly accelerate progress towards the development 

of disease modifying therapies.  
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1.5 Aims of this thesis 

The preceding chapter has outlined the clinical spectrum of young onset and familial 

AD. It is clear there are many clinical, radiological and pathological similarities 

between autosomal dominant and sporadic AD. In addition, this introductory chapter 

has discussed how both sporadic and familial AD have a long, clinically silent, 

presymptomatic period during which the sequence and timing of key pathological 

changes are broadly similar. Taken together, these findings suggest that FAD is a 

useful model for advancing understanding of AD, and in particular for identifying 

presymptomatic biomarkers - the high penetrance of mutations along with the 

young, reasonably predictable age at onset in mutation carriers means it is unlikely 

that the biomarker changes seen in FAD are being driven and/or obscured by co-

morbid pathology14.   

Therefore, in this thesis I aim to use data obtained from a longitudinal cohort study 

of familial AD to deepen understanding of presymptomatic AD with the overarching 

aim of identifying potentially useful biomarkers of presymptomatic disease. Such 

biomarkers are critical to improving clinical trial design, especially of prevention 

trials, as the success of such trials will be dependent on robust AD biomarkers that 

can identify and stage those on the AD continuum, as well as track change and detect 

a treatment response (if present).  

In order to achieve my aim of advancing understanding of presymptomatic disease, I 

collected and analysed data from an array of different modalities: specifically, 

neuropsychology, blood (p-tau181) and imaging (longitudinal tau PET) data. I 

grouped together APP and PSEN1/2 carriers in these studies. The rationale underlying 

the grouping together of these different genotypes was that biomarkers of 

presymptomatic disease should, ideally, be able to detect change across an array of 

different AD phenotypes. This approach is supported by the fact that several pivotal 

studies of FAD, e.g. Bateman et al and Fagan et al, have grouped together different 

genotypes when examining the sequence and timing of key biomarker changes100,194. 

However, it is important to be aware that this approach of grouping together 
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clinically heterogenous sub-groups does increase the likelihood of a type 2 error i.e. 

false negatives.  

In addition to grouping genotypes together, all studies that investigated 

presymptomatic changes in FAD also, where sample size allowed, included sub-group 

analyses separating mutation carriers into genetic subgroups (i.e. APP vs PSEN1 and 

PSEN1 pre-codon 200 vs PSEN1 post-codon 200). This approach of splitting mutation 

carriers into separate genetic groupings was also adopted for a study investigating 

the influence of genotype on plasma amyloid ratios. The overarching aim of these 

analyses was to provide a greater understanding of the pathophysiological processes 

underlying clinical heterogeneity in FAD. The introductory chapter of this thesis has 

shown that there is considerable clinical variability across the spectrum of YOAD, 

regardless of whether it is sporadic or dominantly inherited. For instance, atypical 

presentations and additional motor features occur in both sporadic and familial AD. 

An improved understanding of the underlying pathological drivers of this clinical 

heterogeneity is needed. Therefore, where appropriate, I have performed analyses 

investigating the influence of genotype on the AD biomarkers being tested (i.e. 

plasma p-tau181 and plasma amyloid ratios). FAD studies that have sub-grouped 

mutation carriers into distinct genotypes, as was discussed in section 1.3, have 

facilitated the identification of important phenotypic (e.g. atypical presentations 

occurring more frequently in PSEN1 compared to APP carriers) and biological (e.g. 

some, but not all, APP mutations being associated with increased amyloid 

production) differences between genetic groups7,226. Therefore, I felt that this 

approach was appropriate for studies where I aimed to characterise possible 

molecular drivers of clinical heterogeneity.  

In summary this thesis presents a number of studies involving FAD family members 

who are at risk of inheriting a pathogenic mutation or who are already symptomatic, 

with the aim of building on existing knowledge to further advance characterisation 

of preclinical biomarkers as well as of the biological processes underlying AD. It is 

hoped that the outcomes of this research will serve three main purposes: 1) to 

enhance knowledge of the natural history of FAD, in order to improve understanding 

of when and how to try and intervene with potential disease modifying therapies; 2) 
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to identify biomarkers of AD that could advance clinical trial design; and 3) to provide 

insights into the pathophysiology FAD, which can be used to inform therapy 

development.  

The work presented here includes a number of different modalities, with a particular 

focus on four currently unmet needs: 

• Adopting a data-driven approach to identify the sequence and timing of 

preclinical cognitive changes  

• Characterising the timing and trajectory of preclinical changes in promising 

blood biomarkers of AD (p-tau181 and NfL)  

• Assessing the timing, and distribution, of tau accumulation in FAD using 

longitudinal flortaucipir PET scanning  

• Exploring the influence of pathogenic mutations on APP processing in-vivo, 

thereby facilitating improved understanding of the molecular drivers of AD 

onset 

Four studies are reported in this thesis. Hypotheses specific to each study are 

outlined at the start of each individual chapter. 

The first data chapter of this thesis uses data-driven computational modelling of 

neuropsychology tests performed in an asymptomatic FAD cohort to uncover the 

sequence of early cognitive decline in FAD. Model outputs are also mapped to 

estimated years to symptom onset in order to approximate the timings of early 

cognitive changes. The main method, event based modelling, described in this 

chapter has never previously been applied to a cognitive dataset in FAD. 

The second study measures plasma p-tau181 and NfL in a cohort of FAD family 

members. This study investigates whether plasma p-tau181 concentration is 

increased in presymptomatic mutation carriers; when increases in plasma p-tau181 

are first detected; and how changes in plasma p-tau181 levels relate to other 

measures of disease progression. This study is the first published report that 

measures plasma p-tau181 in FAD. 
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The third study first uses flortaucipir PET scanning to measure tau deposition and to 

identify when and where tau uptake is first detected in FAD. This study investigates 

tau accumulation using both cross-sectional and longitudinal measures. This is the 

first longitudinal tau PET study that involves PSEN1/2 and APP carriers; the only other 

previous longitudinal tau PET study in FAD was from a single mutation (PSEN1 E280A) 

kindred. 

Finally, a study investigating plasma Aβ ratios in FAD is presented. This study used 

mass spectrometry-based assays to measure concentrations of different Aβ moieties 

in plasma samples donated by FAD family members; investigating the influences of 

genotype and clinical stage on ratio concentration; examining the relationship 

between ratios and the estimated timing of disease onset; and also assessing 

consistency between plasma profiles with in-vitro models of Aβ processing. This is 

the first study to use a mass spectrometry-based assay to measure plasma Aβ38, 40 

and 42 levels in FAD.  
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Chapter 2 General methods 

In this chapter, I describe the FAD cohort which formed the basis for a series of 

studies included in this thesis. I will outline study procedures. In addition, I will 

provide an overview of the statistical approach taken to analysing data in this thesis. 

Methods and/or procedures that are specific to data chapters will not be discussed 

within general methods and are instead detailed within their own individual study 

chapters.  

2.1 Longitudinal cohort study of FAD at UCL 

UCL’s longitudinal cohort study of FAD is a long-running natural history study of 

autosomal dominantly inherited AD that began in 1986. Family members with a 

history consistent with FAD from across the UK and Ireland are recruited. Participants 

are assessed longitudinally with a set of clinical, neuropsychiatric, cognitive, imaging 

and biosample assessments. Since first being established, over 200 individuals with 

FAD have been assessed as part of this this study, which is based at UCL’s Dementia 

Research Centre (DRC)7. This study was initially established to identify genetic 

variants associated with familial cases of AD, and played a pivotal role in the discovery 

of the “London” APP V717I mutation in 199135; the first mutation identified in FAD. 

Novel FAD mutations have continued to be identified as part of this study277. In 

addition, the aims of the study have evolved and expanded over time reacting to 

changing demands: from the need to characterise the phenotypic heterogenity 

associated with FAD7; to identifying early AD-related MRI and cognitive 

changes128,169; and now to advancing understanding of FAD pathophysiology and 

identifying biomarkers of preclinical disease.  

2.1.1 Participant recruitment  

Participants are recruited to UCL’s longitudinal cohort study of FAD from a number 

of sources including: 

• the specialist cognitive disorders service at the National Hospital for 

Neurology and Neurosurgery;  
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• from families already known to the research programme at the DRC; 

• from other routes such as through contact with UCL’s Rare Dementia Support 

groups support or via the DRC’s website. 

2.1.2 Inclusion and exclusion criteria 

Individuals are eligible for recruitment to UCL’s study of FAD if they: 

• Are symptomatic, i.e. they have symptoms consistent with FAD and have a 

personal or family history of a pathogenic mutation in APP, PSEN1, PSEN2 or 

an APP duplication. Symptomatic individuals do not require a clinical 

diagnosis of AD to be eligible for recruitment to this study.  

o OR 

• Are “at-risk” i.e. have a family history of FAD. At-risk individuals are recruited 

if they are clinically unaffected and have either a first degree relative with a 

pathogenic mutation causing FAD or a family history of a first degree relative 

with probable FAD. At-risk individuals do not need to be aware of their 

mutation status in order to participate in this study.  

In addition to meeting one of the above criteria, recruited individuals must also have 

capacity to give informed consent and be aged 18 years or older.  

General exclusion criteria for the study are: 

• Participant has another medical or psychiatric illness that would interfere in 

completing assessments or might impair the safety of the subject.  

Additional investigation specific exclusion criteria for MRI scanning are: 

• Cannot tolerate neuroimaging, e.g. claustrophobic, cannot lie still.  

• Contraindications to taking part in an MRI study e.g. pacemaker. 

2.1.3 Consent and ethical considerations 

All studies reported in this thesis were carried out at UCL’s Institute of Neurology in 

conjunction with the National Hospital for Neurology and Neurosurgery, UCL 
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Hospitals National Health Service (NHS) Trust. All experiments were carried out in 

accordance with the declaration of Helsinki. The study was approved by UCL / UCL 

Hospitals Joint Research Ethics Committee.  

To ensure that at-risk participants are not inadvertently unblinded to their mutation 

status specific standard operating procedures have been put in place. The key steps 

taken to ensure blinding is maintained are outlined below:  

• Laboratory staff who perform DNA analysis only communicate the results of 

participants’ genetic testing, i.e. their mutation status, to specific pre-

determined individuals (i.e. the study statisticians and genetic guardian of the 

study). It is a requirement that all individuals to whom this sensitive 

information is disclosed do not have direct contact with research participants.  

• The clinicians and psychologists who carry out assessments on participants, 

including the author, remain blind to participants’ mutation status. This step 

prevents study staff from either accidentally disclosing a genetic result to a 

participant, or allowing knowledge of an individual’s mutation status to 

influence their assessments.  

• Any publications resulting from data acquired in this study cannot depict 

results in a way that could lead to at-risk participants being unblinded to their 

mutation status. 

At the time of consenting all participants are made aware that results of research 

tests are not disclosed to individual participants. However, information is fed back to 

study members and their GP in cases where an abnormality that might require 

treatment or surveillance is discovered. In addition, all study members are advised 

that they can request a referral, at any time, to be seen clinically at the cognitive 

disorders clinic at the National Hospital for Neurology and Neurosurgery.  

The study follows the framework provided by the Mental Capacity Act (2005) relating 

to research and capacity278. Participants require capacity to be recruited into the 

study. Capacity is assessed on a case-by-case basis by a clinician who has had 
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dedicated training in obtaining informed consent and demonstrated competency in 

taking consent from patients with cognitive impairment. 

Whilst individuals lacking capacity are not recruited into the study, it is possible that 

an individual may lose capacity during the course of their participation, having 

previously given informed consent. In such cases, provided the individual in question 

still has the ability to participate, an appropriate consultee is identified. This 

individual, who knows the participant well, is then consulted regarding whether the 

participant in question should continue.  

2.1.4 Visit frequency 

Active study participants attend the Dementia Research Centre (DRC) for a research 

visit at approximately one-year intervals. These annual assessments consist of a 

medical history, neurological examination, neuropsychological assessment, 

venepuncture and MRI scan; details of these assessments are provided in subsequent 

sections. 

Subjects must have a) blood taken for blinded genetic analysis and b) complete at 

least one biomarker assessment (i.e. neuropsychology, blood and/or or an MRI) to 

be included in the study.  

Symptomatic subjects complete annual assessments for as long as they are willing 

and able to participate in the study and, where appropriate, their consultee agrees 

with their continuing participation. At-risk individuals have annual assessments from 

twenty years prior to their estimated age at onset i.e. the age at which their affected 

parent first developed consistent and progressive cognitive symptoms. 

Asymptomatic at-risk individuals continue to be invited for annual assessments until 

they (i) are ten years older than the oldest age at onset in their family and (ii) have 

remained clinically unaffected. 

2.1.5 Clinical assessments and determination of diagnostic group 

A semi-structured interview is conducted with each participant and their informant 

to gain information relating to both their general health and potential symptoms of 

cognitive decline (Appendix 1). In addition the Clinical Dementia Rating (CDR) scale is 
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used to assess the participant’s day-to-day functioning279; this assessment tool plays 

an important role in determining the clinical status of each participant. The CDR 

incorporates information obtained from both the individual being assessed (i.e. the 

participant) as well as the collateral source; both individuals are interviewed 

separately. The CDR assesses function across a number of different domains, 

including i) memory, ii) orientation, iii) judgment and problem solving, iv) community 

affairs, v) homes and hobbies, and vi) personal care (scoring system can be found 

within Appendix 2). A quantitative global score, that relates to the participant’s 

degree of impairment, is calculated. Potential global scores, and their associated 

levels of impairment are as follows: 

• 0 no impairment 

• 0.5 questionable impairment 

• 1 mild impairment 

• 2 moderate impairment 

• 3  severe impairment 

Scores from individual domains can also be combined separately to give a CDR “sum 

of boxes” (SOB) score, which can range from 0 to 18.  

The Mini-Mental State Examination (MMSE) is also conducted as part of the clinal 

assessment280. This test gives a score within the range of 0 to 30, with 30 being 

optimal performance280. In addition, the Hospital Anxiety and Depression Score 

(HADS) questionnaire is administered, providing separate quantitative scores for 

both depressive symptoms and symptoms of generalized anxiety 281. Finally measures 

of self and informant reported cognitive impairment are collected using standardised 

questionnaires282,283.  

A detailed neurological examination is also performed on each participant to assess 

for non-cognitive signs of FAD and/or for any evidence of central or peripheral 

nervous system pathology. A general examination of the cardiorespiratory and 

gastrointestinal systems is also performed as standard.  



 97 

Individuals are defined as symptomatic if i) consistent symptoms of cognitive decline 

are reported by the participant and/or their informant, ii) the clinical impression is 

that the participant has experienced progressive decline, iii) the global CDR is >0, and 

iv) an alternative cause of cognitive impairment is not uncovered (e.g. substance 

abuse, medications, or a neurological or psychiatric co-morbidity). If criteria (i-iii) are 

not met the participant is classified as asymptomatic. In cases where an alternative 

cause of cognitive decline is uncovered (criteria iv) participants are excluded from the 

analysis.  

2.1.6 Estimated years to/from symptom onset 

Estimated years to/from symptom onset (EYO) is a proxy marker of presymptomatic 

disease stage. It is calculated at each participant visit by subtracting the participant’s 

age at assessment from the age at which their affected parent first developed 

progressive symptoms of cognitive decline: 

EYO = participant’s age at assessment - parental age at onset (AAO). 

For example, say an at-risk individual is assessed at age 30 and their affected parent 

had an AAO of 40, this would give an EYO of minus 10 years; negative numbers 

indicate the individual is before estimated symptom onset, positive thereafter. The 

parental AAO is determined following detailed discussion with all available family 

members. It is possible for a mutation carrier to have positive EYO, and to still be 

asymptomatic, as although parental AAO is a reasonable proxy of the timing of 

symptom onset, there is variability in age at onset between family members14.  

Calculation of EYO enables estimation of how far from onset an asymptomatic 

individual is at any given time point, provided they are indeed a mutation carrier. 

Therefore, the use of EYO facilitates investigation of the presymptomatic dynamics 

of candidate biomarkers. EYO also allows separation of asymptomatic mutation 

carriers into different disease stage sub- groups, i.e. those who are likely to be further 

(early presymptomatic mutation carriers) or closer to onset (late presymptomatic 

mutation carriers).  
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2.1.7 Neuropsychology testing 

A neuropsychological test battery is administered by a trained psychologist during 

each participant visit. Assessments performed include: 

• General intellectual functioning measured using Wechsler Abbreviated Scale 

of Intelligence (WASI) 284 

• Estimation of premorbid IQ measured using National Adult Reading Test 

(NART) 285 

• Verbal and visual recognition memory measured using Recognition Memory 

Test (RMT) for words and faces 286  

• Verbal paired associate learning measured using the Camden Paired Associate 

Learning (PAL) Test 287 

• Working memory - digit span forwards and backwards 

• Processing speed and executive function – Stroop test, Trails making test A 

and B and Digit symbol from the Wechsler Adult Intelligence Scale-Revised 
284,288,289 

• Naming – Graded Naming Test 290 

• Calculation – Graded Difficulty Arithmetic Test 291 

• Visuoperceptual skills – Object Decision Test from the Visual Object and Space 

Perception battery (VOSP) 292 

2.1.8 Blood sampling 

Blood samples are acquired for two reasons:  

1. DNA testing – Samples are collected in 10ml ethylenediaminetetraacetic acid 

(EDTA) coated Vacutainer® tubes (BD, Oxford, UK). DNA is extracted and 

Sanger sequencing performed to establish the presence or absence of a 

pathogenic FAD mutation 293.  

2. Storage as serum and plasma for subsequent biomarker testing– Serum 

samples are collected in 8.5ml BD Vacutainer® SST™ Tubes (BD, Oxford, UK) 

containing spray-coated silica and a polymer gel for serum separation, while 

plasma samples are collected in 10ml EDTA tubes (as above). Biomarker 
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samples are processed within 120 minutes of collection. Plasma–EDTA 

samples are then mixed thoroughly. Both plasma EDTA and serum samples 

are centrifuged at 2000 revolutions per minute for 10 minutes at 22oC. The 

plasma and serum fractions generated are then transferred directly to 

labelled polypropylene cryo-storage tubes and stored in x 0.5 ml aliquots at -

80oC.  

 
As described previously (section 2.1.3) genetic test data for individual participants 

can only be released to designated individuals, who are required to have no direct 

contact with research participants. This disclosure system ensures that both 

participants, and clinicians performing assessments, remain blind to the mutation 

status of at-risk participants.  

2.1.9 MRI acquisition 

As part of each annual research visit, MR imaging is obtained on a 3T Siemens Prisma 

scanner using a 64-channel phased array head-coil. Acquisition sequences include:  

• T1-weighted imaging (approx. 5 minutes) – A sagittal 3D magnetization- prepared 

rapid gradient-echo (MP-RAGE) T1-weighted volumetric MRI (echo time/repetition 

time = 2.05 ms/2000 ms, inversion time = 850 ms, flip angle = 8 °, 240 slices, field of 

view = 240 mm X 256 mm, voxel size of 1.1 × 1.1 × 1.1 mm) was acquired.  

In addition to the above, other sequences acquired, which are not part of the 

experiments reported in this thesis, include: T2-weighted imaging, T2*-weighted, 

diffusion weighted imaging, arterial spin labelling and resting-state functional MRI. 

The total scan acquisition time is approximately 45 minutes. Images are checked for 

movement and other artefacts at the time of acquisition and are repeated if 

necessary (provided the participant in question agrees and can tolerate this).  

2.2 Statistical analysis 

Specific statistical analyses applied in each experiment will be discussed in their 

relevant individual chapters. Here I will instead present a general outline of the 

approach to statistical analysis used in this thesis. Data in all studies were collated in 
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Microsoft Excel. Stata v16.0 or later was used to perform statistical analyses. Due to 

the requirement that clinicians performing participant assessments remain blind to 

the mutation status of all at-risk participants, the process of performing the statistical 

analysis was done collaboratively between the author and either departmental 

statisticians (TP, JN, CF) or collaborators within UCL (NPO). Each analysis was 

prospectively planned by the author, in terms of both outcomes of interest and any 

relevant covariables. The statistician then separated participants into mutation 

carriers and non-carriers to complete data analysis. Statistical models presented in 

Chapters 4-6 account for the possibility of clustering of individuals from within the 

same family, either by using a random effect or by using robust standard errors. The 

threshold for statistical significance was set at p<0.05 throughout this thesis.  

All studies presented report summary descriptive statistics. At-risk family members 

who were found to be mutation negative serve as the non-carrier, “control” group in 

all studies. As mutation status of at-risk individuals is unknown at the time of 

recruitment, it was not possible to match prospectively the demographics of carriers 

and non-carriers.  
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Chapter 3 Quantitative detection and staging of presymptomatic 

cognitive decline in familial Alzheimer’s disease: a retrospective 

cohort analysis 

3.1 Introduction 

As the AD field moves towards presymptomatic trials a greater understanding of the 

earliest cognitive changes of AD is needed. In particular there is a need for sensitive 

measures of cognitive decline as future prevention trials are likely to require 

cognitive outcomes274. Although biomarkers will be important to detect disease 

effects ultimately it will be critical to show benefit on cognitive and functional 

measures. There is increasing interest in identifying neuropsychological measures 

that can detect decline earlier; such measures would be very useful to complement 

biomarker changes.  

As discussed previously in the introduction of this thesis, studies of FAD have shown 

that subtle cognitive changes can often predate the onset of clinical symptoms, with 

measures of verbal memory, processing speed and performance IQ having been 

shown to detect early decline 104,294. Additionally, measures of accelerated long-term 

forgetting (ALF) may be particularly sensitive to early hippocampal dysfunction in AD. 

As was discussed previously (Section 1.3.3), ALF refers to a process where 

information is learned and retained normally but is then forgotten at a more rapid 

rate than in those with normal hippocampal integrity and function. Impaired 

performance on measures of ALF has been seen in APOE ε4 carriers and FAD 

mutation carriers at a time when performance on standard cognitive measures was 

unimpaired 169,201.  

This study characterises the sequence and timing of cognitive decline in 

presymptomatic AD by analysing neuropsychological measures in an asymptomatic 

FAD cohort using an established data-driven computational model. 
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3.2 Hypotheses 

• Subtle changes in neuropsychological measures of ALF, processing speed, 

executive function, memory and IQ can be detected in preclinical AD using 

data-driven event based modelling.  

• Measures of ALF are among the first measures to detect cognitive change in 

preclinical AD. 

3.3 Contributions and collaborators 

The author, Professor N. Fox and Dr N. Oxtoby conceived the study. Dr P. Weston and 

Dr K. Lu contributed to participant recruitment and data collection. Dr N. Oxtoby and 

the author were responsible for data management and planning the statistical 

analysis. Dr N. Oxtoby performed data analysis to prevent the author being unblinded 

to the mutation status of participants. Preparation of figures and tables was carried 

out by Dr N. Oxtoby and the author. Interpretation of data was led by the author.  

3.4 Methods 

3.4.1 Study design and participants 

Thirty-five participants were recruited from UCL’s longitudinal cohort study of FAD 

from January 2015 to April 2016. For this sub-study participants needed to be 

asymptomatic, scoring zero on the CDR scale 279, and neither they nor their informant 

reporting progressive cognitive decline. Genetic testing using Sanger sequencing was 

conducted to determine mutation status of all participants – see section 2.1.8. 

3.4.2 Procedures 

Participants completed the study’s core battery of neuropsychological assessments, 

described in Chapter 2. A change in intellectual function was also tested for using the 

dementia index, derived by subtracting the current IQ (measured by the Wechsler 

Abbreviated Scale of Intelligence (WASI)) from the predicted premorbid IQ 

(measured by the National Adult Reading Test (NART))285,295. 



 103 

Verbal and visual measures of accelerated long-term forgetting were also completed. 

ALF was assessed using a 15-item word list, a short story and a complex figure (test 

materials can be found within Appendix 3). Participants were then tested on free 

recall of the word list, story, and figure immediately and at 30 min after presentation 

of the last learning trial for each test. For both story and word list, a minimum 

immediate recall score of 80% was required; maximum of 10 trials allowed per test 

modality. Free recall of material was then re-assessed at a 7-day interval. The 

outcome of interest was the proportion of material recalled at 30 minutes that was 

retained at day 7 – i.e. 7-day recall divided by 30-minute recall169. Subjective cognitive 

decline was assessed using the Everyday Memory Questionnaire (Appendix 4).   

3.4.3 Statistical analysis 

From cross-sectional data the probable sequence of cognitive decline in 

presymptomatic FAD was estimated using an event based model97,296. The event 

based model converts input data into severity scores (probability of abnormality) to 

estimate an order in which a set of measures become abnormal, and to estimate the 

uncertainty in that ordering. The ordering and its uncertainty are inferred from the 

combinations of normal and abnormal measurements across individuals, using cross-

sectional data, without defined cut-points, and without requiring any a priori staging 

variable (such as EYO). Due to the uniqueness of the cognitive battery used, no 

separate cohort data could be used for external validation, so the model was 

validated internally through cross-validation (described below). 

Healthy linear trends (if present, in non-carriers) of test score were first removed with 

years of formal education, age, and sex. Event based model severity (probability of 

cognitive abnormality) in each test score was determined using Kernel Density 

Estimation mixture modelling97. Using a mixture model replaces disease labels 

(mutation carrier / noncarrier) with pre-/post event based model labels to allow for 

different cognitive profiles (and disease severity) across mutation carriers. This 

enables the sequence to be estimated; this is not possible with standard group wise 

comparisons. Data from a single visit per individual (the research visit that coincided 

with their first ALF test) was used to fit the model. Figure 3-1 shows the event based 
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model severity measures and corresponding probability density functions (PDFs) for 

pre-event based model and post-event based model for each of the cognitive tests 

included in the model. Histograms are not displayed to avoid risk of inadvertent 

unblinding of mutation status of participants. 

   
ALF Story ALF List Everyday Memory 

Questionnaire 

     
ALF Figure Digit Symbol 

Substitution Digit Span forward 

    
Performance IQ Stroop ink colour Recognition Memory: 

Words 

    
Verbal IQ MMSE Graded Difficulty 

Arithmetic  
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Dementia index  Digit Span backward Recognition Memory: 

Faces 

 

 

Paired Associate 
Learning 

Figure 3-1. Event based model severity for cognitive test scores.  Pre-event based model 
distributions (green) are representative of non-carriers and relatively high-performing 
presymptomatic mutation carriers. Post-event based model distributions (red) correspond 
to relatively poorly-performing presymptomatic mutation carriers. Magenta curves showing 
the probability of an event based model as a function of test score. The event based model-
based model combines event based model severity across participants to estimate the 
sequence of presymptomatic cognitive decline.Abbreviations: PDF: Probability Density Function; 
ALF: Accelerated Longitudinal Forgetting; EMQ: Everyday Memory Questionnaire; DSST: Digit Symbol 
Substitution Test; PIQ: Performance Intelligence Quotient (IQ); VIQ: Verbal IQ; RMT :Recognition 
Memory Test; MMSE:Mini Mental State Examination; PAL: Paired Associate Learning. 

The event based model parameters are estimated using Markov Chain Monte Carlo 

sampling of the posterior distribution, which includes the maximum likelihood 

estimates and an explicit estimate of uncertainty 296. 

Based on their cognitive test score profile, participants were assigned to a numerical 

model stage reflecting their most probable position along the event based model 

sequence. This model stage reflects an individual’s current state of cumulative 

cognitive decline across the battery of tests. 

The model was cross-validated using repeated stratified 5-fold cross-validation. This 

involved randomly splitting the cohort into 5 subset folds of approximately equal size 

and equal representation across groups (carriers/non-carriers). The event based 

model is then fit/ trained on four folds and tested on the remaining fold, five times 

(using each fold as a test set once). This process was repeated for 50 different random 
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5-fold partitions, for a total of 250 trained models that are averaged to produce a 

robust and generalisable cross-validated model.  

Model similarity and consistency was assessed by quantifying statistical overlap of 

the posterior positional density across folds. The Bhattacharyya coefficient provides 

a measure of similarity by summarising overlap as single number between zero and 

one; 0 indicates there is no overlap between the posterior positional densities of two 

event based models, while 1 demonstrates that the positional densities overlap 

exactly. The Bhattacharyya coefficient was calculated pairwise between all 250 cross-

validation models, and then the overall CV similarly reported as the average and 

standard deviation of these scores (mean Bhattacharyya coefficient = 0.66 S.D. = 

0.04). The low standard deviation demonstrates high consistency between models 

across cross-validation folds.  

 

Figure 3-2: Cross-validation similarity across folds. High statistical overlap was observed, 
with an average CV similarity of !"#$$#%"#&''#	)*+,,-%-+.$ = 0. 22. Abbreviations: CV: 
cross-validation; BC: Bhattacharyya coefficient. 

Model accuracy was also investigated. For each of the 250 models trained during 

cross-validation, participants in the test set were staged to assess out-of-sample 

predictive performance against a ground truth defined as the final cross-validated 

model stage. Figure 3-3 shows model staging accuracy during cross-validation. 
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Accuracy was consistently high. Mean absolute error within folds varied between 0 

and 3 model stages, with an overall mean absolute error of 1.20. 

 

Figure 3-3 Cross-validation accuracy through model staging.  Cross-validation accuracy was 
consistently high across folds, with the mean absolute error consistently below 3 stages. 
Abbreviations: CV: cross-validation; STD: standard deviation. 

Additional validation was performed using bootstrapping; repeated stratified k-fold 

cross-validation is a standard cross-validation strategy for estimating model 

robustness and out-of-sample predictive performance in the absence of external 

data for validation. Event based model severity measures were first estimated using 

the entire cohort and then estimated for the sequence by averaging across 100 

bootstrap samples from the cohort. The possibility of selecting individual participants 

multiple times in each bootstrap sample biases the bootstrapped models towards 

those individuals, which ultimately produces a final event based model with higher 

variability. This method has been used widely for finding an upper bound on 

uncertainty in event based models297,298. 

Figure 3-4 shows the positional density heat maps for all models, side by side: 

maximum-likelihood (ML, left), cross-validated (CV, centre), and bootstrapped (BS, 

right). Qualitatively, the density remains close to the diagonal in all models. 

Quantitatively, they show high statistical similarity, with Bhattacharyya coefficients 

(discussed above) tightly distributed around 0.66 (±0.04 standard deviation).  
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Figure 3-4 Validation of the estimated sequence of presymptomatic cognitive decline in 
FAD from cross-validation (CV sequence, top-to-bottom). Side-by-side comparison of the 
posterior positional density maps for the maximum-likelihood (ML; left panel), cross-
validated (CV; centre panel), and bootstrapped (BS; right panel) models. Qualitative 
similarity is good, with all three maps showing concentrated density along the diagonal. 
Quantitative similarity is also high (see text). Abbreviations: BS: boot-strapped; CV: cross-
validation; ML: maximum likelihood. 

Balanced accuracy across the event based model stages was used to assess the 

model’s ability to separate mutation carriers from non-carriers. Balanced accuracy is 

the average of the sensitivity and specificity i.e. balanced accuracy = (sensitivity + 

specificity)/2.  

An estimate of the timing of cognitive decline was calculated by combining the event 

based model stage with EYO — essentially to estimate years between events. The 

event based model posterior (positional variance) row-wise was first summed to 

produce cumulative abnormality curves as a function of model stage. This was then 

used to map model-stage to EYO using linear regression of EYO against model stage 

in mutation carriers. This produced a group-level, probabilistic estimate of the timing 

of presymptomatic cognitive decline in FAD. 

 
3.5 Results 

Within the results section the demographics of the study participants are first 

described, then the experimental results on the sequence of cognitive decline, and 

finally the estimated timings of cognitive changes in FAD are presented. 
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3.5.1 Study participants 

Participants’ demographic details are shown in Table 3-1, with Table 3-2 displaying 

details of individual mutation groups. Of the 35 participants recruited, 21 were APP 

or PSEN1 mutation carriers and 14 were non-carriers. The median EYO of mutation 

carriers was −6.5 years (interquartile range −9.2 to −5.0 years). Carriers and non-

carriers were reasonably well-matched in terms of age, sex and years of education 

(see Table 1). 
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Table 3-1: Descriptive statistics and demographics of the FAD cohort in this study. 

 Mutation carriers  Non-carriers U (*c2) p 

N 21 14 – – 

Age 38.9 (33.6, 42.0) 39.5 (33.9, 43.5) 131 0.30 

Sex, M/F 11/10 6/8 *0.0429 0.84 

EYO –6.5 (–9.2, –5.0)  N/A 134 0.34 

Years of education 14 (12, 16) 14 (13, 17) 125 0.23 

ALF – Story 
 – Figure 
 – List 

66.8 (59.8, 81.9) 
70.2 (60.2, 79.4) 
43.7 (27.3, 59.7) 

93.1 (85.1, 95.2) 
88.2 (77.7, 91.2) 
71.4 (58.8, 76.4) 

47 
45 
54 

0.0004 
0.0027 
0.0009 

EMQ 18.3 (11.9, 27.6) 11.2 (8.7, 13.3) 62 0.0022 

DSST 57.1 (47.1, 62.4) 69.1 (58.6, 74.5) 62 0.032 

Digit Span– fwd 
         – back 

10.1 (7.4, 10.7) 
8.9 (6.6, 9.6) 

10.0 (9.4, 11.6) 
9.0 (6.9, 9.9) 

84 
110 

0.085 
0.31 

PIQ 108.4 (98.0, 113.6) 116.9 (109.0, 
126.4) 

60 0.01 

VIQ 101.8 (98.0, 107.4) 104.1 (97.3, 114.1) 100 0.26 

Stroop 50.0 (45.0, 57.6) 47.8 (38.5, 48.7) 77 0.076 

RMT – words 
        – faces 

49.3 (48.6, 49.7) 
43.2 (40.7, 47.9) 

49.0 (48.1, 49.3) 
43.5 (42.0, 45.6) 

78 
100 

0.054 
0.26 

MMSE 29.7 (29.1, 29.9) 29.4 (29.3, 29.7) 84 0.14 

Dementia Index –4.6 (–7.9, 2.6) –3.7 (–11.1, 2.6) 100 0.27 

GDA 14.1 (8.8, 16.6) 16.7 (13.0, 19.5) 82 0.074 

PAL 18.4 (14.2, 22.9) 18.4 (16.7, 19.9) 110 0.43 
 

Values quoted as median (interquartile range). Group comparisons were calculated using 
the Mann-Whitney U test (c2 contingency test for sex). 

Abbreviations: EYO – estimated years to symptom onset; M/F – male/female; EMQ – 
Everyday Memory Questionnaire; DSST – Digist Symbol Substitution Test; PIQ/VIQ – 
Performance/Verbal Intelligence Quotient; RMT – Recognition Memory Test; MMSE – 

Mini Mental State Examination; GDA – Graded Difficulty Arithmetic; PAL – Paired 
Associate Learning; N/A -not applicable. 
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Gene Mutation Number of individuals 

APP 

p.Thr719Asn 1 AR 

p.Val717Ile 3 AR  

p.Val717Leu 1 AR 

PS1 

Intron 4 2 AR 

p.Tyr115His 1 AR 

p. Tyr115Cys 1 AR 

p.Ser132Ala 2 AR 

p.Met139Val 2 AR 

p.Met146Ile 3 AR 

p.Glu184Asp 3 AR 

p.Ile202Phe 4 AR 

p.His214Tyr 1 AR 

p.Pro264Leu 1 AR 

p.Arg278Ile 3 AR, 

p.Glu280Gly 6 AR,  

ΔE9* 1 AR 
Table 3-2: The number of individuals from families with each mutation is given. Details 
relating to how many at risk participants for each mutation is given to ensure it is not 
possible the mutation status of any at risk individual to be revealed/deduced. ** The exon 9 
deletion (NM_000021.3:c.869-1G>T; p.Ser290Cys;Thr291_Ser319del) commonly referred to 
as ΔE9.  

 

3.5.2 Sequence of presymptomatic cognitive decline 

Figure 3-5 below shows the data-driven sequence (cross-validation model) of 

cognitive decline events in presymptomatic FAD, and uncertainty in the sequence, 

represented as a positional density map. High confidence (left-to-right) in the 

ordering (top-to-bottom) appears as a narrow diagonal. Lower confidence appears 

as broader regions.  
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Figure 3-5: Estimated sequence of presymptomatic cognitive decline in FAD  Probabilistic 
heat map shows higher confidence (left-to-right) in the ordering (top-to-bottom) as hotter, 
narrow diagonal regions. Cooler, broader regions show lower confidence in the ordering of 
events. Abbreviations: ALF: accelerated long-term forgetting; DSST: digit symbol 
substitution test; EMQ: everyday memory questionnaire; MMSE: mini-mental state exam; 
PAL: paired associate learning; PIQ: performance IQ; RMT: recognition memory test; VIQ 
verbal IQ.  

The model suggests the following sequence of cognitive decline in FAD: the first 

measure to become “abnormal” was ALF (story, figure and list), followed by 

subjective cognitive decline (Everyday Memory Questionnaire), timed executive 

function (Digit Symbol Substitution Test), working memory (digit span: forwards), 

general intelligence (Performance IQ, subsequently Verbal IQ) and inhibition 

(Stroop). Overlapping changes are then detected in other measures of episodic 

memory (Recognition Memory Test and later Paired Associated Learning), global 

cognition (MMSE), and arithmetic (Graded Difficulty Arithmetic).  

Figure 3-6 demonstrates the staging potential of the model in this presymptomatic 

cohort. Each participant in the dataset was assigned a model stage that best reflects 

their measurements (see Methods section and Young et al.298). Staging proportions 

for mutation carriers and non-carriers are shown in Figure 3-6(a), where a clear 

separation is seen between mutation carriers (advanced stages) and non-carriers 

(earliest stages, except for one outlier with a discordant cognitive profile; see 
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caption). This separation can be exploited to classify future patients (mutation 

carriers) from non-carriers in this presymptomatic cohort with reasonably high 

accuracy, as shown in Figure 3-6(c) — 90% balanced accuracy is achieved by 

classifying participants at stage 2 (ALF Story + ALF Figure) or above as future patients. 

This suggests that the generative model presented in this study may be useful for 

discriminative applications in preclinical Alzheimer’s disease. Figure 3-6(b) shows 

that model stage correlates with EYO in mutation carriers, despite EYO being 

completely separate from the model. 

3.5.3 Timing of presymptomatic cognitive decline 

Figure 3-7 shows the model-estimated curves for the timing of preclinical cognitive 

decline in this FAD cohort. The model used demonstrates data-driven cognitive 

abnormality as a function of EYO, and first displays decline in measures of ALF; verbal 

measures (ALF Story and List) begin to change before visual measures (ALF Figure). In 

this asymptomatic cohort, the model used estimates that changes in measures of ALF 

start approximately a decade prior to estimated onset of clinically significant 

cognitive decline. Levels of self-reported subjective cognitive impairment also begin 

to increase around this time. Later changes are seen in measures of timed executive 

function (Digit Symbol Substitution Test) and general intelligence (Performance IQ). 

As estimated symptom onset approaches, subtle changes start to occur in measures 

of inhibition (Stroop), verbal intelligence (Verbal IQ), global cognition (MMSE), 

memory (Recognition Memory Test, Paired Associate Learning, digit span), and 

arithmetic (Graded difficulty arithmetic).  
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Figure 3-6: Model staging results. (A) Model stage distribution by mutation status. Smoothed histograms of individual model stage in mutation carriers (red) and non-
carriers (broken green). Mutation carriers are at more-advanced stages, with all non-carriers except for one outlier being at stage one (ALF Story) or zero. This outlier 
demonstrated inconsistencies in cognitive performance with discordant scoring across tests of the same cognitive domain, e.g. low event probability for ALF list vs high 
event probability for ALF story. Model stage correlates with EYO in mutation carriers.  

(B) Model stage correlates with EYO (x-axis labels omitted to avoid unblinding). Linear regression: EYO ~ 1.1*(Model stage) – 11.5 (r2 = 0.24; p < 0.05). This equates to an 
average progression rate of approximately 1 model stage per year, starting 11 years before estimated symptom onset. 

(C) Model stage can be used to classify patients (mutation carrier) from controls (non-carriers) at a very early presymptomatic stage. 

Abbreviations: NC: non-carrier; MC: mutation carrier. 

 

A B C 
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Figure 3-7. Data-driven preclinical cognitive decline in familial Alzheimer’s disease.  
Cumulative probability of preclinical abnormality as a function of years prior to estimated 
disease onset. A plateau means the data suggest that preclinical cognitive decline has 
stalled — it does not mean that the test score is at floor/ceiling. Progression sequence is 
that of the cross-validated event based model in Figure 3-5. Abbreviations: EYO: estimated 
years to/from symptom onset. Other abbreviations in Figure 3-5 

3.6 Discussion 

This work uses data-driven modelling to assess the sequence and timing of early 

cognitive changes in FAD, as well profiling uncertainty within the demonstrated 

sequence of cognitive decline. The results presented in this chapter can contribute to 

advancing understanding of cognitive impairment in preclinical AD. In addition, this 

chapter illustrates the ability of event based modelling to stage disease progression, 

in this case the sequence of cognitive decline in presymptomatic mutation carriers, 

using cross-sectional data. The probabilistic cascade presented broadly agrees with 

current knowledge of cognitive decline in FAD in that measures of memory, 

processing speed and performance IQ are reasonably early events101,104,270. 

Additionally, this study shows the potential value of using novel neuropsychology 
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measures like ALF, as both verbal and visual measures of ALF appear relatively early 

in the event sequence.  

The finding that ALF tests are amongst the first events in the sequence builds on 

existing understanding of cognitive change in FAD; as was discussed within Chapter 

1 previous studies have shown impaired performance amongst cognitively normal 

mutation carriers when tests of recall are performed over extended intervals i.e. at 

least a one-week interval169,299. Similarly, long-term retention is impaired in clinically 

normally APOE ε4 homo- and hetero-zygotes when compared to age- and sex- 

matched non-E4 carriers201,300. Importantly no group differences, compared to 

controls, were detected amongst either APOE ε4 or FAD mutation carriers when free 

recall was tested over shorter intervals (i.e. 30 minutes) in these studies169,201,299; this 

is broadly consistent with the finding that ALF precedes more traditional memory 

measures e.g. Recognition Memory Test, in the event based model sequence, 

although one must be somewhat cautious comparing these findings as tests of 

recognition are often less demanding that assessments of free recall.  

The data-driven model of cognitive performance presented in this chapter provides 

an insight into the timing of presymptomatic cognitive decline in FAD. In this clinically 

normal cohort I found changes in measures of accelerated forgetting are detectable 

approximately a decade prior to estimated symptom onset; this change was defined 

as increases in the cumulative abnormality score of the event based model stage. This 

timing overlaps with the onset of metabolic changes in fluorodeoxyglucose PET in 

previous studies of FAD100. Cerebral hypometabolism reflects synaptic dysfunction 

which would be expected to result in cognitive decline. However, cognitive changes 

this far from symptom onset have not been routinely detected by traditional 

neuropsychology measures.  

This study uses cross-sectional data collected using a multi-domain neuropsychology 

battery to demonstrate a distinct ordering of cognitive change in presymptomatic 

mutation carriers. The model demonstrates early changes in tests of timed executive 

function, inhibition and performance IQ. This result is consistent with previous 

findings of early deficits in fronto-subcortical and general intellectual function in both 
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familial and sporadic forms of AD 104,294,301,302. Preclinical change in measures of 

processing speed and executive function have also been reported in cognitively 

normal amyloid-positive individuals 303. These results suggest that neuronal damage 

due to AD may be widespread even at an asymptomatic stage, highlighting the 

importance of conducting multi-domain cognitive testing in future presymptomatic 

studies.  

 Studies modelling cognition in preclinical sAD have also shown the value of multi-

domain testing304. Cognitive composites, like the preclinical Alzheimer’s cognitive 

composite (PACC), which is a combined measure of episodic memory, executive 

function and global cognition, have demonstrated declining performance amongst 

asymptomatic amyloid positive groups305,306. Similarly, a study assessing cognitive 

change in PSEN1 E280A carriers showed that tests of memory (verbal and visual 

recall) and global cognition (MMSE) are amongst the most sensitive neuropsychology 

measures for differentiating mutation carriers from non-carriers cross-sectionally204. 

Taken together with the sequence of cognitive decline presented above, these 

findings suggest that change can be detected in a wide array of cognitive functions, 

but especially in tests of memory, executive function and global cognition, amongst 

clinically normal individuals on the AD continuum.  

Additionally, the staging model presented in this study demonstrates differences in 

the ordering of change across these cognitive domains; declines in sensitive 

measures of memory (ALF) preceding declines in executive function (DSST) and global 

cognition (MMSE). In preclinical sAD, individual measures within the PACC also do 

not change uniformly307; memory tests are particularly sensitive to early cognitive 

decline while measures of global cognition begin to change closer to symptom 

onset203,307.  

This study’s investigation into the timings of early cognitive change in FAD revealed 

discrepancies between verbal and visual test measures. Abnormality in verbal 

measures of accelerated forgetting preceded changes in the visual measure; this 

needs to be replicated in larger longitudinal studies but implies verbal test measures 

may be particularly sensitive to early cognitive dysfunction in FAD. This finding also 
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holds with verbal measures of episodic memory (Recognition Memory Test-Words) 

predating change in the equivalent visual measure (Recognition Memory Test Faces); 

this observation has also been previously reported in a separate study of FAD294. 

Given that verbal episodic memory is critically dependent on the left hippocampus, 

whereas visual memory is more dependent on right hemispheric function, these 

results are consistent with a previous report of earlier left sided hippocampal atrophy 

in FAD134. However, this result needs to be interpreted with caution as there is no 

clear consensus on the hemispheric lateralisation of preclinical hippocampal atrophy 

in FAD181. Additionally, it is worth considering that this discrepancy may also be partly 

attributable to test characteristics and/or greater inter-individual differences in 

normal visual encoding and memory.  

There is growing interest in the clinical utility of subjective cognitive decline in AD. 

Memory concerns have demonstrated associations with pathological hallmarks of 

disease (cortical tau deposition as well as amyloid accumulation) 308,309. Subjective 

cognitive decline may, at least in some individuals, predict subsequent cognitive 

decline and progression to dementia. However, in FAD there have been conflicting 

reports on the utility of measures of subjective cognitive decline 177,178. In this study, 

self-reported decline appeared early in the sequence of preclinical cognitive change. 

This finding is consistent with a previous report of higher self-reported memory 

concerns in mutation carriers compared to non-carriers in an asymptomatic PSEN1 

kindred177. Similar results for predicting symptomatic progression in sAD add 

credence to the idea that some level of self-insight into cognitive difficulties is 

present during the preclinical course of AD310.  

The finding that tests of different cognitive measures are sensitive to detecting 

change over different time periods is analogous to hypothetical models of AD 

progression where biomarkers are dynamic during finite, sequential intervals165. This 

study only investigated the preclinical phase, so while the plateaus in Figure 3-7 may 

suggest that preclinical cognitive decline has slowed, longitudinal follow-up into the 

symptomatic phase is needed to clarify the full dynamic range of these measures. 

Such longitudinal work will also be important to fully characterise cognitive 

trajectories, as non-uniform patterns of change across neuropsychology measures 
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have previously been demonstrated in prodromal AD311. Notwithstanding this, the 

results of this study may be helpful to inform the selection of neuropsychology 

measures in clinical testing, as well as the choice of screening and outcome measures 

in future trials. For example, in AD prevention trials accelerated forgetting (ALF Story 

and List) and subjective cognitive decline (Everyday Memory Questionnaire) may be 

useful for early screening, while changes on other measures (e.g. Performance IQ) 

may be more useful as outcome measures. This could be operationalised using event 

based model derived staging: individuals at earlier model stages might be deemed 

suitable for screening into an early intervention clinical trial; and model stage could 

be used longitudinally as an outcome measure. Model stage could also inform clinical 

decision making and prognostication; individuals at later model stage being at higher 

risk of subsequent progression.  

The model presented in this study demonstrates a high degree of certainty for the 

staging of early events, however there is significant overlap for later cognitive 

measures. Phenotypic heterogeneity, which will result in inter-individual variability 

in cognitive profiles312, may be contributing to this uncertainty. Alternatively, overlay 

in event ordering may be due to these neuropsychology measures declining 

simultaneously. However, one needs to be cautious when interpreting the 

significance of the model staging system presented, particularly for late events, as 

mutation carriers in this study were on average over 7 years away from estimated 

symptom onset. Individuals this many years from symptom onset often show little to 

no change in many neuropsychological measures100,104,168. Future work in larger FAD 

cohorts with greater sampling of the late preclinical phase is needed to better clarify 

the timing of cognitive changes across the preclinical-clinical watershed  

3.7 Limitations 

This study has limitations. Firstly, the sample size is small (n = 35). Therefore, one 

needs to be cautious when interpreting the ordering of cognitive events, especially 

for later events where is there a high degree of uncertainty. Small numbers, allied to 

under sampling of those nearing symptom onset (median EYO of mutation carriers = 

-6.5 years, IQR= -9.2 to -5 years), suggests that this dataset is insufficient to provide 
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a precise sequence of cognitive change across the full presymptomatic continuum. 

Therefore, replication of this analysis in other, preferably larger, FAD cohorts, like the 

DIAN study, is needed. Additionally, the small sample size of this study precluded sub-

group analysis by genotype. The grouping together of APP and PSEN1 carriers in my 

analysis may have contributed to the reasonably high degree of uncertainty around 

event ordering. For instance, the overlap in later events may be partially driven by 

the inclusion of a mix of typical, memory led presentations (seen in >95% of APP 

missense mutation carriers) and atypical cognitive presentations (more commonly 

seen in PSEN1 compared to APP carriers)7. Therefore, it will be important for future 

studies to perform separate analyses of PSEN1 and APP carriers to investigate if the 

sequence of cognitive change is consistent across the two genotypes.   

Another limitation of this study was that only cross-sectional data was used; ideally 

participants would also be followed longitudinally enabling some individuals to be 

assessed as they enter the symptomatic phase of the disease. Follow-up data could 

also be used to test the longitudinal consistency of the event based model – one 

would expect that mutation carriers would progress to higher model stages at repeat 

assessments, while non-carriers should remain reasonably static at the same or lower 

event based model stage. Follow-up data would also enable fitting of alternative 

disease progression models such as differential equation models which could also be 

used to inform cognitive trajectories and timings156,297. Another limitation of this 

study is that neuropsychological tests of any given domain are not uniformly 

sensitive. Therefore, inclusion of more sensitive measures may lead to changes in the 

position of that cognitive domain within the sequence. Finally, practice effects were 

not accounted for in this study; practice effects may confound assessment of 

cognitive decline as they tend to diminish in those with preclinical and symptomatic 

AD313,314. It is also important to acknowledge that both mutation carriers and non-

carriers were used to fit the event based model and to perform model validation. In 

future, provided a larger data set was available, it would worth performing event 

based modelling of cognitive change in mutation carriers only as this may reduce the 

uncertainty of the event sequence.  
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Conclusion 

In summary, this chapter used data driven modelling to provide insights into the 

sequence and timing of early cognitive change in FAD. Results suggest that 

accelerated forgetting may be one of earliest features of AD-related cognitive decline 

and that subtle abnormalities can be detected in a wide-array of cognitive functions, 

even in clinically normal individuals. This chapter illustrates how data-driven 

stratification of cognitive performance can help inform the design of future clinical 

trials, and in particular how event based modelling can help to guide the selection of 

sensitive screening and/or outcome measures.  

3.8 Publications arising from this chapter 

O’Connor A, Weston PSJ, Pavisic IM, Ryan NS, Collins JD, Lu K, et al. Quantitative 

detection and staging of presymptomatic cognitive decline in familial Alzheimer’s 

disease: A retrospective cohort analysis. Alzheimer’s Res Ther 2020;12(1):126.  
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Chapter 4 Plasma p-tau181 in presymptomatic and symptomatic 

familial Alzheimer’s disease- a longitudinal cohort study 

4.1 Introduction 

Historically, a definitive diagnosis of AD required histopathological confirmation of 

Aβ plaques and NFT comprised of hyperphosphorylated tau 157. CSF biomarkers and 

PET ligands for Aβ and tau have transformed this approach (for further detail see 

previous sections 1.2.8 and 1.2.10): facilitating a more secure diagnosis in clinical 

practice, in life and before dementia161,163; improving screening for trials315; and 

allowing earlier intervention159. However, the invasiveness and cost of lumbar 

punctures and PET scanning limits the availability of these biomarkers, especially in 

low-resource settings. 

Blood-based biomarkers have advantages of ease, cost, acceptability and potential 

global applicability316. However, blood is a more challenging matrix than CSF with 

lower analyte concentrations, as well as extra-cerebral analyte production and 

metabolism. As was discussed in section 1.2.9, huge progress has occurred in the field 

of blood biomarker development despite these considerable challenges. Plasma NfL 

is now recognised as a robust, albeit non-specific, biomarker of neuronal damage316. 

More recently tau phosphorylated at threonine 181 (p-tau181) has emerged as a 

promising blood biomarker of amyloid pathology317,318. However, the ability of 

plasma p-tau181 to detect AD presymptomatically, and when and how 

concentrations change over time and in relation to NfL are still unclear. 

As discussed in section 1.3, cohort studies of FAD allow biomarker changes to be 

feasibly studied from presymptomatic stages through to cognitive and clinical 

decline. This study assessed whether plasma p-tau181 concentration is altered in 

mutation carriers relative to non-carriers and if changes occur presymptomatically. 

This study also investigated when changes in plasma p-tau181 and NfL first 

discriminate between carriers and non-carriers. Additionally, it examined the 

relationship between plasma p-tau181 and clinical decline, and the influence of FAD 

genotype. 
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4.2 Hypotheses 

• Plasma p-tau181 concentration is increased in presymptomatic mutation 

carriers.  

• Changes in plasma p-tau181 and NfL are detectable many years before 

symptom onset. 

• Plasma p-tau181 is associated with clinical change in FAD mutation carriers. 

4.3 Contributions and collaborators 

The study was performed in collaboration with Professor H Zetterberg and Professor 

K. Blennow (University of Gothenburg). The study was conceived by the author 

together with Professor Fox and Professor Zetterberg. Participant recruitment and 

collection of blood and clinical data were carried out by the author, Dr N Ryan, and 

Dr P Weston (previous clinical research fellows on the FAD study). Neuropsychology 

data were collected by Dr K Lu and Dr I Pavisic. Processing of blood samples to 

measure plasma NfL and p-tau181 was overseen by Professors Zetterberg and 

Blennow. The statistical analysis was planned by the author and Ms T Poole, and then 

performed by Ms T. Poole (to prevent the author being unblinded to the genetic 

status of participants). Preparation of figure and table was performed by the author 

and Ms T. Poole. Interpretation of data was led by the author.  

4.4 Methods 

4.4.1 Study design and participants 

Seventy participants were recruited from UCL’s longitudinal cohort study of FAD 

between 2010 and 2019. At enrolment 19 participants were symptomatic, with 

pathogenic mutations in PSEN1 or APP genes; 51 individuals were asymptomatic but 

at 50% risk of having inherited a mutation and thereby of developing symptoms at a 

similar age to their affected parent. 
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4.4.2 Procedures 

Procedures to determine the mutation and clinical status of all participants have been 

described previously in section 2.1.5. EYO was calculated as described in section 2.1.6 

As previously outlined in Chapter 2, participants completed an array of clinical and 

neuropsychology tests at the time of blood sampling. Clinical and cognitive 

assessments included in this study include the MMSE, the CDR-SOB, the digit symbol 

substitution test, and the recognition memory test (RMT)279,280,286,319.  

4.4.3 P-tau181 and neurofilament light quantification in plasma 

Non-fasting plasma samples were collected throughout the day in 10ml EDTA coated 

tubes. Samples were processed, aliquoted, and frozen at –80°C according to 

standardised procedures and shipped frozen to the Clinical Neurochemistry 

Laboratory, Sahlgrenska for analysis blinded to participants’ mutation status and 

clinical diagnosis. Samples from all time points were randomised and processed 

concurrently using the same kit and batch of reagents to maximise consistency.  

Plasma p-tau181 and NfL concentration were measured using Single molecule array 

(Simoa) methods on the Simoa HD-1 instrument (Quanterix, Billerica). The Simoa 

platform uses digital ELISA technology to detect target proteins that have been 

labelled with specific antibodies attached to paramagnetic beads (Figure 4-1). The 

target proteins are also labelled with immunocomplexes that have an enzymatic 

receptor capable of generating a fluorescent product when a chemiluminescent 

substrate is added to the sample. The sample is then loaded into arrays consisting of 

more than 200,000 microwells, each of which is only large enough to contain one 

bead (Figure 4-1). A solution is then added to seal each well and remove excess beads. 

The fluorescent signal produced is then imaged and digital counting is used to 

determine the average number of enzymes per bead. This information is then used 

to calculate the concentration of the target protein in the sample. The digital ELISA 

technology used in this Simoa technique improves the detection sensitivity by over a 

1000-fold compared to traditional ELISA measures, enabling reliable quantification of 
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low abundance proteins in blood.

 

Figure 4-1: Simoa technology. (A) Simoa HD-1 Analyzer with labels highlighting major areas 
of the instrument. (B) Central components involved in target protein (antigen) detection 
Key steps of protein detection are shown in panes C and D. (C) single protein molecules are 
captured and labelled on beads using standard ELISA reagents. (D) Magnetic beads with or 
without a labelled immunoconjugate are loaded into femtoliter-volume well arrays for 
isolation and detection of single molecules by fluorescence imaging. Fluorescence image of 
a small section of the femtoliter-volume well array is displayed. Whereas the majority of 
femtoliter-volume chambers contain a bead from the assay, only a fraction of those beads 
possesses catalytic enzyme activity, indicating a single, bound protein molecule. The 
concentration of protein in bulk solution is calculated using information derived from the 
percentage of beads that carry a bound protein molecule. 

 

The Simoa assay used to measure p-tau181 is based on a mouse monoclonal antibody 

specific for the threonine-181 phosphorylation site (AT270, Invitrogen, Waltham) 

coupled to paramagnetic beads, in combination with an N-terminal anti-tau mouse 

monoclonal antibody for detection, and full-length recombinant tau 441 

phosphorylated in vitro by GSK-3β as the calibrator, described in detail elsewhere318. 

Intra-assay coefficients of variation of a high (17·9 pg/mL) and a low (4·0 pg/mL) 

concentration quality control sample, each measured in duplicates at the start and 

B

C.    

D
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end of each run, were below 10%. One result was identified as an unusually high (128 

pg/mL) outlier and excluded, without knowledge of the individual’s mutation status. 

Plasma NfL was measured using the commercially available Simoa NfL assay on the 

HD-1 instrument following the manufacturer’s instructions: intra-assay and inter-

assay coefficient of variation of high (51·2 pg/mL) and low (6·8 pg/mL) quality control 

samples were < 7%.  

4.4.4 Statistical analysis 

Baseline (first visit) summary statistics and box plots of p-tau181 concentrations were 

separately produced for each group (symptomatic mutation carriers, 

presymptomatic mutation carriers, non-carriers). All other plots and analyses used 

data from all visits. Several participants exhibited large within-person changes in p-

tau181 over short time intervals, making fitting mixed models problematic. 

Specifically, models for p-tau181 with a random intercept (at actual or expected 

onset, depending on the model) and a (correlated) random slope either did not 

converge or converged with the estimated correlation between slope and intercept 

being unity. Instead, linear regression models with robust Huber-White standard 

errors that allowed for clustering within individuals and families were fitted to the 

repeated p-tau181 measures320,321. Clusters comprised individuals from the same 

family and mutation group. P-tau181 was log-transformed so normality assumptions 

concerning residuals were not materially violated; estimated coefficients were back-

transformed and expressed as multiplicative effects. Three initially presymptomatic 

individuals became symptomatic during follow-up i.e. developed symptoms of 

consistent and progressive cognitive change leading to a global CDR score >0. This 

resulted in an according change in their group membership. 

Age and sex adjusted differences in p-tau181 between groups were estimated, as 

were differences by genotype (PSEN1 vs APP, among all carriers) and by mutation 

position (pre- vs post-codon 200, among PSEN1 participants); these analyses were 

performed separately in presymptomatic and symptomatic carriers, the former 

models additionally adjusting for EYO, and the latter for actual years since symptom 
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onset (as well as age and sex). For non-carriers only, models assessed associations 

between p-tau181 and, separately, age and sex. 

To investigate p-tau181’s ability to discriminate i) non-carriers from symptomatic 

carriers and ii) non-carriers from presymptomatic carriers within 7 years of expected 

symptom onset, age- and sex-adjusted receiver operating characteristic (ROC) curves 

were plotted and areas under the receiver operating characteristic curve (AUC) 

calculated, with bias corrected bootstrapped 95% confidence intervals (1,000 

replications, cluster resampling). 

The age and sex adjusted relationship between log p-tau181 and EYO was modelled. 

Given prior experience and earlier findings that CSF p-tau181 decreases after 

estimated age at symptom onset 194,198, the inclusion of genetic mutation status and 

EYO, plus their interaction, as explanatory variables in the model, was prespecified 

and additionally the inclusion of quadratic and cubic terms for EYO, plus their 

interaction with genetic mutation status was also investigated. In fact, there was no 

evidence to include these terms. The estimated geometric mean longitudinal p-

tau181 concentration profiles for mutation carriers and non-carriers (and 95% 

confidence intervals) were plotted against EYO, standardised to a female aged 38·1 

years (mean age of non-carriers). The curvature of the fitted relationship is a 

consequence of the assumed linear relationship with log-transformed values, which 

is no longer linear after back-transformation. To estimate the timepoint at which 

there is evidence of divergence between mutation carriers and non-carriers the 

estimated difference in geometric mean p-tau181 between carriers and non-carriers 

was calculated, after adjusting for age and sex, for integer values of EYO between –

20 and 10 years. The point when this estimated difference was statistically 

significantly different from zero (p ≤ 0·05) was interpreted cautiously as an indication 

of where there was evidence that the estimated trajectory of p-tau181 over EYO for 

mutation carriers diverged from non-carriers. Separately, for participants with known 

symptom onset, p-tau181 was modelled as a function of years to/from onset, 

although here the p-value for the inclusion of a quadratic term was 0·057 and this 

was included. The modelled geometric mean longitudinal p-tau181 concentration 

profile (and its 95% confidence interval) for symptomatic mutation carriers was 
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plotted against actual years to/from onset, with the same age and sex 

standardisation as in the EYO graphs. In a sensitivity analysis we re-fitted this model 

omitting one participant with a large outlier value for known years to/from onset; 

the quadratic term was no longer statistically significant (p=0·264) but the estimated 

trajectory was similar. 

For comparison, the age and sex adjusted relationship between log NfL and i) EYO 

and ii) actual years to/from onset was modelled for participants with known 

symptom onset. For the former analysis the quadratic term gave a p-value of 0·057, 

while for the latter p-values for polynomial terms and their interactions with 

mutation status were far from 0·05, results consistent with earlier findings 198.    

Finally, to investigate the relationship between log-transformed p-tau181 and 

cognition over time, age and sex adjusted linear regression models were fitted with 

MMSE, CDR-SOB, Digit Symbol and Recognition Memory Test-average (separately) as 

predictors, using data from all visits, first in all mutation carriers and then separately 

for the symptomatic and presymptomatic groups; the models with Digit Symbol and 

RMT-average additionally adjusted for years in education. Bias corrected and 

accelerated bootstrapped 95% confidence intervals were computed here. 

4.5 Results 

Baseline demographic and clinical characteristics are presented in Table 4-1. Fifty-

one participants were asymptomatic (24 mutation carriers and 27 non-carriers); 

Table 4-2 gives mutation details. The mean age of the presymptomatic carriers, 37·2 

years, was similar to the mean age of the control group, 38·1 years. Presymptomatic 

carriers were, as expected, younger than the symptomatic carrier group: the mean 

EYO of the presymptomatic carriers was -9·6 years. There was no clinically relevant 

difference in MMSE score between non-carriers and presymptomatic carriers. 
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Table 4-1: Baseline characteristics (N=70) 

  
  

Non-carrier 
N=27 

Presymptomatic 
N=24 

Symptomatic 
N=19 P-value 

Sex, n (%) 
  Men 

  Women 

  
11 (41%) 
16 (59%) 

  
13 (54%) 
11 (46%) 

  
12 (63%) 
 7 (37%) 

  
0·308 * 

Age, years (mean 
(SD)) 38·1 (10·7) 37·2 (6·7) 50·7 (10·0) <0·001** 

EYO, years 
(mean (SD)) NA -9·6 (7·2) 4·5 (3·6) <0·001**  

MMSE (Median 
[IQR]) 

30 [30, 30]  
  

30 [29, 30] 
  

23 [16, 25] 
  <0·001**  

CDR Global 
(Median [IQR] 

0 [0, 0] 
  

0 [0, 0] 
  

0·5 [0·5, 0·8] 
(3 missing 

values) 
<0·001** 

CDR SOB 
(Median [IQR]) 

0 [0, 0] 
  

0 [0, 0] 
  

3·5 [1·8, 4·3] 
(3 missing 

values) 
<0·001** 

Samples per 
participant 
(mean (SD)) 

2·2 (1·4) 2·5 (1·1) 1·7 (1·3) NA 

Interval1, years 
between p-

tau181 samples  
(mean (SD)) 

1·7 (1·1) 
 

1·6 (1·0) 
  

1·4 (1·0) NA 

Duration of 
follow-up, years 

(mean (SD)) 
2·0 (2·3) 2·5 (2·2) 1·1 (2·0) NA 

P-tau181 (pg/ml) 
(mean (SD)) 9·7 (9·3)  16·9 (11·0)  23·7 (10·5) <0·0001‡ 
NfL (pg/ml) 

(mean (SD)) 2 5·8 (2·0)  8·7 (3·5) 18·9 (10·1) <0·0001‡‡ 
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Table 4-2: The number of individuals from families with each mutation is given, divided in 
to symptomatic (S) or asymptomatic but at risk (AR).  Details relating to how many at risk participants 
for each mutation were mutation carriers is not given to ensure it is not possible the mutation status of any at risk individual 
to be revealed/deduced. ** The exon 9 deletion (NM_000021.3:c.869-1G>T; p.Ser290Cys;Thr291_Ser319del) commonly 
referred to as ΔE9. APP mutations investigated lie near the γ-secretase cleavage site.  

Adjusting for age at visit and sex, concentrations of plasma p-tau181 were 

significantly higher in both symptomatic and presymptomatic carriers compared with 

non-carriers (observed baseline data shown in Figure 4-2). The estimated percentage 

difference in mean p-tau181 between symptomatic carriers and non-carriers was 

204% higher (95% CI:115%, 330%, p<0·001), and 73% higher (95% CI:22%, 145%, 

Gene Mutation Number of individuals 

APP 

p.Thr719Asn 1 AR 

p.Val717Gly 2 S 

p.Val717Ile 2 S, 6 AR  

p.Val717Leu 1 S, 3 AR 

PS1 

Intron 4 2 S, 5 AR 

p.Ala79Val 1 S 

p.Tyr115His 1 S, 1 AR 

p.Glu120Lys 1 S, 1 AR 

p.Ser132Ala 2 AR 

p.Met139Val 1 S, 2 AR 

p.Val142Ile 1 S 

p.Met146Ile 2 AR 

p.Glu184Asp 1 S, 5 AR 

p.Ile202Phe 4 AR 

p.Gly206Ala 1 S 

p.His214Tyr 3 AR 

p.Ala246Glu 2 AR 

p.Pro264Leu 2 AR 

p.Pro267Ser 1 S 

p.Arg269His 2 AR 

p.Arg278Ile 3 AR, 

p.Glu280Gly 2 S, 8 AR,  

ΔE9* 1 S 
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p<0·001) in presymptomatic carriers compared to non-carriers. Additionally, p-

tau181 concentration was elevated in symptomatic compared to presymptomatic 

mutation carriers (76% higher, 95% CI:20%, 158%, p<0·001). Within the control group 

a one-year increase in age was associated with a non-significant 0·6% increase in 

plasma p-tau181 (95% CI:1·1% decrease, 2·4% increase; p=0·477). In this group there 

was no significant sex difference in p-tau181 with men having an estimated 19·2% 

higher concentration (95%CI:11·1% lower, 59·7% higher; p=0·224). 

 

Figure 4-2: Box and whisker plots for observed baseline plasma p-tau181 concentration 
across the 3 groups. The measured unadjusted plasma p-tau181 concentrations at baseline 
are shown. Mutation carriers have been divided into those who are symptomatic and those 
who are presymptomatic.  

 

ROC analyses of p-tau181 (Figure 4-3) showed the ability of individual measures of p-

tau181 to discriminate between symptomatic carriers and non-carriers of the same 

age and sex with an adjusted AUC of 0·93 (95% CI:0·85, 0·98); and discriminated 

between presymptomatic individuals within 7 years of estimated symptom onset and 

non-carriers of the same age and sex with an adjusted AUC of 0·86 (95% CI:0·72, 

0·94).  
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Figure 4-3: Age- and sex-adjusted receiver operating characteristic (ROC) curves.  (a) 
Symptomatic mutation carriers versus non-carriers. (b) Presymptomatic mutation carriers within 7 
years of expected symptom onset versus non-carriers. Area under the receiver operating 
characteristic curve (AUC) values are the probability that a randomly selected ‘case’ (here, a 
symptomatic mutation carrier or a presymptomatic carrier within 7 years of expected onset, 
respectively) is ranked as being at greater risk of being a ‘case’ than a randomly selected control of 
the same age and sex. 

The difference in mean p-tau181 concentrations between all mutation carriers and 

non-carriers estimated from our model was first significant (p=0·050) 16 years prior 

to estimated symptom onset (Figure 4-4, Table 4-3), after adjusting for age and sex. 

Plasma NfL levels in carriers began to diverge from non-carrier levels at a similar time, 

becoming statistically significant at EYO of -17 years (p=0·033).  

  

Figure 4-4: Trajectory of plasma biomarkers against estimated and actual years to/from 
onset.  Mutation carriers represented in red; non-carriers in black. Modelled changes in 
geometric mean plasma p-tau181 (a) and plasma NfL (b), for a hypothetical female aged 
38·1 years (the average age of non-carriers), against estimated years to/from onset. Dotted 
lines indicate 95% confidence intervals.  

 

a b
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EYO 
(years) 

P-tau181  
(p-value) 

NfL  
(p-value) 

-20 0·27 0·18 
-19 0·20 0·12 
-18 0·13 0·065 
-17 0·085 0·033 
-16 0·050 0·015 
-15 0·027 0·0055 
-14 0·014 0·0017 
-13 0·0061 0·00046 
-12 0·0025 0·00010 

-11 0·00096 <0·0001 

-10 0·00033 <0·0001 

-9 0·00011 <0·0001 

Table 4-3: Evidence for divergence between mutation carriers and non-carriers in plasma 
biomarkers at sequential EYO timepoints. P-values from tests of whether the estimated 
difference between carriers and non-carriers for geometric mean i) plasma p-tau181 and ii) 
plasma NfL is statistically significantly different from zero, after adjusting for age and 
gender, for integer values of EYO between –20 to –9 years. P-values expressed to two 
significant figures unless p<0·0001.  

For 24 mutation carriers, age at symptom onset was known – this allowed me to 

analyse the biomarker changes against actual as opposed to expected symptom 

onset: modelling p-tau181 and NfL changes in this group showed broadly consistent 

results with their respective EYO models (Figure 4-5). I did not find any evidence of 

continuing progressive increases in p-tau181: directionally the analysis suggested 

deceleration on a logarithmic scale, although this was not formally statistically 

significant (p=0·057). 
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Figure 4-5:Modelled changes in geometric mean plasma p-tau181 (a) and plasma NfL (b) 
against actual years to/from symptom onset for a hypothetical female carrier aged 38·1.  
There were 24 symptomatic subjects where actual age at onset was known, 19 of whom 
were already symptomatic at time of first plasma sampling and five subjects who became 
symptomatic after their baseline sample; for three of these plasma sampling took place 
before and after symptom onset. Dotted lines indicate 95% confidence intervals. 

For several participants, there were large within-person changes in p-tau181 

concentrations over relatively short time intervals; also seen, to a lesser extent, in 

plasma NfL levels (Figure 4-6). 

Figure 4-6: Observed plasma p-tau181(a) and plasma NfL(b) concentrations against 
estimated years to/from symptom onset. To preserve blinding to genetic status of all 
observed values for timepoints more than 19 years before expected symptom onset and 
more than 10 years after expected symptom onset are shown in grey; some timepoints 
have been removed for at risk individuals who could be identified by their number of visits. 

An analysis including all mutation carriers and all visit data found evidence of an 

association between p-tau181 and each of CDR-SOB, MMSE and RMT-average (Table 

4-4). However, when the presymptomatic group was analysed separately only the 

association between plasma p-tau181 and RMT-average remained statistically 

a b 

a b 
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significant. In contrast, p-tau181 in the symptomatic group showed a statistically 

significant association with CDR-SOB and no evidence of an association with RMT-

average. Investigating an association with MMSE in symptomatic carriers resulted in 

a bootstrap 95% confidence interval with an upper limit that was close to, but just 

included, zero. There was no evidence of association between p-tau181 and the Digit 

Symbol in any mutation group.  

 

 
 

MMSE 
  

CDR SOB Digit Symbol RMT-average 

N 
MC: 43 

PMC: 24 
SMC: 19 

MC: 40 
PMC: 24 
SMC: 16 

MC: 30 
PMC: 20 
SMC: 10 

MC: 35 
PMC: 23 
SMC: 12 

All mutation 
carriers (MC) 

  
4·5% decrease  

(2·6% decrease, 
7·5% decrease)*  

16·2% increase  
(6·8% increase, 

27·6% increase)* 

0·7% decrease  
(1·7% decrease, 
 0·1% increase) 

3·1% decrease 
(6·5% decrease, 
0·8% decrease)* 

Presymptomatic 
(PMC) 

  
12·0% decrease  

(31·5% decrease, 
4·7% increase) 

Not applicable1 
0·1% decrease  

(1·6% decrease, 
 1·3% increase) 

3·4% decrease 
(12·8% decrease, 
0·02% decrease)* 

Symptomatic 
(SMC) 

  
1·6% decrease  

(3·2% decrease, 
0·2% increase)  

10·5% increase  
(4·5% increase, 

15·0% increase)* 

0·1% decrease  
(1·6% decrease, 
 1·3% increase) 

1·8% increase, 
(2·6% decrease, 
5·4% increase) 

Table 4-4: Associations between p-tau181 concentration and cognitive measures for 
mutation carriers.  Percentage (%) increase/decrease (95% CI) in p-tau181 for a one unit 
increase in the cognitive test score. All analyses adjust for age and sex; models for RMT-
average and Digit Symbol additionally adjust for years of education. *Significant 
associations i.e. confidence intervals do not include zero.1 CDR SOB equal to zero for all but 
one observation in this group N: Number with data for the cognitive variable; MC: mutation 
carrier; SMC: symptomatic mutation carrier; PMC: presymptomatic mutation carrier; RMT: 
Recognition Memory Test 
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To analyse the influence of genotype and mutation position on p-tau181, 

symptomatic and presymptomatic carriers were analysed separately. In the 

presymptomatic group (details Table 4-5), after adjusting for age, sex and EYO, there 

was no significant difference in p-tau181 concentration between APP and PSEN1 

mutation carriers (p=0·284), nor between PSEN1 individuals with mutations pre- and 

post-codon 200 (p=0·844). Within the symptomatic group, after adjusting for age, sex 

and actual years since onset, there was no difference between APP and PSEN1 

carriers (p=0·921). There was evidence (p=0·010) that symptomatic PSEN1 individuals 

with mutations beyond codon 200 had higher p-tau181 concentrations (55% higher; 

95% CI:13%, 113%) than those with mutations before codon 200 (Figure 4-7).  

Median/IQR of person-level p-tau181 medians 

  Presymptomatic  Symptomatic 

APP 
14·5 

(8·4, 17·6) 
N=6 

17·0 
(16·4, 19·0) 

N=5 

PSEN1 
14·2 

(9·9, 19·9) 
N=18 

25·1 
(19·1, 39·8)  

N=14 
      

PSEN1  
Pre-codon 200 

15·3 
(13·5, 18·6) 

N=10 

23·5 
(18·3, 29·5) 

N=8 

PSEN1  
Post-codon 200 

11·2 
(9·7, 22·8) 

N=8 

32·2 
(21·9, 42·0) 

N=6 
Table 4-5: Plasma p-tau181 levels according to genetic subgroup. Median and IQRs of 
observed plasma p-tau181 values grouped by genetic mutation and mutation position. All 
data were used and medians of person-level medians calculated to allow for repeated 
measures at the individual level.  
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Figure 4-7: Observed baseline p-tau181 values for PSEN1 individuals by disease status and 
by mutation position pre- vs. post-codon 200.  A box shows the median, and 25th and 75th 
percentiles; the whiskers extend to the largest value less than or equal to the upper 
quartile + 1.5 times the interquartile range, and the smallest value greater than or equal to 
the lower quartile - 1.5 times the interquartile range; values outside this range are shown 
individually. 

4.6 Discussion 

This study tested whether increases in p-tau181 concentration can be detected in 

blood both before and after symptom onset in FAD, as well as investigating when 

changes in plasma concentration can first be identified. This work broadens 

understanding of the trajectory of plasma p-tau181 in AD by demonstrating that p-

tau181 levels were significantly increased in symptomatic and in presymptomatic 

mutation carriers compared to non-carriers. Additionally, the symptomatic group 

had higher p-tau181 than the presymptomatic group suggesting that concentrations 

increase as the disease progresses across these stages.  

This study shows a divergence in plasma p-tau181 concentration prior to the onset 

of cognitive decline, with a significant difference between mutation carriers and non-

carriers from 16 years before estimated symptom onset. Changes in plasma NfL levels 

began at a similar time (EYO -17 years). The timing of these biomarker changes is in 
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line with previous studies in FAD as well as being consistent with findings in sAD 

where changes in plasma p-tau181 and NfL begin soon after changes in CSF amyloid-

b113,194,198,322,323. 

This study shows evidence of an association between plasma p-tau181 and global 

cognition in symptomatic carriers. This association was not seen presymptomatically. 

This is perhaps expected given that these individuals include those many years from 

onset – at a stage when there may be little or no decline in CDR-SOB and MMSE 

scores100,195. However, we did see a relationship between p-tau181 concentration 

and presymptomatic performance on a measure of memory function (RMT-average) 

– a domain that is usually amongst the first to decline - suggesting that the p-tau181 

levels reflect pathological changes with early cognitive consequences. This is 

consistent with findings in sAD where baseline and longitudinal p-tau181 

concentrations in both cognitive unimpaired and cognitively impaired amyloid 

positive individuals were associated with subsequent cognitive decline 324. 

When actual age at onset data were used we did not find evidence of continuing 

progressive increases in p-tau181 throughout the symptomatic period. This must be 

treated cautiously given the small numbers of symptomatic participants. However it 

is consistent with previous CSF studies in sporadic and familial AD which report that 

p-tau181 does not continue to increase after symptom onset – implying a plateau 

effect194,325,326. Additionally recent evidence from sAD has shown that increases in 

both CSF and plasma p-tau181 concentrations decelerate with higher baseline 

levels323. Furthermore, a study involving symptomatic individuals with post-mortem 

verified AD demonstrated that plasma p-tau181 concentrations do not continue to 

increase in the final years of life327. Taken together, these findings suggest that 

plasma p-tau181 levels in symptomatic AD may reach or approach a plateau in 

concentration – analogous to that seen in amyloid PET imaging 156. 

Elevated plasma p-tau181 concentrations distinguished symptomatic carriers from 

non-carriers with reasonable diagnostic accuracy (AUC >0·90). Studies in sAD similarly 

found higher plasma p-tau181 concentrations in AD dementia suggesting this effect 

is not limited to FAD317,328. Plasma p-tau181 increases may be relatively specific to AD 



 139 

as they have not been seen in frontotemporal dementia318,329. In addition, this study 

found that plasma p-tau181 discriminated between presymptomatic carriers nearing 

symptom onset and non-carriers (AUC 0·86 [95% CI:0·72, 0·94]); this accords with 

reports of elevated p-tau181 levels in blood in cognitively normal amyloid positive 

individuals317,318. Taken together, these findings suggest plasma p-tau181 may prove 

to be an accessible marker of AD pathology with potential for widespread use even 

in low resource settings. Given global efforts to improve diagnosis in dementia this is 

needed now but will be even more important with the advent of disease modifying 

therapies.  

Symptomatic carriers had plasma p-tau181 concentrations on average about three 

times that of non-carriers with the presymptomatic group having a mean 

concentration between control and symptomatic groups, after adjusting for age and 

sex. These are remarkable ratios given this is a blood-based assay. Nonetheless, the 

overlap between groups, allied to the variability in concentration within individuals, 

suggests that plasma p-tau181 may be most useful in combination with blood 

biomarkers of amyloid, as seen in CSF where tau/Ab ratios proved most useful in 

clinical practice. The potential diagnostic utility of a plasma p-tau181/Ab ratio has 

been supported by the recent finding that plasma p-tau181/Ab42 ratio outperforms 

either plasma p-tau181 or the plasma Ab42:40 ratio in detecting amyloid PET 

positivity, both in symptomatic and cognitive unimpaired cohorts 330. Additionally it 

will be important to compare diagnostic performance of plasma p-tau181 with other 

promising p-tau markers, especially with plasma p-tau217 and plasma p-tau231; 

increases in plasma concentrations of both of these biomarkers seem to be 

reasonably AD specific and to begin before the onset of clinical symptoms121,122.  

There was evidence of considerable intra-individual variability in plasma p-tau181 

concentration; variability has previously been reported in NfL levels in the same 

cohort198. It is unlikely that disease-related processes are solely responsible for these 

within-subject variations as changes were also seen in non-carriers. Timing of 

sampling may account for some volatility as intra-individual fluctuations have been 

shown in same-day CSF p-tau181 levels331. Research is needed to understand and 
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reduce intra-individual variability in plasma p-tau181 before it can be an effective 

screening measure.  

The timing of changes in plasma p-tau181 contrasts with the timing of changes 

reported with tau PET. Studies in FAD have found that tau PET standardised uptake 

value ratios increased at the time of symptom onset, rather than before, and can only 

be detected many years after increases in CSF p-tau181 concentration have 

begun147,332. Similarly, in sAD, changes in CSF and plasma p-tau181 precede tau PET 

increases, with levels of p-tau181 first starting to increase before the threshold for 

amyloid PET positivity is reached323,333,334. The difference in timings between PET and 

plasma measure of tau may be due to differences in sensitivity of the techniques or 

alternatively tau-PET and p-tau181 changes may reflect different aspects of AD 

pathology. CSF and plasma p-tau181 may represent an amyloid response; increased 

soluble tau release has been reported in the presence of amyloid pathology and 

plasma p-tau181 increases as a function of higher amyloid burden335,336. The timing 

of plasma p-tau181 changes in this study supports the concept of alterations in tau 

processing being related to, or synergistic with, changes in cerebral amyloid100,332.  

In light of previously reported clinical, imaging and neuropathologic differences 

between APP and PSEN1 mutations carriers, I investigated the influence of genetic 

group on p-tau181 levels7,89,129. After adjusting for age at visit, sex and disease 

duration, there was no difference in p-tau181 between APP and PSEN1 carriers, 

suggesting changes in p-tau181 are not gene-specific. There was some evidence that 

symptomatic PSEN1 post-codon 200 carriers had higher p-tau181 concentrations 

than pre-codon 200 carriers. Although it is important to avoid over-interpreting this 

finding in such small numbers, it is interesting to note that carriers with mutations 

after codon 200 have more severe amyloid angiopathy and higher rates of 

neurofibrillary tangle accumulation89,131. Heterogeneity in pathobiology may 

contribute to differences in p-tau181 concentration; further studies are, of course, 

needed.  
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4.7 Limitations 

This study has limitations. First, PET or CSF data was not available for participants in 

this study therefore it was not possible to confirm diagnosis or subgroup cases by 

amyloid or tau status. However, as was discussed in Chapter 1, FAD is a well 

characterised disease in terms of its pathological changes and the diagnosis in 

affected individuals is relatively secure100,182. Additionally, this study is retrospective; 

prospective studies are needed to investigate the physiological and 

pathophysiological drivers of variability in biomarker concentration. 

 It will also be important to examine the impact of different genetic modifiers on 

biomarker levels. For example studies in sAD have shown that APOE ε4 is associated 

with higher p-tau181 levels in CSF, however APOE has not been found to have a major 

impact on biomarker levels in FAD14,194,337. Additionally, it will be important for 

future, larger studies to investigate the influence of FAD genotype on p-tau181 

concentration: in this study symptomatic PSEN1 carriers (median =25·1, IQR = 19·1 - 

39·8) did have somewhat higher levels than symptomatic APP carriers (median= 17·0, 

IQR= 16·4 - 19·0), although this difference was not statistically significant after 

adjusting for age, sex and actual years since onset (p=0·921). In addition, 

symptomatic PSEN1 post-codon 200 carriers had higher p-tau181 levels than pre-

codon 200 carriers. Given the small numbers included in these exploratory analyses, 

it will be important for these findings to be replicated in future larger studies. The 

grouping together of APP and PSEN1 carriers within the mutation carrier groups could 

be seen as a weakness, especially given the potential influence of mutation site on p-

tau181 concentration. However, the detection of very significant group differences 

in p-tau181 levels between mutation carriers and non-carriers, in spite of inter-

genotype heterogeneity, is reassuring and signals the potential robustness of plasma 

p-tau181 as a biomarker of AD pathology. 

The contribution of analytical factors will be important to investigate, however are 

unlikely to account for all the variability seen here as all samples were analysed in the 

same laboratory using the same batch of reagents. It will also be important for future 

studies to investigate the influence of pre-analytical factors on plasma concentration 
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of p-tau181. This study used retrospective samples collected from 2010 to 2019. 

During this time period there was some variability in the pre-analytical handling of 

samples, in particular the time interval between sample collection and sample 

processing, and the temperature at which samples were stored during this interval, 

was not consistent. These inconsistencies in sample handling may have contributed 

to the considerable fluctuations in plasma p-tau181 concentration seen within this 

study. Given the relative ease of acquiring blood samples prospective studies 

investigating the influence of pre-analytical and analytical factors on plasma 

biomarker concentration are likely to follow in the near future.  

4.8 Conclusion 

This study provides insights into the timing and trajectory of blood biomarker 

changes in FAD; demonstrating that increases in p-tau181 can be detected 

presymptomatically, beginning over a decade prior to estimated symptom onset and 

in close temporal proximity to the first detectable changes in NfL, with concentration 

changes decelerating later in the disease course. Taken together these findings 

suggest that changes in tau phosphorylation may, at least partly, be triggered by the 

presence of intra-cerebral amyloid pathology, and are closely associated with 

neurodegeneration. These insights into the pathobiology of AD may accelerate 

therapy development and refine clinical trial design. Additionally, the significant 

increase in p-tau181 concentration seen, both before and after symptom onset, 

suggest that p-tau181 has the potential to be an accessible biomarker of AD 

pathology, although a greater understanding of drivers of variability in p-tau181 

concentration is first needed.  

4.9 Publications arising from this chapter 

O’Connor A, Karikari TK, Poole T, Ashton NJ, Lantero Rodriguez J, Khatun A, et al. 

Plasma phospho-tau181 in presymptomatic and symptomatic familial Alzheimer’s 

disease: a longitudinal cohort study. Mol Psychiatry. 2020; 1–10. 

https://doi.org/10.1038/s41380-020-0838-x 
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Chapter 5 Tau accumulation in familial Alzheimer’s disease: a 

longitudinal [18F] flortaucipir study 

5.1 Introduction 

Understanding early pathological change in Alzheimer’s disease (AD) is important for 

realising effective disease modifying treatments. Improved characterisation of tau 

accumulation in preclinical AD is especially important as this hallmark protein of AD 

is an increasingly attractive treatment target.  

As was discussed in Chapter 1, tau build-up can be reliably detected in-vivo using tau 

PET scanning, with one tracer ([18F]flortaucipir (FTP)) already receiving regulatory 

approval for clinical use 338,339. FTP signal in symptomatic AD has been extensively 

studied; it correlates with tau pathology at post-mortem144,340, distinguishes AD from 

other neurodegenerative conditions341,342 and is associated with cognitive change, 

cortical hypometabolism, neurodegeneration and future disease 

progression142,145,212,343,344. However, the ability of FTP to detect AD 

presymptomatically, and when tau signal changes in relation to symptom onset is still 

unclear; some longitudinal studies in sporadic disease have shown increased rates of 

change amongst cognitively unimpaired amyloid positive groups213,345, while others 

have not346,347. 

Similarly, cross-sectional studies in FAD have shown clear increases in tau PET signal 

in symptomatic disease, although evidence supporting presymptomatic signal 

change is less consistent147,193. A recent longitudinal study demonstrated increased 

rates of change in mutation carriers; however, a separate comparison, restricted to 

presymptomatic carriers, was not performed192.  

The study presented here uses longitudinal tau PET data to investigate the rate and 

pattern of tau accumulation in presymptomatic and symptomatic FAD cases. This 

study also examines when changes in tau PET first discriminate between carriers and 

non-carriers. 
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5.2 Hypotheses 

• Significant neocortical FTP uptake will be detectable in symptomatic 

mutation carriers. 

• Neocortical FTP uptake will only be detected in presymptomatic mutation 

carriers approaching symptom onset.  

• The precuneus and posterior cingulate cortex, regions which have early 

atrophy in FAD, will be amongst the first cortical regions to detect 

divergence in FTP SUVRs between mutation carriers and non-carriers.  

5.3 Contributions and collaborators 

The author and Professor N. Fox conceived the study. The author and Dr P. Weston 

(previous clinical fellow), were responsible for participant recruitment and data 

collection at the UCL site. Data at the Washington University site was collected as 

part of the DIAN observational study: a multi-centre study of FAD, further details 

available in previous publication by Morris et al348 and at the DIAN study website 

(https://dian.wustl.edu/our-research/observational-study/). The author, Dr D Cash, 

Dr P Markiewicz and Dr M Scholl contributed to image processing and analyses. The 

statistical analysis was planned by the author and Ms T Poole, and then performed 

by Ms T. Poole (to prevent the author from being unblinded to the genetic status of 

participants). Preparation of figure and table was performed by the author and Ms T. 

Poole. Interpretation of data was led by the author.  

5.4 Methods 

5.4.1 Study design and participants 

Participants for this analysis came from two sites: 19 participants were recruited from 

a longitudinal cohort study of FAD at the DRC, UCL and 43 participants were recruited 

from Washington University in St. Louis as part of the DIAN observational study 147,348. 

All visits were performed between March 2015 and July 2019. All participants were 

over 18 years of age and either had a clinical diagnosis of FAD or were at risk of FAD 

with an affected parent. Exclusion criteria were co-existing neurological or psychiatric 

disease that interfered with cognition or contraindications to PET or MRI. The study 
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was approved by the local Research Ethics Committee at each site and written 

informed consent was obtained from participants or their caregivers.  

At enrolment, seven participants were symptomatic, and 55 were asymptomatic but 

at a 50% risk of carrying a pathogenic mutation and thereby developing cognitive 

changes at a similar age to their affected parent. One asymptomatic participant had 

an EYO of >10 years and an inconsistent cognitive profile on neuropsychology testing, 

and was therefore excluded from the dataset.  

5.4.2 Procedures 

Procedures to determine the mutation and clinical status of participants at the UCL 

site have been described previously in section 2.1.5. Similarly, participants at the 

Washington University site were also assessed using the CDR scale, and were deemed 

to be “symptomatic” if consistent symptoms of cognitive decline were reported and 

the CDR was greater than zero. 

EYO for all participants, regardless of study site, was calculated as described in 

section 2.1.6 

FAD mutation status was determined using Sanger sequencing at both sites; results 

for all participants were provided only to statisticians, ensuring blinding of 

participants and clinicians.  

 

5.4.3 Image acquisition 

The FTP tracer used in this study binds with high affinity, and reasonable specificity, 

to the paired helical filaments (PHF) of tau found in AD349. Following intravenous 

injection, FTP distributes throughout the body via bloodstream, and enters into brain, 

where it primarily binds to PHF tau. Positrons are then emitted from the nucleus of 

F-18 and travel a short distance before combining with an electron (Figure 5-1). This 

collision results in an annihilation reaction with the masses of these particles being 

converted into their energy equivalent (E = mc2) resulting in the emission of two 511-

keV photons almost exactly 180° apart. These two 511-keV photons are detected 
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electronically as a coincidence event when they strike opposing detectors 

simultaneously. The figure below illustrates one line of coincidence detection, but in 

an actual tomograph, millions of detector pair combinations record events from 

many different angles around a subject simultaneously. After correction for photon 

attenuation, tomographic images of tissue concentration are reconstructed – further 

details below.  

 
Figure 5-1: Principles of PET reproduced from Berger350. 

Due to differences in regulatory requirements, the FTP dose injected depended on 

the site (141+/-17 MBq for UCL, 322+/-32 MBq for Washington University). All PET 

scanning was performed on Siemens Biograph PET/CT scanners 

For all PET scans, a low-dose CT scan was performed for attenuation correction. 

Images were acquired at 80-100 minute post injection. Reconstruction parameters 

were harmonised across sites, using an Ordered Subset Expectation maximisation 

algorithm with 3 iterations and 24 subsets (21 for DIAN). The use of a Siemens 

scanner at both sites and the similarity of reconstruction parameters meant that a 

smoothing kernel was not applied.  

Structural MRI was acquired on a Siemens Prisma scanner with a 3D magnetization-

prepared rapid gradient echo (MPRAGE) T1-weighted scan. A subset of individuals 

(N=26) returned for one (N=23) or two (N=3) repeat visits with tau PET and MRI.  
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5.4.4 Image processing 

All PET frames within a static acquisition were motion corrected and averaged to 

form mean non-attenuation corrected (NAC) and attenuation corrected (AC) PET 

images. MRI data was processed using the Geodesic Information Flow (GIF) algorithm 

which generates a subject-specific whole brain and cerebellar parcellation 351. The 

cerebellar parcellation, based on the Spatially Unbiased Infratentorial Template for 

the cerebellum (SUIT) template352, was used to generate an inferior cerebellar grey 

reference region, similar to the one outlined by Baker et al353. Rigid registration of 

MRI to the mean NAC PET data was performed using the NiftyReg package354. 

Standardised uptake value ratio (SUVR) images were created using the inferior 

cerebellar grey matter region of interest as the reference region by which FTP uptake 

in any given target region was divided. The choice of target regions of interest (ROIs) 

was based on sporadic and familial AD literature135,147,148,355. I chose five regions, (1) 

the entorhinal cortex, which approximates to a Braak I/II stage, (2) a temporal lobe 

meta-ROI that approximates to a Braak III/IV, and (3) a more global composite-ROI 

that represents the areas found in Braak V/VI213,355. This global composite-ROI does 

not include the posterior cingulate and the precuneus; these regions were assessed 

separately given that their early susceptibility to atrophy in FAD 135.  

Longitudinal processing followed a similar pipeline to the cross-sectional data (Figure 

5-2). First, the baseline and follow-up T1-weighted scans were non-linearly registered 

using the Statistical Parametric Mapping (SPM) algorithm that is optimised for 

longitudinal change356. The longitudinal registration produces a T1 in a midpoint 

space between the two timepoints. The midpoint T1 was then parcellated using GIF 

as described in the cross-sectional analysis. Transformations from the midpoint T1 to 

the individual MR timepoints were composed with the individual PET-MR rigid 

registrations to produce a mapping from the midpoint T1 directly into the native PET, 

ensuring consistent ROIs were being used for the SUVR analysis across timepoints. 

Partial volume correction was not performed. 
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Figure 5-2 Schematic of longitudinal PET processing pipeline. TB and TR represent the 
PET to MR rigid transformations for the baseline and repeat timepoints. TM represents the 
deformation field that warps the baseline to the midpoint space Because this is a symmetric, 
diffeomorphic transformation, the inverse of this transformation warps the repeat into the midpoint 
space. After the midpoint T1 image has been parcellated using GIF, one consistent set of regions can 
be warped back into the respective native spaces by composing these transformations together.  

Image processing was performed blind to participants’ mutation status and clinical 

diagnosis. There were two individuals whose tau PET scans did not pass quality 

control due to motion artefact. These two participants were excluded from the 

subsequent analyses, reducing the number of individuals included in the study to 59. 

5.4.5 Statistical analysis 

Baseline (first visit) summary statistics were calculated for the three groups of 

interest (symptomatic mutation carriers, presymptomatic carriers, non-carriers), and 

box plots of baseline FTP SUVR values produced for each of the five ROIs showing the 

three groups. All other plots and analyses used data from all visits. Longitudinal plots 

of FTP SUVR against EYO were produced for each ROI, identifying the three groups. 

Differences in FTP SUVR between groups, adjusted for age at visit, sex and study site, 

were estimated for each ROI using linear mixed effect models that included random 

intercepts at both family and individual levels, in each case with different variances 

by group where appropriate, and additionally allowed for the variances of the model 

residuals to differ by group. For the 26 study participants with more than one visit, 

rate of change in FTP SUVR was calculated between the first and last visit (3 

individuals had more than two visits). Differences in rate of change for each ROI 

between non-carriers and presymptomatic carriers were estimated using linear 
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regression models adjusting for age at the mid-point between first and last visit, sex 

and study site; robust standard errors were used for the posterior cingulate and 

precuneus analyses due to heteroskedasticity of residuals. There was no evidence to 

use random intercept models for the rate of change analyses. 

The relationship between FTP SUVR and EYO was modelled using a linear mixed effect 

model for each ROI. The fixed effects were age at visit, gender, study site, mutation 

status (carrier vs non-carrier), EYO, an interaction between carrier status and EYO 

and, for mutation carriers only, a quadratic term for EYO. A random intercept was 

included for individuals from the same family and mutation group; in addition, 

residual variances were allowed to differ by mutation status. The estimated mean 

FTP SUVR values (and 95% confidence intervals) for mutation carriers and non-

carriers were plotted against EYO, standardized to a population with equal numbers 

of males/females, equal representation of the two study sites, and aged 38.9 years 

(the mean baseline age of participants in the study). In order to estimate the 

timepoint at which there was evidence of divergence by mutation carrier status, the 

estimated difference in mean FTP SUVR between carriers and non-carriers, after 

adjusting for age, sex, and study site, was calculated for integer values of EYO 

between –20 and 10 years. The point when this estimated difference was statistically 

significantly different from zero (p≤0·05) was interpreted cautiously as an indication 

of where (EYO point) there was evidence that the estimated trajectory of FTP SUVR 

for mutation carriers diverged from non-carriers. In sensitivity analyses models were 

re-fitted omitting participants with outlier standardized residuals. 

All analyses were performed using Stata v16. 

5.5 Results 

5.5.1 Participant demographics 

Baseline demographic and clinical characteristics are presented in Table 5-1; 

presymptomatic mutation carriers were reasonably well-matched with non-carriers 

in terms of age, and were, as expected, younger than symptomatic carriers; the mean 

EYO for presymptomatic mutation carriers was -13.6 years.  
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Table 5-1: Baseline characteristics 

  Non-carrier PMC SMC 

N 23 29 7 

Sex, n (%) 

  Men 

  Women 

 
16 (70%) 
7 (30%) 

 
 16 (55%) 
13 (45%) 

 
5 (71%) 
2 (29%) 

Age, years (mean (SD)) 40.9 (12.4) 34.6 (7.0) 49.8 (9.5) 

EYO, years (mean (SD)) N/A -13.6 (7.5) 2.5 (3.9) 

MMSE (Median [IQR]) 30 [29, 30]  30 [29, 30]  27 [20, 29]  

CDR Global (Median 
[IQR])  0 [0, 0] 0 [0, 0]  0.5 [0.5, 1] 

Tau PET follow-up 
interval, years (mean, 

(SD), number with more 
than one visit) 

 

2.1 (0.8) 
n=9 

2.4 (1.0) 
n=15 

2.8 (1.9) 
n=2 

Abbreviations: CDR = Clinical dementia rating; EYO = estimated years to/from 
symptom onset; IQR = Interquartile range; MMSE = Mini Mental State Examination; 
PMC = presymptomatic mutation carrier; SD = standard deviation; SMC = 
symptomatic mutation carrier.  

 

5.5.1 Tau PET change in symptomatic FAD 

Adjusting for age at visit, sex and study site, absolute FTP SUVRs in all 5 ROIs were 

significantly greater in symptomatic mutation carriers compared to both non-carriers 

and presymptomatic carriers (observed baseline data shown in Figure 5-3; all p-

values <0.001 for comparisons with symptomatic mutation carriers, as shown in 

Table 5-2); the greatest magnitude of difference between non-carriers and 
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symptomatic mutation carriers was seen within the precuneus and posterior 

cingulate gyrus regions.  

Table 5-2: Difference in absolute values of FTP SUVR uptake across regions of interest 

Region Joint test of a 
difference between 

Non-
carrier/PMC/SMC 

PMC vs Non-
carrier 

SMC vs Non-
carrier 

SMC vs PMC 

entorhinal P<0.0001 0.01  
( -0.07, 0.08)  

 (p=0.87) 

0.68  
 ( 0.50,0.86) 
 (P<0.001) 

0.67 
 (0.48, 0.86) 
 (P<0.001) 

metatemporal P<0.0001 -0.00  
(-0.06 , 0.05) 

(p=0.91) 

0.88  
(0.60 , 1.16) 

(P<0.001) 

0.88  
(0.60 , 1.17) 

(P<0.001) 

metaglobal P<0.0001 0.01 
 (-0.05 , 0.07) 

(p=0.78) 

0.82 
 (0.58 , 1.05) 

(P<0.001) 

0.81  
(0.57 , 1.05) 

(P<0.001) 

postcingulate P<0.0001 0.08  
(-0.02, 0.18 ) 

(p=0.12) 

1.73  
(1.22 , 2.23) 

(P<0.001) 

1.65  
 (1.13 , 2.16 ) 

(P<0.001) 

precuneus P<0.0001 0.07  
(-0.03 , 0.17) 

(p=0.18) 

1.66  
(1.25 , 2.07 ) 

(P<0.001) 

1.59 
 (1.17 , 2.01) 

(P<0.001) 

Abbreviations: PMC = presymptomatic mutation carrier; SMC = symptomatic 

mutation carrier 

The small number of symptomatic individuals with more than one visit (N=2) 

precluded formal statistical comparisons of rates of change in symptomatic carriers 

against both non-carriers and presymptomatic carriers. However, spaghetti plots did 

demonstrate increases in FTP signal over the course of the scanning interval for these 

two symptomatic individuals (Figure 5-4): very high rates of change were seen in the 

precuneus and posterior cingulate (0.14 – 0.72 SUVR/year), while there was also clear 

change within entorhinal and meta-temporal regions (0.13 - 0.41 SUVR/year).
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Figure 5-3: Box and whisker plots for observed baseline FTP SUVR values across the three groups. The unadjusted FTP values in all 5 ROIs at baseline are 
shown. Mutation carriers have been divided into those who are symptomatic and those who are presymptomatic. Boxes show the median and first and 
third quartiles. Dots represent individual observations. 
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Figure 5-4: FTP signal uptake against EYO. Measured values of FTP uptake in all 5 ROIs against EYO. Symptomatic mutation carriers are represented in red, 
presymptomatic carriers in blue, and non-carriers in black. Those measurements that belong to the same individual are connected by a line.  
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5.5.1 Tau PET change in presymptomatic FAD 

Adjusting for age at visit, sex, and study site, there were no statistically significant 

differences in absolute values of FTP between presymptomatic carriers and non-

carriers (all p-values ≥0.12; Table 5-2). Similarly, statistical analyses did not find any 

significant differences, across the ROIs investigated, in age, sex, and study site-

adjusted rates of change between presymptomatic carriers and non-carriers (p-

values ≥0.08; Table 5-3). 

Table 5-3: Estimated difference in rates of change of FTP SUVR uptake between 
presymptomatic mutation carriers (PMC) and non-carriers, after adjusting for age, sex 
and study site. 

Region PMC vs Non-carrier 

Entorhinal -0.04 (-0.09,0.01) P=0.08 

Metatemporal -0.03 (-0.07 , 0.02) P=0.20 

Metaglobal -0.03 (-0.06 , 0.01) P=0.20 

Postcingulate 0.01 (-0.05 , 0.07 ) P=0.74 

Precuneus 0.01 (-0.04 , 0.07) P=0.62 

 

At an individual level, spaghetti plots demonstrate a heterogenous pattern of FTP 

uptake change amongst presymptomatic carriers, even within the same EYO range 

(Figure 5-4). However, it is interesting to note that a small cluster of presymptomatic 

carriers, nearing symptom onset, do show very striking increases in observed FTP 

signal; changes most clearly seen in the precuneus and posterior cingulate region 

(Figure 5-4, tau PET images for illustrative cases displayed in Figure 5-5).  

5.5.1 Pattern and timing of tau PET signal change 

Visual inspection of PET images of symptomatic mutation carriers revealed 

prominent and extensive FTP uptake across the neocortex (illustrative cases 

displayed in Figure 5-5). In contrast, very little uptake and signal change was seen in 

non-carriers, while longitudinal imaging of some presymptomatic mutation carriers 
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who were approaching symptom onset did show increasing FTP uptake, most notably 

in extra-temporal, posterior regions (Figure 5-5).  

Figure 5-5: Longitudinal tau PET images from a selection of FAD family members. Abbreviations: 

PMC = presymptomatic mutation carrier; SMC = symptomatic mutation carrier; NC = Non-carrier.  

The earliest significant difference in absolute FTP values across the 5 ROIs studied 

was within the precuneus, with significant adjusted differences between mutation 

carriers and non-carriers being detected from around 10 years prior to estimated 

symptom onset (Figure 5-6, Table 5-4). Significant adjusted differences in absolute 

FTP SUVRs were also detected between non-carriers and carriers in the other ROIs 

studied: from an estimated 7 years (posterior cingulate and entorhinal) and 6 years 

(meta-temporal and composite-global) prior to symptom onset. In sensitivity 

analyses where models were refitted omitting outlier values (3 outliers for entorhinal 

and posterior cingulate, 1 outlier for other ROIs) the ordering of first detectable group 

difference was similar i.e. first significant for precuneus (EYO = -8 years), then 

posterior cingulate (EYO = -7 years), meta-temporal (EYO = -6 years), composite-

global (EYO = -6 years) and finally entorhinal region (EYO = -5 years).  
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 Tau (FTP SUVR) (MC vs NC) 
earliest significant (p<0.05) 

difference 

 (EYO)  

(p-value*) 

 

Estimated difference (MC vs NC) 

(FTP SUVR) (95% CI) 

Precuneus -10 
(p=0.03) 

0.22 
(0.02, 0.43) 

Postcingulate -7 
(p=0.02) 

0.40 
(0.07, 0.73) 

Entorhinal -7  
(p= 0.04) 

0.16 
(0.01, 0.31) 

Meta-
temporal 

-6  
(p= 0.03) 

0.20 
(0.02, 0.38) 

Composite-
global 

-6 
(p= 0.02) 

0.20 
(0.03, 0.37) 

Table 5-4: Ordering of outcomes by estimated years to symptom onset (EYO) point at which a 
significant difference in FTP uptake was identified between mutation carriers (MC) and noncarriers 
(NC), after adjusting for age at visit, sex and study site. *test of the null hypothesis that the 
adjusted difference is zero 
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Figure 5-6: Trajectory of FTP SUVR against estimated years to/from symptom onset. Graphs compare mutation carriers (red) and non-carriers (blue) for estimated mean 

absolute FTP uptake, with the x-axes representing estimated time to/from onset of progressive cognitive symptoms (EYO). Graphs are shown for each region of interest. 

The plots presented are standardized to a population with equal numbers of males/females, equal representation of the two study sites, and aged 38.9 years (the mean 

baseline age of our participants). Dotted lines indicate 95% confidence intervals. 
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5.6 Discussion 

This longitudinal tau-PET study of FAD demonstrated significant group differences in 

absolute FTP values between symptomatic carriers and both presymptomatic carriers 

and non-carriers. However, neither absolute FTP SUVRs nor rate of change measures 

detected increased signal in presymptomatic carriers compared to non-carriers. That 

said, some asymptomatic carriers did display clear longitudinal increases in FTP 

signal, most prominently in posterior neocortical regions; this is consistent with the 

finding that FTP deposition is detected within the precuneus region reasonably early 

in the disease cascade, with changes beginning around 10 years prior to estimated 

symptom onset.  

The finding of relatively early FTP accumulation in the precuneus and posterior 

cingulate gyrus (from around 10 and 7 years prior to estimated symptom onset 

respectively) suggests that these extra-temporal posterior regions are particularly 

susceptible to early tau accumulation in FAD. This is perhaps unsurprising given that 

these regions are also among the earliest regions to show increased rates of atrophy 

in FAD128,135, consistent tau burden and atrophy being spatio-temporally 

correlated357,358. 

The finding that tau accumulation can be detected in these neocortical regions at 

around the same time, or potentially even before, entorhinal change conflicts with 

traditional Braak staging of the sequence of regions with tau (based on elderly 

individuals and sAD), which suggests that tau deposition begins in the trans-

entorhinal cortex before being detected in the hippocampus, with tau then being 

identified in the temporal lobe, and thereafter being found within cortical association 

areas359. This inconsistency may be partly attributable to methodological reasons: the 

low spatial resolution of PET complicates the accurate quantification of the SUVR 

values in small volume regions like the entorhinal cortex, whereas post-mortem 

histological examination is better suited to the examination of this thin cortical 

structure. This discrepancy may also be partly due to pathological differences 

between sporadic and familial AD; tau pathology in FAD has a predilection for 
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posterior regions, while temporal tau levels tend to be higher in sporadic compared 

to familial disease147,360. However, early FTP signal in the precuneus is not a feature 

exclusive to FAD: this region has demonstrated high FTP signal in some studies of 

prodromal sAD361–363, and is a key hub in the default mode network, which is known 

to be particularly susceptible to tau pathology in sAD364,365. In addition, data-driven 

modelling of tau spread has revealed that tau deposition in approximately 17% of AD 

cases tends to spare the medial temporal lobe and is instead characterised by early 

tracer build up in the precuneus366. Taken together these findings highlight the value 

of examining in-vivo tau accumulation in regions beyond the confines of traditional 

Braak staging. 

The finding that absolute tau PET SUVRs were increased in symptomatic carriers 

compared to non-carriers is consistent with prior studies in FAD147,192. Additionally, 

this study demonstrates that neither absolute SUVR measures nor rates of change 

were increased in presymptomatic carriers compared to non-carriers. These results 

are broadly in line with a previous study of FAD which did not detect a difference in 

absolute SUVR levels between presymptomatic carriers and non-carriers, although 

another cross-sectional study of PSEN1 E280A carriers did show a significant increase 

in tau signal within the parahippocampal gyrus when presymptomatic carriers were 

compared to non-carriers 147,193. However, a subsequent longitudinal study from the 

same group did not detect a significant difference between mutation carriers and 

non-carriers in rates of FTP change within either inferior temporal or entorhinal 

regions192. Taken together with the results of the study presented here, these 

findings suggest that significant increases in tau PET signal are not consistently 

detected in FAD prior to symptom onset.  

That said, the absence of significant differences between the presymptomatic and 

non-carrier group in this study may be partly due to under-sampling of those close to 

symptom onset (average EYO = -13.6 years). The inability of longitudinal tau PET to 

detect signal increases has also been seen in preclinical sAD where many, but not all, 

studies have failed to detect significant FTP increases in cognitively normal, amyloid 

positive groups213,346,347,367. As in this study, the absence of group differences may be 

partly due to an over-representation of individuals far from symptom onset, as 
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significant tau accumulation in sporadic disease only begins once a high threshold of 

amyloid accumulation (>68 Centiloids on amyloid PET) has been reached345.  

Inter-individual variability between and within mutation, as well as imprecision in the 

estimates of time to onset, may also have contributed to the lack of a group 

difference between presymptomatic carriers and controls: spaghetti plots show 

increased rates of change in some, but not all, carriers approaching symptom onset. 

This heterogeneity may be partly due to inter-mutation differences: compared to 

PSEN1 pre-codon 200 cases, post-codon 200 carriers have higher plasma p-tau181 

levels and higher tau burden at post-mortem 89,368. However it is interesting to note 

that variability in FTP change was also seen in a study of a single-mutation FAD 

kindred192. Another potential source of variability is the use of EYO as a proxy 

measure of symptom onset. This measure, while it does provide a reasonable 

estimate of future age at onset14, is not without error due both to variability in age 

at onset between family members and to imprecision in determining the time of 

cognitive decline in a preceding, now often deceased, generation72. Therefore, to 

have a greater understanding of the exact timing of tau changes in FAD, future studies 

should ideally investigate the distribution of tau SUVRs relative to actual, as opposed 

to estimated, symptom onset. Additionally, it will also be important for future studies 

to characterise other drivers of heterogeneity, and in particular the impact of 

different lifestyle factors and genetic modifiers on the pathobiology of disease. For 

example, homozygosity of the APOE ε3 Christchurch mutation (previously discussed 

in Section 1.4.4) has already been shown to confer resistance to tau pathology in FAD: 

a PSEN1 E280A amyloid positive mutation carrier had limited tau burden on PET 

scanning despite being over 30 years beyond the median age of onset of MCI264.  

Symptomatic rates of change were very high in this study (0.11-0.56 SUVR/year), 

considerably greater than the ~0.05 SUVR/year change in FTP reported in previous 

longitudinal studies of sAD213,347, but were, however, consistent with previous tau 

PET studies in FAD192,340. High rates may be partly attributable to the pathobiology of 

FAD: neuropathology work has shown higher rates of neurofibrillary tangle 

accumulation in FAD compared to sAD88,369. However high rates may also be partly 

due to an age effect; greater levels of FTP signal, and higher accumulation rates, have 
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also been found in younger patients with AD146,214,347. This suggests that 

neurodegenerative processes, and in particular the accumulation of tau, may be 

more aggressive in earlier onset and in (at least some) familial forms of AD.  

This study has a number of limitations. The most important is the small sample size. 

It is also important to consider the findings of this study in the context of the inherent 

limitations of the techniques used. Firstly, due to the relatively recent availability of 

tau PET, and in particular the limited number of longitudinal tau PET studies, 

consensus has yet to emerge on the optimal post-processing method for longitudinal 

analysis, although this is a growing focus of research interest370. In particular debate 

is ongoing about the use of partial volume correction, the most appropriate reference 

regions for SUVR analysis and ideal modelling methods371,372. Secondly the low spatial 

resolution of PET complicates the accurate quantification of the SUVR values in small 

volume regions like the entorhinal cortex. Thirdly off target tracer binding, which is 

seen in the choroid plexus and basal ganglia, can complicate the accurate 

quantification of SUVRs within nearby ROIs such as the medial temporal lobe - a 

region which is outperformed by both the lateral temporal and global ROIs in terms 

of test retest repeatability371,373,374. An additional important limitation of longitudinal 

FTP studies is the kinetics of this tracer, which does not reach a steady state even at 

130 minutes post injection375. This is particularly problematic for longitudinal SUVR 

analysis as minor differences in the timing of scanning could potentially compromise 

the longitudinal consistency of intra-individual PET sessions.  

An additional limitation of this study is the inclusion of a mix of PSEN1, PSEN2 and 

APP carriers within the mutation carrier groups. Furthermore, the small sample size 

precluded sub-group analysis of inter-genotype differences in FTP uptake. As 

discussed above inter-mutation heterogeneity may account for some of the inter-

individual variability in rate and pattern of FTP uptake. Therefore, it will be important 

for future, larger studies to investigate the influence of FAD genotype on FTP signal 

change, as it is possible that group differences between presymptomatic carriers and 

non-carriers might be detected if more homogenous genetic groups were studied.  
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Conclusion 

This study demonstrates that presymptomatic tau tracer uptake is not consistently 

detected in FAD, although increases may sometimes be seen in mutation carriers 

nearing symptom onset. Of the regions studied, the precuneus showed reasonably 

early change. Therefore, it will be important for future studies investigating the 

timing and sequence of tau spread in AD to study uptake in this region. 

This study also shows that symptomatic carriers have very high FTP signal, along with 

dramatic increases in tau deposition over time, with rates of change being greater 

than those reported in sporadic disease. This suggests that tau accumulation may be 

especially aggressive in FAD, highlighting the potential value of trialing anti-tau 

treatments in this genetically determined form of AD.  
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Chapter 6 The influence of genotype on plasma Aβ ratios in familial 

Alzheimer’s disease: a cross-sectional cohort study  

6.1 Introduction 

Understanding AD pathogenesis is critical to realising disease-modifying treatments. 

I discussed in Chapter 1 how FAD can be a valuable model for characterising the 

molecular drivers of AD. In that chapter I also outlined the biochemical processes that 

the literature, particularly from cell and animal work, suggests are involved in 

amyloid production. I will briefly review these here. 

PSEN1, the catalytic subunit of γ-secretase, sequentially cuts APP; initial 

endopeptidase cleavage generates an amyloid-beta (Aβ) peptide, either Aβ49 (major 

product) or Aβ48 (minor product)376. Subsequent proteolysis largely occurs down two 

pathways: Aβ49>46>43>40 or Aβ48>45>42>38251. As Aβ49 is the predominant 

endopeptidase cleavage product, normal APP processing largely leads to Aβ40 

formation376. Pathogenic FAD mutations alter APP processing resulting in more, 

and/or longer, aggregation prone, Aβ peptides, which accelerate cerebral amyloid 

accumulation leading to typical symptom onset in 30s to 50s100,253. 

APP duplications, as well as the APP KM670/671NL (Swedish) mutation, increase Aβ 

peptide production, while point mutations centred around the γ-secretase cleavage 

site of APP (e.g. 717 point mutations and those nearby) and pathogenic PSEN1/2 

mutations increase production of longer (e.g. Aβ42) relative to shorter (e.g. Aβ40) 

peptides226,253. However, there are intriguing inter-mutation differences in Aβ 

profiles. PSEN1 mutant lines produce increased Aβ42:38 ratios reflecting impaired γ-

secretase processivity253,377. In contrast, APP mutations at the γ-secretase cleavage 

site increase Aβ38:40 ratios (i.e. a relative increase in Aβ38 compared to Aβ40 as well 

as the relative increase in Aβ42), consistent with preferential processing down the 

Aβ48 pathway377. To date, studies examining the influence of FAD genotypes on Aβ 

ratios in CSF have also shown that PSEN1 mutations are associated with decreased 
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levels of shorter Aβ peptides (Aβ37, Aβ38, Aβ39) and increased production of longer 

Aβ peptides (Aβ42)254,378,379, however in-vivo studies investigating inter-genotype 

differences in Aβ profiles have thus far been lacking.  

Increasingly sensitive mass spectrometry-based assays now make it possible to 

measure concentrations of different Aβ moieties in plasma 117. Therefore, I aimed to 

analyse plasma Aβ levels in our FAD cohort, and thereby to explore influences of 

genotype and clinical stage, and examine relationships between ratios and both 

parental age at onset and EYO. I also wanted to assess consistency with in-vitro 

models of Aβ processing – which have hitherto provided most of the data about Aβ 

peptide production. 

6.2 Hypotheses 

• Aβ42:38 ratio is a read out of the efficiency of carboxypeptidase cleavage by 

γ-secretase, therefore I hypothesised that PSEN1 mutation carriers would 

have higher Aβ42:38 ratio levels compared to non-carriers. 

• The Aβ38:40 ratio is a marker of γ-secretase cleavage pathway. As APP 

mutations are believed to favour processing along the 48 pathway APP 

mutation carriers should have higher Aβ38:40 ratios compared to both non-

carriers and PSEN1 carriers. 

• Both APP and PSEN1 carriers would have a higher Aβ42:40 ratio compared to 

non-carriers due to effects of pathogenic mutations on APP processing. 

• Higher Aβ42:38 and Aβ42:40 ratios would be associated with earlier 

estimated ages at symptom onset in PSEN1 mutation carriers. 

6.3 Contributions and collaborators 

The study was performed in collaboration with Professor H Zetterberg and Professor 

K. Blennow (University of Gothenburg). The study was conceived by the author, 

Professor N. Fox and Professor H. Zetterberg. Participant recruitment and collection 

of blood and clinical data were carried out by the author, Dr N Ryan, and Dr P Weston 

(previous clinical research fellows on the FAD study). Processing of blood samples to 

measure plasma amyloid was overseen by Professor H Zetterberg and Professor K. 
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Blennow. Work involving induced pluripotent stem cells was supervised by Professor 

S. Wray. The statistical analysis was planned by the author and Ms T Poole, and then 

performed by Ms T. Poole (to prevent the author being unblinded to the genetic 

status of participants); a sub analysis involving participants where mutation status 

was known was performed by the author. Preparation of figures and tables was 

performed by the author and Ms T. Poole. Interpretation of data was led by the 

author.  

6.4 Methods 

6.4.1 Study design and participants 

Sixty-six participants were recruited from UCL’s longitudinal cohort study of FAD 

between August 2012 to July 2019. At enrolment 18 participants were symptomatic, 

with known pathogenic mutations in PSEN1 or APP genes; 48 individuals were 

asymptomatic but at 50% risk of having inherited a mutation and thereby of 

developing symptoms at a similar age to their affected parent. 

6.4.2 Procedures 

Procedures to determine the mutation and clinical status of all participants have been 

described previously in sections 2.2 and 2.7. Estimated years to clinical onset (EYO) 

was estimated from parental age at onset as described in section 2.8.  

6.4.3 Measurement of plasma Aβ levels 

EDTA plasma samples were processed, aliquoted, and frozen at −80°C according to 

standardised procedures discussed in Chapter 2 and shipped frozen to the Clinical 

Neurochemistry Laboratory, Sahlgrenska University Hospital. Assays were all 

performed blinded to participants’ mutation status and to clinical state (symptomatic 

or not).  

Samples were prepared using an optimized protocol for immunoprecipitation for 

improved analytical sensitivity, which has been previously reported380. Briefly Aβ 

peptides were extracted from each 250 μL plasma sample using immunoprecipitation 
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with anti-β-Amyloid 17-24 (4G8) and anti-β-Amyloid 1-16 antibodies (6E10, both 

BioLegend®) coupled to DynabeadsTM M-280 Sheep Anti-Mouse IgG magnetic beads 

(Thermo Fisher Scientific). This procedure reduces interference and concentrates the 

sample; important in this context as the analytes in question (Aβ 38, 40 and 42) are 

present at very low concentrations in blood.  

Recombinant 15N uniformly labelled Aβ peptides 1-38, 1-40 and 1-42 (rPeptide, 

Watkinsville, GA) were used as internal standards in order to control for variations in 

recovery, matrix effect and ionisation. These recombinant peptides were added to 

both samples and calibrators prior to sample preparation. Immunoprecipitation was 

performed using a KingFisherTM Flex Purification System (Thermo Fisher Scientific). 

After immunoprecipitation, eluates in 100 μL each of 0.5% formic acid were vacuum 

centrifuged, and the dried eluates were stored at -80 oC, pending analysis by liquid 

chromatography-tandem mass spectrometry (LC- MS). 

The dried eluates were then re-suspended in 20% acetonitrile and 4% concentrated 

ammonia in water, and injected into the LC-MS system, which used a Dionex Ultimate 

Liquid Chromatography-system and a Thermo Scientific Q Exactive quadrupole-

Orbitrap hybrid mass spectrometer. LC-MS combines two selective techniques to 

facilitate the measurement of analytes in highly complex media. LC is used to 

differentiate compounds by their physio-chemical properties and MS differentiates 

compounds by mass i.e. their mass-to-charge ratio. Used in tandem, the two 

techniques enable rapid, quantitative measurements of peptide levels. Basic outline 

of this system, and its utility, is illustrated in Figure 6-1 below.  
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Figure 6-1: Figure outlining process and utility of LC-MS. . A) Schematic representation of 
the basic components of an LC-MS system and the respective role of each component. B) 
Representation of the ability of the LC-MS technique to separate and identify each 
component of a complex mixture; first liquid chromatography separates out the relevant 
amyloid peptides, and then mass-spectrometry is used to measure signal within each 
individual peptide peak.  
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Chromatographic separation was achieved using basic mobile phases and a reversed-

phase monolith column at a flow rate of 0.3 mL/min. The mass spectrometer 

operated in parallel reaction monitoring mode was set to isolate the 4+ charge state 

precursors of the Aβ peptides. Product ions (14-15 depending on peptide) specific for 

each precursor was selected and summed to calculate the chromatographic areas for 

each peptide and its corresponding internal standard. The area ratio of the analyte 

to the internal standard in unknown samples and calibrators was used for 

quantification. Pooled plasma samples were used to track assay performance; intra- 

and inter-assay coefficients of variation were <5%.  
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6.4.4 Correlation of Aβ ratios in plasma and in induced pluripotent stem cell 

(iPSC) neurons.  

An exploratory analysis was conducted to investigate the consistency of Aβ profiles 

between in-vitro and in-vivo models. This involved identifying whether participants 

(or someone with the same mutation, and ideally from the same family) had given a 

skin biopsy that could be used to compare consistency of Aβ profiles between plasma 

and induced pluripotent stem cell (iPSC) derived neurons. Aβ profiles were compared 

based on mutation for 8 iPSC-lines; data from 6 iPSC-lines previously reported in 

Arber et al 377. Mutations tested were APP V717I (n=2), PSEN1 Intron 4 (n=1), Y115H 

(n=1), M139V (n=1), R278I (n=1) and E280G (n=2). Plasma and iPSC samples were 

from the same participant in three cases and from a family member for four other 

mutations. Aβ42:40, Aβ38:40 and Aβ42:38 ratios were normalised by taking the ratio 

of the value for each mutation carrier to the control median for each experimental 

setting (n=27 non-carriers for plasma, n=5 iPSC controls lines from non-FAD families) 

(ratio values displayed in Table 6-1).  

iPSC-neuronal Aβ was quantified as previously reported (Arber et al., 2019). Briefly, 

iPSCs were differentiated to cortical neurons for 100 days and then 48 hour-

conditioned culture supernatant was centrifuged removing cell debris. Aβ was 

analysed via electrochemiluminescence on the MSD V-Plex Aβ peptide panel (6E10), 

according to manufacturer’s instructions.
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 iPSC 42:38 iPSC 42:40 iPSC 
38:40 

Plasma 
42:38 

Plasma 

42:40 

Plasma 

38:40 

Controls 
(median (IQR)) 

0.425 

(0.418,0.429) 

(n=5) 

0.110 

(0.108,0.111) 

(n=5) 

0.268 
(0.258,0.2

70) 

(n=5) 

1.083  

(0.989, 1.154) 

(n=27) 

0.090  

(0.800, 
0.100)  

(n=27) 

0.085  

(0.077, 0.089) 

(n=27) 

APP V717Ia,b 0.464 0.199 0.419 0.827 0.119 0.144 

APP V717Ib 0.480 0.203 0.426 1.107 0.137 0.124 

PSEN1 Y115Hb 1.180 

 

0.277 

 

0.247 

 

2.624 

 

0.163 

 

0.060 

 

PSEN1 M139Va,b 0.918 

 

0.223 

 

0.225 

 

3.733 

 

0.180 

 

0.048 

 

PSEN1 Intron 4b 1.175 

 

0.226 

 

0.193 

 

2.407 

 

0.128 

 

0.053 

 

PSEN1 R278Ib 0.504 

 

0.130 

 

0.236 

 

1.131 

 

0.079 

 

0.070 

 

PSEN1 E280Ga 1.867 0.126 

 

0.076 

 

1.806 

 

0.100 

 

0.055 

 

PSEN1 E280G 1.034 

 

0.151 0.146 

 

2.338 

 

0.113 

 

0.048 

 

Table 6-1: Measured values of Aβ42:38, Aβ42:40 and Aβ38:40 ratios in paired iPSC lines and plasma samples 
a Matched samples: plasma and iPSC samples donated by the same donor 
b iPSC data previously published; see Arber et al 377
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6.4.5 Statistical analysis 

Summary descriptive statistics were calculated by mutation type (PSEN1, APP, non-

carriers) and box plots produced for Aβ42:38, Aβ38:40 and Aβ42:40 ratios. Box plots 

were presented by mutation type (PSEN1 vs APP vs non-carriers), and then 

individually for PSEN1 and APP carriers by clinical stage (presymptomatic vs 

symptomatic vs non-carriers) (Figure 6-2). Aβ ratios are displayed on logarithmic 

scales. Age- and sex-adjusted differences were estimated between mutation type for 

each ratio; as were differences by clinical stage for each ratio, separately for APP and 

PSEN1 carriers. These comparisons were made using mixed models including random 

intercepts for clusters comprising individuals from the same family and group, with 

random intercept and residual variances allowed to differ for the groups being 

compared. Pairwise comparisons were only carried out if a joint test provided 

evidence of differences. Ratios were log-transformed; estimated coefficients were 

back-transformed to multiplicative effects.  

The relationship between parental age at onset, EYO and age (EYO = age – parental 

age at onset) means that it is not possible to estimate separate effects of age at onset 

and EYO on Aβ ratios adjusting for age using a conventional statistical analysis: if age 

is held constant then a one-year increase in age at onset implies a one year decrease 

in EYO and vice versa, hence their effects are aliased. However, the aim in this study 

was to allow for ‘normal ageing’ (as observed in non-carriers), and this is possible. 

For each combination of mutation carrier group (PSEN1 and APP) and Aβ ratio a 

separate mixed model was fitted jointly to the carrier group and the non-carrier 

group. Each model allowed the logarithm of the Aβ ratio to depend on age at onset, 

EYO and sex (but not age) in the carrier group, and on just sex and age (estimating 

‘normal ageing’) in the non-carrier group. Random effects were included as in the 

between group comparisons above. In the carrier group the effect of age at onset 

adjusted for EYO, sex and (non-carrier) ‘normal ageing’ was obtained by subtracting 

the ‘normal ageing’ effect from the age at onset effect (adjusted for sex and EYO). 

Analogously the effect of EYO adjusted for age at onset, sex and ‘normal ageing’ was 
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obtained by subtracting the ‘normal ageing’ effect from the EYO effect (adjusted for 

sex and age at onset) in the carrier group. For Aβ42:38 in PSEN1 carriers there was 

evidence also to include a quadratic term for parental age at onset. For each analysis 

the estimated geometric mean ratio (and 95% confidence interval) was plotted 

against parental age at onset, standardising to an equal mix of males/females, an EYO 

of 0 (i.e. the point of symptom onset), and adjusted for ‘normal ageing’ relative to 

age 43 (the average age of mutation carriers). Analogous plots of estimated 

geometric mean ratio (and 95% confidence interval) against EYO were standardised 

to an equal mix of males/females, an age at onset of 43 (average age of mutation 

carriers), and adjusted for ‘normal ageing’ relative to age 43.  

Spearman correlation coefficients were calculated to assess the association between 

plasma and iPSC-neuron Aβ ratios. 

Analyses were performed using Stata v16.  

6.5 Results 

Demographic and clinical characteristics are presented in Table 6-2: 27 non-carriers; 

39 mutation carriers (28 PSEN1, 11 APP). Mutation details are displayed in Table 6-3.  
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Non-carrier 

N=27 

APP 

N=11 

PSEN1 

N=28 

Sexa, n (%) 

  Female 

Male 

 

16 (59%) 

11 (41%) 

 

3 (27%) 

8 (73%) 

 

15 (54%) 

13 (46%)  

Ageb, years  

(mean (SD)) 
39.6 (10.4) 46.5 (12.5) 43.0 (8.7) 

Stagec, n (%) 

Presymptomatic 

Symptomatic 

N/A 
6 (55%) 

5 (45%) 

15 (54%) 

13 (46.%) 

Aβ 1-42d 

(pg/ml) 

(median (IQR)) 

20.3  

(18.3, 24.5) 

29.5  

(24.2, 36.0) 

26.3  

(14.7, 32.3) 

Aβ 1-40e 

(pg/ml) 

(median (IQR)) 

 225.7  

(212.2, 246.1) 

214.0  

(174.5, 232.8)  

221.5  

(146.5, 252.2)  

Aβ 1-38f 

(pg/ml) 

(median (IQR)) 

19.2  

(16.7, 21.0)  

 27.0  

(24.8, 35.6) 

14.1  

(9.6, 18.4) 

Aβ 1-42/1-40 

(median (IQR)) 

0.09  

(0.08, 0.10) 

0.14  

(0.12, 0.15) 

0.12  

(0.09, 0.14) 

Aβ 1-42/1-38 

(median (IQR)) 

1.08  

(0.99, 1.15) 

1.01  

(0.90, 1.13) 

1.56  

(1.36, 2.37) 

Aβ 1-38/1-40 

(median (IQR)) 

0.09  

(0.08, 0.09) 

0.14  

(0.12, 0.16) 

0.06  

(0.05, 0.08) 

Table 6-2: Baseline characteristics.   

No evidence of a difference between groups: Fisher’s exact test p=0.21a  
No evidence of a difference between groups: Wald test p=0.14.b  

All non-carriers were asymptomatic.c  
For Aβ 1-42 there was evidence of a difference between groups (Wald test p=0.0003), after 
adjusting for age and sex. d Mean Aβ 1-42 in APP carriers was an estimated adjusted 10.4 
pg/ml higher (95% CI 5.1, 15.7, p<0.001) than non-carriers and in PSEN1 was 5.3 pg/ml 
higher (95% CI 0.5, 10.1, p=0.03) than non-carriers, while there was no evidence of a 
difference between APP carriers and PSEN1 carriers (p= 0.10). 
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For Aβ 1-40 there was no evidence of a difference between groups after adjusting for age 
and sex: Wald test p=0.61 e  

For Aβ 1-38 there was evidence of a difference between groups (Wald test p<0.0001) after 
adjusting for age and sex. f Mean Aβ 1-38 in APP carriers was an estimated adjusted 14.9 
pg/ml higher (95% CI 8.7, 21.1; p<0.001) than PSEN1 carriers and 10.2 pg/ml higher (95% CI 
4.1, 16.3; p=0.001) than non-carriers, and in PSEN1 carriers was 4.7 pg/ml lower (95% CI 
2.0, 7.4; p=0.001) than non-carriers.  
  



 

 176 

Table 6-3: The number of individuals from families with each mutation is given, divided in 
to symptomatic (S) or asymptomatic but at risk (AR).  

Details relating to how many at risk participants for each mutation were mutation carriers 
is not given to ensure it is not possible the mutation status of any at risk individual to be 
revealed/deduced. ** The exon 9 deletion (NM_000021.3:c.869-1G>T; 
p.Ser290Cys;Thr291_Ser319del) commonly referred to as ΔE9. APP mutations investigated 
lie near the γ-secretase cleavage site.  

  

Gene Mutation Number of individuals 

APP 

p.Thr719Asn 1 AR 

p.Val717Gly 2 S 

p.Val717Ile 1 S, 7 AR  

p.Val717Leu 2 S, 3 AR 

PS1 

Intron 4 2 S, 5 AR 

p.Ala79Val 1 S 

p.Tyr115His 1 S, 1 AR 

p.Glu120Lys 1 AR 

p.Ser132Ala 2 AR 

p.Met139Val 1 S, 1 AR 

p.Val142Ile 1 S 

p.Met146Ile 2 AR 

p.Glu184Asp 2 S, 4 AR 

p.Ile202Phe 4 AR 

p.Gly206Ala 1 S 

p.His214Tyr 3 AR 

p.Ala246Glu 2 AR 

p.Pro264Leu 2 AR 

p.Pro267Ser 1 S 

p.Arg269His 1 AR 

p.Arg278Ile 3 AR, 

p.Glu280Gly 2 S, 6 AR,  

ΔE9* 1 S 
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Age- and sex-adjusted models showed marked differences in plasma Aβ ratios 

between PSEN1 and APP carriers. The geometric mean of Aβ42:38 was higher in 

PSEN1 compared to both APP carriers (69% higher, 95%CI 39%, 106%; p<0.001) and 

non-carriers (64% higher, 95%CI 36%, 98%; p<0.001), while there was no evidence of 

a difference between APP carriers and non-carriers (p= 0.60) (Figure 6-2)
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Figure 6-2: Box plots for observed plasma Aβ ratios.  Plasma (A-C) Aβ42:38, (D-F) Aβ42:40 and (G-I) Aβ38:40 ratios are shown with the y-axis on a logarithmic scale. 
Mutation carriers were divided into (A, D, G) APP and PSEN1 carriers and non-carriers; (B, E, H) PSEN1 presymptomatic and symptomatic mutation carriers and non-carriers 
and (C, F, I) APP presymptomatic and symptomatic mutation carriers and non-carriers. Boxes show the median and first and third quartiles. Dots represent individual 
observations. For ease of reference the two major processing pathways are: Aβ49>46>43>40 or Aβ48>45>42>38.
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Plasma Aβ42:40 was raised in both PSEN1 carriers and APP carriers; compared to 

non-carriers the adjusted geometric mean was 31% higher (95%CI 16%, 49%; 

p<0.001) in PSEN1 carriers and 61% higher (95%CI 44%, 80%; p<0.001) in APP carriers 

(Figure 6-2D). There were also inter-mutation differences in Aβ42:40: the geometric 

mean was 22% higher (95%CI 8%, 38%; p=0.001) in APP carriers compared to PSEN1 

carriers.  

The geometric mean of Aβ38:40 was higher in APP carriers compared to both PSEN1 

carriers (101% higher, 95%CI 72%, 135 %; p<0.001) and non-carriers (61% higher, 

95%CI 41%, 84%; p<0.001) (Figure 6-2G). While in PSEN1, Aβ38:40 was reduced 

compared to non-carriers (geometric mean 20% lower, 95%CI 10%, 29%, p<0.001).  

For Aβ42:40 ratios, group differences remained significant when separately 

comparing non-carriers to (i) presymptomatic (18% higher, 95% CI 3%, 36%, p=0.02) 

and symptomatic (47% higher, 95% CI 23%, 76%, p<0.001) PSEN1 carriers, and to (ii) 

presymptomatic (62% higher, 95% CI 44%, 82%, p<0.001) and symptomatic (62% 

higher, 95% CI 37%, 92%, p<0.001) APP carriers (Figure 6-2E, 4F). Within PSEN1, the 

geometric mean of Aβ42:40 was also 24% higher (95%CI 2%, 52%; p=0.03) in 

symptomatic compared to presymptomatic carriers (Figure 6-2E). There were no 

statistically significant differences between presymptomatic and symptomatic PSEN1 

carriers in Aβ42:38 (p=0.11; Figure 6-2B) or Aβ38:40 (p=0.54; Figure 6-2H). 

Additionally, no significant differences were observed in the Aβ42:40, Aβ42:38 or 

Aβ38:40 ratios between presymptomatic and symptomatic APP carriers (all p 

values>0.50) (Figure 6-2C, F, I).  

Using models that adjusted for sex, EYO and ‘normal ageing’, there were significant 

associations between all three ratios and parental age at onset in PSEN1 carriers (all 

p-values <0.03) (Figure 6-3). In PSEN1 carriers an increase in longer to shorter peptide 

in all three ratios was associated an earlier age at onset: higher Aβ42:38 and Aβ42:40 

ratios were associated with earlier parental onset, while higher Aβ38:40 was 

associated with a later disease onset.  
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The association between Aβ42:38 and parental age at onset did not appear to be 

constant across the age range investigated - the model was improved by the 

introduction of a quadratic term (p=0.003). This resulted in the estimated rate of 

change of Aβ42:38 reducing as parental age at onset increased; a one-year increase 

in parental age at onset was associated with a 9.4% decrease (95% CI: 5.3%,13.3%; 

p<0.001) in the geometric mean of Aβ42:38 at age 35 compared to a 4.4% decrease 

(95% CI: 2.9%, 5.9%; p<0.001) in the same measure at age 45.  

For both Aβ42:40 and Aβ38:40, the association with parental age at onset was 

estimated to be constant across the age range investigated, a one-year increase in 

parental age at onset was associated with a 1.6% decrease (95% CI: 0.2%, 3.1%; 

p=0.03) in Aβ42:40 and a 1.7% increase (95% CI: 0.4%, 3.0%; p=0.008) in the Aβ38:40. 

In APP carriers, there were no significant associations between Aβ42:40, Aβ42:38 or 

Aβ38:40 and parental age at onset (all p-values ≥0.18; Figure 6-4).  
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Figure 6-3: Plasma Aβ ratios against parental AAO in PSEN1 carriers. Scatter plots of 

observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values against parental age at 

onset (AAO). Symptomatic mutation carriers are identified by square symbols and 

presymptomatic mutation carriers by triangle symbols. Modelled geometric mean of 

plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against parental AAO in PSEN1 carriers; 

models adjust for EYO, sex and ‘normal ageing’ in noncarriers. The trajectories displayed 

contain an equal mix of males/females and are adjusted for ‘normal ageing’ relative to age 

43 (the average age of mutation carriers). EYO is set at 0, i.e. point of symptom onset, in all 

three trajectory plots. The y-axis scale is logarithmic in all panes.  
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Figure 6-4: Plasma Aβ ratios against parental AAO in APP carriers. Scatter plots of 

observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values against parental AAO. All 

scatter plots show values for APP carriers only. Symptomatic mutation carriers are 

identified by square symbols and presymptomatic mutation carriers by triangle symbols. 

Modelled geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against 

parental AAO in APP carriers. The trajectories displayed contain an equal mix of 

males/females and are adjusted to ‘normal ageing’ in non-carriers relative to age 43 

(average age of mutation carriers). EYO is set at 0, i.e. point of symptom onset, in all three 

trajectory plots. Models, which adjusted for EYO, sex and ‘normal ageing’, did not show 

evidence of any significant associations between either Aβ42:38, Aβ42:40 or Aβ38:40 and 

parental AAO: for Aβ42:38 a one-year increase in parental AAO was associated with an 

estimated 0.0% decrease (95% CI: 2.4% decrease, 2.4% increase; p=1.00); for Aβ42:40 an 

estimated 1.1% decrease (95% CI: 2.7% decrease, 0.50% increase; p=0.18); for Aβ38:40 an 

estimated 1.1% decrease (95% CI: 3.3% decrease, 1.1% increase; p=0.32). The y-axis scale is 

logarithmic in all panes. 
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Supplementary figure 3: Plasma Aβ ratios against parental AAO in APP carriers. 
Scatter plots of observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values against parental 

AAO. All scatter plots show values for APP carriers only. Symptomatic mutation carriers are 
identified by square symbols and presymptomatic mutation carriers by triangle symbols.

Modelled geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against parental AAO 
in APP carriers. The trajectories displayed contain an equal mix of males/females and are adjusted to 

‘normal ageing’ in non-carriers relative to age 43 (average age of mutation carriers). EYO is set at 0, 

i.e. point of symptom onset, in all three trajectory plots. Models, which adjusted for EYO, sex and 
‘normal ageing’, did not show evidence of any significant associations between either Aβ42:38,

Aβ42:40 or Aβ38:40 and parental AAO: for Aβ42:38 a one-year increase in parental AAO was 
associated with an estimated 0.0% decrease (95% CI: 2.4% decrease, 2.4% increase; p=1.00); for 

Aβ42:40 an estimated 1.1% decrease (95% CI: 2.7% decrease, 0.50% increase; p=0.18); for Aβ38:40 

an estimated 1.1% decrease (95% CI: 3.3% decrease, 1.1% increase; p=0.32). The y-axis scale is 
logarithmic in all panes.
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In PSEN1 and APP carriers, models that adjusted for sex, parental age at onset and 

‘normal ageing’ did not find any significant association between either Aβ42:40, 

Aβ42:38 or Aβ38:40 and EYO (Figure 6-5, Figure 6-6) (p≥0.06). However, in APP 

carriers there was weak evidence of an association between Aβ42:40 and EYO: a one-

year increase in EYO was associated with a 0.8% decrease (95% CI: 1.6% decrease, 

0.0% increase, p=0.06) in the geometric mean of Aβ42:40.  
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Figure 6-5: Plasma Aβ ratios against estimated years to/from symptom onset (EYO) in 
PSEN1 carriers. Scatter plots of observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values 

against EYO. All scatter plots show values for PSEN1 carriers only. Symptomatic mutation carriers are 

identified by square symbols and presymptomatic mutation carriers by triangle symbols. Modelled 

geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against EYO in PSEN1 carriers. 

The trajectories displayed contain an equal mix of males/females and are adjusted to ‘normal 

ageing’ in non-carriers relative to age 43 (average age of mutation carriers). Parental AAO is set at 43 

in all three trajectory plots. Models, which adjusted for parental AAO, sex and ‘normal ageing’, did 

not show evidence of any significant associations between either Aβ42:38, Aβ42:40 or Aβ38:40 and 

EYO: for Aβ42:38 a one-year increase in EYO was associated with an estimated 0.3% decrease (95% 

CI: 1.7% decrease, 1.2% increase; p=0.71); for Aβ42:40 an estimated 0.5% increase (95% CI: 0.9% 

decrease, 2.0% increase; p=0.48); for Aβ38:40 an estimated 0.3% increase (95% CI: 0.8% decrease, 

1.5% increase; p=0.54). To maintain blinding of mutation status, the values of the x-axis for all EYO 

plots have been removed. The y-axis scale is logarithmic in all panes.  
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Supplementary figure 4: Plasma Aβ ratios against estimated years to/from symptom onset (EYO) in PSEN1
carriers. 
Scatter plots of observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values against EYO. All scatter plots 
show values for PSEN1 carriers only. Symptomatic mutation carriers are identified by square symbols and 
presymptomatic mutation carriers by triangle symbols.
Modelled geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against EYO in PSEN1 carriers. 
The trajectories displayed contain an equal mix of males/females and are adjusted to ‘normal ageing’ in non-
carriers relative to age 43 (average age of mutation carriers). Parental AAO is set at 43 in all three trajectory 
plots. Models, which adjusted for parental AAO, sex and ‘normal ageing’, did not show evidence of any 
significant associations between either Aβ42:38, Aβ42:40 or Aβ38:40 and EYO: for Aβ42:38 a one-year increase 
in EYO was associated with an estimated 0.3% decrease (95% CI: 1.7% decrease, 1.2% increase; p=0.71); for 
Aβ42:40 an estimated 0.5% increase (95% CI: 0.9% decrease, 2.0% increase; p=0.48); for Aβ38:40 an estimated 
0.3% increase (95% CI: 0.8% decrease, 1.5% increase; p=0.54). To maintain blinding of mutation status, the 
values of the x-axis for all EYO plots have been removed. The y-axis scale is logarithmic in all panes. 
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Figure 6-6: Plasma Aβ ratios against estimated years to/from symptom onset (EYO) in 
APP carriers. . Scatter plots of observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 

values against EYO. All scatter plots show values for APP carriers only. Symptomatic 

mutation carriers are identified by square symbols and presymptomatic mutation carriers 

by triangle symbols. Modelled geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) 

Aβ38:40 against EYO in APP carriers. The trajectories displayed contain an equal mix of 

males/females and are adjusted to ‘normal ageing’ in non-carriers relative to age 43 

(average age of mutation carriers). Parental AAO is set at 43 in all three trajectory plots. 

Models, which adjusted for parental AAO, sex and ‘normal ageing’, did not show evidence 

of any significant associations between either Aβ42:38, Aβ42:40 or Aβ38:40 and EYO: for 

Aβ42:38 a one-year increase in EYO was associated with an estimated 0.2% decrease (95% 

CI: 1.2% decrease, 0.7% increase; p=0.63); for Aβ42:40 an estimated 0.8% decrease (95% CI: 

1.6% decrease, 0.0% increase; p=0.06); for Aβ38:40 an estimated 0.6% decrease (95% 

CI:1.5% decrease, 0.3% increase; p=0.21). To maintain blinding of mutation status, the 

values of the x-axis for all EYO plots have been removed. The y-axis scale is logarithmic in all 

panes. 

  

A B

C D

E F

Supplementary figure 5: Plasma Aβ ratios against estimated years to/from symptom onset 
(EYO) in APP carriers. 
Scatter plots of observed plasma (A) Aβ42:38 (C) Aβ42:40 and (E) Aβ38:40 values against EYO. 
All scatter plots show values for APP carriers only. Symptomatic mutation carriers are identified 
by square symbols and presymptomatic mutation carriers by triangle symbols.
Modelled geometric mean of plasma (B) Aβ42:38 (D) Aβ42:40 and (F) Aβ38:40 against EYO in 
APP carriers. The trajectories displayed contain an equal mix of males/females and are adjusted 
to ‘normal ageing’ in non-carriers relative to age 43 (average age of mutation carriers). Parental 
AAO is set at 43 in all three trajectory plots. Models, which adjusted for parental AAO, sex and 
‘normal ageing’, did not show evidence of any significant associations between either Aβ42:38,
Aβ42:40 or Aβ38:40 and EYO: for Aβ42:38 a one-year increase in EYO was associated with an 
estimated 0.2% decrease (95% CI: 1.2% decrease, 0.7% increase; p=0.63); for Aβ42:40 an 
estimated 0.8% decrease (95% CI: 1.6% decrease, 0.0% increase; p=0.06); for Aβ38:40 an 
estimated 0.6% decrease  (95% CI:1.5% decrease, 0.3% increase; p=0.21). To maintain blinding 
of mutation status, the values of the x-axis for all EYO plots have been removed. The y-axis scale 
is logarithmic in all panes. 
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Aβ ratios in plasma and iPSC-conditioned media were highly associated for both 

Aβ42:40 (rho=0.86, p=0.01) and Aβ38:40 (rho=0.79, p=.02), somewhat less so for 

Aβ42:38 (rho=0.61, p=0.10) (Figure 6-7). While I did not observe perfect agreement 

in the Aβ42:38 ratio between plasma and iPSC lines (shown by solid line, Figure 6-7), 

the direction of change in this ratio, i.e. either increased or decreased when 

compared to controls, was largely consistent across media. 
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Figure 6-7: Comparison of Aβ processing in-vivo and in-vitro. Scatterplot comparing Aβ 

ratios profiles in plasma and iPSC derived neurons for eight mutation carriers. One to one 

comparison of Aβ ratios normalised to the median of controls for each experimental setting 

(n=27 noncarrier controls for plasma, n=5 iPSC lines from controls who were not members 

of ADAD families); values >1 indicate higher ratio in mutation carrier compared to median 

of controls whereas values <1 indicate lower ratio in mutation carrier compared to median 
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of controls. Matched samples (plasma and iPSC samples donated by the same donor) are 

identified with triangle symbols. Unmatched samples (plasma and iPSC samples donated by 

different participants who carry the same mutation, and where possible are members of 

the same family) are identified by square symbols. The y-axis scale is logarithmic in all 

panes. Spearman’s rho and the associated p-value are shown for each scatter plot. The line 

displayed on each scatterplot represents line of perfect agreement i.e. x=y. 

 

6.6 Discussion 

This study shows that plasma Aβ42:40 concentration is increased in both APP and 

PSEN1 carriers compared to non-carriers. Additionally, it demonstrates marked 

differences in plasma Aβ ratios between genotypes: Aβ42:38 was higher in PSEN1 

versus APP, Aβ38:40 was higher in APP versus PSEN1, while Aβ42:40 was higher in 

APP versus PS1. Importantly, more aggressive PSEN1 mutations (those with earlier 

ages of onset) had higher Aβ42:40 and Aβ42:38 ratios – in-vivo evidence of the 

pathogenicity of these peptide ratios.  

These results offer insights into the pathobiology of FAD and differential effects of 

APP/PSEN1 genotype and can be best interpreted in the context or what is known 

about different APP processing pathways: Aβ49>46>43>40 or Aβ48>45>42>38251. 

Increased Aβ42:38 in PSEN1 may be attributed to reduced conversion of Aβ42 

(substrate) to 38 (product) relative to non-carriers – in contrast APP carriers showed 

near identical Aβ42:38 ratios compared to non-carriers.  

The differences in plasma Aβ profiles between PSEN1 and APP carriers may have 

downstream pathological consequences. For instance, the Aβ42:40 ratio is 

significantly higher in APP compared to PSEN1 carriers: the group difference in this 

Aβ ratio, which appears to be at least partly driven by increased Aβ42 production in 

APP compared to PS1 carriers, may contribute to APP carriers having a higher density 

of amyloid plaques, although this has not been a consistent finding in the 

literature259. The inter-genotype difference in Aβ42:40 may also be partly due to 

increased production of Aβ40 in PSEN1 compared to APP carriers. This finding is 

consistent higher levels of Aβ40, as well as a higher density of Aβ40 plaques, being 

found in the brain tissue of PSEN1 compared to APP 717 mutation carriers381. It is 
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interesting to note cerebral amyloid angiopathy (CAA) is primarily driven by intra-

vascular Aβ40 plaque deposition382, suggesting that high levels of CAA seen in some 

PSEN1 mutations may be partly due to relative increases in Aβ40 production131. 

However, one must be cautious when speculating about the pathological 

consequences of intergenotype differences in plasma Aβ ratios, especially without 

concomitant measures of central amyloid deposition, as without these the 

complicating impact of Aβ peptide sequestration, both into amyloid plaques as well 

as into cerebral vasculature, cannot be assessed.  

Strikingly, increases in Aβ42 relative to shorter Aβ moieties (≤40) were associated 

with earlier disease onset in PSEN1. Importantly there were no associations between 

Aβ ratios and EYO in PSEN1 carriers, suggesting these ratios represent molecular 

drivers of disease as opposed to being markers of disease stage. These in-vivo results 

recapitulate cell-based findings of reduced efficiency of γ-secretase processivity in 

PSEN1256,377,383; inefficiency attributed to impaired enzyme-substrate stability 

causing premature release of longer Aβ peptides 383. 

Parental age at onset is an indicator of disease severity, with a younger age at 

symptom onset implying a more deleterious mutation. In PSEN1 Aβ42:38 (a read-out 

of the efficiency of the fourth γ-secretase cleavage) showed a deceleration in the rate 

of change as parental age at onset increases. This finding further supports the central 

pathogenic role of γ-secretase processivity in FAD, especially in younger onset, 

aggressive forms of PSEN1.  

In the APP group, production of Aβ38 relative to Aβ40 was increased. This is 

consistent with a shift in the site of endopeptidase-cleavage causing increased 

generation of Aβ48; the precursor substrate in the Aβ38 production line. This study 

included APP mutations located near the γ-secretase cleavage site. Previous cell-

based work involving mutations around this site also demonstrated increased 

trafficking along the Aβ48 pathway253,377,383. In contrast, APP duplications or 

mutations near the beta-secretase site are associated with non-differential increases 

in Aβ production 226.  
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Changes in Aβ38:40 were also seen in PSEN1 carriers; levels were reduced compared 

to both APP carriers and non-carriers. Declines in Aβ38:40 may reflect mutation 

effects on endopeptidase cleavage and/or γ-secretase processivity; changes in both 

processes have been described in in-vitro studies of PSEN1 377,384. Premature release 

of longer (>Aβ43) peptides may contribute to falls in Aβ38:40; both increasing Aβ 

length and pathogenic PSEN1 mutations are associated with destabilisation of the 

enzyme-substrate complex 383. It will be important for future research to investigate 

the exact molecular drivers of declines in Aβ38:40 in PSEN1, especially as lower levels 

were associated with earlier disease onset.  

This study suggested some inter-stage differences in APP processing; Aβ42:40 was 

higher in symptomatic compared to presymptomatic PSEN1 carriers. The reason for 

this is unclear and should be treated very cautiously given the small group sizes and 

the absence of inter-stage differences in Aβ42:40 amongst APP carriers. It is possible 

to speculate that downstream pathogenic consequences of FAD, such as cerebral 

amyloid angiopathy, may interact with, and modify, plasma levels. Additionally, as Aβ 

is produced peripherally in organs, muscle and platelets, systemic factors may 

contribute to inter-stage differences385. It is interesting to note that post-

symptomatic increases in plasma Aβ42 have also been reported in one study of Down 

syndrome386. However this has not been a consistent finding: another study in Down 

Syndrome demonstrated declines in plasma Aβ42 levels with increasing age, while 

another reported no association between plasma Aβ42 and age387,388. Taken 

together, these findings highlight the need to replicate this result in other, larger 

cohorts of genetically determined AD.  

The results of this study support the hypothesis that FAD mutations increase in-vivo 

production of longer Aβ peptides (Aβ≥42) relative to Aβ40. This is consistent with 

cell- and blood-based studies in FAD256,389. Additionally, plasma Aβ profiles were 

recapitulated in iPSC-media with reasonably consistent profiles for the same 

mutation, although the results of this exploratory analysis should be interpreted with 

caution given the small numbers. There is some evidence that Aβ42:40 ratios also 

increase in the CSF of mutation carriers far from onset, however CSF levels then fall 

significantly during the two decades before symptom onset; reductions are 



 

 191 

attributed to “trapping” of longer peptides within cerebral plaques196,254. In sAD CSF, 

as well as plasma, Aβ42:40 levels also fall as cerebral amyloid plaques start to 

accumulate, with ratio levels remaining low thereafter322. In contrast, this study 

shows that plasma Aβ42:40 in both APP and PSEN1 carriers was raised and did not 

fall below non-carrier levels, either before or after symptom onset. Taken together, 

these findings suggest that plasma Aβ ratios in FAD are less likely to reflect the effects 

of sequestration.  

6.7 Limitations 

Study limitations include the lack of paired CSF (important for clarifying relative 

contributions of central and peripheral Aβ production/clearance to plasma ratios) 

and this would be very interesting to do. I did compare Aβ ratios between plasma and 

iPSC-conditioned media and these were reasonably consistent. However, the results 

of this exploratory analysis should be interpreted with caution given the small 

numbers and the inherent limitations associated with iPSC studies: in particular the 

variability in gene expression between iPSC clones from the same individuals is a 

concern. This variability is partly attributable to the occurrence of DNA alterations 

during reprogramming, with studies showing that there are approximately 5–10 

coding mutations per iPSC genome compared with donor cells390. Beyond concerns 

about genetic mutations acquired during the selection process and extended culture, 

there is also the issue of variability between iPSC lines from different individuals391. 

However, in this study the use of samples from either the same individual (n=3) or 

from family members (n=4) will have reduced the number of allelic discrepancies 

between cell lines and plasma samples, and thus have removed some of the 

variability attributable to genetic architecture.  

Actual age at onset was not available as many participants in this study were 

asymptomatic and many years from expected onset. Therefore parental age at onset 

was used to estimate the timing of disease onset and although a reasonable estimate, 

variability in age at symptom onset within families means this measure is not without 

error 72. Finally, future studies should measure Aβ moieties longer than Aβ42, and 

also investigate interactions between central and peripheral Aβ production. 
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Nonetheless, I feel that these findings offer in-vivo insights into FAD pathophysiology 

– and perhaps these may help inform therapy development.  

6.8 Conclusion 

In conclusion, this study demonstrates the impact of pathogenic FAD mutation on 

APP processing in-vivo. There were marked inter-mutation difference in Aβ profiles, 

with relative increases in longer peptides being associated with earlier disease onset. 

These findings suggest that plasma Aβ ratios in FAD may be useful biomarkers of APP 

processing. This is especially important as we enter an era of gene silencing therapies, 

and personalised medicine, where direct read-outs of gene function will be 

particularly valuable. 

6.9 Publications arising from this chapter 

O’Connor A, Pannee J, Poole T, Arber C, Portelius E, Swift IJ, et al. Plasma amyloid-β 

ratios in autosomal dominant Alzheimer’s disease: the influence of genotype. Brain 

2021. Available from: https://academic.oup.com/brain/advance-

article/doi/10.1093/brain/awab166/6248083 
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Chapter 7 Summary and future work arising from this thesis 

7.1 Overview  

In this final chapter, the main findings of this thesis are described and discussed in 

the context of their relevance to sporadic disease along with their implications for 

clinical practice and clinical trials. In addition, common limitations across the studies 

reported, along with potential directions for future research are considered.  

7.2 Summary of work presented 

In describing the clinical course of young onset and familial forms of AD, the 

introductory chapter of this thesis touched on the devastating impact AD has on 

patients and families. It illustrated how sporadic and familial forms of AD have many 

common cognitive, radiological and pathological features and how FAD has been a 

valuable model for advancing understanding of preclinical disease. Additionally, the 

opening chapter of this thesis discussed the clinical heterogeneity that exists within 

YOAD. The presence of atypical phenotypes, and additional motor features, in both 

sporadic and dominantly inherited forms of YOAD, suggests that clinical 

heterogeneity should not preclude FAD being used as a model to study AD. However, 

this heterogeneity should not be overlooked, and there is a need to better 

understand the underlying pathological differences that may contribute to some of 

the clinical variability seen across AD. Therefore, in addition to using studies of FAD 

to investigating the ability of promising AD biomarkers to detect presymptomatic 

change, this thesis also explored the influence of genotype on biomarkers of AD 

pathology with the overarching aim of better understanding the pathological drivers 

of clinical heterogeneity.  

The clinically silent preclinical period of AD represents an important therapeutic 

window, as it offers an opportunity to intervene when there is the most to save in 

terms of cognitive function, and potentially the best chance of saving it. For 

preclinical trials to be successful, it is important that our understanding of the 

progressive biological changes occurring in AD are improved so that markers can be 

used to detect and track disease progression, and ideally monitor a potential 
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treatment response. In addition, the success of clinical trials will rely on improved 

characterisation of the molecular drivers of disease onset and phenotypic variability, 

as such insights will be important for both clinical trial design and therapy 

development. 

The body of work presented here sought to address some of these needs by studying 

FAD mutation carriers using a variety of modalities. Whilst FAD is much rarer than 

sAD, it has (as discussed above and in Chapter 1) many commonalities with sporadic 

disease. Furthermore, the near 100% penetrance of mutations, reduces the 

likelihood of misdiagnosis and provides reasonable certainty of the underlying 

pathology (without requiring post-mortem examination), while the young age at 

onset (generally less than 60 years of age) reduces the likelihood of age-related 

comorbid pathologies14,16,87. Additionally, the reasonably consistent age at onset 

between successive generations enables an estimate of time to symptom onset in 

individuals included in studies of presymptomatic mutation carriers 14. With respect 

to the first aim of this thesis, to identify methods of detecting and tracking early, and 

ideally presymptomatic, AD-related changes, Chapters 3 to 5 assessed cognitive, 

blood biomarker (p-tau181 and NfL) and imaging (longitudinal tau PET) changes in 

FAD mutation carriers.  

The work presented in Chapter 3 used event based modelling to estimate the order 

and timing of cognitive changes in asymptomatic FAD mutation carriers. This study 

highlighted the potential value of data-driven modelling of neuropsychological tests 

in preclinical AD as the event based model used was able to provide an estimate of 

the sequence of cognitive deficits (as reflected by cognitive test scores) in a clinically 

“unimpaired” cohort. This study showed that measures of Accelerated Long-term 

Forgetting (ALF) are particularly sensitive to early AD related cognitive dysfunction: 

tests of ALF were among the first “events” in modelled sequence. Additionally, the 

model suggested that self-reported cognitive concerns may herald future cognitive 

dysfunction: a self-reported measure of subjective cognitive decline was a reasonably 

early “event” in the model. These findings suggest the potential value of including 

measures of ALF and subjective cognitive decline into batteries that screen for early 

cognitive dysfunction in AD. The data-driven model used in this study also showed 
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subtle changes in a wide array of non-memory functions in spite of this cohort being 

composed entirely of asymptomatic FAD mutation carriers, in particular measures of 

fronto-subcortical functions appeared reasonably early in the modelled cognitive 

sequence – perhaps a reflection of FAD heterogeneity. This finding lends further 

support to the increasingly widespread use of cognitive composites, which 

incorporate measures of multiple cognitive domains, as endpoints in trials of 

preclinical and mild AD204,392.  

The principal finding of Chapter 4 was that plasma p-tau181 concentration is 

increased in presymptomatic as well as symptomatic FAD. This study suggested that 

plasma p-tau181, despite considerable intra-individual variability, was reasonably 

well able to discriminate (i) between symptomatic mutation carriers and non-carriers 

and ii) between presymptomatic mutation carriers within seven years of estimated 

symptom onset and non-carriers. Significant differences in plasma p-tau181 

concentrations (at a group level) were detected early in the disease course, from 16 

years prior to estimated symptom onset, with changes in plasma NfL occurring 

around the same time (EYO = -17 years). Additionally, cross-sectional p-tau181 levels 

were associated with some measures of cognitive performance, suggesting that 

changes in p-tau181 concentration may reflect neuronal dysfunction with cognitively 

relevant consequences. Taken together these findings highlight the potential of 

plasma p-tau181 as a marker of both preclinical and symptomatic AD. However, there 

is a need to better understand the drivers of the considerable within-person 

variability seen as this variability will limit the potential of this plasma measure to 

serve as an outcome measure in future clinical trials 393.  

The work presented in Chapter 5 showed that, compared to non-carriers, 

symptomatic mutation carriers had very significantly increased tau PET uptake, most 

notably in posterior cortical regions like the precuneus and posterior cingulate 

cortex. However, tau PET tracer uptake, which included both absolute values as well 

as rates of change, did not differentiate between presymptomatic mutation carriers 

and non-carriers. There was some heterogeneity in the trajectory of FTP uptake 

amongst presymptomatic mutation carriers with some, but not all, who were 

approaching symptom onset displaying clear increases in tau deposition. The 
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precuneus appeared to be particularly susceptible to early tau deposition, with FTP 

SUVRs in this region showing (subtle) group differences between carriers and non-

carriers from around 10 years prior to estimated symptom onset. It will be important 

for future studies to examine tau uptake in regions, such as the precuneus, which are 

outside the confines of Braak staging. It will also be of value to examine the timing of 

tau PET changes in relation to actual, as opposed to estimated, symptom onset as 

this will help to clarify the utility of tau PET as a screening and/or outcome measure 

in future clinical trials, as well as the clinical significance of increased FTP signal in 

cognitively normal individuals.  

Taken together, these chapters advance understanding of presymptomatic AD by 

characterising the ability of the measures of ALF, subjective cognitive decline and 

plasma p-tau181 to detect change in presymptomatic mutation carriers. In addition, 

the study of longitudinal tau PET presented here suggests that this modality does not 

consistently detect preclinical change. These studies utilise the unique attributes of 

FAD (i.e. the high penetrance of mutations and consistent age at onset) to 

demonstrate the presymptomatic trajectory and timing of these biomarker changes. 

The study described in chapter 4 showed that changes in plasma p-tau181 and 

neurofilament light begin very early in the disease cascade, with significant 

differences between mutation carriers and non-carriers being detected over 15 years 

prior to estimated symptom onset. The study reported in chapter 3 found that 

cognitive changes are detected after increases in p-tau181 begin, with declines in 

neuropsychological performance first being seen around a decade before the onset 

of clinical decline. Finally, the study reported in chapter 6 suggested that subtle 

changes in FTP signal can be detected in the decade before symptom onset. The 

ordering of these changes is largely consistent with what has been seen in previous 

studies of FAD (see Section 1.2), with changes in measures of tau phosphorylation 

and axonal injury beginning well over a decade before symptom onset, while changes 

in measures of neocortical tau and neuropsychological function occur closer to the 

onset of clinical decline. These studies, by characterising if and when promising 

candidate biomarkers can detect presymptomatic change, have several important 
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implications for both clinical trial design and clinical practice – this will be discussed 

in greater detail within subsequent sections.  

Regarding the second aim of this thesis, i.e. advancing the understanding of AD 

pathophysiology, and its potential contribution to clinical heterogeneity, the work 

presented in Chapters 4 and 6 investigated if inter-group differences in plasma p-

tau181 and APP processing could be detected between PSEN1 and APP mutation 

carriers. Despite symptomatic APP carriers having higher levels of p-tau181 

compared to PSEN1 carriers, a statistically significant difference could not be 

detected after adjusting for disease duration, age and sex. In contrast there were 

marked inter-mutation differences in plasma Aβ ratios between APP and PSEN1 

carriers: higher Aβ42:38 ratios in PSEN1 carriers versus APP carriers and non-carriers; 

higher Aβ38:40 ratios in APP carriers versus both PSEN1 carriers and non-carriers; 

while amyloid-β42:40 was higher in both mutation groups compared to non-carriers. 

These in-vivo findings are consistent with in-vitro evidence that pathogenic PSEN 

mutations impair γ-secretase processivity, leading to the production of longer, and 

more aggregation prone, amyloidogenic peptides253. Additionally the increases seen 

in the Aβ38:40 ratio in APP carriers support cell-based findings that APP mutations, 

lying within the C-terminal end of the Aβ peptide, alter the endo-peptidase activity 

of γ-secretase377. Furthermore, this study showed that Aβ42:38, 42:40 and 38:40 

ratio levels were associated with parental age at onset, but not EYO, in PSEN1 

mutation carriers. This finding suggests that Aβ ratios may be important 

determinants of the timing of disease onset as opposed to being measures of disease 

stage; a finding that could only be demonstrated in-vivo. Finally, this study had some 

unexpected findings, in particular the increases in plasma Aβ42:40 ratios seen in 

symptomatic compared to presymptomatic PSEN1 mutation carriers - albeit these 

were relatively small group sizes. It will be important for future studies to replicate 

this finding, as well as to investigate the impact of disease progression on peripheral 

amyloid production – and to better understand how plasma concentrations relate to 

CSF concentrations and to the accumulation of pathological changes in the brain. In 

addition, it will be important for future larger studies to investigate the impact of 

mutation site on amyloid processing, particularly in PSEN1 carriers. In Chapter 4 I 
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found that p-tau181 concentrations were higher in symptomatic post-codon 200 

mutation carriers compared to symptomatic individuals with a mutation lying before 

codon 200. This suggests that important pathological differences exist not only 

between genetic groupings i.e. APP vs PSEN1, but also between mutations residing 

within the same gene. This thesis, by examining the influence of genotype on 

molecular drivers of AD onset (p-tau181 and plasma amyloid ratios), has sought to 

better characterise possible drivers of clinical heterogeneity in AD - this has several 

important implications for clinical trial design, which will be discussed in greater 

detail within subsequent sections of this chapter. 

7.3 Relevance and application of findings to sporadic Alzheimer’s disease  

As outlined in Chapter 1, FAD has many commonalities with sAD with the preclinical 

cascade of both disorders sharing several key biomarker events. Nonetheless one 

cannot assume that the insights into preclinical FAD will generalise to sporadic 

disease. It will be important for future dedicated studies of preclinical sAD to 

investigate the utility and applicability of the biomarkers and methods described in 

this thesis and in similar work.  

It is however, reassuring to see that cognitive studies in sAD have found some 

evidence supporting the diagnostic and prognostic utility of measures of ALF and 

subjective cognitive decline. Baseline performance in tests of ALF in a sample of 

cognitively normal older adults was associated with subsequent declines in global 

cognition394. Additionally baseline scoring in a composite recall score in this same 

study was able to differentiate progressors from those with stable cognition with 

reasonable diagnostic accuracy (AUC =0.76)394. Furthermore scoring on measures of 

ALF in two separate cohorts of cognitively normal APOE ɛ4 carriers was significantly 

worse than matched non ɛ4 carriers, with ALF performance correlating with CSF Aβ 

42/p-tau181 levels in one of these cohorts201,300. These results, combined with the 

findings in Chapter 3, suggest that ALF may be a valuable screening measure that 

could potentially be used to detect subtle cognitive dysfunction in preclinical AD. 

However, there are important inter-study discrepancies which first need to be 

resolved before ALF testing can be used more widely. In particular there is no clear 
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consensus on the appropriate interval over which recall should be tested in ALF –

studies in older adults have shown the value of testing recall at 1 month, while others 

have shown superior performance of testing recall at 3 months as opposed to 1 

month300,394. In contrast the ALF measures used in my study, and another study of 

APOE ɛ4 carriers, tested recall at an interval of one week 201,395.  

There is also growing evidence from the field of sAD about the potential prognostic 

utility of measures of subjective cognitive decline: increasing levels of subjective 

cognitive decline are associated with the subsequent onset of MCI, and a dementia 

diagnosis within approximately 10 years396,397. In addition, subjective cognitive 

decline is associated with established markers of AD progression including medial 

temporal lobe atrophy and glucose hypometabolism, as well the presence of AD 

pathology at post-mortem398. This has led to growing interest in self-reported 

cognitive decline being a marker of late-stage preclinical AD; a concept that is 

consistent with the results of the study of asymptomatic FAD mutation carriers 

presented in Chapter 3. However, there are many unresolved issues regarding 

assessment and clinical significance of subjective cognitive decline that are also 

important to acknowledge. In particular best methodology for assessing this 

phenomenon is still a matter of debate, with no clear consensus yet being established 

on the optimal assessment tools or thresholds of abnormality in measures 398. 

Additionally subjective cognitive decline is a non-specific measure of cognitive 

dysfunction which is influenced by mood and by pre-morbid personality and can be 

difficult to differentiate from normal age-related changes (population based studies 

have shown that 50-80% of cognitively normal individuals aged 70 and over perceive 

some level of cognitive decline398), and therefore this measure is likely to be of most 

value when used in combination with other cognitive assessment tools as well as AD 

biomarkers.  

The use of event based modelling to characterise disease progression has shown 

promise not only in sAD, but also other neurogenerative disease like Huntington’s 

disease and Parkinson’s disease298,399,400: these studies relied on biomarkers from an 

array of different modalities. The study presented in this thesis showed that this 

method can help advance understanding of the evolution of cognitive change in FAD, 
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adding to evidence from symptomatic AD where event based modelling was used to 

examine cognitive change in those with an AD diagnosis97. Taken together these 

findings highlight the value of using data-driven modelling to better understand 

disease progression.  

There is a rapidly expanding body of research suggesting that plasma p-tau181 may 

be a reliable marker of both preclinical and symptomatic sAD: findings that are 

consistent with the results presented in Chapter 4 of this thesis. Karikari et al showed 

that the same SIMOA assay detected higher concentrations of p-tau181 in cognitively 

unimpaired amyloid positive individuals compared to those that were amyloid 

negative – although this finding was not statistically significant in all cohorts 

examined in this paper318. Additionally a separate study of individuals who at baseline 

were classified as having either MCI or subjective cognitive decline demonstrated 

that plasma p-tau181 concentration was significantly higher in those who 

subsequently went on to develop AD dementia compared to those who did not 401. 

Furthermore a study using the same assay demonstrated that increased 

concentrations of p-tau181 are associated with the presence of AD pathology at post-

mortem327. This study also examined the trajectory of plasma biomarkers in the final 

years of life (average duration examined = 7.8 years prior to post-mortem) and found 

that concentrations in those with underlying AD pathology did not continue to 

increase, with concentrations appearing to level out during the 4 years prior to death 

327. The growing body of evidence characterising plasma p-tau181 in sAD suggests 

that my findings on the timing and trajectory of p-tau181 changes in FAD may well 

generalise to the commoner, later onset form of disease. 

The findings presented in Chapter 5 showed that there are some commonalities but 

also some potentially important differences in the site and trajectory of tau PET 

deposition between familial and sporadic forms of AD. Similar to the findings of my 

work in FAD, studies in sAD have demonstrated clear increases in tau PET signal, 

compared to controls140,402. However the FTP values seen in symptomatic carriers in 

my work were very high, with rates of change falling within a range of 0.11-0.56 

SUVR/year; this is considerably greater than the rate of change of ~0.05 FTP 

SUVR/year that has been reported in tau PET studies of sporadic disease213. This 
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suggests that tau deposition may be particularly aggressive in FAD, although it will be 

important for future studies to conduct age-adjusted comparisons of FTP SUVRs 

between sporadic and familial disease, as there is evidence that younger age at onset 

of AD is associated with higher FTP values146,214. The results presented in Chapter 5 

also suggest that the pattern of tau deposition may sometimes differ between 

sporadic and familial forms of AD. In sAD, early accumulation is often seen in the 

entorhinal region, with a recent data-driven modelling paper demonstrating that a 

third of AD cases conform with the Braak model of tau spread characterised by early 

involvement of the entorhinal cortex366. However, in Chapter 5 I showed that there 

is relatively early FTP uptake within the precuneus in FAD, with the trajectory of 

precuneus FTP uptake in mutation carriers diverging from non-carriers approximately 

a decade prior to estimated symptom onset. It will be interesting for future studies 

in sporadic disease to investigate tau spread within posterior cortical regions like the 

precuneus, as there is growing evidence that there is some heterogeneity in pattern 

of tau spread in AD: four distinct patterns of tau spread, which largely conform with 

the clinical characterisation of AD into typical amnestic, logopenic and posterior 

cortical variants, have recently been proposed366. The findings reported in Chapter 6 

on plasma amyloid in FAD highlight some important biological differences between 

familial and sporadic AD: in particular the finding that plasma Aβ42:40 ratios are 

raised in FAD contrasts with the declines reported in this ratio in sAD117,118. Since the 

advent of both increasingly sensitive mass-spectrometry methods and advanced 

immune-assay platforms, there has been a rapidly expanding literature on the 

potential utility of plasma amyloid in AD. Studies using both liquid chromatography 

mass spectrometry and immunoassays (both SIMOA and Elecsys) have shown that 

plasma Aβ42:40 ratio concentrations decline in sporadic disease117–119,403. However 

plasma Aβ42:40 appears to have a smaller dynamic range compared to CSF Aβ42:40 

with declines of only 15% being seen in plasma as opposed to almost 50% in CSF322,403. 

Nonetheless the trajectories of plasma and CSF Aβ42:40 are similar in sporadic 

disease, with both CSF and plasma levels starting to fall before the threshold for 

amyloid PET positivity is reached 322. These findings are in stark contrast to the results 

presented in Chapter 6, which show that plasma Aβ42:40 concentration is increased, 

both many years before predicted onset and after symptom onset, in APP and PSEN1 
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mutation carriers compared to non-carrier controls. This suggests that the direction 

of change of this biomarker in FAD is in the opposite direction to that seen in sAD – 

reflecting the genetically determined alterations in Aβ production in FAD that are 

likely to be present from birth. It also suggests that, unlike in sAD, CSF and plasma 

Aβ42:40 follow different trajectories in FAD; CSF concentrations of Aβ42:40 decline 

in symptomatic FAD194,195. Although it is interesting to note that concentrations of 

CSF Aβ42:40 are greater than in non-carriers in mutation carriers far (over 20 years) 

from symptom onset suggesting that Aβ42:40 concentrations in plasma and CSF start 

to diverge when cerebral amyloid deposition, with the associated sequestration of 

Aβ42 into plaques, begins404. Taken together these findings suggest that both (i) 

plasma and CSF Aβ 42:40 in FAD and (ii) plasma Aβ 42:40 in familial and sAD are likely 

to reflect different pathological processes. Declines in Aβ42:40 in CSF in FAD and in 

plasma in sporadic disease reflect the trapping of CSF amyloid peptides within 

cerebral plaques, and therefore both can serve as markers of cerebral amyloid 

deposition. In contrast plasma Aβ42:40 concentrations in FAD appears to reflect 

mutation effects on amyloid production with higher ratios being associated with 

mutation severity (i.e. earlier ages at symptom onset); suggesting that plasma 

amyloid ratios in FAD may function as mutation-specific markers of APP processing. 

However, one does need to be somewhat cautious regarding these inter-disease and 

inter-medium comparisons as they are inferred from data collected using different 

measurement techniques in different datasets. Therefore, it will be important for 

future studies to conduct direct comparisons between CSF and plasma amyloid levels 

in FAD, as well as to compare the trajectory of plasma Aβ 42:40 in sporadic and 

familial AD. 

7.4 Implications for clinical trials 

As was discussed in the opening chapter of this thesis, FAD research has played an 

important role in advancing the search for disease modifying-therapies for AD; both 

by facilitating improved understanding of preclinical disease and by contributing to 

the field’s understanding of the molecular drivers of disease onset. However, as was 

also discussed, there are several unmet needs in the search for effective therapeutics. 

These include the 1) increased understanding of the natural history of AD, to help 
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understand when, and how best, to intervene with potential disease modifying 

therapies; 2) the identification of biomarkers of AD, which ideally would be 

accessible, cheap and easily repeatable; and 3) advanced understanding of the 

underlying pathobiology driving cognitive changes in AD.  

Firstly, regarding the unmet need of advancing understanding of disease course– 

Chapter 3 provided more detailed phenotyping of the sequence and timing of 

cognitive change in AD. In addition, this chapter showed how event based modelling 

can be used to provide a detailed understanding of disease progression. This study 

has implications for clinical trial design including the selection of screening and 

outcome measures in AD prevention trials. The early changes seen in measures of 

ALF and subjective cognitive decline, and the fact that these measures have been 

shown to be associated with subsequent disease progression in sAD394,398, suggest 

the potential value of these tools as part of a screening battery to identify individuals 

at risk of future cognitive deterioration. In addition, the study presented in Chapter 

3, which only included clinically normal individuals, showed early emergence of 

fronto-subcortical dysfunction. This is consistent with findings from studies in sAD, 

which have shown the value of including measures of executive function as part of 

cognitive composite assessing disease progression in early AD305,405. Taken together, 

these findings suggest the value of including cognitive outcomes that assess function 

across multiple cognitive domains in future AD prevention trials, as dysfunction is 

likely to be widespread even in clinically asymptomatic cases. 

The study reported in Chapter 3 also provides some important insights into the value 

of using event based modelling to advance understanding of disease progression, 

which in turn can be used to refine clinical trial design. This data-driven modelling 

technique used the cognitive performance of a cohort of presymptomatic mutation 

carriers, which were spread across a wide range of EYOs (IQR = -9.2 to -5 years), to 

group participants into discrete, reasonably homogenous model stages. This 

illustrates how event based modelling can be used to reduce the inherent variability 

that inevitably exists between individual trial participants and thus increase the 

statistical power of clinical trials, in turn enabling more efficient and cost-effective 

collection of data and increasing the likelihood of a treatment effect being detected. 
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This is consistent with recently submitted work, which has shown the value of using 

event based modelling to subdivide datasets into homogenous groups: this paper 

used a retrospective dataset to illustrate the ability of event based modelling to 

identify a sub-group, in this submission those with more advanced disease, who 

experienced a trend towards greater therapeutic benefit from Donepezil compared 

to others in the dataset406. 

The findings of Chapters 4 and 5 also provide insights into the natural history of AD, 

which may help to improve the design of AD prevention trials. In particular the 

findings of these two studies advance understanding of the evolution of tau 

pathology in AD – findings which can inform the choice of treatment targets as well 

as selection criteria in future trials. Chapter 4 provides evidence that changes in tau 

phosphorylation, in particular increased levels of tau phosphorylated at the 181 

epitope, begin very early in the disease course - well over a decade before estimated 

symptom onset. This finding is consistent with previous results from CSF studies 

investigating the dynamics of tau phosphorylation in FAD, which have showed that 

changes in absolute CSF p-tau181 begin almost 2 decades before estimated symptom 

onset 195,332. In contrast changes in tau PET, a surrogate marker of NFT accumulation, 

were detected much later in the disease course – in Chapter 5 significant group-wise 

increases in tau signal, compared to non-carriers, were detected in symptomatic 

mutation carriers but not in presymptomatic mutation carriers. This suggests that 

plasma p-tau181 and tau PET reflect different aspects of tau pathology that develop 

asynchronously. Evidence that changes in p-tau181 predate increases in tau PET have 

also been found in sAD, where a study has shown that changes in p-tau181 begin 

before the threshold for amyloid positivity is reached323. The discrepancy in the 

timing of these tau biomarker changes has important implications for the design of 

AD prevention trials, especially as we enter an era where agents targeting tau are 

increasing152. It will be important for such trials to carefully consider the most 

appropriate marker of tau to evaluate any potential treatment effects. In particular 

it will be important for the tau biomarkers selected to be dynamic over the course of 

any given trial. This has been highlighted by the recent phase II trial of Donanemab, 

which limited recruitment to participants with a tau PET SUVR of 1.1 to 1.46, in order 
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to increase the likelihood that a detectable change in tau PET signal would be seen 

over the course of the trial 407.  

Biomarkers are already changing the design of AD trials. However, novel candidate 

biomarkers must undergo rigorous validation and their context(s) of use must be 

established. I hope that the findings presented in Chapters 4,5,6 of this thesis may 

contribute to the identification, and improved understanding, of AD biomarkers and 

of their potential roles in research.  

The study reported in Chapter 4 showed that plasma p-tau181 is a promising, easily 

accessible biomarker of presymptomatic and symptomatic FAD. The finding that p-

tau181 levels were increased in mutation carriers, and could fairly reasonably 

discriminate symptomatic and presymptomatic cases from non-carriers (AUCs 

>0.85), suggest potential utility as a screening biomarker – and merits further 

investigation. In addition, this study showed that cross-sectional p-tau181 levels were 

associated with some measures of cognitive function. Similarly longitudinal studies 

in sAD, have shown that increases in baseline plasma p-tau181, as well as longitudinal 

changes, are associated with cognitive decline (assessed using a cognitive composite) 

as well as cortical atrophy324. These findings, allied to the results presented in Chapter 

4, suggest that p-tau181 may have the potential to detect AD and monitor 

progression in clinical trials. However, the considerable intra- and inter-individual 

variability in longitudinal p-tau181 seen in the work presented in Chapter 4 suggests 

that this biomarker has limitations as either a screening and/or outcome measure in 

clinical trials. In addition the deceleration in p-tau181 levels seen in those with 

symptomatic FAD in this study, along with the plateau in plasma levels seen in those 

with advanced sporadic disease327, suggest that caution is needed when considering 

the use of p-tau181 as an outcome measure in clinical trials, as it may be difficult to 

determine if declines in plasma concentration are due to a treatment response or 

disease progression.   

The findings presented in Chapter 5 show the potential of longitudinal tau PET 

measures to serve as biomarkers of disease progression in future clinical trials. The 

high rates of change in tau PET SUVRs seen in participants around the time of 
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symptom onset suggest that, provided a study was enriched with individuals that are 

nearing clinical onset and/or mildly symptomatic, tau PET may be a sensitive measure 

of treatment efficacy – at least in terms of impact on tau pathology. However, there 

is no clear consensus on how best to identify those asymptomatic individuals on the 

AD continuum who are at the point of developing significant increases in tau burden. 

Recent evidence from sAD suggests that high levels of amyloid PET binding (> 68 

centiloids) may be a useful screening measure for identifying individuals who are at 

high risk of subsequently experiencing longitudinal increases in FTP signal. An 

alternative solution is using baseline FTP signal as a screening tool, as baseline FTP 

levels are associated with subsequent longitudinal signal increases in tau signal192,367 

– as was discussed above this was the strategy used by the Donanemab trial whose 

inclusion criteria specified that baseline PET SUVR of participants had to fall within 

certain range (1.1 to 1.46 SUVR) 407.  

Finally, the results of Chapter 6 signal the potential value of plasma amyloid ratios as 

either a screening measure and/or a biomarker of treatment response in clinical trials 

involving FAD mutation carriers. Plasma measurement is attractive as it is easily 

accessible and often acceptable to research participants, however it is further 

removed from cerebral pathology where disease modification will need to take place. 

The identification of inter-mutation differences in Aβ profiles suggests that distinct 

pathophysiology could drive disease onset in different FAD subtypes/genotypes. 

Further evidence supporting variability in the pathobiology of FAD was described in 

Chapter 4, where I found inter-mutation differences in plasma p-tau181 

concentration between symptomatic PSEN1 carriers with mutations lying either side 

of codon 200. The biochemical heterogeneity of FAD described in this thesis 

highlights the value for clinical trials stratifying participants into homogenous groups, 

potentially using event based modelling, as the significant heterogeneity seen across 

AD dilutes the likelihood of a treatment response being detected. Furthermore the 

findings described in this thesis, particularly within Chapter 6, signal the potential 

value of future clinical trials offering “personalised” interventions. For example, it 

may be worth designing interventions in future FAD trials that target specific aspects 

of APP processing known to be abnormal in certain FAD genotypes and recruit 
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participants accordingly. A precision or personalised medicine approach is now 

commonplace in cancer clinical trials and has yielded numerous successes. This type 

of approach may also be of value in AD, particularly in genetically determined forms 

of the disease where the underlying pathobiology of disease is reasonably well 

characterised.  

The findings of Chapter 6 can also contribute to the third unmet need outlined at the 

outset of this thesis: to advance understanding of the biological processes driving 

disease onset. The findings of this chapter corroborate existing evidence derived 

from cell-based studies that impaired γ-secretase processivity, and the consequent 

increases in longer Aβ peptides, play an important role in PSEN1 related AD253,256,408. 

In addition this study also substantiates evidence from in-vitro studies that 

disturbances in the endo-peptidase cleavage activity of γ-secretase occur in certain 

APP mutations377. These insights into the biological drivers of FAD have the potential 

to open up new avenues for therapy development. For instance the ratio changes 

seen in PSEN1 carriers, along with the associations between these ratio levels and 

age at onset, highlight the potential importance of changes in enzyme (γ-secretase)-

substrate (APP) stability in FAD; a finding that supports existing evidence from several 

cell based studies253,383. Taken together these findings perhaps suggest the value of 

exploring novel methods of targeting APP processing in FAD, in particular they build 

on the case for testing the therapeutic efficacy of γ-secretase stabilizing compounds. 

7.5 Implications for clinical practice 

The findings presented in this thesis may have potential to influence clinical practice. 

In particular insights into the pattern of cognitive, blood biomarker and tau PET 

changes in FAD could inform diagnostic algorithms.  

The study reported in Chapter 3 showed subtle early changes in measures of 

subjective cognitive decline and ALF in FAD, with these changes being detected over 

a largely similar disease stage. This, combined with existing evidence that changes in 

ALF and subjective cognitive decline are reasonably well correlated169, suggests that 

ALF could possibly be used to identify the subset of individuals with subjective 

cognitive decline who are at particularly high risk of progressing to future clinical 
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decline169. As discussed previously subjective cognitive decline is of uncertain clinical 

significance, with a large meta-analysis finding that just over 70% of those with 

subjective cognitive decline subsequently experience stable or improving 

cognition396. Given the unclear prognostic utility of subjective cognitive decline, the 

study presented in Chapter 3 hints at some potential value of combining these two 

types of cognitive measures to identify those patients who, depending on their 

individual clinical presentation, may benefit from further follow up and or/biomarker 

testing. That said, it will be important for future studies to explore the association 

between impaired performance on tests of ALF and later, clinically meaningful 

cognitive changes. However it is notable that baseline performance in ALF was 

associated with cognitive decline over a 1-year follow up period in a study of 

cognitively unimpaired older adults, although it is important to acknowledge that 

measurement of decline used in this study (a fall of 3 or more points on the 

Addenbrooke’s Cognitive Examination III) is of uncertain clinical significance394.  

The results presented in Chapter 4 suggest that p-tau181 could potentially be 

incorporated into clinical practice as one of the tests that can be used for 

investigating the aetiology of cognitive change. The case for p-tau181 being a useful 

diagnostic biomarker of AD has also been strengthened by recent studies which have 

shown good diagnostic performance of p-tau181 compared to the gold-standard 

(neuropathology diagnosis at post-mortem)327. However, it is important to be 

somewhat cautious about the real world utility of p-tau181 as a recent population 

based study has shown that the ability of p-tau181 to identify individuals on the AD 

continuum is comparable to a combination of age, gender and APOE ε4 carrier 

status409. Additionally the high levels of variability seen in plasma concentrations in 

the study reported in Chapter 4 suggest that this test should not be used in isolation 

but perhaps could be used in combination with other biomarkers: a recent study has 

shown that the discriminatory power of p-tau181 improves when used in 

combination with plasma Aβ42 (AUC for identifying amyloid PET positive cases 

increases from 0.84 to 0.89)330. Alternatively, p-tau181 could also be used as part of 

a multi-stage screening process. One could envisage p-tau181 being tested in primary 

care settings to help inform clinician decisions on which patients should be referred 
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onwards to specialist memory clinics. However, it is worth highlighting that the 

results presented in this thesis, as well as in studies of sAD, only suggest the potential 

clinical utility of plasma p-tau181; dedicated assessment of performance in real-

world memory clinics is needed before p-tau181 can be added to the diagnostic 

armamentarium.  

The results presented in Chapter 5 suggest that longitudinal tau PET may be useful in 

monitoring disease progression in AD. The diagnostic utility of tau PET scanning has 

support from studies showing it can differentiate AD from non-AD 

neurodegenerative conditions, and that increased tau PET signal is associated with 

AD pathology post-mortem140,410. The study presented in this thesis, along with a 

growing body of evidence from sAD, suggests that longitudinal tau PET can be used 

to monitor disease progression in symptomatic cases, although the cost, radiation 

exposure and technical challenges associated with PET may limit its use in clinical 

settings214,411. However, I did not find evidence to support the use of tau PET as a 

monitoring tool in asymptomatic disease. That said, this negative result needs to be 

replicated in future, larger studies of FAD as this result be could be attributed to 

underpowering (a type II error) and/or partly attributable to the sample group 

studied – the presymptomatic group included some participants who were very far 

from estimated symptom onset (average EYO= -13.6 years). It is important to be 

aware that monitoring disease progression in those who are asymptomatic, in the 

absence of licenced disease modifying treatment, is not currently clinically indicated. 

However, this may change in the event of disease modifying treatments being 

licenced for preclinical AD, therefore it is important for studies to continue to 

investigate the potential use of longitudinal tau PET as a biomarker of disease 

progression, both before and after symptom onset.  

Although the primary aim of the study presented in Chapter 6, which involved 

characterising plasma Aβ profiles in FAD, was to advance understanding of disease 

pathophysiology, it still has some important implications for clinical practice. This is 

especially true as the clinical use plasma Aβ ratios is looking increasingly likely – mass 

spec Aβ assays have been approved for clinical use in the United States412. Given that 

plasma Aβ42:40 levels decline in sAD117, as opposed to increase in FAD, there is a risk 
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that use of plasma Aβ ratios could lead to cases of FAD being 

overlooked/misdiagnosed. The study results presented in Chapter 6 highlight the 

importance of pursuing further investigations e.g. PET and/or CSF testing, in cases 

where FAD is in the differential and the importance of not being falsely reassured by 

plasma Aβ42:40 levels that are above the threshold of abnormality for sporadic 

disease.  

7.6 Limitations  

In drawing conclusions from this thesis, it is important to consider the limitations of 

the studies presented. Whilst the specific limitations of each individual study are 

discussed within the relevant chapters, there are some over-arching issues, common 

to all the studies presented, which should be acknowledged.  

Firstly, the sample sizes available for each study were not large. The sample sizes 

were primarily limited by the rarity of FAD (<1% of all cases of AD)16, which restricted 

the recruitment pool available for each study. However, the cohort of FAD families 

from which the study samples were drawn is one of the largest single centre FAD 

cohorts reported worldwide, and despite the small numbers provided adequate 

statistical power to demonstrate significant group-level differences in Chapters 3,4 

and 6. In the case of data presented in Chapter 5, there were concerns that 

underpowering of this study, which initially only included data obtained at UCL, was 

the reason that statistically significant differences between presymptomatic 

mutation carriers and non-carriers were not be detected. For this reason, I also 

included data from another FAD cohort (Washington University’s cohort of DIAN 

participants). In spite of the increase in study size, there remained no evidence of 

statistically significant differences in tau PET signal when the presymptomatic group 

were compared to non-carriers – increasing the likelihood that this is a true negative 

result as opposed to a type II error –presymptomatic changes are likely to be 

relatively subtle. Given the small sample sizes involved in each of the studies reported 

in this thesis, future replication and validation studies are needed. In particular, there 

is a need to replicate the finding of the sub-group analysis reported, as these were 

often limited by small numbers.  
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The FAD families recruited to the studies reported in this thesis were affected by 

pathogenic mutations in all three of the FAD genes; although PSEN2 carriers were 

only included in the study reported in Chapter 5. As discussed in the introduction, 

there is significant clinical, radiological and neuropathological variability within FAD, 

both between mutations located within the same gene as well as between mutations 

located on different genes. On the one hand, the considerable array of mutations 

studied in this thesis could be seen as a weakness; yet the ability of the different 

methods and markers studied in Chapters 4 and 5 to detect significant group 

differences between mutation carriers and non-carriers in spite of this heterogeneity 

could also be seen as further validation of the robustness of the findings presented. 

Such robustness to inter-individual variability is likely to be valuable if the same 

measures are also to be used in sAD, where significant clinical heterogeneity also 

exists as was discussed in Chapter 1. In addition, the inclusion of different genotypes 

facilitated the investigation of inter-mutation difference in biomarker profiles in 

Chapters 4 and 6. The ability to compare findings between mutations in PSEN1 and 

APP, and in Chapter 4 between pre- and post-codon 200 mutation carriers, allowed 

the investigation of potentially important inter-genotype differences in the 

underlying pathobiology of FAD. However, given the small numbers included, 

especially in sub-group analyses of inter-mutation differences, there is a need to 

replicate findings in future, larger studies.  

All studies reported in this thesis relied on the same method of calculating EYO; this 

involved subtracting the age at which an individual’s affected parent first developed 

symptoms of progressive cognitive decline from that participant’s age at assessment 

(see Chapter 2). This estimate is not without error due both to variability in age at 

onset between family members and to imprecision in determining the time of 

cognitive decline in a preceding, now often deceased, generation72. Nonetheless 

parental age at onset is a reasonable estimate of future timing of symptom onset, 

and it performs similarly to other methods of estimating disease onset (e.g. based on 

family mean or mutation mean age at onset)14. However, ideally one would have 

actual age at onset data for all participants; this would only be possible through 

longer-term follow-up, with each individual being prospectively followed until they 
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themselves developed progressive symptoms. Given that some participants included 

in this thesis were over 20 years from estimated symptom onset at the time of 

recruitment, this was not possible. However, it is reassuring that a subset analysis in 

Chapter 4, where a sufficient number of participants with actual age at onset data 

was available, showed results that they were reasonably consistent with the EYO 

analysis.  

The consistent use of same method to determine EYO in all the studies reported in 

this thesis facilitates direct comparison between the results of the different studies 

(in terms of how close to onset significant group differences appear to be evident). 

However, it is less straightforward to make similar comparisons between other 

studies of FAD reported in the literature. This is because there is no widely accepted 

definition of what exactly is meant by the time of “onset” of FAD. A significant 

number of studies, including the ones presented in this thesis, define onset as being 

the first point at which symptoms of progressive cognitive decline become evident to 

either the participant or to those around them100,185. However other published 

studies report timing in terms of time to/from diagnosis of AD, while others report 

time to/from onset of mild cognitive impairment103,389. Potential drawbacks to 

defining FAD onset as the time of onset of first symptoms (the approach taken in this 

thesis) is that determining the exact timing of symptom onset is frequently 

complicated by the high levels of vigilance and anxiety amongst FAD family members, 

which makes the interpretation of the significance of cognitive concerns 

challenging413. In addition, the slow insidious nature of cognitive decline in AD means 

that the exact timing of symptom onset often only becomes clear retrospectively. 

However, the significant advantage of the method adopted in this thesis compared 

to using time to/from AD diagnosis or mild cognitive impairment is that (1) symptom 

onset can usually be identified by anyone (e.g. other family members) regardless of 

clinical training, and 2) the time between onset of symptoms and what an individual 

clinician decides as meeting diagnostic criteria for AD dementia or MCI can be highly 

variable. Another issue with using dementia diagnosis or MCI as the time of FAD onset 

is that some individuals only present to medical services long after they have first met 

diagnostic criteria for these stages of disease. Therefore, despite some limitations, I 
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feel that the method used in this thesis to calculate EYO is, on balance, the most 

appropriate method for the datasets used.  

It was beyond the scope of this thesis to investigate the influence of different genetic 

modifiers, such as APOE, on the trajectory of the biomarkers reported. However, as 

was discussed in Chapter 1, there is a growing appreciation of the contribution 

different inherited factors can play in altering the course of FAD. Therefore, it will be 

important for future studies to better characterise the influence of genetic variants 

like APOE ε4 status on both disease progression and biomarker trajectories in FAD. 

That said it is likely that the effect of APOE status on any group differences reported 

in this thesis is over-ridden by mutation effects: previously APOE status has been 

shown to have no meaningful influence on the trajectory of CSF biomarkers in FAD 

mutation carriers or the timing of group differences between mutation carriers and 

non-carriers in wide array of imaging, cognitive and CSF measures194,195. Ideally, I 

would have also investigated the influence of FAD genotype on biomarker and 

cognitive profiles in all data chapters in this thesis. However, small sample sizes 

precluded sub-group analyses of separate APP and PSEN1 groups being performed in 

Chapters 3 and 5. Additionally the results of this type of sub-group analysis 

performed in Chapters 4 and 6 should be interpreted with caution given the small 

numbers involved. It will be important for future larger studies of FAD to investigate 

the influence of FAD genotype on the sequence of cognitive change in FAD, as well 

as the timing and trajectory of plasma p-tau181 and tau PET changes.  

In this thesis I chose not to correct for multiple comparisons within each of the 

studies reported. This was because, although correction for multiple comparisons 

would have reduced the likelihood of false positive findings, it would have increased 

the chance of inappropriately accepting the null hypothesis. Based on the fact that 

each analysis reported in this thesis was pre-specified and based on a-priori 

hypothesis, this was felt to be inappropriate.  

7.7 Future directions 

The work reported in this thesis opens up a number of different avenues for future 

research. From a cognitive perspective, it will be important for future studies to 
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investigate the associations between ALF test measures and subsequent cognitive 

decline and disease progression. The adoption of sensitive neuropsychology tests, 

like ALF, as outcome measures in future AD clinical trials will hinge on their ability to 

detect changes that are clinically meaningful. Therefore, there is a need to investigate 

the association between baseline performance in tests of ALF and subsequent change 

in established measures of disease progression. As participants in the study reported 

in Chapter 3 were recruited from UCL’s longitudinal cohort study of FAD, there is now 

the benefit of, approximately, annual visit follow up from the time of their baseline 

assessment. This means that it is now possible to test for associations between 

baseline performance and (i) clinical (measured using CDR-SOB), (ii) cognitive 

(measured using an array of established neuropsychology measures) and (iii) 

structural (MRI atrophy rates) change. In addition, it will also be possible to explore 

associations between ALF test scores and actual age at onset in the subset of 

mutation carriers who have become symptomatic during the course of follow up.  

The research presented in Chapter 3 showed the value of using event based 

modelling to advance understanding of disease progression. Recent advances in 

event based modelling, in particular the development of the Subtype and Stage 

Inference (SuStaIn) algorithm, opens up the possibility of using machine learning to 

also characterise the heterogeneity and temporal complexity underlying FAD414. This 

technique can be used in FAD data-sets to identify and characterize data-driven 

subtypes. This information can then be used to determine what relationship, if any, 

that data-driven subtypes have with genotype (APP vs PSEN1 vs PSEN2) and mutation 

site, e.g. pre and post-codon 200 in PSEN1. This technique can also use multi-modal 

neuroimaging techniques to characterise the pattern of propagation of tau and 

amyloid pathology as well as the spread of neuronal dysfunction and atrophy across 

the brain. Insights into the temporal and spatial relationships between amyloid 

accumulation, tau deposition and neurodegeneration in presymptomatic FAD are 

critical to advancing understanding of disease pathophysiology, and it is possible that 

this machine learning technique will reveal a great deal about these underlying 

disease mechanisms.  
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The results presented in Chapter 4 suggest the potential diagnostic value of plasma 

p-tau181 in AD, both before and after symptom onset. However less is known about 

the prognostic utility of this blood biomarker – especially in FAD. The association 

between baseline p-tau181 concentrations and subsequent disease progression in 

FAD are yet to be investigated, although studies in sAD have shown associations 

between cross-sectional plasma p-tau181 levels and subsequent tau and amyloid 

accumulation, as well as cerebral hypometabolism and cortical thinning323,324. 

Improved understanding of the associations between this blood biomarker and 

subsequent disease progression are needed before plasma p-tau181 can be 

considered as prognostic biomarker of FAD. Therefore, in the future it will be of 

interest to investigate associations between cross-sectional measures of p-tau181 

and rates of (i) clinical decline (CDR-SOB), (ii) cognitive decline (MMSE, and other 

recognised neuropsychology measures) (iii) white matter hyperintensity volume 

change (iv) grey and white matter atrophy and (v) hippocampal, whole brain and 

ventricular change. A greater understanding of the relationship between p-tau181 

and these established measures of disease progression can be used to better inform 

the contexts of use where plasma p-tau181 can add value; a critical next step in the 

validation of this promising biomarker.  

Regarding plasma p-tau181, the considerable intra- and inter-individual variability 

demonstrated in Chapter 4 highlights the importance of detailed characterisation of 

the influence of pre-analytical, analytic factors and physiological variability on 

biomarker concentrations. Recent evidence from a study investigating the utility of 

NfL as a possible outcome measure in clinical trials highlighted the detrimental effect 

variability can have on study powering: variability in blood NfL meant that 

considerably greater numbers of participants would be needed to detect the same 

treatment effect compared to when an imaging outcome measure like hippocampal 

atrophy is used393. Therefore, a greater understanding of the drivers of fluctuations 

in p-tau181 concentration is urgently needed before p-tau181 can be considered as 

a viable outcome measure in AD clinical trials. There has already been some progress 

towards characterising the influence of pre-analytical sample handling on p-tau181 

concentration with a recent study showing that >3 freeze thaw cycles, as well as use 
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of different collection tubes, can influence p-tau181 concentration415. However, 

there are still many important unanswered questions including the influence of 

physiological factors (fasting status, diurnal variation), collection method, and sample 

processing on p-tau181 concentration, which need to be better understood before 

p-tau181 can be integrated into clinical practice and research trials. 

The work presented in this thesis, particularly the study on influence of genotype on 

plasma amyloid ratios presented in Chapter 6, offers further insight into the 

molecular heterogeneity across FAD. The inter-genotype differences in biochemical 

profiles between different FAD mutations highlight the importance of using large 

data-sets to better characterise the biological heterogeneity underlying FAD. For 

instance, a sufficiently large dataset could be used not only compare differences in 

tau uptake and APP processing between different gene carriers (as I have done for 

plasma amyloid and p-tau181 in this thesis), but also to investigate the influence of 

mutation site, for example comparing biomarker profiles between mutations located 

within the different transmembrane domains of the PSEN1 protein. A fine-grained 

understanding of the influence of mutation site on APP processing and tau build up 

could be critical to advancing the design of targeted therapeutics for FAD, as well as 

providing important insights into the phenotypic heterogeneity underlying FAD. 

Additionally, a larger dataset also opens up the possibility of exploring the potential 

of plasma Aβ ratios to be a predictive biomarker of actual age at onset in FAD – this 

would be an important advance on our finding that ratio levels were associated with 

parental age at onset in PSEN1 carriers. It would be also of value to test whether any 

of the plasma amyloid measures outperform and/or significantly improve 

performance of established prediction markers like parental age at onset and/or 

average age of onset in mutation carriers.  

Finally, it will be important for future FAD studies to combine the different modalities 

investigated in this thesis. It will be particularly interesting to examine the 

associations and interactions between different plasma markers (e.g. p-tau181, NfL 

and amyloid) and measures of cognitive (ALF), clinical (CDR SOB) and structural 

change (brain atrophy and tau deposition). Such studies will be critical to advancing 

understanding of the pathological changes driving AD onset, as well as clarifying the 
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diagnostic and prognostic utility of these promising blood biomarkers. Furthermore, 

given the inter-mutation differences in plasma p-tau181 and plasma amyloid ratios 

described in this thesis, it will be important for future studies to separately assess the 

relationship between these plasma biomarkers and downstream clinical, cognitive 

and structural changes within different mutation groups i.e. conduct separate 

analyses in PSEN1 and APP carriers, as well as in PSEN1 pre and post-codon 200 

carriers. Such studies are needed in order to advancing understanding of the drivers 

of clinical heterogeneity in FAD. This thesis also illustrates the value of data driven 

modelling techniques and the ability of such methods to characterise the sequence 

and timing of biomarker changes. Therefore, in the future, event based modelling 

should be used to analyse the data presented across the different chapters in this 

thesis. The use of data driven modelling in such a unique data set could help to 

deepen understanding of the sequence of biomarker changes in FAD, and in 

particular could help to clarify where novel biomarkers like plasma p-tau181 and tau 

PET sit within the pathological cascade of FAD. Finally, data driven modelling 

techniques like event based modelling offer the opportunity to explore whether the 

ordering of disease progression differs between APP and PSEN1 carriers.  

Conclusions 

AD is devastating condition and a major public health crisis. However, there is cause 

for cautious optimism. More is known now about AD than ever before. In particular 

the knowledge that cognitive decline in AD is preceded by a long clinically silent 

period of pathological change and that that can be detected and tracked with 

biomarkers offers new therapeutic opportunities. Early intervention is now a central 

tenet of many clinical trials and has accelerated progress towards developing disease 

modifying treatments, with one agent recently being approved by the FDA– although 

this is a source of ongoing controversy. In addition, there has been remarkable 

progress in the field of blood biomarker development, which has opened up the 

possibility of democratising dementia diagnosis as blood tests can be used in low 

resource settings – where PET or CSF measures would be unrealistic.  
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The study of presymptomatic individuals who carry pathogenic mutations that cause 

FAD both in terms of observational research and now also clinical trials, has and will 

continue to provide insights relevant to sporadic disease. It has been a privilege to 

work with these families and I hope that the work presented in this thesis will 

contribute in some small part to advancing understanding of AD pathophysiology as 

well as to the development and use of presymptomatic biomarkers.  
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Appendix 

Appendix 1: Case report form of UCL’s longitudinal cohort study of FAD 

 

5 Letter code:       Family No.    /     Visit No.   

               
Visit Date:            Mutation:         

  D     D     M     M     M     Y     Y      Y      Y 

 

Last Seen:           AR/AFF/Control:  

 D D M M M Y Y Y Y  AAO if affected:    

Date of Birth:           Parental AAO:    

  D     D     M     M     M      Y     Y      Y      Y 

 

Participant Contact Details: 

Participant Name  

Current Address  

Email Address  

Phone Number (Home & Mobile)  

Preferential mode of contact:  

GP Contact Details:  

Interested in Trials?  

Interested in other research?  

 

Consent Updated  
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DPA?  

PM Consent?  

Informant Details 

Name: 

Relationship: 

Contact Details: 

 

Second Informant (if available): 

 

(Please get full name, telephone number/ 

email address, relationship with participant 

details) 

 

 

 

 

Cognitive Examination 

Instructions:  

If any changes are reported in the following items, provide a brief description or comment about the 

finding.  If things are as normal, please check ‘Normal’. 

Memory 

As reported by the participant 
Details: (Must be provided if either report an ‘abnormal’ 

answer) 

Events:       Normal                Abnormal   

Names:       Normal                Abnormal  

Faces:         Normal               Abnormal  

Routes:       Normal               Abnormal  

 

Other Cognitive Domains: 

As reported by the participant 

Details: (Must be provided if either report an ‘abnormal’ 

answer) 

Planning and Problem solving  

       



 

 225 

      Normal                   Abnormal 

Diet: 

      Changed                Unchanged 

 

Judgement and Insight: 

      Normal                   Abnormal 

 

New Obsessions/Compulsions/ 

Ritualistic Behaviour  

      Yes                         No 

 

Delusions/Hallucinations/Paranoia: 

      Yes                        No 

 

Mood: 

      Normal                   Abnormal 

 

Anxiety/Apathy: 

      Yes                         No 

 

Sleep: 

      Normal                   Abnormal 

 

Speech and Language: 

      Normal                   Abnormal 

 

Reading and Writing 

      Normal                   Abnormal 

 

Calculations: 

      Normal                   Abnormal 

 

Problem using objects: 

      Normal                   Abnormal 

 

Gait: 

      Normal                   Abnormal 

 

Falls: 

      Yes                         No 
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Seizures: 

      Yes                         No 
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Memory 

As reported by the collateral 

source 

Details: (Must be provided if either report an ‘abnormal’ 

answer) 

Events:       Normal                Abnormal   

Names:       Normal                Abnormal  

Faces:         Normal               Abnormal  

Routes:       Normal               Abnormal  

 

Other Cognitive Domains: 

As reported by the collateral 

source 

Details: (Must be provided if either report an ‘abnormal’ 

answer) 

Planning and Problem solving 

      Normal                   Abnormal 

 

Diet: 

      Changed                Unchanged 

 

Judgement and Insight: 

      Normal                   Abnormal 

 

New Obsessions/Compulsions/ 

Ritualistic Behaviour  

      Yes                         No 

 

Delusions/Hallucinations/Paranoia: 

      Yes                        No 

 

Mood: 

      Normal                   Abnormal 

 

Anxiety/Apathy: 

      Yes                         No 

 

Sleep: 

      Normal                   Abnormal 

 

Speech and Language: 

      Normal                   Abnormal 
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Reading and Writing 

      Normal                   Abnormal 

 

Calculations: 

      Normal                   Abnormal 

 

Problem using objects: 

      Normal                   Abnormal 

 

Gait: 

      Normal                   Abnormal 

 

Falls: 

      Yes                         No 

 

Seizures: 

      Yes                         No 

 

Past Medical History 

Head Injury: 

      Yes                   No           

Hypertension: 

      Yes                   No           

Diabetes Mellitus: 

      Yes                   No           

Hyperlipidaemia: 

      Yes                   No           

Transient Ischaemic Attack (TIA): 

      Yes                   No           

Stroke: 

      Yes                   No           

Ischemic Heart Disease (IHD): 

      Yes                   No           

Other: 



 

 229 

      Yes                   No           

 

 Medications History 

Is the participant taking any medication? 

No:                        Yes:       (if yes, complete below) 

Current Medication (record generic or name) Indication Dose and Units Frequency 

    

    

    

    

    

    

 

Additional Participant Information 

Smoke?  

Drink?  

Job?  

Date of 

Retirement and 

Why: 

 

 
 

 

Driver +/- when 

stopped: 
 

Years of 

education: 
 

 

Family History Update: 
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Anyone else interested in becoming involved in research? 

 

Physical Examination 

System If noted abnormal, please provide brief 

description and comment if clinically 

significant or not (CS/NCS). 

General Appearance 

      Abnormal                Normal               Not Done               

 

Cardiovascular System 

      Abnormal                Normal               Not Done               

 

Respiratory System 

      Abnormal                Normal               Not Done               

 

Abdomen 

      Abnormal                Normal               Not Done               

 

Skin 

      Abnormal                Normal               Not Done               

 

Joints 

      Abnormal                Normal               Not Done               

 

Cranial Nerves 

      Abnormal                Normal               Not Done               

 

Peripheral Nervous System 

      Abnormal                Normal               Not Done               

 

 

Vital Signs   MMSE Score 

Blood pressure (mmHg)            / 30 

Systolic Diastolic    
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Condition If indicated as present, please provide brief description and 
comment 

Myoclonus 

      Present                   Absent             

 

Apraxia 

      Present                   Absent             

 

Pyramidal Signs 

      Present                   Absent                   

 

Cerebellar signs: 

      Present                   Absent                   

 

Extrapyramidal signs: 

      Present                   Absent             
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Appendix 2: The Clinical Dementia Rating Scale scoring structure 

 

The scores for each of the six CDR domains are calculated based on 

standardised structured interviews with both the participant and a close 

informant. The scores can be used to calculate both a global CDR, which is 

based on the most common score an individual receives across the domains 

(when there is an equal number of two scores the score for memory generally 

takes precedence) and a CDR sum of boxes (SOB), which is based on the total 

cumulative score across the six domains. 
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Appendix 3: Accelerated long-term forgetting test  

AMIPB LIST RECALL (List 1) 
Date……………………………….. 

Name……………………………… 

ID…………………………………... 

 1 2 3 4 5 6 7 8 9 10 40s 30m 7d 

Butter              

Orange              

Ink              

Fire              

Shell              

Salad              

Kitchen              

Goat              

Thunder              

Bag              

Temple              

Needle              

Train              

Skirt              

Hedge              

Score              
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AMIPB LIST RECALL (List 2) 
Date……………………………….. 

Name……………………………… 

ID…………………………………... 

 1 2 3 4 5 6 7 8 9 10 40s 30m 7d 

Plant              

Bell              

Perfume              

King              

Coffee              

Thief              

Finger              

Prize              

Mouse              

Window              

Flame              

Bible              

Kiss              

Whistle              

Hammer              

Score              
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AMIBP STORY RECALL (Story 1) 

   Participant ID:   ………………           

  Date of assessment:  initial   __ __/__ __/__ __          

   F/U   __ __/__ __/__ __ 

 

Trial no:  
Mrs Angela  

Harper  

was sitting in her bedroom  

mending the curtains  

when she heard a noise  

coming from the kitchen.  

She rushed to investigate  

and found a boy  

climbing out of the window  

with her handbag.  

She threw a vase at him   

but it missed  

and he ran off laughing.  

She chased after him  

past the shops  

and into the park  

but he got away  

by squeezing through some railings.  

On her way back home  

Mrs Harper phoned  

the Police.  

She described  

the thief as quite tall  

and neatly dressed.  

He had a scar  

on his face  

But she could not remember  

the colour of his hair.  

Total score (out of 56) 

(80% = 45) 
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AMIBP STORY RECALL (Story 2) 

   Participant ID:   ………………           

  Date of assessment:  initial   __ __/__ __/__ __          

   F/U   __ __/__ __/__ __ 

Trial no:  
Mr Peter  

Williams  

who died last month  

has left two hundred thousand pounds  

to a charity that provides  

seaside outings  

for the children  

of refugees.  

His younger  

brother,  

who lives in Canada,  

will inherit  

his house,  

his yacht  

and his Rolls-Royce car.  

Mr Williams came from a poor family  

but he was determined to do well.  

He worked extremely hard  

and everyone liked him.  

His first job  

was as a butchers boy  

but he earned extra money  

by doing night work  

in a laundry.  

When he was thirty  

he bought a van  

and started a removals business.  

However, he eventually made his fortune  

selling paintings  

and antique clocks.  

Total score (out of 60) 

(80% = 48) 
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AMIPB VISUAL FIGURE (Figure 1) 
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AMIPB VISUAL FIGURE (Figure 2) 
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Appendix 4: Everyday memory questionnaire 
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