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Abstract 

 
Frontotemporal Dementia (FTD) is the second most common form of dementia 

in those under 65 years of age. To date the only known risk factors are genetic, 

and a third of FTD is inherited. Unique to the study of genetic FTD is examining 

of those at-risk of FTD who are many years from expected symptom onset. As the 

era of clinical trials for genetic FTD approaches, it is clear that pharmaceutical 

companies aim to target therapeutic interventions many years before symptom 

onset. To date one of the greatest challenges in genetic FTD is understanding the 

age at which at-risk individuals are likely to develop symptoms and having 

sensitive biomarkers to detect early presymptomatic changes. The work outlined 

in this thesis investigated the presymptomatic phase of genetic FTD, focusing on 

improving our understanding of when individuals at-risk of FTD are likely to 

develop symptoms; and exploring well-validated and novel cognitive 

assessments to devise more sensitive measures of cognition in genetic FTD. I 

begin my thesis by performing a retrospective study of genetic FTD to 

understand the factors that influence age at symptom onset, showing that an 

ÉÎÄÉÖÉÄÕÁÌȭÓ ÁÇÅ ÁÔ ÏÎÓÅÔ ÉÓ ÓÉÇÎÉÆÉÃÁÎÔÌÙ ÃÏÒÒÅÌÁÔÅÄ ×ÉÔÈ ÂÏÔÈ ÐÁÒÅÎÔÁÌ ÁÎÄ ÍÅÁÎ 

family age at onset. In the subsequent chapters I build upon these findings to 

explore cognitive changes in genetic FTD. I devise a cognitive composite based 

on pre-existing neuropsychology assessments to provide the optimal 

combination of assessments for use in a potential clinical trial. I also devised a 

novel cognitive assessment tool for the detection of early presymptomatic 

cognitive changes in genetic FTD to provide a proof of concept that this novel 

technique is sensitive to early presymptomatic cognitive changes. The work 

expands on what is currently known about the presymptomatic phase of genetic 

FTD and provides new avenues for understanding early cognitive changes.  
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Impact Statement 
 
The findings from Chapter 3 provide a novel and improved model for estimating 

when an individual is likely to develop symptoms. At conferences and in the 

reviewer comments of publications, I have frequently observed criticism of the 

use of estimated symptom onset as opposed to actual symptom onset when 

performing analysis on presymptomatic cohorts. To date, the use of estimated 

symptom onset has been broadly justified. The work in Chapter 3 was recently 

accepted for publication in Lancet Neurology, and moving forward, any 

presymptomatic analysis will need to consider the findings from this study when 

estimating age of symptom onset in at-risk carriers.  

 

The improved estimation of symptom onset and disease duration may also 

impact clinical practice in FTD as clinicians will now have a more accurate 

understanding of the age at which individuals at-risk of genetic FTD are likely to 

develop symptoms and also the likely duration of the disease course. This will be 

hugely important for specialist centers, as a greater understanding of the factors 

influencing AAO (age at onset) will lead to better management of the disease 

when patients present to clinic. Most importantly, these findings are beneficial to 

individuals and families living at-risk of genetic FTD. As a result of this work 

individuals can be given an improved estimate of age at onset at which symptoms 

are likely to develop.  

 

Moreover, I am hopeful that these findings will lead to better genetic counselling 

of at-risk individuals, for whom the more accurate prediction of estimated 

symptom onset made possible through these developments will be able to make 

informed decisions to pursue genetic counselling. For those testing positive, 

better knowledge of disease risk and likelihood of symptom onset and disease 

duration may also encourage individuals to opt for preimplantation genetic 

diagnosis to ensure the inheritance of FTD is ceased in future generations.  

 

With the advent of clinical trials aiming to prevent or halt genetic FTD, the work 

performed as part of this thesis provides evidence of subtle-mutation specific 

cognitive decline in presymptomatic FTD. The work of Chapter 4 to create a 
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cognitive composite for genetic FTD offers an immediate solution to the lack of 

sensitivity of existing individual pen and paper assessments. Having presented 

the cognitive composite derived as part of this thesis to over 15 industry 

partners, I am encouraged that companies have already expressed interest in 

utilizing it as a secondary outcome measure in potential therapeutic 

interventions. It has the potential to be promoted to use as a primary outcome 

measure in the future.    

 

The work to create a novel assessment of cognition (Chapters 5 and 6) for the 

detection of presymptomatic FTD is of great importance, as it builds upon 

previous studies that have found presymptomatic cognitive changes to be 

present several years before expected symptom onset. This work goes further in 

several important ways. This is one of the first studies to employ technology for 

self-assessment of cognitive decline in presymptomatic genetic FTD. Though 

there are several existing computerized measures of cognition that could be used 

for the assessment of genetic FTD, this is the first to be commissioned with 

genetic FTD as the focus. The use of Ignite has provided an opportunity to begin 

to move cognitive assessments away from the hospital and research 

environment into the more real-world and comfortable setting of the home. 

Ignite has shown promise in detecting subtle and unique patterns of cognitive 

performance across presymptomatic genetic FTD. In future, it has the potential 

to be employed in clinical trials as an alternative cognitive outcome measure.  
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TOM Theory Of Mind 

TR Top Right 
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1 Introduction  

 

1.1 A Brief Overview of Frontotemporal Dementia  

 

Frontotemporal Dementia (FTD) is a clinically, pathologically and genetically 

diverse neurodegenerative disease (Warren, Rohrer, & Rossor, 2013). It is a term 

used to describe a broad spectrum of non-!ÌÚÈÅÉÍÅÒȭÓ ÄÅÍÅÎÔÉÁÓ, which are 

associated with two important  clinical presentations: a progressive change in 

behaviour ɀ behavioural variant FTD (bvFTD) and/or a progressive change in 

language ɀ primary progressive aphasias (PPA). It is the second most common 

cause of young onset dementia in those under 65 years of age (Rossor et al, 

2010)ȟ ÁÐÐÒÏØÉÍÁÔÅÌÙ ÅÑÕÁÌ ÉÎ ÆÒÅÑÕÅÎÃÙ ÔÏ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÉÎ ÔÈÉÓ ÁÇÅ ÇÒÏÕÐ. 

Its effect, particularly on those of a working age with young families, represents 

a major public health concern and socioeconomic burden to society.  

 

1.1.1 Behavioural Variant FTD 

 

FTD has several clinical subtypes, each with distinct symptomatic presentations. 

The most common clinical subtype is bvFTD, with over half of all FTD cases 

presenting with executive dysfunction and also progressive changes in behaviour 

(Warren et al., 2013) including: disinhibition, loss of empathy, ritualistic or 

compulsive behaviour, apathy and changes in dietary preference (Warren et al., 

2013; Woollacott & Rohrer, 2016; Deleon & Miller, 2018). The diagnostic criteria 

for possible bvFTD are outlined in section 2.3.1.3, of note patients must meet any 

three of the six clinical characteristics, and one cognitive feature (usually 

executive dysfunction). In addition to executive dysfunction, performance on 

cognitive assessments reveals a marked impairment in social cognition, such as 

emotion recognition and theory of mind (described further in section 5.5.7). 

Hallmark characteristics of bvFTD are also frontal and/or temporal lobe atrophy 

changes on neuroimaging (Rascovsky et al., 2011), which tend to be asymmetric 

and can vary greatly between individuals. 
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1.1.2 Language Variants of FTD 

 

The majority of non-behavioural variant FTD cases present with a progressive 

deterioration of language (PPA). These can be classified into three canonical 

subtypes; non-fluent variant primary progressive aphasia (nfvPPA), semantic 

variant primary progressive aphasia (svPPA) and logopenic variant primary 

progressive aphasia (lvPPA). Each of these are briefly outlined below. The full 

diagnostic criteria are detailed in section 2.3.1.3.  

 

1.1.2.1 Non-Fluent Variant PPA 

 

Of the language variants, it is suggested that 25% of patients with FTD present 

with nfvPPA (Johnson et al., 2005), which is characterized by non-fluent, 

agrammatic, slow effortful speech production (Gorno-Tempini et al., 2011), and 

also left inferio r and posterior frontal and insular atrophy (Rohrer et al., 2009). 

Notably, single word comprehension and semantic knowledge remain intact 

early in the disease process, which is helpful in differentiating between the 

language subtypes, particularly svPPA. In general, nfvPPA patients present to 

clinics earlier than those with the other language variants due to the obvious 

initial  disruption in speech production (Hsieh, Hodges, Leyton, & Mioshi, 2012). 

Agrammatic speech typically manifests with  short, muddled and simple phrases, 

ÏÆÔÅÎ ÓÏÕÎÄÉÎÇ ȬÔÅÌÅÇÒÁÐÈÉÃȭ due to the omission or incorrect use of key 

connecting words such as pronouns and prepositions (Rohrer et al., 2008). As 

the disease progresses, patients frequently switch to non-verbal forms of 

communication such as through the use of an electronic tablet device or notepad.  

 

1.1.2.2 Semantic Variant PPA 

 

Approximately 20% of FTD patients are diagnosed with svPPA (Johnson et al., 

2005). Its initial  presentation is characterized by a progressive deterioration of 

semantic knowledge, including object naming (Gorno-Tempini et al., 2011; 

Warren et al., 2013; Woollacott & Rohrer, 2016). Patients present with fluent, 
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often garrulous speech. Due to a reduction in semantic memory, speech is empty 

and circumlocutory with clear deficits of early word finding difficulties (Gorno-

Tempini et al., 2011; Warren, 2013). These initial changes can, however, be 

difficult to detect, as it is often low frequency words (such as the names of flowers 

for a gardener) which are first affected. svPPA can be identified by a clear 

anatomical profile of bilateral (left more so than right)  anterior temporal lobe 

atrophy (Hodges, Patterson, Oxbury, & Funnell, 1992; Rohrer et al., 2009). 

Commonly, patients with svPPA can develop behavioural changes as the disease 

evolves, making it difficult to distinguish from bvFTD if they present to clinics 

later in the disease course (Woollacott & Rohrer, 2016).  

 

1.1.2.3 Logopenic Variant PPA 

 

The third language subtype is lvPPA, which accounts for almost 30% of all PPA 

cases (Gorno-Tempini et al., 2004). The main clinical presentation of lvPPA is 

slow hesitant speech, with long word finding pauses and phonological errors, 

marked with difficult ies in repeating spoken phrases (Gorno-Tempini et al., 

2011). In contrast to svPPA, single word comprehension remains intact early in 

the disease course. Through neuroimaging, lvPPA can be identified by 

asymmetrical (left more so than right) temporal and parietal lobe involvement 

(Rohrer et al., 2013). In addition, most cases will also present with underlying 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÐÁÔÈÏÌÏÇÙ (Gorno-Tempini et al., 2011).  

 

1.1.3 Overlapping Clinical Syndromes 

 

In addition to progressive changes in behaviour and language, patients with FTD 

can also present with overlapping syndromes. These can include FTD with 

amyotrophic lateral sclerosis (ALS) or the atypical parkinsonian syndromes, 

progressive supranuclear palsy (PSP) and corticobasal syndrome (CBS) (Warren 

et al., 2013). PSP is identified by impairment of vertical gaze and postural 

instability marked by frequent falls, alongside behavioural changes (Kertesz & 

Mcmonagle, 2009). Corticobasal syndrome can be characterized by asymmetric 
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apraxia, cortical sensory loss and alien limb syndrome. Language deficits and 

behavioural changes are also reported (Kertesz & Mcmonagle, 2009). For 

patients presenting with FTD and ALS, behavioural changes and motor neurone 

symptoms can appear simultaneously or one following the other. The diagnostic 

criteria for ALS are outlined in section 2.3.1.3. 

 

1.1.4 Conclusions 

 

FTD is used as an umbrella term encompassing each of the clinical presentations 

outlined above. The heterogeneity of the disease makes it challenging to fully 

understand the causes of sporadic FTD. Typically, there is a lack of awareness of 

FTD across general practices and non-specialist hospital clinics and in the 

general population, which often results in initial misdiagnosis of patients. This is 

further complicated by the lack of reliable biomarkers required to confidently 

differentiate between the disease subtypes. Correct and early diagnosis of FTD is 

equally important for both clinicians and patients as it ensures that correct 

information can be given with regards to symptomatology and disease duration 

and may also avoid unnecessary or inappropr iate treatments being given to 

patients. In addition, correct diagnosis also opens up avenues of support relevant 

to the disease subtype such as speech and language therapy for those diagnosed 

with a PPA, or occupational therapy for those with motor symptoms. With clinical 

trials on the horizon, the aim of these trials is not only focused on prevention but 

also on improving symptoms. Gaining a greater understanding of the FTD 

spectrum as a whole will  help improve patient selection as candidates for clinical 

trials and will also ensure that responses to treatments can be correctly assessed. 

Therefore, work must be undertaken to improve the accuracy of biomarkers in 

FTD and to gain a greater understanding of the causes of FTD.  
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1.2 Frontotemporal Dementia: A Genetic Disease 

 

Unfortunately, little is known about the causes of FTD. Currently, the only known 

risk factor for FTD is genetic, and around a third of FTD is familial  (Rohrer et al., 

2009). Approximately 10% of all FTD cases have been shown to have been 

inherited in an autosomal-dominant pattern (Seelaar, Rohrer, Pijnenburg, Fox, & 

Van Swieten, 2011). Across the clinical phenotypes bvFTD is most likely to be 

inherited (Seelaar et al., 2011). Conversely, within  the language variants, the 

picture is a little more variable, with svPPA being almost always sporadic, and 

nfvPPA falling somewhere in between.  

 

Mutations in multiple genes have been shown to be causative of FTD, however, 

the majority of autosomal dominant FTD is linked to mutations in three key 

genes: chromosome 9 open reading frame 72 (C9orf72), progranulin ( GRN) and 

microtubule-associated protein tau (MAPT). These mutations have been shown 

to affect the clinical presentation of FTD including neuroanatomical changes, 

overlapping clinical syndromes, cognitive profiles, age of symptom onset and 

disease duration. The varying clinical profiles within  each of the genetic 

mutations have made it difficult  to identify a family history between generations, 

particularly when individuals within a family who are found to carry the same 

mutation, have presented with different clinical phenotypes. For clinicians, it is 

therefore a challenge to decipher whether there is a familial syndrome. 

Moreover, even without the presence of an apparent family history, up to 6% of 

patients with FTD, most commonly bvFTD, are found to carry a genetic mutation 

(Rademakers, Neumann, & MacKenzie, 2012). It may therefore be argued that all 

cases presenting to clinic with bvFTD should be considered for genetic screening.  

 

As a rule of thumb when exploring genetic testing in FTD patients, a detailed 

family history of three generations should ideally be obtained (Goldman et al., 

2005). Details of clinical phenotype (within or outside of the FTD spectrum), ages 

of onset and death should be recorded. For those with a family history of ALS 

and/ or FTD, C9orf72 screening should be a first priority, after which GRN and 

MAPT should be considered.  
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Along with C9orf72, GRN and MAPT, it should be noted that in recent years an 

increasing number of mutations have been found to be associated with 

autosomal dominant FTD: valosin-containing protein gene (VCP, 2004), 

chromatin-modifying protein 2B (CHMP2B, 2005), TAR DNA-binding protein 

(TARDP, 2008), fused in sarcoma (FUS, 2009), ubiquilin -2 (UBQLN2, 2011), 

sequestosome 1 (SQSTM1, 2012), CHCHD10 (2014) and TANK-binding kinase 1 

(TBK1, 2015). These mutations, however, cumulatively account for < 5% of 

genetic FTD (Greaves & Rohrer, 2019), and as such will not be explored as part 

of this thesis.  

 

 

1.3 Exploring the Three Key Genes in Familial FTD 

 

Here I will briefly outlin e the three main genetic groups. I will discuss the key 

clinical and imaging features that present in the symptomatic phases of the 

disease. I will also very briefly discuss the main role of the mutations in these 

genes. They are presented in chronological order of discovery.  

 

1.3.1 Microtubule-associated Protein Tau ɀ MAPT 

 

In 1998, MAPT was the first gene to be associated with FTD (Hutton et al., 1998; 

3ÐÉÌÌÁÎÔÉÎÉȟ #ÒÏ×ÔÈÅÒȟ +ÁÍÐÈÏÒÓÔȟ (ÅÕÔÉÎËȟ Ǫ ÖÁÎ 3×ÉÅÔÅÎȟ ρωωψȠ $ȭ3ÏÕÚÁ ÅÔ ÁÌȢȟ 

1999). Since its discovery there have been 55 pathogenic MAPT mutations 

identified across the globe (!ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ ÁÎÄ &ÒÏÎÔÏÔÅÍÐÏÒÁÌ $ÅÍÅÎÔÉÁ 

Mutation Database: http://www.molgen.ua.ac.be/ ). The MAPT gene encodes the 

protein tau, which is important for microtubule stabilization and intracellular 

signalling (Deleon & Miller, 2017). Mutations in MAPT can lead to 

neurodegeneration by affecting the alternative splicing of tau, and causing errors 

in the phosphorylation of tau (Goedert & Jakes, 2005). These mechanisms are 

important  targets to consider when examining therapeutic options.  

 

http://www.molgen.ua.ac.be/)
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Of the three key genetic groups in FTD, MAPT is the least common. Its frequency 

is estimated to account for 1.5% of sporadic FTD cases and 6.3% of genetic FTD 

cases (Deleon & Miller, 2017). It  generally presents in the fifth decade of life, with 

a mean age at onset in the ÍÉÄ υπȭÓ (Snowden et al., 2015), though there is a wide 

range of symptom onset ranging from ÅÁÒÌÙ ςπȭs to ÅÁÒÌÙ ψπȭÓ (Van Swieten & 

Spillantini, 2007; Pickering-Brown et al., 2008). Average disease duration spans 

around 8 years, but again, this can vary hugely from 5-30 years (Seelaar et al., 

2011; Snowden et al., 2015).  

 

Generally, patients present with bvFTD, however 6% of MAPT cases present with 

atypical parkinsonian syndromes (Spina et al., 2008; Rohrer et al., 2009; Rohrer 

et al., 2011; Kouri et al., 2014). PSP and CBS can emerge in these patients, but 

almost never FTD-ALS. In the behavioural syndrome, patients frequently exhibit 

disinhibition, obsessionality and stereotyped repetitive behaviours (Snowden et 

al., 2015). In comparison to GRN and C9orf72, apathy is a less prominent 

characteristic (Snowden et al., 2015). Early clinical features can also include 

episodic memory loss, particularly in those with R406W mutations (Lindquist et 

al., 2008), which can lead to an initial  ÍÉÓÄÉÁÇÎÏÓÉÓ ÏÆ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ 

(Rohrer & Warren, 2011). Semantic impairment and anomia have also been 

reported later in the disease course (Rohrer et al., 2009).  

 

Imaging studies have revealed a relatively symmetrical pattern of atrophy, 

notably in the orbitofrontal regions (Whitwell et al., 2009), with anteroinferior 

temporal lobe atrophy being identified as a unique feature of MAPT mutations 

(Cash et al., 2018). Interestingly, changes in regional atrophy have been shown 

between patients carrying MAPT mutations affecting exon 10 splicing, resulting 

in a heightened degree of medial temporal lobe atrophy when compared to those 

carrying mutations which do not affect exon 10 splicing, for which there is more 

lateral temporal lobe atrophy (Whitwell et al., 2009). Overall, there appears to 

be an intermediate rate of brain atrophy across MAPT mutations (Whitwell et al., 

2011) when compared to C9orf72 and GRN mutations. 
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1.3.2 Progranulin ɀ GRN 

 

Following the discovery of the MAPT gene there still remained many families 

who did not test positive for MAPT mutations but nonetheless had a clear pattern 

of autosomal dominant inheritance linked to chromosome 17. In 2006, the GRN 

gene was discovered (Baker et al., 2006; Cruts et al., 2006), and to date there have 

been 82 pathogenic mutations linked to the GRN gene !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ ÁÎÄ 

Frontotemporal Dementia Mutation Database: http://www.molgen.ua.ac.be/ ). 

GRN is expressed in neurons and is activated in microglia (Baker et al., 2006). It 

is known to play an important role in inflammation and wound repair (Seelaar et 

al., 2011). GRN mutations can cause neurodegeneration through a loss-of-

function, with patients having lower GRN levels than the normal population 

(Finch et al., 2009). Therapeutic targets therefore focus on increasing GRN levels 

back to within the normal range.  

 

GRN is the second most common cause of genetic FTD, accounting for 5% of 

patients with sporadic FTD and 5-15% of cases with genetic FTD (Deleon & 

Miller, 2017). The average age at onset in GRN is the oldest of the three main 

genes, generally presenting in around the seventh decade of life, with a mean age 

at onset in ÔÈÅ ÅÁÒÌÙ φπȭÓȢ As one might expect, there is a wide range of symptom 

onset ranging from 35 to the 89 years (Gass et al., 2006; van Swieten & Heutink, 

2008; Le Ber, 2013). Interestingly, there appears to be an older age at onset in 

females compared to males (Curtis et al., 2017). Average disease duration is 

shorter than MAPT, around 7 years, but this can vary hugely from 3-22 years 

(Beck et al., 2008; van Swieten & Heutink, 2008; Snowden et al., 2015).  

 

Patients can present with a range of clinical phenotypes, with the majority of 

patients presenting with bvFTD, and less commonly PPA (Beck et al., 2008; Le 

Ber, Camuzat, et al., 2008). It can be challenging to predict the clinical syndrome 

within GRN families as it is normal for patients from within the same family to 

present with a mixed family history of bvFTD and PPA (Woollacott & Rohrer, 

2016). The behavioural features of GRN mutations include apathy and social 

withdrawal (Snowden et al., 2015). Neuropsychiatric features can occur, with 

http://www.molgen.ua.ac.be/)
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reports of delusions and visual hallucinations (Le Ber, Agne, et al., 2008). 

Although it occurs later in the disease, 10-30% of patients also display episodic 

memory impairment (Le Ber, Agne, et al., 2008), which, like MAPT, can cause an 

ÉÎÉÔÉÁÌ ÍÉÓÄÉÁÇÎÏÓÉÓ ÏÆ !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅȢ  

 

When compared to MAPT and C9orf72, GRN mutations are more likely to result 

in early language impairment, which is occasionally associated with the 

development of CBS (Baker et al., 2006). Although patients presenting with 

language impairments are frequently diagnosed with nfvPPA, patients display a 

wide range of language problems, that are not easily categorised into one of the 

three language phenotypes. As such, it is speculated that a distinct GRN-PPA 

phenotype may exist, characterized by mild agrammatism without apraxia of 

speech, also word finding pauses and anomia are also prominent features 

(Rohrer, Crutch, Warrington, & Warren, 2010).  

 

Neuroimaging can help distinguish GRN from the other genes. Atrophy is most 

apparent in the dorsolateral and ventromedial prefrontal cortex (Cash et al., 

2018). Asymmetrical patterns of atrophy can be seen in the frontal, temporal and 

inferior parietal lobes (Seelaar et al., 2011; Cash et al., 2018), affecting structures 

as well as the anterior cingulate, precuneus and striatum (Cash et al., 2018). The 

presence of early parietal lobe atrophy may serve as a useful hallmark of GRN 

mutation carriers (Seelaar et al., 2011). In addition to grey matter changes, white 

matter changes also appear to be a key feature of symptomatic GRN mutation 

carriers (Sudre et al., 2017), with the frontal lobe being particularly affected. 

Imaging analysis of MRI scans support suggestions that these lesions are 

inflammatory in nature (Sudre et al., 2017). This is consistent with the 

proposition that GRN has a crucial role in inflammation. Overall, there is a faster 

rate of atrophy when compared to MAPT (Whitwell, Weigand, et al., 2011). Due 

to the distinct neuroanatomical changes in GRN mutation carriers it has been 

suggested that both T1 (grey matter) and T2 (white matter) weighted 

neuroimaging may serve as a useful biomarker in future clinical trials. 

 



 

  45 

1.3.3 Chromosome 9 Open Reading Frame 72 ɀ C9orf72 

 

In 2011, a hexanucleotide repeat expansion mutation was identified by two 

groups, DeJesus-Hernandez et al., 2011 and Renton et al., 2011. The expansion 

was found on the non-coding region of the C9orf72 gene. In the normal 

population, individuals are found to have between 2-20 repeats on each allele. 

Conversely, patients with the C9orf72 gene possess thousands of repeats ranging 

from 400-4400 (Beck et al., 2013), although it is suggested that >30 repeats can 

be pathogenic (Beck et al., 2013). C9orf72 mutations are found to cause a toxic 

gain of function, leading to the production of toxic dipeptide repeats in the 

cytoplasm (DeJesus-Hernandez et al., 2011) which in turn is thought to cause 

neurodegeneration.  

 

Since its discovery, C9orf72 has been found to be the most common cause of 

genetic FTD, its frequency is estimated to be 21% in genetic FTD and 6% in 

sporadic FTD cases (Rademakers et al., 2012). It has a wide range of symptom 

onset, ranging from the ÅÁÒÌÙ ςπȭÓ ÔÏ the 80ȭs, with an average onset in the sixth 

decade of life (Majounie et al., 2012; Rademakers et al., 2012; Snowden et al., 

2012). When compared to MAPT and GRN it has the shortest disease duration at 

around 6 years (Boeve et al., 2012; Mahoney, Beck, et al., 2012). However, this 

can, vary from 1-22 years (Rademakers et al., 2012). 

 

Patients tend to present with bvFTD, however a high proportion of C9orf72 

carriers will develop ALS or a combination of FTD and ALS (Renton et al., 2011; 

Hsiung et al., 2012; Mahoney, Beck, et al., 2012; Snowden et al., 2012). The 

symptoms of C9orf72-associated ALS are initially indistinguishable from classic 

ALS (Rohrer et al., 2015). Common behavioural features encompass apathy, and 

disinhibition , though a lack of a sweet tooth has been reported (Snowden et al., 

2012). Psychosis and psychiatric disorders can be indicative of C9orf72, 

including anxiety and visual or auditory hallucinations and altered 

somatosensory processing (Mahoney, Beck, et al., 2012; Downey et al., 2014). As 

with  MAPT and GRN mutations, memory impairment  can often feature 
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(Mahoney, Beck, et al., 2012), and in addition, deterioration in parietal skills such 

as arithmetic are also reported (Mahoney, Downey, et al., 2012).  

 

C9orf72 is associated with an extensive pattern of atrophy, primarily affecting 

the frontal and temporal lobes (Boeve et al., 2012). In contrast to MAPT and GRN, 

posterior cortical and subcortical atrophy are hallmark features of C9orf72, 

affecting the parietal and occipital lobes (Boeve et al., 2012), and also the 

thalamus and cerebellum (Bocchetta et al., 2016) (Figure 1). Atrophy tends to be 

more symmetrical than in GRN mutations and it affects the temporal lobes less 

than MAPT (Mahoney, Beck, et al., 2012) (Figure 1). For those with ALS, 

involvement of the basal ganglia and non-motor cortical areas in the frontal lobes 

are reported (Byrne et al., 2012; Stewart et al., 2012).  

 

 

 

Figure 1: Gray-matter (GM) differences by mutation and clinical status. GM differences in affected 
(odd rows, p < 0.05) and presymptomatic (even rows, p < 0.001) carriers compared to 
noncarriers. Comparisons to the C9orf72 carriers are in the top 2 rows (with findings at p < 0.05), 
GRN carriers in the middle 2 rows, and MAPT carriers in the bottom 2 rows. Figure from Cash et 
al. 2018. 
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1.3.4 Conclusions 

 

As outlined above, one of the greatest challenges facing genetic FTD research lie 

in identifying and predicting disease onset across the three genes. As highlighted 

in the previous sections, the age of onset and disease duration in genetic FTD is 

highly variable across and within the genetic mutations. This is a challenge for 

clinicians dealing with genetic FTD as there is currently no accurate way of 

predicting when an individual is likely to develop symptoms or for how long they 

will last. Improving this prediction will be important in advising patients about 

prognosis, particularly those diagnosed with an early onset disease who are 

more likely to have concurrent financial, occupational and family commitments. 

In addition, with clinical trials  in genetic FTD on the horizon there is an increasing 

need to identify biomarkers that can be used as end points in potential 

therapeutic interventions. Having an accurate prediction of age of onset will be 

useful when determining which biomarkers to select as primary outcome 

measures as it will inform which markers are sensitive to early changes. 

Therefore, work is needed to improve current predictions of estimated age of 

onset in genetic FTD.  

 

1.4 The Presymptomatic Phase of Genetic FTD  

 

Unique to the study of genetic FTD is the investigation of at-risk/ presymptomatic 

individuals who are many years from expected symptom onset. The 

presymptomatic phase of FTD can be identified in individuals carrying one of the 

three key mutations but who have yet to develop obvious clinical symptoms of 

neurodegeneration. The presymptomatic time-window can provide a useful 

model for studying the FTD disease process as a whole as it provides an 

opportunity to study the earliest changes in the development of the disease. To 

date there have been a limited number of clinical trials for FTD all of which have 

been unsuccessful. There are however emerging clinical trials in other 

ÎÅÕÒÏÄÅÇÅÎÅÒÁÔÉÖÅ ÄÉÓÅÁÓÅÓȟ ÓÕÃÈ ÁÓ ÆÁÍÉÌÉÁÌ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÁÎÄ 

(ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ, in which there is enrolment of patients in the early 
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symptomatic or prodromal phase of the disease. There is evidence of changes in 

presymptomatic biomarkers up to 25 years from symptom onset in familial 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÁÎÄ (ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ (Tabrizi et al., 2009; Bateman et 

al., 2012). This is also observed in genetic FTD, suggesting that in order to 

prevent neurodegenerative diseases from developing the ideal time to treat 

individuals is in the presymptomatic period, and it is evident that drug 

companies are already considering prodromal enrolment an option.  

 

To date, large scale studies exploring longitudinal neuroimaging and cognitive 

changes in presymptomatic FTD have been relatively limited (Rohrer, Warren, 

Fox, & Rossor, 2013). Though, the study of fluid biomarkers such as blood and 

cerebrospinal fluid have shown some promise in genetic FTD research, such as 

the discovery of lower serum GRN levels in symptomatic and presymptomatic 

GRN mutation carriers (Finch et al., 2009), it is evident that there is still a lack of 

robust markers of neurodegeneration in genetic FTD (Woollacott & Rohrer, 

2016). Moreover, few studies have addressed the issue of early cognitive changes 

in individuals at-risk of FTD.  

 

To gain a greater understanding of the presymptomatic time-window, 

observational cohort studies such as the GENetic Frontotemporal dementia 

Initiative (GENFI) have been set up to monitor individuals from genetic FTD 

families over many years. Studies such as this aim to gain important insights into 

the earliest changes in the disease process. So far, findings from the GENFI study 

have revealed that neuroanatomical changes can be observed up to 25 years 

before expected symptom onset in presymptomatic FTD (Rohrer et al., 2015). In 

line with symptomatic genetic FTD, unique patterns of atrophy have been 

identified presymptomatically across the three genes. MAPT mutation carriers 

are found to have atrophy in the hippocampus and amygdala 15 years before 

expected symptom onset, with temporal lobe (10 years) and insula (5 years) 

atrophy also evident before expected symptom onset (Rohrer et al., 2015). For 

presymptomatic GRN mutation carriers the insula is first affected at 15 years 

before symptom onset, and temporal and parietal lobe involvement seen 10 

years prior to expected symptom onset (Rohrer et al., 2015). Most striking is the 
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C9orf72 presymptomatic group where subcortical structures such as the 

thalamus and insula, and posterior cortical regions are affected as early as 25 

years before expected symptom onset. Significant differences have also been 

observed in the cerebellum at 10 years prior to estimated onset (Rohrer et al., 

2015). Changes observed in cognitive assessments also manifest in the 

presymptomatic phase of genetic FTD. Deficits across several cognitive tasks are 

revealed 5 years prior to predicted symptom onset, particularly across tests of 

executive function and naming (Rohrer et al., 2015). In fact, presymptomatic 

changes in performance can differ according to which mutation is carried. 

 

To date, research exploring presymptomatic cognitive changes in genetic FTD 

remains limited. Studies have mostly been restricted to individual case reports 

or relatively small case series (Rohrer et al., 2013). The earliest 

neuropsychological changes in symptomatic FTD usually occur in the domains of 

executive function and social cognition (Harciarek & Jodzio, 2005), yet these are 

areas of cognition which are often poorly or incompletely assessed by traditional 

cognitive batteries, though a number of previous case series have provided 

evidence for changes just prior to onset in these domains (Geschwind et al., 2001; 

Rohrer et al., 2008; Jiskoot et al., 2016). The earliest reported cognitive changes 

in presymptomatic FTD are evident several decades before expected symptom 

onset. A small study of presymptomatic MAPT mutation carriers (Geschwind et 

al., 2001) found deficits across several executive function tasks such as verbal 

fluency, Trail Making Test B (TMT-B), Stroop and the Wisconsin Card Sorting 

Test (WCST). Lower performance across these tasks was apparent in individuals 

who were on average three decades younger than their expected symptom onset 

(around the age of 35 years). In addition to diminished performance across 

executive function tasks, there is also evidence of significant decline across social 

cognition and memory in presymptomatic MAPT mutation carriers up to 8 years 

prior to  estimated onset (Jiskoot, Dopper, Den Heijer, et al., 2016). When tracking 

presymptomatic longitudinal changes in performance across MAPT and GRN 

mutation carriers there is significant decline across a number of cognitive 

domains in, for example, language, social cognition and memory in MAPT (Jiskoot 

et al., 2018). In contrast, there are no cognitive domains in which 
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presymptomatic GRN mutation carriers decline more rapidly  than MAPT carriers 

(Jiskoot et al., 2018), suggesting that despite there being areas of cognition which 

are sensitive to changes in presymptomatic performance over time, these may 

fail to distinguish between the genetic groups. 

 

Studies reveal, however, that there are different patterns of cognitive decline 

depending on which genetic mutation is carried. In presymptomatic C9orf72 

mutation carriers, there is evidence of decreased performance on executive 

function tasks such as verbal fluency and Stroop (Papma et al., 2017; Suhonen et 

al., 2017), and as the disease progresses there is also decline across tasks of 

visuospatial perception (Patel & Sampson, 2015) and language (Snowden et al., 

2015), though this has yet to be shown presymptomatically. In addition to the 

decline outlined above, presymptomatic MAPT mutation carriers show early 

deterioration in language (up to 5 years prior to onset) across assessments such 

as the Boston Naming Test (Rohrer et al., 2015) and category fluency (Jiskoot et 

al., 2018). This pattern of performance is also apparent during the symptomatic 

stages of the disease course, suggesting that early semantic deficits are indicative 

of MAPT mutations. In contrast, GRN mutation carriers tend to perform worse on 

tasks relating to attention such as Digit Span Backwards (Rohrer et al., 2015; 

Jiskoot et al., 2016), Trail Making Tasks (Barandiaran, Estanga, Moreno, 

Indakoetxea, Alzualde, Balluerka, Martí Massó, et al., 2012), and working 

memory assessments (Hallam et al., 2014), with early language decline also 

being a feature (Rohrer, Warren, et al., 2008). Despite there being evidence of 

differing cognitive profiles across the three genes during the presymptomatic 

period, many of the current tasks of cognition function are limited in their ability 

to detect subtle changes. In fact, the cognitive tests used currently  in the study of 

presymptomatic cognitive decline may not be optimal for this population.  

 

Studies such as the GENFI study (and many similar studies) have been criticized 

for their use of traditional neuropsychology assessments in investigating 

presymptomatic cognitive decline. Although these assessments are well-

validated it is suggested that they are not sensitive enough to detect subtle 

abnormalities in large groups of presymptomatic individuals more than 5 years 
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before symptom onset. Moreover, given there is evidence of neuroanatomical 

changes in presymptomatic genetic FTD up to 25 years before expected symptom 

onset, there is a need to bridge the gap between the sensitivity of current 

cognitive assessments and current neuroimaging techniques.  

 

1.5 Challenges Facing the Development of Presymptomatic Clinical Trials 

 

As treatment trials in genetic FTD are in the early stages of development, their 

focus is primarily on those who are in the presymptomatic phase of the disease. 

Of course, one of the greatest challenges facing trials of this nature is having 

adequately robust cognitive outcome measures. The Food and Drug 

Administration (FDA) have recognized that current cognitive assessments are 

not optimal, highlighting the need for improved measures of cognition as 

outcome measures for clinical trials (Sabbagh, Hendrix, & Harrison, 2019). For a 

long time, traditional neuropsychological assessments have been considered as 

the gold standard for the diagnosis and prediction of disease progression across 

neurodegenerative diseases, including FTD. However, as outlined previously, 

many studies have struggled to find a relationship between early neuroimaging 

or fluid biomarker evidence, and changes in cognitive performance in 

presymptomatic genetic FTD (Papma et al., 2017). The neuropsychology field has 

therefore been challenged to improve the sensitivity and specificity of current 

standardized cognitive assessments.  

 

1.5.1 Utilizing Current Cognitive Assessments  

 

One approach that may improve measures of cognition for clinical trials in 

genetic FTD is creating a cognitive composite. At present, clinical trials in FTD are 

utiliz ing existing individual cognitive assessments as outcome measures (Miller, 

Banks, Léger, & Cummings, 2014). The reliance on a multiplicity  of cognitive 

scores in this approach makes detecting meaningful change on an individual 

assessment difficult . Composite scores may help to address this issue by 

combining multiple assessments, shown to detect cognitive changes in FTD, into 
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a single summary score. This method has been widely employed in !ÌÚÈÅÉÍÅÒȭÓ 

Disease clinical trials, with the use of composites such as the Preclinical 

Alzheimer Cognitive Composite (Donohue, Sperling, Salmon, Rentz, Raman, 

Thomas, Weiner, & Aisen 2014) as primary outcome measures. This approach is 

beneficial as composites are quick to administer and are sensitive enough to 

serve as a primary end point in these trials, further explored in Chapter 4. 

Currently, no cognitive composites exist for FTD, and as such work is needed to 

take advantage of pre-existing, well validated cognitive assessments to improve 

sensitivity for use in clinical trials as they commence over the next couple of 

years.  

 

1.5.2 Novel Approaches to Assessing Presymptomatic Changes in 

Genetic FTD 

 

Alternatively , the FDA has recently encouraged the development of novel 

approaches to evaluate subtle deficits that may emerge from early cognitive 

impairment in predementia (FDA, 2018). As such, research into the assessment 

of cognition should also be encouraged to inspire more sophisticated approaches 

in the development of a new generation of neuropsychology assessments for 

early detection of genetic FTD, as these may have the potential to be used in 

preventative trials further down the line. 

 

There are several considerations to take into account when developing a novel 

approach to assessing cognition. A newly developed tool which is tailored to 

measuring cognitive changes in neurodegeneration will need to be simple to 

administer, cost-effective and capable of capturing subtle changes in the 

presymptomatic phase of genetic FTD more than 5 years before expected 

symptom onset. As genetic FTD is a rare disease, sample size requirements will 

necessitate that clinical trials take place at multiple sites across the world. It will 

therefore be necessary for these tools to be accommodating of different 

educational levels and different languages. Considering this, it seems that 

cognitive test batteries should move away from standard pen and paper tasks to 

computerized assessments.  
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The computerized administration of cognitive tasks has been utilized for several 

decades. Generally, there have been two key approaches to developing 

computerized tools for the assessment of cognition: 1) the development of new 

cognitive measures for the assessment of cognitive decline; 2) the adaptation of 

standardized cognitive assessments for computer administration (Wild, 

Howieson, Webbe, Seelye, & Kaye, 2008). Several advantages have been outlined 

for the use of computerized assessment in detecting cognitive decline, which 

indicate it may be favourable in clinical trials. These include the precise and 

ÁÃÃÕÒÁÔÅ ÒÅÃÏÒÄÉÎÇ ÏÆ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ ÐÅÒÆÏÒÍÁÎÃÅ, above and beyond standard 

task administration. This is advantageous in that it  has the potential to minimi ze 

floor (very low performance) and ceiling effects (very high performance), and 

covers a wide range of abilities over a short period of time (Wild et al., 2008). In 

addition, computerized assessments may also provide cost saving benefits, not 

only reducing the cost of materials and resources, but also, if designed in the right 

way, they may afford the opportunity to allow individuals to perform the tasks 

themselves in their own homes. This is a valuable aspect of computerized 

assessment, as it is standard for traditional pen and paper neuropsychology 

assessments to be performed by a trained professional, such as a psychologist, in 

a research or hospital setting, requiring significant existing infrastructure and 

capacity. The novel development of cognitive assessments is further explored in 

Chapter 5.  

 

In light of the application of new technologies in neuropsychology assessments, 

several criticisms of this approach in assessing cognitive decline in 

neurodegeneration have arisen. It is argued that computerized assessments lack 

psychometric properties and that they often fail to demonstrate the equivalence 

of traditional neuropsychology assessments (Schatz & Browndyke, 2002). When 

targeting aging populations, it is also suggested that the lack of familiarity with 

new technology in the elderly may limit an ÉÎÄÉÖÉÄÕÁÌȭÓ performance. Criticisms 

such as these need to be taken into consideration when designing new cognitive 

assessment tools. To date, a relatively large number of computerized 

assessments have been developed with the early detection of mild cognitive 
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impairment  ÏÒ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÉÎ ÍÉÎÄ Wild et al., 2008), however no 

computerized assessments currently exist specifically for the early detection of 

FTD. 

 

1.5.3 Conclusions 

 

In summary, as the focus of research moves toward the development of disease 

modifying therapies, it will be critical to understand how best to assess the 

earliest changes over the course of genetic FTD. It remains unclear, however, 

what the best approach is for doing so, should it be through cognitive changes on 

neuropsychology assessments, or changes in neuroimaging and fluid biomarkers. 

A large amount of progress has been made in recent years in understanding the 

neuroanatomical and fluid biomarker changes in genetic FTD, but it is becoming 

increasingly important to ensure that improvements to the early detection of 

other aspects of the disease, such as cognitive performance, are not neglected. 

 

1.6 Thesis Outline 

 

This thesis aims to improve our understanding of the presymptomatic phase of 

genetic frontotemporal dementia. In order to do so I have chosen to turn my 

attention to 4 key areas of interest. These include: 1) improving our 

understanding of the point at which individuals at-risk of FTD are likely to 

develop symptoms; 2) exploring current, well-validated cognitive assessments 

to devise a more sensitive measure of cognition in genetic FTD; 3) creating a 

novel computerized cognitive assessment battery to improve the sensitivity of 

cognitive testing in genetic FTD; 4) finally testing the viability of a novel 

computerized assessment tool to detect subtle cognitive changes in genetic FTD. 

I have chosen to focus primarily on neuropsychological changes in the 

presymptomatic phase of genetic FTD, as I feel this is an area of research that is 

not currently well understood.  
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1.6.1 Chapter 3: Defining Age at Symptom Onset in Genetic FTD 

 

1.6.1.1 Rationale  

 

As highlighted in section 1.3.4, one of the greatest problems facing genetic FTD 

research is the identification  and prediction of disease onset in those at-risk of 

genetic FTD. There is currently a lack of understanding of why there is such great 

variability of age at onset and disease duration across the three most prevalent 

genes, making the estimation symptom onset in at-risk individuals  a challenge. 

This study forms the basis of this thesis as it aims to improve current estimates 

of symptom onset. It is an important starting point, as through understanding 

when an individual may develop symptoms, it will be possible to take an 

objective view of the moment at which we expect to observe subtle discrepancies 

in presymptomatic cognitive performance. Findings from this chapter will 

influence the analysis and interpretation of results in Chapters 4 and 6. 

 

1.6.1.2 Aims 

 

¶ To investigate phenotypic characteristics of the three main forms of 

autosomal dominant FTD; and 

¶ To identify factors influencing the variability of age of onset, disease 

duration and age at death in genetic FTD. 

 

1.6.2 Chapter 4: Creating a Cognitive Composite for Genetic FTD 

 

1.6.2.1 Rationale  

 

As discussed in section 1.5.1, with clinical trials on the horizon it is important to 

utilize pre-existing cognitive assessments in determining which tests to select as 

candidates for use in clinical trials in genetic FTD. This study therefore aims to 

identify which cognitive assessments employed in the GENFI study best 
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discriminate between presymptomatic mutation carriers and healthy controls. 

The findings from this study will inform the task development in Chapter 5.  

 

1.6.2.2 Aims 

 

¶ To investigate which individual cognitive assessments are sensitive to 

early decline in presymptomatic performance; and 

¶ To create a cognitive composite for genetic FTD. 

 

1.6.3 Chapter 5: Design and Development of Ignite ɀ A Novel 

Computerized Assessment of Genetic FTD 

 

1.6.3.1 Rationale 

 

This chapter aims to extend the work in Chapter 4 to create a novel cognitive 

assessment tool for assessing cognition in presymptomatic genetic FTD. This is 

important as current cognitive assessments may not be optimal for use in 

presymptomatic clinical trials. It aims to utilize the knowledge gained from pre-

existing studies examining neuroimaging and cognitive changes in 

presymptomatic genetic FTD to create a tailor-made battery of assessments. It 

also aims to make use of portable devices so that individuals can perform 

assessments on their own, in an environment familiar to them.  

 

1.6.3.2 Aim 

 

¶ To create a computerized battery of tests tailored for early detection of 

genetic FTD; 

¶ To develop novel assessments for the detection of presymptomatic 

cognitive changes; and 

¶ To discuss data collection and usability. 
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1.6.4 Chapter 6: Ignite Analysis and Results 

 

1.6.4.1 Rationale 

 

Finally, this chapter is an extension of Chapter 5, describing a pilot study using 

the Ignite app to investigate presymptomatic cognitive changes in genetic FTD, 

establishing whether a cognitive assessment tool can be effective at detecting 

early cognitive deficits in presymptomatic mutation carriers.  

 

1.6.4.2 Aims 

 

¶ To test the viability of home computerized testing for assessing cognitive 

performance in genetic FTD; and 

¶ To assess the earliest cognitive changes in genetic FTD. 
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2 Methods 

2.1 Chapter Summary 

 

This chapter provides an overview of the cohorts and experimental protocols 

specified throughout this thesis. Where individual projects deviate from the 

methods outlined here, these will be described in detail in the specific chapter.  

 

2.2 The GENFI Cohorts 

 

2.2.1 The International Research Cohort 

 

The Genetic Frontotemporal Dementia Initiative (GENFI) consists of 26 research 

sites in the United Kingdom, Italy, the Netherlands, Sweden, Canada, Belgium, 

Germany, France, Spain and Portugal. Participants were recruited during a 

seven-year period between 2012 and 2019. Local ethics committees at each site 

approved the study and all participants provided written informed consent. A 

total of 892 subjects were recruited to GENFI at the time of analysing the data for 

this thesis (see Figure 2).  

 

Figure 2: Summary of the International GENFI Cohort. 
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2.2.1.1 Main Study Subjects: 

 

Symptomatic/Affected Individuals  

These are individuals with a clinical diagnosis of a disorder within the 

frontotemporal dementia spectrum, who fulfilled the diagnostic criteria for that 

disorder (see section 2.3.1.3.), and who received a positive genetic test for a 

mutation in GRN, MAPT, or C9orf72. 

 

 

Presymptomatic and At-Risk Individuals: 

 

Throughout this thesis, I will be using the term at-risk and presymptomatic. At-

risk describes individuals who do not yet know their genetic status but have a 

family history of a disorder within the frontotemporal dementia spectrum, who 

are clinically unaffected, and where a mutation in GRN, MAPT, or C9orf72 was 

found in a first-degree relative (parent, sibling, child). Presymptomatic refers to 

individuals who know that they are mutation positive but are yet to display 

symptoms.   

 

Informants: 

 

The informants of participants were also invited to participate in the study. These 

were individuals who were nominated by participants and who were felt to know 

that participant well.  

 

2.2.1.2 Inclusion/Exclusion Criteria 

 

Inclusion Criteria: 

 

¶ Has capacity to give informed consent; 

¶ Participant is 18-years-old or older; 

¶ Participant has identified an informant; 
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¶ Has a first-degree relative with a confirmed pathogenic genetic mutation 

in GRN, MAPT, or C9orf72; and 

¶ Participant must be fluent in the language of their country of assessment.  

 

 

Exclusion Criteria: 

 

¶ Participant has another medical or psychiatric illness that would interfere 

in completing assessments or impair the safety of the subject; or 

¶ Participant is pregnant. 

 

All participants were assessed using the GENFI protocol (see section 2.3). 

 

2.2.2 UK GENFI Cohort 

 

The UK GENFI cohort consists of participants enrolled in the UK arm of the GENFI 

study, which has sites at University College London, University of Cambridge, 

University of Manchester and University of Oxford. The cohort consists of 66 

participants of whom 13 were affected, 30 were at-risk mutation carriers and 23 

were gene negative controls (Figure 3). 

 

 

Figure 3: Summary of UK GENFI Cohort, including male (M) and female (F) ratio. 
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All presymptomatic and affected participants took part in the standard GENFI 

protocol. However, between the initial study visit and the 12-month study visit 

participants were also assessed using Ignite, a novel iPad application designed as 

part of this thesis.  

 

 

2.2.3 GENFI at University College London (UCL) Cohort 

 

Participants were recruited into GENFI at UCL from several clinical services. 

Affected participants were generally recruited from a specialist Cognitive 

Disorders Clinic at the National Hospital for Neurology and Neurosurgery and 

from families previously entered into research programmes at the Dementia 

Research Centre, UCL Institute of Neurology. Further families were recruited via 

referral from gÅÎÅÔÉÃ ÃÏÕÎÓÅÌÌÏÒÓ ÏÒ ÖÉÁ ÃÌÉÎÉÃÁÌ ÇÅÎÅÔÉÃÉÓÔÓ ÔÈÒÏÕÇÈ ÔÈÅ 5+ȭÓ 

clinical genetics services. A minority of participants were self-referred via email 

or recruited through our familial frontotemporal dementia support group.  

 

All participants were invited to participate in the full GENFI protocol.  

 

For all studies in this thesis, ethical approval was obtained from the local 

Research Ethics Committee and written informed consent was obtained for each 

subject before participation, in accordance with the guiding principles of the 

2013 Declaration of Helsinki. All studies were conducted in accordance with 

Good Clinical Practice (GCP) and the General Data Protection Regulation (GDPR). 

 

2.3 The GENFI Protocol  

 

All participants undertook the same assessment procedures. These took place 

over a 1-2 day research visit. For some participants these were over two 

consecutive days, or two separate days no more than 12 weeks apart. 
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Annual assessments include medical history; physical examination, 

neuropsychological assessment, venepuncture, lumbar puncture and an MRI 

scan, details of which are outlined below.  

 

Subjects were informed that they may opt not to take part in the lumbar puncture 

or MRI scan assessments but could still take part in the rest of the study.  

 

Participants were invited to attend at least three annual assessments so long as 

they were willing and able to tolerate them. After three annual assessments had 

been obtained participants were then invited to consider further participation in 

the study at which point renewed informed consent was obtained.  

 

2.3.1 Clinical Assessment  

 

The GENFI clinical assessment is performed by a clinician and follows a 

standardized format including demographic information, a structured family 

history questionnaire, current health symptoms, past medical history, 

medication history and neurological examination. Data from the clinical 

assessment was used specifically for the experimental procedure outlined in 

Chapter 3. Summarized below: 

 

2.3.1.1 GENFI Demographic Information 

 

¶ Date of birth 

¶ Gender 

¶ Handedness 

¶ Years of education ɀ exact number of years of education were noted 

(Table 1) but in the absence of that being available the following proxies 

were used: 12 = cÏÍÐÌÅÔÅÄ ÈÉÇÈ  ÓÃÈÏÏÌȟ ρφ  "ÁÃÈÅÌÏÒȭÓ ÄÅÇÒÅÅȟ ςπ  

Doctorate 
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Qualification Examples 
Equivalent years in full -time English education 

system 

Doctorate PhD, DPhil, EdD, DBA, DClinPsy 20 

Master's (research) MPhil 19 

Master's (taught)  MRes, MA, MSc 18 

Integrated Master's MEng, MChem etc. 18 

PGCE  18 

Bachelor's degree BA, BSc 17 

HND  16 

Foundation Degree  16 

HNC  15 

A-level  14 

A/S-level  13 

GSCE /  O-level /  CSE  12 

Left at 15 with  no 
quals 

 11 

Table 1: Years of education chart. 

 

¶ Employment status ɀ employed, unemployed, retired 

¶ Occupation ɀ most recent occupation (selected from 22 general groups) 

was noted, if unemployed or retired the last job before that status arose 

was noted.  

¶ Ethnicity ɀ White, Black (African, Caribbean, other), Indian (Indian, 

Pakistani, Bangladeshi, other), Asian (Chinese, Japanese, Korean, 

Vietnamese, other), Hispanic or Latino American, Pacific Islander, Native 

North American, Mixed heritage, other.  

 

2.3.1.2 GENFI Family History Questionnaire 

 

Parental History: 

 

If the parents had dementia or a motor disorder the following diagnoses were 

selected: 

 

¶ Behavioural variant frontotemporal dementia (bvFTD) 

¶ Primary progressive aphasia (PPA) including non-fluent variant PPA 

(nfvPPA), semantic variant PPA (svPPA) logopenic variant PPA (lvPPA) 

or PPA-not otherwise specified (PPA-NOS).  

¶ Progressive supranuclear palsy (PSP) 
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¶ Corticobasal syndrome (CBS) 

¶ Amyotrophic lateral sclerosis (ALS) i.e. pure ALS without FTD syndrome 

¶ Frontotemporal dementia with ALS (FTD-ALS) 

¶ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ 0$ 

¶ Dementia with Lewy Bodies (DLB) 

¶ Schizophrenia  

¶ Bipolar disorder 

¶ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ !$ 

¶ Vascular dementia (VaD) 

¶ (ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ ($ 

¶ Dementia-not otherwise specified (Dementia-NOS) 

¶ Other 

 

Sibling History: 

 

The number of siblings the subject has was noted (i.e. how many siblings apart 

from the subject) and how many of the other siblings are affected. For each of the 

affected siblings their number in pedigree (e.g. 01 if they are the oldest sibling, 

04 if that are the 4th oldest sibling etc.) and their diagnosis (using the same 

criteria as parental history) as well as age at onset and age at death. 4ÈÅ ÓÕÂÊÅÃÔȭÓ 

pedigree number was also noted.  

 

Children History:  

 

The number of children the subject has and how many of the children are affected 

was noted. For each of the affected children their number in pedigree, diagnosis, 

age at onset and age at death (as above) was noted.  
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2.3.1.3 GENFI History 

 

The following information was collected to provide a comprehensive, past and 

current medical history of participants.  

 

Genetic group:  

 

A participantȭÓ genetic mutation (C9orf72, GRN, MAPT) was recorded. If the 

individual was at-risk this was noted as the gene that the proband in the family 

carried.  

 

Mutation: 

 

The particular GRN or MAPT mutation that is present within the family was 

noted. See Table 7 for list of full mutations.  

 

Patient Group: 

 

All subjects were classified as affected (currently symptomatic) or at-risk 

(currently presymptomatic).  

 

If the subject was presymptomatic and does (mutation positive) or does not 

(mutation negative) know their genetic status they were classified as at-risk. If 

the subject was possibly symptomatic but had yet to be clinically diagnosed with 

dementia or motor syndrome then their status remained at-risk until a clinical 

diagnosis had been made. If the subject was symptomatic and had been clinically 

diagnosed with a dementia or motor syndrome then their status was affected.  

 

Age at onset of symptoms: 

 

This was recorded as the age at which symptoms were first noted by an 

informant.  
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Predominant first symptoms: 

 

At least one predominant initial symptom was noted down. Up to two additional 

predominant initial symptoms were also included. TablesTable 2, Table 3 

andTable 4 below summarise the current diagnostic criteria for bvFTD, the PPA 

clinical subtypes and ALS.  

 

 



67 

 

 
Behavioural/cognitive symptoms ɀ diagnosis of 

possible bvFTD requires at least three of the following 

symptoms to be fulfilled: 

 

 

Examples of specific symptoms 

 

Early behavioural disinhibition  ρ ÏÆ: 

 

Socially inappropriate behaviour 

 

Loss of manners or decorum 

 

Impulsive, rash or careless actions 

 

Early apathy or inertia  ρ ÏÆ: 

Apathy 

 

Inertia 

 

Early loss of sympathy or empathy  ρ ÏÆ: 

$ÉÍÉÎÉÓÈÅÄ ÒÅÓÐÏÎÓÅ ÔÏ ÏÔÈÅÒ ÐÅÏÐÌÅȭÓ ÎÅÅÄÓ ÁÎÄ 

feelings 

 

Diminished social interest, interrelatedness, or 

personal warmth 

 

Early perseverative, stereotyped or 

compulsive/ritualistic behaviour  ρ ÏÆ: 

Simple repetitive movements 

 

 

 

Staring, inappropriate physical contact with strangers, inappropriate sexual behaviour, verbal or 

physical aggression 

Lack of social etiquette, insensitive or due comments, preference for crass jokes and slapstick humour, 

inappropriate choice of clothing or gifts 

New gambling behaviour, driving or investing recklessly, overspending, gullibility to phishing/Internet 

scams 

 

Reduced drive, stops previous hobbies, stops going out, reduced bathing or personal care 

 

Lack of persistence or completion of an activity, does not initiate  activities or conversations 

 

 

Selfish or hurtful comments or actions, inability to perceive when someone is upset, embarrassed, or 

in pain, reduced appreciation of sarcasm or sophisticated humour 

 

Emotionally cold or detached, lack of rapport in conversation, loss of interest or affection in 

relationships with friends or family members, reduced interest in sex 

 

 

 

Repetitive rocking, tapping, clapping, or rubbing 
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Complex, compulsive or ritualistic behaviours 

 

Stereotypy of speech 

 

Hyperorality and dietary changes  ρ ÏÆ: 

Altered food preferences 

 

Binge eating, increased consumption of alcohol 

or cigarettes 

 

Oral exploration or consumption of inedible 

objects 

 

Neuropsychological profile ɀ all three of: 

Deficits in executive tasks 

Relative sparing of episodic memory 

Relative sparing of visuospatial skills 

 

Hoarding, strict grooming or walking routines, timekeeping and counting, checking or sorting items, 

cleaning or tidying, new obsessions or interests (usually spiritual, religious, artistic, or musical) 

Habitual repetition of particular words, sentences, or topics 

 

 

Sweet tooth (sweets, biscuits, ice cream), carbohydrates, or obsessive food fads 

 

Cramming food into mouth, overeating or messy eating, new addictions to alcohol or smoking 

 

 

Pica 

 

 

 

Vary as per neuropsychological assessment used 

Table 2: Summary of symptoms within the current diagnostic criteria for bvFTD. Table content adapted from Woollacott & Rohrer, 2016. Criteria of possible bvFTD 
ÒÅÑÕÉÒÅÓ ÔÈÁÔ ÓÙÍÐÔÏÍÓ ÂÅ ÐÅÒÓÉÓÔÅÎÔ ÏÒ ÒÅÃÕÒÒÅÎÔȟ ÒÁÔÈÅÒ ÔÈÁÎ ÓÉÎÇÌÅ ÅÖÅÎÔÓȢ !Ó Á ÇÕÉÄÅÌÉÎÅȟ ȬÅÁÒÌÙȭ ÒÅÆÅÒÓ ÔÏ ×ÉÔÈÉÎ σ ÙÅÁÒs of initial symptom onset as per 

Rascovsky et al., 2011. 
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Clinical Features svPPA nfvPPA lvPPA 

 

Spontaneous speech 

(fluency, errors, 

grammar, prosody) 

 

Fluent, garrulous and 

circumlocutory, 

grammatically correct 

and intact prosody 

 

Decreased fluency, 

effortful (and/or) 

apraxic, phonetic 

errors, may be 

agrammatic 

 

Hesitant, with slow 

output, long word 

finding pauses, 

phonemic paraphasias, 

intact grammar and 

prosody 

 

Single word 

comprehension 
Impaired 

Initially spared, but 

affected later on in 

disease 

Initially spared, but 

affected later on in 

disease 

 

Sentence 

comprehension 

Initially preserved, 

becomes impaired later 

as word 

comprehension is 

impaired 

Impaired for complex 

sentences 

Impaired, especially if 

long 

 

Single word repetition 

 

Relatively intact 

 

Mild to moderately 

impaired if 

polysyllabic, otherwise 

intact 

 

Relatively intact 

(compared to sentence 

repetition)  
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Sentence repetition Spared 

 

Impaired if 

grammatically complex 

 

Impaired with length 

effect 

Naming 

Severe anomia 

(nouns> verbs) with 

semantic ÐÁÒÁÐÈÁÓÉÁȭÓ 

Spared initially but 

anomic as disease 

progresses 

 

Moderate anomia with 

occasional phonemic 

ÐÁÒÁÐÈÁÓÉÁȭÓ 

Reading Surface dyslexia 

 

Phonological dyslexia 

and possible phonetic 

errors when reading 

aloud 

 

Phonological dyslexia 

Writing  Surface dysgraphia 
Phonological 

dysgraphia 
Phonological 

 

  

 

 

 

Table 3: Summary of clinical features of each PPA syndrome from Gorno-Tempini et al., 2011 current 
consensus criteria. Table adapted from Woollacott & Rohrer, 2016. 
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Diagnostic Criteria for ALS 
 

 

 Clinical definite ALS 

 

 

 

 

 Clinically probable ALS 

 

 

 

 

 

Clinically probable-laboratory-

supported ALS 

 

 

 

 

 

 

Clinically possible ALS 

 

Defined on clinical evidence alone by the presence of UMN, as well as LMN signs in 

three regions  

 

 

 

Defined on clinical evidence alone by UMN and LMN signs in at least two regions 

with some UMN signs necessarily rostral to (above) the LMN signs 

 

 

 

 

Defined by clinical signs of UMN and LMN dysfunction reside in only one region, or 

by UMN signs alone are present in one region, and LMN signs defined by EMG 

criteria are present in at least two limbs, with proper application of neuroimaging 

and clinical laboratory protocols to exclude other causes.  

 

 

 

Defined with clinical signs of UMN and LMN dysfunction are found together in only 

one region or UMN signs are found alone in two or more regions; or LMN signs are 
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found rostral to UMN signs and the diagnosis of clinically probable-laboratory 

supported ALS cannot be proved by evidence on clinical grounds in conjunction 

with electrodiagnostic, neurophysiological, neuroimaging, or clinical laboratory 

studies. Other diagnoses must have been excluded to accept a diagnosis of clinically 

possible ALS.  

Table 4: Summary of diagnostic categories for ALS, taken from ALS revised El Escorial criteria (Rix Brooks, Miller, Swash, & 

Munsat, 2009). 
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2.3.1.4 Current symptoms and their severity  

 

The presence of behavioural, neuropsychiatric, language, cognitive, motor, 

autonomic and other physical symptoms were noted, with each symptom rated 

as: questionable/very mild (0.5), mild (1), moderate (2), severe (3) if present.  

 

These ratings were ascribed by the clinician following interviews with the 

participant and informant and could also be informed by the examination of the 

participant.  

 

2.3.1.5 Drug History 

 

4ÈÅ ÐÁÒÔÉÃÉÐÁÎÔȭÓ ÍÅÄÉÃÁÔÉÏÎ ÈÉÓÔÏÒÙ ×ÁÓ ÎÏÔÅÄȢ !ÌÌ ÍÅÄÉÃations, both prescribed 

ÁÎÄ ÔÈÏÓÅ ÁÔÔÁÉÎÅÄ ȬÏÖÅÒ ÔÈÅ ÃÏÕÎÔÅÒȭ ÅȢÇȢ ÁÎÁÌÇÅÓÉÁȟ ÈÅÒÂÁÌ ÍÅÄÉÃÁÔÉÏÎÓ ÅÔÃȢ ×ÅÒÅ 

noted.  

 

2.3.2 GENFI Examination 

 

A clinician performed a structured neurological examination of each subject. The 

MMSE was used as a cognitive screening test. The following examinations were 

performed: cranial nerve territory examination, limb examination and gait 

examination. Performance on the neurological exam was rated as: 

questionable/very mild (0.5), mild (1), moderate (2), severe (3) if present.  

 

2.3.3 GENFI Neuropsychology Assessment  

 

All participants underwent neuropsychological assessment performed by a 

trained research psychologist at each local site. The GENFI neuropsychology 

battery was designed to include assessments thought to be sensitive to cognitive 

changes in FTD and to ensure continuity of assessment across all languages in 

the GENFI consortium. There are six key cognitive domains assessed in the 

neuropsychology battery, as summarized in Table 5.  



 

 
 

74 

It should be noted that the same version of each assessment included in the 

battery was used in each of the languages in which participants were tested, with 

the exception of differences in the following tests: 

 

¶ Phonemic Fluency ɀ Letter: in general, the letters FAS are used, except in 

Dutch, where DAT is used, German where SPM is used and 

Spanish/Portuguese where PMR is used.  

¶ FCSRT ɀItalian, Swedish and French versions are used.  

 

Cognitive Domain Assessment 

Executive Function 

WMS-R Digit Span Backwards 

D-KEFS Trail Making Test B 

Phonemic Fluency 

D-KEFS Ink Colour Naming 

Attention 

WMS-R Digit Span Forwards 

D-KEFS Trail Making Test A 

WASI-R Digit Symbol 

D-KEFS Colour and Word Naming 

Social Cognition 
Faux-Pas Stories 

Ekman Emotion Recognition 

Language 

Modified Boston Naming Test 

Modified Camel and Cactus 

Category Fluency 

Memory 

Free Cued Selective Reminding Test 

(FCSRT) 

Benson Complex Figure Recall 

Visuospatial Function 
WASI Block Design 

Benson Complex Figure Copy 

Table 5: shows the standard neuropsychology assessments administered to all GENFI participants to 
assess their performance across the specified cognitive domains. WMS-R, Wechsler Memory Scale Revised; 

D-KEFS, Delis Kaplan Executive System; WASI, Wechsler Abbreviated Scale of Intelligence. 
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2.3.4 GENFI Genetic Testing 

 

A genetic test was performed in order to correctly assign participants to the 

genetic (GRN, MAPT, C9orf72) and participant groups (at-risk positive mutation 

carrier, mutation negative control, affected mutation carrier).  

 

Once a DNA sample was collected (at the baseline visit), testing for the known 

gene mutation present within the family was undertaken, and a copy of the 

molecular genetic test report performed by an accredited laboratory was 

retained at the local site.  

 

A named Genetic Guardian uploaded genetic results for at-risk subjects to the 

secure part of the GENFI database.  

 

A Genetic Guardian was named at each site, as it was vital that the genetic results 

for at-risk participants that were performed as part of the GENFI study were not 

released to the participant  or to the clinicians involved in assessing the 

participants.  

 

2.4 The Research Study Environment 

 

Table 6 below outlines a standard research timetable for GENFI participants. 

Highlighted boxes show estimated scheduling and timings.  

 

Assessment/Procedure Day 1 Day 2 

 AM PM AM PM 

Introduction to the study and consent 1hr    

Medical history and examination 1hr    

Venepuncture 15mins    

MRI Scan  1hr   

Neuropsychology  2-3hrs   

Lumbar Puncture   2hrs  

Informant Interview     2hrs 

Table 6: shows an example of a GENFI research visit as provided to participants. 
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Participants are almost always assessed at a research centre or hospital; often 

very clinical environments. They are greeted and assessed by members of the 

study team who are generally medical professionals: doctors, psychologists or 

clinical researchers. During research visits, particularly baseline visits, 

participants often report feeling anxious about attending the research facility for 

the first time and with whom they will interact with during their visit. Frequently, 

they report being very apprehensive about certain study assessments such as the 

MRI scan, neuropsychology assessments or lumbar puncture.  

 

For a researcher involved in the GENFI study, research visits are frequently 

demanding, and participants often arrive with a great deal of apprehension, and 

many questions. It is our job to put them at ease. Some participants require no 

supervision during their visit, while others require intense supervision. When 

administering the neuropsychology assessments, it is not uncommon for 

participants to become distressed, either because they are worried about their 

performance (particularly the case for at-risk positive mutation carriers), or 

because they do not understand what is being asked of them (often the case for 

symptomatic mutation carriers). Occasionally, when being assessed, participants 

can be disinhibited or behave inappropriately to such a degree that researchers 

have to drastically change assessment tactics or stop assessing them in order to 

proceed with the research visit.  

 

These are consequences of the clinical research environments involved that I 

have tried to address through my research.  

 

2.5 Capturing the GENFI Data 

 

All data collected as part of the GENFI protocol was recorded using paper clinical 

and neuropsychology case report forms. A named study-coordinator at each 

GENFI site entered the data into the central GENFI database, XNAT, which could 

then be exported in CSV format.  
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2.5.1 Data freezes 

 

Approximately once per year a GENFI data freeze is initiated. This affords the 

opportunity to capture, reconcile and anonymise the existing study data up to the 

date at which the data freeze takes place, ready for analysis. Five master sheets 

are created: Demographic, Clinical, Neuropsychology, Imaging and Biosamples. 

Importantly, during the data freeze all neuropsychology data is converted into z-

scores using data based on mutation negative controls. Means and standard 

deviations for each psychology test are calculated. These are then transformed 

into z-scores using the formula z=(X-m)/sd. At several points throughout this 

thesis I will make reference to the use of specific GENFI data freeze datasets.  

 

2.5.2 Statistical Analysis 

 

For all data, assumptions of homoscedasticity and normality were tested using 

,ÅÖÉÎÅȭÓ ÔÅÓÔ ÁÎÄ ÖÉÓÕÁÌÉÓÁÔÉÏÎ ÏÆ Á 1-Q plot residuals. Where these assumptions 

were violated, I used non-parametric tests where possible (e.g. Kruskal-Wallis or 

Spearman rank rather than Pearson correlation etc.). Unless otherwise specified 

data was analysed using SPSS version 26. 
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3 Defining Age at Symptom Onset in Genetic FTD 

 

3.1 Chapter Summary 

 

In order to improve our understanding of the presymptomatic time window it is 

important to accurately estimate how far people are from their symptom onset. 

The starting point of this thesis was to examine whether we can improve current 

predictions of estimated age at symptom onset in genetic FTD. This work is 

particularly  important when considering at what age we should anticipate 

symptomatic change, and thus when we should be enrolling presymptomatic 

indivi duals into clinical trials. Improving these predictions will also provide a 

better estimate of when we might expect to see subtle changes across outcome 

measures for clinical trials  such as cognitive assessments. 

 

3.2 Introduction  

 

As introduced in section 1.1, frontotemporal dementia (FTD) is a clinically, 

genetically and pathologically heterogeneous neurodegenerative disease 

(Warren et al., 2013). It is characterized by several clinical subtypes including 

changes in behaviour and executive dysfunction, leading to bvFTD, or changes in 

language such as nfvPPA, svPPA, lvPPA or PPA-NOS. In addition to these common 

clinical subtypes, patients can also present with ALS, or the atypical parkinsonian 

syndromes CBS and PSP. Around a third of FTD is genetic (Rohrer et al., 2009), 

with  variations in multiple genes shown to be causative of FTD. The majority of 

genetic FTD is accounted for by mutations in three genes: progranulin (GRN), 

microtubule-associated protein tau (MAPT) and the chromosome 9 open reading 

frame 72 (C9orf72). Though a vast amount of research exploring the clinical 

features of the genetic forms of FTD has been undertaken, most studies exploring 

age at symptom onset, age at death and disease duration have been relatively 

small and geographically restricted (Barbier et al., 2017; Ferrari et al., 2017; 

Cosseddu et al., 2018). The largest study to date (Barbier et al., 2017) examined 
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age at onset in a large French clinical and genetic research network, this study 

had 504 individuals (133 families) and was limited to only C9orf72 and GRN 

families. There have been no international  studies examining age at symptom 

onset, death and disease duration. 

 

Evidence from individual case series suggests that the AAO can be highly variable 

across the FTD causing genes, and no studies have systematically investigated 

these factors across all the different genetic groups and the different mutations 

found within the groups. When looking at the AAO in dominantly inherited 

!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÔÈÅ ÖÁÒÉÁÎÃÅ ÉÎ ÓÙÍÐÔÏÍ ÏÎÓÅÔ ÃÁÎ ÂÅ ÅØÐÌÁÉÎÅÄ ÂÙ ÆÁÍÉÌÙ 

history and mutation type (Ryman, 2014)ȟ ÓÕÇÇÅÓÔÉÎÇ ÔÈÁÔ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ !!/ 

may be related to parental AAO and mean AAO in the family. This, however, has 

not been fully explored in FTD.  

 

To date researchers have identified 123 specific mutation types located in the 

GRN and MAPT genes (see http://www.molgen.ua.ac.be/) . It is reported, 

however, that there are significant differences in AAO between some families 

carrying the same specific FTD mutation, suggesting that there may be other 

modifiers of the disease process. At present, the factors influencing the age at 

symptom onset in genetic FTD are not fully understood.  

 

As the era of clinical trials approaches, increasingly, pharmaceutical companies 

are developing disease modifying therapies for genetic FTD, targeting 

presymptomatic individuals who are several years from symptom onset. 

Understanding the AAO in individuals with genetic FTD has the potential to 

enhance the power of clinical research by enabling enrolment of cohorts at well-

defined time points in the presymptomatic window. For this we require a better 

understanding of the variability in disease onset and duration. 

 

There were several aims to this study: to analyse the variability of ages at onset 

and death as well as the disease duration in a large cohort of individuals with the 

C9orf72, MAPT and GRN mutations; to explore the frequency of each of these 

http://www.molgen.ua.ac.be/)
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mutations across the world, in order to explore geographic variability; and to 

investigate the phenotypic characteristics of autosomal dominant FTD.  

 

3.3 Methods 

 

3.3.1 Data Collection 

 

I investigated patients with autosomal dominant FTD caused by C9orf72, MAPT 

and GRN mutations. Data was first  collected from multiple families through the 

Frontotemporal Dementia Prevention Initiative (FPI), a group connecting 

research centres within four large cohort natural history studies of genetic FTD: 

The Genetic Frontotemporal Dementia Initiative (GENFI) (Rohrer et al., 2015), 

Advancing Research and Treatment for Frontotemporal Lobar Degeneration 

(ARTFL), Longitudinal Evaluation of Familial Frontotemporal Dementia Subjects 

(LEFFTDS) and the Dominantly Inherited Non-!ÌÚÈÅÉÍÅÒȭÓ $ÅÍÅÎÔÉÁÓ $).!$  

studies. These research studies account for the majority of centres investigating 

genetic FTD in Europe and Eastern Canada (GENFI), USA and Western Canada 

(ARTFL/LEFFTDS) and Australia (DINAD). In addition, I also extended data 

collection to other research centres across the world, that are not part of any of 

these studies, who have patients presenting with genetic FTD. This included data 

from sites in Greece and Malaysia. In total, 33 research centres provided data for 

participants that included genetic group, individual mutation (for GRN and 

MAPT), sex, clinical phenotype, age at symptom onset (AAO), age at death (AAD) 

and relationship to other family members. Across the world data was collected 

from the UK, France, Germany, Spain, Portugal, Italy, the Netherlands, Sweden, 

Belgium, Greece, Canada, the United States of America, Australia and Malaysia.  

 

Finally, in addition to data collected as part of the research collaboration I also 

ÒÅÖÉÅ×ÅÄ ÐÕÂÌÉÃÁÔÉÏÎÓ ÃÉÔÅÄ ÉÎ ÔÈÅ !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ ÁÎÄ Frontotemporal 

Dementia Mutation Database (http://www.molgen.ua.ac.be/ ), and 

supplemented this by carrying out a detailed search on PubMed with the terms 

ȰÆÒÏÎÔÏÔÅÍÐÏÒÁÌ ÄÅÍÅÎÔÉÁ AND geneticsȱȟ ȰProgranulin or GRNȱȟ Ȱ4ÁÕ OR MAPTȱ 

http://www.molgen.ua.ac.be/)
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ÁÎÄ Ȱchromosome 9 open reading frame 72 OR C9orf72ȱ. At the time, this search 

identif ied 307 peer-reviewed journal articles focusing on studies that reported 

age at symptom onset (AAO), age at death (AAD) or disease duration (DD) of 

symptomatic individuals and included pedigrees recording relevant parent-

offspring relationships. To avoid potential double reporting, I asked the research 

sites to provide a list of publications relevant to their dataset. I manually 

examined these for possible duplicates, which were removed where identified.  

 

3.3.2 The Participant Cohort 

 

The combined dataset contains 3,315 individuals from 1,418 pedigrees including 

age at symptom onset (AAO), age at death (AAD) and clinical diagnosis: 1,370 

C9orf72 (703 pedigrees), 791 MAPT (254 pedigrees), and 1,154 GRN (460 

pedigrees). Of these individuals 2,571 had known age at symptom onset, and 

1,936 had known age at death, with 1,516 having both age at onset and age at 

death recorded.  

 

Local ethics committees approved the study at each site and all participants 

provided written informed consent at initial enrolment.  

 

3.3.3 Measures 

 

Where available data was collected on sex, genetic mutation, mutation alias (GRN 

and MAPT only), primary clinical diagnosis, second clinical diagnosis, third 

clinical diagnosis, age at symptom onset, age at death and family tree code.  

 

3.4 Procedure 

 

I created a template Microsoft Excel spreadsheet which was disseminated to each 

research site in the AAO collaboration group (Figure 4 - Figure 7 below). Eighteen 

columns were defined using the following headings: site name (e.g. UCL), subject 

number, family number, sex, genetic mutation (C9orf72, MAPT, GRN), mutation 
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alias (the specific mutation nomenclature within the GRN or MAPT genes e.g. 

T272fs), primary diagnosis (selected from a dropdown menu), 2nd clinical 

diagnosis, 3rd clinical diagnosis, age of onset (the age at which an individual is 

determined to have progressive cognitive or behavioural symptoms rather than 

meeting the diagnostic criteria), age at death, family tree code (e.g. 1.1 = 

proband, 2.1 = son of 1.1 etc.), ÄÉÄ ÔÈÅ ÓÕÂÊÅÃÔȭÓ ÍÏÔÈÅÒ ÈÁÖÅ ÄÅÍÅÎÔÉÁȩ ÙÅÓ ÏÒ 

ÎÏ ȟ ÍÏÔÈÅÒȭÓ ÆÁÍÉÌÙ ÔÒÅÅ ÃÏÄÅȟ ÍÏÔÈÅÒȭÓ ÁÇÅ ÁÔ ÄÅÁÔÈ ÁÇÅ ÁÔ ÄÅÁÔÈ ×ÁÓ ÎÏÔÅÄ 

regardless of the cause of death), did the subjectȭs father have dementia? (yes or 

ÎÏ ȟ ÆÁÔÈÅÒȭÓ ÆÁÍÉÌÙ ÔÒÅÅ ÃÏÄÅȟ and ÆÁÔÈÅÒȭÓ ÁÇe at death.  
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Figure 4: Page 1 of the AAO manual disseminated to sites with instructions for how to complete their AAO data sheet.
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Figure 5: Page 2 of the AAO manual disseminated to sites with instructions for how to complete their AAO data sheet. 
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Figure 6: Page 3 of the AAO manual disseminated to sites with instructions for how to complete their AAO data sheet. Instructions were provided to ensure family 

tree codes were correctly numbered. 
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Figure 7: Page 4 of the AAO manual disseminated to sites with instructions for how to complete their AAO data sheet.
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Disseminated alongside the template Excel spreadsheet was a data collection 

manual (shown above) which I created to ensure that each site correctly 

completed the dataset and to reduce errors in the data. Also included in the 

manual was an up to date list of the GRN and MAPT ÍÕÔÁÔÉÏÎ ÁÌÉÁÓȭ and an 

example family tree, so family tree codes could be correctly assigned. It was 

important  that the family tree codes were labelled appropriately so parent-

offspring relationships could be clearly identified  (Figure 6).  

 

I rigorously checked every spreadsheet returned and conferred with sites when 

I thought there were errors in the data. Once data was confirmed to be accurate, 

I collated the individual spreadsheets into a master spreadsheet using the same 

headings for data analysis.  

 

3.4.1 Inclusion and Exclusion Criteria for Collated Data 

 

Not all GRN and MAPT mutation variants are pathogenic. As a starting point for 

inclusion of likely pathogenic variants in the study I reviewed the AlzheimerȭÓ 

Disease and Frontotemporal Dementia Mutation Database ɀ this includes 79 GRN 

and 44 MAPT pathogenic variants. From the PubMed search I discovered a 

further  35 GRN and 18 MAPT mutation variants not included in the database 

(Table 7). Centres in the study provided additional data on novel mutations (not 

previously reported in the literature) on another 17 GRN and 4 MAPT mutation 

variants (Table 7).  

 

All mutations were reviewed by two UCL geneticists (Dr Rita Guerreiro and Dr 

Jose Bras) to examine pathogenicity, and unique mutations were only included if 

both agreed on their likely pathogenic nature. Looking specifically at GRN, 

mutations causing haploinsufficiency, due to a frameshift mutation or insertion 

of a stop codon, were all included as likely pathogenic. The literature on GRN 

missense mutations is less conclusive as to whether these are likely to be 

pathogenic or represent risk factors (apart from A9D, which affects the signal 

peptide and is therefore likely to be pathogenic). Missense mutations were only 

included where there was evidence in the literature of a) low progranulin levels 
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(in blood or CSF) similar to those causing haploinsufficiency (rather than 

intermediate levels as seen in some missense mutations), b) functional evidence 

of pathogenicity, and c) no contrary evidence that the mutation is not pathogenic 

(e.g. the #ρσω2 ÖÁÒÉÁÎÔ ÈÁÓ ÂÅÅÎ ÓÈÏ×Î ÔÏ ÂÅ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ 

pathology rather than TDP-43 inclusions that as would be expected for GRN 

mutations (Redaelli et al., 2017). These criteria excluded the majority of 

missense mutations, leaving just the A199V and C105Y mutations to be included 

in the study (Karch et al., 2016; Luzzi et al., 2017; Wilke et al., 2017). C9orf72 

families with intermediate length expansions were not included in this study. 

Lastly, I did not include in the analysis families with dual mutations e.g. the 

combination of a C9orf72 expansion and a pathogenic GRN or MAPT mutation.  
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GRN Mutation 
Predicted protein 

change 
Mutation alias 

N 

total 

N 

families 

N 

AAO 

Mean 

AAO 

N 

AAD 

Mean 

AAD 

N 

DD 

Mean 

DD 

Complete 

gene 
  delGRN[DR184] 1 1 1 71.0 1 74.0 1 3.0 

Intron 1 NM_002087.2:c.-8+3A>T   IVS1+3A>T 1 1 1 58.0 0  0  

Intron 1 NM_002087.2:c.-8+5G>C  IVS1+5G>C 35 26 35 61.2 25 67.0 25 5.4 

Intron 1-12   delGRN[London] 7 1 2 53.0 4 58.3 1 4.0 

Intron 1-12   delGRN[French] 16 9 14 61.6 7 72.7 5 8.9 

Intron 1-12   delGRN[Tubingen] 1 1 1 51.0 0  0  

Exon 2 NM_002087.2:c.1A>G p.M1 M1 (1A>G) 8 2 7 54.6 5 63.0 4 7.3 

Exon 2 NM_002087.2:c.2T>C p.M1 M1 (2T>C) 4 3 4 56.5 2 66.0 2 11.0 

Exon 2 NM_002087.2:c.3G>A p.M1 M1 (3G>A) 2 1 1 62.0 2 68.0 1 10.0 

Exon 2 NM_002087.2:c.26C>A:p.(Ala9Asp) p.A9D A9D 37 4 36 62.1 31 71.7 30 9.3 

Exon 2 NM_002087.2:c.58dup:p.(Cys20Leufs*45) p.C20LfsX45 C20fs 0  0  0  0  

Exon 2 NM_002087.2:c.63_64insC:p.(Asp22Argfs*43) p.D22RfsX43 D22fs 9 3 8 62.0 7 68.6 7 7.0 

Exon 2 NM_002087.2:c.78C>A:p.(Cys26*) p.C26X C26X 0  0  0  0  

Exon 2 NM_002087.2:c.87dup:p.(Cys30Leufs*35) p.C30LfsX35 C30fs 3 2 3 59.7 1 68.0 1 8.0 

Exon 2 NM_002087.2:c.87_90dup:p.(Cys31Leufs*35) p.C31LfsX35 C31fs 47 10 32 60.3 31 65.0 25 5.9 

Exon 2 NM_002087.2:c.102del:p.(Gly35Glufs*19) p.G35EfsX19 G35fs 42 10 40 61.2 31 63.2 30 5.1 

Exon 2 NM_002087.2:c.117dup:p.(Ser40Glnfs*25) p.S40QfsX25 S40fs 0  0  0  0  

Intron 2 NM_002087.2:c.138+1G>A  IVS2+1G>A 3 1 3 62.0 1 63.0 1 7.0 

Intron 2 NM_002087.2:c.139-4C>T  IVS2-4C>T 1 1 1 70.0 0  0  

Intron 2 NM_002087.2:c.139del:p.(Asp47Thrfs*7) p.D47TfsX7 D47fs 1 1 1 68.0 1 72.0 1 4.0 

Exon 3 NM_002087.2:c.154del:p.(Thr52Hisfs*2) p.T52HfsX2 T52fs 37 9 33 67.8 25 76.7 24 7.0 

Exon 3 NM_002087.2:c.232dup:p.(Ser78Phefs*41) p.S78FfsX41 S78fs 2 1 2 53.0 0  0  

Exon 3 NM_002087.2:c.234_235del:p.(Gly79Aspfs*39) p.G79DfsX39 G79fs 2 1 2 56.0 2 67.0 2 11.0 

Exon 3 NM_002087.2:c.243del:p.(Ser82Valfs*174) p.S82VfsX174 S82fs 31 1 24 60.1 21 66.2 19 6.9 

Exon 3 NM_002087.2:c.255del:p.(Phe86Serfs*170) p.F86SfsX170 F86fs 0  0  0  0  

Intron 3 NM_002087.2:c.264+2T>C  IVS3+2T>C 5 4 5 65.8 2 65.0 2 4.0 
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GRN Mutation 
Predicted protein 

change 
Mutation alias 

N 

total 

N 

families 

N 

AAO 

Mean 

AAO 

N 

AAD 

Mean 

AAD 

N 

DD 

Mean 

DD 

Intron 3 NM_002087.2:c.265-2del  IVS3-2delA 3 1 3 56.0 1 69.0 1 4.0 

Exon 4 NM_002087.2:c.280del:p.(Asp94Metfs*162) p.D94MfsX162 D94fs 0  0  0  0  

Exon 4 NM_002087.2:c.295_308del:p.(Cys99Profs*15) p.Cys99fsX15 C99fs 2 1 2 63.5 1 66.0 1 5.0 

Exon 4 NM_002087.2:c.299del:p.(Pro100Hisfs*156) p.P100HfsX156 P100fs 1 1 1 60.0 0  0  

Exon 4 NM_002087.2:c.314dup:p.(Cys105Trpfs*14) p.C105fs C105fs 1 1 1 60.0 1 64.0 1 4.0 

Exon 4 NM_002087.2:c.314G>A:p.(Cys105Tyr) p.C105Y C105Y 4 1 4 65.8 0  0  

Exon 4 NM_002087.2:c.328C>T:p.(Arg110*) p.R110X R110X 8 5 7 59.6 3 66.3 2 9.0 

Exon 4 NM_002087.2:c.347C>A:p.(Ser116*) p.S116X S116X 1 1 1 57.0 0  0  

Intron 4 NM_002087.2:c.349+1G>C  IVS4+1G>C 1 1 1 58.0 0  0  

Intron 4 NM_002087.2:c.350-1G>T  IVS4-1G>T 6 2 6 58.7 4 63.0 4 3.5 

Exon 5 NM_002087.2:c.350_462del:p.(Asn118Phefs*4) p.N118FfsX4 N118fs 1 1 1 56.0 1 62.0 1 6.0 

Exon 5 NM_002087.2:c.361del:p.(Val121Trpfs*135) p.V121WfsX135 V121fs 6 1 4 58.8 3 69.7 2 6.0 

Exon 5 NM_002087.2:c.373C>T:p.(Gln125*) p.Q125X Q125X 10 1 7 59.3 5 71.2 5 7.8 

Exon 5 NM_002087.2:c.378C>A:p.(Cys126*) p.C126X C126X 2 1 2 52.5 2 62.5 2 10.0 

Exon 5 NM_002087.2:c.380_381del:p.(Pro127Argfs*2) p.P127RfsX2 P127fs 2 2 2 55.5 0  0  

Exon 5 NM_002087.2:c.384_387del:p.(Gln130Serfs*125) p.Q130SfsX125 Q130fs (384_387delTAGT) 4 2 2 51.5 3 76.3 1 9.0 

Exon 5 NM_002087.2:c.388_391del:p.(Gln130Serfs*125) p.Q130SfsX125 Q130fs (388_391delCAGT) 23 11 20 67.4 11 80.7 10 6.9 

Exon 5 NM_002087.2:c.421_422del:p.(Val141Tyrfs*18) p.V141YfsX18 V141fs 3 1 2 57.0 2 62.0 1 7.0 

Exon 5 NM_002087.2:c.445_446del:p.(Cys149Leufs*10) p.C149fsX10 C149fs 9 2 8 69.4 5 80.6 4 10.5 

Intron 5 NM_002087.2:c.463_598del:p.(Ala155Trpfs*56) p.A155WfsX56 A155fs 3 2 3 64.7 1 60.0 1 5.0 

Exon 6 NM_002087.2:c.468_474del:p.(Cys157Lysfs*97) p.C157KfsX97 C157fs 30 10 22 58.4 14 68.2 6 5.5 

Exon 6 NM_002087.2:c.481_482del:p.(Arg161Glyfs*36) p.R161GfsX36 R161fs 1 1 1 48.0 0  0  

Exon 6 NM_002087.2:c.559del:p.(Leu187Trpfs*69) p.L187WfsX69 L187fs (559del) 0  0  0  0  

Exon 5 NM_002087.2:c.559dup:p.(Leu187Profs*11) p.L187PfsX11 L187fs (559dup) 3 1 3 52.3 3 60.3 3 8.0 

Exon 6 NM_002087.2:c.592_593del:p.(Arg198Glyfs*19) p.R198GfsX19 R198fs 2 2 2 60.5 0  0  

Exon 6 NM_002087.2:c.596C>T:p.(Ala199Val) p.A199V A199V 11 3 6 60.5 7 63.6 2 8.0 
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Exon 7 NM_002087.2:c.603dup:p.(Ser203Valfs*15) p.S203VfsX15 S203fs (603_604insC) 3 3 2 49.0 3 62.0 2 6.5 

Exon 7 NM_002087.2:c.607del:p.(Ser203Profs*53) p.S203PfsX53 S203fs (607delT) 1 1 1 58.0 0  0  

Exon 7 NM_002087.2:c.675_676del:p.(Ser226Trpfs*28) p.S226WfsX28 S226fs 6 6 6 56.8 6 62.3 6 5.6 

Exon 7 NM_002087.2:c.687T>A:p.(Tyr229*) p.Y229X Y229X 5 1 3 62.7 5 69.2 3 8.7 

Intron 7 NM_002087.2:c.708+1G>A  IVS7+1G>A 14 7 10 59.9 9 68.6 5 7.3 

Intron 7 NM_002087.2:c.708+1G>C  IVS7+1G>C 1 1 1 55.0 1 61.0 1 6.0 

Intron 7 NM_002087.2:c.708+5_8delGTGA  IVS7+5_8delGTGA 8 4 6 62.2 6 72.3 4 10.0 

Intron 7 NM_002087.2:c.708+6_9delTGAG  IVS7+6_9delTGAG 17 9 12 60.9 15 70.7 10 5.0 

Intron 7 NM_002087.2:c.709-2A>G  IVS7-2A>G 10 5 8 56.0 6 63.2 6 5.8 

Intron 7 NM_002087.2:c.709-2A>T  IVS7-2A>T 12 1 12 67.0 8 74.6 8 6.0 

Intron 7 NM_002087.2:c.709-1G>A  IVS7-1G>A 50 18 38 60.5 26 67.0 23 6.5 

Exon 8 NM_002087.2:c.745C>T:p.(Gln249*) p.Q249X Q249X 6 1 6 60.5 6 66.5 6 6.0 

Exon 8 NM_002087.2:c.759_760del:p.(Cys253*) p.C253X C253X 5 4 5 58.6 3 62.0 3 6.3 

Exon 8 NM_002087.2:c.759_760dup:p.(Asp254Valfs*3) p.D254VfsX3 D254fs 3 1 3 57.7 1 82.0 1 22.0 

Exon 8 NM_002087.2:c.761_762insTG:p.(Leu255Alafs*2) p.L255AfsX2 L255fs 3 1 3 62.0 3 70.0 3 8.0 

Exon 8 NM_002087.2:c.768_769dup:p.(Gln257Profs*27) p.Q257PfsX27 Q257fs 16 6 16 61.3 7 69.0 7 8.8 

Exon 8 NM_002087.2:c.775A>T:p.(Lys259*) p.K259X K259X 4 2 3 62.3 1 90.0 0  

Exon 8 NM_002087.2:c.813_816del:p.(Thr272Serfs*10) p.T272SfsX10 T272fs 201 95 154 62.7 71 71.1 59 7.0 

Intron 8 NM_002087.2:c.709_835del:p.(Ala237Trpfs*4) p.A237WfsX4 A237fs 33 4 32 61.0 25 69.0 24 9.2 

Intron 8 NM_002087.2:c.833_834del:p.(Thr278Serfs*7) p.T278SfsX7 T278fs 6 1 6 60.5 4 74.3 4 8.0 

Intron 8 NM_002087.2:c.836-1G>C  IVS8-1G>C 7 4 7 63.1 1 69.0 1 4.0 

Intron 8 NM_002087.2:c.836-1G>T  IVS8-1G>T 2 1 2 69.5 0  0  

Exon 9 NM_002087.2:c.848_854dup:p.(Asp285Glufs*3) p.D285EfsX3 D285fs 1 1 1 53.0 0  0  

Exon 9 NM_002087.2:c.882T>G:p.(Tyr294*) p.Y294X Y294X 9 3 4 59.0 3 67.0 3 5.7 

Exon 9 NM_002087.2:c.898C>T:p.(Gln300*) p.Q300X Q300X 18 8 16 61.6 9 63.3 8 6.5 

Exon 9 NM_002087.2:c.900_901dup:p.(Ser301Cysfs*61) p.S301CfsX61 S301fs 22 9 20 59.5 13 71.5 11 5.1 
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Exon 9 NM_002087.2:c.903_904insTG:p.(Gly302Trpfs*60) p.G302WfsX60 G302fs 0  0  0  0  

Exon 9 NM_002087.2:c.907dup:p.(Ala303Glyfs*14) p.A303GfsX14 A303fs (907_908insG) 2 2 1 53.0 0  0  

Exon 9 NM_002087.2:c.907del:p.(Ala303Profs*58) p.A303PfsX58 A303fs (907delG) 1 1 1 63.0 0  0  

Exon 9 NM_002087.2:c.909del:p.(Trp304Glyfs*57) p.W304GfsX57 W304fs (909delC) 4 4 4 56.3 3 64.7 3 6.0 

Exon 9 NM_002087.2:c.910_911insTG:p.(Trp304Leufs*58) p.W304LfsX58 W304fs (910_911insTG) 19 4 9 61.1 15 70.7 8 7.3 

Exon 9 NM_002087.2:c.911G>A:p.(Trp304*) p.W304X W304X 9 8 8 62.8 4 69.0 3 7.7 

Intron 9 NM_002087.2:c.933+1del  IVS9+1delG 5 1 5 58.8 0  0  

Intron 9 NM_002087.2:c.933+1G>A  IVS9+1G>A 8 4 8 61.0 3 64.0 3 5.0 

Exon 10 NM_002087.2:c.942C>A:p.(Cys314*) p.C314X C314X 6 4 4 72.8 3 78.3 2 4.0 

Exon 10 NM_002087.2:c.975del:p.(Phe326Leufs*35) p.F326LfsX35 F326fs 0  0  0  0  

Exon 10 NM_002087.2:c.988_989del:p.(Thr330Alafs*6) p.T330AfsX6 T330fs 1 1 1 62.0 0  0  

Exon 10 NM_002087.2:c.988_989dup:p.(Gln331Argfs*31) p.Q331RfsX31 Q331fs 4 4 2 63.5 2 61.0 0  

Exon 10 NM_002087.2:c.998del:p.(Gly333Valfs*28) p.G333VfsX28 G333fs 3 2 3 63.7 3 70.3 3 6.7 

Exon 10 NM_002087.2:c.1009C>T:p.(Gln337*) p.Q337X Q337X 2 2 2 60.5 1 69.0 1 10.0 

Exon 10 NM_002087.2:c.1013_1024del:p.(Gly338_Gln341del) p.Q337_340del Q337_340del 1 1 1 69.0 0  0  

Exon 10 NM_002087.2:c.1012_1013delinsC:p.(Gly338Argfs*23) p.G338RfsX23 G338fs 1 1 1 54.0 0  0  

Exon 10 NM_002087.2:c.1014del:p.(His340Thrfs*21) p.H340TfsX21 H340fs 2 2 1 54.0 0  0  

Exon 10 NM_002087.2:c.1021C>T:p.(Gln341*) p.Q341X Q341X 7 4 7 66.4 2 88.0 2 10.5 

Exon 10 NM_002087.2:c.1048dup:p.(Ala350Glyfs*18) p.A350GfsX18 A350fs 5 1 2 58.0 4 66.0 1 3.0 

Exon 10 NM_002087.2:c.1070del:p.(Pro357Hisfs*4) p.P357HfsX4 P357fs 1 1 1 44.0 1 51.0 1 7.0 

Exon 10 NM_002087.2:c.1072C>T:p.(Gln358*) p.Q358X Q358X 0  0  0  0  

Exon 10 NM_002087.2:c.1095_1096del:p.(Cys366*) p.C366fsX1 C366fs 13 6 13 61.2 4 77.8 4 8.5 

Exon 10 NM_002087.2:c.1117C>T:p.(Pro373Ser) p.P373S P373S 4 1 4 59.8 2 69.5 2 4.5 

Exon 10 NM_002087.2:c.1144dup:p.(Thr382Asnfs*32) p.T382NfsX32 T382fs (1144_1145insA) 1 1 1 62.0 0  0  

Exon 10 NM_002087.2:c.1145del:p.(Thr382Serfs*30) p.T382SfsX30 T382fs (1145delC) 9 3 7 54.9 5 59.8 5 6.0 

Exon 10 NM_002087.2:c.1157G>A:p.(Trp386*) p.W386X W386X 11 4 10 64.2 7 74.3 6 5.5 
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Intron 10 NM_002087.2:c.1179del:p.(Ala394Leufs*18) p.A394LfsX18 A394fs 1 1 1 51.0 0  0  

Intron 10 NM_002087.2:c.1179+2T>C  IVS10+2T>C 2 1 1 59.0 1 63.0 1 4.0 

Intron 10 NM_002087.2:c.1179+3A>G  IVS10+3A>G 3 1 3 60.7 1 64.0 1 9.0 

Exon 11 NM_002087.2:c.1196_1197del:p.(D399Afs*14) p.D399AfsX14 D399fs 2 1 1 60.0 1 60.0 0  

Exon 11 NM_002087.2:c.1201C>T:p.(Gln401*) p.Q401X Q401X 5 3 5 58.2 1 63.0 1 7.0 

Exon 11 NM_002087.2:c.1212C>A:p.(Cys404*) p.C404X C404X 1 1 1 58.0 1 66.0 1 8.0 

Exon 11 NM_002087.2:c.1231_1232del:p.(Val411Serfs*2) p.V411SfsX2 V411fs 2 1 1 66.0 2 72.5 1 4.0 

Exon 11 NM_002087.2:c.1231_1232dup:p.(Ala412*) p.A412X A412X 1 1 1 61.0 1 68.0 1 7.0 

Exon 11 NM_002087.2:c.1243C>T:p.(Gln415*) p.Q415X Q415X 6 6 6 58.2 0  0  

Exon 11 NM_002087.2:c.1246dup:p.(Cys416Leufs*30) p.C416LfsX30 C416fs 11 1 9 64.4 9 72.1 8 7.5 

Exon 11 NM_002087.2:c.1252C>T:p.(Arg418*) p.R418X R418X 20 8 13 56.9 14 65.5 11 8.7 

Exon 11 NM_002087.2:c.1256_1263dup:p.(Ile422Glufs*72) p.I422EfsX72 I422fs 6 1 5 61.0 3 70.0 2 6.5 

Exon 11 NM_002087.2:c.1317_1318del:p.(Asp441Hisfs*4) p.D441HfsX4 D441fs 11 4 8 57.4 7 62.1 5 5.0 

Exon 11 NM_002087.2:c.1354del:p.(Val452Trpfs*39) p.V452WfsX39 V452fs 9 4 6 60.0 5 70.2 5 10.8 

Exon 11 NM_002087.2:c.1395dup:p.(Cys466Leufs*46) p.C466LfsX46 C466fs 4 2 3 57.0 3 61.3 3 4.3 

Exon 11 NM_002087.2:c.1402C>T:p.(Gln468*) p.Q468X Q468X 3 2 2 59.5 1 66.0 1 6.0 

Intron 11 NM_002087.2:c.1415_1645del:p.(Ala472_Gln548del) p.A472_Q548del A472_Q548del 2 2 2 50.0 0  0  

Exon 12 NM_002087.2:c.1414_1644del:p.(Ala472Valfs*10) p.A472VfsX10 A472fs 4 3 3 65.0 2 74.0 2 8.5 

 

Exon 12 
NM_002087.2:c.1420_1421del:p.(Cys474Leufs*37) p.C474LfsX37 C474fs 0  0  0  0  

Exon 12 NM_002087.2:c.1428_1431del:p.(Glu476Aspfs*14) p.E476DfsX14 E476fs 2 1 2 62.0 2 74.0 2 12.0 

Exon 12 NM_002087.2:c.1446C>A:p.(Cys482*) p.C482X C482X 5 1 4 55.8 3 70.7 3 17.3 

Exon 12 NM_002087.2:c.1477C>T:p.(Arg493*) p.R493X R493X 55 22 40 60.2 42 67.5 30 6.3 

Exon 12 NM_002087.2:c.1494_1498del:p.(Glu498Aspfs*12) p.E498DfsX12 E498fs 8 5 8 57.6 0  0  

Exon 12 NM_002087.2:c.1507C>T:p.(Gln503*) p.Q503X Q503X 1 1 1 75.0 0  0  

Exon 12 NM_002087.2:c.1603C>T:p,(Arg535*) p.R535X R535X 1 1 1 72.0 0  0  

Exon 12 NM_002087.2:c.1612C>T:p.(Arg538*) p.R538X R538X 0  0  0  0  
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Exon 1 NM_001123066.3:c.14G>A:p.(Arg5His) p.R5H (p.R5H) R5H 3 2 3 59.3 3 78.0 3 18.7 

Exon 1 NM_001123066.3:c.14G>T:p.(Arg5Leu) p.R5L (p.R5L) R5L 1 1 1 62.0 1 67.0 1 5.0 

Exon 2 NM_001123066.3:c.163G>A:p.(Gly55Arg) p.G55R (p.G55R) G55R 2 1 2 61.0 1 76.0 1 6.0 

Exon 9 NM_001123066.3:c.1775A>C:p.(Lys592Thr) p.K257T (p.K592T) K257T 5 3 4 46.3 3 54.0 3 6.3 

Exon 9 NM_001123066.3:c.1783A>G:p.(Ile595Val) p.I260V (p.I595V) I260V 1 1 1 68.0 1 77.0 1 9.0 

Exon 9 NM_001123066.3:c.1801C>G:p.(Leu601Val) p.L266V (p.L601V) L266V 8 4 7 32.4 6 36.2 6 4.7 

Exon 9 NM_001123066.3:c.1816G>C:p.(Gly606Arg) p.G271R (p.G606R) G271R 1 1 1 50.0 0  0  

Exon 9 NM_001123066.3:c.1820G>T:p.(Gly607Val) p.G272V (p.G607V) G272V 10 1 7 44.4 5 55.4 5 10.8 

Exon 9 NM_001123066.3:c.1822G>A:p.(Gly608Arg) p.G273R (p.G608R) G273R 1 1 1 63.0 0  0  

Intron 9 NM_001123066.3:c.1828-15T>C  IVS9-15T>C 1 1 1 46.0 1 57.0 1 11.0 

Intron 9 NM_001123066.3:c.1828-11G>C  IVS9-11G>C 5 1 2 58.5 5 66.0 2 8.0 

Intron 9 NM_001123066.3:c.1828-10G>C  IVS9-10G>C 3 1 1 50.0 3 59.7 1 13.0 

Intron 9 NM_001123066.3:c.1828-10G>T  IVS9-10G>T 12 2 11 46.1 8 53.5 7 5.9 

Exon 10 NM_001123066.3:c.1842T>G:p.(Asn614Lys) p.N279K (p.N614K) N279K 44 17 36 43.8 38 52.4 31 6.5 

Exon 10 
NM_001123066.3:c.1846_1848delAAG:p.(Lys61

6del) 

p.deltaK280 

(p.deltaK616) 
deltaK280 4 4 4 57.0 3 66.3 3 8.0 

Exon 10 NM_001123066.3:c.1857T>C:p.(=) p.L284 (p.L619) L284L 7 2 7 51.7 6 62.0 6 9.6 

Exon 10 NM_001123066.3:c.1856T>G:p.(Leu619Arg) p.L284R (p.L619R) L284R 3 1 3 42.3 3 49.0 3 6.7 

Exon 10 NM_001123066.3:c.1858A>C:p.(Ser620Arg) p.S285R (p.S620R) S285R 1 1 1 46.0 1 49.0 1 3.0 

Exon 10 NM_001123066.3:c.1876T>C:p.(Cys626Arg) p.C291R (p.C626R) C291R 2 1 2 53.5 1 67.0 1 7.0 

Exon 10 NM_001123066.3:c.1891A>C:p.(Asn631His) p.N296H (p.N631H) N296H 4 1 1 57.0 4 65.8 1 5.0 

Exon 10 
NM_001123066.3:c.1892_1894delATA:p.(Asn6

31del) 
p.N296del (p.N631del) delN296 5 4 5 49.2 1 42.0 1 3.0 

Exon 10 NM_001123066.3:c.1893T>C:p.(=) p.N296 (p.N631) N296N 6 3 3 49.3 3 64.3 1 10.0 

Exon 10 NM_001123066.3:c.1897A>G:p.(Lys633Glu) p.K298E (p.K633E) K298E 2 1 2 62.5 2 67.5 2 5.0 

Exon 10 NM_001123066.3:c.1906C>A:p.(Pro636Thr) p.P301T (p.P636T) P301T 5 1 5 49.8 4 52.3 4 3.8 
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Exon 10 NM_001123066.3:c.1906C>T:p.(Pro636Ser) p.P301S (p.P636S) P301S 20 5 15 34.3 10 40.8 7 5.0 

Exon 10 NM_001123066.3:c.1907C>T:p.(Pro636Leu) p.P301L (p.P636L) P301L 234 59 174 53.0 139 60.3 111 8.2 

Exon 10 NM_001123066.3:c.1913G>T:p.(Gly638Val) p.G303V (p.G638V) G303V 6 2 6 38.5 5 43.4 5 4.6 

Exon 10 NM_001123066.3:c.1915G>A:p.(Gly639Ser) p.G304S (p.G639S) G304S 2 1 2 67.5 1 87.0 1 17.0 

Exon 10 NM_001123066.3:c.1919G>A:p.(Ser640Asn) p.S305N (p.S640N) S305N 14 5 13 48.1 4 54.8 4 9.3 

Exon 10 NM_001123066.3:c.1919G>T:p.(Ser640Ile) p.S305I (p.S640I) S305I 3 2 3 41.0 2 47.0 2 3.5 

Exon 10 NM_001123066.3:c.1920T>C:p.(=) p.S305 (p.S640) S305S 9 6 8 48.5 6 55.2 6 4.0 

Intron 

10 
NM_001123066.3:c.1920+3G>A  IVS10+3G>A 13 4 8 46.3 6 50.3 5 12.5 

Intron 

10 
NM_001123066.3:c.1920+4A>C  IVS10+4A>C 1 1 1 46.0 1 57.0 1 11.0 

Intron 

10 
NM_001123066.3:c.1920+11T>C  IVS10+11T>C 2 2 2 52.0 2 59.5 2 6.0 

Intron 

10 
NM_001123066.3:c.1920+12C>T  IVS10+12C>T 1 1 1 56.0 1 65.0 1 8.0 

Intron 

10 
NM_001123066.3:c.1920+12C>A  IVS10+12C>A 2 1 1 48.0 2 54.0 1 9.0 

Intron 

10 
NM_001123066.3:c.1920+13A>G  IVS10+13A>G 2 1 1 64.0 2 69.0 1 6.0 

Intron 

10 
NM_001123066.3:c.1920+14C>T  IVS10+14C>T 19 2 17 44.6 13 55.6 12 11.8 

Intron 

10 
NM_001123066.3:c.1920+15A>C  IVS10+15A>C 6 1 6 47.7 3 57.3 3 7.7 

Intron 

10 
NM_001123066.3:c.1920+16C>T  IVS10+16C>T 149 48 105 50.9 94 60.8 66 10.5 

Intron 

10 
NM_001123066.3:c.1920+19C>G  IVS10+19C>G 1 1 1 52.0 0  0  

Exon 11 NM_001123066.3:c.1949T>G:p.(Leu650Arg) p.L315R (p.L650R) L315R 7 1 7 53.6 7 59.1 7 5.6 

Exon 11 NM_001123066.3:c.1950G>A:p.(=) p.L315 (p.L650) L315L 8 2 8 50.9 3 52.3 3 6.0 

Exon 11 NM_001123066.3:c.1955A>T:p.(Lys652Met) p.K317M (p.K652M) K317M 11 1 11 47.0 9 51.9 9 5.6 
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Mutation alias 

N 

total  

N 

families 

N 

AAO 

Mean 

AAO 

N 

AAD 

Mean 

AAD 

N 

DD 

Mean 

DD 

Exon 11 NM_001123066.3:c.1964C>T:p.(Ser655Phe) p.S320F (p.S655F) S320F 3 2 2 47.0 2 57.0 2 10.0 

Exon 11 NM_001123066.3:c.1999C>T:p.(Pro667Ser) p.P332S (p.P667S) P332S 3 1 3 53.0 1 85.0 1 25.0 

Exon 12 NM_001123066.3:c.2008G>A:p.(Gly670Ser) p.G335S (p.G670S) G335S 1 1 1 22.0 1 36.0 1 14.0 

Exon 12 NM_001123066.3:c.2009G>T:p.(Gly670Val) p.G335V (p.G670V) G335V 6 1 5 25.4 4 36.5 
 

3 
10.0 

Exon 12 NM_001123066.3:c.2012A>G:p.(Gln671Arg) p.Q336R (p.Q671R) Q336R 3 2 2 60.0 1 39.0 0  

Exon 12 NM_001123066.3:c.2013G>C:p.(Gln671His) p.Q336H (p.Q671H) Q336H 5 3 4 61.8 4 72.8 4 12.0 

Exon 12 NM_001123066.3:c.2014G>A:p.(Val672Met) p.V337M (p.V672M) V337M 20 6 17 48.2 10 71.5 10 14.2 

Exon 12 NM_001123066.3:c.2030A>T:p.(Glu677Val) p.E342V (p.E677V) E342V 2 1 2 43.5 2 55.0 2 11.5 

Exon 12 NM_001123066.3:c.2057A>G:p.(Gln686Arg) p.Q351R (p.Q686R) Q351R 2 1 2 51.5 0  0  

Exon 12 NM_001123066.3:c.2060C>T:p.(Ser687Leu) p.S352L (p.S687L) S352L 2 1 2 29.5 2 31.5 2 2.0 

Exon 12 NM_001123066.3:c.2071T>A:p.(Ser691Thr) p.S356T (p.S691T) S356T 3 2 3 30.3 1 42.0 1 15.0 

Exon 12 NM_001123066.3:c.2092G>A:p.(Val698Ile) p.V363I (p.V698I) V363I 4 3 4 61.5 1 80.0 1 5.0 

Exon 12 NM_001123066.3:c.2093T>C:p.(Val698Ala) p.V363A (p.V698A) V363A 3 1 3 58.0 1 67.0 1 2.0 

Exon 12 NM_001123066.3:c.2095C>T:p.(Pro699Ser) p.P364S (p.P699S) P364S 3 2 2 52.5 2 57.5 1 2.0 

Exon 12 NM_001123066.3:c.2101G>A:p.(Gly701Arg) p.G366R (p.G701R) G366R 2 1 2 49.5 1 55.0 1 8.0 

Exon 12 NM_001123066.3:c.2111A>T:p.(Lys704Ile) p.K369I (p.K704I) K369I 1 1 1 50.0 1 61.0 1 11.0 

Exon 13 NM_001123066.3:c.2120A>G:p.(Glu707Gly) p.E372G (p.E707G) E372G 1 1 1 40.0 1 58.0 1 18.0 

Exon 13 NM_001123066.3:c.2170G>A:p.(Gly724Arg) p.G389R (p.G724R) 
G389R 

(2170G>A)  
6 5 5 29.0 2 30.5 2 4.0 

Exon 13 NM_001123066.3:c.2170G>C:p.(Gly724Arg) p.G389R (p.G724R) 
G389R 

(2170G>C) 
6 6 6 30.8 5 35.0 5 5.8 

Exon 13 NM_001123066.3:c.2221C>T:p.(Arg741Trp) p.R406W (p.R741W) R406W 67 9 39 55.4 28 70.9 21 16.9 

Exon 13 NM_001123066.3:c.2233A>C:p.(Asn745His) p.N410H (p.N745H) N410H 1 1 1 53.0 1 67.0 1 14.0 

Exon 13 NM_001123066.3:c.2275C>A:p.(Gln759Lys) p.Q424K (p.Q759K) Q424K 0  0  0  0  

Exon 13 NM_001123066.3:c.2285C>T:p.(Thr762Met) p.T427M (p.T762M) T427M 1 1 1 56.0 1 65.0 1 9.0 

Table 7: Individual genetic mutations included within the (a) GRN and (b) MAPT mutation groups, with mean age at onset (AAO), age at death (AAD) and disease 
duration (DD); N = number.
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3.5 Analysis  

 

All statistical analyses were performed using Stata (v.14). Means and standard 

deviations for AAO, AAD and DD were calculated in each genetic group and the 

common mutations in the MAPT and GRN groups. In order to investigate 

potential anticipation and differences in AAO between generations, a subanalysis 

was performed investigating only families with two generations of AAO data 

(there was insufficient data available to explore three or more generations). 

Lastly, any differences in AAO and DD by clinical phenotype was also explored 

(summarized in Figure 8 below).  

 

 

Figure 8: summary of the analysis performed on the AAO dataset. 

 

3.5.1 Correlations to examine family and mutation relationships 

 

The Pearson correlation coefficient was calculated between the following: 

 

Ɇ !Î ÉÎÄÉÖÉÄÕÁÌȭÓ AAO/AAD and AAO/AAD of their affected parent; and 

Ɇ !Î ÉÎÄÉÖÉÄÕÁÌȭÓ AAO/AAD and the average AAO/AAD of other members of 

the same family. 
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3.5.2 Sex Distribution 

 

A chi-squared test was used to compare sex distribution in each of the genetic 

groups. 

 

3.5.3 Mixed effect modelling to explore variability in AAO, AAD and DD 

 

Mixed effect models were used to explore the extent to which variability in AAO 

is explained by a) the specific mutation carried and b) by family membership, 

and how this differed between the three genetic mutation groups. 

 

3.5.3.1 Differences between genetic groups (C9orf72, GRN and MAPT), and 

within a genetic group (GRN and MAPT) 

 

Mixed effects models were used to examine whether there were differences in 

AAO, AAD and DD between the genetic groups (C9orf72, GRN and MAPT). In 

addition, in the GRN and MAPT groups, a model was used to explore the extent 

to which variability in AAO was explained by the specific mutation. Due to the 

skewed distribution of DD, this was log transformed before analysis. To compare 

the mean AAO, AAD and DD between the C9orf72, GRN and MAPT groups a fixed 

effect of group was included in the model (g = C9orf72, GRN or MAPT) and Wald 

tests were used for hypothesis testing. The model allowed for relatedness by 

including a random effect for family membership. The model can be written as 

equation 1 (below) :  

 

‎  ‌  ‘   ‐  

Where: 

 

‎  is the AAO or AAD for the ith participant in the jth family within the mutation 

group g; 

 

‌ is the mean for mutation group g; 
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‘  is the random deviation for the jth family away from the mean in group g; and 

 

‐  is the residual error. 

 

The random effects and residual variance were assumed to follow a normal 

distribution and this assumption was assessed through plots of the residuals for 

the model. To allow for variability in AAO, AAD or DD to differ by the genetic 

group the model included three variance terms for the family random effects and 

three residual variance terms, one for each of the mutation carrier groups: 

 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

 

Within the GRN and MAPT groups a mixed model was used to examine whether 

there were differences in mean AAO, AAD or DD between the common mutations. 

This model included fixed effects for the individual mutation and a random effect 

for family. Wald tests were used for comparisons between the mutations.  

 

It is important to note that AAD was known for only 59% of those with data on 

AAO (56% in GRN group, 65% in MAPT group and 58% in the C9orf72 group). 

For those with missing data of AAD, no information was available on DD or 

reasons for censoring, so it was not possible to take account of this in the analysis 

(e.g. through survival models). This means the reported DD, and extent of 

variability in DD, may represent underestimates of their  true values.  

 

3.5.3.2 Generational Analysis 

 

In order to investigate potential anticipation and differences in AAO between 

generations a subanalysis was performed investigating families with two 

generations of AAO data (insufficient data being unavailable to explore three or 

more generations). Within each genetic group (C9orf72, GRN and MAPT) a mixed 

effect model in which generation was included as a fixed effect and a Wald test 
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was used to examine whether there was evidence of a difference in AAO. Family 

Membership was included as a random effect.  

 

3.5.3.3 Analysis of differences within group of sex and phenotype 

 

Mixed effect models were used including random effects for family to examine 

whether within each mutation carrier group there were differences in AAO, AAD 

and DD by sex and clinical phenotype. Due to the skewed distribution of DD, this 

was log transformed before analysis. In each model a fixed effect for sex or 

clinical phenotype was included and Wald tests were used for hypothesis testing 

on these variables. 

 

3.5.3.4 Disease duration analysis in MAPT mutation carriers 

 

In the MAPT group the same mixed effect modelling approach was employed to 

examine whether there were systematic differences in DD for those carrying 

mutations categorized by their functional consequences and underlying 

pathology into five groups: group 1 (exons 1,2 and 9); group 2 (exon/intron 10 

affecting splicing); group 3 (exon 10 not affecting splicing); group 4 (exons 11-

13 with non-PHF-tau pathology) and group 5 (exon 11-13 with PHF-tau 

pathology group).  

 

3.5.3.5 Modelling variability in Age At Onset and Age At Death 

 

Mixed effect models were also created in order to explore the extent to which 

variability in AAO and AAD are explained by family membership and the specific 

mutation carried, and how this differed between the genetic groups.  

 

Firstly, to explore variability in AAO (and AAD) by family membership in all 

mutation carriers, the two-level linear mixed effect model given in equation 1 

was fitted , using the mixed command in Stata. This includes a fixed effect for 

genetic group (g = C9orf72, GRN and MAPT) and a random effect for family 

membership. It allows for variability in AAO (and AAD) to differ by genetic group 
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by including three variance terms for the family random effects and three 

residual variance terms, one for each of the mutation carrier groups (g = 

C9orf72, GRN or MAPT):  

 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

 

To test for heterogeneity in the within  family variability likelihood ratio tests 

were used to compare the model above to a simpler model that allowed for 

different distribution of the family random effect for each mutation carrier group 

but had one common residual variance for all carriers:  

 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

i.e. „ȟ   = „ȟ  = „ȟ  

 

To test whether there was heterogeneity in the between family variability 

likelihood ratio tests were used to compare the more complex model to a simpler 

model that allowed for different residual variance in each mutation carrier group 

but had one common variance or the family random effect:  

 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

i.e. „ȟ  = „ȟ  = „ȟ  

 

Secondly, for GRN and MAPT groups only, the extent to which variability in AAO 

(and AAD) was explained by each specific mutation was explored by fitting a 

three level model with a fixed effect for genetic group (g = GRN and MAPT), and 

random effects of family membership nested within the mutation carried.  
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Where:  

‎  ‌ ‏   ‘   ‐  

 

‎  is the AAO or AAD for the ith participant in the jth family with specific 

mutation k, within  the mutation group g; 

 

‌ is the mean for mutation group g; 

 

‘  is the random deviation for the jth family with specific mutation k away from 

the mean in group g; 

 

‏  is the random deviation for those carrying specific mutation k away from the 

mean in group g; and 

 

‐  is the residual error; 

 

As before, to allow variability in AAO (and AAD) to differ by genetic group the 

difference variance of the family random effect and residual variance for each of 

the mutation carrier groups (GRN and MAPT) was allowed. In addition, 

variability  of the specific mutation random effect was allowed to differ by carrier 

group (g = GRN, MAPT).  

 

‏  ͯ ȟ ȟ
 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

 

To test whether GRN and MAPT groups differed in the extent to which the 

variability in AAO (and AAD) was due to the specific mutation a likelihood ratio 

test was used to compare the above model to a simpler model with one common 

variance for the specific mutation random effect, but still allowing for different 

family variance and residual variance terms for each mutation carrier group:  
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‏  ͯ ȟ ȟ
 

‘  ͯ ȟ ȟ
 

‐  ͯ ȟȟ
 

i.e. „ȟ  = „ȟ  = „ȟ  

 

For the best fitting model, the intraclass correlation (ICC) was used to quantify 

the degree of variability explained by family and by the specific mutation. 

Confidence intervals for the ICC were calculated in Stata using the estat icc 

command.  

 

For a model which included only family random effect (e.g. in C9orf72 carriers) 

the ICC for family was: 

Ὅὅὅ ὪὥάὭὰώ 
„ȟ

 „ȟ  „ȟ
 

 

For a model which included random effects for both family and specific mutation 

random effect the ICC for specific mutation was: 

 

Ὅὅὅ άόὸὥὸὭέὲ 
„ȟ

„ȟ  „ȟ  „ȟ
 

 

And the ICC for family was: 

 

Ὅὅὅ ὪὥάὭὰώ 
„ȟ  „ȟ

„ȟ  „ȟ  „ȟ
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3.6 Results 

3.6.1 The Cohort 

 

Data was captured from 3,315 known symptomatic mutation carriers of which 

1,154 patients carried GRN, 791 carried MAPT and 1,370 carried C9orf72 

mutations. Participants came from 1,418 families (461 with GRN, 254 with MAPT 

and 703 with C9orf72 mutations).  

 

3.6.2 Mutations 

In total, 130 GRN mutations and 67 MAPT mutations were included in this study. 

Of this total, 17 novel pathogenic mutations were identified in the 461 families 

as shown in Table 8. These were: delGRN[Tubingen], Cys30fs, IVS2-4C>T, 

Ser78fs, Cys99fs, IVS4+1G>C, IVS4-G>T, Leu187fs (559dup), Gln249X, 

Asp254fs, Leu255fs, Gln331fs, IVS10+3A>G, Asp339fs, Ile422fs, Glu476fs and 

Cys482X.  

GRN Mutation Predicted protein change Mutation alias 

Intron 1-12   

delGRN[Tubingen] 

(chr17:42,426,438-

42,430,018) 

Exon 2 NM_002087.2:c.87dup:p.(Cys30Leufs*35) p.C30LfsX35 C30fs 

Intron 2  NM_002087.2:c.139-4C>T  IVS2-4C>T 

Exon 3 NM_002087.2:c.232dup:p.(Ser78Phefs*41) p.S78FfsX41 S78fs 

Exon 4 NM_002087.2:c.295_308del:p.(Cys99Profs*15) p.Cys99fsX15 C99fs 

Intron 4  NM_002087.2:c.349+1G>C  IVS4+1G>C 

Intron 4  NM_002087.2:c.350-1G>T  IVS4-1G>T 

Exon 5 NM_002087.2:c.559dup:p.(Leu187Profs*11) p.L187PfsX11 L187fs (559dup) 

Exon 8 NM_002087.2:c.745C>T:p.(Gln249*) p.Q249X Q249X 

Exon 8 NM_002087.2:c.759_760dup:p.(Asp254 Valfs*3) p.D254VfsX3 D254fs 

Exon 8 NM_002087.2:c.761_762insTG:p.(Leu255Alafs*2) p.L255AfsX2 L255fs 

Exon 10 NM_002087.2:c.988_989dup:p.(Gln331Argfs*31) p.Q331RfsX31 Q331fs 

Intron 10  NM_002087.2:c.1179+3A>G  IVS10+3A>G 

Exon 11 NM_002087.2:c.1196_1197del:p.(D399Afs*14) p.D399AfsX14 D399fs 

Exon 11 NM_002087.2:c.1256_1263dup:p.(Ile422Glufs*72) p.I422EfsX72 I422fs 

Exon 12 NM_002087.2:c.1428_1431del:p.(Glu476Aspfs*14) p.E476DfsX14 E476fs 

Exon 12 NM_002087.2:c.1446C>A:p.(Cys482*) p.C482X C482X 

Table 8: Novel GRN mutations found in this study. 
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Furthermore, 4 novel pathogenic MAPT mutations were identified in the 254 

families. These were: Gly271Arg, IVS9-11G>C, IVS9-10G>C and IVS10+12C>A. 

 

MAPT Mutation 
Predicted protein 

change 
Mutation alias 

Exon 9 

 
NM_001123066.3:c.1816G>C:p.(Gly606Arg) 

p.G271R (p.G606R) 

 
G271R 

Intron 9  NM_001123066.3:c.1828-11G>C  I VS9-11G>C 

Intron 9  NM_001123066.3:c.1828-10G>C  I VS9-10G>C 

Intron 

10 
NM_001123066.3:c.1920+12C>A  IVS10+12C>A 

Table 9: Novel MAPT mutations found in this study. 

 

The most common GRN mutations were T272fs (201 individuals, 95 families), 

R493X (55 individuals, 22 families), IVS7-1G>A (50 individuals, 18 families), 

C31fs (47 individuals, 10 families), G35fs (42 individuals, 10 families) and A9D 

(37 individuals, 4 families) (Table 7). The most common MAPT mutations were 

P301L (234 individuals, 59 families), IVS10+16C>T (149 individuals, 48 

families), R406W (67 individuals, 9 families) and N279K (44 individuals, 17 

families).  

 

3.6.3 Geographic Variability 

 

Data was collected from 52 locations globally, contributed by the research 

centres outlined or individual case series as identified through PubMed. I 

subdivided the locations into 23 geographic regions (grouping together sites 

such as Scandinavia and Central Europe) in order to assess the geographic 

variability of autosomal dominant FTD. Globally, the most prevalent mutation 

was C9orf72 (41.3% of all indiv iduals), then GRN mutation carriers (34.8%) and 

least common was MAPT mutation carriers (23.9%). There is a large amount of 

geographic variability, with a different spread of frequency amongst the three 

genes, as illustrated in Figure 9. Looking specifically at regions such as Italy (66% 

of total), and to a lesser extent Spain (49%)  and Belgium (50%) , GRN mutations 

account for a large percentage of genetic FTD. Similarly, in the Netherlands 
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(40%) , Central Europe (50%)  and West USA (47%), MAPT mutations accounted 

for over a third of autosomal dominant FTD in these countries.   
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Figure 9: Map showing countries with data in the study. Individual centres are represented by a red dot. Pie charts show relative prevalence of each of the three 
mutation groups within a geographical area (yellow, C9orf72, pink GRN, blue MAPT); the number in the centre of each pie chart represents the number of cases 

included within that area. 
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3.6.4 Clinical Phenotypes in Genetic FTD 

 

In previous generations, many family members did not have a specific diagnosis 

ÂÅÙÏÎÄ ȬÄÅÍÅÎÔÉÁȭ, and here I have categorized ÔÈÅÍ ÁÓ Ȭ$ÅÍÅÎÔÉÁ-not otherwise 

ÓÐÅÃÉÆÉÅÄȭȢ %ØÃÌÕÄÉÎÇ ÔÈÅÓÅ ÃÁÓÅÓ ÆÒÏÍ ÔÈÅ phenotypic analysis, most patients in 

each group had a clinical diagnosis within the FTD spectrum (81% in GRN 

carriers, 85% in MAPT carriers and 86% in C9orf72 carriers). The most common 

phenotype was bvFTD across all three mutations: 55% of patients with GRN 

mutations had a diagnosis of bvFTD, compared with 66% in the MAPT group and 

40% in the C9orf72 group. Beyond bvFTD, there was variability across the 

mutations: PPA was a more common diagnosis in GRN carriers (19%) with the 

usual diagnosis of nfvPPA or a PPA-NOS, when compared with MAPT carriers 

(6%) or C9orf72 carriers (4%). ALS (or FTD-ALS) was only a very rare 

occurrence in GRN carriers (2%) or MAPT carriers (1%) , whereas 42% of 

C9orf72 carriers had either pure ALS (27%) or an FTD-ALS overlap (15%). CBS 

was seen not uncommonly in the GRN group (6%) and more rarely in the MAPT 

group (3%), but only 2 patients in the C9orf72 group. PSP, by comparison, was 

seen in 6% of MAPT carriers, but not in the GRN group, and in only 1 C9orf72 

carrier. In each of the groups, diagnoses outside of the FTD spectrum were seen 

in a considerable minority: AlzhÅÉÍÅÒȭÓ Disease (AD) in 12% of GRN carriers, 4% 

of MAPT carriers and 8% or C9orf72 ÃÁÒÒÉÅÒÓȠ ÁÎÄ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ (PD) had 

been diagnosed in 2% of GRN, 7% of MAPT carriers and 1% of C9orf72 carriers. 

See Table 10 (below).  
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 GRN MAPT C9orf72 

N 1154 791 1370 

Diagnoses within the FTD spectrum 

bvFTD 
435 

(38%)  

354 

(45%)  

408 

(30%)  

nfvPPA 96 (8%) 14 (2%) 22 (2%) 

svPPA 12 (1%) 14 (2%) 10 (1%) 

lvPPA 4 (<1%)  0 (<1%)  3 (<1%)  

PPA-NOS 36 (3%) 2 (<1%)  4 (<1%)  

FTD-ALS 7 (1%) 2 (<1%)  
148 

(11%)  

ALS 7 (1%) 1 (<1%)  
273 

(20%)  

CBS 47 (4%) 14 (2%) 2 (<1%)  

PSP 0 (0%) 33 (4%) 1 (<1%)  

Diagnoses outside of the FTD spectrum 

AD 97 (8%) 24 (3%) 84 (6%) 

HD 0 (0%) 1 (<1%)  4 (<1%)  

PD 16 (1%) 39 (5%) 15 (1%) 

DLB 4 (<1%)  1 (<1%)  5 (<1%)  

VaD 9 (1%) 1 (<1%)  7 (1%) 

Dementia-NOS 
361 

(31%)  

274 

(35%)  

362 

(26%)  

Other 23 (2%) 17 (2%) 22 (1%) 

Table 10: Primary clinical diagnosis for each mutation group. Diagnoses within the 
frontotemporal dementia (FTD) spectrum include behavioural variant FTD (bvFTD), the 

primary progressive aphasia (PPA) subtypes [nfv = nonfluent variant, sv = semantic variant, lv 
= l ogopenic variant, PPA-NOS = PPA not otherwise specified i.e. does not meet criteria for a 

specific subtype, FTD with amyotrophic lateral sclerosis (FTD-ALS), ALS, corticobasal syndrome 
(CBS) and progressive supranuclear palsy (PSP). Diagnoses outside the FTD spectrum include 
!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ !$ ȟ (ÕÎÔÉÎÇÔÏÎȭÓ ÄÉÓÅÁÓÅ ($ ȟ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ 0$ ȟ $ÅÍÅÎÔÉÁ ×ÉÔÈ 
Lewy Bodies (DLB), VaD (Vascular Dementia) and a dementia diagnosis not otherwise specified 

(Dementia-NOS). 
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Looking at the common mutations individually (Table 11), the majority of GRN 

mutations had a similar pattern, with bvFTD being the most common phenotype 

and a substantial minority having PPA: T272fs 47% bvFTD, 18% PPA; R493X 

49% bvFTD, 30% PPA; IVS7-1G>A 61% bvFTD, 18% PPA; C31fs 44% bvFTD, 

25% PPA; and G35fs 49% bvFTD, 31% PPA. The A9D mutation, however, was 

predominantly associated with bvFTD, found in 84% of patients. In the common 

MAPT mutations, P301L and R406W were associated mainly with bvFTD, 91% 

in both mutations. In comparison, the N279K mutation was associated mainly 

with a primary park insonian phenotype (94% with a primary diagnosis of PSP, 

CBS or PD). Lastly, in comparison, the IVS10+16C>T mutation was associated 

mainly with bvFTD (67%) but with a significant minority having a primary 

parkinsonian phenotype (17%).  
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

 1250 147 40 7 42 166 284 63 34 205 5 70 10 17 997 66 

GRN total 446 107 13 4 36 7 7 47 0 97 0 16 4 9 361 25 

delGRN[DR184] 1                

IVS1+3A>T               1  

IVS1+5G>C 15 12 2 1      2     2 1 

delGRN [London] 1    1          5  

delGRN[French] 5 2    1 1     1   5 1 

delGRN[Tubingen] 1                

M1 (1A>G) 2 1   1   1  2     1  

M1 (2T>C) 1              3  

M1 (3G>A)               2  

A9D 31       2  1     3  

C20fs                 

D22fs 5 1             3  

C26X                 

C30fs 2              1  

C31fs 7 4    2  1  2     31  

G35fs 17 5 1  5 1    2    4 7  

S40fs                 

IVS2+1G>A 1              2  
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

IVS2-4C>T       1          

D47fs               1  

T52fs 8 2 1  1   2  9  1   13  

S78fs 1       1         

G79fs 1              1  

S82fs 22 2             7  

F86fs                 

IVS3+2T>C  1      1  1     2  

IVS3-2delA  2             1  

D94fs                 

C99fs 1              1  

P100fs               1  

C105fs 1                

C105Y 2           1   1  

R110X 5 1             2  

S116X               1  

IVS4+1G>C   1              

IVS4-1G>T               6  

N118fs 1                

V121fs 3              3  
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

Q125X 5 1             4  

C126X               2  

P127fs 1              1  

Q130fs 

(384_387delTAGT) 
2              2  

Q130fs 

(388_391delCAGT) 
9 2      1  4     7  

V141fs 1              2  

C149fs 4         1     4  

A155fs 1         1     1  

C157fs 9 6   1   2    1   9 2 

R161fs 1                

L187fs (559del)                 

L187fs (559dup) 2       1         

R198fs          1     1  

A199V 4 1 1   1  2       2  

S203fs 

(603_604insC) 
1 1             1  

S203fs (607delT) 1                

S226fs 1 2             3  
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

Y229X 1       1      1 2  

IVS7+1G>A 7       2       5  

IVS7+1G>C               1  

IVS7+5_8delGTGA  2             6  

IVS7+6_9delTGAG 5 1   1     5     5  

IVS7-2A>G 5   1   3   1       

IVS7-2A>T 9 1             2  

IVS7-1G>A 23 7      1  5  1   12 1 

Q249X 6                

C253X 1  1       1   1  1  

D254fs 1         2       

L255fs          1  1   1  

Q257fs 7 1 1  3     1     3  

K259X 2              2  

T272fs 71 18   9 2  11  22  1 2 1 51 13 

A237fs 28    1     2     2  

T278fs 2              4  

IVS8-1G>C 2       2  2      1 

IVS8-1G>T 1           1     

D285fs               1  
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

Y294X 3 1             5  

Q300X 9 2     2        5  

S301fS 11 2   1   1       5 2 

G302fs                 

A303fs 

(907_908insG) 
1 1               

A303fs (907delG) 1                

W304fs (909delC) 1       2       1  

W304fs 

(910_911insTG) 
1 2        2  5   9  

W304X 2       1       6  

IVS9+1delG 1              4  

IVS9+1G>A 2       1  3     2  

C314X 3              3  

F326fs                 

T330fs                1 

Q331fs 3              1  

G333fs  1 1            1  

Q337X               2  

Q337_340del        1         
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

G338fs  1               

H340fs 2                

Q341X 1 1   1     1    1 2  

A350fs 1       1       3  

P357fs 1                

Q358X                 

C366fs 1 3   3     4     2  

P373S 2              2  

T382fs 

(1144_1145insA) 
              1  

T382fs (1145delC) 2  1     1       5  

W386X 4    1     1     5  

A394fs               1  

IVS10+2T>C 1              1  

IVS10+3A>G 1         1     1  

D399fs 1              1  

Q401X 2 1             1 1 

C404X 1                

V411fs 1              1  

A412X             1    
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

Q415X 5 1               

C416fs          5    2 4  

R418X 4 2      1       13  

I422fs 1 1        1  1   2  

D441fs 1 3   1   2    1   3  

V452fs 4 2             3  

C466fs 1              3  

Q468X 1              2  

A472_Q548del        2         

A472fs   2 1      1       

C474fs                 

E476fs     2            

C482X 1         4       

R493X 18 6  1 4     5  1   18 2 

E498fs 3 1 1     3         

Q503X 1                

R535X          1       

R538X                 

MAPT total 354 14 14 0 2 2 1 14 33 24 1 39 1 1 274 17 

R5H 1 1              1 
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

R5L         1        

G55R 1              1  

K257T 4              1  

I260V 1                

L266V 4  1            2 1 

G271R  1               

G272V 6              4  

G273R  1               

IVS9-15T>C 1                

IVS9-11G>C 2              3  

IVS9-10G>C 2              1  

IVS9-10G>T 9         1     2  

N279K 2        6 2  22   12  

deltaK280 3         1       

L284L               7  

L284R         3        

S285R         1        

C291R       1 1         

N296H 1              3  

delN296 1        2   2     
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

N296N 1       1 1      3  

K298E  1        1       

P301T 2              3  

P301S 3       2 1   3   11  

P301L 134 1 4  1   1  3  1 1  86 2 

G303V         6        

G304S  2               

S305N 6         1     6 1 

S305I 2 1               

S305S 2        2   2  1 2  

IVS10+3G>A 4         1 1 1   5 1 

IVS10+4A>C 1                

IVS10+11T>C               2  

IVS10+12C>T 1                

IVS10+12C>A               2  

IVS10+13A>G 1              1  

IVS10+14C>T 14         1     4  

IVS10+15A>C 4         1     1  

IVS10+16C>T 62 1 2  1   5 4 7  5   56 6 

IVS10+19C>G 1                
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

L315R 6  1              

L315L 3 2 1            2  

K317M 2 1       6   1   1  

S320F 2              1  

P332S   2             1 

G335S 1                

G335V 1              5  

Q336R 1  1       1       

Q336H      2  1       2  

V337M 16              4  

E342V               2  

Q351R 2                

S352L                2 

S356T 1               2 

V363I  1 2     1         

V363A            2   1  

P364S 3                

G366R 2                

K369I          1       

E372G 1                
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 bvFTD nfvPPA svPPA lvPPA 
PPA-

NOS 

FTD-

ALS 
ALS CBS PSP AD HD PD DLB VaD 

Dementia-

NOS 
Other 

G389R (2170G>A) 3              3  

G389R (2170G>C) 2 1      1       2  

R406W 31         3     33  

N410H        1         

Q424K                 

T427M 1                

C9orf72 total 450 26 13 3 4 157 276 2 1 84 4 15 5 7 362 24 

Table 11: Individual primary clinical diagnoses in each of the mutations. Diagnoses within the frontotemporal dementia (FTD) spectrum include behavioural 
variant FTD (bvFTD), the primary progressive aphasia (PPA) subtypes [nfv = nonfluent variant, sv = semantic variant, lv = logopenic variant, PPA-NOS = PPA not 
otherwise specified, FTD with amyotrophic lateral sclerosis (ALS), ALS, cortocobasal syndrome (CBS) and progressive supranuclear palsy (PSP). Diagnoses outside 
ÏÆ ÔÈÅ &4$ ÓÐÅÃÔÒÕÍ ÉÎÃÌÕÄÅ !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ !$ ȟ (ÕÎÔÉÎÇÔÏÎȭÓ $ÉÓÅÁÓÅ ($ ȟ 0ÁÒËÉÎÓÏÎȭÓ ÄÉÓÅÁÓÅ 0$ ȟ $ÅÍÅÎÔÉÁ ×ÉÔÈ ,Å×Ù Bodies (DLB), VaD (Vascular 

Dementia) and dementia diagnosis not otherwise specified (dementia-NOS). 
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3.6.5 Sex 

 

Both the C9orf72 and MAPT groups contained approximately equal numbers of 

men and women (51% and 49%) (Table 12). However, the GRN group had a 

significant overrepresentation of women (58% female, 42% male), when 

compared with other groups (Chi-squared test, p<0.001).  

 

3.6.6 Age at Onset 

The mean age at symptom onset was youngest for MAPT carriers, at 49.5 (10.0) 

years, followed by C9orf72 carriers at 58.4 (9.8) years, and the oldest mean AAO 

was 61.3 (8.9) years for GRN carriers (Table 12, Figure 10 and Figure 11a). There 

was, however, a wide range in AAO across all three genetic groups (Table 12, 

Figure 10 and Figure 11a)ȟ ×ÉÔÈ ÔÈÅ ÒÁÎÇÅ ÆÒÏÍ ÔÈÅ ςπȭÓ ÔÏ ÔÈÅ ωπȭÓ ÉÎ GRN and 

C9orf72 ÇÒÏÕÐÓȟ ÁÎÄ ÆÒÏÍ ρχ ÔÏ ÔÈÅ ψπȭÓ ÉÎ ÔÈÅ MAPT group. Cumulative 

probability curves for symptom onset in each genetic group are shown in Figure 

12a. 

 

Table 12: Patient demographics and mean age at onset, age at death and disease duration in each 
of the mutation groups 

 GRN MAPT C9orf72 

N 1154 791 1370 

Gender (male, N [%]) 480 [42%] 386 [49%] 704 [51%] 

Number of families 460 254 703 

Age at onset (years) 

N 994 609 1018 

Mean (SD) 61.3 (8.9) 49.5 (10.0) 58.4 (9.8) 

Range (min-max) 25-90 17-82 20-91 

Age at death (years) 

N 641 485 810 

Mean (SD) 68.9 (8.9) 59.4 (11.3) 65.4 (11.0) 

Range (min-max) 42-98 24-93 26-97 

Disease duration (years) 

N 533 394 589 

Mean (SD) 7.1 (3.9) 9.3 (6.4) 6.4 (4.8) 

Range (min-max) 0-27 0-45 0-36 
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Figure 10: Violin plots of median and interquartile range of ages at onset (AAO) and death 
(AAD) for each of the three genetic groups. 
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a. 
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b. 
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c. 
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Figure 11: Ranges of age at onset (a), age at death (b) and disease duration (c) in each genetic group and in the individual mutations. Means (black rectangles) are 
shown as whole numbers, either rounded up if >.5 or rounded down if <.5. Left hand of each bar is the youngest range, whilst right hand of each bar is the oldest 

range in each mutation. 

 



 

128 

 

a. 

  

Figure 12: Cumulative probability of symptom onset in a) each individual genetic group, and in the 
common, b) GRN and c) MAPT mutations. Note that data includes only cases who have become 
symptomatic and does not account for non-symptomatic family members i.e. any age related 

penetrance ɀ total is therefore 100% in each group. 
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A wide range of AAO was also observed in individual mutations, as shown in 

Figure 10a. Cumulative probability curves were created by plotting symptom 

onset for the most common GRN (Figure 11b) and MAPT (Figure 11c) mutations 

in which sufficient data was available (Table 13). Whilst these largely overlapped 

for the GRN mutations, there was a distinct difference in the MAPT mutations 

with the earliest age at which 50% of people presented with symptoms being 

found in the N279K group at 38.2 years, followed by IVS10+16C>T (45.5), 

P301L (48.6) and R406W (51.7).  
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 GRN MAPT C9orf72 GRN MAPT 

Age    A9D C31fs G35fs IVS7-1G>A T272fs R493X IVS10+16C>T N279K P301L R406W 

15  0.0 0.0         0.0  

20 0.0 0.7 0.2         1.1  

25 0.1 2.1 0.3         1.1  

30 0.1 4.9 0.5        0.0 1.1  

35 0.1 7.7 1.1     0.0  0.0 2.8 2.3 0.0 

40 0.6 17.2 4.1 0.0   0.0 1.3 0.0 4.8 19.4 4.0 5.1 

45 2.5 30.5 9.9 5.6 0.0 0.0 2.6 2.6 2.5 20.0 80.6 10.3 7.7 

50 10.4 50.7 22.2 13.9 9.4 10.0 5.3 8.4 15.0 53.3 91.7 29.9 17.9 

55 25.6 74.4 39.7 33.3 25.0 30.0 26.3 18.2 30.0 80.0 94.4 62.1 64.1 

60 50.8 90.3 59.7 61.1 62.5 65.0 47.4 39.0 65.0 96.2 94.4 89.1 82.1 

65 72.0 96.4 78.3 61.1 75.0 80.0 78.9 64.9 75.0 99.0 97.2 98.3 92.3 

70 86.3 98.2 90.7 66.7 90.6 80.0 92.1 83.1 92.5 99.0 100.0 99.4 94.9 

75 93.2 99.5 96.0 86.1 93.8 85.0 97.4 90.3 95.0 100.0  100.0 100.0 

80 97.9 99.8 98.9 100.0 100.0 90.0 97.4 96.1 97.5     
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85 99.7 100.0 99.5   97.5 100.0 100.0 97.5     

90 100.0  99.9   100.0   100.0     

95   100.0           

Table 13: Cumulative percentage probability of symptom onset in GRN, MAPT and C9orf72 ÇÒÏÕÐȭÓ overall and the common GRN and MAPT mutations [in 5 year 
intervals]. 
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The generational analysis showed a significantly younger AAO in the second 

(later) generation, in both the C9orf72 (generation 1 (216 individuals) - mean 

(standard deviation) 62.3 (10.9) years, generation 2 (226) - 56.7 (11.0)) and 

GRN groups (generation 1 (211) - 65.5 (9.1), generation 2 (278) - 60.7 (8.9)), but 

not the MAPT groups (generation 1 (129) - 51.4 (9.5), generation 2 (195) - 49.6 

(10.0)) (Figure 12, Table 14).  
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 GRN MAPT C9orf72 

Age 
Generation 

1 

Generation 

2 

Generation 

1 

Generation 

2 

Generation 

1 

Generation 

2 

N 211 278 129 195 216 225 

15    0.0   

20   0.0 0.5   

25   0.8 1.0  0.0 

30   3.1 4.6 0.0 0.4 

35 0.0 0.0 5.4 7.7 0.5 1.8 

40 0.5 1.1 13.2 18.5 3.7 7.1 

45 1.4 2.5 25.6 30.8 6.0 14.2 

50 4.7 12.9 42.6 49.2 16.7 28.0 

55 11.4 28.8 67.4 76.9 25.9 45.8 

60 34.6 54.3 89.9 88.2 47.2 65.3 

65 56.9 71.9 95.3 96.4 63.9 82.2 

70 76.8 85.6 97.7 97.9 81.0 92.9 

75 85.8 92.4 99.2 99.0 87.0 97.3 

80 93.8 99.3 99.2 100.0 95.8 99.1 

85 99.1 100.0 100.0  98.1 100.0 

90 100.0    99.5  

95     100.0  

Adjusted mean difference 

(95% confidence intervals), 

p-value 

-4.9 (-6.4, -3.5), p = <0.001 -2.2 (-3.8, -0.5), p = 0.0106 -5.7 (-7.5, -4.0). p = <0.001 

Table 14: Cumulative percentage probability of symptom onset in GRN, MAPT and C9orf72 group 
generational analysis ɀ generation 1 (earlier), generation 2 (later). N is the number of people in each group. 
In the bottom row adjusted mean differences between generation 1 and 2 are shown with 95% confidence 

intervals. 
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Figure 13: Generational analysis of age at onset in a) GRN, b) MAPT and c) C9orf72 groups. 
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No significant differences in AAO were seen between males and females in the 

MAPT group (Table 15). There was, however, a significantly older AAO in the 

GRN group (61.9 (9.3) years), compared with males (60.5 (8.3) years) 

(p=0.019), and a trend to an older onset in females in the C9orf72 group (59.1 

(9.5), compared with 57.9 (20.0) years in males., p=0.068)  (Table 16).  

 

 

Comparison of genetic 

groups 
Chi-squared statistic p-value 

MAPT vs GRN 10.044 0.002 

C9orf72 vs GRN 27.105 <0.001 

MAPT vs C9orf72 1.811 0.178 

Table 15: Chi-squared tests comparing sex distribution across the genetic groups. 

 

 

  GRN MAPT C9orf72 

Male 

AAO 60.5 (8.3) 49.1 (10.2) 57.7 (10.0) 

AAD 67.8 (8.8) 58.1 (10.5) 64.6 (10.8) 

DD 7.0 (3.6) 8.8 (5.9) 6.5 (5.1) 

Female 

AAO 61.8 (9.2) 49.9 (9.8) 58.9 (9.6) 

AAD 69.4 (10.2) 59.0 (12.0) 66.1 (11.0) 

DD 7.1 (4.1) 9.7 (6.9) 6.4 (4.5) 

Adjusted mean 

difference 

(95% confidence 

intervals), 

p-value 

AAO 
-1.3 (-2.4, -0.2), p 

=0.0190 

-0.8 (-2.1, 0.5), p = 

0.2539 

-1.2 (-2.4, -0.1), p = 

0.0406 

AAD 
-1.6 (-3.1, -0.2), p = 

0.0290 

-1.1 (-2.5, 0.4), p = 

0.1642 

-1.6 (-3.0, -0.1), p = 

0.0338 

DD 
-0.02 (-0.10, 0.07), p = 

0.7162 

-0.08 (-0.21, 0.04), p = 

0.1870 

-0.04 (-0.17, 0.09), p = 

0.5240 

Table 16: Age at onset (AAO), age at death (AAD) and disease duration (DD) in each genetic 
group by sex. In the bottom row adjusted mean differences (natural log differences for DD) 

between female and male sex are shown with 95% confidence intervals.
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As shown in Table 17, no significant difference in AAO was seen between 

C9orf72-bvFTD (57.1 (8.8)), C9orf72-ALS (57.0 (8.9)), C9orf72-FTD-ALS (58.0 

(8.3)) or C9orf72-PPA (59.7 (7.6)). C9orf72 carriers with a diagnosis of AD, 

however, were significantly older than those in the other groups (65.1 (10.6)). 

Similarly, there was no significant difference in AAO between GRN-bvFTD (59.5 

(8.1)) and GRN-PPA (60.1 (7.9)), but those with GRN-AD were significantly older 

(66.4 (8.1)). In the MAPT group no significant difference in AAO between those 

with MAPT-bvFTD (50.5 (9.0)) and MAPT-PPA (52.4 (12.0)) was observed, but 

those with MAPT-AD (56.7 (11.1)) were significantly older than those with 

MAPT-bvFTD. Furthermore, the MAPT-CBS/PSP had a significantly younger 

onset than other groups. 
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  GRN MAPT C9orf72 

bvFTD 

AAO 59.6 (8.1) 50.5 (9.0) 56.7 (9.0) 

AAD 66.3 (9.3) 60.6 (9.9) 64.6 (9.0) 

DD 7.1 (3.7) 10.2 (6.2) 7.8 (4.4) 

PPA 

AAO 60.2 (7.7) 52.4 (12.0) 59.7 (7.4) 

AAD 66.6 (7.8) 60.9 (15.2) 65.5 (6.5) 

DD 6.5 (2.8) 9.1 (4.1) 7.5 (4.8) 

FTD-ALS 

AAO N/A N/A 57.8 (8.3) 

AAD N/A N/A 62.1 (8.9) 

DD N/A N/A 5.0 (4.2) 

ALS 

AAO N/A N/A 57.0 (9.0) 

AAD N/A N/A 59.2 (9.7) 

DD N/A N/A 2.9 (2.8) 

AP 

AAO 57.7 (7.3) 44.9 (7.8) N/A 

AAD 66.3 (7.5) 52.8 (8.9) N/A 

DD 8.2 (5.7) 7.2 (4.0) N/A 

AD 

AAO 66.4 (8.1) 56.7 (11.1) 65.1 (10.6) 

AAD 73.6 (8.2) 66.4 (9.5) 73.9 (9.3) 

DD 7.8 (4.9) 10.2 (6.2) 10.4 (4.9) 
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Adjusted mean 

difference 

(95% confidence 

intervals), 

p-value 

AAO 

PPA vs bvFTD: 1.1 (-0.4, 2.6), p = 0.150 

bvFTD vs AP: 1.3 (-1.1, 3.8), p = 0.292 

bvFTD vs AD: -7.7 (-9.7, -5.7), p = 

<0.001 

PPA vs AP: 2.4 (-0.2, 5.1), p = 0.073 

PPA vs AD: -6.6 (-8.8, -4.4), p = <0.001 

AP vs AD: -9.0 (-12.0, -6.1), p = <0.001 

PPA vs bvFTD: 0.6 (-2.9, 4.0), p = 0.742 

bvFTD vs AP: 4.1 (0.9, 7.4), p = 0.013 

bvFTD vs AD: -7.0 (-11.0, -3.0), p = 0.001 

PPA vs AP: 4.7 (0.3, 9.1), p = 0.037 

PPA vs AD: -6.4 (-11.5, -1.4), p = 0.013 

AP vs AD: -11.1 (-16.1, -6.2), p = <0.001 

PPA vs bvFTD: 3.1 (0.3, 5.8), p = 0.028 

FTD-ALS vs bvFTD: 1.0 (-0.7, 2.7), p = 0.237 

ALS vs bvFTD: 0.3 (-1.2, 1.8), p = 0.710 

bvFTD vs AD: -7.8 (-10.4, -5.2), p = <0.001 

PPA vs FTD-ALS: 2.1 (-0.9, 5.1), p = 0.172 

PPA vs ALS: 2.8 (-0.1, 5.7), p = 0.057 

PPA vs AD: -4.7 (-8.3, -1.1), p = 0.010 

ALS vs FTD-ALS: -0.7, (-2.6, 1.2), p = 0.449 

FTD-ALS vs AD: -6.8 (-9.6, -4.0), p = <0.001 

ALS vs AD: -7.5 (-10.4, -5.2), p = <0.001 

AAD 

PPA vs bvFTD: 1.1 (-1.3, 3.4), p = 0.377 

bvFTD vs AP: -0.7 (-4.4, 3.1), p = 0.717 

bvFTD vs AD: -8.2 (-10.8, -5.5), p = 

<0.001 

PPA vs AP: 0.4 (-3.7, 4.4), p = 0.861 

PPA vs AD: -7.1 (-10.1, -4.1), p = <0.001 

AP vs AD: -7.5 (-11.7, -3.2), p = 0.001 

PPA vs bvFTD: 1.8 (-3.5, 7.2), p = 0.496 

bvFTD vs AP: 4.8 (0.5, 9.1), p = 0.030 

bvFTD vs AD: -8.9 (-14.0, -3.9), p = 0.001 

PPA vs AP: 6.6 (0.4, 12.9), p = 0.036 

PPA vs AD: -7.1 (-14.0, -0.1), p = 0.046 

AP vs AD: -13.7 (-20.1, -7.4), p = <0.001 

PPA vs bvFTD: 0.8 (-3.2, 4.8), p = 0.693 

FTD-ALS vs bvFTD: -2.8 (-5.0, -0.6), p = 0.014 

ALS vs bvFTD: -5.6 (-7.4, -3.8), p = <0.001 

bvFTD vs AD: -8.8 (-11.8, -5.9), p = <0.001 

PPA vs FTD-ALS: 3.6 (-0.6, 7.8), p = 0.096 

PPA vs ALS: 6.4 (2.4, 10.5), p = 0.002 

PPA vs AD: -8.0 (-12.7, -3.4), p = 0.001 

ALS vs FTD-ALS: -2.8, (-5.1, -0.6), p = 0.014 

FTD-ALS vs AD: -11.6 (-14.9, -8.4), p = <0.001 

ALS vs AD: -14.5 (-17.4, -11.5), p = <0.001 



 

 139 

DD 

PPA vs bvFTD: -0.03, (-0.17, 0.11), p = 

0.662 

bvFTD vs AP: -0.04 (-0.28, 0.19), p = 

0.708 

bvFTD vs AD: -0.06 (-0.22, 0.10), p = 

0.469 

PPA vs AP: -0.08 (-0.33, 0.18), p = 0.555 

PPA vs AD: -0.09 (-0.28, 0.09), p = 0.338 

AP vs AD: -0.01 (-0.28, 0.25), p = 0.915 

PPA vs bvFTD: 0.06 (-0.28, 0.41), p = 0.716 

bvFTD vs AP: 0.24 (-0.22, 0.50), p = 0.072 

bvFTD vs AD: -0.16 (-0.54, 0.22), p = 0.413 

PPA vs AP: 0.30 (-0.10, 0.71), p = 0.140 

PPA vs AD: -0.95 (-0.59, 0.40), p = 0.706 

AP vs AD: -0.40 (-0.84, 0.04), p = 0.078 

PPA vs bvFTD: -0.04 (-0.33, 0.25), p = 0.790 

FTD-ALS vs bvFTD: -0.53 (-0.69, -0.37), p = <0.001 

ALS vs bvFTD: -1.04 (-1.18, -0.90), p = <0.001 

bvFTD vs AD: -0.34 (-0.58, -0.10), p = 0.005 

PPA vs FTD-ALS: 0.49 (0.19, 0.79), p = 0.002 

PPA vs ALS: 1.00 (0.71, 1.30), p = <0.001 

PPA vs AD: -0.38 (-0.73, -0.03), p = 0.033 

ALS vs FTD-ALS: -0.51, (-0.69, -0.34), p = <0.001 

FTD-ALS vs AD: -0.87 (-1.13, -0.61), p = <0.001 

ALS vs AD: -1.38 (-1.63, -1.14), p = <0.001 

Table 17: Age at onset (AAO), age at death (AAD) and disease duration (DD) in each genetic group by phenotype [where sufficient data was available; N/A = not 
applicable, when not enough data]. Atypical parkinsonism (AP) = CBS for GRN mutation carriers and a combined CBS/PSP cohort for MAPT mutation carriers. In 

the bottom row adjusted mean differences between phenotypes are shown with 95% confidence intervals. 
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3.6.7 Age at Death 

 

The average AAD was youngest for MAPT carriers, at 58.5 (11.3) years, followed 

by C9orf72 carriers, at 65.4 (11.0) years and oldest in GRN at 68.8 (9.8) years 

(Table 12). AAD was variable within individual mutations (Figure 11b) and 

within genetic group (Table 12, Figure 10).  

 

As with AAO, there were no significant differences in AAD between males and 

females in the MAPT group (Table 15), but a significant difference was found in 

the GRN group (69.5 (10.3) females, 67.8 (8.9) males, p=0.022) and a strong 

trend in the C9orf72 group (66.3 (11.0) females, 64.8 (10.8) males, p=0.056).  

 

As with AAO, those with a diagnosis of AD in both the C9orf72 and GRN groups 

had a significantly older AAD than all of the other groups (Table 17), but no 

differences between the other phenotypic groups were observed. In the MAPT 

group there were no significant differences in AAD between the groups, except 

for a significantly younger AAD in the MAPT-CBS/PSP (52.8 (8.9)) compared 

with MAPT-bvFTD (60.6 (9.9)) and MAPT-AD (66.4 (9.5)).  

 

3.6.8 Disease Duration 

 

The average DD was under ten years in all three groups (Table 12). DD was 

shortest for C9orf72 carriers, at 6.4 (4.8) years, followed by GRN carriers, 7.1 

(3.9) years and then MAPT carriers, 9.3 (6.4) years (Table 12). However, within 

each genetic group there were a number of individuals who survived for many 

decades beyond their first symptom onset (Table 12, Figure 10 and Figure 11c). 

The longest surviving person lived 27 years from symptom onset in the GRN 

group, 36 years in C9orf72 group and 45 years in the MAPT group.  

 

Although there was variability within individual  mutations (Table 7), no 

particular pattern was seen across the different GRN mutations. However, in a 

subanalysis of MAPT carriers, separated by their functional consequences and 
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underlying pathology into five groups, the exon 11-13 with PHF-tau pathology 

group (i.e. V337M and R406W mutations) had a significantly longer DD, of 17.6 

(11.8), years compared with the other groups (Figure 14): group 1 (exons 1,2 

and 9): 8.3 (7.3) years, group 2 (exon/intron 10 affecting splicing): 9.3 (5.3) 

years, group 3 (exon 10 not affecting splicing): 7.9 (4.0) years, and group 4 

(exons 11-13 with non-PHF-tau pathology): 7.8 (5.3) years (p<0.005 for each 

comparison with group 1, Table 18).  

 

 

 

Figure 14: Disease duration in patients with MAPT mutations grouped by type of mutation 
and pathology (median and interquartile range): Group 1: mutations in exons 1,2 and 9; 

intron 9; Group 2: mutations in exon 10 and intron 10 that are likely to affect splicing; Group 
3: mutations in exon 10 that do not affect splicing; Group 4: mutations in exon 11, 12 and 13 
with non-paired helical filament (PHF) tau pathology; Group 5: mutations in exon 11, 12 and 

13 associated with PHF-tau pathology. 

 



 

 142 

Group comparison Adjusted mean difference (95% confidence intervals), p-value 

2 vs 1 0.02 (-0.30, 0.33), p = 0.925 

3 vs 1 -0.15 (-0.54, 0.25), p = 0.469 

4 vs 1 -0.01 (-0.36, 0.33), p = 0.954 

5 vs 1 0.64 (0.19, 1.08), p = 0.005 

3 vs 2 -0.16 (-0.49, 0.17), p = 0.337 

4 vs 2 -0.03 (-0.29, 0.24), p = 0.852 

5 vs 2 0.62 (0.24, 1.00), p = 0.002 

4 vs 3 0.14 (-0.22, 0.49), p = 0.458 

5 vs 3 0.78 (0.33, 1.24), p = 0.001 

5 vs 4 0.65 (0.24, 1.06), p = 0.002 

Table 18: Adjusted mean (natural log) differences with 95% confidence intervals in disease 
duration between the MAPT groups. 

 

There were no significant differences in DD between males and females in any of 

the groups (Table 16). 

 

As shown in Table 17, there were no phenotypic differences in DD in the GRN 

group (GRN-bvFTD (7.2 (3.7) years, GRN-PPA (6.6 (2.9) years), GRN-AD (7.8 

(4.9) years), GRN-CBS (8.2 (5.7)). In the MAPT group, however, the MAPT-

CBS/PSP group (7.2 (4.0)) had a significantly shorter DD than the MAPT-bvFTD 

(10.2 (7.0) years), and MAPT-AD (10.2 (6.2) years) groups, but not the MAPT-

PPA (9.1 (4.1) years) group. The C9orf72-ALS group had a significantly shorter 

DD than other groups (2.9 (2.8) years), with C9orf72-FTD-ALS (5.1 (4.3) years) 

also having a shorter DD than C9orf72-bvFTD (7.7 (4.2) years), C9orf72-PPA (8.3 

(5.3) years) and C9orf72-AD (10.4 (4.9) years).  

 

3.6.9 Correlations  

 

3.6.9.1 Variability in AAO 

 

There is ÓÔÒÏÎÇ ÅÖÉÄÅÎÃÅ ÏÆ Á ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ !!/ ÁÎÄ ÔÈÅ 

AAO of their parents, other members of the same family, and other carriers of the 

same specific mutation (all p<0 .001) (Figure 15), though in each group a similar 

or stronger correlation was seen with mean family AAO than with parental AAO. 

The strength of the correlation varied across genetic groups and across all 
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indivÉÄÕÁÌÓȟ ÔÈÅ ÓÔÒÏÎÇÅÓÔ ÂÅÔ×ÅÅÎ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ !!/ ÁÎÄ ÔÈÅ ÁÖÅÒÁÇÅ !!/ ÆÏÒ 

other carriers of the same mutation, but there were also strong correlations 

ÂÅÔ×ÅÅÎ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ !!/ ÁÎÄ ÔÈÅ ÁÖÅÒÁÇÅ !!/ ÏÆ ÏÔÈÅÒ ÍÅÍÂÅÒÓ ÏÆ ÔÈÅ ÓÁÍÅ 

family and also with the parental AAO.  

 

Overall, MAPT  had the strongest correlations (r = 0.63 mean family AAO, r = 

0.45 parental AAO, r = 0.55 other carriers of the same mutation). In C9orf72 

carriers there were moderate correlations (r = 0.36 mean family AAO, r = 0.32 

parental AAO). Correlations were weakest for GRN carriers (r = 0.18 mean family 

AAO, r = 0.22 parental AAO, r = 0.13 other carriers of the same mutations). See 

Figure 15 below. 
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Figure 15: Correlation of individual ages at onset with A) parental age at onset (i. GRN, ii. MAPT, iii. C9orf72) and B) mean familial age at onset (i. GRN, ii. MAPT, iii. 
#ωÏÒÆχς Ȣ 0ÅÁÒÓÏÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎ coefficient is shown for each graph. 
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3.6.9.2 Variability in AAD 

 

As with AAO, individual AAD significantly correlated with both parental AAD and 

mean family AAD in all three genetic groups (p<0.0001). A similar pattern arose 

across the three genetic groups with a stronger correlation in the MAPT group 

(r=0.69 mean family AAD, r=0.58 parental AAD) than in the C9orf72 group 

(r=0.40 mean family AAD, r=0.38 parental AAD), and the weakest observed in 

the GRN groups (r=0.32 mean family AAD, r=0.22 parental AAD).  

 

3.6.10 Modelling Variability in AAO 

 

There was very strong evidence of differences between the three mutation 

carrier groups in the mean AAO (p<0 .001), in the inter-family variability AAO 

(p<0 .001) and in the intra-family variability in AAO (p<0 .001). Family 

membership explained 66% (95% confidence intervals: 56-57%) of the 

variability in AAO in the MAPT mutation carriers, but only 15% (95% confidence 

intervals: 9-22%) in the GRN mutation carriers, and 17% (95% confidence 

intervals: 11-26%) of the variability in C9orf72 expansion carriers.  

 

3.6.10.1 GRN and MAPT Specific Mutation and Family Membership Model for 

AAO 

 

There was very strong evidence of differences between the GRN and MAPT 

carrier groups in the inter-mutation variability in AAO (p<0 .001). There was also 

evidence that after accounting for the specific mutation, there remained 

differences between the GRN and MAPT carrier groups in the inter-mutation, 

inter -family and intra-family variability in AAO (Table 19). For the GRN group, 

only 2% (95% confidence intervals: 0-10%) of the variability in AAO was 

explained by the specific mutation, and 15% (95% confidence intervals: 9-22%) 

by specific mutation and family. In contrast, for the MAPT group 48% (95% 

confidence intervals: 35-62%) of the variability in AAO was explained by the 

specific mutation, and 66% (95% confidence intervals: 56-75%) by specific 
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mutation and family. These results indicate that the correlation between AAO in 

MAPT carriers in the same family can be attributed to the fact that they carry the 

same mutation.  

 

 GRN MAPT C9orf72 

Adjusted mean (95%CI) AAO 
60.7 (60.0, 

61.4) 

48.6 (46.2, 

50.9) 

58.4 (57.7, 

59.0) 

Between family SD 3.2 4.9 4.1 

Within family SD 8.2 6.7 8.9 

% of variability (95%CI) accounted for by 

family 
15 (9, 22) 66 (56, 75) 17 (11, 26) 

Between mutation SD 1.2 8.0 N/A  

% of variability (95%CI) accounted for by 

mutation 
2 (0, 10) 48 (35, 62) N/A  

Table 19: Variability in age at onset associated with presence of a specific mutation and with 
family membership. AAO: age at onset; CI: confidence interval; SD: standard deviation; N/A: not 

applicable (for C9orf72 as only a single mutation). 

 

3.6.11 Modelling Variability  in AAD  

 

As with AAO, a significant difference in the GRN and MAPT groups was found in 

the model examining mutation variability in AAD (p>0.001): for the GRN group 

only 9% (95% confidence intervals: 3-21%) of the variability in AAD was 

explained by the specific mutation, whilst for the MAPT group 61% (47-73%) of 

the variability in AAD was explained by the specific mutation (Table 20).  

 

In addition, as with AAO, there were significant differences between the three 

genetic groups in the model examining within-family and between-family AAD 

variability (both p<0.001). Family membership explained 74% (95% confidence 

intervals: 65-82%) of the variability in AAD in MAPT carriers but only 20% (95% 

confidence intervals: 12-30%) in GRN carriers, and 19% (95% confidence 

intervals: 12-29%) of the variability in C9orf72 carriers (Table 20).  
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 GRN MAPT C9orf72 

Adjusted mean (95%CI) AAD 
68.5 (67.4, 

69.7) 
57.1 (53.9, 60.2) 65.3 (64.5, 66.2) 

Between family SD 3.3 5.0 4.8 

Within family SD 8.8 7.0 9.8 

% of variability (95%CI) 

accounted for by family 
20 (12, 30) 74 (65, 82) 19 (12, 29) 

Between mutation SD 2.9 10.7 N/A  

% of variability (95%CI) 

accounted for by mutation 
9 (3, 21) 61 (47, 73) N/A  

Table 20: Variability in age at death associated with presence of a specific mutation and with 
family membership. AAD: age at death; CI: confidence interval; SD: standard deviation; N/A: not 

applicable (for C9orf72 as only a single mutation). 

 

For each of these comparisons observed power was extremely high, greater than 

99% in all cases.  

 

3.7 Discussion 

 

I have carried out the largest international study examining individual age at 

onset, age at death and disease duration, in genetic FTD to date, incorporating 

data from across the world, across all the three main genetic groups (C9orf72, 

GRN, MAPT) and across all of the mutations within the GRN and MAPT groups. 

This study provides ÓÔÒÏÎÇ ÅÖÉÄÅÎÃÅ ÔÏ ÓÕÇÇÅÓÔ ÔÈÁÔ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ AAO and AAD 

in genetic FTD is modulated by two key factors depending on which mutation is 

carried; these are mean AAO in the family, and parental AAO, with the strongest 

effect observed in MAPT carriers. The study extends the knowledge gained from 

smaller studies in several key areas of interest to future clinical trial design of 

preventative therapies.   

 

The study supports previous work suggesting that the most common genetic 

form of FTD across the world is the result of pathogenic C9orf72 genetic 

expansions (DeJesus-Hernandez et al., 2011 and Renton et al., 2011). However, 

there is geographical variability: in Italy, GRN mutations are the most common 
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cause of genetic FTD (Fostinelli et al., 2018), mainly due to a large founder family 

with the T272fs variant (Borroni et al., 2011), which was found to be the most 

common mutation in the study. Similarly, there are also large GRN founder 

families in both Belgium: IVS1+5G>C (Brouwers et al., 2007; Wauters et al., 

2018) and in the Basque country of Spain: the IVS7-1G>A variant (Moreno et al., 

2009; Moreno et al., 2011). MAPT mutations are the least common form of 

genetic FTD overall, though they are more common in some countries than 

others, for example, in the Netherlands, due to a variety of mutations, whilst in 

the USA, although different mutations contribute to the prevalence of genetic 

FTD, there are a number of large families, e.g. the pallido-ponto-nigral-

degeneration (PPND) family, which have the N279K mutation (Clark et al., 1998; 

Ferman et al., 2003; Slowinski et al., 2007). Similarly , in the UK, MAPT mutations 

are almost as common as C9orf72 mutations due to a larger founder family from 

the North Wales area carrying the IVS10+16C>T mutation (Colombo et al., 

2009). In contrast, some of the most common mutations are seen across the 

world in a wider distribution e.g. the GRN R493X (Rademakers et al., 2007) and 

MAPT P301L (Hutton et al., 1998; Borrego-Écija et al., 2017; Gatto et al., 2017; 

Miki et al., 2018) mutations. On the other hand, C9orf72 expansions are seen 

across the world, they are more common in North America and Europe than in 

Asia (Majounie et al., 2012; Mok et al., 2012; Ogaki et al., 2013; Smith et al., 2013; 

Jiao et al., 2014). One limitation of this study was focusing exclusively on 

available data of age at onset and death where natural history data for all families 

reported in the literature  could also have been considered.  

 

Here, 130 mutations in GRN and 67 mutations in MAPT are reported, a much 

larger number than previously described, either in previous reviews or current 

online databases. The majority of these mutations are reported in 5 or fewer 

families, with only 50 mutations in GRN and 23 mutations in MAPT reported in 

more than 5 families.  

 

My work further supports the clinical heterogeneity of genetic FTD, identifying 

multiple phenotypes both within and outside of the FTD spectrum in each of the 

mutations. Whilst bvFTD is the most common phenotype in all three genetic 
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groups, each group has particular associations with other primary phenotypes: 

ALS in C9orf72 expansions, PPA in GRN mutations and parkinsonism in MAPT 

mutations. Expansions in C9orf72 are the most common cause of familial ALS 

(DeJesus-Hernandez et al., 2011; Renton et al., 2011) and give rise to 

presentations of FTD (45% of cases here) through to ALS (27%), and the 

overlapping condition FTD-ALS (15%). It should be noted that the frequency 

here represents the primary phenotype, and it may well have been that many 

ÐÁÔÉÅÎÔÓ ×ÉÔÈ ȬÐÕÒÅȭ !,3 ÏÒ &4$ȟ went onto develop the other condition later in 

time, however, I did not look into this. The PPA phenotypes in GRN mutations 

have not been explored in detail, but this study suggests that there are two major 

phenotypes: nfvPPA, fitting consensus Gorno-Tempini et al., 2011 criteria, and a 

PPA syndrome, not meeting criteria (PPA-NOS) for any of the three major 

variants (nfvPPA, svPPA, lvPPA). As briefly outlined in section 1.3.2, a mixed 

aphasia pattern has been previously described as potentially distinctive for those 

with GRN mutations (Rohrer et al., 2010). Whilst parkinsonism is most common 

in MAPT ÍÕÔÁÔÉÏÎÓȟ ÔÈÅ ÐÈÅÎÏÔÙÐÅ ÉÓ ÖÁÒÉÁÂÌÅȟ ÏÆÔÅÎ ÂÅÉÎÇ ÄÉÁÇÎÏÓÅÄ ÁÓ Ȭ0$ȭ 

(Tsuboi et al., 2002), suggesting the presence of an asymmetric akinetic-rigid 

ÓÙÎÄÒÏÍÅ ÏÒ 030 2ÉÃÈÁÒÄÓÏÎȭÓ ÓÙÎÄÒÏÍÅ) (Rohrer et al., 2011) more commonly 

than CBS, a condition that is also seen in a substantial minority of people with 

GRN mutations (Coppola, Rossi, Maria, Giuseppe, & Fede, 2012; Almeida et al., 

2014; Galimberti, Bertram, Formica, Fenoglio, & Cioffi, 2016). The phenotypic 

heterogeneity does not seem to be particularly related to the individual 

mutations in the GRN group (apart from the A9D variant), but there was a clear 

distinction between the majority of the common MAPT mutations where bvFTD 

was the most frequent syndrome, and the N279K variant where a primary 

parkinsonism predominated.  

 

Outside of the FTD spectrum, a number of patients were given the diagnosis of 

!ÌÚÈÅÉÍÅÒȭÓ disease, a diagnosis most commonly given when the age at onset was 

older in each genetic group. As outlined in section 1.3, I think that this is likely to 

represent a number of factors including misdiagnosis (particularly in earlier 

generations). In addition, true amnestic presentation has been described in all 

three genetic groups (Le Ber, Camuzat, et al., 2008; Lindquist et al., 2008; 



 

 152 

Tolboom et al., 2010; Majounie et al., 2012), where in older patients, a number of 

ȬÔÒÕÅȭ ÃÁÓÅÓ ÏÆ ÎÅÕÒÏÐÁÔÈÏÌÏÇÉÃÁÌ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅ ÏÃÃÕÒ ÃÏÉÎÃÉÄÅÎÔÁÌÌÙȢ Less 

common phenotypes were also seen: HD in 4 people with C9orf72 expansions 

(Moss et al., 2014), DLB in 4 people with GRN mutations and 5 people with 

C9orf72 expansions (likely related to the combination of visual hallucinations 

and parkinsonism that can also result from these conditions), and VaD in 9 

people with GRN mutations (potentially related to the presence of white matter 

hyperintensities in a subset of individuals in this group (Sudre et al., 2017) and 

7 people with C9orf72 expansions.  

 

Looking at gender distribution, the results replicate the findings of a recent meta-

analysis which found an increased female:male ratio in GRN mutations (Curtis et 

al., 2017). This increase could result from the higher life expectancy of women, 

and, given the known age-related penetrance in GRN (Gass et al., 2006), it could 

be argued that female mutation carriers are more likely to reach an age where 

they develop symptoms than men. In support of this theory is the finding that the 

mean age at onset (and age at death) was significantly older in the female GRN 

group, suggesting that more women develop symptoms at an older age. Survival, 

however, does not seem to be a major factor in the increased female:male ratio 

as there was no significant difference between men and women in disease 

duration in the GRN group. There is also age-related penetrance in C9orf72 

mutation carriers (Murphy et al., 2017), and this may account for the strong 

trend in older age at onset (and age at death) in females in this group (although, 

unlike GRN mutation carriers, there were no differences in frequency between 

the sexes). These findings in the C9orf72 group replicate those of recent studies 

which showed an earlier onset in males (Murphy et al., 2017; Van Mossevelde et 

al., 2017).  

 

This work provides further evidence that genetic FTD is a disorder that can occur 

throughout adult life, with onset ranging from as young as the late teens through 

ÔÏ ÔÈÅ ωπȭÓ. Although the analysis did not account for unaffected mutation 

carriers, the findings are also consistent with previous studies showing age-

related penetrance in the GRN (Gass et al., 2006) and C9orf72 (Murphy et al., 
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2017) ÇÒÏÕÐÓȟ ×ÉÔÈ ÐÅÏÐÌÅ ÄÅÖÅÌÏÐÉÎÇ ÓÙÍÐÔÏÍÓ ÉÎÔÏ ÔÈÅÉÒ ωπȭÓȢ 4ÈÅÒÅ is a 

leftward shift in the penetrance curve in MAPT carriers, shifting them towards a 

younger age, however, despite this, the oldest AAO in this group was 82 years.  

 

Investigation of individual mutations within GRN reveals few clear differences 

between them in terms of AAO, AAD or DD. This is consistent with the underlying 

pathophysiological mechanism of progranulin haploinsufficiency being the same 

in all mutations (Baker et al., 2006; Cruts et al., 2006). In contrast, there were 

much larger differences between individual MAPT mutations, with the mean 

onset in the N279K mutation group occurring 12 years earlier than in the R406W 

mutation group. Along with the V337M mutation, R406W has a more distinct 

pathological form than other MAPT mutations. This group has a significantly 

longer disease duration than the other mutations, as previously described in 

single case reports (Ygland et al., 2018).  

 

Generational analysis revealed significant differences in the C9orf72 and GRN 

groups, consistent with the findings of previous studies (Barbier et al., 2017; Van 

Mossevelde et al., 2017), with an earlier AAO in later generations. It may be 

suggested that this is evidence of genetic anticipation (Van Mossevelde et al., 

2017). It could, however, also relate earlier recognition of the disease in later 

generations due to increased familiarity with symptoms, with an even greater 

awareness of expected symptoms in at-risk mutation carrier s (Barbier et al., 

2017).  

 

Few studies have compared whether AAO, AAD and DD vary by clinical 

phenotype within genetic groups. In this study, those with a diagnosis of AD 

within each group had a significantly older onset. Whilst there is a potential for 

those with a true amnestic presentation of genetic FTD to present at an older age, 

this is more likely to result from a lack of awareness of FTD, which can lead to 

misdiagnoses of an older onset dementia such as AD. For MAPT mutation 

carriers, those with an atypical parkinsonian syndrome had a younger AAO and 

AAD, and a shorter DD than other groups. In the C9orf72 group the presence of 

ALS was linked to a shorter DD, with pure ALS shorter than combined FTD-ALS, 
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as previously reported (Irwin et al., 2013). Previous studies have also compared 

ÁÌÌ Ȭ&4$ȭ patients to patients with ALS in C9orf72 carriers, finding an earlier onset 

in the ALS group (Murphy et al., 2017).   

 

For MAPT mutation carriers I show that more than half of the variability in AAO 

can be attributed to family membership and specific mutation type. Modification 

of age at onset within the genetic groups is not yet well understood. There has 

been only one study to suggest that the presence of the APOE e4 genotype 

lowered AAO in those with FTD and tau pathology, including those with MAPT 

mutations (Koriath et al., 2019). However, studies have yet to identify other 

modifying factors. When looking at C9orf72 and GRN carriers, less than 20% of 

the variance in AAO can be attributed to family or parental membership, 

suggesting that other environmental or genetic factors may play a significant role 

in modifying onset in some families. Recent studies have identified genetic 

modifiers in both GRN and C9orf72 carriers. There is also evidence to suggest 

that individuals with the risk variant TMEM106B modifies the penetrance of FTD 

which may either delay or prevent symptom onset in GRN and C9orf72 mutations 

(Guven et al., 2016), although this association is stronger with GRN than with 

C9orf72. In addition, a number of studies have identified inflammation as a key 

player in GRN-associated FTD pathogenesis (Bossù et al., 2011; Martens et al., 

2012). Moreover, symptomatic patients with GRN mutations also have a higher 

risk of having a co-existent autoimmune disease (Miller et al., 2013). It could 

therefore be suggested that there are environmental factors related to an altered 

neuroinflammatory response such a traumatic brain injury (Menzel et al., 2017) 

modifying AAO, though these are currently poorly understood. For C9orf72, 

there are a number of other factors that have been suggested to modify AAO in 

C9orf72 expansion carriers. A study of C9orf72 carriers identified a locus on 

chromosome 6 containing two overlapping genes (LOC101929163 and C6orf10) 

in which a polymorphism at rs9357140 was linked to a median AAO six years 

earlier in GG compared with AA carriers (Zhang et al., 2018). A study of parent 

offspring relationships in C9orf72 revealed that there is a significant correlation 

in AAO only in the mother-son relationships (Barbier et al., 2017), suggesting 

that this may be related to an unknown X-linked genetic modifier. Environmental 
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or lifestyle factors affecting AAO in C9orf72 expansion carriers are currently 

unknown but may be revealed in large prospective cohort studies such as those 

underway in the FTD prevention initiative.  

 

This study provides evidence that a number of individu als in all three genetic 

groups had very lengthy DD (over 20 years, and in some cases over 40 years). 

Discovery of modifiable factors of DD would be hugely important, and change the 

burden of the disease, but little is known at present about such factors.  

 

Several limitations to this study should be taken into consideration in future 

work. Firstly, this study focused primarily on collecting retrospective data. Age 

at symptom onset was recorded as the age at which an individual was 

determined to have progressive cognitive or behavioural symptoms, rather than 

meeting a formal clinical diagnosis. As such, the data may be confounded by 

factors such as individual differences in interpreting symptom onset. Across the 

main cohort studies, AAO is generally obtained by collecting information from 

participants, family members and other informants (see section 2.3.1 for details 

of the GENFI clinical assessment), so an accurate consensus is reached. I am, 

however, unable to guarantee that even these records of AAO are not influenced 

by cultural interpretation. This is a major issue that arises across the study of 

FTD, where we lack objective measures to detect and track symptom onset. A 

particular  challenge arises where subtle deficits are present (Rohrer et al., 2015), 

such as those described in section 1.4 and 1.5, but these are yet to be identified 

by family members or the patients themselves.  

 

Moreover, this study did not record data on known carriers who did not develop 

symptoms of FTD. This is particularly important when examining age-related 

penetrance in the GRN and C9orf72 groups, as individuals were identified with 

an AAO ÉÎ ÔÈÅÉÒ ωπȭÓ in both of these genetic groups. Attainment of data from long-

living mutation carriers will be important to better understand potential 

modifiers of AAO.   
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4Ï ÓÕÍÍÁÒÉÚÅȟ ÔÈÉÓ ÓÔÕÄÙ ÐÒÏÖÉÄÅÓ ÅÖÉÄÅÎÃÅ ÔÈÁÔ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ ÁÇÅ ÁÔ symptom 

onset, death and disease duration in genetic FTD varies by clinical phenotype and 

is modulated by both family membership and the individual mutation carried, 

with the strongest effect of these factors in MAPT mutation carriers. Not only will 

these findings be important for future clinical trial design of preventative 

therapies, they will  also improve our understanding of the age at which early 

symptomatic changes may occur. This is particularly important for the additional 

work discussed in this thesis.  

 

The findings also have the potential to inform clinical practice in FTD, as 

clinicians will now have a more accurate understanding of at what age 

individuals at-risk of genetic FTD are likely to develop symptoms and be better 

equipped to estimate the likely duration of the disease course. This will be of 

huge importance to specialist centres, such as the National Hospital of Neurology 

and Neurosurgery in Queen Square, as a greater understanding of the factors 

influencing AAO will lead to better management of the disease when patients 

present to clinic. Most importantly, this study is beneficial for individuals and 

families living at-risk of genetic FTD.  

 

Finally, I think this study highlights the strength of collaborative studies in rare 

diseases, bringing data together from across the world to better understand 

genetic FTD, and providing important data relevant to trial design that may 

otherwise not arise. I am hopeful that the prospective cohort studies within the 

FPI will be able to provide more solutions to some of the unanswered questions 

over the forthcoming years.  
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4 Creating a Cognitive Composite for Genetic FTD 

 

4.1 Chapter Summary  

 

In the previous chapter I explored factors influencing the age at symptom onset 

in genetic FTD. This work improves our understanding of the presymptomatic 

time window and, in turn, the point at which individuals are likely to develop 

symptoms in genetic FTD. A challenge facing presymptomatic clinical trials in 

FTD is ascertaining when to treat individuals and having sensitive outcome 

measures that are able to track the effect of therapeutic interventions in order to 

do so. Traditional outcome measures such as cognitive assessments may not be 

well suited to trials of this nature due to the lack of sensitivity to change in 

cognitive scores during the presymptomatic period. To improve the sensitivity of 

cognitive assessments one solution is to create a composite score. A cognitive 

composite combines the results of multiple assessments into a single summary 

score. In clinical trials, composites are often used as outcome measures as they 

are quick to administer and are usually sufficiently sensitive to serve as a primary 

endpoint. In this chapter I aim to create a cognitive composite for genetic FTD, 

utilizing the neuropsychology assessments performed in GENFI to improve the 

sensitivity of current cognitive assessments for use in future trials in genetic FTD.  

 

4.2 Introduction  

 

As outlined in the previous chapters of this thesis, clinical drug trials are likely to 

have their most profound effect in the presymptomatic phase of 

neurodegenerative diseases. In monogenetic disorders such as familial 

frontotemporal dementia, presymptomatic testing of therapies is made possible 

by including at-risk individuals in these trials. As detailed in section 1.4, evidence 

from studies examining the presymptomatic phase of genetic FTD demonstrate 

that there are changes in at-risk individuals from as early as 25 years 

(neuroimaging) to 8 years (cognition)  (Barandiaran et al., 2012; Hallam et al., 
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2014; Rohrer et al., 2015; Jiskoot, Dopper, Den Heijer, et al., 2016) prior to 

estimated symptom onset. This suggests that there is a window for treatment 

before widespread degeneration occurs.  

 

As we move towards the era of clinical trials in FTD there is currently a strategy 

of testing therapies on individuals with a genetic predisposition, as this allows 

for therapeutic interventions to be tested in presymptomatic individuals. A key 

challenge facing trials of this nature is the use of neuropsychology measures to 

serve as primary endpoints. The Food and Drug Administration (FDA) have 

acknowledged that in trials targeting ÐÒÅÃÌÉÎÉÃÁÌ !ÌÚÈÅÉÍÅÒȭÓ $ÉÓÅÁÓÅ (AD) Ȱmany 

of the assessment tools typically used to measure functional impairment in 

patients with overt dementia may not be suitable for use in early stage 

patientsȣfor drugs with the potential to lead to a measurable functional benefit 

without a corresponding cognitive benefit, assessments of an independent 

cognitive endpoint are ÉÍÐÏÒÔÁÎÔȱȢ In addition to this, when considering the 

preclinical treatment of AD, the FDA have reported that they will consider 

performance on sensitive neuropsychology measures as adequate support for 

marketing approval (Sabbagh et al., 2019). Moreover, a pattern of beneficial 

effects across multiple cognitive domains is suggested to increase the 

persuasiveness of the findings of clinical trials, more so than performance on a 

single cognitive test. With this in mind, it may be suggested that neuropsychology 

measures for assessing FTD are also not well suited to presymptomatic trials of 

this nature. Therefore, there is an increasing need to identify a cognitive 

composite sensitive enough to be used in the tracking of genetic FTD which can 

be employed as a primary endpoint for therapeutic intervention.  

 

A cognitive composite combines the results of multiple assessments into a single 

summary score. They are often constructed from neuropsychology assessments 

for which performance is known to decline early in the disease course. Decline in 

presymptomatic cognitive performance in genetic FTD has been shown several 

years before expected symptom onset across multiple cognitive domains such as 

tests of executive function, working memory (Trail Making Test-B, Digit Span 

Backwards, Stroop; Geschwind et al., 2001; Hallam et al., 2014) and language 
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(Boston Naming Test and verbal fluency; Jiskoot et al., 2018), suggesting that 

there is value in employing existing neuropsychology assessments in 

presymptomatic clinical trials.  

 

Composite scores were first created to answer the perceived lack of appropriate 

outcome measures in testing the efficacy of drug treatments in 

neurodegenerative diseases. The most well-known cognitive composite is the 

ADAS-Cog, which has been used for many years to measure the effect of 

treatments in !ÌÚÈÅÉÍÅÒȭÓ disease and other neurodegenerative diseases 

(Kueper, Speechley, & Montero-Odasso, 2018). It is reported, in fact, that the 

ADAS-Cog has been used in over 127 clinical trials as an outcome measure (Cano 

et al., 2010). Recently, as clinical trials shift their focus to the prodromal stage of 

neurodegenerative diseases, several composites have been created focusing 

specifically on the early stages of the disease course. Evidence from large 

presymptomatic cohort studies such a Track-(ÕÎÔÉÎÇÔÏÎȭÓ $ÉÓÅÁÓÅ (Track-HD) 

(Stout et alȟ ςπρτ  ÁÎÄ ÔÈÅ !ÌÚÈÅÉÍÅÒȭÓ 0ÒÅÖÅÎÔÉÏÎ )ÎÉÔÉÁÔÉÖÅ ,ÁÎÇÂÁÕÍ ÅÔ ÁÌȟ 

2014) have shown that multi-domain cognitive composites, derived from a 

handful of neuropsychology assessments, are effective for capturing gradual 

decline several years before onset. For example, the ADCS-PACC, created for the 

ÁÓÓÅÓÓÍÅÎÔ ÏÆ ÐÒÅÃÌÉÎÉÃÁÌ ÆÁÍÉÌÉÁÌ !ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅȟ consists of 4 components 

(total recall from the FCSRT, delayed recall from the logical memory test, digit 

symbol and the MMSE), meanwhile the Track-HD composite, designed for the 

ÁÓÓÅÓÓÍÅÎÔ ÏÆ ÐÒÅÓÙÍÐÔÏÍÁÔÉÃ (ÕÎÔÉÎÇÔÏÎȭÓ $ÉÓÅÁÓÅȟ consists of 6 components 

(digit symbol, Stroop word reading, paced tapping [precision and accuracy], 

emotion recognition and circle tracing). As indicated in these two composites, the 

neuropsychology assessments incorporated encompass a range of cognitive 

domains, suggesting that composites are optimal when tailored to target a 

specific disease. At present there is no cognitive composite designed for the 

presymptomatic phase of genetic FTD.  

 

One of the greatest challenges in creating a cognitive composite for 

neurodegeneration is that there is no statistical gold-standard approach for 

creating a composite score. For example, the ADAS-Cog is created simply by 
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adding multiple elements of neuropsychology assessments together to create a 

single summary score (Cano et al., 2010). Conversely, the ADCS-PACC examines 

the change scores across neuropsychology assessments over a 24-month period, 

which are shown to be independently sensitive to early cognitive changes. It  

converts the raw scores across the selected assessments into z-scores and uses a 

mean to standard deviation ratio (MSDR) to calculate a composite score. Finally, 

the Track-HD composite builds its summary score using logistic regression 

models comprised of change scores between baseline and follow-up visits (Jones 

et al., 2014). A criticism of the statistical techniques, such as those employed in 

the ADAS-Cog, is that they give insufficient weighting to the individual elements 

included in the composite (Cano et al., 2010). Though they are sensitive to 

cognitive changes, this shortcoming makes it difficult to know exactly which 

assessments are contributing significantly to the overall score, i.e. if there is a 

greater emphasis on assessments measuring memory performance vs language. 

It  will be important to take this into consideration when creating a cognitive 

composite for genetic FTD.  

 

Here I explore the potential for a cognitive composite to be created for genetic 

FTD. I hypothesize that neuropsychology assessments sensitive to early cognitive 

changes in presymptomatic individuals are candidates for inclusion in the overall 

score of a cognitive composite capable of differentiat ing presymptomatic 

mutation carriers from controls. When performing sample size calculations for 

hypothetical enrolment into clinical trials, I anticipate that the composite score 

performs better than individual neuropsychology assessments in evaluating 

potential treatment effects.   
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4.3 Methods  

4.3.1 Participants  

 

At the time of this study, neuropsychology data was available from 685 

participants enrolled into GENFI. Participants were included in this study if they 

were able to provide neuropsychology data from baseline and at least one follow-

up visit . The final analysis included 516 participants with data at baseline and 

253 participants with data at follow-up, approximately 1 year later. Figure 16 

shows the reasons for participant exclusions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.3.2 Measures  

 

I utilized the cross-sectional (baseline) and longitudinal (12-month follow-up) 

neuropsychology data from GENFI data freeze 4 which included the 13 cognitive 

assessments in the GENFI protocol. See section 2.3.3 for a summary of the 

cognitive assessments.  

 

 

All participants 

N=685 

Included in baseline analysis  

N=516 

Included in the analysis of 

change over time (24months) 

N=253 

N = 5 TBK1 carrier 

N = 121 missing data 

N= 43 non-carrier with FTLD-

CDR>0 

N = 263 no data for follow-up 

visit  

Figure 16: Flow chart for inclusion of participants in analysis of neuropsychology scores. Left 
of flow chart represents those included. Right of flow chart is those who were excluded. 
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4.3.3 Deriving composite scores 

 

In its final version (section 4.3.8), the neuropsychology tests included in the 

cognitive composite were selected to provide optimal differentiation between 

mutation carriers and controls, initially  employing the methods outlined in the 

Track-HD cognitive composite (Jones et al., 2014). To identify the tests that best 

discriminate between groups, logistic regression was employed, where mutation 

carrier status was the outcome of interest and the neuropsychology tests were 

the predictors of interest. The coefficients from the logistic regression model 

could then be used to calculate the relative weights (contributions) of the 

individual tests in calculating the composite. 

 

4.3.4 Exploring cognitive differences between presymptomatic 

mutation carriers and controls  

 

When setting out to create the cognitive composite, I intended to first  explore the 

differences between presymptomatic mutation carriers and controls to ascertain 

which assessments, if any, could be sensitive to early cognitive changes. Data was 

assessed for normal distribution using Q-Q plots. Independent sample t-tests 

were performed across all of the genetic subgroups (C9orf72, GRN and MAPT) to 

reveal which of the cognitive assessments best distinguished mutation carriers 

from controls. This was performed initially on baseline data. Any assessments 

revealing significant differences between groups would be candidates for use in 

the cognitive composite. 

 

4.3.5 Results 

 

Table 21 shows the differences between controls and presymptomatic mutation 

carriers at their baseline neuropsychology visit. Independent sample t-tests 

revealed a significant difference on two neuropsychology assessments: FCSRT 

immediate recall total score between controls (mean (M) = 0.03, standard 

deviation (SD) = 0.92) and presymptomatic mutation carriers (M = -0.13, SD = 



 

 163 

1.33), t = 1.61, p = 0.021, alongside FCSRT delayed recall total score (controls: 

M = 0.06, SD = 0.91; presymptomatic: M = -0.01, SD = 1.33), t = 1.22, p = 0.009. 

Trail Making Test A errors were also significantly different between controls (M 

= -0.06, SD = 0.68) and presymptomatic mutation carriers (M = -0.13, SD = 

0.58), t = 1.15, p = 0.025.  

 

These findings suggested that the FCSRT and Trail Making Test A may serve as 

promising assessments for inclusion in a cognitive composite.  
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Neuropsychology Assessment 
Controls (N=213)  Presymptomatic (N = 293) 

Mean Standard Deviation Range Mean Standard Deviation Range 

Benson Complex Figure Copy -0.03 1.04 -5.74 ɀ 0.59 -0.01 1.02 -4.94 ɀ 0.59 

Digit Span Forwards Total Sore -0.08 0.97 -2.17ɀ 2.78 0.12 1.06 -3.37 ɀ 2.78 

Digit Span Forwards Maximum 

Score 
-0.02 0.95 -2.21ɀ 2.00 0.05 1.04 -3.21 ɀ 2.00 

Digit Span Backwards Total Score 0.01 0.99 -2.15 ɀ 2.61 0.11 1.03 -2.74 ɀ 3.04 

Digit Span Backwards Maximum 

Score 
0.00 0.98 -2.29 ɀ 2.29 0.01 1.06 -2.66 ɀ 3.62 

Revised Camel and Cactus -0.00 1.01 -3.40 ɀ 1.39 -0.08 1.12 -7.65 ɀ 1.39 

Benson Complex Figure Recall 0.03 0.99 -2.57 ɀ 1.43 -0.05 1.00 -4.02 ɀ 1.43 

Trail Making Test A Time -0.10 0.77 -1.10 ɀ 3.71 -0.06 0.65 -1.04 ɀ 3.09 

Trail Making Test A Errors -0.06 0.68 -0.29 ɀ 3.55 -0.13 0.58 -0.29 ɀ 3.55 

Trail Making Test B Time -0.16 0.77 -1.03 ɀ 5.44 -0.08 0.89 -1.12 ɀ 5.44 

Trail Making Test B Errors -0.07 0.98 -0.35 ɀ 11.95 -0.04 0.72 -0.35 ɀ 5.03 

Digit Symbol 0.17 0.98 -3.22 ɀ 2.55 0.11 0.88 -2.81ɀ 2.55 
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Boston Naming Test -0.04 0.91 -3.64 ɀ 1.53 0.02 1.21 -8.97ɀ 1.55 

FCSRT Free Recall Score 0.05 0.94 -3.04 ɀ 2.22 -0.07 1.04 -4.10 ɀ 2.22 

FCSRT Total Score 0.03 0.92 -5.63 ɀ 1.09 -0.13 1.33 -9.02 ɀ 1.09 

D-KEFS Colour Naming Time -0.02 0.96 -3.70 ɀ 3.76 0.11 1.16 -4.80 ɀ 8.34 

D-KEFS Word Reading Time -0.00 1.00 -4.01 ɀ 5.07 0.03 1.17 -7.30 ɀ 9.17 

D-KEFS Colour Ink Naming Time -0.06 0.95 -3.55 ɀ 3.33 0.14 1.30 -4.66 ɀ 7.06 

Verbal Fluency ɀ Category - 

Animals 
0.11 1.04 -2.51 ɀ 3.91 0.08 0.89 -2.42 ɀ 2.40 

Verbal Fluency ɀ Phonemic - FAS 0.02 1.02 -2.90 ɀ 2.82 0.03 1.01 -2.71 ɀ 3.07 

Block Design 0.26 0.91 -2.76 ɀ 1.61 0.16 0.91 -2.76 ɀ 1.61 

FCSRT Delayed Free Recall Score 0.05 0.95 -3.14 ɀ 1.91 -0.07 1.13 -3.99 ɀ 2.06 

FCSRT Delayed Total Score 0.06 0.91 -5.28 ɀ 0.91 -0.01 1.04 -6.08 ɀ 0.91 

Faux Pas Stories Subscore -0.03 1.03 -3.23 ɀ 1.56 -0.06 1.31 -7.87 ɀ 1.56 

Ekman Faces Subscore -0.04 1.04 -3.23 ɀ 1.97 0.01 1.07 -3.97 ɀ 1.97 

Mini-SEA Total Score -0.01 0.96 -2.51 ɀ 1.76 -0.03 1.25 -5.51 ɀ 2.07 

Table 21: Means, standard deviation and range of baseline neuropsychology data in controls and presymptomatic mutation carriers.
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Including only two assessments measuring two cognitive domains: memory 

(FCSRT) and executive function (TMT A) is not sufficient in creating a composite. 

I hypothesized that combining assessments with the lowest sample sizes, and 

those revealing significant differences between groups would create an optimal 

composite score. Following this, I performed sample size calculations (described 

in section 4.3.5.1) across each neuropsychology assessment to evaluate which 

additional assessments could also be included in the composite. 

 

To determine sample sizes, means and standard deviations of the scores of each 

neuropsychology assessment in controls and presymptomatic mutation carriers 

were calculated for 1-year follow up visits. In addition, annualized mean 

differences in performance across controls and presymptomatic mutation 

carriers were calculated using the following equation (results summarized in 

Table 22): 

 

Where: 

ɛ = score at follow up visit  

ɚ  score at baseline 

Ê  individual neuropsychology assessment  

Â  age at follow-up visit 

Á  age at baseline visit 

 

ὃὲὲόὥὰὭίὩὨ ὓὩὥὲ ὈὭὪὪὩὶὩὲὧὩ 
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Neuropsychology 

Assessment 

Controls (N=149)  Presymptomatic (N = 158) 

Mean Change Mean Change 

Benson Complex Figure 

Copy 
0.13 -0.10 

Digit Span Forwards Total 

Sore 
0.12 -0.02 

Digit Span Forwards 

Maximum Score 
0.12 0.00 

Digit Span Backwards 

Total Score 
-0.04 -0.01 

Digit Span Backwards 

Maximum Score 
-0.05 -0.13 

Revised Camel and Cactus 0.06 0.05 

Benson Complex Figure 

Recall 
0.09 0.00 

Trail Making Test A Time 0.01 0.03 

Trail Making Test A 

Errors 
-0.02 -0.03 

Trail Making Test B Time -0.10 -0.03 

Trail Making Test B 

Errors 
0.03 0.03 

Digit Symbol 0.19 0.19 

Boston Naming 0.03 -0.02 

FCSRT Free Recall Score 0.20 0.30 

FCSRT Total Score 0.28 0.25 

D-KEFS Colour Naming 

Time 
-0.09 -0.02 

D-KEFS Word Reading 

Time 
-0.13 -0.10 

D-KEFS Colour Ink 

Naming Time 
-0.02 -0.05 
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Verbal Fluency ɀ Category 

- Animals 
0.09 -0.03 

Verbal Fluency ɀ 

Phonemic - FAS 
0.11 0.07 

Block Design 0.05 0.11 

FCSRT Delayed Free 

Recall Score 
0.34 0.34 

FCSRT Delayed Total 

Score 
0.24 0.20 

Faux Pas Stories Subscore -0.03 -0.05 

Ekman Faces Subscore 0.08 0.12 

Mini-SEA Total Score 0.05 0.03 

Table 22: Annualized mean difference scores between baseline and follow-up visits. 

 

Finally, SÐÅÁÒÍÁÎȭÓ ÃÏÒÒÅÌÁÔÉÏÎÓ ÂÅÔ×ÅÅÎ ÂÁÓÅÌÉÎÅ ÁÎÄ ÆÏÌÌÏ×-up data were 

performed on presymptomatic data to produce Rho values for each assessment.  

 

4.3.5.1 Sample Size Calculations  

 

Sample size estimates were calculated for each neuropsychology assessment. 

Sample size estimates are provided for a two-arm study with a 1:1 randomization 

to placebo versus active treatment. All of the neuropsychology outcomes are 

continuous, so it is proposed that the effect of treatment would be assessed by 

comparison of the mean score between the arms as the study concludes. Samples 

sizes were calculated for a 1-year trial with visits at baseline and 1-year follow-

up as this matched the follow-up length for visits available from GENFI data 

freeze 4.  

 

In a trial, the method of analysis would be to compare outcome measures at 1-

year between groups (placebo vs active treatment) and adjusting for baseline. 

This approach is equivalent to comparing a change in score between the two 
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groups but provides greater precision in estimating the treatment effect and 

hence greater power for a given sample size.  

 

The sample size per arm was estimated as: 

 

ὲ ρ ”
ς„

‏
Ὢ‌ȟ‍ 

 

Ὢ‌ȟ‍ ᾀ ϳ ᾀ  

Where: 

 

ʍ is the correlation between baseline and follow-up measures of the outcome; 

ʎ is the standard deviation of the outcome at the follow-up visit; 

ɿ is the treatment effect (difference in mean for treated and untreated at the 

follow-up visit) ; 

ɻ ÉÓ ÔÈÅ ÓÉÇÎÉÆÉcance level; 

and 1- ɼ ÉÓ ÔÈÅ ÐÏ×ÅÒ ÔÏ ÄÅÔÅÃÔ Á ÔÒÅÁÔÍÅÎÔ ÅÆÆÅÃÔ. 

 

&ÏÒ ÔÈÅ ÓÁÍÐÌÅ ÓÉÚÅÓ ÐÒÅÓÅÎÔÅÄ ÈÅÒÅ ɻ  πȢπυ ÃÏÎÖÅÎÔÉÏÎÁÌ υϷ ÓÉÇÎÉÆÉÃÁÎÃÅ 

level), and ɼ πȢς ÐÏ×ÅÒ ψπϷ ȟ ÇÉÖÉÎÇ Ὢ‌ȟ‍ = 7.85. 

 

Here it is assumed that the proposed clinical trial will be of a disease modifying 

treatment, and that the effect of the treatment would be to slow the rate of 

disease progression (illustrated in  Figure 17).  

 



 

 170 

 

Figure 17: Illustration of effects of a disease modifying treatment and symptomatic treatment 
on outcomes over time. 

 

Here delta ɿ  ×ÁÓ estimated from the observed rates of change in each group of 

interest. As the potential treatment benefit is uncertain, two possible effect sizes 

were considered: 25% and 50% reduction in rate of change relative to the rate of 

change seen in non-mutation carrier s. To give an example, if a rate of change was 

1 point per year in carriers and 0.2 points per year in non-carriers, then a 50% 

treatment effect would be a difference of 0.4 points per year, as the difference 

between carriers and controls is 0.8 per year.  

 

Changes in score relative to non-carriers were used in estimating delta ɿ  to take 

into account any decline due to normal aging, or improvements in scores due to 

expected practice effects in unaffected control participants. 

 

Sigma ʎ  ×ÁÓ ÔÈÅ ÅÓÔÉmated standard deviation of the outcome of interest at the 

follow-up visit. The correlation ʍ  ×ÁÓ ÔÈÅ ÅÓÔÉÍÁÔÅÄ ÃÏÒÒÅÌÁÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ 

baseline and 1-year follow-up values for the outcome of interest. 

 

Table 23 summarizes the outputs and sample size estimates for presymptomatic 

mutation carriers. Highlighted in red are the sample size estimates for 

assessments which revealed a significant difference between presymptomatic 

mutation carriers and controls. Highlighted in green are assessments which have 

a sample size estimate of less than 700 participants. In Chapter 3 I report on 
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3,500 symptomatic genetic FTD patients, and while this was a retrospective 

study it nonetheless accounts for cases originating from the majority of the major 

research centres studying genetic FTD. Although the global prevalence of genetic 

FTD is likely to be more extensive than the numbers reported here show, patients 

available for clinical trials are unlikely to exceed 3,500 individuals. Of the three 

genes, I found MAPT to be the least common mutation, with only 791 reported 

patients, and I therefore perceived using a sample size cut off of less than 700 

participants as reasonable, as it is unlikely that a genetic FTD trial would consider 

enrolling more than 700 participants globally.   

 

In addition to the assessments revealing significant differences between 

presymptomatic mutation carriers and controls, the Digit Symbol measure was 

shown to produce a low sample size estimate, and so was included as a candidate 

assessment in the cognitive composite.  

 

The presymptomatic cognitive composite consists of the following  assessments:  

 

¶ Trail Making Test A Errors;  

¶ Digit Symbol; and 

¶ FCSRT (total score, delayed free recall and delayed total score). 

 

The composite score was calculated by averaging the z-scores across each 

assessment (outlined above), equating equal weighting to each assessment. 

Sample size estimates based on the composite were calculated again with the aim 

that the composite score would produce smaller sample sizes than the individual  

assessments shown in Table 23. The results from the presymptomatic composite 

are shown in Table 24.  
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Neuropsychology 

Assessment 

SD 

Baseline 

SD 

Follow-Up 

ʎ 

Mean 

Change 

Rho 

ʍ 

Control 

Rate of 

Change 

Alpha 

) 

 

Beta 

 

 

Ἦ ȟ  
Sigma 

ʎ 

Mean 

Change 

(adjusted for 

controls) 

Delta 

ɿ  

50% 

Sample 

Size 

50% 

Delta 

ɿ   

25% 

Sample 

Size 25% 

Benson Complex 

Figure Copy 
1.02 1.01 -0.10 0.22 0.03 0.05 0.20 7.85 1.01 -0.13 -0.06 3722 -0.03 14886 

Digit Span Forwards 

Total Sore 
1.06 1.02 -0.02 0.57 0.11 0.05 0.20 7.85 1.02 -0.12 -0.06 2896 -0.03 11586 

Digit Span Forwards 

Maximum Score 
1.04 1.02 0.00 0.51 0.12 0.05 0.20 7.85 1.02 -0.12 -0.06 3602 -0.03 14409 

Digit Span 

Backwards Total 

Score 

1.03 1.02 -0.01 0.64 -0.05 0.05 0.20 7.85 1.02 0.04 0.02 24321 0.01 97283 

Digit Span 

Backwards 

Maximum Score 

1.06 1.07 -0.13 0.51 -0.08 0.05 0.20 7.85 1.07 -0.05 -0.03 20582 -0.01 82329 

Revised Camel and 

Cactus 
1.12 1.04 0.05 0.53 0.00 0.05 0.20 7.85 1.04 0.06 0.03 14534 0.01 58134 

Benson Complex 

Figure Recall 
1.00 1.10 0.00 0.44 0.09 0.05 0.20 7.85 1.10 -0.09 -0.04 7788 -0.02 31152 

Trail Making Test A 

Time 
0.65 0.77 0.03 0.73 0.04 0.05 0.20 7.85 0.77 -0.01 0.00 572249 0.00 2288996 



 

 173 

Trail Making Test A 

Errors 
0.58 0.60 -0.03 0.19 -0.01 0.05 0.20 7.85 0.60 -0.02 -0.01 53918 0.01 215674 

Trail Making Test B 

Time 
0.89 0.60 -0.03 0.60 0.07 0.05 0.20 7.85 0.60 -0.10 -0.05 1456 -0.02 5823 

Trail Making Test B 

Errors 
0.72 0.82 0.03 0.42 0.06 0.05 0.20 7.85 0.82 -0.03 -0.02 37243 -0.01 148970 

Digit Symbol 0.88 0.99 0.19 0.81 -0.01 0.05 0.20 7.85 0.99 0.19 0.10 583 0.05 2332 

Boston Naming Test 1.21 1.28 -0.02 0.53 -0.05 0.05 0.20 7.85 1.28 0.03 0.01 87894 0.01 351578 

FCSRT Free Recall 

Score 
1.04 0.97 0.30 0.72 0.10 0.05 0.20 7.85 0.97 0.20 0.10 727 0.05 2907 

FCSRT Total Score 1.33 0.54 0.25 0.39 -0.03 0.05 0.20 7.85 0.54 0.28 0.14 204 0.07 814 

D-KEFS Colour 

Naming Time 
1.16 1.13 -0.02 0.61 0.07 0.05 0.20 7.85 1.13 -0.09 -0.05 6130 -0.02 24520 

D-KEFS Word 

Naming Time 
1.17 1.09 -0.10 0.58 0.03 0.05 0.20 7.85 1.09 -0.13 -0.07 2886 -0.03 11542 

D-KEFS Colour Ink 

Naming Time 
1.30 1.08 -0.05 0.69 0.07 0.05 0.20 7.85 1.08 -0.02 -0.01 66521 -0.01 266086 

Verbal Fluency ɀ 

Category - Animals 
0.89 0.93 -0.03 0.61 -0.12 0.05 0.20 7.85 0.93 0.09 0.04 4328 0.02 17312 

Verbal Fluency ɀ 

Phonemic - FAS 
1.01 1.01 0.07 0.82 -0.03 0.05 0.20 7.85 1.01 0.11 0.05 1886 0.03 7542 
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Block Design 0.91 0.86 0.11 0.80 0.06 0.05 0.20 7.85 0.86 0.05 0.02 6703 0.01 26814 

FCSRT Delayed Free 

Recall Score 
1.13 1.04 0.34 0.65 0.00 0.05 0.20 7.85 1.04 0.34 0.17 348 0.08 1391 

FCSRT Delayed Total 

Score 
1.04 0.90 0.20 0.50 -0.04 0.05 0.20 7.85 0.90 0.24 0.12 666 0.06 2663 

Faux Pas Stories 

Subscore 
1.31 0.93 -0.05 0.64 -0.02 0.05 0.20 7.85 0.93 -0.03 -0.02 29788 -0.01 1119151 

Ekman Faces 

Subscore 
1.07 0.92 0.12 0.60 0.05 0.05 0.20 7.85 0.92 0.08 0.04 6007 0.02 24029 

Mini-SEA Total Score 1.25 1.02 0.03 0.62 -0.02 0.05 0.20 7.85 1.02 0.05 0.02 16435 0.01 65741 

Table 23: Highlighted in red are the assessments revealing a significant difference between presymptomatic mutation carriers and controls, highlighted in green 
are the assessments showing a sample size <700. The 5 left columns show the outputs from baseline and follow-up data in (unless otherwise specified) 

presymptomatic mutation carriers. The 8 columns to the right of the table summarize the outcomes used to calculate sample sizes: ▪ ⱬ
Ɑ

♯
█♪ȟ♫Ȣ 

 

 

Neuropsychology 

Assessment 

SD 

Baseline 

SD 

Follow-Up 

(ʎ 

Mean 

Change 

Rho 

ʍ 

Control 

Rate of 

Change 

Alpha 

) 

 

Beta 

 

 

Ἦ ȟ  
Sigma 

ʎ 

Mean 

Change 

(adjusted for 

controls) 

Delta 

ɿ  

50% 

Sample 

Size 

50% 

Delta 

ɿ   

25% 

Sample 

Size 25% 

Presymptomatic 

Composite 
0.62 0.65 0.15 0.76 0.05 0.05 0.20 7.85 0.65 0.10 0.05 1049 0.03 4197 

Table 24: Sample size calculation for the presymptomatic composite. 
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Unfortunately, this composite score did not successfully produce a smaller 

sample size. This may be as a result of grouping all presymptomatic mutation 

carriers together. This approach does not distinguish those who are close to 

estimated symptom onset, and so may have greater cognitive decline across 

assessments, from those who are far away from estimated symptom onset and 

are less likely to exhibit cognitive decline. As described throughout this thesis, 

studies have shown that decline across neuropsychology assessments is only 

evident <10 years prior to estimated symptom onset. Although significant 

differences were revealed between mutation carriers and controls, this approach 

may be limited in its ability to capture cognitive decline in the later phase of 

presymptomatic FTD.   

 

4.3.6 Comparing Neuropsychology Performance in Late 

Presymptomatic Carriers  

 

Having been unsuccessful in creating a composite score encompassing all 

presymptomatic mutation carriers, I decided to pursue an alternative approach. 

I was interested in examining exclusively the differences between 

presymptomatic mutation carriers, this time grouping mutation carriers into the 

early presymptomatic phase (defined at > 10 years prior to estimate symptom 

onset) and late presymptomatic phase (<10 years prior to estimated symptom 

onset). In GENFI data freeze 4, the age of presymptomatic mutation carriers and 

their  estimated years (EYO) from expected symptom onset (calculated using the 

mean age at onset in the family) is recorded. I found that age was not a discerning 

factor in distinguishing early presymptomatic carriers from later 

presymptomatic carriers. This is unsurprising, as the results of Chapter 3 suggest 

that unless we are looking specifically at MAPT mutation carriers, age is 

unhelpful at determining years from expected symptom onset. As a compromise 

I used the EYO calculated in GENFI data freeze 4 to dichotomise early and late 

presymptomatic mutation carriers, choosing 10 years as a cut-off point for all 

mutation carriers, in line with findings of presymptomatic studies (Jiskoot, 

Dopper, Heijer, et al., 2016; Jiskoot et al., 2018). I hypothesized that any 

neuropsychology assessments capable of successfully distinguishing the late 
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presymptomatic phase from the early presymptomatic phase of genetic FTD may 

show promise for inclusion in a composite score, as those closer to their expected 

symptom onset are likely to show greater decline across cognitive assessments. 

In addition, I then compared the late presymptomatic mutation carriers to 

controls.  

 

4.3.7 Results 

 

As outlined previously, the data was assessed for normal distribution using Q-Q 

plots. Independent sample t-tests were performed across all of the genetic 

subgroups (C9orf72, GRN and MAPT) to reveal which of the cognitive 

assessments distinguished the late presymptomatic phase from the early 

presymptomatic phase and from controls. This was performed firstly on baseline 

data. Any assessments revealing significant differences between groups would 

be used to create the cognitive composite. 

 

Independent sample t-tests revealed a significant difference in two 

neuropsychology assessments when comparing early and late presymptomatic 

mutation carriers: Trail Making Test A errors were significantly different 

between early presymptomatic (mean (M) = -0.21, standard deviation (SD) = 

0.40) and late presymptomatic mutation carriers (M = 0.10, SD = 0.67), t = 1.18, 

p=0.018. There were also significant differences on the Boston Naming Test 

between early (M = 0.31, SD = 0.75) and late presymptomatic mutation carriers 

(M = 0.07, SD = 1.15), t = 1.55, p=0.000. When comparing late presymptomatic 

mutation carriers and controls there were significant differences across two 

neuropsychology assessments: Digit Symbol was significantly different between 

controls (M=0.016, SD=0.95) and late presymptomatic mutation carriers (M= -

0.18, SD=0.72) t=2.64, p=0.022; and there were significant differences between 

controls (M= 0.04, SD=0.04) and late presymptomatic mutation carriers (M= -

0.18, SD=1.27) t=1.38, p=0.002, on the FCSRT delayed free recall.  

 

The late presymptomatic cognitive composite consists of the following 

assessments:  
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¶ Trail Making Test A Errors; 

¶ Boston Naming Test; 

¶ Digit Symbol; and 

¶ FCSRT delayed free recall. 

 

Table 25 shows the outputs and sample size estimates for late presymptomatic 

mutation carriers. Highlighted in red are the sample size estimates for 

assessments which revealed a significant difference between late 

presymptomatic mutation carriers and controls, and between late 

presymptomatic carriers and early presymptomatic carriers. 

 

As outlined above, the composite score was calculated by averaging the z-scores 

across each assessment. Sample size calculations based on the composite were 

calculated again with the aim that the composite score would produce smaller 

sample sizes than the individual assessments shown in Table 25. The results from 

the late presymptomatic composite are shown in Table 26.  

 

Additionally, I also explored creating a composite score based on logistic 

regression models outlined in Jones et al., 2014. The logistic regression model 

was built in order to differentiate late presymptomatic participants from 

controls. Participants were only included in the model if they had both baseline 

and 1-year follow up data and I decided to include all GENFI assessments. The 

model was built using backward elimination, beginning with the inclusion of all 

assessments as candidate tests in predicting carrier from control status. The 

assessment with the largest p value is then removed from the model and this 

process is repeated until only assessments with  a p-value of 0.1 or less remain in 

the model. At this point, each assessment with a p-value of less than 0.1 

previously removed from the model is reintroduced.  
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The cognitive composite based on logistic regression consists of the following 

assessments:  

 

¶ Trail Making Test A Time; 

¶ Digit Symbol; and 

¶ D-KEFS Word Time. 

 

The results from this composite are also shown in Table 26.  
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Neuropsychology 

Assessment 

SD 

Baseline 

SD 

Follow-Up 

ʎ 

Mean 

Change 

Rho 

ʍ 

Control 

Rate of 

Change 

Alpha 

) 

 

Beta 

 

 

Ἦ ȟ  
Sigma 

ʎ 

Mean 

Change 

(adjusted for 

controls) 

Delta 

ɿ  

50% 

Sample 

Size 50% 

Delta 

ɿ   

25% 

Sample 

Size 25% 

Benson Complex 

Figure Copy 
0.09 1.12 -0.17 0.22 0.03 0.05 0.20 7.85 1.01 -0.20 -0.10 1797 -0.05 7190 

Digit Span 

Forwards Total 

Sore 

1.07 1.01 -0.05 0.57 0.11 0.05 0.20 7.85 1.02 -0.16 -0.08 1630 -0.04 6518 

Digit Span 

Forwards 

Maximum Score 

1.07 1.00 0.00 0.51 0.12 0.05 0.20 7.85 1.02 -0.11 -0.06 3651 -0.03 14605 

Digit Span 

Backwards Total 

Score 

1.96 1.03 -0.01 0.64 -0.05 0.05 0.20 7.85 1.02 0.06 0.03 12690 0.01 50760 

Digit Span 

Backwards 

Maximum Score 

0.99 1.03 -0.15 0.51 -0.08 0.05 0.20 7.85 1.07 -0.07 -0.03 11374 -0.02 45496 

Revised Camel and 

Cactus 
1.05 1.24 0.04 0.53 0.00 0.05 0.20 7.85 1.04 0.04 0.02 40205 0.01 160818 

Benson Complex 

Figure Recall 
0.88 1.01 -0.04 0.44 0.09 0.05 0.20 7.85 1.10 -0.13 -0.07 2995 -0.03 11981 
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Trail Making Test A 

Time 
0.58 0.77 0.12 0.73 0.04 0.05 0.20 7.85 0.77 0.09 0.04 2359 0.02 9435 

Trail Making Test A 

Errors 
0.65 0.50 -0.06 0.19 -0.01 0.05 0.20 7.85 0.60 -0.06 -0.03 4767 -0.01 19068 

Trail Making Test B 

Time 
0.58 0.53 -0.04 0.60 0.07 0.05 0.20 7.85 0.60 -0.11 -0.05 961 -0.03 3843 

Trail Making Test B 

Errors 
0.55 0.60 0.07 0.42 0.06 0.05 0.20 7.85 0.82 0.01 0.01 112707 0.00 450829 

Digit Symbol 0.72 0.84 0.03 0.81 -0.01 0.05 0.20 7.85 0.99 0.04 0.02 9352 0.01 37406 

Boston Naming 1.13 1.50 -0.07 0.53 -0.05 0.05 0.20 7.85 1.28 -0.01 -0.01 505682 0.00 2022727 

FCSRT Free Recall 

Score 
0.88 0.93 0.22 0.72 0.10 0.05 0.20 7.85 0.97 0.11 0.06 2093 0.03 8372 

FCSRT Total Score 0.89 0.68 0.12 0.39 -0.03 0.05 0.20 7.85 0.54 0.15 0.07 1128 0.04 4514 

D-KEFS Colour 

Naming Time 
1.04 1.15 -0.05 0.61 0.07 0.05 0.20 7.85 1.13 - 0.12 -0.06 3485 -0.03 13938 

D-KEFS Word 

Reading Time 
0.93 0.95 0.02 0.58 0.03 0.05 0.20 7.85 1.09 -0.01 -0.01 293383 0.00 1173533 

D-KEFS Colour Ink 

Naming Time 
1.00 1.13 -0.02 0.69 0.07 0.05 0.20 7.85 1.08 0.00 0.00 38537465 0.00 154149859 

Verbal Fluency ɀ 

Category - Animals 
0.97 0.91 -0.08 0.61 -0.12 0.05 0.20 7.85 0.93 0.03 0.02 28162 0.01 112648 
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Verbal Fluency ɀ 

Phonemic - FAS 
0.96 0.92 0.05 0.82 -0.03 0.05 0.20 7.85 1.01 0.08 0.04 2746 0.02 10983 

Block Design 0.83 0.85 0.03 0.80 0.06 0.05 0.20 7.85 0.86 -0.03 -0.02 17836 -0.01 71343 

FCSRT Delayed 

Free Recall Score 
1.27 1.04 0.21 0.65 0.00 0.05 0.20 7.85 1.04 0.20 0.10 956 0.05 3825 

FCSRT Delayed 

Total Score 
1.20 0.61 0.22 0.50 -0.04 0.05 0.20 7.85 0.90 0.26 0.13 273 0.06 1094 

Faux Pas Stories 

Subscore 
1.12 1.17 -0.10 0.64 -0.02 0.05 0.20 7.85 0.93 -0.08 -0.04 8227 -0.02 32907 

Ekman Faces 

Subscore 
0.92 0.95 0.12 0.60 0.05 0.05 0.20 7.85 0.92 0.07 0.03 7630 0.02 30719 

Mini-SEA Total 

Score 
1.04 1.07 0.06 0.62 -0.02 0.05 0.20 7.85 1.02 0.08 0.04 7315 0.02 29261 

Table 25: The 5 left columns show the outputs from baseline and follow-up data in (unless otherwise specified) presymptomatic mutation carriers. The 8 columns 

to the right of the table summarize the outcomes used to calculate sample sizes: ▪ ⱬ
Ɑ

♯
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Neuropsychology 

Assessment 

SD 

Baseline 

SD 

Follow-Up 

ʎ 

Mean 

Change 

Rho 

ʍ 

Control 

Rate of 

Change 

Alpha 

) 

 

Beta 

 

 

Ἦ ȟ  
Sigma 

ʎ 

Mean 

Change 

(adjusted for 

controls) 

Delta 

ɿ  

50% 

Sample 

Size 

50% 

Delta 

ɿ   

25% 

Sample 

Size 25% 

Late 

Presymptomatic 

Composite  

(sample size 

estimate) 

0.36 0.36 0.06 0.61 0.12 0.05 0.20 7.85 0.36 -0.05 -0.03 1748 -0.01 6994 

Late 

Presymptomatic 

Composite 

 (logistic regression) 

0.41 0.39 0.05 0.43 0.03 0.05 0.20 7.85 0.39 0.02 0.01 15115 0.01 60462 

Table 26: Sample size calculation for the late presymptomatic composite.
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Unfortunately, again, both composite scores failed to produce a reasonable 

sample size. One explanation for this may be the use of the EYO outputted from 

GENFI data freeze 4. As outlined earlier, it is established that EYO may not be a 

good predictor of estimated symptom onset, and despite using a cut off of <10 

years, this estimate may still  be inaccurate, particularly when the 

presymptomatic sample includes C9orf72 and GRN mutation carriers. In 

addition, the presymptomatic cohort includes participants who exhibit some 

mild symptoms but who do not yet meet diagnostic criteria for FTD, effectively 

classifying all participants enrolled in GENFI as presymptomatic until diagnostic 

criteria is met, with potential to limit our ability to accurate ly distinguish groups 

of interest. To overcome this, one could employ the Clinical Dementia Rating 

(CDR) scale (Morris, 1993) . This method is advantageous as it is a rating scale 

used by clinicians globally to characterise patients with dementia. The CDR is 

estimated using a semi structured interview between clinicians and informants 

ÔÏ ÁÓÓÅÓÓ Á ÐÁÔÉÅÎÔȭÓ ÓÅÖÅÒÉÔÙȢ )Ô ÉÓ ÃÁÌÃÕÌÁÔÅÄ ÕÓÉÎÇ ÓÉØ ÄÉÆÆÅÒÅÎÔ ÃÏÇÎÉÔÉÖÅ ÁÎÄ 

behavioural domains, each of which are scored on a scale of 0-3: 0 = no dementia, 

0.5 = questionable dementia, 1 = mild cognitive impairment, 2 = moderate 

cognitive impairment and 3 = severe cognitive impairment. Finally, a CDR score 

is calculated based on the total sum of boxes, to give an overall score of severity 

(0-3) for an individual. In recent years, a modified version of the CDR 

(CDR+NACC FTLD) has been created to encompass two additional elements: 

behaviour and language, which are incorporated in order to increase sensitivity  

to the clinical changes in FTD (Knopman et al., 2008). 

 

4.3.8 A new approach to creating a cognitive composite 

 

Following these failed attempts to create a cognitive composite by means of 

logistic regression. This led me to use the CDR+NACC FTLD (referred to as the 

FTLD-CDR from this point onwards) score to classify participants. The following 

section outlines the methods and results used to create the final FTD cognitive 

composite.  
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Positive mutation carriers were grouped according to symptomatic status and 

FTLD-CDR Global score, in order to determine which neuropsychology 

assessment returned the most significant difference from the mutation negative 

control group. Analysis focused on the comparison of neuropsychology scores of: 

 

¶ Mutation negative controls compared to mutation carriers with a FTLD-

CDR Global score of 0.5; and 

¶ Mutation negative controls compared to symptomatic mutation carriers 

with an FTLD-CDR Global score of 0.5. 

 

As illustrated in Figure 16, 516 participants with data at baseline and 253 

participants with data at both baseline and 1 year follow up were included in the 

final analysis.  

 

The neuropsychology assessments included in the composite were selected to 

provide the optimal differentiation between mutation carriers and controls. 

Where mutation carrier status was the outcome of interest logistic regression 

was used to identify the assessments which best discriminate between the 

groups. Due to the relatively small sample sizes of some of these groups (see 

Table 27 and Table 28), I was concerned that a simple stepwise approach to 

selecting the cognitive tests (as used in the late presymptomatic composite) 

could result in overfitting and poor generalisability of the resulting composite 

score. The possibility of creating a cognitive composite for each individual 

genetic mutation was explored, however, there was not sufficient baseline (GRN: 

N=29; C9orf72: N=59; MAPT: N=21) or follow -up (GRN: N=14; C9orf72: N=13;  

MAPT: N=9) data from participants with a FTLD-CDR score >0.  
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FTLD-CDR Control 
Presymptomatic 

Carrier 
Affected Total 

0 187 219 1 407 

0.5 0 46 9 55 

1 0 5 14 19 

2 0 0 24 24 

3 0 0 11 11 

Table 27: Summary of baseline data available across the groups of interest. 

 

FTLD-CDR Control 
Presymptomatic 

Carrier 
Affected Total 

0 95 122 0 217 

0.5 0 16 3 19 

1 0 4 6 10 

2 0 0 6 6 

3 0 0 1 1 

Table 28: Summary of follow-up data available across the groups of interest. 

 

To address this, LASSO (least absolute shrinkage and selection operator) was 

used to fit the logistic regression model. This approach employs a penalisation 

term which forces the sum of the absolute value of the logistic regression 

coefficients to be less than the fixed value. This has the effect of shrinking all 

coefficients towards zero, and with a large enough penalization term also setting 

some of them to zero (James, Witten, Hastie and Tibshirani, 2013). This means 

LASSO can be used to perform variable selection and shrinkage in one step.  

 

The size of the penalty term used in LASSO is specified as part of the modelling 

procedure. If the penalty is set to zero, then the results are the same as those from 

a standard logistic regression model. As the penalty is increased, fewer tests are 

selected in the final model and their coefficients are shrunk towards zero. 

Therefore, a different choice of penalty term will produce a different set of 

coefficients.  
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The optimum size for the penalty term was that which showed minimum cross-

validation error in the prediction of mutation carrier status. The prediction error 

was estimated used 10-fold cross validation. This approach divides the data into 

ρπ ȰÆÏÌÄÓȱ ÏÆ ÅÑÕÁÌ ÓÉÚÅȟ ÆÉÔÓ ÔÈÅ ,!33/ ÍÏÄÅÌ ÕÓÉÎÇ ω ÏÆ ÔÈÅ ρπ ÆÏÌÄÓȟ ÁÎÄ ÃÁÌÃÕÌÁÔÅÓ 

ÔÈÅ ÐÒÅÄÉÃÔÉÏÎ ÅÒÒÏÒ ÏÎ ÔÈÅ ÒÅÍÁÉÎÉÎÇ ȰÆÏÌÄȱȢ 4ÈÉÓ ÉÓ ÒÅÐÅÁÔÅÄ, excluding each of 

the 10 folds in turn, and the average prediction error produced constitutes a 

measure of cross-validated performance. This process was repeated through a 

range of penalty sizes (0.001 to 100). The penalty term used in the final model 

was that which had the most parsimonious model (relatively few cognitive 

assessments included) but achieved an error of within 1 standard error of the 

minimum value. The package glmnet in R was used to fit the LASSO models and 

carry out the cross-validation.  

 

From the resulting model, two different cognitive composite scores were 

calculated: (1) average of the scores for all cognitive tests that were selected in 

the model; and (2) weight average of the scores for all cognitive tests that were 

selected in the model, using the regression coefficients to determine the weights 

of each assessment. For example, if the fitted logistic regression model was: 

 

ὰέὫ
ὴ

ρ ὴ
ρ πȢςυὼ πȢρυ ὼ πȢρπὼ 

 

Where: 

 

ὴ= probability of an individual being a carrier, given their cognitive test scores 

ὼ = neuropsychology assessment of interest  

 

Then the simple score would be: 
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The weighted score would be: 

 

ὛὧέὶὩς
πȢςυὼ πȢρυὼ πȢρπὼ

πȢςυ πȢρυ πȢρπ
 

 

The sign of the coefficients is reversed in determining the weights so that the 

resulting score is lower in the mutation carrier group, as would be expected of a 

z score for cognition. It  important that for all assessments, a lower score indicates 

a worse performance. As such the z-score for any assessments showing a higher 

score with carrier status, for example, D-KEFS Word Time, was reversed before 

entry into the composite (i.e. a z score of 1 would be changed to -1 and vice 

versa).  

 

4.3.9 Results 

 

An initial analysis used the cognitive scores at baseline as predictors of mutation 

carrier status, resulting in a composite with maximum difference in baseline 

score between the groups. A second analysis used the changes in each cognitive 

score between baseline and the first follow-up visit as predictors of mutation 

carrier status, resulting in a score that maximizes the difference in rate of change 

between the groups (Table 29).
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GENFI Neuropsychology Assessment Controls (N=95)  Carriers CDR <0.5 (N=36) Symptomatic Carriers CDR <0.5 (N=16) 

 Mean (standard deviation) of change scores between baseline and follow-up 

Benson Complex figure copy 0.11 (1.30) -0.18 (1.85) -0.59 (2.56) 

Digit span forwards score 0.31 (0.72) -0.11 (1.05) -0.51 (1.00) 

Digit span forwards max 0.24 (0.95) -0.33 (1.31) -0.73 (1.59) 

Digit span backwards score -0.03 (0.81) 0.05 (1.00) -0.04 (1.05) 

Digit span backwards max -0.13 (0.93) 0.02 (1.12) 0.04 (1.12) 

Camel and Cactus -0.04 (1.04) -0.02 (1.20) -0.12 (1.70) 

Benson Complex figure recall 0.25 (0.86) 0.04 (1.17) -0.09 (1.19) 

Trial making A time 0.05 (0.74) 0.05 (1.02) 0.18 (1.50) 

Trial making A errors 0.00 (0.88) 0.16 (1.24) 0.24 (1.55) 

Trial making B time -0.01 (0.49) 0.18 (1.58) 0.31 (2.33) 

Trial making A errors -0.03 (0.49) 0.19 (2.23) 0.48 (3.31) 

Digit symbol 0.12 (0.55) 0.15 (0.84) -0.28 (0.63) 

Boston Naming Test 0.07 (0.72) -0.22 (2.00) -0.60 (2.95) 

FCRST free 0.37 (0.75) 0.12 (1.23) -0.26 (1.48) 

FCRST total 0.08 (0.63) -0.12 (2.78) -0.83 (4.00) 

Verbal fluency animals -0.24 (0.69) -0.09 (0.90) -0.34 (0.87) 

Verbal fluency combined -0.02 (0.61) -0.06 (0.63) -0.20 (0.63) 

D-KEFS colour naming time -0.01 (0.79) 0.22 (2.71) 0.06 (4.04) 
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D-KEFS word reading time 0.04 (1.03) 0.38 (2.34) 0.81 (3.48) 

D-KEFS colour ink time 0.09 (0.75) -0.03 (3.17) -0.21 (4.77) 

Block design 0.15 (0.50) -0.09 (0.74) -0.11 (0.43) 

FCRST delayed free 0.14 (0.77) 0.09 (1.21) -0.43 (1.56) 

FCRST delayed total 0.19 (0.74) -0.41 (3.05) -1.33 (4.35) 

Faux pas subscore -0.01 (1.25) -0.36 (1.66) -0.66 (2.22) 

Ekman subscore 0.11 (0.97) -0.16 (1.67) -0.74 (2.19) 

Table 29: Means and standard deviations of the change in scores between baseline and 1-year follow up for the GENFI neuropsychology assessments. 
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Cognitive composites were only reported where the LASSO model included 2 or 

more cognitive tests. A cognitive composite is reported for the following 

comparisons: 

 

1. GENFI-Cog 1 = Mutation negative compared to mutation carriers with 

FTLD-CDR global score 0.5 at baseline 

2. GENFI-Cog 2 = Mutation negative compared to symptomatic mutation 

carriers with FTLD-CDR global score 0.5 on change between baseline 

and follow-up.  

 

Figure 18 shows an example from the LASSO model predicting mutation carrier 

status amongst presymptomatic mutation carriers with a FTLD-CDR global score 

of 0. The lowest prediction error was returned by the model including no 

cognitive tests as predictors, indicating that none of the cognitive tests are 

reliable in discriminating between non-carriers and mutation carriers in this 

group.  

 

 

Figure 18: Cross-validated prediction of performance of LASSO model predicting mutation 
carriers with a CDR+ NACC FTLD global score of 0. 

 

 

Number of tests included 
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The results from the LASSO are reported in Table 30.  

 

GENFI-Cog 1 consists of 5 assessments:  

 

¶ Trail Making Test B Time; 

¶ FCSRT Free and Delayed Recall; 

¶ D-KEFS Colour Ink Time;  

¶ Verbal Fluency Animals; and 

¶ Faux Pas Stories.  

 

GENFI-Cog 2 consists of 4 assessments:  

 

¶ Digit Span Forward Score; 

¶ Digit Symbol;  

¶ Block Design; and 

¶ FCSRT delayed total score.  

Neuropsychology 

Assessment 
Coefficient Weighting Coefficient Weighting 

 GENFI-Cog 1 GENFI-Cog 2 

Benson Complex figure 

copy 
0.000  0.000  

Digit span forwards 

score 
0.000  -0.689 0.566 

Digit span forwards 

max 
0.000  0.000  

Digit span backwards 

score 
0.000  0.000  

Digit span backwards 

max 
0.000  0.000  

Camel and Cactus 0.000  0.000  

Benson Complex figure 

recall 
0.000  0.000  
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Trial making A time 0.000  0.000  

Trial making A errors 0.000  0.000  

Trial making B time 0.084 0.112 0.000  

Trial making A errors 0.000  0.000  

Digit symbol 0.000  -0.461 0.378 

Boston Naming 0.000  0.000  

FCRST free -0.263 0.351 0.000  

FCRST total 0.000  0.000  

Verbal fluency animals 0.000  0.000  

Verbal fluency 

combined 
0.000  0.000  

D-KEFS colour naming 

time 
0.041 0.055 0.000  

D-KEFS word reading 

time 
-0.052 0.070 0.000  

D-KEFS colour ink time 0.000  0.000  

Block design 0.000  -0.026 0.022 

FCRST delayed free -0.179 0.239 0.000  

FCRST delayed total 0.000  -0.041 0.034 

Faux pas subscore -0.129 0.173 0.000  

Ekman subscore 0.000  0.000  

Table 30: LASSO result reporting coefficients and relative weighting for GENFI-Cog 1 and 
GENFI-Cog 2. 

 

Table 31 shows effect size and sample size estimates for the individual GENFI 

neuropsychology assessments and for the composite scores GENFI-Cog 1 and 

GENFI-Cog 2. The efficacy of each of the composite scores was tested in 2 groups: 

mutation carriers with an FTLD-CDR global score 0.5 and symptomatic 

mutation carriers with an FTLD-CDR global score 0.5.  

 

For mutation carriers with a FTLD-CDR global score 0.5 the estimated sample 

size to detect 50% treatment effect using GENFI-Cog 1 is 1,381 participants per 

treatment arm. Sample sizes were calculated at 80% power and significance at 
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0.05. For GENFI Cog-2 the estimated sample size to detect 50% treatment effect 

is 633 participants per treatment arm.  

 

For symptomatic mutation carriers with a FTLD-CDR 0.5 the estimated sample 

size to detect 50% treatment effect using GENFI-Cog 1 is 190 participants per 

treatment arm. For GENFI Cog-2 the estimated sample size to detect 50% 

treatment effect is 75 participants per treatment arm. From this we can deduce 

that the best composite score is GENFI-Cog 2.  
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Neuropsychology Assessment 
Effect 

Size 

Sample Size Per Arm 

(50% reduction)  

Effect 

Size 

Sample Size Per Arm 

(50% reduction)  

Effect 

Size 

Sample Size Per Arm (25% 

reduction)  

 Mutation Carriers with CDR >0.5 Symptomatic Carriers with CDR >0.5 

Benson Complex figure 

copy 
-0.17 2094 -0.31 655 -0.31 2618 

Digit span forwards score -0.28 382 -0.54 88 -0.54 351 

Digit span forwards max -0.35 316 -0.52 160 -0.52 639 

Digit span backwards 

score 
0.07 N/A -0.01 1859329 -0.01 7437317 

Digit span backwards max 0.12 N/A 0.18 N/A 0.18 N/A 

Camel and Cactus 0.01 N/A -0.03 29531 -0.03 118125 

Benson Complex figure 

recall 
-0.13 1908 -0.21 719 -0.21 2874 

Trial making A time 0 N/A 0.06 N/A 0.06 N/A 

Trial making A errors 0.23 N/A 0.25 N/A 0.25 N/A 

Trial making B time 0.1 N/A 0.14 N/A 0.14 N/A 

Trial making A errors 0.16 N/A 0.27 N/A 0.27 N/A 

Digit symbol 0.02 N/A -0.3 150 -0.3 599 

Boston Naming -0.12 3042 -0.21 1152 -0.21 4609 
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FCRST free recall -0.14 1496 -0.39 306 -0.39 1224 

FCRST total score -0.06 12185 -0.22 1101 -0.22 4406 

Verbal fluency animals 0.1 N/A -0.11 4037 -0.11 16147 

Verbal fluency combined -0.03 13478 -0.21 551 -0.21 2205 

D-KEFS colour naming 

time 
0.08 N/A 0.02 N/A 0.02 N/A 

D-KEFS word reading 

time 
0.15 N/A 0.29 N/A 0.29 N/A 

D-KEFS colour ink time -0.03 43845 -0.07 12632 -0.07 50530 

Block design -0.17 615 -0.24 152 -0.24 608 

FCRST delayed free recall -0.03 36045 -0.28 456 -0.28 1824 

FCRST delayed total score -0.15 1648 -0.3 519 -0.3 2075 

Faux pas subscore -0.15 1425 -0.27 726 -0.27 2905 

Ekman subscore -0.15 2057 -0.44 309 -0.44 1238 

GENFI-Cog 1 -0.08 1381 -0.31 190 -0.31 759 

GENFI-Cog 2 -0.18 633 -0.54 75 -0.54 300 

Table 31: Effect size and sample size calculations for a 50% and 25% reduction in treatment effect for 2 groups of interest mutation carriers with FTLD-CDR global 
score 0.5, symptomatic mutation carriers with CDR/NACC FTLD global score 0.5. Calculated at 80% power and significance at 0.05.



 

 
 

196 

4.4 Discussion 

 

Here I explored several approaches to create a cognitive composite for genetic 

FTD. I initially set out to examine which of the GENFI neuropsychology 

assessments were able to successfully distinguish presymptomatic mutation 

carriers from controls. I found that only two assessments were able to 

differentiate the groups from one another, the FCSRT (immediate and delayed 

total score) and Trail Making Test (TMT)  A errors. These findings echo previous 

studies showing presymptomatic cognitive changes in genetic FTD (Barandiaran, 

Estanga, Moreno, Indakoetxea, Alzualde, Balluerka, Martí Massó, et al., 2012; 

Jiskoot et al., 2018), and provide further support to  the suggestion that there is 

both early memory and executive impairment in the presymptomatic phase. 

These two assessments alone were, however, not sufficient to create a composite 

score. This led to me calculate sample size estimates for a hypothetical clinical 

trial in genetic FTD (examining 50% and 25% treatment effects) in the hope that 

any assessments that independently produced low sample size estimates would 

contribute to the overall composite score. In addition to the FCSRT and the TMT 

A tests, the Digit Symbol was shown to produce a low sample size estimate. A 

composite score was derived from these three assessments, but the combination 

failed to result in a lower sample size estimate than that of any of the individual 

assessments. I put forward that a reason for the failure of this composite was the 

way in which the presymptomatic phase of genetic FTD is defined in the GENFI 

study, in that participants are considered to fall within the presymptomatic 

phase irrespective of current clinical presentation, and are classified as being 

presymptomatic until the diagnostic criteria for FTD is met, failing to 

differentiate presymptomatic carriers from those who are nearing estimated 

symptom onset.  

 

I also examined the cognitive performance of those in the late presymptomatic 

phase (<10 years prior to EYO) in the hope of deriving a composite score from 

this cohort. I compared two groups of interest, early and late presymptomatic 

carriers, and late presymptomatic carriers and controls. I found that four 

assessments successfully discriminated late presymptomatic carriers from both 
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controls and early presymptomatic mutation carriers: Trail Making Test A errors, 

Boston Naming Test, Digit Symbol and the FCSRT delayed free recall. This 

combination of assessments was not optimal in producing a lower sample size 

calculation. These findings do however support previous work suggesting that in 

addition to executive dysfunction and memory impairment, there are language 

deficits in the late presymptomatic phase as measured by the BNT (Jiskoot, 

Dopper, Den Heijer, et al., 2016). In addition, I utilized logistic regression to 

create a composite score in this group, combining Trail Making Test A time, Digit 

Symbol and D-KEFS Word Reading Time to create the composite. This approach 

was potentially more beneficial as it had previously been shown to be effective 

in creating a composite score through the Track-HD study (Jones et al., 2014). 

Unfortunately, the composite created through the logistic regression model also 

failed to produce small sample size estimates. There may be several reasons for 

this. Firstly,  that the simple stepwise approach, as employed by a logistic 

regression to select the cognitive tests, may have resulted in overfitting and poor 

generalizability of the resulting composite score. Secondly, one could argue that 

there is an issue with the classification of participants as being presymptomatic; 

by grouping everyone who does not meet the diagnostic criteria of FTD into an 

all-encompassing phase, it is impossible to distinguish those with questionable 

or mild clinical changes from those with no clinical change. This therefore makes 

detecting subtle abnormalities on cognitive assessments more challenging.  

 

The final approach to creating the cognitive composite was to classify 

participants according to their FTLD-CDR global score, irrespective of clinical 

diagnosis. Any participants with a FTLD-CDR global score 0.5 were considered 

to be abnormal. Moreover, an empirical strategy for selecting the cognitive 

assessments was employed to address the issue of overfitting and poor 

generalizability in the logistic regression models, this time using LASSO to create 

the composite score. From the composites created using these methods, when 

testing the performance of the composites the best outcome, producing the 

lowest sample size, was GENFI-Cog 2 comprised of 4 assessments: Digit Span 

Forward Score, Digit Symbol, Block Design and FCSRT Delayed Recall. GENFI-Cog 

2 was sensitive at distinguishing symptomatic mutation carriers from controls. 
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The estimated sample size required to detect 50% treatment effect in 

symptomatic mutation carriers is 75 participants per treatment arm. Sample 

sizes were calculated at 80% power and at a significance of 0.05.  

 

The LASSO proved to be beneficial in correcting estimates of overfitting in a 

systematic way. With clinical trials on the horizon, composites are needed to deal 

with the multiplicity of variables generated by cognitive assessments. 

Composites are beneficial not only in that they cover a range of cognitive 

domains, as demonstrated here (executive function [digit span, digit symbol], 

visuospatial abilities [block design] and memory [FCSRT]), but they can act to 

reduce testing time, which is highly advantageous in the testing environment of 

a clinical trial.  

 

Results from the composite suggest that in a randomized control trial (RCT) for 

genetic FTD employing cognitive assessments as a primary endpoint would 

benefit from the use of the composite derived here as opposed to the use of 

individual  cognitive assessments, reducing sample size by around 50%. As such, 

the work outlined in this thesis provides proof of concept that a composite 

measure which has been created using robust statistical modelling from 

quantitative cognitive assessments, adjusting for overfitting, may have the 

potential to be employed in clinical trials as a primary outcome measure. Though, 

when examining the viability of using cognitive assessments sensitive to early 

clinical changes (defined as a FTLD-CDR 0.5), as shown in GENFI-Cog-1, it was 

found that the sample sizes produced were too large to be adopted as an outcome 

measure.  

 

This work has several limitations. Despite cross validation being performed as 

part of the LASSO, this composite was derived using participants enrolled into 

GENFI only. As such, it would be valuable to repeat the analysis in other large 

genetic FTD cohorts such as LEFFTDS to ensure generalizability of findings to the 

wider genetic FTD population.  

 



 

 199 

There may be an inherent limitation in creating a composite score which does 

not stratify participants by genetic mutations. At present, all clinical trials in 

development aim to target a specific mutation as opposed presymptomatic 

genetic FTD as a whole. Though I have shown that the composite created here is 

sensitive to detecting cognitive changes within genetic FTD, it may not be 

sensitive in detecting changes when independently examining the genetic 

groups. I initially  set out to create three unique composites for each of the three 

genes, but upon closer examination there was not enough data to be able to do 

so. Future studies should therefore aim to collect sufficient data to explore the 

possibility of creating a composite score tailored to the individual genetic 

mutations. In addition, it may also be valuable to include data points beyond the 

12-month follow-up to allow for an analysis of responsiveness to clinical change 

on cognitive assessments over time. It would be particularly interesting to test 

the composite on those who have progressed from the presymptomatic phase to 

being symptomatic. Such data was not available in GENFI data freeze 4.  

 

Although this work focused on the use of well-validated pre-existing cognitive 

assessments, there is still a need to improve the sensitivity of cognitive testing 

more generally. Only two assessments showed significant differences between 

presymptomatic mutation carriers and controls, which does not show much 

promise for the sensitivity of pen and paper tasks in the assessment of 

presymptomatic genetic FTD. In the next chapter I will discuss the development 

of a new approach to cognitive testing in genetic FTD, with the aim of improving 

the sensitivity of cognitive assessments.  
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5 Design and Development of Ignite ɀ A Novel 

Computerized Assessment of Genetic FTD 

 

5.1 Chapter Summary 

 

The previous chapter describes the use of current cognitive assessments to 

improve the sensitivity of detecting cognitive changes in genetic FTD. In section 

1.5.2, it was briefly  outlined that novel approaches to assessing cognition should 

be improved if we are to increase the sensitivity of presymptomatic cognitive 

testing. This chapter aims to go beyond standardized cognitive assessments and 

create a novel assessment tool for the early detection of presymptomatic 

cognitive changes in genetic FTD. This chapter outlines the design and 

development of Ignite, an iPad application designed as part of this thesis to assess 

cognition. Here I give an overview of the cognitive domains relevant to assessing 

FTD and discuss the rationale, design and development of each task included in 

Ignite. These will each be presented in a standardized format. Chapter 6 

describes the analysis and results of Ignite.   

 

5.2 Current Computerized Assessments for Neurodegeneration  

 

As a starting point for the development of Ignite I wanted to have an 

understanding of pre-existing computerized batteries that have been designed to 

assess cognition in neurodegeneration. I was interested in exploring the duration 

and administration  of assessments, as well as the cognitive domains 

incorporated. I achieved this by carrying out a detailed search of PubMed with 

the terms ȰÃÏÍÐÕÔÅÒÉÚÅÄ ÃÏÇÎÉÔÉÖÅ ÁÓÓÅÓÓÍÅÎÔȱȟ ȰÎÅÕÒÏÄÅÇÅÎÅÒÁÔÉÏÎȱȟ 

ȰÄÅÍÅÎÔÉÁȱȟ ȰÆÒÏÎÔÏÔÅÍÐÏÒÁÌ ÄÅÍÅÎÔÉÁȱȟ Ȱ&4$ȱȟ Ȱ!,3ȱȟ Ȱ-#)ȱȟ Ȱ-ÉÌÄ #ÏÇÎÉÔÉÖÅ 

)ÍÐÁÉÒÍÅÎÔȱȟ Ȱ!ÌÚÈÅÉÍÅÒȭÓ ÄÉÓÅÁÓÅȱȟ ȰÔÅÃÈÎÏÌÏÇÙȱȟ ȰÔÅÃÈÎÏÌÏÇÙ ÁÓÓÅÓÓÍÅÎÔȱȟ 

ȰÃÏÍÐÕÔÅÒÉÚÅÄ ÂÁÔÔÅÒÙȱȟ ȰÃÏÍÐÕÔÅÒȱ and ȰÄÅÖÉÃÅȱȢ At the time this was conducted, 

the search yielded 15 novel computerized batteries of cognitive assessments for 

neurodegeneration. These are summarized in Table 32 below.  
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Assessment Name Reference 
Mode of 

Administration  

Total Assessment Duration 

(minutes)  
Domains/Functions Assessed 

CANTAB: Cambridge 

Neuropsychological Test 

Automated Battery 

(Sahakian & Owen, 

1992) 

Touch 

Screen/Tablet 

Duration determined by 

administrator   

Memory, attention, decision making, 

executive function, social cognition 

CALLS: Cognitive Assessment of 

Later Life Status 

(Crooks, Parsons, & 

Buckwalter, 2007) 
Telephone 30 

Memory, attention, working memory, 

language, processing speed 

COGDRAS-D: Cognitive Drug 

Research Assessment System 

(Nicholl, Lynch, 

Kelly, & Pitt, 1995) 
PC/Laptop 20-25 Memory, attention, reaction time 

CNTB: Computerized 

Neuropsychology Test Battery 
(Veroff et al., 1991) PC/Laptop 50 

Memory, attention, visuospatial abilities, 

language, processing speed 

Mindstreams 
(Dwolatzky et al., 

2003) 
PC/Laptop 45-60 

Memory, attention, executive function, 

motor speed, visuospatial abilities, 

language 

TDAS: Touch Panel-type Dementia 

Assessment Scale 

(Inoue, Jimbo, 

Taniguchi, & 

Urakami, 2011) 

PC/Web-based 30 
Memory, attention, reaction time, 

processing speed 

CNSVS: CNS Vital Signs 
(Gualtieri & Johnson, 

2006) 
PC/Web-based 30 

Memory, executive function, processing 

speed 

CSI: Cognitive Stability Index 
(Erlanger et al., 

2002) 
Web-based 25-35 

Memory, attention, reaction time, 

processing speed 
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Table 32: Summary of novel computerized cognitive assessment for neurodegeneration. 

CogState 
(Hammers et al., 

2012) 
PC/Laptop 15-25 

Memory, attention, visuospatial abilities, 

processing speed 

CANS-MCI: Computer Administered 

Neuropsychological Screen for MCI 

(Zorluoglu, Kamasak, 

Tavacioglu, & Ozanar, 

2015) 

Touch Screen 30 Memory, executive function, language 

CAMCI: Computer Assessment of 

MCI 
(Saxton et al., 2009) Touch Screen 25 Memory, attention, processing speed 

MicroCog (Elwood, 2001) PC/Laptop 60-90 
Memory, attention, reaction time, 

visuospatial abilities 

CFT: Cognitive Function Test 

(Hansen, Haferstrom, 

Brunner, Lehn, & 

Håberg, 2015) 

Web-based 15 
Memory, executive function, processing 

speed 

COGselftest 
(Dougherty et al., 

2010) 
Web-based 15 

Executive function, working memory, 

visuospatial abilities, language 

ANAM: Automated 

Neuropsychological Assessment 

Matrix  

(Kabat, Kane, 

Jefferson, & DiPino, 

2001) 

PC/Laptop 20 

Memory, attention, reaction time, 

decision making, executive function, 

processing speed 
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Through reviewing the literature, it was evident that most computerized 

cognitive assessments were able to assess a number of cognitive 

functions/domains over a relatively short duration, averaging 30 minutes total 

completion time. The mode of administration also varied, with most cognitive 

batteries being designed for a PC or laptop. I was encouraged to see that several 

assessments had been designed for touch screen devices and that several 

batteries included reaction times as primary outcome measures.  

 

Ignite was designed for use on a touch screen device, and the iPad mini 4 was 

selected for use in its initial first iteration . There are several benefits to designing 

assessments for use on a single model of touch screen device. Firstly, they are 

readily portable and feature touchscreens, allowing participants to perform the 

assessments in any location, without the need for additional equipment. Using a 

single model ensures screen dimensions are identical, this is important as it 

ensures that all stimuli are presented in the same location across devices, at the 

same resolution. The iPad mini 4 is 7.9inches (200mm), 2048 x 1536 px 

(326ppi), and has an IPS LCD screen with a 4:3 aspect ratio. A key feature of 

Ignite is its detailed and accurate recordings of reaction times. If there were 

discrepancies in the operating systems used across the multiple devices 

deployed in the study, outcome measures may have become less reliable. As such, 

all iPad devices were preloaded with the same operating system, iOS 12.3.1.  

 

5.3 Rationale for Development  

 

The different stages of development included the initial test designs, pilot testing 

of new assessments in normally functioning participants, revisions of the test 

designs, the launch of Ignite on the Apple App Store and finally the analysis of the 

data collected through the app.  

 

I embarked on this project with several objectives in mind these are detailed in 

the subsequent sections (5.3.1 - 5.3.5).  
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5.3.1 Challenges with Existing Presymptomatic Cognitive Assessments 

 

As examined in section 1.4, the earliest neuropsychological changes in 

symptomatic FTD are commonly in the domains of executive function and social 

cognition (Harciarek & Cosentino, 2013). These are areas of cognition that are 

often poorly or incompletely assessed by traditional cognitive batteries. 

Interestingly, it is reported in a number of previous case series that significant 

differences on standard pen and paper cognitive assessments are only 

observable between 5-8 years before expected symptom onset in at-risk 

individuals (Hallam et al., 2014; Rohrer et al., 2015; Jiskoot, Dopper, Heijer, et al., 

2016). In addition, many of the current pre-existing assessments of cognitive 

function are limited in their ability to detect subtle changes, and current cognitive 

assessments may fail to distinguish between the genetic groups successfully. This 

will be problematic when selecting candidate tests for clinical trials targeting 

specific genetic mutations.  

 

A further drawback to traditional cognitive assessments, is that they are almost 

always performed by trained psychologists in hospital or research settings. This 

is both time consuming and costly. Equally, at-risk participants report high levels 

of anxiety relating to their  cognitive assessment in GENFI, particularly in those 

who have yet to find out their carrier status. This is often due to participating in 

a genetic research study and having the sense that someone is judging their 

performance. Furthermore, at-risk participants are concerned about the 

prospects of being enrolled in a clinical trial, it is clear that a large burden is the 

number of contact days involved in their enrolment. This can be a difficult  

undertaking for participants without an understanding employer, or in 

possession of limited annual leave, and can prevent their participation  in the 

study. Despite there being clinical trials on the horizon, the number of those in 

the field of FTD remains limited , and as such, pharmaceutical companies need to 

ensure that participant  enrolment is optimal. With these considerations in mind, 

I wanted to design a battery that could be performed by individuals themselves, 

with the aim of reducing participant anxiety, ensuring that their best 
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performance is captured. This method of assessment may also reduce the 

number of participant contact days required during future trials.  

 

5.3.2 Neuroanatomy of Genetic FTD 

In genetic FTD there is evidence of distinct patterns of atrophy across the three 

FTD genes: C9orf72, GRN and MAPT, as discussed in sections 1.3 and 1.4. Areas 

of regional vulnerability across cortical and subcortical areas can be seen 

presymptomatically as early as 25 years before expected symptom onset (Rohrer 

et al., 2015).  

 

Across the three mutations there are different cortical and subcortical structures 

affected early in the disease course. The earliest neuroanatomical changes can be 

seen in C9orf72 with posterior cortical involvement as well as regions such as 

the thalamus and insula manifesting 25 years before estimated symptom onset, 

illustrated in  Figure 19.  
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p<0.05 p<0.01 p<0.001 p<0.0001 

Figure 19: Neuroanatomical regions of vulnerability  in C9orf72 mutation carriers. Highlighted 
fields represent significant differences between mutation carriers and controls. Figure is 

created using data from GENFI in Rohrer et al. 2015. 
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In GRN, the neuroanatomical profile is somewhat different, with evidence of 

atrophy being seen 10-15 years before symptom onset (Rohrer et al., 2015). As 

shown in Figure 20 below, there is significant temporal and parietal lobe 

involvement 10 years prior to estimated onset.  
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p<0.05 p<0.01 p<0.001 p<0.0001 

Figure 20: Neuroanatomical regions of vulnerability in GRN mutation carriers. Highlighted 
fields represent significant differences between mutation carriers and controls. 

 

Finally, in MAPT mutations, there tends to be focal anterior temporal lobe 

involvement evident 10-15 years before expected symptom onset (Rohrer et al., 

2015), affecting both the hippocampus and amygdala early in the disease course 

(shown in Figure 21 below).  
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p<0.05 p<0.01 p<0.001 p<0.0001 

Figure 21: Neuroanatomical regions of vulnerability in MAPT mutation carriers. Highlighted 
fields represent significant differences between mutation carriers and controls. 

 

In order to capture subtle presymptomatic cognitive changes in genetic FTD it is 

important to consider the distinct neuroanatomical profiles across the three 

mutations. I wanted to ensure that in developing Ignite, tests were selected and 

designed to be sensitive to the regions of atrophy summarized above. As 

evidenced in this section, changes in the brain occur as early as 25 years prior to 

estimated symptom onset, and as such, a cognitive task designed to tap into the 

function of that brain area may also reveal significant differences in 

presymptomatic cognitive performance. Moreover, it could be hypothesized that 

a distinct cognitive profile may emerge as a result of different neuroanatomical 

changes in C9orf72, GRN, and MAPT.  
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5.3.3 Comprehensiveness 

 

In addition to considering neuroanatomical changes, a further key objective in 

creating Ignite was to provide a set of assessments that could capture an 

ÉÎÄÉÖÉÄÕÁÌȭÓ performance across a number of cognitive domains in a 

comprehensive manner. Ignite consists of three general types of tests: a) 

modifications of existing clinical tasks; b) modifications of tasks that have been 

used in experimental studies but have not been developed for clinical 

populations; c) novel tests developed specifically for the battery. A description of 

each test and a brief overview of its background and clinical implications are 

provided in section 5.5. One of the major drawbacks of current cognitive 

assessments is the duration of testing required to get an accurate picture of 

individual performance. In GENFI, the neuropsychology assessments take over 

an hour to perform in at-risk individuals, and for those who are symptomatic it 

often takes several hours. As outlined in section 5.2, the majority of computerized 

cognitive assessments are around 30 minutes in length, therefore Ignite has been 

designed to be completed in no more than 30 minutes. In addition, from my 

experience testing a variety of research participants through neuropsychology 

assessments, I also perceived 30 minutes to be a reasonable time to keep 

participants engaged and attentive, therefore achieving optimal performance.  

 

5.3.4 Modifications of Existing Clinical Tasks ɀ Increasing Sensitivity  

 

The tests included in Ignite are modifications of existing assessments, and in 

order to maximize the detection of subtle cognitive changes, I aimed to ensure 

that the processing demands were increased across each task. For example, a 

standard task of assessing emotion processing is the Ekman faces (see section 

5.5.7.2). Traditionally , these faces consist of black and white images presented 

one at a time, with the participant required to state which emotion is being 

shown, whereas the Ignite task assessing emotion processing displays a target 

emotion, e.g. Ȭhappyȭ, and the participant must select from multiple faces 

(inclusive of different genders, ethnicity and ages) all those displaying the target 
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emotion. The greater mental effort required of the participant in reading the 

faces presented and selecting the correct answers enhances the opportunity for 

subtle deficits in emotion processing to emerge. In addition to these 

modifications, presented on screen wit h each task is a countdown timer, alerting 

participants to the time they have been allocated in which to complete each task. 

The inclusion of the countdown timer was intended to raise the threshold of 

processing demands.   

 

Furthermore, a common criticism of standard cognitive assessments is that they 

can be insensitive in identifying  deficits in those with high cognitive abilities. This 

is particularly problematic when assessing subtle abnormalities in those who do 

not yet have any clinical symptoms. Conversely, tasks which are designed to 

demand more of those with high cognitive abilities are often too challenging for 

those displaying symptoms. Although Ignite was designed with the 

presymptomatic population in mind, it was important that any new cognitive 

assessments be designed to yield useful data at both ends of the spectrum if it 

were to be employed in clinical trials.  

 

5.3.5 Self-Assessment 

 

As mentioned above, a key aim in the development of Ignite has been its ability 

to be performed by individuals on their own, ideally while at home. This 

approach has been at the forefront of Ignite. Firstly, all of the assessments have 

been designed to appear like games that are fun to play. Brain training 

applications such as Peak (https://www.peak.net/ ) and Luminosity 

(https://www.lumosity.com/en/ ) are frequently downloaded and played by 

individuals. The assessments incorporated in brain training games are in essence 

adaptions of traditional cognitive assessments, and, as such, this appeared to be 

a useful approach in designing and modifying the tasks for Ignite, as this is a 

paradigm familiar to most. With this in mind I wanted to ensure that the app was 

as intuitive as possible, including simple buttons or screen swipes to indicate 

answers. With the development of each task, participants in GENFI were asked 

https://www.peak.net/
https://www.lumosity.com/en/
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to provide verbal feedback on the aesthetic and their experience of interacting 

with  each assessment to ensure their  design was appropriate.  

 

A challenge in designing tasks with self-assessment in mind is ensuring that 

participants are motivated to complete the tasks on their own and that they 

understand what is being asked of them. By necessity, the instructions 

accompanying traditional cognitive assessments are somewhat complex, 

primarily because they are intended to evaluate demanding cognitive abilities. A 

chief example of this is a verbal fluency task whereby participants are instructed 

to name as many words as possible in a finite amount of time, beginning with a 

specified letter. They are not allowed to include names of people or places. To 

assist participants in understanding and remembering task instructions in Ignite, 

participants are provided with brief written instructions  pri or to beginning each 

individual assessment task, which may, for example, simply read ȬÐÒÅÓÓ ÔÈÅ 

ÃÏÒÒÅÃÔ ÁÎÓ×ÅÒȭ. Accompanying the written instructions are short videos which 

play automatically when a task is selected. Videos are incorporated to ensure 

participants can clearly visualise what is required of them (videos can be viewed 

repeatedly by participants until they begin the task). In addition, once a task has 

begun, a prompt is displayed at the top of the screen for the duration of the task. 

In this way, participants can refresh their memories of the task instructions at 

any time without having to exit the task.  

 

As mentioned in the sections above, the total time to complete Ignite is no more 

than 30 minutes, a duration chosen in order to ensure participants remained 

motivated and engaged, particularly when performing the tasks on their own. 

Each task has been designed to range from 30-180 seconds in duration, with most 

tasks programmed to time out after 60 seconds. In addition to the reasoning 

outlined above, I wanted to assess whether subtle changes in cognitive 

performance could be observed over a brief interval . A further consideration of 

self-assessment is that participants are able to track their progression through 

Ignite. After each assessment participants are taken back to the Ignite task list 

and are able to view their assessment progression, as shown in Figure 22. Once 
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a task is completed it is then locked, preventing participants from returning to 

tasks to attempt to improve their performance.  

 

 

Figure 22: Ignite homepage showing task list. Task highlighted in black text shows current 
active task. 

 

The final challenge of self-assessment is ensuring that participants are 

completing the tasks themselves. Upon receiving an iPad, participants are 

provided with an instruction leaflet (Figure 23) and a passcode to unlock the 

iPad. They are also provided with a unique login to the Ignite application, 

consisting of a 6-digit  anonymized code. If the iPad were to be misplaced or lost 

this code protects against data being identified. In order to use the Ignite app 

participants require the device as well its passcode and app login to perform the 

tasks. Though this method is not optimal, I hoped it would prevent other users 

from completing the assessments. I also wanted to ensure that all participants 

were performing the assessments in a similar setting, so to reduce the number of 

confounding variables in the data. Built into Ignite is a request for participants to 

take a photograph of their surroundings. They are advised in the instruction 

leaflet to perform the tasks in a quiet, uncrowded environment to ensure the app 
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captures their best performance. Figure 24 shows an example of a surroundings 

photo taken by a participant (consent was obtained for inclusion in this thesis).  
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Figure 23: Instruction leaflet provided to participants when receiving a device, in addition to general instructions of using an iPad and the Ignite app, are the 
unique passcode and login for the device. 
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Figure 24: Example surroundings photo taken by a participant using the Ignite app. 
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5.4 Introduction to Ignite  

 

Ignite consists of nineteen separate tests that measure a wide spectrum of verbal 

and non-verbal cognitive functions. Each test included has been carefully 

selected or designed to be sensitive to presymptomatic cognitive changes in FTD. 

The tests are self-administered in a predetermined order, in an environment 

familiar to the participant, such as their home. Ignite is composed of the following 

assessments: 

 

¶ Think Back ɀ Level 1 & 2 

¶ Name Game  

¶ Sum Up  

¶ Word Match 

¶ Colour Mix ɀ Level 1, 2, 3 & 4 

¶ Face Match 

¶ Mind Reading 

¶ Swipe Out 

¶ Card Sort 

¶ Moral Dilemma 

¶ Line Judge 

¶ Balloon Fair 

¶ Time Tap 

¶ Path Finder ɀ Level 1 & 2 

 

The Ignite tests all possess standard assessment names, however, I took the 

ÄÅÃÉÓÉÏÎ ÔÏ ȬÇÁÍÉÆÙȭ ÔÈÅ ÎÁÍÅÓ ÔÏ ÈÅÌÐ ÍÏÔÉÖÁÔÅ ÐÁÒÔÉÃÉÐÁÎÔÓ ÔÏ ÐÅÒÆÏÒÍ ÔÈÅ 

assessments on their own.  
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5.5 Domains and Descriptions of the Ignite tests 

 

This section provides an overview of each Ignite task, along with a brief 

ÄÉÓÃÕÓÓÉÏÎ ÏÆ ÉÔÓ ÏÒÉÇÉÎÓȢ (ÅÒÅ ÔÈÅ ÔÅÒÍ ȬÎÏÖÅÌȭ will be used to describe any new 

task that I have developed.  

 

5.5.1 Executive Function  

 

It is outlined in the diagnostic criteria for bvFTD (section 2.3.1.3) that a distinct 

feature for this group is a neuropsychological profile of executive function 

deficits. The term executive function describes a collection of processes required 

for goal directed behaviours (Snyder, Miyake, & Hankin, 2015) such as reasoning, 

problem solving and planning (Collins & Koechlin, 2012). There is a theory to 

suggest that executive function cannot be considered as one entity, and may be 

subdivided into three core executive functions (Diamond, 2013). These are: 

inhibitory control  (section 5.5.2), working memory (section 5.5.4) and cognitive 

flexibility  (section 5.5.3). Impairment in executive function can manifest with 

poor attention and planning, alongside inflexibility of thinking (Snyder et al., 

2015). Poor executive function has been linked to abnormalities in the prefrontal 

cortex and its associated structures (Wong et al., 2016). Assessment batteries 

such as the D-KEFS (Delis, Kaplan, 2001) and the NIH-examiner (Kramer et al., 

2014) were designed to best assess the multifaceted nature of executive function.  

 

In presymptomatic genetic FTD there is evidence of executive dysfunction across 

the three main mutations (Rohrer et al., 2015; Staffaroni et al., 2019). Changes 

across this cognitive domain can be detected before expected symptom onset 

(Geschwind et al., 2001; Hallam et al., 2014; Rohrer et al., 2015), and represent a 

promising avenue of study in devising cognitive assessments for presymptomatic 

FTD. The core executive functions, assessments, and their implications in genetic 

FTD research are presented below.  
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5.5.2 Inhibitory Control  

 

Inhibitory control primarily determines our ability  to control our attention. It 

enables us to choose what we want to focus our attention towards while filtering 

out all other stimuli. Inhibitory control makes it possible for us to choose how we 

react to certain scenarios and not to act on impulse. Examples of cognitive 

measures that tap into inhibitory control include the Stroop Task (Stroop, 1935) 

and the Flanker Task (Eriksen, 1995). These kinds of tasks are challenging for 

FTD patients who display early behavioural disinhibition (section 2.3.1.3).  

 

5.5.2.1 Colour Mix ɀ Stroop Tasks 

 

The Stroop task was first  developed to study verbal interference effects (Stroop, 

1935). It aims to assess the inhibition of  the automatic verbal response (reading), 

by asking participants to name incongruent ink colours of target stimuli  such as 

ÔÈÅ ×ÏÒÄ ȬÇÒÅÅÎȭ ÐÒÉÎÔÅÄ ÉÎ ÒÅÄ ÉÎË green  ×ÈÅÒÅ ȬÒÅÄȭ ÉÓ ÔÈÅ ÔÁÒÇÅÔ ÁÎÓ×ÅÒȢ 4Èe 

discordant nature of the stimuli employed often results in a conflicting response, 

with participants  responding with the word being read, here [green], rather than 

with  the ink colour in which the word is printed ȬÒÅÄȭ.   

 

It is well established that inhibitory control is impaired in FTD (Johns et al., 

2009). Generally, FTD patients show significant deficits on the Stroop task when 

compared to other neurodegenerative diseases (Braaten, Parsons, Mccue, 

Sellers, & Burns, 2006), for example, the Stroop task has been found to 

differentiate patients with FTD and Lewy Body Dementia (Johns et al., 2009). In 

addition, symptomatic C9orf72 mutation carriers have been found to commit 

more errors during the Stroop task, which is indicative of inhibitory control 

deficits (Snowden et al., 2012). Interestingly, impaired performance on several 

aspects of the Stroop task has also been found in presymptomatic C9orf72 

mutation carriers >40 years old (Papma et al., 2017), with mutation carriers 

having worse performance on Stroop 1 and 3 when compared to healthy controls. 

Moreover, reduced performance on Stroop 3 has been linked to altered structural 

and functional brain connectivity in GRN and MAPT mutation carriers, suggesting 
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that impairment may be associated with disease activity prior to onset (Dopper 

et al., 2013). Given the early signal of reduced Stroop performance in genetic FTD, 

this was a promising task to include in Ignite.  

 

Over the years there have been several iterations of the Stroop task (such as 

Golden, 1978; Trenerry et al; 1989;), with variations from 2-6 colours. The D-

KEFS Colour-Word Interference Test (Delis, Kaplan, & Kramer, 2001) has up to 

four levels of difficulty. Included are the standard baseline conditions: colour 

naming (condition 1) and word reading (condition 2). In addition, there is also 

the traditional interference task (condition 3) which requires participants to 

name the incongruent ink colour of printed colour names as fast as possible, for 

example, the word Ȭgreenȭ printed in red ink [green] where Ȭredȭ is the target 

answer. This requires participants to inhibit the more automatic verbal response 

(reading) in order to generate the conflicting response of naming the dissonant 

ink colours. The fourth condition measures both inhibitory control and cognitive 

flexibility , as participants are asked to switch back and forth between naming 

incongruent ink colours (condition 3) and word reading (condition 2).  

 

I have adapted the standard four level D-KEFS task, retaining the same format of 

two baseline conditions (naming and reading) followed by two separate 

measures of inhibition (level 3) and inhibition and cognitive flexibility (level 4). 

Here I have included five different colour names, rather than three, to add to the 

complexity of the task.  

 

The format of each task is outlined below:  
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Level 1 ɀ Colour Naming:  

  

Figure: 25 Level 1 Colour Naming ɀ Instruction Screen and Task Screen. 

 

Instructions: Ȱ4ÁÐ ÔÈÅ 3ÑÕÁÒÅ ÔÈÁÔ ÍÁÔÃÈÅÓ ÔÈÅ ÃÏÌÏÕÒ ÏÆ ÔÈÅ ÃÉÒÃÌÅȱ 

Stimuli: 5 differently coloured target circles (red, blue, green, purple, yellow). 

Five corresponding textual buttons.  

Total Number of Stimuli: 50 

Time required to complete the task: 30 seconds 

Stimulus Interval:  The first target is shown until the participant submits a 

response, followed immediately by the next target. 

Output Measures: Reaction time to press an answer. Accuracy ɀ number of 

errors and correct responses made in the 30 seconds.  
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Level 2 Word Reading:  
 

  
Figure 26: Level 2 Word Reading ɀ Instruction Screen and Task Screen. 

 

Instructions: Ȱ4ÁÐ ÔÈÅ ÓÑÕÁÒÅ ÔÈÁÔ ÍÁÔÃÈÅÓ ÔÈÅ ×ÏÒÄȱ 

Stimuli: Colour names: RED, BLUE, GREEN, PURPLE, YELLOW. Five 

corresponding buttons.   

Total Number of Task Stimuli: 50 

Total Time to Complete the Task: 30 seconds 

Stimulus Interval:  The first target is shown until the participant submits a 

response, this immediately then proceeds to the next target. 

Output Measures: Reaction time to press an answer. Accuracy ɀ number of errors 

and correct responses made in the 30 seconds. 
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Level 3 Inhibition :  
 

  
Figure 27: Level 3 Inhibition ɀ Instruction Screen and Task Screen. 

 

Instructions: Ȱ4ÁÐ ÔÈÅ ÓÑÕÁÒÅ ÔÈÁÔ ÍÁÔÃÈÅs ÔÈÅ ÃÏÌÏÕÒ ÔÈÅ ×ÏÒÄ ÉÓ ×ÒÉÔÔÅÎ ÉÎȱ 

Stimuli: Colour names printed  in the following ink colours: Red, Blue, Green, 

Purple, Yellow. Five corresponding buttons.  

Total Number of Task Stimuli: 50 

Total Time to Complete the Task: 60 seconds  

Stimulus Interval:  The first target is shown until the participant submits a 

response, this then immediately proceeds to the next target. 

Output Measures: Reaction time to press an answer. Accuracy ɀ number of 

errors and correct responses made in the 60 seconds. 
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Level 4 ɀ Inhibition  and Switching:  

    

Figure 28: Level 4 Inhibition and Switchingɀ Instruction Screens and Task Screens for both 
conditions. 

 

Instructions: Ȱ4ÁÐ ÔÈÅ ÓÑÕÁÒÅ ÔÈÁÔ ÍÁÔÃÈÅÓ ÔÈÅ #/,/52 ÔÈÅ ×ÏÒÄ ÉÓ ÐÒÉÎÔÅÄ ÉÎȢ 

)Æ ÔÈÅ ÂÏØ ÈÁÓ Á ÂÌÁÃË ÂÏÒÄÅÒ ÔÁÐ ÔÈÅ ÓÑÕÁÒÅ ÔÈÁÔ ÍÁÔÃÈÅÓ ÔÈÅ 7/2$ȱ  

Stimuli: Colour names printed in the following ink colours: Red, Blue, Green, 

Purple, Yellow. A Black boarder. Five corresponding buttons.  

Total Number of Task Stimuli: 50 

Total Time to Complete the Task: 60 seconds 

Stimulus Interval: The first target is shown until the participant submits a 

response, this then immediately proceeds to the next target. 

Output Measures: Reaction time to press an answer. Accuracy ɀ number of 

errors and correct responses made in the 60 seconds. 
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5.5.2.2 The Flanker Task 

 

The Flanker task is a widely used test requiring attentional control during which 

participants indicate the direction of a central arrow flanked by arrows pointing 

in the same (congruent) or opposite (incongruent) direction (Eriksen, 1995). 

Attentional control is apparent when attending to a task stimulus, such as the 

central arrow, ÁÎÄ ×Å ÅØÐÅÒÉÅÎÃÅ ȬÃÏÎÆÌÉÃÔȭ between the task at hand and items 

which distract our attention, such as arrows pointing in the opposite direction.  

 

Neuroimaging studies have revealed that attentional control is linked to activity 

in the frontal and parietal systems such as the dorsal lateral prefrontal cortex 

(DLPFC) and the anterior cingulate cortex (ACC) (Luks et al., 2009). Of note, the 

ACC includes structures such as the amygdala, hippocampus and insula. fMRI 

studies employing the Flanker task have indicated that the ACC is more active 

when conflict stimuli (incongruent trials) are present during the task (Luks et al., 

2009). It is purported that the ACC is responsible for monitoring performance 

when conflicting stimuli are present, and the DLPFC is responsible for 

maintaining task demands and preparing attention (Luks et al., 2009). Greater 

atrophy in areas such as the DLPFC and the AAC result in a greater number of 

errors in the Flanker task. This is understandable as the accuracy on incongruent 

trials requires greater attention to be able to inhibit the response associated with 

the distracting flanker.   

 

Patients with bvFTD have been shown to have select impairment on tasks 

requiring cognitive control (Krueger et al., 2009), such as the Flanker task, 

displaying significantly reduced speed and accuracy on incongruent trials 

relative to congruent trials (Krueger et al., 2009). Intriguingly, this deficit is 

apparent even when patients perform within the normal limits of other executive 

function tasks.   

 

As highlighted in section 5.3.2, areas such as the amygdala, hippocampus and 

insula are all affected early in the disease course. As atrophy in these regions is 

linked to poor performance on the Flanker task, I have included a paradigm 
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similar to this in Ignite. I have created a relatively new task by modifying the 

traditional Flanker task in order to increase the task demands. I did this by 

expanding the number of flanking arrows from 2 on either side of the target 

arrow, to 4. The colour and the position of the arrows across the screen also 

changes between individual tasks. The format of the task is outlined below:  

 

 

 

   

Figure 29: Flanker Task ɀ Instruction Screen and Task Screens for a congruent and incongruent 
target stimuli . 

 

Instructions: Ȱ9ÏÕ ÁÒÅ ÇÏÉÎÇ ÔÏ ÂÅ ÐÒÅÓÅÎÔÅÄ ×ÉÔÈ Á ÓÅÔ ÏÆ ÁÒÒÏ×ÓȢ 4ÈÅÓÅ ×ÉÌÌ 

either be facing up or down, left or right. Swipe in the direction of the CENTRAL 

ÁÒÒÏ×ȱȢ   

Stimuli and Task Development: Stimuli are 5 chevrons, there are 3 different 

colour options, the positioning of the arrows changes with each item, they can 

either be presented in the top left/right, bottom left/right,  or centre of the screen. 

App developers were provided with the following information to code the task: 

 

Position of Central 

Arrow  

Position of Flanking 

Arrows 

Position on 

Screen 

Colour of 

Arrows 

Left 

Right 

Down 

Left 

Right 

Down 

Centre 

TL 

TL 

Light Blue 

Purple 

Mid Blue 
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Left 

Up 

Left 

Down 

Up 

Up 

Down 

Down 

Down 

Left 

Up 

Right 

Down 

Right 

Down 

Up 

Up 

Up 

Up 

Up 

Down 

Left 

Left 

Right 

Right 

Right 

Left 

Left 

Up 

Right 

Left 

Right 

Down 

Left 

Down 

Right 

Down 

Up 

Up 

Up 

Down 

Up 

Right 

Up 

Right 

Up 

Right 

Down 

Down 

Down 

Down 

Up 

Up 

Up 

Right 

Right 

Right 

Right 

Left 

Left 

Left 

Down 

Left 

Left 

Left 

Up 

TR 

Centre 

Centre 

BR 

BL 

TR 

BL 

BL 

TR 

BR 

Centre 

Centre 

Centre 

BR 

Centre 

BL 

TL 

TR 

BR 

TL 

BR 

BL 

TR 

TR 

BL 

TR 

BL 

TL 

BR 

TL 

BR 

Centre 

TL 

Purple 

Purple 

Purple 

Light Blue 

Purple 

Light Blue 

Purple 

Light Blue 

Light Blue 

Light Blue 

Purple 

Mid Blue 

Mid Blue 

Light Blue 

Mid Blue 

Mid Blue 

Mid Blue 

Purple 

Light Blue 

Purple 

Purple 

Purple 

Light Blue 

Mid Blue 

Mid Blue 

Purple 

Light Blue 

Light Blue 

Light Blue 

Mid Blue 

Purple 

Mid Blue 

Light Blue 



 

 227 

Left 

Right 

Right 

Down 
 

Right 

Left 

Left 

Down 
 

TL 

BR 

BL 

TR 
 

Mid Blue 

Mid Blue 

Light Blue 

Mid Blue 
 

Table 33: Flanker Task Developer Guide. NB: TL = top left; TR = top right; BL = bottom left; BR 
= bottom right.  

Task: The target stimulus is a centrally presented arrow facing either up or 

down, left or right. Participants are to swipe in the direction of the central 

arrow. The target is flanked by arrows that are either facing the same direction 

(congruent) or opposite direction (incongruent) .  

Total Number of Task Stimuli: 40 

Total Time to Complete the Task: 60 seconds  

Stimuli Interval:  The stimuli changes upon a participant  swipe, regardless of 

speed or swipe direction.  

Output Measures: Reaction time of first swipe. Accuracy - number errors and 

correct swipes made in 60 seconds.  

 

5.5.3 Cognitive Flexibility 

 

Cognitive flexibility describes the ability to change perspectives of an established 

pattern, ÁÎÄ ÍÅÎÔÁÌÌÙ ÁÄÊÕÓÔ ÏÒ ȬÓÅÔ ÓÈÉÆÔȭ ÏÕÒ ÐÅÒÓÐÅÃÔÉÖÅ ÔÏ ÎÅ× ÔÁÓË ÄÅÍÁÎÄÓ 

such as identifying a new pattern. Impaired cognitive flexibility has been linked 

to atrophy in the orbitofrontal and superior temporal regions of the cortex 

(Eslinger et al., 2007). A selection of tasks that tap into cognitive flexibility 

include the Wisconsin Card Sorting Task (WCST) (Stuss et al., 2000) and the Trail 

Making Test (TMT) (Delis et al., 2001).  

 

5.5.3.1 Adaption of the Wisconsin Card Sorting Task  

 

Traditionally , in the WCST, participants are required to sort cards by a rule: 

either shape, number or colour. The primary aim of the task is for the participant 

to understand the correct sorting criteria on the basis of feedback, either correct 

or incorrect, and to switch flexibly between sorting rules whenever feedback 
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indicates that the rule has changed. After a set number of correct card sorts the 

rule changes, and negative feedback is given if participants continue to sort by 

the previous rule. The successful performance of the task is measured in 

participantsȭ ability to flexibly respond to feedback given in shifting to the new 

rule (Stuss et al., 2000). The number of perseverative errors, identified by 

participants failing to adapt to a new rule, is thought to be indicative of poor 

cognitive flexibility  (Lange, Brückner, Knebel, Seer, & Kopp, 2018).  

 

Studies have found that patients with damage to the prefrontal cortex have poor 

performance on the WCST (Nyhus & Barceló, 2009). These findings are 

promising in supporting the use of the WCST in genetic FTD where similar 

neuroanatomical changes occur. Moreover, it is recognized that patients with 

frontal lobe lesions show impairment in tasks that place high demands on 

switching or shifting responses to new task conditions (Nyhus & Barceló, 2009). 

Consequently, I decided to include a modified version of the WCST in Ignite.  

 

I have designed a shortened task in which participants must sort cards by 

dragging them into card deposits located in four corners of the iPad screen. The 

stimuli used are inspired by a modified WCST employed in clinical assessment at 

the National Hospital for Neurology and Neurosurgery, Queen Square. Colours 

and the number of shapes were matched accordingly, shapes were revised but 

contained similar properties to the original. The format of the task is outlined 

below:  

  



 

 229 

     

Figure 30: Card Sorting Task - from left to right ɀ 1) Instruction screen 2) Task screen showing card being placed in deposit 3) Correct match screen 4) Incorrect 
match screen 5) Screen showing the rule has changed. 
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)ÎÓÔÒÕÃÔÉÏÎÓȡ ȰYou are going to be presented with a deck of cards in the centre of 

the screen, surrounded by 4 card deposits in the corners. There is a rule for 

matching the cards, you need to guess what it is. Your task is to drag the central 

card from the top of the deck into the card deposit that you think matches it, 

ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÓÅÃÒÅÔ ÒÕÌÅȢ 9ÏÕ ×ÉÌÌ ÂÅ ÔÏÌÄ ȬÃÏÒÒÅÃÔȭ ÏÒ Ȭ×ÒÏÎÇȭ ÄÅÐÅÎÄÉÎÇ ÏÎ 

your choice. From time to time the rule will change and you will then need to 

dÉÓÃÏÖÅÒ ÔÈÅ ÎÅ× ÒÕÌÅȢ 7ÏÒË ÁÓ ÑÕÉÃËÌÙ ÁÓ ÙÏÕ ÃÁÎȱ  

Stimuli and Task Development: There are four different stimuli cards with 

varying number and colour of shapes on each card, overall there are 48 

variations. Each stimuli card has a unique code for example one blue diamond is 

ÃÏÄÅÄ Ȭρ"$ȭȟ ÔÈÒÅÅ ÇÒÅÅÎ ÓÔÁÒÓ is ÃÏÄÅÄ Ȭσ'3ȭȢ Developers were provided with  
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Table 34 below to create the task. Each of the four card deposits were assigned a 

name (e.g. deposit A) and a fixed card type (e.g. 1 blue diamond) which is shown 

as an exemplar at all times. For each deposit, depending on the rule, all possible 

correct card answers were provided to allow for easy coding. Stimuli codes are 

made up with the following: 

 

¶ Stimuli code shapes: C=Cross, D=Diamond, S=Star, T=Triangle; 

¶ Stimuli code colours: B=Blue, G=Green, P=Pink, Y=Yellow; 

¶ Stimuli code numbers: 1 = 1 shape, 2 = 2 shapes, 3 = 3 shapes, 4 = 4 

shapes; and 

¶ Example stimuli code: BC3 = Blue Cross 3. 

 

In the task the sorting rules are set on repeat in a fixed order of colour, shape and 

number, after 6 correct card sorts the rule is coded to change and a notification 

appears on the screen. The card deck which is manipulated by the participants is 

randomized. 
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Deposit A: 

1 Blue 

Diamond 

Deposit B: 

2 Green Triangles 

Deposit C: 

3 Pink Stars 

Deposit D: 

4 Yellow Crosses 

Rule 1: Shape Rule 1: Shape Rule 1: 

Shape 

Rule 1: Shape 

BD1 BT1 BS1 BC1 

BD2 BT2 BS2 BC2 

BD3 BT3 BS3 BC3 

BD4 BT4 BS4 BC4 

GD1 GT1 GS1 GC1 

GD2 GT2 GS2 GC2 

GD3 GT3 GS3 GC3 

GD4 GT4 GS4 GC4 

PD1 PT1 PS1 PC1 

PD2 PT2 PS2 PC2 

PD3 PT3 PS3 PC3 

PD4 PT4 PS4 PC4 

YD1 YT1 YS1 YC1 

YD2 YT2 YS2 YC2 

YD3 YT3 YS3 YC3 

YD4 YT4 YS4  

Rule 2: Colour Rule 2: Colour Rule 2: 

Colour 

Rule 2: Colour 

BC1 GD1 PD1 YD1 

BC2 GD2 PD2 YD2 

BC3 GD3 PD3 YD3 

BC4 GD4 PD4 YD4 

BS1 GT1 PT1 YT1 

BS2 GT2 PT2 YT2 

BS3 GT3 PT3 YT3 

BS4 GT4 PT4 YT4 



 

 233 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 34: Card Sorting Task development guide 

 

Task: A card with a shape appears in the centre of the screen. Participants are 

asked to determine the rule to sort the cards. Cards can either be sorted by the 

shape, the number of shapes or the colour of the shape. Participants must drag 

BT1 GS1 PS1 YS1 

BT2 GS2 PS2 YS2 

BT3 GS3 PS3 YS3 

BT4 GS4 PS4 YS4 

BD1 GC1 PC1 YC1 

BD2 GC2 PC2 YC2 

BD3 GC3 PC3 YC3 

BD4 GC4 PC4  

Rule 3: 

Number of 

Shape 

Rule 3: Number 

of Shape 

Rule 3: 

Number of 

Shape 

Rule 3: Number 

of Shape 

BD1 BD2 BD3 BD4 

BT1 BT2 BT3 BT4 

BS1 BS2 BS3 BS4 

BC1 BC2 BC3 BC4 

GD1 GD2 GD3 GD4 

GT1 GT2 GT3 GT4 

GS1 GS2 GS3 GS4 

GC1 GC2 GC3 GC4 

PD1 PD2 PD3 PD4 

PT1 PT2 PT3 PT4 

PS1 PS2 PS3 PS4 

PC1 PC2 PC3 PC4 

YD1 YD2 YD3 YD4 

YT1 YT2 YT3 YT4 

YS1 YS2 YS3 YS4 

YC1 YC2 YC3  
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the target card to one of the 4 card deposits, they are then notified whether the 

rule is correct or incorrect. The rules changes after 6 consecutive correct 

responses.  

Total Number of Task Stimuli: 48 

Total Time to Complete the Task: 90 secondsΟ  

Stimuli Interval: Stimuli changes when the participant  drags the card into a 

deposit (regardless of accuracy).   

Output Measures: List of image codes e.g. 1BD, 3BS, 4BC, 1BT. Accuracy - how 

many errors are made - incorrectly placed in card deposit. Total number of 

correct deposits - according to the active rule, over 90 seconds. Reaction time to 

place card in deposit.  

 

5.5.3.2 Adaption of the Trail Making Test 

 

The Trail Making Test (TMT) is a standard neuropsychology assessment, 

designed to tap into a number of cognitive domains such as processing speed, 

sequencing, mental flexibility and motor skills (Bowie & Harvey, 2006). Over the 

years, several versions of the TMT have emerged, however, the most widely used 

version consists of two conditions in which participants are instructed to follow 

a trail of 25 numbers in numerical order (condition A) or 25 numbers and letters 

alternating between the two (condition B) , following the trail in numerical and 

alphabetical order simultaneously. The primary executive function task is the 

number-letter switching condition which measures flexibility of thinking. 

Condition A (number sequencing) measures basic numerical processing speed in 

requir ing participants to sequence numbers. This condition requires adequate 

attentional abilities and motor functions, and it is suggested that low scores are 

related to deficiencies in one or both of these functions (Delis et al., 2001). 

Condition B (number-letter switching) requires participants to switch back and 

forth between connecting numbers and letters in sequence. The ability to employ 

this type of cognitive flexibility relies upon skills such as multitasking, divided 

attention and simultaneous processing (Delis et al., 2001).  
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Patients with FTD often exhibit disproportionate impairment in flexibility of 

thinking (Braaten et al., 2006), which has been shown to distinguish between 

progressive and non-progressive bvFTD patients (Hornberger, Piguet, Kipps, & 

Hodges, 2008). Moreover, this well recognised assessment has shown to 

distinguish presymptomatic GRN mutation carriers from non-carriers 

(Barandiaran, Estanga, Moreno, Indakoetxea, Alzualde, Balluerka, Massó, et al., 

2012). Ignite includes a relatively new version of the Trail Making Test, adapted 

to aid its administration on the iPad. Rather than requiring  participants to draw 

an unbroken line between letters and/or numbers, in the Ignite test they are 

asked to tap stimuli in sequential order. Correct sequencing is indicated by the 

stimuli  outline changing colour to green, or to red if incorrect. The format of the 

task is outlined below:  
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Figure 31: Trail Making Task - from left to right ɀ 1) Instruction screen for condition A 2)Task screen showing condition A with correct responses and an error 3) 
Instruction screen for condition B 4) Task screen showing condition B with correct responses and an error. 
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Instructions Condition A: Ȱ9ÏÕ ÁÒÅ ÇÏÉÎÇ ÔÏ ÂÅ shown a series of numbers in some 

circles. Press the numbers in the correct order, starting at number 1. If you make 

ÁÎ ÅÒÒÏÒ ÔÈÅ ÃÉÒÃÌÅ ×ÉÌÌ ÔÕÒÎ ÒÅÄȟ ÏÔÈÅÒ×ÉÓÅ ÔÈÅ ÃÉÒÃÌÅ ×ÉÌÌ ÔÕÒÎ ÇÒÅÅÎȢȱ Ȱ5ÓÉÎÇ ÙÏÕÒ 

ÆÉÎÇÅÒ ÐÒÅÓÓ ÆÒÏÍ ÏÎÅ ÎÕÍÂÅÒ ÔÏ ÔÈÅ ÎÅØÔ ÉÎ ÏÒÄÅÒȱȢ  

Instructions Condition B: Ȱ9ÏÕ ÁÒÅ ÇÏÉÎÇ ÔÏ ÂÅ ÓÈÏ×Î Á ÓÅÒÉÅÓ ÏÆ ÎÕÍÂÅÒÓ and 

letters in some circles. Press from number to letter in turn in the correct order. 

Start  by pressing number 1 then the letter A etc. If you make an error the circle 

will turn red,  ÏÔÈÅÒ×ÉÓÅ ÔÈÅ ÃÉÒÃÌÅ ×ÉÌÌ ÔÕÒÎ ÇÒÅÅÎȢȱ Ȱ5ÓÉÎÇ ÙÏÕÒ ÆÉÎÇÅÒ ÐÒÅÓÓ ÆÒÏÍ 

number to letter in turnȱȢ  

Stimuli: Numbers in circles (condition A), numbers and letters in circles 

(condition B).  

Task: Subjects are asked to press the circles one after the other in order 

Total Number of Task Stimuli: 19 in each condition  

Total Time to Complete the Task: 60 seconds (condition A) , 90 seconds 

(condition B)   

Stimuli Interval:  Stimuli are presented at all times throughout this task. When 

the subject presses the correct stimuli, the circle turns green and is locked (i.e. 

ÓÕÂÊÅÃÔÓ ÃÁÎȭÔ press that circle again). If the subject presses the incorrect stimuli 

the circle turns red to indicate an error ɀ this is removed when the correct 

response is made.  

Output Measures: Reaction time to press each stimuli. Accuracy ɀ number of 

errors and correct responses made in 60 seconds (condition A) or 90 seconds 

(condition B) . 
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5.5.4 Working Memory 

 

Working memory is a cognitive system used to hold temporary information 

which is then readily available for processing (Baddeley & Hitch, 1994). Working 

memory is vital for reasoning and guiding decisions as it helps to keep our minds 

focused on the information at hand (Diamond, 2013). It is an important system 

that underpins our capacity to keep things in mind while performing complex 

tasks, this includes the temporary storage and manipulation of information  

(Kent, 2016). Traditional neuropsychology assessments evaluating working 

memory include the Digit Span task, where participants must recite a list of 

numbers in either consecutive or reverse consecutive order. It is acknowledged 

that working memory deficits may be an early feature of presymptomatic GRN 

carriers (Hallam et al., 2014), with worse performance on Digit Span Backwards 

tasks being revealed several years prior to estimated symptom onset (Rohrer et 

al., 2015; Jiskoot, Dopper, Heijer, et al., 2016).  

 

A classic paradigm for assessing working memory is the N-back task, which 

requires participants to monitor a series of stimuli and respond whenever the 

ÓÔÉÍÕÌÉ ÐÒÅÓÅÎÔÅÄ ÍÁÔÃÈÅÓ ÔÈÅ ÐÒÏÐÅÒÔÉÅÓ ÏÆ ÔÈÅ ÔÒÉÁÌ ÐÒÅÓÅÎÔÅÄ Ȭ.ȭ ÂÅÆÏÒÅ ÉÔ, e.g. 

2-back (Owen, McMillan, Laird, & Bullmore, 2005). The task employs working 

memory as it requires the monitoring, updating and manipulation of information 

displayed to perform the task effectively. Several cortical regions have been 

found to be active during N-back tasks such as the DLPFC and also posterior 

parietal involvement (Owen et al., 2005). These are important  factors to consider 

when looking at early presymptomatic changes in GRN and C9orf72 mutation 

carriers.  

 

5.5.4.1 Adaption of the N-Back Task 

 

There are two levels to the N-Back task: 1-back and 2-back. During level one 

participants must indicate whether a shape matches the one preceding it. In 

contrast, level two requires participants to indicate whether a shape matches the 
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shape shown two before it, intended to place greater demand on working 

memory. The format of the task is outlined below:  
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Figure 32: N-Back Task - from left to right ɀ 1) Instruction screen for 1-Back 2) Task screen showing 1-back with on screen instructions 3) Instruction screen for 2-
Back 4) Task screen showing 2-back with on screen instruction
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Instructions 1-Back: ȰYou are going to be presented with some shapes one after 

the other. You must aÎÓ×ÅÒ Ȭ9%3ȭ ÏÒ Ȭ./ȭ ÉÆ ÔÈÅ ÓÈÁÐÅ ÍÁÔÃÈÅÓ ÔÈÅ /.% ÔÈÁÔ ÃÁÍÅ 

before itȱȢ Ȱ,ÏÏË ÁÔ ÔÈÉÓ ÓÈÁÐÅȱȣȰDoes this shape match the one that came before 

ÉÔȩȱ 

Instructions 2-Back: ȰYou are going to be presented with some shapes one after 

ÔÈÅ ÏÔÈÅÒȢ 9ÏÕ ÍÕÓÔ ÁÎÓ×ÅÒ Ȭ9%3ȭ ÏÒ Ȭ./ȭ ÉÆ ÔÈÅ ÓÈÁÐÅ ÍÁÔÃÈÅÓ ÔÈÅ ÏÎÅ ÔÈÁÔ ÃÁÍÅ 

TWO before itȱȢ Ȱ,ÏÏË ÁÔ ÔÈÉÓ ÓÈÁÐÅȱȣȰ,ÏÏË ÁÔ ÔÈÉÓ ÓÈÁÐÅȱȣȰ$ÏÅÓ ÔÈÅ ÃÕÒÒÅÎÔ 

ÓÈÁÐÅ ÍÁÔÃÈ ÔÈÅ ÓÈÁÐÅ ÔÈÁÔ ÃÁÍÅ Ô×Ï ÂÅÆÏÒÅ ÉÔȩȱ  

Stimuli and Task Development: 4 different shapes ɀ triangle, cross, star and 

diamond, printed in 6 different colours; green, blue, pink, yellow, red, orange. 

Two buttons: YES and NO. Each stimuli card has a unique code for example red 

triangle ȬRTȭȢ $ÅÖÅÌÏÐÅÒÓ ×ÅÒÅ ÐÒÏÖÉÄÅÄ ×ÉÔÈ Table 35 to create the task. Stimuli  

codes were randomized using the =RAND function in Microsoft Excel. The 

correct answers for each condition (1-Back, 2-Back) were assigned for coding 

purposes.  

  



 

 242 

Shape Colour Stimuli Code 

Triangle Green Blue Pink Yellow Orange Red GT BT PT YT OT RT 

Cross Green Blue Pink Yellow Orange Red GC BC PC YC OC RC 

Star Green Blue Pink Yellow Orange Red GS BS PS YS OS RS 

Diamond Green Blue Pink Yellow Orange Red GD BD PD YD OD RD 

 

1-Back Stimuli 1-Back Answers 2-Back Stimuli 
2-Back 

Answers 

RT No 

RC No 

GS No 

GS Yes 

PT No 

PS No 

PS Yes 

YC No 

OT No 

PC No 

PD No 

RS No 

OT 

OS 

OT 

YD 

RS 

RS 

RS 

OT 

RT 

GT 

RD 

YT 

No 

No 

Yes 

No 

No 

No 

Yes 

No 

No 

No 

No 

No 
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RS Yes 

YD No 

GC No 

GC Yes 

OT No 

OT Yes 

OT Yes 

OT Yes 

OT Yes 

OT Yes 

PT No 

BD No 

OC No 

YD No 

GD No 

PS No 

OS No 

OS Yes 

GT No 

BD 

YT 

RS 

YT 

RS 

OC 

PT 

GT 

BD 

OC 

BC 

RT 

BT 

BS 

GC 

RD 

GC 

PS 

YT 

No 

Yes 

No 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 
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GT Yes 

RD No 

BS No 

GC No 

PD No 

GS No 

OD No 

OD Yes 

GD No 

RS No 

RS Yes 

OC No 

YT No 

YT Yes 

BD No 

BC No 

GS No 

YC No 

RD No 

PS 

YS 

PS 

BC 

BC 

YS 

OD 

RC 

OS 

BT 

OS 

RS 

GD 

GS 

PD 

GS 

YC 

GS 

PS 

Yes 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 

No 

No 

Yes 

No 

Yes 

No 
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BC No 

GT No 

RT No 

YS No 

RC No 

YT No 

YT Yes 

YS No 

BT No 

BT Yes 

BD No 

BT No 

BT Yes 

BT Yes 

GC No 

GT No 

OD No 

PC No 

BC No 

GT 

BD 

BT 

YD 

BT 

YD 

GS 

OT 

OD 

OT 

GC 

OD 

OD 

RC 

YT 

OT 

YT 

YC 

PT 

No 

No 

No 

No 

Yes 

Yes 

No 

No 

No 

Yes 

No 

No 

No 

No 

No 

No 

Yes 

No 

No 
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PT No 

RS No 

RS Yes 
 

GT 

PC 

GT 
 

No 

No 

Yes 
   

Table 35: N-Back task development guide. 
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Task: A series of shapes appear on the screen. The participant is required to 

remember the shape when it appears. They then compare it to the next shape 

they see (1-Back) or they compare it to the shape two before the current shape 

(2-Back). If the shape matches the previous one (1-Back) or two before the one 

shown (2-Back) the participant should press the YES button. If the shape does 

not match the shape shown, the participant should press the NO button. 

Total Number of Task Stimuli: 72 in each condition 

Total Time to Complete the Task: 60 seconds 

Stimuli Interval:  The first shape (1-Back) or first two shapes (2-Back) should be 

shown for 2 seconds before the next appears. Shapes should then appear as 

soon as the participant  presses the YES or NO button, regardless of how quick 

or slow that is. 

Output Measures: Reaction time to press YES or NO button. Accuracy ɀ number 

of errors and correct responses made in the 60 seconds. 

 

5.5.5 Cognitive Timing  

 

It has been suggested that much of human behaviour is governed by precise 

timing (Bueti, Lasaponara, Cercignani, & Macaluso, 2012), and time is integral to 

performing many mental processes such as shifting attention, theory of mind, 

perception and memory (Allman & Meck, 2012). Many of these processes are 

reported to be impaired in bvFTD, therefore it may be posited that these deficits 

arise as the result of Á ÃÈÁÎÇÅ ÉÎ ÁÎ ÉÎÄÉÖÉÄÕÁÌȭÓ ÐÅÒÃÅÐÔÉÏÎ ÏÆ ÔÉÍÅ (Henley et al., 

2014). When examining externally and self-paced finger tapping, research has 

shown that patients with bvFTD show significant impairment (Henley et al., 

2014). Moreover, deficits in monitoring time have been linked to atrophy in the 

cerebellum (Henley et al., 2014). This is important to consider when looking to 

explore early presymptomatic changes in C9orf72 where the cerebellum is 

affected prior to symptom onset (Figure 19). As such, it may be hypothesized that 

C9orf72 mutation carriers show deficits in cognitive timing not seen in GRN or 

MAPT mutation carriers.  
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Following the experimental procedure employed by Henley et al., 2014, I have 

created a relatively new version of the tapping task for Ignite. Here participants 

are presented with a complex reaction time task. Displayed on the iPad screen is 

a pulsating circle and a tone in time to a regular beat [1500ms intervals]. 

Participants are asked to use the index finger of their dominant hand to tap in 

time with the pulsating circle on a second circle presented below. After 30 

seconds the pulsating ceases and participants are instructed to maintain the 

same tempo for a further 30 seconds. Details of the task are outlined below:  

 

5.5.5.1 Simple and Complex Reaction Time Task  

 

   

Figure 33: Time-Tap Task from left to right. 1) Instruction for task 2) First 30 seconds show two 
stimuli a target pulsating circle (blue) and a response circle (purple) participants tap the 

response circle in time with the target circle. 3) After 30 seconds the target circle disappears, 
and participants are left with their response circle ɀ they must continue to tap the rhythm of the 

target circle for the remaining 30 seconds. 

 

Instructions: Ȱ9ÏÕ are going to be shown a target circle at the top of the screen 

which will make a sound and blink at regular intervals. Tap your circle below in 

time with the target circle. After 30 seconds the target circle will disappear and 

stop making a sound. Try to ËÅÅÐ ÔÁÐÐÉÎÇ ÙÏÕÒ ÃÉÒÃÌÅ ÉÎ ÔÈÅ ÓÁÍÅ ÐÁÃÅ ÁÓ ÂÅÆÏÒÅȱȣ 

Ȱ4ÁÐ your circle to keep in time with the pulseȱȣȰKeep tapping the pulse of the 

circleȱȣ 

Stimuli and Task Development: Pulsating circle and tone presented every 

1500ms. After feedback from participants, the purple circle, changes colour to a 
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slightly different purple hue to indicate that the circle has been pressed.  

Task: The target stimulus is a pulsating circle and participants are asked to tap 

the same pulse on their response circle below the target. After 30 seconds, the 

pulsating circle disappears, and the participant has to maintain the pulse with 

their  response circle. 

Total Time to Complete the Task: 30 seconds with the target circle, 30 seconds 

without the target circle. 

Output Measures: Inter response interval outputted as reaction time - how well 

the participants keep in time with the pulse.  

 

5.5.6 Decision Making 

 

Throughout our lives ×Å ÁÒÅ ÏÆÔÅÎ ÆÁÃÅÄ ×ÉÔÈ ÍÁËÉÎÇ ȬÒÉÓËÙȭ ÄÅÃÉÓÉÏÎÓȟ ×ÈÅÔÈÅÒ 

this be in the knowledge of the legal consequences of our actions or in the 

weighing up of the risks of being enrolled into a clinical drug trial. For many 

patients with FTD their ability to make decisions is compromised as they become 

more likely to act on impulse (Gleichgerrcht et al., 2012). Several paradigms are 

employed in assessing decision making behaviour. These are generally in the 

form of gambling or risk-taking tasks, such as the Iowa Gambling Task (Bechara 

& Van der Linden, 2005), Cambridge Gambling Task (Rogers et al., 1999), Game 

of Dice Task (Brand et al., 2005) and the Balloon Analogue Risk Task (Lejuez et 

al., 2002). Researchers have demonstrated that patients with FTD take longer to 

place bets, and are more likely to place larger bets (Rahman, Sahakian, Hodges, 

Rogers, & Robbins, 1999) and take greater risks than healthy controls. Moreover, 

this pattern of poor decision-making has been linked to damage to the 

orbitofrontal cortex  (Rogers et al., 1999), an area known to be vulnerable in 

genetic FTD (Rohrer et al., 2015).  

 

I have created a relatively new risk-taking task, inspired by and adapting the 

Balloon Analogue Risk Task (Lejuez et al., 2002) to assess decision-making 

behaviour. The original task was designed to capture the multidimensional 

nature of risk-taking behaviours and provide a setting in which risky behaviour 

can be assessed (Lejuez et al., 2002). On a computer, participants are presented 
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with a simulated balloon and balloon pump. Also presented is a button labelled 

Collect $$$ and a permanent money counter labelled Total Earned, alongside a 

display showing the money earned in conjunction with the preceding balloon. 

With each click on the pump the balloon is inflated 1° and 5¢ is accumulated in a 

temporary bank. Balloons pop after a ÐÒÅÄÅÔÅÒÍÉÎÅÄ ȬÐÏÐÐÉÎÇȭ Ðoint , at which 

point the money accrued in the temporary bank is lost. Participants have the 

option to cash in the money accumulated in the temporary bank at any point by 

clicking the Collect $$$ button. After each balloon has popped or money is 

collected a new balloon appears. Balloons are differently coloured; each colour is 

associated with a unique popping point. Participants are unaware of the 

probability of a balloon popping. The task terminates after ninety trials.  

 

The task included in Ignite incorporates many of the original ÔÁÓËȭÓ features, 

though a few elements have been modified. Displayed is a Collect £ button, total 

money earned and total money lost score. Three coloured balloons are featured, 

each allocated a set amount of money; green balloons are worth £5, yellow are 

worth £10, and blue £50. Participants are presented with the following 

instructions before beginning the task: The aim of this task is to earn as much 

money as possible to spend at the fairground. You are going to see some coloured 

balloons, each worth a different amount of money. You can choose to cash in your 

balloon value straight away by pressing the COLLECT button, or you can pump 

up your balloon, using the balloon pump, to gain a reward. Cash your reward at 

any point by pressing the COLLECT button but be careful your balloon could 

burst at any moment and you will lose your money.  

 

Based upon the findings of similar paradigms, I hypothesize that presymptomatic 

mutation carriers are more likely to act on impulse than healthy controls and are 

therefore more likely to engage in ȬÒÉÓËÙȭ behaviour of decision making. Through 

the balloon task, this would be indicated by mutation carriers bursting 

significantly more balloons, and therefore losing significantly more money, than 

controls. The outline of the task is described below:  
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5.5.6.1 Gambling Task 

 

 

   

Figure 34: Balloon Fair Task - from left to right ɀ 1) Instruction screen for the task 2)Task screen showing a balloon when it is first presented 3) Task screen 
showing a balloon after it has been pumped several times. 












































































































































































































































































