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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 atrisk 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 cHahges in genetic FTD is understanding the
age at which atrisk 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 getic 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 measw®f cognition in genetic FTD |
begin my thess by performing a retrospective study of genetic FTD to
understand the factors that influence age at symptom onset, showing that an
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family age at onset. In the subsequent @pters | build upon these findings to
explore cognitive changes in genetic FTD. | devise a cognitive composite based
on pre-existing neuropsychology assessments to provide the optimal
combination of assessments for use in a potential clinical trial. | alstevised 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 § currently known about the presymptomatic phase of genetic

FTD and provides new avenues for understanding early cognitive changes.



Impact Statement

The findings from Chapter3 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, | 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 workh 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 atisk carriers.

The improved estimation d symptom onset and disease duration may also
impact clinical practice in FTDas clinicians will now have a more accurate
understanding of the age at which individuals atisk of genetic FTD are likely to
develop symptoms and also the likely duration of tb 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 findingare beneficial to
individuals and families living atrisk 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, | am hopeful that these findings will led to better genetic counselling
of atrisk 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 posie,
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 clnical trials aiming to prevent or halt genetic FTD, the work
performed as part of this thesis provides evidence of subtienutation specific

cognitive decline in presymptomatic FTD. The work of Chapter 4 to create a



cognitive composite for genetic FTD offies 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, | am encouraged that companies have already expresseterest 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 a6yl for the
detection of presymptomatic FTD is ofgreat 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, #hiis the first to be commissioned with
genetic FTD as the focus. The use fgfite has provided an opportunity to begin
to move cognitive assessments away from the hospital and research
environment into the more realworld and comfortable setting of the home.
lgnite 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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1 Introduction

1.1 A BriefOverview of Frontotemporal Dementia

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

diverse neurodegenerative diseas@WNarren, Rohrer, & Rossor, 2013)ltis a term

used to describe abroad spectrum of non! 1 UEAET AO6& OvhichkieAT OEAO
associated withtwo important clinical presentations. a progressive change in

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

languagez primary progressive aphasias (PPA)It is the second mostcommon

cause of young onset dementia in those under 65 years of afjeossoret al,

20100h ADPDOI GEIi AOCAT U ANOAT ET AOANOGAT.AU O1 '1 UI
Its effect, particularly on those of a working age with young families, represents

a major public healthconcernand socioeconomic burderto society.

1.1.1 Behavioural Variant FTD

FTD has several clinicasubtypes, eachwith distinct symptomatic presentations.
The most common clinical subtype is bvFTDwith over half of all FTD cases
presenting with executive dysfunctionand alsoprogressive changes in behaviour
(Warren et al., 2013) including: disinhibition, loss of empathy, ritualistic or
compulsive behaviour, apathy and changes indietary preference (Warren et al.,
2013; Woollacott & Rohrer, 2016; Deleon & Miller, 2018 The diagnostic criteria
for possiblebvFTD are outlined insection2.3.1.3 of note patients must meetany
three of the six clinical characteristics, and one cognitive feature (usually
executive dysfunction). In addition to executive dysfunction, performance on
cognitive assessments revas a marked impairment in social cognition, such as
emotion recognition and theory of mind (described further in section5.5.7).
Hallmark characteristicsof bvFTDare also frontaland/or temporal lobe atrophy
changeson neuroimaging(Rascovsky et al., 2011)which tend to beasymmetric

and can vary greatly between individuals
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1.1.2 LanguageVariants of FTD

The majority of non-behavioural variant FTDcasespresent with a progressive
deterioration of language (PPA). These can be classified into threecanonical
subtypes; nonfluent variant primary progressive aphasia (nfvPPA), semantic
variant primary progressive aphasia (svPPA) and logopenic variant primary
progressive aphasia (IVPPA)Each of these are briefly outlined belowThe full

diagnosticcriteria are detailed in section2.3.1.3

1.1.2.1 Non-Fluent Variant PPA

Of the language variants,tiis suggested that 25% of patients with FTD present
with nfvPPA (Johnson et al.,, 2005) which is characterized by non-fluent,
agrammatic,slow effortful speechproduction (Gorno-Tempini et al., 2011) and
alsoleft inferior and posterior frontal and insular atrophy (Rohrer et al., 2009)
Notably, single word comprehension and semantic knowledge remain intact
early in the disease processwhich is helpful in differentiating between the
language subtypes, particularly svPPAN 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 manifestsvith short, muddled and simple phrases
I £O0AT  O1 61 AET due t® @A loAiionfob mdoredt use of key
connecting words such as pronours and prepositions(Rohrer et al., 2M8). As
the disease progressespatients frequently switch to non-verbal forms of

communication such asthrough the use of & electronictablet device or notepad.

1.1.2.2 Semantic Variant PPA

Approximately 20% of FTD patients are diagnosed withsvPPA(Johnson et al.,
2005). Its initial presentation is characterizedby a progressivedeterioration 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,geech isempty
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 athe names of flowers
for a gardener) which are first affected svPPA can be identified bya clear
anatomical profile of bilateral (left more sothan right) anterior temporal lobe
atrophy (Hodges, Patterson, Oxbury, & Funnell, 1992; Rohrer et al., 2009)
Commonly, mtients with svPPAcan develop behavioural changeas the disease
evolves, making it difficult to distinguish from bvFTDif they present to clinics

later in the disease cours€Woollacott & Rohrer, 2016).

1.1.2.3 Logopenic Variant PPA

The third language subtye is IvPPAwhich accounts for almost 30% of all PPA
cases(Gorno-Tempini et al., 2004) The main clinical presentation of IVPPA is
slow hesitant speech with long word finding pauses and phonological errors
marked with difficulties in repeating spoken phrases(Gorno-Tempini et al.,
2011). In contrast to svPPA single word comprehension remainsntact early in
the disease course Through neuroimaging, IVPPA 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
' 1T UEAEI AO8 O A E0RATeMpinital 2A11) T C U

1.1.3 Overlapping Clinical Syndromes

In addition to progressive changes in behaviour and languageatients with FTD
can also present with overlapping syndromes These caninclude FTD with
amyotrophic lateral sclerosis (ALS) or the atypical parkinsonian syndromes,
progressive supranuclear palsy (PSPand corticobasal syndrome (CBS{Warren
et al., 2013) PSP isidentified by impairment of vertical gaze and postural
instability marked by frequent falls, alongside behavioural changes(Kertesz &

Mcmonagle, 2009) Corticobasal syndromecan becharacterized byasymmetric
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apraxia, cortical sensory loss and alien limbsyndrome. Language deficits and
behavioural change are also reported (Kertesz & Mcmonagle, 2009) For

patients presenting with FTD and ALS, behaviourahangesand motor neurone
symptoms canappear simultaneously or one following the other. The diagnostic

criteria for ALS are outlined in section2.3.1.3

1.1.4 Conclusions

FTD is used as an umbrella terrmncompassng each of theclinical presentations
outlined above. The heterogeneity of the disease makes it challenging to fully
understand the causs of sporadic FTD Typically,there is a lack of awareness of
FTD across general practices and nonspecialist hospital clinics and in the
general population, which often results in initial misdiagnosisof patients. This is
further complicated by the lack of reliablebiomarkers required to confidently
differentiate between the disease subtypesCorrect and early diagnosis of FTD is
equally important for both clinicians and patients as it ensurs that correct
information can be given with regards to symptomé#ology and diseaseduration
and may also avoidunnecessaryor inappropriate 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 theetrials is not only focused on prevention but
also on improving symptoms. Gaining a greater understanding of the FTD
spectrum as a wholewill help improve patient selection as candidates for clinical
trials and will also ensure that responses to treatmentsan be correctly assessed.
Therefore, work must be undertakento improve the accuracy of biomarkersn

FTD andto 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 familial (Rohrer et al.,
2009). Approximately 10% of all FTD caseshave been shown tohave been
inherited in an autosomatdominant pattern (Seelaar, Rohrer, Pijnenburg, Fox, &
Van Swieten, 2011) Across the clinical phenotypes bvFTD is most likely to be
inherited (Seelaar et al., 2011)Conversely, wthin the language variants, the
picture is a little more variable, with svPPAbeing almost always sporadic¢ and

nfvPPA fallng somewhere inbetween.

Mutations in multiple genes have been shown to be causative of Fidwever,
the majority of autosomal dominant FTD islinked to mutations in three key
genes: chromosome 9 open reading frame 72090r772), progranulin ( GRN)and
microtubule-associated protein tau (VAPT) Thesemutations have been shown
to affect the clinical presentationof 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 havemade itdifficult to identify a family history between generations
particularly when individuals within a family who are found tocarry the same
mutation, have presented with different clinical phenotypes. For clinicians, it is
therefore a challengeto decipher whether there is a familial syndrome.
Moreover, even without the presence of an apparent family historyup to 6% of
patients with FTD, most commonlybvFTD, are foundto carry a genetic mutation
(Rademakers, Neumann, & MacKenzie, 2012) may therefore be argued thatall

cases presenting® clinic with bvFTD should be considered for genetic screening

As a rule of thumbwhen exploring genetic testing inFTD patients a detailed
family history of three generations should ideally be obtainedGoldman et al.,
2005). Details of clinical phenotype(within or outside of the FTD spectrum), ages
of onset and deathshould be recorded.For those with a family history of ALS
and/ or FTD, C9orf72screening should be a first priority, after which GRNand
MAPTshould be considered.
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Along with C9orf72, GRNand MARPT, it should be noted thatin recent yearsan
increasing number of mutations have been found to be associated with
autosomal dominant FTD valosin-containing protein gene (VCR 2004),
chromatin-modifying protein 2B (CHMPZB,2005), TAR DNA-binding protein
(TARDPR 2008), fused in sarcoma EUS,2009), ubiquilin-2 (UBQLNZ,2011),
sequestosome 1 §QSTM12012), CHCHD1Q2014) and TANK-binding kinase 1
(7BK1, 2015). These mutations, however, cumulatively account for <5% of
genetic FTD(Greaves & Rohrer, 2019)and as such will not beexplored as part

of this thesis.

1.3 Exploring the Three Key Genes in Familial FTD

Here I will briefly outline the three maingenetic groups | will discuss the key
clinical and imaging featuresthat present in the symptomatic phases of the
disease.l will also very briefly discuss the main role of themutations in these

genes. They are presented in chronological ordeof discovery.

1.3.1 Microtubule-associated Protein Taw MAPT

In 1998, MAPTwas the first gene to be associated with FTQHutton et al., 1998;

3PEI T AT OET Eh #0171 xOEAOh +Ai PEI O00Oh (AOOEI
1999). Since its discovery there have bee®5 pathogenic MAPT mutations

identified across the globe(! 1 UEAET AO6 O $SEOAAOA AT A &OI1
Mutation Database http://www.molgen.ua.ac.be/). The MAPTgene 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 mechanismsire

important targetsto consider when examining therapeutic options.
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Of the three keygeneticgroupsin FTD, MAPTis the least commonlts frequency

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

casegDeleon & Miller, 2017). It generally presents in thefifth decadeof life, with
amean age atonséhthel E A (®modden et al., 2015)though there is a wide
range of symptom onset ranging fromA A O1 sko A At@1 UVap Bvieten &
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 MAPTcases present with
atypical parkinsonian syndromes(Spina et al., 2008 Rolrer et al., 2009; Rohrer
et al., 2011; Kouri et al., 20141 PSP and CB8an emerge in these patientsbut

almostnever FTDALS.In the behavioural syndrome patients frequently exhibit

disinhibition, obsessionality and stereotypé repetitive behaviours(Snowden et
al., 2015). In comparison to GRNand 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 a inital | EOAEACI T OEO 1 &£ |
(Rohrer & Warren, 2011). Semantic impairment andanomia have also been

reported later in the disease cours€Rohrer etal., 2009).

Imaging studies have revealeda 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 MAPTmutations
(Cash et al., 2018)Interestingly, changes in regional atrophy hae been shown
between patients carrying MAPTmutations affecting exon 10 splicingresulting
in a heightened degree ofmedial temporal lobe atrophywhen compared to those
carrying mutations which do not affect exon 10 splicingfor which there is more
lateral temporal lobe atrophy (Whitwell et al., 2009). Overall, there appears to
be an intermediate rate of brain atrophy acrosg/APTmutations (Whitwell et al.,
2011) when compared toC9orf72and GRNmutations.
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1.3.2 Progranulin z GRN

Following the discovery of the MAPTgene there still remained many families
who did not test positive for MAPT mutations but nonethelesshada clear pattern
of autosomal dominantinheritance linked to chromosome 17 In 2006, the GRN
gene was discoveredBaker et al., 2006; Cruts et al., 2006andto date there have
been82 pathogenic mutatiors linked to the GRMene ' | UEAET A0O6 O
Frontotemporal Dementia Mutation Databasehttp://www.molgen.ua.ac.be/).
GRNs expressed in neurons and is activated in microgliéBaker et al., 2006) It
is known to play an important role in inflammation and wound repair(Seelaar et
al., 2011). GRNmutations can cause neurodegeneration through a loss-
function, with patients having lower GRNlevels than the normal population
(Finch et al., 2009) Therapeutic targets therefore focus o increasing GRNevels

backto within the normal range.

GRNMNis the second most common cause of genetic FT&ccounting for 5% of
patients with sporadic FTD and 515% of caseswith genetic FTD (Deleon &
Miller, 2017). The average age at onseh GRMs the oldest ofthe three main
genes generally presenting inaround the seventh decade of lifavith a mean age
atonsetinOE A A A @dobe nygit @xpedtthere is a wide range of symptom
onset ranging from35 to the 89 years(Gass et al., 2006; van Swieten & Heutink,
2008; Le Ber, 2013) Interestingly, there appears to bean older age at onset in
females compared to males(Curtis et al., 2017) Average disease durationis
shorter than MAPT,around 7 years but this can vary hugelyfrom 3-22 years
(Beck et al., 2008; van Swieten & Heutink, 200&nowden et al., 201k

Patients can present with a range of clinical phenotypesvith the majority of
patients presenting with bvFTD, and less commonlyPPA (Beck et al., 2008; Le
Ber, Camuzat, et al., 2008)t can be challenging to predict the clinical syndrome
within  GRMamilies asit is normal for patients from within the same family to
present with a mixed family history of bvFTD and PPAWoollacott & Rohrer,
2016). The behavioural features ofGRNmutations include apathy and socal

withdrawal (Snowden et al., 2015) Neuropsychiatric features can occurwith
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reports of delusions andvisual hallucinations (Le Ber, Agne, et al., 2008)
Although it occurs later in the disase,10-30% of patients also displayepisodic
memory impairment (Le Ber, Agne, et al., 2008which, like MAPT can caug an
ET EOEAI [ EOAEACITOEO 1 £ "1 UEAEI A0SO

When compared toMAPTand C9orf72, GRNmutations are more likely to result
in early language impairment which is occasionally associated with the
development of CBSBaker et al., 2006) Although patients presenting with
language impairmentsare frequently diagnosed with nfvPPApatients display a
wide range of language problemsthat are not easily categorised intane of the
three language phenotypes. As suclit, is speculatedthat a distinct GRMPPA
phenotype may exist, characterized bymild agrammatism without apraxia of
speech also word finding pauses and anomia are also prominent features
(Rohrer, Crutch, Warington, & Warren, 2010).

Neuroimaging can help distinguishGRMrom the other genes.Atrophy is most
apparent in the dorsolateral and ventromedial prefrontal cortex (Cash et al.,
2018). Asymmetrical patterns of atrophy carbe seen in therontal, temporal and
inferior parietal lobes(Seelaar et al., 2011Cash et al., 2018 affecting structures
as well asthe anterior cingulate, precuneus and striatun{Cash et al., 2018)The
presence ofearly parietal lobe atrophy may serve as a useful hallmark oGRN
mutation carriers (Seelaar et al., 2011)Iin addition to grey matter changes, white
matter changes also appear to be a key feature of symptomatie”NVmutation
carriers (Sudre et al., 2017) with the frontal lobe being particularly affected
Imaging analysis of MRI scanssupport suggestions that these lesions are
inflammatory in nature (Sudre et al., 2017) This is consistent with the
proposition that GRAhas a crucial role in inflammation Overall, there is adster
rate of atrophy when compared toMAPT(Whitwell, Weigand, et al., 2011) Due
to the distinct neuroanatomical changes in GRNMmutation carriers it has been
suggested that both T1 (grey matter) and T2 (white matter) weighted

neuroimaging may serve as a useful biomarkern future clinical trials.
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1.3.3 Chromosome 9 Open Reading Frame z2C9orf72

In 2011, a hexanucleotide repeat expansionmutation was identified by two
groups, DeJesudsHernandez et al., 2011and Renton et al., 2011 The expansion
was found on the noncoding region of the C9orf72 gene. In the normal
population, individuals are found to have between 2-20 repeats on each allele.
Conversely, patients with theC9orf72genepossess thousands of repeatanging
from 400-4400 (Beck et al., 2013) although it is suggested that >30 repeats can
be pathogenic(Beck et al., 2013) C9orf72mutations are found to cause a toxic
gain of function, leading to the production of toxic dipeptide repeats in the
cytoplasm (DeJesusHernandez et al., 2011)which in turn is thought to cause

neurodegeneration.

Since its discovery C9orf72 has been found to belie most common cause of
genetic FTD,its frequency is estimated to be21% in genetic FTDand 6% in
sporadic FTD case¢Rademakers et al., 2012)It has a wide range of symptom
onset, ranging fromthe A A O1 U tlee @& Qwithah average onset in the sixth
decade of lie (Majounie et al., 2012; Rademakers et al., 2012; Snowden et al.,
2012). When compared toMAPTand GRNIt has the shortest disease duration at
around 6 years(Boeve et al., 2012; Mahoney, Beck, et al., 201B)owever, this

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

Patients tend to present with bvFTD, however a high prgortion of C9orf72
carriers will develop ALSor a combination of FTDand ALS(Renton et al., 2011,
Hsiung et al., 2012; Mahoney, Beck, et al., 2012; Snowden et al., 20T2e
symptoms of C9orf72associated ALS are itially indistinguishable from classic
ALS(Rohrer etal., 2015). Common behavioural featuresencompass apathyand
disinhibition , though a lack of a sweet tooth has been reportd&nowden et al.,
2012). Psychosis and psychiatric disorderscan be indicative of C9orf72,
including anxiety and visual or auditory hallucinations and altered
somatosensoryprocessing(Mahoney, Beck, et al., 2032Downey ¢ al., 2014 . As

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

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

C9orf72is associatedwith an extensive pattern of atrophy, primarily affecting
the frontal and temporal lobes(Boeve et al., 2012)In contrastto MAPTand 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 thanin GRMnutations 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 andon-motor cortical areas in the frontal lobes

are reported (Byrne et al., 2012; Stewart et al., 2012)
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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 fo
noncarriers. Comparisons to the C9orf72 carriers are irhe 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, oe of the greatest challenges facing genetic FTD resealizh
in identifying and predicting disease onseticross the three genesAs highlighted
in the previous sectionsthe age of onsetand disease durationin genetic FTD is
highly variable acrossand within the geneticmutations. This is a challenge for
clinicians deding with genetic FTD as there is currently no accurate way of
predicting when an individual is likely to develop symptoms offor how long they
will last. Improving this prediction will be important in advising patients about
prognosis, particularly those diagnosed with an early onset disease whoare
more likely to have concurrent financial, occupational and family commitments.
In addition, with clinical trials in genetic FTDon 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 wible
useful when determining which biomarkers to select as primary otcome
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

Uniqgue to the study of genetic FT the investigation ofat-risk/ presymptomatic
individuals who are many years from expected symptom onset. The
presymptomatic phase of FTD can be identified in individuals cariyg one of the
three key mutations butwho have yet to develop obvious clinical symptoms of
neurodegeneration. The presymptomatic timewindow can provide a useful
model for studying the FTD disease process as a whole aspitovides an
opportunity to study the earliest changes in the development of theigease.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
T AOOT AACAT AOAOGEOA AEOAAOGAON O0OAE AO
( O1T OET ¢ OT 1, & vhicA @A i& @rkolment of patients in the early
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symptomatic or prodromal phase of the diseaselhere is evidence of changes in

presymptomatic biomarkers up to 25 years from symptom onsein familial

'l UEAEI AO6 O AEOAAOA @abAzi et db,2008;Baddnied O AEOAAO!
al., 2012). This is alsoobserved in genetic FTD,suggesing that in order to

prevent neurodegenerative diseases from developinghe 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 limite(Rohrer, Warren,
Fox, & Rossor, 2013)Though, the study of fluid biomarkers such as blood and
cerebrospinal fluid haveshown some promise ingenetic FTD research, such as
the discovery of lower serum GRMevels in symptomatic and presymptomatic
GRNMmutation carriers (Finch et al., 2009) it is evident that thereis still a lack of
robust markers of neurodegeneration in genetic FTD (Woollacott & Rohrer,
2016). Moreover, ew studies have addressethe issue ofearly cognitive changes

in individuals at-risk of FTD.

To gain a greater understanding of the presymptomatic tim&vindow,
observational cohort studies such as the GENetic Frontotemporal dementia
Initiative (GENFI) have beenset up to monitor individuals from genetic FTD
families over many years Studies such as thiaim to gain important insights into
the earliest changes in the disease process. So,fardings from the GENFI study
have revealed thatneuroanatomical changes can be observed up to 25 years
before expectedsymptom onsetin presymptomatic FTD(Rohrer et al., 2015) In
line with symptomatic genetic FTD, unique patterns of atrophyhave been
identified presymptomatically across the three genesMAPTmutation carriers
are found to have atrophyin 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 onsefRohrer et al., 2015). For
presymptomatic GRNmutation carriers the insula is first affected atl5 years
before symptom onset and temporal and parietal lobe involvement seen 10

years prior to expected symptom onsefRohrer et al., 215). Most striking is the
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C9orf72 presymptomatic group where subcortical structures such as the
thalamus and insula, and posterior cortical regionsare affected as early as 25
years before expected symptom onsetSignificant differenceshave also been
observedin the cerebellum at 10 years prior to estimated onsefRohrer et al.,
2015). Changes observed in cognitive assessmens also manifest in the
presymptomatic phase of genetic FTDeficits acrossseveral 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 tahich 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 usualbccurin the domains of
executive function and social cognition flarciarek & Jodzio, 2005) yetthese are
areas of cognition which are often poorly or incompletely assessed lnaditional
cognitive batteries, though a number of previous case series haverovided
evidence for changes just prior to onset in these domairf&eschwind et al., 2001;
Rohrer et al., 2008; Jiskoot et al., 2016The earliest reported cognitive changes
in presymptomatic FTD are evidentseveral decades before expected symptom
onset A small study of presymptomatic MAPTmutation carriers (Geschwind et
al., 2001) found deficits across severalexecutive function tasks such aserbal
fluency, Trail Making Test B (TMT-B), Stroop and the Wisconsin Card Sorting
Test (WCST)Lower performance across these taskavasapparent in individuals
who were on average three decades younger thaheir expected symptom onset
(around the age of 35 years)In addition to diminished performance across
executive function tasks, there is alsevidenceof significant declineacrosssocial
cognition and memoryin presymptomatic MAPTmutation carriers up to 8 years
prior to estimatedonset(Jiskoot, Dopper, Den Heijer, et al., 2018)Vhentracking
presymptomatic longitudinal changes in performanceacross MAPT and GRN
mutation carriers there is significant decline across a number of cognitive
domainsin, for example language, social cognition and memoryn MAPT(Jiskoot

et al., 2018) In contrast, there are no cognitive domains in which
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presymptomatic GRAmutation carriers decline morerapidly than MAPTcarriers
(Jiskoot ¢ al., 2018), suggesting that despite there beingreas of cognition which
are sensitive to changesn presymptomatic performance over time, these may

fail to distinguish between thegenetic groups

Studiesreveal, however, that there are different patterns of cognitive decline
depending on which genetic mutation is carrid. In presymptomatic C9orf72
mutation carriers, there is evidence of decreased performancen executive
function tasks such as verbal fluency an@troop (Papma et al., 2017; Suhonen et
al., 017), and as the disease progressethere is also decline across tasks of
visuospatial perception (Patel & Sampson, 2015and language(Snowden et al.,
2015), though this has yet to be shown presymptomaticallyn addition to the
decline outlined above presymptomatic MAPT mutation carriers show early
deterioration in language (Up to 5 years prior to onset) acrossassessmens such
as the Boston Naming TedtRohrer et al., 2015)and category fluency(Jiskoot et
al., 2018). This pattern of performance is also apparent during the symptomatic
stagesof the disease coursgsuggesting thatarly semanticdeficits are indicative
of MAPTmutations. In contrast, GRAMmutation carriers tend to perform worse on
tasks relating to attention such asDigit Span Backwards (Rohrer et al., 2015;
Jiskoot et al.,, 2016) Trail Making Tasks (Barandiaran, Estanga, Moreno,
Indakoetxea, Alzualde, Balluerka, Marti Mass6, et al., 2012nd working
memory assessments(Hallam et al., 2014) with early language decline also
being a feature(Rohrer, Warren, et al., 2008) Despite there being evidenceof
differing cognitive profiles across the three genesluring the presymptomatic
period, many of the current tasks of cognition function are limited in theiability
to detect subtle changedn fact, the cognitive tests usecturrently in the study of

presymptomatic cognitive declinemay not be optimal for this population.

Studies such ashe GENFI studyand many similar studies) have been criticized
for their use of traditional neuropsychology assessmentsn investigating

presymptomatic cognitive decline Although these assessments are well
validated it is suggesed that they are not sensitive enough to detect subtle

abnormalities in large groups of presymptomatic individualsmore than 5 years
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before symptom onset.Moreover, given there is evidence of neuroanatomical
changesn presymptomatic genetic FTD up to 25 years lfere expected symptom
onset, there is a needto bridge the gap between the sensitivity of current

cognitive assessments and current neuroimaging techniques.

1.5 Challenges Facing the Development Bresymptomatic Clinical Trials

As treatment trials in genetic FTDare 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 outcane measures The Food and Drug
Administration (FDA) have recognized that current cognitive assessments are
not optimal, highlighting the need for improved measures of cognitionas
outcome measuredor clinical trials (Sabbagh, Hendrix, & Harrison, 2019)or a
long time, traditional neuropsychological assessments have been considered as
the gold standardfor the diagnosis and prediction of disease progre&sn across
neurodegenerative diseases, includind=TD. However, & outlined previously,
many studies have struggled to find a relationship betweerarly neuroimaging
or fluid biomarker evidence, and changes in cognitive performancein
presymptomatic genetic FTD(Papma et al., 2017)The neuropsychology field has
therefore been challenged to improvehe 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 trialsin
genetic FTDOs creating acognitive composite At present, clinical trials in FTDare
utiliz ing existing individual cognitive assessmentsas outcomemeasures(Miller,
Banks, Léger, & Cummings, 2014Yhe reliance on a multiplicity of cognitive
scoresin this approach makes detecting meaningful changeon an individual
assessmentdifficult . Composite scoresmay help to address this issueby

combining multiple assessmentsshown to detect cognitive changes FTD, into
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asingle summary scoreThis method has been widelyemployedin! 1 UEAE[I AOG& O
Disease clinical trials, with the use of composites such as the rélinical

Alzheimer Cognitive Composite (Donohue, Sperling, SalmonRentz, Raman,
Thomas,Weiner, & Aisen2014) as primary outcome measuresThis approach is

beneficial ascomposites are quick to administer and are sensitive enough to

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

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

take advantage of preexisting, well validated cognitive assessments to improve

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

years.

1.5.2 Novel Approaches toAssessing Presymptomatic Changes in
Genetic FTD

Alternatively, the FDA has recently encouraged the development of novel
approaches toevaluate subtle deficits that may emerge from early cognitive
impairment in predementia (FDA, 2018. Assuch,researchinto the assessment
of cognition shouldalsobe encouraged toinspire more sophisticated approaches
in the development of a new generation ofneuropsychology assessmentsfor
early detection of genetic FTDas these may have the potential tioe used in

preventative trials further down the line.

There are several considerationgo take into accountwhen developing a novel
approach to assessing cognitionA newly developed tool which is tailored to
measuring cognitive changesin neurodegeneration will need to be simpleto
administer, costeffective and capable of capturing subtle changes ithe
presymptomatic phase of genetic FTDmore than 5 years before expected
symptom onset As genetic FTD is a rare diseassample size regirements will
necessitate thatclinical trials take placeat multiple sites across the world It will
therefore be necessary for these tools to be accommodating of different
educational levels and different languagesConsidering this, it seems that
cognitive test batteries should move away from standard pen and paper tasks to

computerized assessmens.
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The cmputerized administration of cognitive tasks has beenitilized 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 assessmerdf cognitive decline 2) the adaptation of
standardized cognitive assessments forcomputer administration (Wild,
Howieson, Webbe, Seelye, & Kaye, 2008everal advantages have been outlined
for the use of computerized assessmeni detecting cognitive decling which
indicate it may be favourable in clinical trials. These includethe precise and
AAAOOAOA OAAT OAET ¢ 1 A& , Adove BridoByor@d5tdn@add 6 O DA
task administration. This is advantageoug that it has the potential tominimize
floor (very low performance) and ceiling effects (very high performance), and
covers a wide range of abilities over a short period of timéWild et al., 2008). In
addition, computerized assessmentsnay also provide cost saving benefitaot
only reducing the cost of materials and resourcesut 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 t is standard for traditional pen and paperneuropsychology
assessments to be performed by a trained professionaiuch as a psychologistin

a research or hospital setting requiring significant existing infrastructure and
capacity. The novel developmentof cognitive assessments isufther explored in
Chapterb5.

In light of the application of new technologiesn neuropsychology assessments
several criticisms of this approach in assessing cognitive decline in
neurodegenerationhave arisen.t is argued thatcomputerized assessments lack
psychometric properties and that they often fail to demonstrate the equivalence
of traditional neuropsychology assessmentg§Schatz & Browndyke, 2002) When
targeting agingpopulations, it is also suggested that the lack of familiarity with
new technology in the elderly maylimitan E T A E O pekf@radnde 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 T O ! 1 UEAET AO8 O WIE & AlA P0Ag, Holevel ol A
computerized assessmentgurrently 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 changesover the course of genetic FTD. It remains uncleahowever,
what the best approach is for doiig so, should it be through cognitive changes on
neuropsychology assessments, or changes in neuroimaging and fluid biomarkers.
A large amount of progresshas beenmade in recent years in understanding the
neuroanatomical and fluid biomarkerchangesin genetic FTD, but it is becoming
increasingly important to ensure thatimprovements to the early detection of

other aspects of the diseasesuch as cognitive performanceare not neglected.

1.6 ThesisOutline

This thesis aims to improve our understanding of the prsymptomatic phase of
genetic frontotemporal dementia. In order to do so | have chosen to turn my
attention to 4 key areas of interest. These includel) 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 FTB) creating a
novel computerized cognitive assessment battery to improvehe sensitivity of
cognitive testing in genetic FTD;4) finally testing the viability of a novel
computerized assessmentool to detect subtle cognitive changes in genetic FTD.
| have chosento focus primarily on neuropsychological changes in the
presymptomatic phase of genetic FT[as | feel this is an area of research that is

not currently well understood.
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1.6.1 Chapter3: Defining Ageat Symptom Onsein Genetic FTD

1.6.1.1 Rationale

As highlighted insection 1.3.4, one of the greatest problems facing genetic FTD
research isthe identification and prediction of disease onset in those atisk of
genetic FTD. There is currently a lack of understanding oftw there is such great
variability of age atonset and disease duration across the thresost prevalent
genes, maing the estimation symptom onsetin at-risk individuals a challenge.
This study forms the basis of this thesis as it aims to improve currensémates
of symptom onset It is an important starting point, asthrough understanding
when an individual may develop symptomsit will be possible to take an
objective view of the moment at which weexpect toobservesubtle discrepancies
in presymptomatic cognitive performance. Findings from this chapter will

influence the analysis and interpretation of results inChapters 4 and 6.
1.6.1.2 Aims
1 To investigate phenotypic characteristics of the three main forms of

autosomal dominant FTDand

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

duration and age at death in genetic FTD

1.6.2 Chapter4: Creating a Cognitive Composite for Genetic FTD

1.6.2.1 Rationale

As discussed in sectiorl.5.1, with clinical trials on the horizon it is important to
utilize pre-existing cognitive assessments) determining which tests to select as
candidates foruse inclinical 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 willinform the task development inChapter 5.

1.6.2.2 Aims

1 To investigate which individual cognitive assessments are sensitive to
early decline in presymptomaticperformance; and

1 To create a cognitive composite for genetic FTD

1.6.3 Chapter 5: Design and Development of Ignitez A Novel

Computerized Assessment of Genetic FTD

1.6.3.1 Rationale

This chapter aims to extend the work inChapter 4 to create a novel cognitive
assessment tool for assessing cognition in presymptomatic genetic FTD. This is
important as current cognitive assessmentsnay not be optimal for use in
presymptomatic clinical trials. It aims toutilize the knowledge gained from pre
existing studies examining neuroimaging and cognitive changes in
presymptomatic genetic FTD to create a tailemade battery of assessmentdt
also aims to make use of portable devices so thamdividuals can perform

assessments on their ownin an environment familiar to them.

1.6.3.2 Aim

9 To create a computerized battery of tests tailored for early detection of
genetic FTD

1 To develop novel assessments for the detectioof presymptomatic
cognitive changesand

1 Todiscussdata collection and usability
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1.6.4 Chapter6: Ignite Analysis and Results

1.6.4.1 Rationale

Finally, this chapter is an extension oChapter 5, describing a pilot study using
the /gnite 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.

1.6.42 Aims

1 To test the viability of home computerizedesting for assessing cognitive

performance in genetic FTDand

1 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 recruiteturing a
sevenyear period between 202 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 @halysing the data for

this thesis(seeFigure 2).

)
892

Subjects

126 295

471

Affected At Risk
Controls

—
63 42 21 108 135 135
C9orf72 GRN MAPT C9orf72 GRN MAPT

Figure 2: Summary of the International GENFI Cohort

58



2.2.1.1 Main Study Subjects:

Symptomatic/Affected Individuals

These are mdividuals 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 GRNMARPT; or C9orf72

Presymptomaticand At-Risk Individuals:

Throughout this thesis, | will be using the termat-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 inGRN, MAP,Jor C9orf72was
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:

1 Has capacity togive informed consent;

1 Participant is 18-years-old or older;

1 Participant has identified an informant;
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1 Has a firstdegree relative with a confirmed pathogenic genetic mutation
in GRNMAPT, or C9orf72 and

1 Participant must be fluent in the language of theicountry of assessment.

Exclusion Criteria

1 Participant has another medical or psychiatric illness that would interfere
in completing assessments or impair the safety of the subjedar

1 Participant is pregnant

All participants were assessed using the GENFI protocol (see sectd.3).

2.2.2 UK GENFI Cohort

The UK GENFI cohort consists of participants enrolled in the &m 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 n@ative controls (Figure 3).

66 Subjects I

23

Controls

M: 11 F: 12

13 Affected 30 At Risk
M: 10 F: 3 M:16 F: 14
4 5 4 11 9 10
CYorf72 GRN MAPT CcYorf72 GRN MAPT

Figure 3: Summary of UK GENFI Cohagihcluding 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 12month study visit
participants were also assessed usinfgrite, 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 @nitive

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 gAT AOEA AT O1 QAT 11T 00 10 OEA Al ET EAA
clinical genetics services. A minority of participants were selfeferred 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 guidingorinciples 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 procedure3hese took place
over a 12 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 thest 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 participaton 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 Infonmation

Date of birth
Gender

Handedness

= =/ =4 =

Years of educationz exact number of years of education were noted

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

were used: 12 =cl | D1 AOAA EECE OAETT1h po

Doctorate
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Qualification

Examples

Equivalentyearsin full-time Englisheducation

system
Doctorate PhD,DPhil,EdD,DBA,DClinPsy 20
Master's (research) MPhil 19
Master's (taught) MResMA,MSc 18
Integrated Master's MEng,MChemetc. 18
PGCE 18
Bachelor'sdegree BA,BSc 17
HND 16
Foundation Degree 16
HNC 15
A-level 14
A/S-level 13

GSCHE O-level/ CSE

12

Left at 15 with no
quals

11

Table1: Years of education chart

1 Employment statusz employed, unemployed, retired

1 Occupationz most recent occupation (selected from 22 general groups)

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

Ethnicity z 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 tlke following diagnoses were

selected:

Behavioural variant frontotemporal dementia (bvFTD)

Primary progressive aphasia (PPA) including notfluent variant PPA
(nfvPPA), semantic variant PPA (svPPA) logopenic variant PPA (IVPPA)
or PPAnNot otherwise specified(PPANOS).

Progressive supranuclear palsy (PSP)

63



Corticobasal syndrome (CBS)

Amyotrophic lateral sclerosis (ALS) i.e. pure ALS without FTD syndrome
Frontotemporal dementia with ALS (FTDALS)
OAOEET O 160 AEOAAOA 0%
Dementia with Lewy Bodies (DLB)

Schizophrenia

Bipolar disorder

' 1l UEAEI AO6O AEOAAOA I $
Vascular dementia (VaD)

(O1 OET ¢cOiI 160 AEOAAOA ($
Dementia-not otherwise specified DementiaNOS)
Other

= =/ =2 =42 -4 -4 -4 -2 -2 -5 -5 -9

Sibling History:

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

from the subject) and how many of theother 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 4h oldest sibling etc.) and their diagnosis (using the same

criteria as parental history) as well asage at onseénd age at deathd EA OOAEAA OGS O

pedigree number was also noted.
Children History:
The number of children the subject has and howany of the children are affected

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

age at onset and age at deatas above) was noted.
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2.3.1.3 GENFI History

The following information was collected to provide a comprehensivepast and

current medical history of participants.

Genetic group:

A participantd @enetic mutation (C9orf72, GRN, MAPT)as recorded If the
individual was at-risk this was noted as the gene that thgroband in the family
carried.

Mutation:

The particular GRNor MAPT mutation that is present within the family was

noted. Seelable 7 for list of full mutations.

Patient Gioup:

All subjects were classified asaffected (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 agt-risk. If
the subject was possibly symptomatic but had yet to be clinically diagnosed with

dementia or motor syndrome then their status remainedat-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 waaffected.

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 bvFTDthe PPA

clinical subtypes and ALS.
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Behavioural/cognitive symptoms Zz diagnosis of
possible bvFTD requires at least thre of the following

symptoms to be fulfilled: Examples of specific symptoms

Early behavioural disinhibition p: 1T &

Socially inappropriate behaviour Staring, inappropriate physical contact with strangers, inappropriate sexuddehaviour, verbal or
physical aggression
Loss of manners or decorum Lack of social etiquette, insensitive or due comments, preference for crass jokes and slapstick humot
inappropriate choice of clothing or gifts
Impulsive, rash or careless actions New gambling behaviour, driving or investing recklessly, overspending, gullibility to phishing/Internet
scams
Early apathy or inertia p: 1 E

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

Inertia Lack of persistence or completion of an activity, does natitiate activities or conversations

Early loss of sympathy or empathy p: 1 A&

$EIi ET EOEAA OAODBI 1T OA OI Selfish or hurtful comments or actions, inability to perceive when someone is upset, embarrassed, or

feelings in pain, reduced appreciation of sarcasm or sophisticateldumour
Diminished social interest, interrelatedness, or Emotionally cold or detached, lack of rapport in conversation, loss of interest or affection in
personal warmth relationships with friends or family members, reduced interest in sex

Early perseverative, stereotyped or
compulsive/ritualistic behaviour p: 1 FE

Simple repetitive movements Repetitive rocking, tapping, clapping, or rubbing
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Complex, compulsive or ritualistic behaviours Hoarding, strict grooming a walking routines, timekeeping and counting, checking or sorting items,
cleaning or tidying, new obsessions or interests (usually spiritual, religious, artistic, or musical)

Stereotypy of speech Habitual repetition of particular words, sentences, or topics

Hyperorality and dietary changes p: 1 &
Altered food preferences Sweet tooth (sweés, biscuits, ice cream), carbohydrates, or obsessive food fads

Bingeeating, increased consumption of alcohol ~ Cramming food into mouth, overeating or messy eating, new addictions to alcohol or smoking

or cigarettes

Oral exploration or consumption of inedible Pica

objects

Neuropsychological profilez all three of:
Deficits in executive tasks Vary as per neuropsychological assessment used
Relative sparing of episodic memory

Relative sparing of visuospatial skills

Table2: Summary of symptoms within the current diagnostic criteria for bvFTD. Table content adapted frollfoollacott & Rohrer, 2016 Criteria of possible bvFTD
OANOEOAO OEAO oOUI BOIT O AA PAOOEOOAT O I O OAAOOOAT Oh OdAddititikiGympreridnseREperC | A
Rascovsky et al., 2011
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Clinical Features

SVPPA

nivPPA

IVPPA

Spontaneous speech
(fluency, errors,

grammar, prosody)

Single word

comprehension

Sentence

comprehension

Single word repetition

Fluent, garrulous and
circumlocutory,
grammatically correct

and intact prosody

Impaired

Initially preserved,

becomes impaired later

as word
comprehension is

impaired

Relatively intact

Decreased fluency,

effortful (and/or)

apraxic, phonetic
errors, may be

agrammatic

Initially spared, but
affected later on in

disease

Impaired for complex

sentences

Mild to moderately
impaired if
polysyllabic, otherwise

intact

Hesitant, with slow
output, long word
finding pauses,
phonemic paraphasias,
intact grammar and

prosody

Initially spared, but
affected later on in

disease

Impaired, especially if

long

Relatively intact
(compared to sentence

repetition)
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. Impaired if
Sentence repetition Spared

grammatically complex

_ Spared initially but
Severe anomia ) ]
anomic as disease

Naming (nouns>verbs) with
o progresses
semanticb AOADE /
Phonological dyslexia
) ) and possible phonetic
Reading Surface dyslexia _
errors when reading
aloud
- _ Phonological
Writing Surface dysgraphia ]
dysgraphia

Impaired with length

effect

Moderate anomia with
occasional phonemic
DAOADPEAOE

Phonological dyslexia

Phonological

Table 3: Summary of clinical features of each PPA syndrome froBorno-Tempini et al., 2011current
consensus criteria. Table adapted fromVoollacott & 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 sign

three regions

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

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

one region or UMN signs are found alone in two or more regions; or LMN signs a
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found rostral to UMN signs and the diagnosis of icically probable-laboratory
supported ALS cannot be proved by evidence on clinical grounds in conjunctic
with electrodiagnostic, neurophysiological, neuroimaging, or clinical laboratory
studies. Other diagnoses must have been excluded to accept a diagso$ clinically
possible ALS.

Table4: Summary of diagnostic categories for ALS, taken from ALS revised El Escorial critgRéx Brooks, Miller, Swash, &
Munsat, 2009)



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
AEA DPAOOEAEDAT 080 i AAEAA Gtohs] botk fieSctibe® U x A O
AT A OEI OA AOOAET AA O1 OAO OEA Al 01 6A08 As

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 psychologistat 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 cognitiveothains assessed in the

neuropsychology battery, as summarizedh Table5.
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It should be noted that the same version of each assessment included in the
battery was used in each aothe languagesn which participants were tested, with

the exception of differences in the following tests:

1 Phonemic Fluencyz Letter: in general, the letters FAS are used, except in
Dutch, where DAT is used, German where SPM is eds and
Spanish/Portuguese where PMR is used.

1 FCSRTltalian, Swedish and French versions are used.

Cognitive Domain Assessment
WMSR Digit Span Backwards
D-KEFSTrail Making Test B

Executive Function

Phonemic Fluency
D-KEFS Ink ColouNaming
WMSR Digit Span Forwards
D-KEFSTrail Making Test A
WASIR Digit Symbol
D-KEFS Colour and Word Naming

Attention

FauxPas Stories

Social Cognition : _
Ekman Emotion Recognition

Modified Boston Naming Test

Language Modified Camel andCactus

Category Fluency

Free Cued Selective Reminding Test
Memory (FCSRT)

BensonComplexFigure Recall
WASI Block Design

Visuospatial Function

BensonComplexFigure Copy

Table 5: shows the standardneuropsychology assessments administered to all GENFI participants to
assess their performance across the specified cognitive domains. WARSWechsler Memory Scale Revised;
D-KEFS, Delis Kaplan Executive System; WASI, Wechsler Abbreviated Scale of Irdolig
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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, C9orf72nd participant groups (at-risk positive mutation

carrier, mutation negative control, affectedmutation carrier).

One 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-aisk 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 G&NFI 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 1lhr
Medical history and examination 1lhr
Venepuncture 15mins
MRI Scan 1hr
Neuropsychology 2-3hrs
Lumbar Puncture 2hrs
Informant Interview 2hrs

Table 6: shows an example o0& 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 Vvisits,
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 apprehensve 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 apprehensin, 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 beame distressed, either because they are worried about their
performance (particularly the case for atrisk positive mutation carriers), or
because they do not understand what is being asked of them (often the case for
symptomatic mutation carriers). Occasbnally, when being assessed, participants
can be disinhibited or behave inappropriately to such a degree that researchers
have to drastically change assessmetdctics or stop assessing them in order to

proceed with the research visit.

These are consequeces of the clinical research environments involved that |

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 maed study-coordinator at each
GENFI site entered the data into the central GENFI database, XNAT, which could
then be exported n CSV format.
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2.5.1 Data freezes

Approximately once per yeara 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 freezeall 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=(Xm)/sd. At several pants throughout this

thesis | 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
, AOET A6 O OAOO AT-@ pldiresiodalis. WhEedeiitese iadsumiptidis A
were violated, | used nonparametric tests where possible (e.gkruskal-Wallis or
Spearman rank rather than Pearson correlation etc.). Unless otherwise specified

data was analysed using®SS version 26
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3 Defining Ageat Symptom Onsein 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 ofthis thesiswasto examine whether we can improve current
predictions of estimated age at symptom onset in genetic FTD. Thigork is
particularly important when considering at what age we should anticipate
symptomatic change and thus when we should beenrolling presymptomatic
individuals into clinical trials. Improving these predictions will also provide a
better estimate of when we might expectto seesubtle changesacrossoutcome

measuresfor 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 subtypesncluding
changes in behaviour and executive dysfunctioteading tobvFTD, or changes in
languagesuch asnfvPPA, svPPA, IvPP& PPANOSIn addition to these common
clinical subtypes, patients can also present withALS ,or the atypical parkinsonian
syndromes CBSand PSP Around a third of FTD is genetidRohrer et al., 2009)
with variations in multiple genes shown to be causative of FTPhe majority of
genetic FTD is accounted for bynutations in three genes: progranulin (GRN),
microtubule-associated protein tau (MAPT)and the chromosomed open reading
frame 72 (C9orf72). Though a vast amount of research exploring the clinical
features of thegeneticforms of FTDhas been undertakenmost studies exploring
age at symptom onsetage at deathand disease duration have been relatively
small and geographically restrictel (Barbier et al., 2017; Ferrari et al., 2017,
Cossedd et al., 2018) The largest study to dateg(Barbier et al., 2017) examined
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age at onset in a largé-rench clinical and genetic research network, this study
had 504 individuals (133 families) and was limited to only C9orf72 and GRN
families. There have been ndnternational studies examining age at symptom

onset, death and disease duration.

Evidence from individual case series suggests that tAOcan be highly variable
across the FTD causing geneand no studies have systematically invesgated
thesefactors across all the different genetic groups and the different mutations
found within the groups. When looking at the AAO in dominantly inherited
'l UEAEI AO6O AEOAAOA OEA OAOEAT AA EI
history and mutation type (Ryman, 2014h OOCCAOOEIT ¢ OEAO
may be related to parental AA@nd mean AAO in the familyThis, 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 samespecific 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 trialsapproaches, mcreasingly, pharmaceutical companies
are developing disease modifying therapiesfor 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 enablingnrolment of cohorts at welt
defined time points in the presymptomatic window. For this we requirea better

understanding of the variability in diseaseonset and duration
There were several ams to this study: to analysethe variability of ages at onset

and death as well as the disease duratian a large cohort of individuals withthe
C9orf72, MAPTand GRNmutations; to explore the frequency of each of these
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mutations across the world, in order to explore geographic variabilty; and to

investigate the phenotypic characteristics of autosomal dominant FT.D

3.3 Methods

3.3.1 Data Collection

| investigated paients with autosomal dominant FTD caused byC9orf72 MAPT
and GRMmutations. Data wasfirst collected from multiple families through the
Frontotemporal Dementia Prevention Initiative (FPI), a group connecting
researchcentreswithin four large cohort natural history studies of genetic FTD
The Genetic Frontotemporal Dementia Initiative (GENFIjRohrer et al., 2015)
Advancing Research and Treatment for Frontotemporal Lobar Degeneration
(ARTFL), Lagitudinal Evaluation of Familial Frontotemporal Dementia Subjects
(LEFFTDS) and the Dominantly Inherited Non | UEAET AO8 O $ Al AT OEAO R
studies. These research studies account for the majority afentresinvestigating
genetic FTD in Europe and Easter@anada (GENFI), USA antfestern Canada
(ARTFL/LEFFTDS) and Australia (DINAD)In addition, | also extended data
collection to other researchcentresacross the world, that are not part of any of
these studieswho havepatients presenting with genetic FTDThis included data
from sites in Greece and Malaysidn total, 33 researchcentresprovided datafor
participants that included genetic group, indvidual mutation (for GRNand
MAPT), sex, clinical phenotype, age at symptom onset (AA@ye at death (AAD)
and relationship to other family members Across the world data was collected
from the UK, France, Germany, Spain, Portugal, Italy, the Netherlan8sveden,

Belgium, Greece, Canadthe United States of America, Australia and Malaysia.

Finally, in addition to data collected as part of theesearchcollaboration | also
OAOGEAxAA DPOAI EAAQOET T O AEOAAFroatbtemgnealdA ! 1 UEAET /
Dementia  Mutation  Database (http://www.molgen.ua.ac.be/), and
supplemented this bycarrying out a detailedsearchon PubMed with the terms
O&OT 1T 01 OAIT PIAQGBgeneiich PbdadHior GRAO h  ORMABD
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A1 Ahrotosome 9 open reading frame 72 OR9orf72. At the time, this search
identified 307 peer-reviewed journal articles focusing on studies that reported
age at symptom onse{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] asked the research
sites to provide a list of publications relevant to their dataset.| manually

examinedthesefor possible duplicates, which were removed where identified.

3.3.2 The Participant Cohort

The combined dataset contains 315 individuals from 1,418 pedigrees including
age at symptom onset (AAO), age at death (AAD) and clinical diagnosis37D
C9orf72 (703 pedigrees), 791 MAPT (254 pedigrees), and 1154 GRN(460
pedigrees). Of these individuals2,571 had known age at symptom onsetand
1,936 had known age at deathwith 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 mation, 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

| created a template MicrosofExcel spreadsheetvhich wasdisseminated to each
research site in the AAO collaboration groupFigure4 - Figure 7 below). Eighteen
columns were defined using the following headings: site name (e.g. UCL), subject

number, family number, sex, genetienutation ( C9orf72, MAPT, GRyYmutation
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alias (the specific mutation nomenclature within the GRNor MAPTgenese.g.

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

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

determined to have progressive cognitive obehavioural symptoms rather than

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

proband, 2.1 =sonof 1.1etc)AEA OEA OOAEAAOH6O i1 OEAO EAOA
ITT h 17TOEAOBO ZAITEI U OOCAA AT AAnh 11 OEAOGO AC
regardless of the cause of death), did the subjastfather have dementia? (yes or

TT h AEAOEAOGS GCanue@A (FH AidentRAAC AT AAh
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Site Name

Please enter your site name
in this column e.g. University
College London = UCL

All subjects should be allocated a family number in
numerical order e.g. all members of the Smith
family will be given family number 7.

netic M ion

Please select the genetic
mutation from the
dropdown menu

AAO

Please enter the subject's age at onset.
This is the age at which an individual is
determined to have progressive
cognitive or behavioural symptoms
rather than meeting diagnostic criteria.

AAD

Please enter the
subject’s age at
death if known

e —

3rd clinical AAD AAD Family tree code
68 74 1.1
A —
Sex Diagnosis

Subject Number

each subject.

Please enter these in
numerical order for

Please select the subject’s gender
from the dropdown menu

=5

Please select the subject’s diagnosis from the dropdown menu. You may add up to 3 individual
diagnoses per subject e.g. if a subject is first diagnosed with buFTD (diagnosis) and MND/ALS later :2""
clinical diagnosis) please enter these separately. If however, the subject diagnosis

is FTD-MND/ALS occurring simultaneously please enter this as an individual diagnosis. [

Figure 4: Page 1 of the AAO manual disseminated to sites with instructions for how to complete their AAO dstteet.
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bV TD

#Bl

11

Specific Mutation

Please select the particular GRN or MAPT
mutation that is present within the family
from the dropdown menu. The naming of
mutation should be as per Tables 1 and 2
(below) use the mutation alias name in
the last column of the table e.g. R406W
or IVs10+16C>T. If there is a pathogenic
mutation not in the table please contact
k.dick@ucl.ac.uk.

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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[ Se Narve [Eubject e [Famiy Rummber|  Son [ Gunatic Wovtation [ Spacifs matatio | Dagnont] 2nd el dlagnans | 3cd crica diagnows | ARG | AAD | Farmiy rew cods |
Coorf72 b TD ] 74 11

8
z

Eamily Tree Code

Please enter the subject’s family tree
code based on the family tree below.
Children/siblings should be coded in age

order.
Example

- = Male

1.1 = Proband
. = Female

2.2=5Sonof1.1
D = Unaffected 31=Sonof2.2
. = Affected

23

H O

Figure 6: Page 3 of the AAO manual disseminated to sites with instructions for how to complete their AAO data sheet. Instructions veoevided fo ensure family
tree codes were correctly numbered.
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. Did the Subjects Mother/Father have Dementia?
Parent Information Parent AAD
1) Please enter Yes/No from the drop down menu
Please complete any known details 2)  If Yes please add the parent with dementia as a new subject on a new line. If answer is Yes or No (did the subject’s
about the parents of the subject. 3)  Include as much information as possible about the parent even if all you can mother/father have dementia) please
include is an AAD and a diagnosis of dementia not otherwise specified (Dementia- include AAD (if known) regardless of
NOS) the cause of death (dementia or other).
E.g. if the subjects father died of cancer
please still enter the AAD (if known).
Parent Family Tree Code =
Parent Family Tree Code Vel 5 E = WA =

If the parent had dementia
please enter their family tree [
code.

FEPEETEETEr ettt et e e e e e et

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 templateExcel spreadsheetwas a data collection
manual (shown above) which | created to ensure that each site correctly
completed the datasetand to reduce errors in the dataAlso included in the
manual was an upto date list of the GRN and MAPT OOA OET &nd @i EAOBS
example family treg sofamily tree codes could be corectly assigned.It was
important that the family tree codes were labelledappropriately so parent-

offspring relationships could be clearlyidentified (Figure 6).

| rigorously checked every spreadsheet returned and conferred with sites when
| thought there were errors in the data Once data was confirmed to baccurate,
| collated the ndividual spreadsheets into a master spreadsheet using the same

headings for data analysis.

3.4.1 Inclusion and Exclusion Criteria forCollated Data

Not all GRNand MAPTmutation variants are pathogenic. As a starting point for
inclusion of likely pathogenic variants in the study | reviewed the Alzheim& O
Disease and Frontotemporal Dementia Mutation Databagehis includes79 GRN
and 44 MAPT pathogenic variants. From tle PubMed search | discoverea
further 35 GRNand 18 MAPTmutation variants not included in the database
(Table 7). Centresin the study provided additional data on nowel mutations (not
previously reported in the literature) on another 17 GRNand 4 MAPTmutation

variants (Table 7).

All mutations were reviewed by two UCL geneticists (Dr Rita Guerreiro and Dr
Jose Bras) to examine pathogenicity, and unique mutatismvere only included if
both agreed on their likely patiogenic nature. Looking specifically atGRN
mutations causing haploinsufficiency, due to a frameshift mutation or insertion
of a stop codon, were all included as likely pathogenic. The literature c@RN
missense mutations is lessconclusive as to whether these are likely to be
pathogenic or represent risk factors (apart from A9Dwhich affects the signal
peptide and is therefore likely to be pathogenic)Missense mutationswere only

included where there was evidence in the literature of a) low progranulirievels
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(in blood or CSF)similar to those causing haploinsufficiency (rather than
intermediate levels as seen in some missense mutation$)) functional evidence

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

(eg.the# pow2 OAOEAT O EAO AAAT OEI x1 OiF AA AOOT AE

pathology rather than TDP-43 inclusions that as would be expected foiGRN
mutations (Redaelli et al., 2017) These criteria excluded the majority of
missense mutations, leaving just the A199V and C105Y mutatiottsbe included
in the study (Karch et al., 2016; Luzzi et al., 2017; Wilke et al., 20170 90rf72
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 C9orf72expansion and a pathogeni&GRNor MAP Tmutation.
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- N Predicted protein . N N N Mean N Mean N Mean
change total families AAO AAO AAD AAD DD DD
Complete delGRN[DR184] 1 1 1 71.0 1 74.0 1 3.0
gene
Intron 1 NM_002087.2:c8+3A>T IVS1+3A>T 1 1 1 58.0 0 0
Intron 1 NM_002087.2:¢8+5G>C IVS1+5G>C 35 26 35 61.2 25 67.0 25 54
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 31 717 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:¢.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:¢.87dup:p.(Cys30Leufs*35) p.C30LfsX35 C30fs 3 2 3 59.7 1 68.0 1 8.0
Exon 2 NM_002087.2:¢.87_90dup:p.(Cys31Leufs*35) p.C31LfsX35 C3ifs 47 10 32 60.3 31 65.0 25 59
Exon 2 NM_002087.2:c.102del:p.(Gly35Glufs*19) p.G35EfsX19 G35fs 42 10 40 61.2 31 63.2 30 51
Exon 2 NM_002087.2:c.117dup:p.(Ser40GInfs*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:¢.134C>T IVS24C>T 1 1 1 70.0 0 0
Intron 2 NM_002087.2:¢.139del:p.(Asp47Thrfs*7) p.D4A7TEsX7 DA47fs 1 1 1 68.0 1 720 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:¢.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:¢.255del:p.(Phe86Serfs*170) p.F86SfsX170 F86fs 0 0 0 0
Intron 3 NM_002087.2:¢.264+2T>C IVS3+2T>C 5 4 5 65.8 2 65.0 2 4.0
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- N Predicted protein . N N N Mean N Mean N Mean
change total families AAO AAO AAD AAD DD DD
Intron 3 NM_002087.2:c.2652del IVS32delA 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:¢.314G>A:p.(Cys105Tyr) p.C105Y C105Y 4 1 4 65.8 0 0
Exon 4 NM_002087.2:¢.328C>T:p.(Arg110%) p.R110X R110X 8 5 7 59.6 3 66.3 2 9.0
Exon 4 NM_002087.2:¢.347C>A:p.(Ser116*) p.S116X S116X 1 1 1 57.0 0 0
Intron 4 NM_002087.2:¢.349+1G>C IVS4+1G>C 1 1 1 58.0 0 0
Intron 4 NM_002087.2:¢.3501G>T IVS41G>T 6 2 6 58.7 4 63.0 4 35
Exon 5 NM_002087.2:¢.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:¢.373C>T:p.(GIn125%) p.Q125X Q125X 10 1 7 59.3 5 71.2 5 7.8
Exon 5 NM_002087.2:¢.378C>A:p.(Cys126*) p.C126X C126X 2 1 2 525 2 62.5 2 10.0
Exon 5 NM_002087.2:¢.380_381del:p.(Pro127Argfs*2) p.P127RfsX2 P127fs 2 2 2 55.5 0 0
Exon 5 NM_002087.2:c.384_387del:p.(GIn130Serfs*125) p.Q130SfsX125 Q130fs (384_387delTAGT) 4 2 2 51.5 3 76.3 1 9.0
Exon 5 NM_002087.2:¢.388_391del:p.(GIn130Serfs*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 4 105
Intron 5 NM_002087.2:c.463_598del:p.(Alal55Trpfs*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 55
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:¢.559dup:p.(Leu187Profs*11) p.L187PfsX11 L187fs (559dup) 3 1 3 52.3 3 60.3 3 8.0
Exon 6 NM_002087.2:¢.592_593del:p.(Arg198Glyfs*19) p.R198GfsX19 R198fs 2 2 2 60.5 0 0
Exon 6 NM_002087.2:¢.596C>T:p.(Ala199Val) p.A199V A199V 11 3 6 60.5 7 63.6 2 8.0
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- N Predicted protein . N N N Mean N Mean N Mean
change total families AAO AAO AAD AAD DD DD
Exon 7 NM_002087.2:¢.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:¢.675_676del:p.(Ser226Trpfs*28) p.S226WfsX28 S226fs 6 6 6 56.8 6 62.3 6 5.6
Exon 7 NM_002087.2:¢.687T>A:p.(Tyr229*) p.Y229X Y229X 5 1 3 62.7 5 69.2 3 8.7
Intron 7 NM_002087.2:¢.708+1G>A IVS7+1G>A 14 7 10 59.9 9 68.6 5 7.3
Intron 7 NM_002087.2:¢.708+1G>C IVS7+1G>C 1 1 1 55.0 1 61.0 1 6.0
Intron 7 NM_002087.2:¢.708+5_8delGTGA IVS7+5_8delGTGA 8 4 6 62.2 6 72.3 4 10.0
Intron 7 NM_002087.2:¢.708+6_9delTGAG IVS7+6_9delTGAG 17 9 12 60.9 15 70.7 10 5.0
Intron 7 NM_002087.2:c.70R2A>G IVS7-2A>G 10 5 8 56.0 6 63.2 6 5.8
Intron 7 NM_002087.2:c.702A>T IVS7-2A>T 12 1 12 67.0 8 74.6 8 6.0
Intron 7 NM_002087.2:¢c.7091G>A IVS7-1G>A 50 18 38 60.5 26 67.0 23 6.5
Exon 8 NM_002087.2:¢.745C>T:p.(GIn249%) p.Q249X Q249X 6 1 6 60.5 6 66.5 6 6.0
Exon 8 NM_002087.2:¢.759_760del:p.(Cys253*) p.C253X C253X 5 4 5 58.6 3 62.0 3 6.3
Exon 8 NM_002087.2:¢.759_760dup:p.(Asp254Valfs*3) p.D254V{sX3 D254fs 3 1 3 57.7 1 82.0 1 22.0
Exon 8 NM_002087.2:¢.761_762insTG:p.(Leu255Alafs*2) p.L255AfsX2 L255fs 3 1 3 62.0 3 70.0 3 8.0
Exon 8 NM_002087.2:¢.768_769dup:p.(GIn257Profs*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:¢.813_816del:p.(Thr272Serfs*10) p.T272SfsX10 T272fs 201 95 154 62.7 71 711 59 7.0
Intron 8 NM_002087.2:¢.709_835del:p.(Ala237Trpfs*4) p.A237WfsX4 A237fs 33 4 32 61.0 25 69.0 24 9.2
Intron 8 NM_002087.2:¢.833_834del:p.(Thr278Serfs*7) p.T278SfsX7 T278fs 6 1 6 60.5 4 74.3 4 8.0
Intron 8 NM_002087.2:¢.8361G>C IVS81G>C 7 4 7 63.1 1 69.0 1 4.0
Intron 8 NM_002087.2:¢.8361G>T IVS81G>T 2 1 2 69.5 0 0
Exon 9 NM_002087.2:¢.848_854dup:p.(Asp285Glufs*3) p.D285EfsX3 D285fs 1 1 1 53.0 0 0
Exon 9 NM_002087.2:¢.882T>G:p.(Tyr294*) p.Y294X Y294X 9 3 4 59.0 3 67.0 3 5.7
Exon 9 NM_002087.2:¢.898C>T:p.(GIn300%) p.Q300X Q300X 18 8 16 61.6 9 63.3 8 6.5
Exon 9 NM_002087.2:¢.900_901dup:p.(Ser301Cysfs*61) p.S301CfsX61 S301fs 22 9 20 59.5 13 71.5 11 51
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Exon 9 NM_002087.2:¢.903_904insTG:p.(Gly302Trpfs*60) p.G302WfsX60 G302fs 0 0 0 0
Exon 9 NM_002087.2:¢.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:¢.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:¢.933+1del IVS9+1delG 5 1 5 58.8 0 0
Intron 9 NM_002087.2:¢.933+1G>A IVS9+1G>A 8 4 8 61.0 3 64.0 3 5.0
Exon 10 NM_002087.2:¢.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:¢.988_989del:p.(Thr330Alafs*6) p.T330AfsX6 T330fs 1 1 1 62.0 0 0
Exon 10 NM_002087.2:¢.988_989dup:p.(GIn331Argfs*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:¢.1009C>T:p.(GIn337*) p.Q337X Q337X 2 2 2 60.5 1 69.0 1 10.0
Exon 10 NM_002087.2:¢.1013_1024del:p.(Gly338_GIn341del) p.Q337_340del Q337_340del 1 1 1 69.0 0 0
Exon 10 NM_002087.2:¢.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:¢.1021C>T:p.(GIn341*) p.Q341X Q341X 7 4 7 66.4 2 88.0 2 105
Exon 10 NM_002087.2:¢.1048dup:p.(Ala350Glyfs*18) p.A350GfsX18 A350fs 5 1 2 58.0 4 66.0 1 3.0
Exon 10 NM_002087.2:¢.1070del:p.(Pro357Hisfs*4) p.P357HfsX4 P357fs 1 1 1 44.0 1 51.0 1 7.0
Exon 10 NM_002087.2:¢.1072C>T:p.(GIn358*) p.Q358X Q358X 0 0 0 0
Exon 10 NM_002087.2:¢.1095_1096del:p.(Cys366*) p.C366fsX1 C366fs 13 6 13 61.2 4 77.8 4 8.5
Exon 10 NM_002087.2:¢.1117C>T:p.(Pro373Ser) p.P373S P373S 4 1 4 59.8 2 69.5 2 45
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:¢.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:¢.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.(GIn401*) p.Q401X Q401X 5 3 5 58.2 1 63.0 1 7.0
Exon 11 NM_002087.2:¢.1212C>A:p.(Cys404*) p.C404X C404X 1 1 1 58.0 1 66.0 1 8.0
Exon 11 NM_002087.2:¢.1231_1232del:p.(Val411Serfs*2) p.V411SfsX2 V411fs 2 1 1 66.0 2 72.5 1 4.0
Exon 11 NM_002087.2:¢.1231_1232dup:p.(Ala4d12*) p.A412X A412X 1 1 1 61.0 1 68.0 1 7.0
Exon 11 NM_002087.2:¢.1243C>T:p.(GIn415%) 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 75
Exon 11 NM_002087.2:¢.1252C>T:p.(Arg418*) p.R418X R418X 20 8 13 56.9 14 65.5 11 8.7
Exon 11 NM_002087.2:¢.1256_1263dup:p.(lle422Glufs*72) p.1422EfsX72 1422fs 6 1 5 61.0 3 70.0 2 6.5
Exon 11 NM_002087.2:¢.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:¢.1395dup:p.(Cys466Leufs*46) p.C466LfsX46 C466fs 4 2 3 57.0 3 61.3 3 4.3
Exon 11 NM_002087.2:¢.1402C>T:p.(GIn468*) p.Q468X Q468X 3 2 2 59.5 1 66.0 1 6.0
Intron 11 NM_002087.2:c.1415_1645del:p.(Ala472_GIn548del) p.A472_Q548del A472_Q548del 2 2 2 50.0 0 0
Exon 12 NM_002087.2:¢c.1414_1644del:p.(Ala472Valfs*10) p.A472VisX10 A4T72fs 4 3 3 65.0 2 74.0 2 8.5
Exon 12 NM_002087.2:¢.1420_1421del:p.(Cys474Leufs*37) p.C474LfsX37 CA474fs 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:¢.1446C>A:p.(Cys482*) p.C482X C482X 5 1 4 55.8 3 70.7 3 17.3
Exon 12 NM_002087.2:¢.1477C>T:p.(Arg493*) p.R493X R493X 55 22 40 60.2 42 67.5 30 6.3
Exon 12 NM_002087.2:¢.1494_1498del:p.(Glu498Aspfs*12) p.E498DfsX12 E498fs 8 5 8 57.6 0 0
Exon 12 NM_002087.2:¢.1507C>T:p.(GIn503*) p.Q503X Q503X 1 1 1 75.0 0 0
Exon 12 NM_002087.2:¢.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.(lle595Val) p.1260V (p.1595V) 1260V 1 1 1 68.0 1 77.0 1 9.0
Exon 9 NM_001123066.3:¢.1801C>G:p.(Leus01Val) 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:.1822G>A:p.(Gly608Arg) p.G273R (p.G608R) G273R 1 1 1 63.0 0 0
Intron 9 NM_001123066.3:¢.182815T>C IVS915T>C 1 1 1 46.0 1 57.0 1 11.0
Intron 9 NM_001123066.3:¢c.182811G>C IVS911G>C 5 1 2 58.5 5 66.0 2 8.0
Intron 9 NM_001123066.3:c.182810G>C IVS9-10G>C 3 1 1 50.0 3 59.7 1 13.0
Intron 9 NM_001123066.3:¢c.182810G>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
Eon 10 NM_001123066.3:c.1846_1848delAAG:p.(Lys6] p.deltak280 deltak280 . . . 570 5 66.3 R 60
6del) (p.deltak616)
Exon 10 NM_001123066.3:¢.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.1856 T>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_1894delATAp.(Asn6 p.N296del (p.N631del) delN296 5 4 5 49.2 1 42.0 1 3.0
31del)
Exon 10 NM_001123066.3:¢.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.(Ser640lle) p.S305I (p.S6401) S305I 3 2 3 41.0 2 47.0 2 35
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 5 125
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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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 . 10.0
Exon 12 NM_001123066.3:¢.2012A>G:p.(GIN671Arg) p.Q336R (p.Q671R) Q336R 3 2 2 60.0 1 39.0 0
Exon 12 NM_001123066.3:¢.2013G>C:p.(GIn671His) 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 2 435 2 55.0 2 115
Exon 12 NM_001123066.3:¢.2057A>G:p.(GIN686Arg) 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 2 315 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>Ap.(Val698lle) p.V363l (p.V698l) V363l 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 2 495 1 55.0 1 8.0
Exon 12 NM_001123066.3:c.2111A>T:p.(Lys704lle) p.K369I (p.K7041) K3691 1 1 1 50.0 1 61.0 1 11.0
Exon 13 NM_001123066.3:¢.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:¢.2170G>A:p.(Gly724Arg) p.G389R (p.G724R) G389R 6 5 5 29.0 2 30.5 2 4.0
(2170G>A)
Exon 13 NM_001123066.3:¢c.2170G>C:p.(Gly724Arg) p.G389R (p.G724R) 38R 6 6 6 30.8 5 35.0 5 5.8
(2170G>C)
Exon 13 NM_001123066.3:¢.2221C>T:p.(Arg741Trp) p.R40BW (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:¢.2275C>A:p.(GIn759Lys) 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 (@) GRN and (b) MAPT mutation groups, with mean age at onset (AAO), ageedth (AAD) and disease

duration (DD); N = number.
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3.5 Analysis

All statistical analyses wereperformed using Sata (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 GRNgroups. In order to investigate
potential anticipation and differences in AAO between generains, asubanalysis
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 phenotypeas also explored

(summarized in Figure 8 below).

Main Analyses Subanalyses
lained variability bet famil
mutation — ([NHINNAN DWECDRRNN v { ety winfany
AAO . .
Anticipation (2" generation)
clinical diagnoss
gene m { parental vsfamily
explained variability between family
explained variability within family
mutation— [NNIIHNNIN BONCRRUNNN s { Solant ity ity
AAD
parental vsfamily
gene m { explained variabilty between family
explained variability within family
mutation— [{NINND WOCHNR oo
DD
gene K { -

Figure 8: summary of the analysis performed on théAAO dataset

3.5.1 Correlations to examine family and mutation relationships

The Pearson correlationcoefficient was calculatedbetweenthe following:
Z !'1T EIT AEXDE/AKDAAD AAD/AADOf their affected parent; and

Z !'1T ET AEDG/AXDAN theaverageAAO/AADOf other members of

the same family
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3.5.2 Sex Distribution

A chisquared test was used to compare sex distribution in each of the genetic

groups.

3.5.3 Mixed effectmodelling to explore variability in AAO, AAD and DD

Mixed effect modelswere usedto 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 threegeneticmutation groups.

3.5.3.1 Differences between genetic groups (@rf72, GRNand 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 group€9orf72, GRNnd MAPT). In
addition, in the GRNand MAPTgroups, amodel was used to explore the extent
to which variability in AAO was explained by thespecific mutation Due to the
skewed distribution of DD, this was log transformed before analysi§o compare
the mean AAO, AAD and DD between tl@e9orf72, GRMnd MAPTgroups a fixed
effect of group was included in the modeld= Crf72, GRN or MAPTAnd Wald
tests were used for hypothesis testing. The model allowed for relatedness by
including a random effect for family membership. The model can beritten as

equation 1 (below):

Where:

[ isthe AAO or AAD for theth participant in the jth family within the mutation
group gr

| is the mean for mutation groupg;
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is the random deviation for thesth family away from the mean in groupg; and

- is theresidual error.

The random effects and residual variance were assumed to follow a normal
distribution and this assumption was assessed through plots of theesiduals 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

Within the GRNMand MAPTgroups 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 comparisonbetween the mutations.

It is important to note that AAD was known foronly 59% of those with data on
AAO (56% in GRNMgroup, 65% in MAPTgroup and 58% in the C9orf72group).
For those with missing data of AAD, no information was available on DD or
reasorns 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, mayrepresent 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 gnetic group (C9orf72, GRnd 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 tls&ewed distribution of DD, this
was log transformed before analysis. In each model fixed effect for sex or
clinical phenotype wasincluded and Wald tests were used for hypothesis testing

on these variables.

3.5.3.4 Disease duration analysis in MAPT mutation caers

In the MAPTgroup the same mixed effect modelling approach was employed to
examine whether there were systematic differences in Dor those carrying
mutations categorized by their functional consequences and underlying
pathology into five groups: group 1 (exons 1,2rad 9); group 2 (exon/intron 10
affecting splicing); group 3 (exon 10 not affecting splicing); group 4 (exons 1
13 with non-PHFtau pathology) and group 5 (exon 1113 with PHFtau
pathology group).

3.5.3.5 Modelling variability in Age At Onset andAge At Death

Mixed effect models were also created in orderot explore the extent to which
variability in AAO and AADare explained by family membershipand the specific

mutation carried, and how this differed between the genetic groups.

Firstly, to explore variability in AAO (and AAD) byfamily membership in all

mutation carriers, the two-level linear mixed effect model given in equation 1
was fitted, usingthe mixed command in Stata.This includes a fixed effect for
genetic group (g = C%rf72, GRNand 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 mation carrier groups (g =
C9Yorf72, GRINr MAPT).

To test for heterogeneity in thewsthin family variability likelihood ratio tests
were usedto compare the model aboveto a simpler model thatallowed for
different distribution of the family random effect for each mutation carrier group

but had one common residual variance for all carriers

To test whether there was heterogeneity in thebetween 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 ane common variance or the family random effect:

Secondly, forGRNand MAPTgroups only, the extent to which variability in AAO
(and AAD) was explained byeach specific mutation was explored by fitting a
three level model with a fixed effect for genetic groupd = GRNand MAPT),and

random effects of family membership nested within the mutation carried.
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Where:

[ is the AAO or AAD for theth participant in the jgh family with specific

mutation &, within the mutation group g,

| is the mean for mutation groupg;

‘ is the random deviation for thesth family with specific mutation Aaway from

the mean in groupg,

1 is the random deviation for those carrying specific mutatiork away from the

mean in groupg, and

- is the residual error;

As before, to allow variability in AAO (and AAD) to differ by genetic groufhe
difference variance of the family random effect and residual variance for each of
the mutation carrier groups (GRNand MAPT) was allowed. In addition,
variability of the specific mutation random effectvas allowed to differ by carrier
group (g = GRN, MAPT).

To test whether GRNand MAPT groups differed in the extent to which the
variability in AAO (and AAD) was due to thespecific mutationa 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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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 tlestat icc

command.

For a model which included only family random effect (e.qg. i€9orf72carriers)
the ICC for family was:

‘00 0Qw G Q& &———

” F]
h » h

For a model which included random effects for both family and specific mutation

random effect the ICQor specific mutation was:

5¢

‘00 @ 6 0 wo Q¢

= p-

¢
=y

And the ICC for family was:

00 0QW G Qo &
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3.6 Results

3.6.1 The Cohort

Data was capturedfrom 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 J418 families (461 with GRN254 with MAPT
and 703 with C9orf72mutations).

3.6.2 Mutations

In total, 130 GRAmutations and 67 MAPTmutationswere included in this study.
Of this total, 17 novel pathogenic mutationswere identified in the 461 families
as shown in Table 8. These were:delGRN[Tubingen], Cys30fs, IVS2C>T,

Ser78fs, Cys99fs, IVS4+1G>C, IVS3>T, Leul87fs (559dup), GIn249X,
Asp254fs, Leu255fs, GIn331fs, IVS10+3A>G, Asp339fs, lle422fs, Glu476fs and
Cys482X.
GRN Mutation Predicted protein changg¢ Mutation alias
delGRN[Tubingen]
Intron 1-12 (chrl7:42,426,438-
42,430,018)
Exon 2 NM_002087.2:c.87dup:p.(Cys30Leufs*35) p.C30LfsX35 C30fs
Intron 2 NM_002087.2:c.134C>T IVS24C>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:¢.349+1G>C IVS4+1G>C
Intron 4 NM_002087.2:¢c.3501G>T IVS41G>T
Exon 5 NM_002087.2:¢.559dup:p.(Leul87Profs*11) p.L187PfsX11 L187fs (559dup)
Exon 8 NM_002087.2:¢c.745C>T:p.(GIn249%) p.Q249X Q249X
Exon 8 | NM_002087.2:c.759_760dup:p.(Asp254 Valfs*3] p.D254V{sX3 D254fs
Exon 8 | NM_002087.2:c.761_762insTG:p.(Leu255Alafs*Z p.L255AfsX2 L255fs
Exon 10 | NM_002087.2:¢.988_989dup:p.(GIn331Argfs*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.(lle422Glufs*72 p.1422EfsX72 1422fs
Exon 12 [NM_002087.2:c.1428_1431del:p.(Glu476Aspfs*1] 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 pathogenicMAPT mutations were identified in the 254
families. These were: Gly271Arg, IVS91G>C,IVS9310G>C and IVS10+12C>A.

Predicted protein
MAPT Mutation Mutation alias
change
Exon 9 p.G271R (p.G606R)
NM_001123066.3:¢.1816G>C:p.(Gly606Arg G271R
Intron 9 NM_001123066.3:¢.182811G>C 1VS911G>C
Intron 9 NM_001123066.3:¢.182810G>C 1 VS910G>C
Intron

10 NM_001123066.3:c.1920+12C>A IVS10+12C>A

Table 9: Novel MAPT mutations found in this study

The most commonGRAMmutations were T272fs (201 individuals, 95 families),
R493X (55 individuals, 22 families), IVS7ZLG>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 commonMAPTmutations were
P301L (234 individuals, 59 families), IVS10+16C>T (149 individuals, 48
families), R406W (67 individuals, 9 families) and N279K (44 indiduals, 17

families).

3.6.3 Geographic Variability

Data was collected from 52 locations globally, contributed by the research
centres outlined or individual case seriesas identified through PubMed |
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 al individuals), then GRAMnutation carriers (34.8%) and
least common wasMAPTmutation carriers (23.9%). Thereis a large amount of
geographic variability, with a different spread of frequency amongst the three
genesas illustratedin Figure 9. Looking specifically at regios such as Italy(66%

of total), and to a lesser extent Spaif49%) and Belgium(50%) , GRAmutations

account for a large percentageof genetic FTD.Similarly, in the Netherlands
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(40%) , Central Europg(50%) and West USA47%), MAPTmutations accounted

for over athird of autosomal dominant FTDOn 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 prieveee of each of the three
mutation groups within a geographical area (yellow, C9orf72, pink GRN, blue RA); 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, nany family members did not have a spefic diagnosis
AAUT T A O Akinekd |l kagekdiegorize@EAT A O Qé diHedviseD E A
OPAAEALZEAAGS8 %@Al OA gHer@typle BralgsE mdsApatikds inEOT I OEA
each group had a clinical diagnosis within the FTD spectrum (81% iGRN
carriers, 85% in MAPTcarriers and 86% in C9orf72carriers). The most common
phenotype was bvFTD across all threenutations: 55% of patients with GRN
mutations had a diagnosis of bvFTD, compared with 66% in th&A~P7group and

40% in the C9orf72 group. Beyond bvFTD, there was variability across the
mutations: PPAwas a more common diagnosis inGRAtarriers (19%) with the

usual diagnosis of nfvPPA or a PPROS when compared with MAPTcarriers

(6%) or C9orf72 carriers (4%). ALS (or FTDALS) was only a very ree
occurrence in GRNcarriers (2%) or MAPT carriers (1%), whereas 42% of
C9Yorf72carriers had either pure ALS27%) or an FTD-ALS overlap (15%). CBS
was seen not uncommonly in theGRAGroup (6%) and more rarely in the MAPT
group (3%), but only 2 patients in the C9orf72group. PSPby comparison, was
seen in 6% of MAPTcarriers, but not in the GRMgroup, and in only 1 C9orf72
carrier. In each of the groupsdiagnoses outside of the FTD spectrum were seen

in a considerable minority:AlzhA E | ADiddage (AD)in 12% of GRAtarriers, 4%
been diagnosed in 2% ofGRN 7% of MAPTcarriers and 1% of C9orf72carriers.
SeeTable 10 (below).
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GRN MAPT C9orf72
N 1154 791 1370
Diagnoses within the FTD spectrum
435 354 408
bvFTD
(38%) (45%) (30%)
nfvPPA 96 (8%) 14 (2%) 22 (2%)
svPPA 12 (1%) 14 (2%) 10 (1%)
IVPPA 4 (<1%) 0 (<1%) 3 (<1%)
PPANOS 36 (3%) 2 (<1%) 4 (<1%)
148
FTD-ALS 7 (1%) 2 (<1%)
(11%)
273
ALS 7 (1%) 1 (<1%)
(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%)
361 274 362
DementiaNOS
(31%) (35%) (26%0)
Other 23 (2%) 17 (2%) 22 (1%)

! 1 UEAE]I AO60 AEOCAAOCA
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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 [niv = nonfluent variant, sv = semantic variant, lv
= [ogopenic variant, PPANOS = PPA not otherwise spefiéd i.e. does not meet criteria for a
specific subtype, FTD with amyotrophic lateral sclerosisHTD-ALS), ALS, corticobasal syndrome
(CBS) and progressive supranuclear palsy (PSP). Diagnoses outside th®Kpectrum include
!'$ h (OFIOET ¢OIT60 AEOCAAOA
Lewy Bodies (DLB), VaD VascularDementia) and a dementia diagnosis not otherwise specéif
(Dementia-NOS).




Looking at the common mutations idividually (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%vVFTD, 18% PPA; R493X
49% bvFTD, 30% PPA; IVSIG>A 61% bvFTD, 18% PPA; C31fs 44% bvFTD,
25% PPA; and G35fs 49% bvFTD, 31% PPFRhe A9Dmutation, however, was
predominantly associated with bvFTD, found in 84% of patients. In the common
MAPTmutations, P301L and R406Wvere associated mainly with bvFTD91%
in both mutations. In comparison, the N279K mutation was associated mainly
with a primary parkinsonian 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| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS
1250 147 40 7 42 166 | 284 | 63 | 34 |205| 5 | 70| 10 | 17 997 66
GRNMotal 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

111




bvFTD | nfvPPA | svPPA| IVPPA PPA e ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS ALS NOS
IVS24C>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
IVS41G>T 6
N118fs 1
V121fs 3 3
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PPA FTD Dementia
bvFTD | nfvPPA | svPPA| IVPPA ALS | CBS| PSP| AD | HD | PD | DLB | VaD Other
NOS ALS NOS

Q125X 5 1 4
C126X 2
P127fs 1 1

130fs
Q 5 2

(384_387delTAGT)

130fs

; 9 2 1 4 7
(388_391delCAGT)
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
. 1 1 1
(603_604insC)
S203fs (607delT) 1

S226fs 1 2 3
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bvFTD | nfvPPA | svPPA| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS

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
IVST7-1G>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
IVS81G>C 2 2 2 1
IVS81G>T 1 1

D285fs 1
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bvFTD | nfvPPA | svPPA| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS
Y294X 3 1 5
Q300X 9 2 2 5
S301fS 11 2 1 1 5 2
G302fs
A303fs
(907_908insG) ! !
A303fs (907delG) 1
W304fs (909delC) 1 2 1
W304fs
(910_911insTG) ! 2 2 > °
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| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS ALS NOS
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) !
T382fs (1145delC) 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

116




oveTD | nivepa| svppa| vepa| | T2 | aLs | cas| psp| Ap | HD | PD | DLB | VaD Dementia Other

NOS | ALS NOS

Q415X 5 1

C416fs 5 2 4

R418X 4 2 1 13

1422fs 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

CAT4fs

E476fs 2

C482X 1 4

R493X 18 6 1 4 1 18 2

E498fs 3 1 1 3

Q503X 1

R535X 1

R538X

MAPTotal 354 14 14 0 2 2 1 [14 3324|1311 274 17
R5H 1 1 1
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bvFTD | nfvPPA | svPPA| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS
R5L 1
G55R 1 1
K257T 4 1
1260V 1
L266V 4 1 2 1
G271R 1
G272V 6 4
G273R 1
IVS915T>C 1
IVS911G>C 2 3
IVS910G>C 2 1
IVS910G>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| IVPPA PPA 1D ALS | CBS| PSP| AD | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS

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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ovETD | ntvepa| svppal vepal o | P2 1 als | ces| psp| ap | Ho | po | oLe | van| 2™ | other

NOS | ALS NOS

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

V363l 1 2 1

V363A 2 1

P364S 3

G366R 2

K360! 1

E372G 1
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oveTD | nivepa| svppa| vepa| | T2 | aLs | cas| psp| Ap | HD | PD | DLB | VaD Dementia Other
NOS | ALS NOS
G389R (2170G>A)| 3 3
G389R (2170G>C)| 2 1 1 2
RA06W 31 3 33
N410H 1
Q424K
T427M 1
C9orf72total 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) spectrumciude behavioural
variant FTD (bvFTD), the primary progressive aphasia (PPAVStypes [nfv = nonfluent variant, sv = semantic variant, Iv = logopenic variant, PPANOS = PPA not
otherwise specified, FTD with amyotrophic lateral sclerosis (ALS), ALS, cortocobasal syndrome (CBS) and progressive supreaugialsy (PSP). Diagnoses outté

I £ OEA &43% OPAAOOO/ ETA]I OAA 1] UEAEI A0O60 $EOCAAOCA ! $ h ( OBodis [DLR),IVaDiescutuE OA A O A
Dementia) and dementia diagnosis not otherwise specified (dementi&/OS).
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3.6.5 Sex

Both the C9orf72and MAPTgroups contained approximately equal numbers of
men and women (51% and 49%)(Table 12). However, the GRNgroup had a
significant overrepresentation of women (58% female, 42% male),when

compared with other groups (Chisquared test, p<0.001).

3.6.6 Age at Onset

The mean age at symptom onset was youngest f&fAP7carriers, at 49.5 (10.0)

years, followed byC9orf72carriers at 58.4 (9.8) years,and the oldest mean AAO

was 61.3(8.9) years for GRAtarriers (Table12, Figure 10 and Figure11a). There

was, however, awide range in AAOacross all three genetic groupgTable 12,

Figure 10 and Figure 11a)h x EOE OEA OAT1T CA n&EOGABENOEA ¢md O O
C9orf72C0OT OPOh AT A AEOT I  p WwAPDdroupOGUAulalver 3 O ET  OE,
probability curves for symptom onset in each genetic group arshown in Figure

12a.

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 (minmax) 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 (minmax) 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 (mirmax) 0-27 0-45 0-36

Table12: Patient demographics and mean age at onset, age at death and disease duration in each

of the mutation groups
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Figure 10: Violin plots of median and interquartile range of ages at onset (AAQ) and death
(AAD) for each of the three genetic groups.
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Figure 11 Ranges of age at onset (a), ageédeath (b) and disease duration (c) in each genetic group and in the individual mutations. Means (black rectangles) .
shown as whole numbers, either rounded up if >.5 or rounded down if <.5. Left hand of each bar is the youngest range, whight hand of each bar is the oldest
range in each mutation.
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Figure 12: Cumulative probability of symptom onset in a) each individual genetic group, and ihe
common, b) GRN and ¢) MAPT mutations. Note that data includes only cases who have become
symptomatic and does not account for norsymptomatic family members i.e. anagerelated
penetranceg 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 commonGRNFigure 11b) and MAPT{Figure 11c) mutations

in which sufficient data was awailable (Table 13).Whilst these largely overlapped
for the GRMmutations, there was a distinct difference in theMAPTmutations
with the earliest age at which50% of peoplepresented with symptoms being
found in the N279K groupat 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 IVSF1G>A T272fs R493X IVS10+16C>T N279K P301L R406W
15 0.0 0.0 0.0
20 0.0 0.7 0.2 11
25 0.1 2.1 0.3 1.1
30 0.1 4.9 0.5 0.0 11
35 0.1 7.7 11 0.0 0.0 2.8 2.3 0.0
40 0.6 17.2 4.1 0.0 0.0 13 0.0 4.8 194 4.0 5.1
45 25 30.5 9.9 5.6 0.0 0.0 2.6 2.6 25 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 C9orZ72 | (&eéalband 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
GRNMAgroups (generation 1(211) - 65.5 (9.1), generation 2 (278)- 60.7 (8.9)), but
not the MAPTgroups (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
Generation Generation Generation Generation Generation Generation

Age 1 2 1 2 1 2

N 211 278 129 195 216 225
15 0.0

20 0.0 0.5

25 0.8 1.0 0.0
30 31 4.6 0.0 0.4
35 0.0 0.0 54 7.7 0.5 18
40 0.5 1.1 13.2 18.5 3.7 7.1
45 1.4 25 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), -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
p-value

Table 14: Cumulativepercentage probability of symptom onset in GRN, MAPT and C9orf72 group
generational analysisg 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 aséown with 95% confidence
intervals.

133



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 AAOwere seen between males and females in the
MAPTgroup (Table 15). There was however, a significantly olderAAOin the
GRN group (61.9 (9.3) years), compared with males (60.5 (8.3) years)
(,=0.019), and a trend to an older onset in females in th&€9orf72group (59.1
(9.5), compared with 57.9 (20.0) years in males=0.068) (Table 16).

Comparison of genetic ) o
Chisquared statistic p-value
groups
MAPT vs GRN 10.044 0.002
C9orf72 vs GRN 27.105 <0.001
MAPT vs CYorf72 1.811 0.178

Table 15: Chisquared testscomparing sex distribution across the genetic groug

GRN MAPT C9orf72
AAO 60.5 (8.3) 49.1 (10.2) 57.7 (10.0)
Male 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)
AAO 61.8 (9.2) 49.9 (9.8) 58.9 (9.6)
Female 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)
-1.3(-2.4,-0.2), p -0.8(2.1,05),p= -1.2(-24,-01),p=
Adjusted mean AAO
. =0.0190 0.2539 0.0406
difierence 1.6 (-3.1,-0.2), p= 1.1(-25,04),p= 1.6 (-3.0,-0.1), p=
(95% confidence AAD RN - Ees BA e AR
. 0.0290 0.1642 0.0338
intervals),
-0.02 (-0.10, 0.07), p= | -0.08 (-0.21, 0.04), p = | -0.04 (-0.17, 0.09), p =
p-value DD
0.7162 0.1870 0.5240

Table16: Age at onset (AAO), age at deafAAD) 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
C9orf72bvFTD (57.1 (8.8)), C9orf72ALS (57.0 (8.9)), C90rf72ZFTD-ALS (58.0
(8.3)) or C9orf72PPA (59.7 (7.6)). C9orf72 carriers with a diagnosis of AD,
however, were significantly older thanthose inthe other groups (65.1 (10.6)).
Similarly, there was no significant difference in AAO betwee@RNMoVFTD (59.5
(8.1)) and GRNPPA (60.1 (7.9)), but those withGRNAD were signficantly older
(66.4 (8.1)). In the MAPTgroup no significant difference in AAO between those
with MAPTbvFTD (50.5 (9.0)) and MAPTPPA (52.4 (12.0))was observed but
those with MAPTAD (56.7 (11.1)) were significantly older than those with
MAPTbVFTD. Furthermore, the MAPT-CBS/PSP had a significantly younger

onset than other groups.
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GRN MAPT C90rf72
AAO 59.6 (8.1) 50.5 (9.0) 56.7 (9.0)
bvFTD AAD 66.3 (9.3) 60.6 (9.9) 64.6 (9.0)
DD 7137) 10.2 (6.2) 7.8 (4.4)
AAO 60.2(7.7) 52.4 (12.0) 59.7 (7.4)
PPA 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)
AAO N/A N/A 57.8 (8.3)
FTDALS AAD N/A N/A 62.1 (8.9)
DD N/A N/A 5.0 (4.2)
AAO N/A N/A 57.0 (9.0)
ALS AAD N/A N/A 59.2 (9.7)
DD N/A N/A 2.9(2.8)
AAO 57.7 (7.3) 449 (7.8) N/A
AP AAD 66.3 (7.5) 52.8 (8.9) N/A
DD 8.2 (5.7) 7.2 (4.0) N/A
AAO 66.4 (8.1) 56.7 (11.1) 65.1 (10.6)
AD 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

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 FTEALS: 2.1 ¢0.9, 5.1), p = 0.172

PPA vs ALS: 2.80.1, 5.7), p= 0.057
PPA vs AD:4.7 (-8.3,-1.1), p = 0.010
ALS vs FTEALS:-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

PPA vs bvFTD: 1.1-0.3, 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: 0.4-8.7, 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: 1.8-8.5, 7.2), p = 0.496
bvFTD vs AP: 4.8 (0.5, 9.1 = 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: 0.8-8.2, 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 FTBALS: 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 FTRALS:-2.8, (:5.1,-0.6), p = 0.014
FTDALS vs AD:11.6 (-14.9,-8.4), p = <0.001
ALS vs AD:14.5 (-17.4,-11.5), p = <0.001
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PPA vs bvFTD:0.04 (-0.33, 0.25), p = 0.790

PPA vs bvFTD:0.03, (-0.17, 0.11), p =
( )P FTD-ALS vs bvFTD:0.53 (-0.69,-0.37), p = <0.001

0.662
PPA vs bvFTD: 0.06-0.28, 0.41), p = 0.716 ALS vs bvFTD:1.04 (-1.18,-0.90), p = <0.001
bvFTD vs AP:0.04 (-0.28, 0.19), p =
0,708 bvFTD vs AP: 0.24-0.22, 0.50), p = 0.072 bvFTD vs AD:0.34 (-0.58,-0.10), p = 0.005
' bvFTD vs AD:0.16 (-0.54, 0.22), p = 0.413 PPA vs FTEALS: 0.49 (0.19, 0.79), p = 0.002
DD bvFTD vs AD:0.06 (-0.22, 0.10), p =
0,465 PPA VsAP: 0.30 €0.10, 0.71), p = 0.140 PPA vs ALS: 1.00 (0.71, 1.30), p = <0.001
' PPA vs AD:0.95 (-0.59, 0.40), p = 0.706 PPA vs AD:0.38 (-0.73,-0.03), p = 0.033
PPA vsAP:-0.08 (-0.33, 0.18), p = 0.555
AP vs AD:0.40 (-0.84, 0.04), p = 0.078 ALS vs FTRALS:-0.51, (-0.69,-0.34), p = <0.001

PPA vs AD:0.09 (-0.28, 0.09), p = 0.338

FTD-ALS vs AD:0.87 (-1.13,-0.61), p = <0.001
AP vs AD:0.01 (-0.28, 0.25), p = 0.915

ALS vs AD:1.38 (-1.63,-1.14), p = <0.001
Table17: Age at onset (AAO), age at death (AAD) and disease duration (DD) in each genetic group by phenotype [where sufficient dataawvailable; N/A = not

applicable, when not enough dataj. Atypical parkinsonism (AP) = CBS for GRN mutation carriers and a combined CBS/PSP calraWAPT mutation carriers. In
the bottom row adjusted mean differences between phenotypes are shown with 95% confidence intervals.




3.6.7 Age at Death

The average AAD was youngest faW/APTcarriers, at 58.5 (11.3) years, followed
by C9orf72carriers, at 65.4 (11.0) years and oldest inGRNat 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 MAPTgroup (Table 15), but a significant differencewas foundin
the GRANgroup (69.5 (10.3) females, 67.8 (8.9) males, p=0.022) and a strong
trend in the C9orf72group (66.3 (11.0) females, 64.8 (10.8) males, p=0.056).

As with AAO, those with a diagnosis of AD in both th€9or772and GRNgroups
had a significantly older AAD lhan all of the other groups Table 17), but no
differences between the other phenotypic groupsvere observed In the MAPT
group there were nosignificant differences in AAD between the groupsexcept
for a significantly younger AAD in theMAPT-CB3PSP (52.8 (8.9)) compared
with MAPTHVFTD (60.6 (9.9)) and MAPTFAD (66.4 (9.5)).

3.6.8 Disease Duration

The averageDD was under ten years in all three groups Table 12). DD was
shortest for C9orf72 carriers, at 6.4 (4.8) years, followed byGRAMNcarriers, 7.1
(3.9) yearsand then MAPTcarriers, 9.3 (6.4)years (Table 12). However, within
each genetic group therevere a number ofindividuals who survived for many
decadesbeyondtheir first symptom onset (Table 12, Figure 10 and Figure 11c).
The longest surviving person lived27 years from symptom onsetin the GRN

group, 36 yearsin C9orf72group and 45yearsin the MAPTgroup.

Although there was variability within individual mutations (Table 7), no
particular pattern was seen across the differentGRAmutations. However, in a

subanalysis of MAPTcarriers, separated by theirfunctional consequences and
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underlying pathology into five groups, the exon 1113 with PHRtau pathology
group (i.e. V337M and R406W mutations) had a significantliipnger 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 (4.0years, and group 4
(exons 11-13 with non-PHFtau pathology): 7.8(5.3) years (p<0.005 for each

comparisonwith group 1, Table 18).

50

40

w
]
1

Disease Duration (years)
N
]
1

0 T T T
1 2 3

Different MAPT Groups

Figure 14: Disease duration in patients with MAPT mutations grouped bype 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 splicingsroup
3: mutations in exon 10 that do not affecsplicing; Group 4: mutations in exon 11, 12 and 13
with non-paired helical filament (PHF) tau pathology,; Group 5: mutations in exon 11, 12 an
13 associated with PHRau pathology.
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Group comparison Adjusted mean difference (95% confidencéntervals), p-value
2vs1 0.02 (-0.30, 0.33), p = 0.925
3vs1 -0.15 (-0.54, 0.25), p = 0.469
4vs1 -0.01 (-0.36, 0.33), p = 0.954
5vs1 0.64 (0.19, 1.08), p = 0.005
3vs2 -0.16 (-0.49, 0.17), p = 0.337
4vs2 -0.03 (-0.29, 0.24), p = 0.852
5vs 2 0.62 (0.24, 1.00), p = 0.002
4vs3 0.14 (-0.22, 0.49), p = 0.458
5vs 3 0.78 (0.33, 1.24), p = 0.001
5vs 4 0.65 (0.24, 1.06), p = 0.002

Table 18: Adjusted mean (natural log) differences with 95% confidence intervals in déase
auration between the MAPT groups.

There were no significant differences in DD between males and females in any of

the groups (Table 16).

As shown inTable 17, there were no phenotypic differences in DD in the&GRN
group (GRNMoVFTD (7.2 (3.7) years, GRMPPA (6.6 (2.9)years), GRNAD (7.8
(4.9) years), GRMCBS(8.2 (5.7)). In the MAPT group, however, the MAPT-

CBS/PSP group (7.2 (4.0)had a significantly shorterDD than the MAPFbvFTD
(10.2 (7.0) years), and MAPTFAD (10.2 (6.2) years groups, but not the MAPF

PPA (9.1 (4.1)years) group. The C9o0rf72-ALS group had a significanthshorter

DD than other groups (2.9 (2.8)years), with C9orf72FTD-ALS (5.1 (4.3)years)

also having a shorter DD thanC9orf72bvFTD (7.7 (4.2)years), C9orf72PPA (8.3
(5.3) years) and C9orf72AD (10.4 (4.9)years).

3.6.9 Correlations

3.6.9.1 Variability in AAO

There isOOOT 1T ¢ AOEAAT AA T &£ A AT OOAI AGET T AAOxAAI
AAO of their parentsother members of the same family, and other carriers of the

same specific mutation (allp<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 groupand across all
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indvE AOAT Oh OEA OO0O0T T CAOO AAOxAAT Al ETAEO
other carriers of the same mutation, but there were also strong correlations
AAOxAAT A1 ET AEOEAOCAI G660 ''!'/ AT A OEA AOAO/
family and also with the paental AAO.

Overall, MAPT had the strongest corrdations (r = 0.63 mean family AAO, r =
0.45 parental AAO, r = 0.55 other carriers of the same mutation)n C9orf72
carriers there were moderate correlations(r = 0.36 mean family AAO, r = 0.32
parental AAO) Correlations were weakestdr GRAtarriers (r = 0.18 mean family
AAQ, r = 0.22 parental AAO, r = 0.18ther carriers of the same mutation$. See
Figure 15 below.
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Figure 15: Correlation of individual ages at onset with A) parental age at onset (i. GRN, il. MAPT, i, C9orf72) and B) mean famjelat onset (i. GRN, ii. MAPT, Jii.
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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 groupsg<0.0001). A similar pattern arose
across the three genetic groups witha stronger correlation in the MAPTgroup
(r=0.69 mean family AAD, r=0.58 parental AAD) than in theC9orf72 group
(r=0.40 mean family AAD, r=0.38 parental AAD), andhe weakestobservedin
the GRAgroups (r=0.32 mean family AAD, r=0.22 parental AAD).

3.6.10 Modelling Variability in AAO

There was very strong evidenceof differences between the three mutation
carrier groups in the mean AAO <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: 5&7%) of the
variability in AAO in the MAPTmutation carriers, but only 15% (95% confidence
intervals: 9-22%) in the GRNmutation carriers, and 17% (95% confidence

intervals: 11-26%) of the variability in C9orf72expansion carriers.

3.6.10.1GRN and MAPT Specific Mutation and Family Membershijp Modef
AAO

There was very strong evidenceof differences between the GRNand MAPT
carrier groups inthe inter-mutation variability in AAO (p<0.001). There was also
evidence that after accounting for the specific mutation, there remained
differences between the GRNand MAPT carrier groups in the inter-mutation,
inter-family and intra-family variability in AAO (Table 19). For the GRAgroup,
only 2% (95% confidence intervals: 010%) of the variability in AAO was
explained by the specific mutationand 15% (95% confidence intervals: 922%)
by specific mutation and family. In contrast, for theMAPTgroup 48% (95%
confidence intervals: 3562%) of the variability in AAO was explained by the

specific mutation, and 66% (95% confidence intervals: 5675%) by specific
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mutation and family. These results indicate that the correlation between AAO in

MAPTcarriers in the same family can be attributed to the fact that they carry the

same mutation.

GRN MAPT C9orf72
] 60.7 (60.0, 48.6(46.2, 58.4 (57.7,
Adjusted mean (95%CI) AAO
61.4) 50.9) 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
_ 15 (9, 22) 66 (56, 75) 17 (11, 26)
family
Between mutation SD 12 8.0 N/A
% of variability (95%CI) accounted for by
. 2 (0, 10) 48 (35, 62) N/A
mutation

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 differencén the GRMand MAPTgroups was foundin
the model examining mutation variability in AAD >0.001): for the GRAgroup
only 9% (95% confidence intervals: 321%) of the variability in AAD was
explained by the sgcific mutation, whilst for the MAPTgroup 61% (47-73%) of
the variability in AAD was explained by the specific mutatiofTable 20).

In addition, as with AAO, there were significant differences between the three
genetic groups in the model examining withinfamily and betweenfamily AAD
variability (both p<0.001). Family membership explained 74% (95% confidence
intervals: 65-82%) of the variability in AAD in MAPTcarriers but only 20% (95%
confidence intervals: 2-30%) in GRANcarriers, and 19% ©5% confidence
intervals: 12-29%) of the variability in C9orf72carriers (Table 20).
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GRN MAPT C9orf72

. 68.5 (67.4,
Adjusted mean (95%CI) AAD 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)
20 (12, 30) 74 (65, 82) 19 (12, 29)

accounted for by family
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 higjteater than

99% in all cases.

3.7 Discussion

| have carried out thelargest international study examining individual age at
onset,age at death andlisease duration,in genetic FTDto date, incorporating

data from across the world across all the three mairgenetic groups (C90rf72,

GRN, MAPTANd acrossall of the mutations within the GRNand MAPTgroups.

This study providesOOOT 1 ¢ AOEAAT AA O OA0akidfb OEAOD
in genetic FTDis modulated by twokey factors depending on which mutation is

carried; these are mean AAO in the famijyand parental AAO, with the strongest
effectobservedin MAPTcarriers. The study extends the knowledge gained from

smaller studies in several key aras 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 isthe result of pathogenic C9orf72 genetic
expansions(DeJesusHernandez et al., 2011 and Renton et al., 20L1However,

there is geographical variability. in Italy, GRAMmutations are the most common
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cause of genetic FTFostinelli 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 largeGRNfounder
families in both Belgium IVS1+5G>C (Brouwers et al., 2007; Wauters et al.,
2018) andin the Basque country ofSpain: the IVS71LG>A variant (Moreno et al.,
2009; Moreno et al., 2011) MAPT mutations are the least common form of
genetic FTD overall, though thg are more commonin some countries than
others, for example, in the Netherlands, due to a variety of mutations, whit in
the USA, although different mutatios contribute to the prevalence of gengc
FTD, there are a number of large families e.g. the pallideponto-nigral-
degeneration (PPND) familywhich have the N279K mutation(Clark et al., 1998;
Ferman et al., 2003; Slowinski et al., 20073milarly , in the UK,MAPTmutations
are almost as common ag€9orf72mutations due to a larger founderfamily from
the Noth Wales area carryng the 1IVS10+16C>T mutation (Colombo et al.,
2009). In contrast, some of the most common mutationsare seen across the
world in a wider distribution e.g. the GRAMR493X(Rademakers et al., 2007and
MAPT P301L (Hutton et al., 1998;Borrego-Ecija et al., 2017; Gatto et al., 2017;
Miki et al., 2018) mutations. On the other hand,C90rf72 expansions are seen
across the world, they are more common in Nth America and Europe thanin
Asia(Majounie et al., 2012; Mok et al., 201Z)gaki et al., 2013; Smith et al., 2013
Jiao et al., 201% One limitation of ths study was focusing exclusively on
available dataof age at onset and deatlwhere natural history data for allfamilies

reported in the literature could alsohave been considered

Here, 130 mutations in GRNand 67 mutations in MAPTare reported, a much
larger number than previously described, either in previous reviews or current
online databases. The majority bthese mutations are reported in 5 o fewer
families, with only 50 mutationsin GRNand 23 mutations in MAPTreported in

more than 5families.
My work further supports the clinical heterogeneity of genetic FTD, identifying
multiple phenotypes both within and outsideof 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 inGRAMmutations and parkinsonism in MAPT
mutations. Expansions inC9orf72are the most common cause of familial ALS
(DeJesusHernandez et al., 2011; Renton et al.,, 2011land give rise to
presentations of FTD (45% of cases here}hrough to ALS (27%), and the
overlapping condition FTDALS (15%). It should be noted that thefrequency
here represents the primary phenotype, and it may well have been that many
DAOEAT 60 xEOE odathitddevelbpthe otfierCronditbs later in
time, however,| did not look into this. The PPA phenotypesn GRAMmutations
have not beerexplored in detail, but this study suggests that there are two major
phenotypes:nfvPPA, fitting consensussorno-Tempini et al., 2011criteria, and a
PPA syndrome not meeting criteria (PPANOS) for any of the three major
variants (nfvPPA, svPPA, IVPPAAs briefly outlined in section 1.3.2 a mixed
aphasia pattern has been previously described as potentially distinctive for those
with GRMmutations (Rohrer et al., 2010) Whilst parkinsonism is most common

in MAPTI OOAOET T Oh OEA PDPEATT OUPA EO OAOEAAI /
(Tsuboi et al., 2002) suggesting the presence of an asymmetric akinetrgid
OUT AOTT A TO 030 2 F(RdBréretAl)2011§more oAl T 1 A
than CBS, a condition thais also seen in asubstantial minority of people with
GRNmutations (Coppola, Rossi, Maria, Giuseppe, & Fede, 2012; Almeida et al.,
2014; Galimberti, Bertram, Formica, Fenoglio, & Cioffi, 2016 he phenotypic
heterogeneity does not seem to be pécularly related to the individual
mutationsin the GRAgroup (apart from the A9D variant), but there was a clear
distinction between the majority of the commonMAPTmutations where bvFTD
was the most frequent syndrome and the N279K variant where a primary

parkinsonism predominated.

Outside of the FTD spectm, a number of patients were given the diagnosis of
I 1 UE A HikeBso,& diagnosimost commonly given when the age at onset was
older in each genetic groupAs outlined in sectionl.3, 1 think that this is likely to
represent a number of factors inclding misdiagnosis (particularly in earlier
generations). In addition, true amnestic presentationhas been described in all

three genetic groups(Le Ber, Camuzat, et al., 2008; Lindquist et al., 2008;
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Tolboom et al., 2010; Majounie et al2012),where in older patients, a number of

OO0O0AS8 AAOGAO 1T &£ 1TAOOI DPAOET 11T CEAALessl | UEAET AO1
common phenotypeswere also seen: HD in 4 people witiC9orf72 expansions

(Moss et al., 2014) DLB in 4 people with GRNmutations and 5 peoplewith

C9orf72 expansions (likely related to the combination of visual hallucinations

and parkinsonism that canalso result from these conditions), and VaD in 9

people with GRAMmutations (potentially related to the presence of white matter

hyperintensities in a subset ofindividuals in this group (Sudre et al., 2017)and

7 people with C9orf72expansions.

Looking at gender distribution, the resultsreplicate the findingsof a recent meta
analysis which found an increased female:male ratio iG/RAMutations (Curtis et
al., 2017). This increasecould result from the higher life expectancy ofwomen,
and, given the known ageelated penetrance inGRMGass et al., 2006)it could
be argued thatfemale mutation carriers are more likely to reach an age where
they develop symptoms than menin support of this theory is the finding that the
mean age at onset (and age at death) was significantly older in the femaBRN
group, suggesting hat more women develop symptoms at an older ag&urvival,
however, does not seem to be a major factor in the increased fematale ratio
as there was no significant difference between men and women in disease
duration in the GRNgroup. There is also ageelated 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 GRMmutation carriers, there were no differences in frequency between
the sexes). These findings in th&€9orf72group replicate those of recent studies
which showed an earlier onset in maleg§Murphy et al., 2017; Van Mossevelde et
al., 2017).

This work provides further evidence that genetic FTOs a disorder that can occur
throughout adult life, with onset ranging from as young as the late teens through
Ol  OE.AAlthaughd the analysis did not account for unaffected mutation
carriers, the findings are also consistat with previous studies showing age
related penetrance in the GRMGass et al., 2006)and C9orf72 (Murphy et al.,
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2017) COT OPOh xEOE DPAT PI A AAOAI T PETiga OUI PO

leftward shift in the penetrancecurve in MAPTcarriers, shifting them towards a

younger age however, despite this, the oldest AAO in this group was 82 years.

Investigation of individual mutations within GRAMeveals few clear differences
between them in terms of AAO, AAD or DD. This is consistent with the wrtying
pathophysiological mechanism of progranulin haploinsufficiency being the same
in all mutations (Baker et al., 2006; Cruts et al., 2006)n contrast, there were
much larger differences between individual MAPT mutations, with the mean
onset in the N279K mutation groupoccurring 12 yearsearlier than in the R406W
mutation group. Along with the V337M mutation, R406W has 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 theC9orf72and GRN
groups, consistent withthe findings of previous studies(Barbier et al., 2017; Van
Mossevelde et al.,, 2017)with an earlier AAO in later generationslt may be

suggested that this is ewdence of genetic anticipation(Van Mossevelde et al.,
2017). It could, however, also relateearlier recognition of the disease inlater

generations due to increased familiarity with symptoms, with an even greater
awareness of expectedsymptoms in at-risk mutation carriers (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 significantlyolder onset. Whilst there is a potentiafor
those with a true amnestic presentation of genetic FTId present at an older age,
this is more likely to result from alack of awareness of FTDwhich canlead to
misdiagnoses of an older onset dementia such aAD. 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&9orf72group the presence of
ALS was linked to a shorteDD, with pure ALS shorter than combined FTALS,
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as previously reported (Irwin et al., 2013). Previous studies havealsocompared
Al 1 padistdpatients with ALS inC9orf72carriers, findingan earlier onset
in the ALS group(Murphy et al., 2017).

For MAPTmutation carriers | show that more than half of the variability in AAO
can be attributed to family membership and specific mutation typeModification
of age at onset within the genetic groups is not yet &l understood. There has
been only one study to suggest that the presence of thedPOEe4 genotype
lowered AAO in those with FTD and tau pathology, including those with/APT
mutations (Koriath et al., 2019). However, sudies have yet to identify other
modifying factors. When looking at C9orf72and GRAcarriers, less than 20% of
the variance in AAO can be attributed tofamily or parental membership,
suggesting that other environmental or genetic factors maglay asignificant role

in modifying onset in some families Recent studies have identified genetic
modifiers in both GRNand C9orf72 carriers. There isalso evidence to suggest
that individuals with the risk variant TMEM106B modifies the penetrance of FTD
which may either delay or prevent symptom onsein GRAand C9orf72mutations
(Guven et al., 2016) although this association is stronger withGRMhan with
C9orf72 In addition, a number of studies have identified inflammation as a key
player in GRNassociated FTD pathogenesi@Bossu et al., 2011; Marten®t al.,
2012). Moreover, symptomatic patients withGRAMmutations also have a higher
risk of having a ceexistent 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 anumber 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 C60rf10)
in which a polymorphism at rs9357140 was linked to a median AAO six years
earlier in GG compared with AA carriergZhang et al., 2018) A study of parent
offspring relationships in C9orf72revealed that there is a significant correlation
in AAO only in the motherson relationships (Barbier et al., 2017), suggesting

that this may be related to an unknown XMinked genetic modifier. Environmental
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or lifestyle factors affecting AAO InC9orf72 expansion carriers are currently
unknown but may be revealed in large prospective cohort studgesuch as those

underway in the FTD prevention initiative.

This study provides evidence that a number oindividu als in all three genetic
groups had very lengthy DD (over 20 years, and in some cases over 40 years).
Discovery ofmodifiable 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 intoconsideration in future
work. Firstly, this study focused primarily on collecting retrospective dataAge
at symptom onset was recorded as the age at which an individual was
determined to have progressive cognitive orbehavioural 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 obtainetly collecting information from
participants, family members and other informants (see sectio2.3.1for details

of the GENFI clinical assessmentyo an accurate cnsensus is reachedl am,
however, unable to guarantee that even these records of AAO are not influenced
by cultural interpretation. This is a major issue that arises acrosthe study of
FTD, wherewe lack objective measures to detect and track symptom onset. A
particular challenge ariseswhere subtle deficits are presen(Rohrer et al., 2015)
such as those described in sectioh.4 and 1.5, but these are yet to be identified

by family members or the patients themselves.

Moreover, this studydid not record data on known carriers who did not develop
symptoms of FTD This is particularly important when examining agerelated
penetrance in the GRNand C9orf72groups, asindividuals were identified with
anAACE T O E Anbdh otidlrese @enetic groups. Attainment of data from long
living mutation carriers will be important to better understand potential
modifiers of AAO.
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onset, death and disease duration in genetic FTD varies by clinical phenotype and

is modulated by both family membership and the individual mutation carrie,

with the strongest effect of these factors iZAPTmutation 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 whichearly

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 inFTD, as
clinicians will now have a more accurate understandingof at what age
individuals at-risk of genetic FTD are likely to developymptoms andbe better
equipped to estimatethe likely duration of the disease courseThis will be of
huge importance to specialistentres, 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 managment 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, binging data together from across the world to better understand
genetic FTD, and providing important data relevant to trial desigrthat may
otherwise not arise. | 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 | explored factors influendng the age at symptom onset
in genetic FTD. This workmproves 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 fatg presymptomatic clinical trials in
FTD is ascertaining when to treat individuals and having sensitive outcome
measures that are able to track the effedf therapeutic interventionsin order to
do sa Traditional outcome measures such as cognitivessessmentsnay not be
well suited to trials of this nature due to the lack of sensitivity to change in
cognitive scores during the presymptomatic periodToimprove the sensitivity of
cognitive assessmentne solution is to create a composite scoreA cognitive
composite combinesthe results of multiple assessments into a single summary
score. In clinical trials composites are often used as outcomeeasures as they
are quick to administer and areusually sufficiently sensitive to serve as a primary
endpoint. In this chapter | aim to create a cognitive composite for genetic FTD
utilizing the neuropsychology assessments performed in GEN&l improve the

sensitivity of current cognitive assessments for usenifuture 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 ducas familial
frontotemporal dementia, presymptomatic testing of therapies isnade possible
by including atrisk individuals in thesetrials. As detailed in sectionl.4, evidence
from studies examining the presymptomatic phase of genetic FTdemonstrate
that there are changes in atrisk 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., 201§)rior to
estimated symptom onset This suggests that there is a window for treatment

before widespread degenerationoccurs.

As we move towards the era of clinical trials in FTD there isurrently a strategy

of testing therapies on individuak with a genetic predisposition, as this allows
for therapeutic interventions to be testedin presymptomatic individuals. A key
challenge faing trials of this nature is the use of neuropsychologyneasuresto
serve as primary endpoints The Food and Drug Aministration (FDA) have
acknowledgedthat in trials targetingD OA AT ET EAAT | [(ADEGnER AO6 O $EOA
of the assessment tools typically used to measure functional impairment in
patients with overt dementia may not be suitable for use in earlystage
patientsé for drugs with the potential to lead toa measurable functional benefit
without a corresponding cognitive benefit, assessmerst of an independent
cognitive endpoint are E [ £ 1 O dhAafidilionsto this, when considering the
preclinical treatment of AD, the FDA hae 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 tancrease the
persuasiveness of the finding of clinical trials, more so thanperformance on a
single cognitive testWith this in mind, it may be suggested thaheuropsychology
measures for assessingTDare 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 geneticFTDwhich can

be employedas a primary endpoint fortherapeutic intervention.

A cognitive composite combines the results of multiple assessmerntgo a single
summary score. They ar@ften constructed from neuropsychology assessments
for which performance isknown to declineearly in the diseasecourse. Dedine in
presymptomatic cognitive performancein genetic FTDhas been shownseveral
yearsbefore expected symptom onseacross 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)nd language
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(Boston Naming Testand verbal fluency;Jiskoot et al., 2018) suggesting that
there is value in employing existing neuropsychology assessments in

presymptomatic clinical trials.

Composite scoresvere first created to answer the perceived lack of appropriate

outcome measures in testing the efficacy of drug treatments in
neurodegenerative diseasesThe mostwell-known cognitive composite isthe

ADASCog which has been used for many yearsto measure the effect of

treatments in ! 1 UE A EdisBa®dadd other neurodegenerative diseases

(Kueper, Speechley, & Monter®dasso, 2018) It is reported, in fact, that the

ADASCog has been used in over 127 clinical trials as an outcome meas(ano

et al., 2010) Recently, as clinical trials shift their focus to theprodromal stage of
neurodegenerative diseases, several composites have been createdusng

specifically on the early stages of the disease cours&vidence from large
presymptomatic cohort studies such a Track O1 OET COT 1(Hradk-HDE OAAOA
(Stoutetah ¢mpTt AT A OEA ' 1 UEAEI A0OB80O 00AOAT C
2014) have shown that multi-domain cognitive composites, derived from a

handful of neuropsychology assessments are effective for capturing gradual

decline several years before onsekor example, the ADCSPACCcreated for the
AOOGAOOI AT O 1T £ POAAI ET EA AdnsisteAfi4EdmBoAdnts ! 1T UE A
(total recall from the FCSRT, delayed recall from the logical memory test, digit

symbol and the MMSE), meanwhile th@rack-HD composite designed for the
AOOGAOOI AT O 1T £ PDOAOUI POT ohddE Af 6 cotpodehtt COT T &
(digit symbol, Sroop word reading, paced tapping[precision and accuracy,

emotion recognition and circle tracing).Asindicated in these two compositesthe
neuropsychology assessmentsncorporated encompass a range of cognitive

domains, suggesting that omposites 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 compositéor
neurodegeneration is that there is no statistical goldstandard approach for

creating a composite score.For example the ADASCog is created simply by
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adding multiple elements of neuropsychology assessments together to create a
single summary scoreg(Cano et al., 2010)Conversely the ADCSPACC examines
the change scores acrasneuropsychology assessmentver a24-month period,
which are shown to be independently sensitive to earlycognitive changes. It
converts the raw scores across theelectedassessments into zscores and uses a
mean to standard deviation ratio (MSDR) to calculate a composite score. Finally,
the Track-HD composite buildsits summary score using logistic regression
modelscomprised of change scores between baseline and follewp visits (Jones
et al., 2014) A criticism of the statistical techniques, such as those employed
the ADASCog, ighat they give insufficient weighting to the individual elements
included in the composite (Cano et al., 201). Though they are sensitive to
cognitive changes.this shortcoming makes it difficult to know exactly whch
assessments arecontributing significantly to the overall score i.e. if there is a
greater emphasis on assessments measuring memory performaneglanguage.

It will be important to take this into consideration when creating a cognitive

composite for genetic FTD.

Here | explore the potential for a cognitive composite to be created f@genetic
FTD.I hypothesize thatneuropsychology assessments sensitive to early cognitive
changes in presymptomatic individualsare candidatesfor inclusion in the overall
score of a cognitive composite capable of differentiating presymptomatic
mutation carriers from controls. When performing sample size calculations for
hypothetical enrolment into clinical trials, | anticipate that the composite score
performs better than individual neuropsychology assessments irevaluating

potential treatment effects.

16C



4.3 Methods

4.3.1 Participants

At the time of this study, neuropsychology data was available from 685
participants enrolled into GENFIParticipants were included in this study if they
were able to provideneuropsychology data frombaseline 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 foparticipant exclusions.

All participants
N=685 N =5 TBK1 carrier

N = 121 missing data
N= 43 non-carrier with FTLD-
CDR>0

Included in baseline analysis
N=516

N = 263 no data for follow-up

visit

Included in the analysis of
change over time (24months)
N=253

Figure 16: Flow chart for inclusion of participants in analysis of neuropsychology scores. Le
of flow chart represents those ircluded. Right of flow chart is those who were excluded.

4.3.2 Measures
| utilized the crosssectional (baseline) and longitudinal (12-month follow-up)
neuropsychology datafrom GENFIdata freeze 4which included the 13 cognitive

assessmens in the GENFI protocal See section2.3.3 for a summary of the

cognitive assessments.

161



4.3.3 Deriving composite scores

In its final version (section 4.3.8), the neuropsychology tests includd in the
cognitive composite were selected to provide optimal differentiation between
mutation carriers and controls, initially employing the methodsoutlined in the
Track-HD cognitive composite(Jones et al., 2014)To identify the tests that best
discriminate between groups, logistic regression wasmployed, 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 weightgcontributions) 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 composité intended tofirst explore the
differences between presymptomatic mutation carriers and controls tascertain
which assessmentsif any,could be sensitive to early cognitive change®ata was
assessedfor normal distribution using Q-Q plots Independent sample ¢tests
were performed across all of the genetic subgroup&6C9or772, GRMNd MAPT)to
reveal which of the cognitive assessmentsest distinguished mutation carriers
from controls. This was performedinitially on baselinedata. Any assessments
revealing significant differences between groups would beandidates for use in

the cognitive composite.

4.3.5 Results

Table 21 shows thedifferences between controls and presymptomatic mutation
carriers at their baseline neuropsychology visit.Independent sample #tests
revealed a significant difference on two neuropsychology assessmentSCSRT
immediate recall total score between controls (mean (M) = 0.03, standard

deviation (SD) = 0.92) and presymptomatic mutation carriers (M =-0.13, SD =
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1.33), t = 1.61, p= 0.021, dongside FCSRT delayedecall total score (controls:

M = 0.06, SD = 0.9] 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 thECSRT and kil Making Test A may serve as

promising assessmentsor 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
BensonComplexFigure Copy -0.03 1.04 -5.7470.59 -0.01 1.02 -4.9470.59
Digit Span Forwards Total Sore | -0.08 0.97 -2.1772.78 0.12 1.06 -3.3722.78
Digit Span Forwards Maximum

Score -0.02 0.95 -2.212 2.00 0.05 1.04 -3.2172.00

Digit SpanBackwards Total Score| 0.01 0.99 -2.1572.61 0.11 1.03 -2.7473.04
Digit Span Backwards Maximum

Score 0.00 0.98 -2.2972.29 0.01 1.06 -2.6673.62

Revised Camel and Cactus -0.00 1.01 -3.4071.39 -0.08 1.12 -7.6571.39

BensonComplexFigure Recall 0.03 0.99 -2.5771.43 -0.05 1.00 -4.0271.43

Trall Making Test A Time -0.10 0.77 -1.10z3.71 -0.06 0.65 -1.0473.09

Trail Making Test A Errors -0.06 0.68 -0.2973.55 -0.13 0.58 -0.2973.55

Trail Making Test B Time -0.16 0.77 -1.03z5.44 -0.08 0.89 -1.1275.44

Trail Making Test B Errors -0.07 0.98 -0.35711.95 -0.04 0.72 -0.3575.03

Digit Symbol 0.17 0.98 -3.2272.55 0.11 0.88 -2.817 2.55
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Boston NamingTest -0.04 0.91 -3.6471.53 0.02 1.21 -8.977 1.55
FCSRT Fre®ecall Score 0.05 0.94 -3.0472.22 -0.07 1.04 -4.1072.22
FCSRT Total Score 0.03 0.92 -5.6371.09 -0.13 1.33 -9.0271.09
D-KEFSColour Naming Time -0.02 0.96 -3.7023.76 0.11 1.16 -4.8078.34
D-KEFSWord ReadingTime -0.00 1.00 -4.0175.07 0.03 1.17 -7.3079.17
D-KEFSColour Ink Naming Time | -0.06 0.95 -3.5573.33 0.14 1.30 -4.6677.06
Verbal Fluencyg Category-
Animals 0.11 1.04 -2.5173.91 0.08 0.89 -2.4272.40
Verbal Fluencygz Phonemic- FAS | 0.02 1.02 -2.9072.82 0.03 1.01 -2.71723.07
Block Design 0.26 0.91 -2.7671.61 0.16 0.91 -2.7671.61
FCSRT Delayed Free Recall Scoy 0.05 0.95 -3.1471.91 -0.07 1.13 -3.997 2.06
FCSRT Delayed Total Score 0.06 0.91 -5.2870.91 -0.01 1.04 -6.0870.91
Faux Pas StorieSubscore -0.03 1.03 -3.2371.56 -0.06 1.31 -7.8771.56
Ekman Faces Subscore -0.04 1.04 -3.2371.97 0.01 1.07 -3.9771.97
Mini-SEA Total Score -0.01 0.96 -2.5171.76 -0.03 1.25 -5.5172.07

Table21: Means, standard deviation and range of baseline neuropsychology data in controls and presymptomatic mutation casier
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Including only two assessments measuringwo cognitive domains: memory
(FCSRT) and executive function (TMT A$ not sufficient in creating acomposite.
| hypothesized that combining assessments with the lowest sample sizeshd
those revealing significant differences between groups would create an optimal
composite core.Following this, | performed sample size calculations (described
in section 4.3.5.1 across each neuropsychology assessment to evaluatdich

additional assessnents could also be included in the composite

To determine sample sizesmeans and standard deviation®f the scoresof each
neuropsychology assessment igontrols 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 calculatedusing the following equation (results summarized in
Table22):

Where:

€ = score at follow up visit

& score at baseline

E individual neuropsychology assessment
A age at followup visit
A

age at baseline visit

0& &0 MDAUNOWQQQTI Q90—
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Neuropsychology

Controls (N=149)

Presymptomatic (N = 158)

Assessment Mean Change Mean Change
BensonComplexFigure
0.13 -0.10
Copy
Digit Span Forwards Total
0.12 -0.02
Sore
Digit Span Forwards
_ 0.12 0.00
Maximum Score
Digit Span Backwards
-0.04 -0.01
Total Score
Digit Span Backwards
_ -0.05 -0.13
Maximum Score
Revised Camel and Cacty 0.06 0.05
BensonComplexFigure
0.09 0.00
Recall
Trall Making Test A Time 0.01 0.03
Trall Making Test A
-0.02 -0.03
Errors
Trail Making Test B Time -0.10 -0.03
Trail Making Test B
0.03 0.03
Errors
Digit Symbol 0.19 0.19
Boston Naming 0.03 -0.02
FCSRT Free Recall Scor; 0.20 0.30
FCSRYT Total Score 0.28 0.25
D-KEFSColour Naming
_ -0.09 -0.02
Time
D-KEFSWord Reading
_ -0.13 -0.10
Time
D-KEFSColour Ink
-0.02 -0.05

Naming Time
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Verbal Fluencyz Categor,
) i gory 0.09 -0.03
- Animals
Verbal Fluencyz
0.11 0.07
Phonemic- FAS
Block Design 0.05 0.11
FCSRT Delayed Free
0.34 0.34
Recall Score
FCSRT Delayed Total
0.24 0.20
Score
Faux Pas Stories Subscor -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 aallow-up visits.

Finally, DAAOI AT 60 AT OOATI AGET T O A Gaxalvkle AAOAI ET A

performed on presymptomatic data to produce Rho values for each assessment.

4.3.5.1 Sample Size Calculations

Sample sizeestimates were calculated for each neuropsychology assessment
Sample size estimates are provided fortavo-arm study with a 1:1 randomization
to placebo versus activetreatment. All of the neuropsychology outcomes are
continuous, so it is proposed that the effect of ttment would be assessed by
comparison of the mean score between the arnas thestudy concludes Samples
sizes were calculated for d-year trial with visits at baseline and 1-year follow -
up as thismatched the follow-up length for visits available from GENFI data

freeze 4.
In a trial, the method of analysis would béo compare outcome measuresat 1-

year between groups(placebo vs active treatment)and adjusting for baseline.

This approach is equivalent to comparinga change in score between the two
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groups but provides greaterprecision in estimating the treatment effect and

hence greater power for a given sample size.

The sample size per arm was estimated as:

Where:

mis the correlation between baseline and followup measures of the outcomg

A'is the standard deviation of the outcome at the followup visit;

7 is the treatment effect (difference in mean for treated and untreated at the

follow -up visit) ;

I EO Oeahce ®EICT E £E

andl-y EO OEA bPIi xAO Oi AAOGAAO A OOAAOI AT O |

&1 O OEA OAIPI A OEUAO DPOAOGAT OAA EAOA
level),and T8 ¢ DIl xAOQuiin=785. CEOET C

Here it is assumed that the proposed clinical trial will be ba disease modifying
treatment, and that the effect of the treatmentwould be to slow the rate of

disease progressior(illustrated in Figure 17).
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—o— Untreated Diease modifying treatment

Figure 17: lllustration of effects of a disease modiifying treatment and symptomaltic treatment
on outcomes over time

Heredelta estif&ed from the observed rates of change i@achgroup 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 nofmutation 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 noscarriers, then a 50%
treatment effect would be a difference of 0.4 points per yeaasthe difference

between carriers and controls is 0.8 peyear.

Changesn scorerelative to non-carriers were usedin estimatingdelta to take
into account any decline due to normal aging, or improvements in scores due to

expected practice effects in unaffected control participants.

Sigma A x A Omat@& shand&r® deHation of the outcome of interest at the
follow-up visit. The correlation m xAO OEA AOOEI AOAA AT OOAIl A¢

baseline and tyear follow-up values for the outcome of interest.

Table 23 summarizesthe outputs and sample size estimates for presymptomatic
mutation carriers. Highlighted in red are the sample sizeestimates for
assessments which revealed a significant difference between presymptomatic
mutation carriers and controls.Highlighted in green areassessments which have

a sample size estimateof less than 700participants. In Chapter 3 | report on
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3,500 symptomatic genetic FTD patients and while this was a retrospective
study it nonethelessaccounts forcasesoriginating from the majority of the major

research centres studying genetic FTAlIthough the globalprevalenceof genetic
FTD is likely to bemore extensive thanthe numbers reported hereshow, patients
available for clinical trials are unlikely to exceed 3,500 individualsOf the three
genes | found MAPTI0 be theleast commonmutation, with only 791 reported

patients, and | therefore perceived usinga sample sizecut off of less than 700
participants as reasonableas it isunlikely that a genetic FTD trialvould consider

enrolling more than 700 participants globally.

In addition to the assessments reveailg significant differences between
presymptomatic mutation carriers and controls, the Digit Symbol measurevas
shown to produce a low sample size estimatand so was includedas acandidate

assessmenin the cognitive composite.

The presymptomatic cognitive composite consists of théollowing assessments:

1 Trail Making TestA Errors;
1 Digit Symbol and

1 FCSRTtotal score, delayed free recall and delayed total score)

The composite score was calculated by averaging the -scores across each
assessment (outlined above) equating equal weighting to each assessment
Sample sizeestimatesbased on the composite were calculated again with the aim
that the composite score would producesmaller sample sizeshan theindividual
assessmentshown in Table23. The results from the presymptomatic composite

are shown inTable 24.
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sSD Control | Alpha | Beta _ Mean | pelta | Sample | Delta
Neuropsychology SD Mean | Rho L. Sigma . Sample
| Follow-p Rate of ) H R Change 1 Size 1|
Assessment Baseline A Change m K | adjustedior Size 25%
Change 50% 50% 25%
controls)
BensonComplex
] 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
Figure Copy
Digit Span Forwards
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
Total Sore
Digit Span Forwards
] 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
Maximum Score
Digit Span
Backwards Total 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
Score
Digit Span
Backwards 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
Maximum Score
Revised Camel and
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
Cactus
BensonComplex
) 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
Figure Recall
Trail Making Test A
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

Time
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Trail Making Test A

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
Errors
Trail Making Test B
) 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
Time
Trail Making Test B
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
Errors
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 NamingTest 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
FCSRYT Free Recall
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
Score
FCSRTTotal 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-KEFSColour
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
Naming Time
D-KEFSWord
) ) 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
Naming Time
D-KEFSColour Ink
) ) 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
Naming Time
Verbal Fluencyz
] 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
Category- Animals
Verbal Fluencyz
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

Phonemic- FAS
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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 Fre¢
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
Recall Score
FCSRT Delayed Totg
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
Score
Faux Pas Stories
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
Subscore
EkmanFaces
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
Subscore
Mini-SEA Total Scordq  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 theassessments revealing aignificant difference between presymptomatic mutation carriers and controls, highlighted in green
are the assessments showing a sample size <70he 5 left columns showthe outputs from baseline and folbw-up data in (unless otherwise specified)

presymptomatic mutation carriers. The8 columns fo the right of the table summarize the outcomes uséd calculate sample sizes: Z ﬂi s
sD Control | Alpha | Beta . Mean | pelta | Sample | Delta

Neuropsychology SD Mean Rho L. Sigma . Sample

| Follow-up Rate of ) 'H h Change 1 Size 1 _
Assessment Baseline £ Change Mm K | (adiustedfor Size 25%
( Change 50% | 50% | 25%
controls)
Presymptomatic
) 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
Composite

Table24: 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 beas 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
assessmentsfrom those who are far away from estimated symptononset and
are less likely toexhibit cognitive decline.As described throughout ths thesis,
studies have shown that decline across neuropsychology assessments is only
evident <10 years prior to estimated synmptom onset Although significant
differences were revealed between mutation carriers and controlshis 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 increating a composite scoreencompassing all
presymptomatic mutation carriers, | decided topursue an alternative approach.

| was interested in examining exclusively the differences between
presymptomatic mutation carriers, this time grouping mutation carriers intothe
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 4he age of presymptomatic mutation carriersand
their estimated years(EYO)from expected symptom onse{ calculated using the
mean age at onset in the familyis recorded. | found that agewas nota discerning
factor in distinguishing early presymptomatic carriers from later
presymptomatic carriers. This is unsurprising, asthe 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
| usedthe EYO calculated in GENFI data freezet@l dichotomise early and late
presymptomatic mutation carriers, choosing 10 years as a cubff point for all
mutation carriers, in line with findings of presymptomatic studies (Jiskoot,
Dopper, Heijer, et al.,, 2016; Jiskoot et al., 2018) hypothesized that any
neuropsychology assessmentxapable ofsuccessfully distinguishng the late
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presymptomatic phasefrom the early presymptomatic phaseof genetic FTDmay
show promise for inclusionin acompositescore, as those closer to their expected
symptom onset are likely to showgreater decline acrosscognitive assessments
In addition, | then compared the late pesymptomatic mutation carriers to

controls.

4.3.7 Results

Asoutlined previously, the data was assessed for normal distribution using @
plots. Independent samplettests were performed across all of the genetic
subgroups (C90rf72, GRNand MAPT) to reveal which of the cognitive
assessments distinguishedthe late presymptomatic phase from the early
presymptomatic phaseand 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 ftests revealed a significant difference in two
neuropsychology assessmeist when comparing earlyand 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 = 067), t = 1.18,
p=0.018. There were also significant differences on the &ton Naming Test
betweenearly (M = 0.31, SD= 0.75) and late presymptomatic mutation carriers
(M = 0.07, SD = 115), t = 1.55, p=0.000. When comparing late presymptomatic
mutation carriers and controls there were significant differences acrosswo
neuropsychology assessmentdigit 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 aaiers (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 freeecall.

= =/ =4 =

Table 25 shows the outputs and sample size estimates for late presymptomatic
mutation carriers. Highlighted in red are the sample size estimates for
assessmens which revealed a significant difference between late
presymptomatic mutation carriers and controls and between late

presymptomatic carriers and early presymptomatic carriers.

Asoutlined above, the composite score was calculated by averaging thescores
across each assessmenBample size calculations based on the composite were
calculated again with the aim that the composite score would produce smaller
sample sizes than the individual assessmenghown in Table25. The results from

the late presymptomatic compositeare shown inTable 26.

Additionally, | also explored creating a composite scordased on logistic
regression modelsoutlined in Jones et al., 2014Thelogistic 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 l-year follow up dataand | decided to include allGENFI assessments. The
model was built using backward elimination,beginning with the inclusion of all
assessmentsas candidate testsin predicting carrier from control status. The
assessment with the largesip value is then remove from the model and this
processis repeateduntil only assessmentswith a p-value of 0.1 or less remain in
the model. At this point, each assessmentvith a p-value of less than 0.1

previously removedfrom the modelis reintroduced.



The cognitive composite based on logistic regression consists of the following

assessments:
1 Trail Making TestA Time;
1 Digit Symbol and

1 D-KEFSWord Time.

The results from thiscompositeare also shown inTable 26.
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sD Control | Alpha | Beta _ Mean | pelta Delta
Neuropsychology SD Mean | Rho .. Sigma Sample Sample
. Follow-Up Rate of ) H h Change 1 . 1 .
Assessment Baseline A Change M K | (adjustedfor Size 50% Size 25%
Change 50% 25%
controls)

BensonComplex

] 0.09 112 -0.17 | 0.22 0.03 0.05 | 0.20 | 7.85 1.01 -0.20 -0.10 1797 -0.05 7190
Figure Copy

Digit Span
Forwards Total 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

Sore

Digit Span

Forwards 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
Maximum Score

Digit Span
Backwards Total 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

Score

Digit Span

Backwards 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
Maximum Score
Revised Camel and|

1.05 124 0.04 0.53 0.00 0.05 | 0.20 | 7.85 1.04 0.04 0.02 40205 0.01 160818

Cactus
BensonComplex

) 0.88 101 -0.04 | 0.44 0.09 0.05 | 0.20 | 7.85 1.10 -0.13 -0.07 2995 -0.03 11981
Figure Recall
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Trail Making Test A
) 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
Time
Trail Making Test A
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
Errors
Trail Making Test B
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
Time
Trail Making Test B
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
Errors
Digit Symbol 0.72 0.84 0.03 0.81 | -0.01 0.05 | 0.20 | 7.85 099 | 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
FCSRYT Free Recal,
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
Score
FCSRT Total Scorq  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-KEFSColour
) ) 1.04 1.15 -0.05 | 0.61 0.07 0.05 | 0.20 | 7.85 113 | -012 -0.06 3485 -0.03 13938
Naming Time
D-KEFSWord
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
ReadingTime
D-KEFSColour Ink
] ) 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
Naming Time
Verbal Fluencyz
) 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
Category- Animals
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Verbal Fluencyz
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

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
Free Recall Score
FCSRT Delayed

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
Total Score

Faux Pas Stories
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
Subscore

Ekman Faces
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
Subscore

Mini-SEA Total
s 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
core

Table25: The 5 left columns show the outputs from baseline and followp data in (unless otherwise specified) presymptomatic mutation carriers. The 8 columns
fo the right of the table summarize the outcomes used to calculate sample sizes: Z ﬂi f:hns
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sSD Control | Alpha | Beta . Mean | pelta | Sample | Delta
Neuropsychology SD Mean Rho L. Sigma . Sample
| Follow-up Rate of ) H R Change 1 Size 1|
Assessment Baseline A Change m K| (agjusted for Size 25%
Change 50% 50% 25%
controls)
Late
Presymptomatic
Composite 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
(sample size
estimate)
Late
Presymptomatic
) 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
Composite
(logistic regression)

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 Oneexplanation 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 C90rf72 and GRN mutation carriers. In
addition, the presymptomatic cohort includes participants who exhibit some
mild symptoms but who do notyet meet diagnostic criteria for FTD effectively
classifyingall participants enrolled in GENFlas presymptomatic until diagnostic
criteria is met, with potential to limit our ability to accurate ly distinguish groups
of interest. To overcomethis, one could employthe Clinical Dementia Rating
(CDR) scale(Morris, 1993). This method is advantageous as it is a ratj scale
used by clinicians globally to characterise patients with dementia. The CDR is
estimated using a semi structured interview between clinicians and informants
O0i AOOAOO A DPAOEAT 660 OAOGAOEOUBs )OO EO
behavioural domains, each of whichare scored on a scale of3: 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 aneo&ll score of severity
(0-3) for an individual. In recent years, a modified version of the CDR
(CDR+NACC FTLDhas been created to encompass two additional elements:
behaviour and languagewhich are incorporated in order to increasesensitivity

to the clinical changesin FTD(Knopman et al., 2008)

4.3.8 A new approach to creating a cognitive composite

Following these failed attemptsto create a cognitive compositeby means of
logistic regression. This led me touse the CDR+NACC FTL@referred to as the
FTLD-CDR from this point onwards)score to classifyparticipants. 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 symptomat status and
FTLD-CDR Global score in order to determine which neuropsychology
assessmenteturned the most significantdifference from the mutation negative

control group. Analysis focused on theomparisonof neuropsychology scores af

1 Mutation negative controls compared to mutation carriers with aFTLD-
CDRGlobal score of 0.5; and

1 Mutation negative controls compared to symptomatic mutation carriers
with an FTLD-CDRGIobal scoreof 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 includeth the

final analysis.

The neuropsychology assessments includgin 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 b identify the assessments which best discriminate between &
groups. Due to the relatively small sample sizes of some thfese groups (see
Table 27 and Table 28), | was concerred that a simple stepwise approach to
selecting the cognitive tess (as usedin the late presymptomatic composite)
could result in overfitting and poor generalisability of the resultingcomposite
score. The possibility of creating a cognitive composite for each individual
genetic mutation was exploredhowever,there was not suffigent baseline (GRN:
N=29; C9orf72:N=59; MAPT.N=21) or follow -up (GRNN=14; C9orf72:N=13;
MAPTN=9) data from participants with a FTLD-CDRscore >0.
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Presymptomatic
FTLD-CDR Control ] Affected Total
Carrier
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

Table27: Summary ofbaseline data available across the groups of interest

Presymptomatic
FTLD-CDR Control ] Affected Total
Carrier
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

Table28: Summary of followup 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 approacemploys a penalisaton
term which forces the sum of the absolute value of the logistic regression
coefficients to be less than the fixed valuelhis has the effect of shrinking all
coefficients towards zerqg and with a large enough penalization term also setting
some of themto 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 seto zero, then the results are the same as those from
a standard logistic regression model. As the penalty is increasddwer tests are
selected in the final model and their coefficients are shrunk towards zero.
Therefore, a different choice of penalty tem will produce a different set of

coefficients.
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The optimum size for the penalty term waghat which showed minimum cross

validation error in the prediction of mutation carrier status. The prediction error

was estimated used 16fold cross validation This approach divides the data into

ot OFI 1 AOG6 T £# ANOAT OEUAh Z£EOO OEA ,133/7 11TA
OEA DOAAEAOQGEITT AOOI O 11 OE-AexchdingbdEioET C OA&LI 1 Ad
the 10 foldsin turn, and the average prediction errorproduced constitutes a

measure of crossvalidated performance. This process was repeatethrough a

range of penalty sizes (0.001 to 100). The penalty term used in the final model

was that which had the most parsimonious mdel (relatively few cognitive

assessments included) but achieved an erraof within 1 standard error of the

minimum value. The package glmnet in R was used to fit the LASSO models and

carry out the crossvalidation.

From the resulting model, two differert 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 determine the weights
of each assessmenftor example,if the fitted logistic regression model was:

N

dé'Q—‘ph P TR O T uw TP ™

Where:

= probability of anindividual being a carrier, given their cognitive test scores

w= neuropsychology assessment of interest
Then the simple score would be:

Yweph @———
o
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The weighted score would be:

i o o b
Yo i B T e
T U TP L TP TT

The sign of the coefficients is reversed in determining thaveights so that the
resulting score is lower in the mutation carrier group as would be expectedf a
z score for cognition.It important that for all assessmentsa lower score indicates
a worse performance. As such the-score forany assessments showing higher
score with carrier status, for exampleD-KEFSWord Time, was reversed before
entry into the composite (i.e. az score of 1 would be changed tel and vice

versa).

4.3.9 Results

An initial analysis used thecognitive 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 followup 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 afallow-up

BensonComplexfigure 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)
BensonComplexfigure 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-KEFScolour naming time -0.01 (0.79) 0.22 (2.71) 0.06 (4.04)
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D-KEFSword reading time 0.04 (1.03) 0.38 (2.34) 0.81 (3.48)
D-KEFScolour 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)

Table29: Means and standard deviations of the change in scores between baseline angkar follow up for the GENFI neuropsychology assessments.




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. GENFCog 1 =Mutation negative compared to mutation carriers with
FTLD-CDRglobal score 0.5 at baseline

2. GENFCog 2 =Mutation negative compared to symptomatic mutation
carriers with FTLD-CDRglobal 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 FTLBCDRglobal 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 noncarriers and mutation carriers in this

group.

Number of tests included
252321 17 1412 7 31 0 00 00 0000O0O0O0O0CO0OCOO0OD

Binomial Deviance
144 1.46 1.48 1.50
| | |
.-/

142
l

140
l
o

1.38
l

log(Lambda)

Figure 18: Crossvalidated prediction of performance of LASSO model predicting mutation
carriers with a CDR-NACC FTLD global score of 0.
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The results from the LASSO are reported ifable 30.

GENFICog 1 consists ob assessments:

= =/ =2 4

Faux Pas Stories.

Trail Making Test B Time;
FCSRT Free and Delayed Recall,
D-KEFS Colour Ink Time;

Verbal Fluency Animals; and

GENFICog 2consids of 4 assessments:

71 Digit Span Forward Scorg
1 Digit Symbot
1 Block Designand
1 FCSRT delayed total score.
Neuropsychology . - . -
Coefficient | Weighting | Coefficient Weighting
Assessment
GENFCog 1 GENFCog 2
BensonComplexfigure
0.000 0.000
copy
Digit span forwards
0.000 -0.689 0.566
score
Digit span forwards
0.000 0.000
max
Digit span backwards
0.000 0.000
score
Digit span backwards
0.000 0.000
max
Camel and Cactus 0.000 0.000
BensonComplexfigure
0.000 0.000
recall
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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
_ 0.000 0.000
combined
D-KEFS colour naming
_ 0.041 0.055 0.000
time
D-KEFS word reading
_ -0.052 0.070 0.000
time
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 relativeeighting for GENF{Cog 1 and
GENFiCog 2.

Table 31 shows effect sizeand sample size estimates fothe individual GENFI
neuropsychology assessments anébr the composite scoresGENF{Cog 1 and
GENFiCog 2Theefficacyof each of the compositescoreswas testedin 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 FTLDCDRglobal score 0.5the estimated sample
size to detect 50% treatment effect using GENfog 1 is1,381 participants per

treatment arm. Sample sizes were calculated at 80% power and significance at
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0.05.For GENFI Co@ the estimated sample size to detect 50% treatment effect

is 633 participants per treatment arm.

For symptomatic mutation carriers with aFTLD-CDR 0.5the estimated sample
size to detect 50% treatment effect using GENRlog 1is 190 participants per
treatment arm. For GENFI Cog 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 GENflog 2.
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Effect Sample Size Per Arm Effect Sample Size Per Arm | Effect | Sample Size Per Arm (25%
Neuropsychology Asessment| ) ) ) ) )
Size (50% reduction) Size (50% reduction) Size reduction)
Mutation Carriers with CDR >0.5 Symptomatic Carriers with CDR >0.5
BensonComplexfigure
-0.17 2094 -0.31 655 -0.31 2618
copy
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
0.07 N/A -0.01 1859329 -0.01 7437317
score
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
BensonComplexfigure
-0.13 1908 -0.21 719 -0.21 2874
recall
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 freeecall -0.14 1496 -0.39 306 -0.39 1224
FCRST totascore -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-KEFScolour naming
] 0.08 N/A 0.02 N/A 0.02 N/A
time
D-KEFSword reading
] 0.15 N/A 0.29 N/A 0.29 N/A
time
D-KEFS colournk time -0.03 43845 -0.07 12632 -0.07 50530
Block design -0.17 615 -0.24 152 -0.24 608
FCRST delayed freeecall | -0.03 36045 -0.28 456 -0.28 1824
FCRST delayed tota#core| -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
GENFCog 1 -0.08 1381 -0.31 190 -0.31 759
GENFCog 2 -0.18 633 -0.54 75 -0.54 300

Table 31: Effect size and sample size calculations for a 5086d 25% reduction in treatment effectfor 2 groups of interestmutation carriers with FTLD-CDRglobal
score 0.5, symptomatic mutation carriers with CDR/NACC FTLD global scored.5. Calculated ar 80% powver and significance at 0.05
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4.4 Discussion

Here | explored several approaches to creata cognitive composite for genetic
FTD. | initially set out to examine which of the GENFI neuropsychology
assessments were able to successfully distinguish presymptomatic mutation
carriers from controls. | found that only two assessmentswere 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
studiesshowing presymptomatic cognitive changes ilgeneticFTD(Barandiaran,
Estanga, Moreno, Indakoetxea, Alzualde, Balluerka, Marti Masso, et al., 2012;
Jiskootet al., 2018) and provide further support to the suggeston that there is
both early memory and executive impairment in the presymptomatic phase
Thesetwo assessmentalonewere, however, not sufficient to create a composite
score.This led to me calculae sample size estimates for a hypothetical clinical
trial in genetic FTD(examining 50% and 25% treatment effects)n the hope that
any assessmentshat independently produced lowsample size estimates would
contribute to the overall composite scoreln addition to the FCSRT and the TMT
A tests, theDigit Symbol was shown to produce a low sample size estimate. A
composite score was derived from these threassessmentsbut the combination
failed to result in a lower sample size estimate thathat of any of the individual
assessmentsl put forward that a reason for the failure of this composite was the
way in which the presymptomatic phase of genetic FTD is defined the GBNFI
study, in that participants are considered to fall within the presymptomatic
phaseirrespective 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.

| also examinedthe cognitive performance ofthose in the late presymptomatic

phase 10 years prior to EYO)in the hope of deriving a compositescore from

this cohort. | compared two groups of interest, early and late presymptomatic

carriers, and late presymptomatic carriersand controls. | found that four

assessmentsuccessfullydiscriminated late presymptomatic carriers from both
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controls and earlypresymptomatic mutation carriers: Trail Making TestA errors,
Boston Naming Test, Digit Symbol and the FCSRT delayed free recalhis
combination of assessments was nadptimal in producing a lower sample size
calculation. These findings do however support previous work suggesting thamn
addition to executive dysfunction and memory impairment,there are language
deficits in the late presymptomatic phaseas measured by the BNTJiskoot,
Dopper, Den Heijer, et al.,, 2016)In addition, | utilized logistic regression to
createacomposite score in this group, combining Tail Making TestA time, Digit
Symbol andD-KEFSWord ReadingTime to createthe composite. This approach
was potentially more beneficial as it had previously been shown to be effective
in creating a composite scorghrough the Track-HD study (Jones et al., 2014)
Unfortunately, the composite created through the logistic regressiomodel also
failed to produce small sample size estimates. There may be several reasons for
this. Firstly, that the simple stepwise approach as employed by alogistic
regression to selecthe cognitive tess, may have resulted in overfitting and poor
generalizability of the resulting composite score. Second]yne couldarguethat
there is an issuewith the classification of participants asbeing presymptomatic;
by grouping everyone who d@snot meet the diagnostic criteria of FTD intcan
all-encompassingphase it is impossible to distinguish those with questionable
or mild clinical changes from those with no clinicathange.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-CDRglobal score irrespective of clinical
diagnosis Any participants with a FTLD-CDRglobal score 0.5were considered

to be abnormal. Moreover, an empirical strategy for selecting the cognitive
assessments was employed to address the issue of overfitting and poor
generdizability in the logistic regressionmodels, this time using LASSO to create
the composite scoreFrom the composites created using thse methods, when
testing the performance of the compositeste best outcome, producing the
lowest sample size was GENFICog 2comprised of 4 assessmentsDigit Span
Forward Score, Digit Symbol, Block Design and FCSRT Delayed ReGalNFHCog

2 was sensitive at distinguishingsymptomatic mutation carriers from controls.
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The estimated sample sizerequired to detect 50% treatment effect in
symptomatic mutation carriers is 75 participants per treatment arm. Sample

sizes were calculated at 80% power andt asignificanceof 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 onlyin that they cover a range of cognitive
domains, as demonstrated here(executive function [digit span, digit symbol],
visuospatial abilities [block design] and memory [FCSRT]put they canact to
reduce testingtime, which ishighly advantageous in theesting environment of

a clinical trial.

Results from the composite sggest that in a randomized control trial(RCT) for
genetic FTDemploying cognitive assessments as a primary endpoinivould
benefit from the use of the composite derived hereas opposed to the usef
individual cognitive assessmentgreducing sample size by around0%. 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
guantitative cognitive assessments adjusting for overfitting, may havethe
potential to be employed in clinical trials as a primary outcome measur&hough,
when examining the viability of using cognitive assessments sensitive to early
clinical changes(defined as a FTLECDR 0.5), as shown inGENF{Cog1, it was
found that the sample sizes produced wertoo 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
GENFIlonly. As such, it would be valuable to repeat the analysis irother large
genetic FTD cohorts such as LEFFTDS to ensure generalizability of findings to the

wider genetic FTD population
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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 opposedpresymptomatic
genetic FTD as a wholelhough | have shown thathe 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. | initially set out to create threeunique composites for each of the three
genes,but upon closer examinationthere was not enough data to be able to do
so. Future studies should therefore ainto collect sufficient data to explore the
possibility of creating a composite score tailored to the individual genetic
mutations. In addition, it mayalso be valuable to include data points beyonthe
12-month follow-up to allow for an analysis of responsiveness to clinical change
on cognitive assessments over timdt would be particularly interesting to test
the composite on those who haverogressedfrom the presymptomatic phase to

being symptomatic. Such data was not available in GENFI ddtaeze 4

Although this work focused on the use of wellvalidated pre-existing cognitive
assessments, there is still a need to improve the sensitivity of cogne testing
more generally.Only two assessments showd significant differencesbetween
presymptomatic mutation carriers and controls, which does not showmuch
promise for the sensitivity of pen and paper tasks in the assessmentof
presymptomatic genetic FTD In the next chapter will discuss thedevelopment
of anew approachto cognitive testing in genetic FTDwith the aim of improving

the sensitivity of cognitive assessments.



5 Design and Development of Ignite z 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 FTIh section
1.5.2 it was briefly outlined that novel approactesto assessing cognitiorshould
be improved if we are toincreasethe sensitivity of presymptomatic cognitive
testing. This chapter aims to go beyond standardized cognitive assessmeratsd
create a novel assessment tool fothe early detection of presymptomatic
cognitive changes ingenetic FTD. This chapter outlines thedesign and
development of/gnite,an iPad applicationdesigned as part of this thesis to asses
cognition. Here Igive an overview ofthe cognitive domains relevant to assessing
FTD anddiscuss the rationale designand development of each task included in
lgnite. These will each be presented in a standardized formatChapter 6

describes the analysis and results ofynite.

5.2 Current Computerized Assessments for Neodegeneration

As a starting point for the development of /gnite 1| wanted to have a
understanding of pre-existing computerized batteriesthat have been designedo
assesgognition in neurodegeneration | was interested inexploring the duration
and administration of assessmerd, as well as the cognitive domains
incorporated. | achieved this by carrying out a detailed searcbf PubMed with
the terms OAT I DPOOAMIEUAEAOEOA ADIORDDIT AA OAThAOAOET T 6
OAAT ATOOEHNGAT Bl OA1T AAI AT OBA&hoD&OSERA O] BDEO
) | PAEOIOAT QAERET AOGODAAEDOOBAGEARH 1 T CU AOOAOGOI Al
OAT I DPOOAOGEUAA A AtdDA@aEhd o8 ihis Eaddriarted
the search yielded B novel computerized batteries of cognitive assessmestfor

neurodegeneration. These are summarized imable 32 below.

20C



Assessment Name

Reference

Mode of
Administration

Total Assessment Duration

(minutes)

Domains/Functions Assessed

CANTAB. Cambridge

Neuropsychological Test

(Sahakian & Owen,

Touch

Duration determined by

Memory, attention,decision making,

1992) Screen/Tablet administrator executive function, social cognition
Automated Battery
CALLS: Cognitive Assessment of| (Crooks, Parsons, & Memory, attention, working memory,
) Telephone 30 )
Later Life Status Buckwalter, 2007) language, processing speed
COGDRA®. Cognitive Drug (Nicholl, Lynch, ) o
) PC/Laptop 20-25 Memory, attention, reaction time
Research Assessment System Kelly, & Pitt, 1995)
CNTB: Computerized Memory, attention, visuospatial abilities,
(Veroff et al., 1991) PC/Laptop 50 )
Neuropsychology Test Battery language, processing speed
Memory, attention, executive function,
_ (Dwolatzky et al., _ _ -
Mindstreams 2003) PC/Laptop 45-60 motor speed, visuospatial abilities,
language
] (Inoue, Jimbo, . o
TDAS: TouchPanettype Dementia ) _ Memory, attention, reaction time,
Taniguchi, & PC/Web-based 30 .
Assessment Scale _ processing speed
Urakami, 2011)
) ) (Gualtieri & Johnson, Memory, executive function, processing
CNSVS.: CNS Vital Signs PC/Web-based 30
2006) speed
- - (Erlanger et al., Memory, attention, reaction time,
CSI:Cognitive Stability Index Web-based 25-35 .
2002) processing speed
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(Hammers etal.,

Memory, attention, visuospatial abilities,

CogState PC/Laptop 15-25 .
2012) processing speed
. (Zorluoglu, Kamasak,
CANSMCI: Computer Administered| ) ) .
) Tavacioglu, & Ozanar| Touch Screen 30 Memory, executive function, language
Neuropsychological Screen for MC)
2015)
CAMCI: Computer Assessment of| _ _
Vel (Saxtonet al., 2009) Touch Screen 25 Memory, attention, processing speed
) Memory, attention, reaction time,
MicroCog (Elwood, 2001) PC/Laptop 60-90 i ] .
visuospatial abilities
(Hansen, Haferstrom, ] . )
N ) Memory, executive function, processing
CFT. Cognitive Function Test Brunner, Lehn, & Web-based 15 q
spee
Haberg, 2015)
(Dougherty et al., Executive function, working memory,
COGselftest Web-based 15 ) ) o
2010) visuospatial abilities, language
ANAM: Automated (Kabat, Kane, Memory, attention, reaction time,
Neuropsychological Assessment | Jefferson, & DiPino, PC/Laptop 20 decision making, executive function,

Matrix

2001)

processing speed

Table 32: Summary of novel omputerized cognitive assessment for neurodegeneration.
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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 arelatively short duration, averaging 30 mirutes total
completion time. The mode of administration also varied, with most cognitive
batteries being designed for a PC daptop.| was encouraged to see that several
assessments had been designed for touch screen dewcand that several

batteries included reaction times agrimary outcome measures.

lgnite was designed for use ora touch screen deviceand the iPad mini 4 was
selectedfor use in itsinitial first iteration . There are several benefit¢o designing
assessments for use om single model of touch screen device-irstly, they are
readily portable and feature touchscreers, allowing participants to perform the
assessmentsn any location, without the need for additional equipment Using a
single model ensuresscreen dimensions are identical, this is important asit
ensures that all stimuli are presentedn the same locationacross devicesat the
same resolution. The iPad mini 4 is 7.9inches (200mm), 2048 1536 px
(326ppi), and has anIPS LCDscreenwith a 4:3 aspect ratio.A key feature of
lgnite is its detailed and accurate recordings of reaction times. If there were
discrepancies in the operating systens used across the multiple devices
deployedin the study, outcome measuresnay havebeconeless 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 assessmentsn normally functioning participants, revisions of the test

designs the launch of/gnite on the Apple App Sore and finally the analysis of the

data collectedthrough the app.

| embarked on this project with several objectives in mindthese aredetailed in

the subsequentsections(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 58 years before expected symptom onsein at-risk
individuals (Hallam et al,, 2014; Rohrer et al., 2015; Jiskoot, Dopper, Heijer, et al.,
2016). In addition, many of the current preexisting assessments of cognitive
function are limited in their ability to detect subtle changesand current cognitive
assessmentsnay fail to distinguish between the genetic groups successfyllThis
will be problematic when selecting candidate tests for clinical triad targeting

specific genetic mutations

A further drawback to traditional cognitive assessmentsis that they are almost
always performed by trained psychologiss in hospital or researchsettings. This
is both time consuming and costlyEqually, at-risk participants report high levels
of anxiety relating to their cognitive assessmenin GENF] particularly in those
who haveyet to find out their carrier status. This is often dueto participating in
a genetic research studyand 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 thaa large burdenis the
number of contact daysinvolved in their enrolment. This can bea difficult
undertaking for participants without an understanding employer, or in
possesson of limited annual leave,and can prevent their participation in the
study. Despite there being clinical trials on the horizon,the number of thosein
the field of FTDremains limited, and as suchpharmaceutical compaimes need to
ensure thatparticipant enrolment is optimal. With these considerations in mind,
| wanted to design abattery 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 assessmentmay also reducethe

number of participant contact daysrequired during future trials.

5.3.2 Neuroanatomy ofGenetic FTD

In genetic FTD there is evidence of distinqtatterns of atrophy across the three
FTD genes:C9orf72, GRNind MAPT asdiscussed in sectios 1.3 and 1.4. Areas
of regional vulnerability across cortical and subcortical areas can be seen
presymptomatically asearly as25 years before expected symptom ons¢Rohrer

et al., 2015)

Across the three mutations there araifferent cortical and subcortical structures
affected early in the disease cours@he earliest neuroanatomical changes can be
seen in C9orf72with posterior cortical involvement as well asregions suchas
the thalamusand insulamanifesting 25 years beforeestimated symptom onset

illustrated in Figure 19.

Cortical & Years to Expected Symptom Onset

Subcortical -25 -20 15

Regions years years

Frontal

Temporal

Parietal

Occipital

Insula

Cingulate

Hippocampus

Amygdala

Striatum

Thalamus

Cerebellum

p<0.001 p<0.0001

Figure 19: Neuroanatomical regions ofulnerability in C9orf72 mutation carriers. Highlighted
fields represent significant differences between mutation carriers and controlsFigure is
created using data from GENFI in Rohrertal. 2015.
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In GRN the neuroanatomical profile is somewhat different with evidence of
atrophy being seenl0-15 years before symptom onse{Rohrer et al., 2015) As
shown in Figure 20 below, there is significant temporal and parietal lobe

involvement 10 years prior to estimated onset.

Cortical & Years to Expected Symptom Onset
Subcortical -25 -20 -15 -10 -5 0 5 10
Regions years years years years years years years years
Frontal -
Temporal
Occipital
Insula

Hippocampus

Amygdala

Striatum

Thalamus

Cerebellum

p<0.001 p<0.0001

Figure 20: Neuroanatomical regions of vuinerability in GRN mutation carriersHighlighted
fields represent significant differences between mutation carriers anaontrols.

Finally, in MAPT mutations, there tends to befocal anterior temporal lobe
involvement evident 10-15 years before expected symptom onsgRohrer et al.,
2015), affecting both the hippocampus and amygdala early in the disease course

(shown in Figure 21 below).
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Years to Expected Symptom Onset
Cortical &

Subcortical 25 20 -15 -10

Regions
years years years years

Frontal

Temporal

Parietal

Occipital

Insula

Cingulate

Hippocampus

Amygdala

Striatum

Thalamus

Cerebellum

p<0.001 p<0.0001

Figure 21: Neuroanatomical regions of vulnerability in MAPT mutation carriersHighlighted
fields represent significant differences between mutatiorcarriers 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. | wanted to ensure that in developing /gnite, tests were selected and
designed to be sensitive tothe regions of atrophy summarized above As
evidenced in this sectionchanges inthe brain occur as early as 25 years prior to
estimated symptom onsetand as such a cognitive taskdesigned to tap intothe
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 emergeas a result of different neuroanatomical
changes inC9orf72, GRNand MAPT.
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5.3.3 Comprehensiveness

In addition to considering neuroanatomical changesafurther key objective in
creating /gnite was to provide a set ofassessments thatcould capture an
ET AE OEpedAnaicd® across a number of cognitive domainsin a
comprehensive manner. /gnite consists of three general types of testsa)
modifications of existing clinical tasks b) modifications of tasks that have been
used in expermental studies but have not been developed for clinical
populations; c) novel testsdevelopedspecifically for the battery. A description of
each test anda brief overview of its background and clinical implications are
provided in section 5.5. One of the majordrawbacks of current cognitive
assessments is the duration ofesting required to get an accurate pictureof
individual performance. In GENFJthe neuropsychology assessments takever
an hour to perform in atrisk individuals, and for those who are symptomatic it
often takes several hoursAsoutlined in section5.2,the majority of computerized
cognitive assessments are around 30 minutes in lengtkherefore /gnite has been
designed to be completed in no more than 30 minutedn addition, from my
experience testing a variety of research participantshrough neuropsychology
assessments,| also perceived 30 minutes to be areasonable time to keep

participants engaged and attentivetherefore achievingoptimal performance.

5.3.4 Modifications of Existing Clinical Taskg Increasing Sensitivity

The tests included in/gnite are modifications of existing assessmentsand in
order to maximize the detection of subtle cognitive changed aimed to ensure
that the processing demands were increased acrogmachtask. For example a
standard task ofassessingemotion processingis the Ekman faces (see section
5.5.7.2. Traditionally, these facesconsist ofblack and white images presented
one at a time with the participant required to state which emotion is being
shown, whereasthe /gnite task assessingemotion processingdisplays a target
emotion, e.g. Bappyd and the participant must select from multiple faces

(inclusive of different genders, ethnicity and agesall those displayng the target
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emotion. The greater mental effort required of the participantin reading the
faces presented and selestg the correct answers enhances the opportunity for
subtle deficits in emotion processing to emerge In addition to these
modifications, presented on screenwit h each task is a countdown timeralerting
participants to the time they havebeen allocaedin which to completeeachtask.
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 insensitivan identifying deficits in those with highcognitive abilities. This

Is particularly problematic when assessing subtle abnormalities in those who do
not yet have any clinical symptomsConversely tasks which are designed to
demand moreof those with high cognitive abilitiesare often too challenging for
those displaying symptoms. Although /gnite was designed with the
presymptomatic population in mind, it was important that any new cognitive
assessmens be designed to yield useful data at both ends of the spectrum if it

were to be employed in clinical trials.

5.3.5 SelfAssessment

As mentioned above, ad&y aimin the development of /gnite has been its ability
to be performed by individuals on their own, ideally while at home. This
approach has been at the forefront ofgnite. Firstly, all of the assessments have
been designed to appear like games that are fun to plagrain 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 assessmerd, and, as suchthis appeared to be

a useful approachin designing and modifying the tasks for/gnite, as this is a
paradigm familiar to most.With this in mind | wanted to ensure that the app was
as intuitive as possible, including simplebuttons or screen swipes toindicate

answers. Withthe development of each task, participants in GENFI were asked

209


https://www.peak.net/
https://www.lumosity.com/en/

to provide verbal feedback on the aesthetic andheir experience ofinteracting

with each assessment to ensurneir design wasappropriate.

A challengein designing tasks with selfassessment in mind isensuring 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 becausethey are intended to evaluatedemanding cognitive abilities. A
chief example of this isaverbal fluencytask whereby participants areinstructed
to name as manywords as possiblein afinite amount of time,beginning with a
specified letter. They are not allowed to include names of people or place$o
assist participants in understanding and remembering task instructions irgnite,
participants are provided with brief written instructions prior to beginning each
individual assessment task which may, for example,simply read OP OA 0 O
AT OOA A O. Adcontpaniir@ dhe written instructions ae short videos which
play automatically when a task is selectedVideos areincorporated to ensure
participants can clearly visualisewhat is required of them (videoscan beviewed
repeatedly by participants until they begin the task). In addition, once a task has
begun, a prompt isdisplayed at the top of the screen for the durtion 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 mentionedin the sections above, the total time to completdgnite is no more
than 30 minutes, a duration chosn 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-3d®0 secondsin duration, with most
tasks programmed to time out after 60 seconddn addition to the reasoning
outlined above | wanted to assess whether subtle changes in cognitive
performance could beobservedover abrief interval. A further consideration of
self-assessment$ that participants are able to track their progression through
lgnite. After each assessmenparticipants are taken back to the /gnite task list

and are able to view their assessment progressigas shown inFigure 22. Once
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a task is completedit is then locked preventing participants from returning to

tasks toattempt to improve their performance.

Ignite Tests

Think Back Level 1

Figure 22: [gnite homepage sbwing task list Task highlighted in black text shows current
active task.

The final challenge of seHassessment is ensuring that participants are
completing the tasks themselves. Upon receiving an iPad, participants are
provided with an instruction leaflet (Figure 23) and apassode to unlock the
iPad. They are also provided with a unique login to the /gnite application,
consisting of a6-digit anonymized codeIf the iPad were to be misplaced or lost
this code protects againstdata being identified. In order to usethe /gnite app
participants require the deviceas wellits passcode andapp login to perform the
tasks. Though this method is not optimal, | hoped it would prevent other users
from completing the assessmentsl also wanted to ensure thatall participants
were performing the assessments in a similar settingoto reduce thenumber of
confounding variables in the data. Builtnto /gniteis 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 performanceFigure 24 shows an example of a surroundings

photo taken by a participant(consent wasobtained for inclusion in this thesis).
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How to use Ignite:

Turn on the iPad by pressing and holding the on Press the Ignite app
button - located on the top right of the device until an
apple appears on the screen

&

After a short while a screen will appear asking you to When the app opens the ignite screen will appear.
Enter Passcode. The passcode for your iPad is: This will be followed by a new screen asking you to
Enter your passcode. Your Ignite passcode is:

After entering the final number of the passcode you
will be taken to the home screen of the iPad.

ignite'.

Ignite is the cognitive assessment tool designed for

early detection of dementia. An alternative to
standard psychology assessments, Ignite tests your

problem solving abilities, social skills and much more
through its absorbing short games.

This is unlike standard psychology tasks as it puts

you in charge. You can perform these tasks at home
without the assistance of a psychologist - it's that
simple.
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A screen will appear telling you about the app: what How to take a photo using an iPad: Hold the camera Each task begins with a brief video which will play
your task is, what happens with the test results and up and take a snapshot of what's in front of you. automatically, showing you how to complete the task.
how we will keep your data safe. Please read through You can watch the video as many times as you need

this and press | Agree to continue with to the tasks before beginning the task by pressing the play button.

There are also task instructions telling you what to do.

Press the white circle on the screen to take a picture.

If you are happy with your picture press use photo to
continue to the task menu.

IMPORTANT INFORMATION:

1. Every test is timed - there is a small timer in the
right hand corner of the screen telling you how
long you have left to complete the task

2. When you have completed the task or you have

Next you will be asked to take a surroundings photo.
This makes sure that we get your best performance,
we advise performing the app tasks in a quiet/
uncrowded environment. Press Take photo to
capture your surroundings.

You will be presented with the task menu. You will run out of time it will say Test Finished.

ignite @ work through the tasks one after the other. When a 3. Youonly have one attempt to complete the t§5k
task is ready for you it will appear in black writing (the 80 you do:not have the opportunity to:try again.
other tasks will be greyed out and locked). Click on 4. If you accidentally close the app during a task,
the task name to begin. the timer will be paused and you can click on the

app the open it again to resume the task.

e e FINISHING IGNITE: when you have completed all the
tasks - press and hold the on/off button and slide
your finger across the slide to power off bar to turn
off the iPad.

Figure 23: Instruction leafiet provided to participants when receiving a device, in addition to general instructions of using an iPadd the Ignite app, are the
unigue 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

lgnite consists of nineteen separate tests that measure a wide spectrumvairbal

and non-verbal cognitive functions. Each test included has been carefully

Introduction to Ignite

selected or designed to be sensitive to presymptomatic cognitive changes in FTD.

The tests are seHadministered in a predetermined order, in an environment

familiar to the participant, such as their homel/gniteis composed of the following

assessments:

=A =/ =2 =4 -4 -4 -4 -4 -2 -2 -2 -5 - -

Think Backz Level 1 & 2
Name Game

Sum Up

Word Match

Colour Mixz Level 1, 2,3 & 4
Face Match

Mind Reading

Swipe Out

Card Sort

Moral Dilemma

Line Judge

Balloon Fair

Time Tap

Path Finderz Level 1 & 2

The /gnite tests all possess standard assessment names, however, | took the

ARAEOET T OIi

assessments on their own.

OCAI E£EUS
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5.5 Domains andDescriptions of the/gnite tests

This section provides an overview of eachignite task, along with a brief
AEOAOOOETT 1T &£ EOOT I Odilog Lsébto deskrbdanyOrievh OA O

task that | 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%uch as reasoning,
problem solving and planning(Collins & Koechlin, 2012) There is a theory to
suggestthat 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 maniést 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 structure§Wong et al., 2016) Assessment batteries
such as the BEKEFS(Delis, Kaplan, 2001)and the NIHexaminer (Kramer et al.,

2014) were designed tobestassesghe multifaceted nature of executive function

In presymptomatic genetic FTD there is evidence efxecutive dysfunction across
the three main mutations (Rohrer et al., 2015; Sffaroni et al., 2019) Changes
across this cognitive domaincan bedetected before expected symptom onset
(Geschwind et al, 2001; Hallam et al., 2014; Rohrer et al., 2013nd represent a
promising avenueof studyin devising cognitive assessments for presymptomatic
FTD.The core executive functionsassessmentsand their implications in genetic

FTD researchare presental 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 notto act on impulse Examples of cognitive
measures that tap into inhibitory control include the Stroop TasKStroop, 1935)
and the Flanker Task(Eriksen, 1995). These kinds of tasks are challenging for
FTD patients who display early behavioural disinhibition §ection2.3.1.3.

5.5.2.1 Colour Mixz Stroop Tasks

The Stroop task wadirst developedto study verbal interference effectyStroop,
1935). Itaimsto assesghe inhibition of the automatic verbal response (reading,
by asking participants toname incongruent ink colours of target stimuli such as
OEA x1 OA OCOAAT re@OEX* BAGA EOODAR EOEOEA
discordant nature of thestimuli 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 O O.A A 8

It is well established thatinhibitory control is impaired in FTD (Johns et al.,
2009). Generally, FTD patients show significant deficits on the Stroop task when
compared to other neurodegenerative diseasegBraaten, Parsons, Mccue,
Sellers, & Burns,2006), for example, the Stroop task has been found to
differentiate patients with FTD and Lewy Body DementigJohns etal., 2009). In
addition, symptomatic C9orf72 mutation carriers have been found tocommit
more errors during the Stroop task,which is indicative of inhibitory control
deficits (Snowden et al., 2012) Interestingly, impaired performance on several
aspects of theSroop 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, reducedperformance on Stroop 3 has been linked taltered structural

and functional brain connectivity in GRAand MAP Tmutation carriers, suggesting
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that impairment may beassociated with disease activity prior to onse{Dopper
et al., 2013) Given theearly signal of reduced Stroop performance in genetic FTD,

this was a promising task to include in/gnite.

Over the years there have been several iterations of the Stroop tagkuch as
Golden, 1978; Trenerry et al; 1989;)with variations from 2-6 colours. The D
KEFS ColowWord Interference Test(Delis, Kaplan, &ramer, 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
namethe incongruent ink colour of printed colour names as fast as possiblar
example the word @reendprinted in red ink [green] where @eddis the target
answer. This requires participants to inhibit the more automatic verbal response
(reading) in order to generatethe 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 fortlhetween naming

incongruent ink colours (condition 3) and word reading (condition 2).

| have adapted the standard four level EKEFS taskretaining 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 | 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:



Level 1z Colour Naming

Colour Mix Level 1

00:29s

00:28s

Colour Mix Level 1

Tap the square that matches the colour of the circle.

Start Test!

a

Figure: 25 Level 1Colour Namingg Instruction Screen and TasKScreen

~

Instructions:04 Ap OEA 3NOAOA OEAO | AGAEAO OEA AIT1160
Stimuli: 5 differently coloured targetcircles (red, blue, green, purple, yellow).

Five corresponding textual buttons.

Total Number of Stimuli:50

Time required to complete thetask:30 seconds

Stimulus Interval: The first targetis shown until the participant submits a

response followed immediately by the next target.

Output MeasuresReactiontime to pressan answer. Accuracyz number of

errors and correct responsesnade in the 30 seconds.
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Level 2Word Reading

Colour Mix Level 2

00:28s

PURPLE

GREEN

Colour Mix Level 2

Tap the square that matches the word.

Start Test!

ﬂﬂ

Figure 26: Level 2 Word Reading Instruction Screen and Task Screen

Instructions: 04 AD OEA ONOAOA OEAO I AOAEAO OEA xI
Stimuli: Colour names: RED, BLUE, GREEN, PURPLE, YELEQ¥.

corresponding buttons.

Total Number of Task Stimul/50

Total Time to Complete the TasK0 seconds

Stimulus Interval: The first target is shown until the participant submits a

response, this immediately then proceeds to the next target.

Output MeasuresReaction time to press an answer. Accuragnumber of errors

and correct responses made in the 30 seconds.
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Level 3Inhibition :

00:55s

BLUE

Colour Mix Level 3

Tap the square that matches the COLOUR the word is written in.

Start Test!

B

Figure 27: Level 3 Inhibition z Instruction Screen and Task Screen

Instructions: 04 AD OEA ONOA®RA OKIAIOI OA OGEMR xT OA EO x Ol
Stimuli: Colour namesprinted in the following ink colours: Red, Blue, Green,

Purple, Yellow.Five corresponding buttons.

Total Number of Task Stimuli: 50

Total Time to Complete the Task80 seconds

Stimulus Interval: The first target is shown until the participant submits a

response, this then immediately proceeds to the next target.

Output MeasuresReaction time to press an answer. Accuragynumber of

errors and correct responses made in the 60 seconds.
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Level 4z Inhibition and Switching:

00:57s. 00:51s

cunas
®

PURPLE

ﬂ B u B o -

Figure 28: Level 4 Inhibition and Switching Instruction Screens and Task Screens for both
conditions.

Instructions:04 A OEA ONOAOA OEAO I AOGAEAO OEA #/
)y £# OEA AT @ EAO A Al AAE AT OAAO OADP OEA ON:
Stimuli: Colour names printed in the following ink colours: Red, Blue, Green,

Purple, Yellow. A Black boardelrive corresponding buttons.

Total Number of Task Stimuli50

Total Time to Complete the Tash0 seconds

Stimulus Interval: The first target is shown until the participant submits a

response, this then immediately proceeds to the next target.

Output MeasuresReaction time to press an answer. Accuragynumber of

errors and correct responses made in the 60 seconds.
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5522 The Flanker Task

The Flanker task is a widely used test requiringattentional 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 atask stimulus, such as the
central arrow,AT A x A A @b A O BelwiednAhe gk htthaBl &hd i@hs

which distract our attention, such as arows pointing in the opposite direction

Neuroimaging studies have revealed that attentional control is linkedo activity

in the frontal and parietal systems such as the dorsal lateral prefrontal cortex
(DLPFC) and the anterior cingulate cortex (ACQ).uks et al., 2009) Of note the
ACC includes structures such as the amygdala, hippocampus and insula. fMRI
studies employing the Flanker task have indicated thahe ACC ismore active
when conflict stimuli (incongruent trials) are present during the task(Luks et al.,
2009). It is purported that the ACds 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. Thigs understandableasthe accuracy on incongruent
trials requires greater attention to be able to inhibit the response associated with

the distracting flanker.

Patients with bvFTD have beenshown 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 patientgperform within the normal limits of other executive

function tasks.
As highlighted in section5.3.2 areas such as the amygdala, hippocampus and

insula are all affected early in the disease cours@s atrophy in these regions is

linked to poor performance on theFlanker task | have included a paradigm
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similar to this in /gnite. | have created a relatively new task bymodifying the

traditional Flanker task in order to increase the task demandsl did this by
expandng 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

changesbetween individual tasks The format of the task is outlined below:

Swipe Out

Figure 29: Flanker Taskg Instruction Screen and Task Screens for a congruent and incongruent

Instructions: 091 &6 AOA Cil ET ¢ OI
either be facing up or down, left or right. Swipe in the direction of the CENTRAL

AOOT x068

Stimuli and Task DevelopmentStimuli are 5 chevrons there are 3 different
colour options, the positioning of thearrows 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:

target stimuly.

00:59s

Swipe in the direction of the central arrow.

Swipe in the direction of the central arrow.

00:41s

AR DOAOAT OAA

Position of Central Position of Flanking Position on Colour of

Arrow Arrows Screen Arrows
Left Left Centre Light Blue
Right Right TL Purple
Down Down TL Mid Blue

22t
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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
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Left Right TL Mid Blue
Right Left BR Mid Blue
Right Left BL Light Blue
Down Down TR Mid Blue
Table 33: Flanker Task Developer Guide. NB: ELtop left; TR = top right; BL = bottom left: BR
= bottom right.

Task:Thetarget 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 arows that are either facing the same direction
(congruent) or opposite direction (incongruent).

Total Number of Task StimuliA0

Total Time to Complete the Tash0 seconds

Stimuli Interval: The stimuli changes upon gparticipant swipe, regardless of
speed or swipe direction.

Output Measures.Reaction time of first swipe. Accuracy- number errors and

correct swipesmade in 60seconds.

5.5.3 Cognitive Flexibility

Cognitive flexibility describes the ability to change perspectives of an estasihed
pattern, AT A 1 AT OAT 1T U AAEOOO 10 OOAO OEEEOS
such as identifying a new patten. 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 WisconsinCard Sorting Task (WCST)Stuss et al., 2000and theTrail

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 changedAfter a set number of correct card sorts the
rule changes and negative feedback is giveif participants continue to sort by
the previous rule. The successful performance of the task is measured
participantsGability to flexibly respond to feedback givenin 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, Brtickner, Knebel, Seer, & Kopp, 2018)

Studies have found that patients with damage to the prefrontal cortex have poor
performance on the WCST(Nyhus & Barceld, 2009) These findings are
promising in supporting the use of the WCST imenetic FTDwhere similar
neuroanatomical changes occurMoreover, 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 conditiongNyhus & Barcelo, 2009)

Consequently, | decided to include a modified version of the WC®iT/gnite.

| have desigred a shortened task in which participants must sort cardsby
dragging theminto card deposits located in four corners othe iPad screen. The
stimuli used are inspired by a modified WCST employed clinical assessment at
the National Hospital for Neurology and Neurosurgery Queen SquareColours
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:
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Guass the rule to match the cards 00:44s

N 4 R R H R

Guess the rule to match the cards 01:21s

Guess the rule to match the cards 01:05s

XXX
X xx

Figure 30: Card Sorting Task from left to right 7 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.



) I 00 0 OXAad &ré doiGgto b 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 isdmg the central

card from the top of the deck into the card deposit that you think matches it,

AAAT OAET ¢ OF OEA OAAOAO OOI As 910 xEI1 AA O
your choice. From time to time the rule will change rad you will then need to

dEOAT OAO OEA T Ax OOI As 71 OE AO NOEAEI U AO Ui
Stimuli and Task Development There are bur different stimuli cards with

varying number and colour of shapes on each card, overall there are 48

variations. Eachstimuli card hasa unique code for exampl@®ne blue diamondis

AT AAA Op"$8h BEDOAAA ©OOEIGHSES @G Aravided with

23C



Table 34 below to create the task. Each of the four card deposits were assigned a
name (e.g. depos A) and a fixed card type (e.g. 1 blue diamond) which is shown
as an exemplamt all times. For each deposit, depending on the rulell possible
correct card answers were provided to allow for easy coding. Stimuli codes are

made up with the following:

71 Stimuli code shapes: C=Cross, D=Diamond, S=Star, T=Triangle

{1 Stimuli code colours: B=Blue, G=Green, P=Pink, Y=Yellow

1 Stimuli code numbers: 1 = 1 shape, 2 = 2 shapes, 3 = 3 shapes, 4 = 4
shapes and

1 Example stimuli code: BC3 Blue Cross 3

In the task the sorting rulesare set on repeat in a fixed ordepof colour, shape and
number, after 6 correct card sorts the rule is coded to changand a notification
appears on the screenThe card deck which is manipulated by the participants is

randomized.
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Deposit A: Deposit B: Deposit C: | Deposit D:

1 Blue 2 Green Triangles| 3 Pink Stars| 4 Yellow Crosses

Diamond

Rule 1: Shape | Rule 1: Shape Rule 1: Rule 1: Shape
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:| Rule 2: Colour
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
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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: Rule 3: Number | Rule 3: Rule 3: Number
Number of of Shape Number of | of Shape
Shape 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

Table34: Card Sorting Task development guide

Task:A card with a shape appears in theentre 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
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the target card to ore 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 StimuliA8

Total Time to Complete the Task®0 second®©

Stimuli Interval: Stimuli changes whenthe participant drags the card into a
deposit (regardless of accuracy).

Output Measureslist of image codes e.g. 1BD, 3BS, 4BC, 1Bdcuracy- how
many errors are made- incorrectly placed in card deposit. Total number of
correct deposits - according to the active rule, over 90 second&eaction 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 domainsush 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 conditionsin which participants are instructed to follow

a trail of 25 numbersin 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 sequencingimeasures bag numerical processingspeedin
requiring participants to sequence numbersThis condition requires adequate
attentional abilities and motor functions, andit is suggested that low scores are
related to deficiencies in one or both of these functiongDelis 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 processingDelis 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 nonprogressive bvFTD patientgHornberger, Piguet, Kipps, &
Hodges, 2008) Moreover, this well recognised assessmenthas shown to
distinguish presymptomatic GRN mutation carriers from non-carriers
(Barandiaran, Estanga, Moreno, Indakoetxea, Alzualde, Balluerka, Masso, et al.,
2012). /gnite includes arelatively new version of the Trail Making Test adapted
to aid its administration on the iPad. Rather tharrequiring participants to draw
an unbroken line between letters and/or numbers, in the /gnite test they are
asked totap stimuli in sequential order. Correct sequendng 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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Path Finder Level 1

You are going to be shown a series of numbers in some circles. Press
the numbers in the correct order, starting at number 1. If you make
an error the circle will turn red, otherwise the circle will turn green.

Start Test!

Figure 31: Trail Making Task- from left to right z 1) Instruction screen for condition A 2)Task screershowing condiition A with correct responses and an error 3)

Using your finger press from one number to the

next in order.

01:20s

Path Finder Level 2

You are going to be shown a series of numbers 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, otherwise the circle will turn green.

Start Test!

Using your finger press from number to letter

Path Finder Level 2

in turn.

Instruction screen for condition B 4) Task screen showing condition B with correct responses and an error.

01:19s



Instructions Condition A09 1 O A OA d@dwk a s€rieof nurAb&rs in some

circles. Press the numbers in the correct order, starting at number 1. If you make

Al AOOiI O OEA AEOAI A xEI1 OO6O0T OAAR 1 OEAO>
AET CAO POAOGO &#EOIT TTA 101 AAO OF OEA T A@O
Instructions Condition B:091 O AOA Cci ET ¢ O1 AA &gl x1 A

letters in some circles. Pressrom number to letter in turn in the correct order.
Sart by pressingnumber 1 then the letter A etc If you make an error the circle
wiltunred, T OEAOxEOA OEA AEOAI A xEIl OOO1T COA:
number to letter in turn 6 8

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 Stimuli19 in each condition

Total Time to Complete the TasKB0 seconds (cadition A), 90 seconds
(condition B)

Stimuli Interval: Stimuli are presented at all times throughout this task. When
the subject presses the correct stimujithe circle turns green and is locked (i.e.
O OAE A A préds thaldrdie@gain). If the subjeicpresses the incorrect stimuli
the circle turns red to indicate an errorz this is removed when the correct
response is made.

Output MeasuresReaction time to pressach stimuli. Accuracyz number of
errors and correct responses made 50 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 processingBaddeley & Hitch, 1994). Working
memory is vital for reasoning and guiding decisions as it help® keep our minds
focused on the informationat hand (Diamond, 2013). It is an important system
that underpins our capacity to keep things in mind while performing complex
tasks, this includes the tempoary storage and manipulation ofinformation
(Kent, 2016). Traditional neuropsychology assessments evaluiag working
memory include the Digit Span task, where participants must recite a list of
numbers in either consecutiveor reverse consecutiveorder. It is acknowledged
that working memory deficits may bean early feature of presymptomaticGRN
carriers (Hallam etal., 2014), with worse performance onDigit Span Backwards
tasks being revealed several years prior to estimated symptom ons@Rohrer et
al., 2015;Jiskoot, Dopper, Heijer, et al., 2016)

A classic paradigm forassessing warking memory is the Nback task which

requires participants to monitor a series of stimuli and respond whenevethe

OOEI O E POAOAT OAA 1 AOAEAO OEA bpPOiLeyAOOEAOD
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 Nback tasks such as the DLPFC aiafso posterior

parietal involvement (Owen et al., 2005) These areémportant factorsto consider

when looking at early presymptomatic changes inGRNand C9orf72 mutation

carriers.

5.5.4.1 Adaption of the MBack Task
There aretwo levels to the NBack task: tback and 2back. During level one

participants must indicate whether a shape matches the onpreceding it. In

contrast, level two requires participants to indicate whether a shape matches the
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shape showntwo before it, intended to place greater demand on working

memory. The format of the task is outlined below:



126 ey

Think Back Level 1 Think Back Level 2

00:55s

Does this shape match the one that came Does the current shape match the shape that

before it? came two before it?
e
Think Back Level 1 :: Think Back Level 2 <
You are going to be presented with some shapes one after the You are going to be presented with some shapes one after the
other. You must answer 'YES' or 'NQ' if the shape matches the ONE other. You must answer "YES' or 'NO" if the shape matches the one
that came before it. that came TWO before it.
Start Test! S Start Test! e )
YES NO YES NO

Figure 32: N-Back Task- from left to right Z 1) Instruction screen for 1-Back 2) Task screen showing back with on screen instructions 3) Instruction screen for 2
Back 4) Task screen showing Back with on screen instruction
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Instructions 1-Back &ou are going to be presented with some shapes one after

the other. Youmusth Ox AO O9 %36 10 O./86 EZLZ OEA OEAD.
beforeito @, T T E AO @oésthis nEpk Brdkah the one that came before

EOQed

Instructions 2-Back OYou are going to be presented with some shapes one after

OEA 1T OEAO8 91 OTI0O0@O /1 A1 EvA ®ER9 wEA DA | AOAE
TWO before it @, TT E AO OEEO OEADAGB8O, 1T E AO OEI
OEAPA | AOAE OEA OEADPA OEAO AAIT A OxI AAAE
Stimuli and Task Development 4 different shapes z triangle, cross, star and

diamond, printed in 6 different colours; green, blue, pinkyellow, red, orange

Two buttons: YES and NCEach stimuli card has a unique code for exampted
triangle ®6 8 $AOAT 1T DPAOO xTébe A5 tox@atediie fadk&imuliE O E

codes were randomized using the =RAND function in Microsoft Excel.The

correct answers for each condition (2Back, 2Back) were assignedfor coding

purposes.
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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 oT No

RC No oS No

GS No oT Yes

GS Yes YD No

PT No RS No

PS No RS No

PS Yes RS Yes

YC No oT No

oT No RT No

PC No GT No

PD No RD No

RS No YT No
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RS
YD
GC
GC
oT
oT
oT
oT
oT
oT
PT
BD
ocC
YD
GD
PS
oS
oS
GT

Yes
No
No
Yes
No
Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
Yes
No

BD
YT
RS
YT
RS
ocC
PT
GT
BD
ocC
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
RD
BS
GC
PD
GS
oD
oD
GD
RS
RS
oC
YT
YT
BD
BC
GS
YC
RD

Yes
No
No
No
No
No
No
Yes
No
No
Yes
No
No
Yes
No
No
No
No
No

PS
YS
PS
BC
BC
YS
oD
RC
(ON)
BT
(ON)
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
GT
RT
YS
RC
YT
YT
YS
BT
BT
BD
BT
BT
BT
GC
GT
oD
PC
BC

No
No
No
No
No
No
Yes
No
No
Yes
No
No
Yes
Yes
No
No
No
No
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
RS
RS

No
No

Yes

GT
PC
GT

No
No

Yes

Table 35: N-Back taskdevelopment guide.
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Task: A sries 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 (L-BacK or they compare it to the shape two before theurrent shape
(2-BacK. If the shape matches the previous on€l{Back) or two before the one
shown (2-Back) the participant should press the YES button. If the shape does
not match the shapeshown, the participant should press the NO button.

Total Number of Task Stimuli72 in each condition

Total Time to Complete the Tash0 seconds

Stimuli Interval: The first shape(1-Back) or first two shapes (2-Back) should be
shown for 2 seconds before the nexdppears.Shapes should then appear as
soon as theparticipant presses the YES or NO button, regardless of how quick
or slow that is.

Output MeasuresReactiontime to press YES or NO buttorccuracyz number

of errors and correct responses made in the 68econds.

5.5.5 Cognitive Timing

It has been suggested that och of human behaviour is governed by precise
timing (Bueti, Lasaporara, Cercignani, & Macaluso, 2012and time is integral to
performing many mental processes such as shifting attention, theorgf mind,
perception and memory (Allman & Meck, 2012) Many of these processes are
reported to be impaired in bvFTD, therefore it may bgosited that these deficits
ariseastheresultofA AEAT CA ET Al ET AE QEeAI§Atab O
2014). When examining externally and selpaced finger tapping, research has
shown that patients with bvFTD $iow 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 inC9orf72 where the cerebellum is
affected prior to symptom onset (Figure 19). As such,timay be hypothesized that
C9orf72mutation carriers show deficits in cognitive timingnot seen in GRNor

MAPTmMutation carriers.
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Following the experimental procedure employed byHenley et al., 20141 have
created a relatively new version of the tapping task forfgnite. Hereparticipants
are presentedwith a complex reaction time taskDisplayed on the iPad screen is
a pulsating circle and a tonein 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 asecond circle presented below. After 30
seconds the pulsating ceases and participants are instructed to maintaineth

sametempo for a further 30 seconds. Details of the task are outlined below:

5.5.5.1 Simple and Complex Reaction Time Task

00:59s 00:27s

Tap your circle to keep in time with the pulse. Keep tapping the pulse of the circle

Tap here Tap here

Figure 33: Time-Tap Task from left to right. 1) Instruction for task2) First 30 seconds show two
stimuli a target pulsating circle (blue) and aresponsecircle (purple) participants tap the
responsecircle in time with the target circle. 3) After 30 seconds the teget circle disappears,
and participants are left with their response circlez they must continue to tap the rhythm of the
target circle for the remaining 30 seconds.

Instructions: O 9 Ta® 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 makingasound. Tyt AAD OAPPET ¢ UT OO AEOA8 A EI
O 4 Adr circle to keep in time with the pulsed 8K@ep tapping the pulse of the
circled 8

Stimuli and Task DevelopmemPulsatingcircle and tone presentedevery

1500ms. After feedbackfrom 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 angharticipants are asked to tap
the same pulse on theiresponsecircle below the target After 30 seconds, lhe
pulsating circle disappears,and the participant has to maintain the pulse with
their responsecircle.

Total Time to Complete the TasR0 seconds with thetarget circle, 30 seconds
without the target circle.

Oultput Measuresinter response interval outputted as reaction time- how well

the participants keep in time with the pulse.

5.5.6 Decision Making

Throughout our livesx A AOA 1T £O0AT ZEAAAA xEOE 1| AEET C
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 cecisions is compromised as they become
more likely to act on impulse(Gleichgerrcht et al., 2012) Several paradigmsare
employed in assessing decision making behaviourThese are generallyn the
form of gambling or risk-taking tasks, such as the lowa Gambling TagRechara

& Van der Linden, 2005) Cambridge Gambling @sk (Rogers et al., 1999)Game
of Dice Task(Brand et al., 2005)and the Balloon Analogue Risk Tas§t_ejuez et
al., 2002). Researchers have demonstrated that patients withT take longerto
place bets,and are more likely to place larger bet¢Rahman, Sahakian, Hodges,
Rogers, & Robbins, 1999%ndtake greater risks than healthy controls. Moreover,
this pattern of poor decisionmaking has been linked to damage tahe
orbitofrontal cortex (Rogers et al., 1999) an area known tobe vulnerable in
genetic FTD(Rohrer et al., 2015)

| have created a relatively newrisk-taking task, inspired by and adapting the
Balloon Analogue Risk TasKlLejuez et al., 2002)to assess decisiormaking
behaviour. The original task was designed to capture the multidimensional
nature of risk-taking behaviours andprovide a settingin which risky behaviour

can be assesse(l_ejuez et al., 2002) On a computer, participants are presented
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with a simulated balloon and balloon pumpAlso presentd is a button labelled
Collect $$%and a permanent moneycounter labelled 7ofal/ Earned alongside a
display showing the money earnedn conjunction with the preceding balloon.
With each click on the pump the balloon is inflated® and 5¢is accumulated in a
temporary bank. Balloons pop after ® OAAA OA DT B b EdhC & which
point the money accruedin the temporary bank is lost. Participants have the
option to cash in the money accumulated in the temporary bank at any point by
clicking the Collect $$$button. After each balloon has popped or money is
collected anew balloon appears. Balloons ardifferently coloured; each colouris
associated with a unique popping point. Participants are unaware of the
probability of a balloon popping. The task terminates after ninety trials.

The taskincluded in /gnite incorporates many of the original O A Oféaiue®s,
though a few elementshave been modified. Displayed is &v/lect £button, total
money earned and totalmoneylost score. Three coloured balloons are featured,
each allocated a set amount of monegreen balloons are worth £5yellow are
worth £10, and blue £50. Partippants 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. Yowan 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 yoreward at
any point by pressing the COLLECT button but be careful your balloon could

burst at any moment and you will lose your money.

Basedupon the findings of similar paradigms, | hypothesize that presymptomatic
mutation carriers are more likely toact onimpulse than healthy controls andare
therefore more likely to engage inO O E li@Eauidur of decision making Through
the balloon task, his would be indicated by mutation carriers bursting
significantly more balloons and therefore losing significantly more moneythan

controls. The outline of the task isdescribedbelow:
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5.5.6.1 Gambling Task

Figure 34: Balloon Fair Task from left to right g 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.
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