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Abstract

Frontotemporal dementia (FTD) is a heterogenous neurodegenerative disease
and is caused by an autosomal dominant mutation in around one third of
cases. This pattern of inheritance enables FTD to be studied in the
presymptomatic phase, where individuals carry the genetic mutation but have
yet to develop symptoms. There are currently no approved treatments for FTD,
although clinical trials aiming to target interventions at the earliest disease
stage, are underway. There is an urgent need for biomarkers that can reliably
detect and monitor the progression of disease in the presymptomatic period,
though there are a distinct lack of sensitive cognitive measures. This thesis
aims to establish the validity and sensitivity of a set of digital biomarkers that
can be used to measure cognitive function in FTD. | begin this thesis by
describing the Ignite computerised cognitive assessment, developing
normative properties for the tests through a remote data collection study in
over 2,000 healthy controls. | build upon this validation by establishing the
concurrent validity of Ignite with gold-standard pen and paper tasks, the test-
retest reliability upon repeated administration, and demonstrate the tests are
sensitive to presymptomatic impairment across several cognitive domains. |
also describe a novel portable eye tracking experiment that can be completed
outside of the lab, first highlighting the validity of the tests as measures of
cognitive function and demonstrating their sensitivity in detecting early
changes in social cognition in the presymptomatic period. Finally, | investigate
a smartphone app that passively monitors human-device interactions to
generate digital biomarkers of cognitive function. | establish the acceptability
of the app in the general population before demonstrating the measures
produced can detect differences in keyboard interactions in presymptomatic
FTD mutation carriers. This work provides evidence that biomarkers generated
from different digital devices are valid and sensitive measures of cognitive
impairment in FTD. Therefore, digital biomarkers could replace outdated pen

and paper tasks and be used as outcome measures in clinical trials.



Impact statement

Neurodegenerative diseases are becoming increasingly prevalent and by 2050
it is estimated there will be 1.6 billion people, over the age of 65, worldwide
living with a neurodegenerative condition (He et al., 2015). Frontotemporal
dementia (FTD) is comparatively rare in relation to other degenerative
diseases, such as Al zhei me bu the dinical symptams ¢fAD) ,
behavioural deficits and personality change ensure this is a devastating illness
for patients and their families. However, as with other forms of dementia, there

are currently no curative treatments for FTD.

FTD is an ideal candidate for treatment trials due to the known genetic cause
in approximately one third of cases, the majority of which can be explained by
mutations in three main genes (C9orf72, MAPT, and GRN). Targeting these
mutations provides a clear mechanism to focus on, and as such, clinical trials
in genetic FTD that independently target the pathogenic process unique to
these mutations have commenced. For example, GRN is a loss-of-function
mutation that results in a deficiency in the progranulin protein, and therefore
pharmaceutical companies have targeted interventions aiming to restore
progranulin to a normal level. For these therapies to be successful, however,
robust measures of disease progression are required to monitor the efficacy of
treatments. Sensitive measures are also needed to detect the earliest

indicators of disease, to inform the optimal time for intervention.

The Food and Drug Administration (FDA) have recognised that current
assessments of cognitive function, i.e., pen and paper neuropsychology tests,
are not optimal, highlighting the need for improved cognitive biomarkers as
outcome measures for clinical trials. The FDA have therefore encouraged the
development of novel approaches, with a particular focus on digital health
technologies, to evaluate subtle deficits that emerge in preclinical dementia
(Sabbagh et al., 2019).

The work in this thesis demonstrates that digital biomarkers generated from

multiple types of technologies including computerised cognitive assessments,
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portable eye trackers, and smartphone applications that passively monitor
keyboard patterns, are valid measure of cognitive processes known to be
affected early in FTD and could therefore act as alternatives to pen and paper
tests. Importantly, the acceptability of each of these assessments is
demonstrated in healthy controls, speaking to the feasibility of implementing
digital biomarkers in research studies and/or routine clinical practice through
remote administration. Initial findings also highlight the sensitivity of these
assessments/applications in detecting presymptomatic impairment. There is a
distinct lack of validated digital biomarkers that have proven to be sensitive to
cognitive change in presymptomatic FTD. The work in this thesis therefore
represents a cutting-edge area of research in the field that will hopefully guide
critical decision-making in FTD clinical trials, leading to the inclusion of these
tests as cognitive endpoints. This work should also encourage researchers in
other fields to utilise digital biomarkers, following rigorous evaluation and

validations studies, to improve cognitive testing.

Living at-risk of FTD presents unique challenges for patients, as they are
aware that they may someday develop symptoms of the disease. From my
discussions with participants in the Genetic Frontotemporal dementia Initiative
(GENFI) study, it was clear that they experience high levels of anxiety when
participating in research. This is particularly prominent during the
neuropsychology assessment, as individuals are conscious that their
performance is being monitored for signs of cognitive change. Therefore, the
digital assessments described in this thesis, represent a way to reduce this
anxiety in participants living at-risk of FTD. They can be completed at home by
the individuals themselves, and in some cases, they do not have to do anything
other than use their smartphone as they would normally. If this work can go
some way to helping these individuals by supporting their mental health and
reducing the already tremendous burden that has been placed upon them,

then | believe it makes this research worthwhile.
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Chapter 1. Introduction

1.1 A brief overview of Frontotemporal dementia

Frontotemporal dementia (FTD) is an umbrella term used to describe a
clinically, genetically, and pathologically diverse group of neurodegenerative
disorders (Woollacott & Rohrer, 2016). FTD can be categorised into two
predominant clinical phenotypes of progressive behavioural change
(behavioural variant FTD) or language impairment (primary progressive
aphasia), although there is an overlap with motor neurone disease and atypical
parkinsonian disorders. Neuroimaging typically reveals selective atrophy in the
frontal and temporal lobes; however, on closer inspection the picture is more
complex, with widespread subcortical involvement, variable asymmetry, and
more posterior cortical atrophy seen in some cases (Bocchetta et al., 2016,
2018; Gordon et al., 2016; Johnson et al., 2005; Rohrer, Nicholas, Cash,
Cardoso, etal., 2015).Aft er Al zhei mer 6s di sease

common young onset dementia, and typically occurs when individuals are in
their 50s or 60s (Onyike & Diehl-Schmid, 2013). In two thirds of cases FTD is
sporadic, whilst an autosomal dominant genetic disorder is found in the
remaining one-third of individuals (Rohrer, Guerreiro, et al., 2009). Much of the
knowledge regarding the pathophysiology of FTD has only been understood
in the past 10-15 years, and due to the substantial heterogeneity within and
between FTD syndromes, there are still many questions unanswered. The
following sections will describe the different clinical phenotypes, genetic

causes, underlying pathology, and cognitive profiles of FTD.

1.1.1 Clinical phenotypes

FTD describes several clinical phenotypes that are commonly sub-categorised
into behavioural variant FTD (bvFTD)whi ch typi cal ly af
or primary progressive aphasia (PPA) which causes problems with speech and
language. However, these variants are not always distinct, with recent

evidence highlighting a large proportion of genetic bvFTD patients have
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additional language impairment (Samra et al., 2022). PPA can be further
subcategorised into the semantic variant (svPPA), the non-fluent variant
(nfvPPA), and the logopenic variant (IvPPA). Overlap with other
neurodegenerative conditions adds to the complexity of FTD, as some patients
can develop motor neurone disease (MND) or atypical parkinsonian disorders
such as corticobasal syndrome (CBS) and progressive supranuclear palsy
(PSP). It is also worth noting, however, that bvFTD patients without a primary
motor diagnosis, commonly display symptoms such as slowness and gait
impairment (Samra et al., 2022). This thesis will focus on bvFTD, most notably
the period before the onset of clinical symptoms, but it is worth discussing the

other syndromes to understand the complex heterogeneity of the disorder.

1.1.1.1 Behavioural Variant FTD

BVFTD is the most common variant of FTD, accounting for 50% of all cases
(Johnson et al., 2005). The condition is characterised by a progressive change
in behaviour and personality, including disinhibition, obsessiveness, lack of
empathy, apathy, and hyperorality (Rascovsky et al.,, 2011; Warren et al.,
2013) and is typically associated with frontal and anterior temporal lobe
atrophy (Seeley et al., 2008). According to the diagnostic criteria, patients must
present with at least three of the five clinical features, coupled with one

cognitive feature, usually executive dysfunction (Rascovsky et al., 2011).

Disinhibited behaviour is a hallmark feature of FTD, and may include acting
inappropriately in social situations, increased impulsivity, or even gambling
(Rankin et al., 2005). Apathy,al so descri bed qQaepreserislaunt ed
decreased interest in engaging in social situations, hobbies, or interests
(Grossman, 2002), whilst a lack of empathy usually presents in the inability to
interpret and/or respond to the emotions of others (Foster et al., 2022; Rankin
et al., 2006). Simple repetitive movements such as tapping, scratching, and
rubbing are common and classed as obsessive behaviours, however, more
complex ritualistic behaviours such as hoarding, cleaning, and fixed routines
can also occur (Snowden et al.,, 2001). Finally, hyperorality, or dietary

changes, can range from binge eating to specific food preferences but are
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usually associated with sweet foods. These symptoms start insidiously, with

subtle behavioural change, and progressovertime.A | ack of i nsight
symptoms is common, and as such, changes in behaviour are usually reported

by a spouse, close relative, or friend (Mendez & Shapira, 2011). Symptoms of

bvFTD can go unnoticed for many years due to the subtlety of early features

and are often misdiagnosed as AD, depression, and/or schizophrenia (Mendez

et al., 2007; Woollacott & Rohrer, 2016).

1.1.1.2 Primary progressive aphasia

PPA is a group of disorders associated with a decline in speech, where
language impairment is the main symptom at onset (Mesulam, 1982). The
disorder can only be classified as PPA if the onset and gradual progression of
aphasia is insidious and can only be explained by a neurodegenerative
disease as opposed to any other medical condition (Gorno-Tempini, 2011).
Whilst some individuals with PPA can also display behavioural changes similar
to bvFTD, these tend to develop much later in the disease course when
widespread cortical atrophy occurs. Individuals with PPA can be subdivided
into three distinct subtypes (svPPA, nfvPPA, and IVPPA), where each variant
presents with specific language impairments associated with distinct

neuroimaging features (Gorno-tempini et al., 2004).

Non-fluent variant

~

The non-fluent variant (nfvPPA) i s characterised by nef
production, where patients present with agrammatism and/or apraxia of

speech (Hodges & Patterson, 1996). Patients with nfvPPA initially present with

sentence comprehension and sentence construction deficits, using short

phrases that lack connecting words, resulting i n Atel egraphico
(Mesulam, 2003; Rohrer et al., 2007). However, over time this can gradually

progress to complete incomprehension of language, and speech can

deteriorate to the point of mutism (Gorno-tempini et al., 2004). The language

symptoms of nfvPPA are typically associated with atrophy of the left posterior
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and inferior frontal lobe and the insular cortex (Rohrer et al., 2009; Wilson et
al., 2010).

Semantic variant

In contrast to the speech production deficits seen in nfvPPA, patients with
svVPPA are often descri bed as h apoentanegus
speech, which is difficult to interpret. However, the hallmark feature of this
disorder is a lack of semantic knowledge for objects, words, or concepts
resulting in impaired naming and word comprehension (Rohrer et al., 2008).
Typically, impaired object naming starts with less common and low frequency
words, such as fAostricho, h o and semantic
knowledge deteriorates, patients lose grasp of broader concepts, such as
A b i (Haffman et al., 2014). This profound loss of conceptual knowledge is
associated with bilateral, usually asymmetrically (left greater than right),
atrophy of the anterior temporal lobes, the network crucial for semantic
processing (Hodges & Patterson, 2007; Rohrer, Warren, et al., 2009; Seeley
et al., 2009; Whitwell et al., 2005).

Logopenic variant

Patients with IVPPA exhibit long word finding pauses resulting in non-fluent
speech, false starts, and the continuous rewording of phrases (Gorno-Tempini,
2011; Grossman, 2010; Warren et al., 2013). Impaired sentence repetition is
also a core feature, whilst single word repetition and semantic knowledge are
well preserved, distinguishing this disorder from svPPA. The hallmark
neuroimaging profile of IvPPA is asymmetrical (left greater than right) atrophy
of the posterior cingulate and medial temporal lobes (Rohrer et al., 2010).
Although this disorder is considered a subtype of PPA, it is usually not
classified within the FTD clinical spectrum due to the underlying AD pathology
seen in most patients at post mortem (Rohrer et al., 2012).
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1.1.1.3 Atypical parkinsonism

Patients with FTD can also present with overlapping motor syndromes
including the atypical parkinsonian disorders PSP and CBS which can occur

before, after, or alongside behavioural or language impairments. Classic PSP-

RS (Richardsonds syndr ome) i s character:i

palsy, accompanied by akinetic-rigidity and frequent falls (Steele, 2014),
whereas CBS involves progressive asymmetric limb apraxia, dystonia,
myoclonus, and cortical sensory loss (Gibb et al., 1990; Gibb et al., 1989).
Both PSP and CBS have been shown to overlap with bvFTD and PPA clinical
phenotypes (Kaat et al., 2007; Kertesz et al., 1994; Lee et al., 2011).

1.1.1.4 Motor neurone disease

FTD patients can also present with amyotrophic lateral sclerosis (ALS), the
most common type of MND, where motor neurone and/or behavioural
symptoms can either appear individually or concurrently. These patients are
referred to as FTD-MND or FTD-ALS. ALS is characterised by progressive
weakness, fasiculations, and muscle atrophy (Hobson et al., 2016) with 15-

20% of patients developing FTD, typically bvFTD rather than PPA.

1.1.2 Underlying pathology

While FTD refers to the clinical presentation, frontotemporal lobar
degeneration (FTLD) describes the diverse underlying pathology of the
disease (Seelaar et al., 2011). Inclusions of abnormal tau, TDP-43, or FUS
protein are common. However, clinico-pathological correlation is poor, and
bvFTD is associated with a range of underlying pathologies (see Figure 1-1).
Although pathological associations of other clinical phenotypes are stronger,
for example, svPPA is commonly associated with TDP-43, and nfvPPA has
frequently shown tau pathology (Leyton et al., 2011; Mesulam et al., 2008.;
Rohrer et al., 2011), there is no absolute association between one clinical

phenotype and a single pathological entity.
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1.1.3 Genetics of FTD

The majority of cases are sporadic, however, in approximately one third of
individuals with FTD (Rohrer et al., 2009), symptoms are caused by an
autosomal dominant genetic mutation in the progranulin (GRN) (Baker et al.,
2006; Cruts et al., 2006), chromosome 9 open reading frame 72 (C9orf72)
(DeJesus-Hernandez et al., 2011; Renton et al.,, 2011), or microtubule
associated protein tau (MAPT) genes (Hutton et al., 1998). Mutations in these
three genes explain the majority of familial FTD (Sieben et al., 2012), but there
are also several rarer mutations including: VCP, FUS, TBK1, CHMP2B and
SQSTM1 genes, but these are not the focus of this thesis. Mutations show
virtually complete penetrance (Benussi et al., 2015; Snowden et al., 2012),
meaning individuals with one of the FTD-causing genes will eventually develop
symptoms of the disease. Symptom onset usually occurs when patients are in
their 50s or 60s, though research has shown the age of onset is modulated by
mutation type, with MAPT mutation carriers typically showing earlier onset
(Moore, Nicholas, et al., 2020). The clinical presentation of genetic FTD is
usually bvFTD. However, GRN mutations can also been seen in those with
PPA, whereas MAPT mutations can cause a parkinsonian disorder (often
CBS) and associated semantic impairment, though this is rarely classed as a
primary language disorder (Rohrer, Nicholas, Cash, Cardoso, et al., 2015). In
addition, C9orf72 can cause pure MND, or FTD-MND.
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Figure 1-1: The relationship between the clinical phenotype, the genetic cause, and

the underlying pathology of bvFTD.

1.1.4 Cognitive features

The neuropsychological profile of bvFTD is typically associated with marked
executive dysfunction and deficits in social cognition. Problems in these
domains reflect a decline in frontal lobe function (and its cortical connections),
whereas other abilities that are attributed to more posterior portions of the
brain, such as episodic memory, visuospatial skills, and mental arithmetic, are

initially well preserved in most cases.

1.1.4.1 Executive function

Executive function refers to the top-down modulation of goal-directed
behaviour thought to be supported, at least in part, by the frontal lobe (Carlson
et al., 2013; Collins & Koechlin, 2012; Diamond, 2013). Executive function can
be subcategorised into partially independent domains including inhibitory
control, cognitive flexibility, and working memory (Miyake et al., 2000).
Impairments in these domains have been frequently reported in FTD in all

three genetic mutations, even before the onset of clinical symptoms (Rohrer et
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al., 2015; Staffaroni et al., 2020). Notably, patients may struggle with everyday
tasks that require a high level of planning, problem solving, or attention (Possin

et al., 2013), due to a decline in executive abilities.

Inhibition refers to the ability to supress a prepotent response to controlo n e 6 s

attention, behaviour, or thoughts (Diamond, 2013). Disinhibited behaviour is a
hallmark clinical feature of bvFTD (Rascovsky et al., 2011), and it is therefore
unsurprising that deficits in this subdomain of executive function are widely
reported in these patients on cognitive tests (Bozeat, Gregory, Ralph, &
Hodges, 2000; Mariano et al., 2020; Rosen et al., 2006; Rosen, Lengenfelder,
& Miller, 2000). Deficits in cognitive flexibility, or the ability to flexibly adjust
oneds response from an established
also been widely described in individuals with FTD (Geschwind et al., 2001,
Jiskoot et al., 2016). Working memory refers to the temporary storage of
information to successfully process it and choose an appropriate response
(Baddeley & Hitch, 1994; Carlson et al., 2013; Diamond, 2013). Previous
research has demonstrated deficits in working memory occur across the
majority of neurodegenerative diseases, including FTD (Stopford et al., 2010,
2012a).

1.1.4.2 Social cognition

The impairment of social skills is a prominent feature of FTD, and the
processes that encompass these skills are generally grouped together in the
t erm As oc nogAtolpbs@& gpetid, 20@0). Social cognition refers to the
ability to perceive, interpret and generate a response to the emotions and
feelings of others, and is therefore critical for communication (Adolphs &
Spezio, 2009). Impairment in this domain is a common feature across the FTD
spectrum including those with bvFTD (Rascovsky et al., 2011; Russell et al.,
2020; Snowden et al., 2001), and PPA (Fittipaldi et al., 2019; Harciarek &
Jodzio, 2005). Social cognition is not a unitary concept and includes a variety
of processes including emotion processing, and theory of mind (Pinkham,
2014).
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Emotion processing is the ability to perceive, identify, and use information
presented from others to recognise how they are feeling. Dynamic facial
expressions utilising multiple cues from the eyes, facial muscles, as well as
verbal cues of vocal prosody and tone, aid in emotion processing and
recognition. Six universal emotions have been identified cross-culturally
including: happiness, surprise, fear, disgust, sadness, and anger (Ekman &
Friesen, 1971). As such, the majority of emotion processing tasks to date have
been devel oped to asses s Impdirmaentsinamotion
processing have been established in bvFTD across different modalities,
including pen and paper assessments of expression labelling (Kumfor et al.,
2011; Narme et al., 2013, 2016; Oliver et al., 2014), in functional magnetic
resonance imaging (fMRI) studies showing reduced activation in the fusiform
cortex when viewing emotional faces (De Winter et al., 2016; Virani et al.,
2013), and on eye tracking tasks assessing the recognition of both basic and

more complex emotions (Russell et al., 2020, 2021a).

A more difficult test of emotion processing is the Reading the Mind in the Eyes
(RMIE) test, with bvFTD patients also being impaired at processing more
complex emotions when only viewing the eye region of the face (Baez et al.,
2014; Buhl et al., 2013; Russell, Greaves, Convery, Nicholas, et al., 2021a;
Schroeter et al., 2018). Deficits in social cognition can also present as impaired
emotional morality (Mendez & Shapira, 2009) and theory of mind, the ability to
understand that others have thoughts and beliefs (Kumfor & Piguet, 2012).

The impairment of social skills is a difficult feature of FTD, particularly for the
family members of patients, as embarrassing situations can evolve in public
when individuals display a lack of social emotions. Deficits in emotion
processing in bvFTD may go some way in explaining the abnormal behaviours
exhibited by patients in social situations, as if they cannot interpret the
emotions of others, they are unlikely to respond appropriately. It is not
uncommon for relationships to breakdown in bvFTD families, and therefore

social deficits are recognised as a highly important feature of FTD (Harris et
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al., 2013; LaMarre et al., 2013), even if they are not included in the diagnostic

criteria (Rascovsky et al., 2011).

1.2 Presymptomatic FTD

For individuals with one of the known pathogenic mutations in a first-degree
relative, there is a 50% chance that they also carry the gene and will develop
FTD at some point in their lifetime (Woollacott & Rohrer, 2016). This pattern of
inheritance provides a unique opportunity to research genetic FTD in a
presymptomatic time window, where 50% of the individuals will develop the
disease, and 50% will not. For any research studies investigating this
population, there is therefore a natural control group, i.e., the individuals who
do not carry the mutation, and a presymptomatic group, i.e., those with the
genetic mutation. Studying the presymptomatic window in individuals with
known pathogenic mutations who are yet to develop symptoms, allows for the
longitudinal tracking of disease progression in these participants. There are
currently no curative treatments for FTD, and although reversing disease
expression of any neurodegenerative condition is not possible, early detection
in the presymptomatic phase could guide interventions to slow the progression
of the illness. The following sections will define the presymptomatic disease
stage of FTD, discuss the problems facing FTD clinical trials, and describe the
important role of sensitive biomarkers for disease monitoring within these

trials.

1.2.1 Defining the presymptomatic phase

Until recently, studies of genetic FTD have been small and single centre.
However, international consortia that study large cohorts of participants, have
been developed to provide detailed phenotyping of both presymptomatic and
symptomatic disease stages. The GENetic Frontotemporal dementia Initiative
(GENFI), encompasses 34 centres across Europe and Canada and the
ARTFL-LEFFTDS Longitudinal Frontotemporal Lobar Degeneration (ALLFTD)
study was initiated to bring together FTD research centres in the US. The

increased number of participants in these studies, has allowed for detailed
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analysis and understanding of the presymptomatic stage of disease. The
GENFI and ALLFTD initiatives have studied the presymptomatic time window
in a standardised way and have ultimately helped to guide the development of
a conceptual framework that further defines this period (Benussi et al., 2022),

see Figure 1-2.

1.2.1.1 Preclinical disease stage

The preclinical disease stage represents the start of the neurodegenerative

process, theoretically corresponding to the beginning and progressive
accumulation of proteins in the brain and subsequent pathology. There are no

clinical symptoms present in the preclinical disease stage, and taking a
guantifiable approach, the CDR + NACC FTLD global score would be equal to

0. This corresponds to the Clinical Dementia Rating (CDR) plus National

Al zhei mer 6s Di sease Coordinating Centre
Degeneration (FTLD) rating scale used to score the severity of symptoms in

FTD patients (Miyagawa et al., 2020).

1.2.1.2 Prodromal disease stage

This stage is characterised by the first appearance of subtle cognitive change,
behavioural, and/or motor symptoms, and lasts until the point of
phenoconversion when clinical symptoms develop. During this prodromal
phase, individuals may display gradual changes in social cognition, executive
function and language, or subtle changes in any of the behavioural features
described in section 1.1.1.1 (Rascovsky et al., 2011). These changes should
be mild, with preserved independence and a limited impact on daily life.
Prodromal subjects should have a CDR+NACC FTLD score of 0.5. The term
Aphenoconversiono, describes the transit
stage, where individuals become symptomatic and fulfil the diagnostic criteria
for bvFTD or other FTD syndromes. This conversion should also be
accompanied by an increased CDR+NACC FTLD score of Ql, a loss of
independence in daily living, and a significant impact on social relationships

and professional situations. Of course, these stages represent a general
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framework, and there may be inconsistencies due to the complex
heterogenous nature of FTD, and the different temporal course and trajectories

of the underlying mutations (Moore, Nicholas, et al., 2020).

PRESYMPTOMATIC PHASE | PHENOCONVERSION |
I A4
/ SYMPTOMATIC \
A Fulfillment of criteria for
bvFTD, ALS or related
PRODROMAL SIS
AMild cognitive, behavioural A Loss of independence in
and/or motor symptoms daily living
NO DISEASE/ PRECLINICAL . . L .
A Limited impact on A Significant impact on
A No symptoms or signs social/professional functioning social/professional activities
A CDR +NACC FTLD =0 ACDR + NACC FTLD = 0.5 QCDR +NACC FTLD 01.0/

Figure 1-2: The conceptual framework defining the presymptomatic phase of disease
including features of preclinical, prodromal, and symptomatic stages of disease. Figure

adapted from Saracino et al. (2022).

1.2.2 Clinical trials

There are no approved treatments for FTD, however, clinical trials are currently
underway that independently target one of the three main pathogenic
mutations (C9orf72, GRN, or MAPT), with many more on the horizon. Timely
intervention of disease-modifying treatments in FTD will likely have the
greatest effect in the presymptomatic phase, when neuronal loss is minimal
and cognitive functions are well preserved (Tsai & Boxer, 2016). As such,
clinical trials in FTD are utilising knowledge from AD, ALS, and spinal muscular
atrophy (SMA) and targeting interventions at the earliest stage of disease
before the onset of clinical symptoms (Salloway et al., 2021). Collaboration
from natural history studies of FTD across the world, including GENFI and
ALLFTD, has started through the FTD Prevention Initiative (FPI), aiming to
uniformly collect and share data to inform clinical trial design. It is evident,
however, that there are a number of problems faced by trials in genetic FTD.
For example, although the clinical phenotypes can be similar between the

mutations, the disease mechanism and underlying pathology is vastly different.
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Therefore, a one size fits all approach will not be effective, and treatments
must be developed that uniquely target one of the pathogenic mutations. This
issue is further compounded by the relative rarity of familial FTD, and the
problems this poses for sufficient sample sizes that would be needed to
evaluate the efficacy of treatments. Stratifying these individuals by genetic
mutation further reduces the available candidates for trials. For example, one
study estimated that case numbers of symptomatic mutation carriers in GRN
and MAPT genetic groups is in the hundereds worldwide (Moore et al., 2020).
In addition, the variable age of symptom onset across mutation types (Moore,
Nicholas, et al., 2020), presents difficulties in defining the optimal time for
enrolling individuals into trials. Finally, unlike AD, relatively little is known about
the temporal cascade of biomarkers and resulting clinical changes in FTD,
making it difficult to develop appropriate clinical endpoints at different disease
stages (Staffaroni et al., 2022). To overcome these problems, there is an
urgent need for sensitive markers that can reliably measure onset, staging,

and disease progression in FTD for the three genetic groups.

1.2.3 The role of biomarkers

The term fAbiomarkero indicates a measur a
objective indicators of disease and are associated with response to therapeutic
interventions (Hendrix et al., 2021).The development of robust biomarkers that

are sensitive and specific to FTD are imperative to the success of clinical trials.
Theoretically, biomarkers should be able to detect and monitor the earliest

measurable changes from the presymptomatic through to the symptomatic

stage. Sensitive biomarkers will help to improve early diagnosis and disease

staging of FTD, and ultimately serve as clinical endpoints in trials (Desmarais

et al., 2019; Panza et al., 2020; Tsai & Boxer, 2016).

Much of the work performed by the large observational cohort studies in

genetic FTD, has focused on developing and investigating validated

biomarkers. One comprehensive review summarises the findings from these

studies, highlighting the earliest biochemical and structural changes in the

brain can occur up to 30 years before the onset of symptoms, with emergence
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and progression differing amongst the three main genes (Greaves and Rohrer,
2019). Corroborating with this research, a more recent study developed a
disease progression model using the best-known measures of clinical status,
neuropsychology, brain volume, and plasma NfL to estimate latent disease
age and forecast presymptomatic FTD mut a
(Staffaroni et al., 2022). Regional brain atrophy and elevated levels of plasma
NfL were shown to be the first measurable manifestations across the genes,
developing between 10 and 40 years before clinical symptoms, with changes
in neuropsychology measures appearing much later (Staffaroni et al., 2022).
The following sections will describe the literature in fluid, imaging, and
cognitive biomarkers, and their earliest detectable changes in presymptomatic
FTD.

1.2.3.1 Fluid biomarkers

Fluid biomarker studies have revealed some useful measures that are
currently used in FTD clinical trials to establish enrolment criteria, and to
monitor disease progression, including: neurofilament light chain (NfL) and
progranulin levels. Many studies have reported that increased levels of NfL,
measured in both cerebrospinal fluid (CSF) and blood, predict disease
intensity, staging, survival, and phenoconversion in presymptomatic FTD
(Gendron et al., 2022; Meeter et al., 2016; Rohrer et al., 2016; van der Ende
et al., 2019; Wilke et al., 2022). However, NfL is a marker of neuroaxonal
damage, and levels are increased across virtually all neurological diseases. In
addition, no differences in baseline NfL have been reported between the FTD
syndromes (Gendron et al., 2022). Therefore, whilst it is a promising biomarker
for susceptibility and prognosis in FTD clinical trials, it is not specific for FTD-
related disease progression and acts as a non-specific marker of

neurodegeneration.

In contrast, low levels of the progranulin protein, detected in serum, plasma,

and CSF, have demonstrated excellent sensitivity and specificity in detecting

GRN mutations in FTD (Finch et al., 2009; Galimberti et al., 2018; Meeter et

al., 2016). Low levels have been observed early in the presymptomatic period
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and appear to remain stable across the disease (Meeter et al., 2016). As a
result, restoring progranulin to a normal level has been a key target for
therapeutic intervention in GRN clinical trials. Dipeptide repeat proteins
(DPRs), in particular poly(GP), are detectable in the CSF of asymptomatic
C9orf72 carriers. High levels of poly(GP) are seen in the earliest stages of
disease, showing a significant increase over the presymptomatic phase, with
levels increasing further following phenoconversion (Gendron et al., 2017,
Lehmer et al., 2017; Meeter et al., 2018). However, this effect has not been
shown consistently, and further work is required to investigate this variability.
Furthermore, though plasma tau levels are differentially increased in bvFTD
patients with MAPT mutations (Foiani et al., 2018) the fluid biomarker field has
yet to develop robust measures of tau, in either CSF or blood, detected
presymptomatically. Therefore, important work still needs to be carried out to
develop robust FTD-specific fluid biomarkers, particularly those that can

measure a form of tau specific for MAPT mutation carriers.

1.2.3.2 Imaging

Several structural MRI studies have depicted the profile of identifiable brain
changes in presymptomatic FTD. Research from the GENFI study, has shown
early grey matter atrophy in presymptomatic FTD (Cash et al., 2018; Rohrer et
al.,, 2015b), although timing and location is variable between the genetic
groups. In presymptomatic GRN mutation carriers, atrophy is seen in the
frontal, parietal and insular cortex around 10 years prior to the onset of
symptoms, whilst structural changes are present in MAPT mutation carriers
about 15 years prior to symptom onset in the antero-medial temporal lobes,
orbitofrontal cortex, and insula (Cash et al., 2018; Rohrer, Nicholas, Cash, van
Swieten, et al., 2015c). Individuals with C9orf72 expansions display the
earliest grey matter atrophy, potentially up to 25 years before the onset of
symptoms. The earliest changes are seen in the posterior thalamus and its
cortical connections with widespread cortical atrophy seen as the disease
progresses (Bertrand et al., 2018; Cash et al., 2018; Rohrer, Nicholas, Cash,
Cardoso, et al., 2015). Recent research using novel segmentation techniques,
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has highlighted the importance of subcortical structures in the pathogenesis of
FTD. These studies have even identified substructures of the hippocampus
and thalamus that display differential patterns of atrophy amongst the three
main genetic mutations (Bocchetta et al., 2015, 2018). In addition, increased
white matter hyperintensities (WMH) have been shown in presymptomatic
GRN mutation carriers (Paternico et al., 2016), with an associated increased
volume of WMH when approaching onset (Sudre et al., 2019).

Evidence from fluorodeoxyglucose positron emission tomography (FDG-PET)
studies suggest structural changes seen in presymptomatic FTD are mirrored
by hypometabolism in affected brain areas (Cistaro et al., 2014; Deters et al.,
2014; Jacova et al., 2013). Other studies using PET imaging have had less
success. Tau radioligands have not proven particularly useful in FTD, due to
the large amount of off-target binding observed in the basal ganglia, and the
fact tracers bind to paired helical flament pathology mainly found in AD, not
other primary tauopathies. Therefore, structural neuroimaging and
hypometabolism techniques appear to be the most sensitive to disease
progression in the FTD mutation types and are good candidates for FTD

clinical trial outcome measures.

1.2.3.3 Cognition

Evidence from the majority of cross-sectional research studies, suggests that
neuropsychiatric measures are abnormal in presymptomatic mutation carriers
around 5 years before symptom onset (Rohrer, Nicholas, Cash, van Swieten,
et al., 2015). Whilst early deficits in executive function have been reported
across the mutation types, many studies have demonstrated patterns of gene-
specific cognitive decline amongst the three main genes in the presymptomatic
period (C9orf72, MAPT and GRN). For example, studies have reported that
individuals with C9orf72 expansions display early deficits in social cognition
and verbal fluency (Jiskoot et al., 2016; Lule et al., 2020; Poos et al., 2022;
Russell et al., 2021a), whilst MAPT mutation carriers exhibit early problems
with episodic memory, naming, and semantic knowledge presymptomatically
(Cheran et al., 2019; Jiskoot et al., 2016, 2018; Moore et al., 2020). In contrast
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GRN mutations are typically characterised by deficits in language, attention,
and executive function (Barandiaran et al., 2012, 2019; Hallam et al., 2014;
Jiskoot et al., 2018). It is worth noting, however, that other studies fail to
replicate these results (Bertrand et al., 2018; Papma et al., 2017; Poos et al.,
2021). An explanation for the variability in these findings could be that most
studies have small sample sizes, a lack of longitudinal data, and do not include
all three major genes when making group comparisons. However, what has
consistently been shown, is that changes in neuropsychology measures
appear much later than neuroimaging and fluid biomarkers of
neurodegeneration in presymptomatic FTD. It appears that -current
neuropsychology measures are not sensitive in detecting impairments in
cognition before the onset of clinical symptoms. Taken together, evidence from
the field so far suggests that trial endpoints should differ by genetic group and

disease stage, and more sensitive cognitive biomarkers are required.

1.2.4 Problems with pen and paper cognitive assessments

Pen and paper neuropsychology tests, designed to measure cognitive
function, have been around for many years and are important tools for
research studies and to aid in clinical diagnosis. Although well validated, there
are several problems with the current standard of pen and paper assessments
that could explain their lack of sensitivity to early cognitive impairment in
presymptomatic FTD. Firstly, some pen and paper tasks can be easy,
especially for presymptomatic participants, resulting in ceiling effects on these
tests which reduces the possibility of detecting subtle impairment. Data is
collected episodically, often annually, and provides a sparse snapshot of the
patient only at the time of assessment. Furthermore, pen and paper
neuropsychology assessments are usually performed by a trained examiner in
a research centre or clinic, which is not only costly, but artificial environments
increase participant anxiety and lack ecological validity. This means the
performance captured from these assessmentsis notreflect i ve of t
Anor mal o cogni ti v e problams cassocated withP thase

assessments include the long testing times required to gain an accurate
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laborious and stress-inducing for participants. Assessments are also obtrusive,
requiring participants to break from normal routine, dedicating time, and travel,

further contributing to the burden on the patient.

It is therefore unsurprising that traditional pen and paper tests have been
shown to detect cognitive change only just prior to the onset of symptoms in
FTD (Jiskoot et al., 2016; Rohrer, Nicholas, Cash, Cardoso, et al., 2015;
Staffaroni et al., 2022), as it is likely that current batteries lack the sensitivity to
detect these changes any earlier. However, whilst imaging (Cash et al., 2018;
Rohrer, Nicholas, Cash, van Swieten, et al.,, 2015a) and fluid biomarker
techniques (Galimberti et al., 2018; Wilke et al.,, 2022) are sensitive to
presymptomatic structural and chemical changes in the brain, they are also
costly and invasive procedures. Furthermore, they are not flexible methods,
and can only be performed in hospitals or clinical research settings, meaning
these techniques are subject to the same problems associated with patient
burden as pen and paper cognitive tasks. As such, there is a pressing need
for sensitive and cost-effective biomarkers that can detect early cognitive

change in the presymptomatic phase of FTD, whilst reducing patient burden.

1.3 Potential for digital biomarkers

Harnessing the potential of digital biomarkers may help to overcome the
problems associated with pen and paper cognitive assessments and bridge
the gap between the sensitivity of cognitive tests and other FTD biomarkers.
The term fdigital biomarkerois used in this thesis to describe metrics extracted
from digital devices or sensor data, and can be differentiated from biological,
imaging, or other cognitive markers taken from traditional pen and paper tests.
Digital biomarkers are more ecologically valid measures than pen and paper
cognitive tasks, allowing assessments to occur as part of everyday life.
Furthermore, technologies reduce inter-rater variability, time, and associated
costs of testing, and can be used as home monitoring tools allowing for remote

data collection, reducing patient burden, and capturing cognition in a
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participantos n aTherefozel digkah hiomarkers rmaxintise
ecological validity, and allow for the more frequent assessment, which could
ultimately lead to a more realistic portrayal of cognitive function that is relevant
for FTD.

There are several approaches that can be adopted when aiming to develop
digital biomarkers to measure cognitive function in FTD. Firstly, computerised
cognitive assessments can be used that include digital versions of traditional
pen and paper tests. Computerised assessments can produce high-frequency
guantifiable data, measured in a consistent way. Therefore, digitally adapting
pen and paper tests shown to detect early cognitive impairment in FTD, could
improve the sensitivity of these measures. In addition, utilising other
technologies outside of the traditional cognitive assessment method, could be
important for improving the detection of presymptomatic cognitive impairment.
Eye tracking has proven to be a useful objective measure of cognition, using
high frequency infrared cameras to monitor eye movement patterns. The
analysis of eye movement metrics output from these devices, provides
dynamic and objective outcome measures that are reflective of underlying
cognitive processes. Therefore, it could be possible that using this technology

could improve the detection of subtle cognitive impairment in FTD.

Whilst computerised assessments and eye tracking tasks can be used to
measure cognitive domains affected in FTD through participatoryoriact i ve o
assessment, sensor data can be used to passively, and sometimes
continuously, monitor processes reflective of cognition function. Passive
monitoring also lowers the burden placed on the user, allowing overall
participation to remain high. Historically, studies have focused their attention
on measuring cognitive processes that are frequently affected in FTD (i.e.,
executive function and social cognition). Passive monitoring through
smartphones and wearable devices allows the generation of novel data
streams of high-frequency, quantitative descriptors, and could therefore
generate alternative measures of health-related behaviour important for FTD.

The following sections will describe the digital biomarker literature including
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computerised assessments, eye tracking, and passive monitoring
technologies used in research in AD, FTD, and other neurodegenerative

diseases.

1.3.1 Computerised cognitive assessments

Computerised administration of a neuropsychology battery is not a new
phenomenon (Wild et al., 2008) and in fact tests using personal computers
(PCs) for the assessment of cognitive function have been around for some
time. More recently, computerised assessments comprising of digital
adaptations of pen and paper cognitive tests, as well as more noveli g a miof i e d
tests, have been developed into applications (apps) for smartphones and
tablets. Like pen and paper batteries, computerised assessments should be
tailored to specific diseases to improve sensitivity of detecting impairment, and
reduce the time required to complete such tests. Much can be learned from
the use of computerised tests already available for the early detection of AD,
but there are still many factors to consider in the development of appropriate
assessments for presymptomatic FTD. Computerised tests can offer extensive
benefits above traditional pen and paper assessments; however, it is also

important to acknowledge the potential pitfalls of digital cognitive testing.

1.3.1.1 Computerised assessments for AD

Several brief computerised cognitive assessments have been developed for
the early detection of mild cognitive impairment (MCI), as a screening tool for
AD. For example: the Brain Health Assessment (BHA) (Possin et al., 2018),
the Cognitive Assessment for Dementia (CADi) (Onoda et al., 2013; Onoda &
Yamaguchi, 2014), and the Integrated Cognitive assessment (ICA) (Modarres
et al.,, 2021) can measure episodic memory, orientation, information
processing speed, and semantic processing in less than 10 minutes. The CADi
has demonstrated discriminant validity between healthy controls and patients
with AD (Onoda & Yamaguchi, 2014) whilst both the ICA, and BHA show high
sensitivity to MCI (Modarres et al., 2021; Possin et al., 2018; Tsoy et al., 2020).

Screening tools are extremely useful, although longer computerised batteries
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can measure a wider range of cognitive domains that are sensitive to
preclinical AD and are therefore more likely to be used in the context of clinical

trials.

The National Institute of Health Toolbox Cognitive battery (NIH-TB), the
Cambridge Neuropsychological Test Automated Battery (CANTAB) and the

Computerised Composite f oeaseRC34AD)havea c a |

been developed to be completed on a tablet and include tests that measure
episodic memory, visual memory, executive function, language, and working
memory. Studies using PET imaging have investigated the validity of these
computerised batteries and shown worse performance on each of these tests
was associated with higher tau and amyloid burden in healthy controls (Bischof
et al., 2016; Papp et al., 2021; Snitz et al., 2020). Furthermore, the C3-PAD,
was designed as an exploratoryendpoint t o be used in
trial, and demonstrated high validity with traditional measures, good
completion rates in older adults, and supported the feasibility of completing
app-based memory tasks from home (MechanicAHamilton et al., 2020; Papp
et al., 2021; Rentz et al., 2016).

Furthermore, other cognitive assessments such as the ambulatory research in

cognition (ARC) app developed to be used in the Dominantly Inherited

Al zhei mer 6s Net wo fTW) tridlyhava ddsptetd a burst tegtibgl A N

design, where a test is repeatedly administered over several days/weeks
(Ohman et al., 2021; Sliwinski, 2008). Burst testing allows for the collection of
longitudinal cognitive data from computerised cognitive assessments, and
therefore the continuous monitoring of cognitive decline. Studies in healthy
older adults have shown strong correlations between the administration of
intense bursts of short cognitive tests, and traditional neuropsychometry
(Brewster et al., 2020; Jongstra et al., 2017), with adherence to the tests
reaching as high as 94% (Brewster et al., 2020). Therefore, computerised
cognitive assessments developed for screening tools and clinical endpoints in
AD, show good sensitivity to preclinical stages, convergent validity with other

biomarkers, and good feasibility and acceptability rates in older adults.
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1.3.1.2 Benefits

Computerised cognitive assessments provide a multitude of benefits above
traditional pen and paper tasks which have been described in several studies
(Morrison et al., 2015; Ohman et al., 2021; Ruggeri et al., 2016; Staffaroni et
al., 2020). For example, computerised tests eliminate the need for trained
professionals, reducing the time and cost associated with testing whilst
providing consistency in the administration and scoring of results. Therefore,
this reduces the risk of human-error and the inter-rater variability associated

with administering and scoring pen and paper tasks.

Using digital devices also allows for the recording of more accurate
guantifications of performance, such as reaction time measurements. Reaction
times in milliseconds provide rich and detailed data concerning cognitive
processes. When detecting subtle cognitive impairment in FTD it is likely that
the earliest manifestations will appear in this detailed data over gross accuracy
measures produced from pen and paper tasks. Itis also comparatively easy to
generate alternate forms of stimuli in computerised assessments and
randomise the administration of tests to reduce practice effects. In addition,
the ease of altering tests into different languages increases the reach of

assessments to a broader population leading to greater diversity in datasets.

Such assessment s can be compl eted remot el
increasing ecological validity, and enabling cognition to be captured in the
Arealrl do. This is an extremely important
from cognitive data, especially when considering the measurement of
meaningful cognitive change in clinical trials (Ohman et al., 2021).
Computerised assessments that can be self-administered remotely are also
highly scalable leading to larger samples, larger validation studies, and
ultimately more accurate normative datasets (Koo & Vizer, 2019; Morrison et
al., 2015; Ruggeri et al., 2016). Finally, results of stand-alone tests can be
greatly influenced by factors affecting performance at one-point in time, such
as tiredness or anxiety. On the other hand, computerised tests that can be

completed more frequently, have shown to result in more detailed and
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accurate tracking of performance longitudinally (Samaroo et al., 2019).
Therefore, there are a number of advantages of using computerised cognitive
assessments, that could overcome the lack of sensitivity of pen and paper

tasks in detecting early cognitive impairment in FTD.

1.3.1.3 Factors to consider

Although there is a myriad of benefits associated with incorporating digital
technology into the assessment of cognition, it is also worth considering some
of the pitfalls. One of the major drawbacks of self-administered computerised
assessments is the lack of control over extraneous variables, such as the
participants testing environment. Background noise and environmental
distractions can greatly impact attention during psychology assessments and
contribute to poor task performance. The downside of administering tests
remotely in a naturalistic environment is it is difficult to control for and estimate
the impact of these contextual factors on cognitive performance. The lack of a
researcher present also means it is difficult to ensure the participant
understands the task instruction before completing the test and that the person
assigned to the assessment is the person completing it (Bauer et al., 2012;
Parsons et al., 2017).

A lack of familiarity with technology, especially amongst older participants, may
also impact the feasibility of using computerised assessments in the wider

population and in large FTD cohorts. Remote data collection studies could also

beimpactedi f ol der participants dondt have

research has shown 77% of adults over the age of 50, and 46% of adults over
the age of 65 own a smartphone, with this number increasing annually
(Anderson & Perrin, 2017; Nelson Kakulla, 2020). In addition, this is a relatively
novel field, and there are still questions unanswered, especially when
considering the most appropriate device, study design, and type of test to
utilise for a given research study (Germine et al., 2019). Some of the more

pertinant questions include the most optimal interface to use (i.e., tablets or

smartphones) , and whether thi s-praviledul d

ac

b ¢

device vergygosraoiwbhridegiceo or BYOD model
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One review, aiming to address the challenges faced by computerised tests,
summarised that tablet-based assessments have more consistent device
characteristics compared with PCs and smartphones, meaning there is less
chance of measurement error due to device variability (Germine et al., 2019).
Additional research has demonstrated that adults over the age of 55 prefer
tablets over smartphones, as they are more intuitive and are easier to use
without prior experience (Tsoy et al., 2020; Vaportzis et al., 2017). Tablets also
have larger screens, lowering the motor demands for subjects (Vaportzis et
al., 2017) and allowing for closer translations of the cognitive tests onto the
device, compared to smartphones. As a result, the majority of computerised
tests developed to date have been translated onto tablets, with only a few

platforms that support smartphone cognitive assessments.

Studies that adopt a BYOD model, have the potential to reach a wider
audience and therefore include more subjects in screening and validation
studies (Staffaroni et al., 2020). However, there are concerns over
compatibility of apps with different devices and how different hardware,
software, and operating systems could impact the data obtained from devices
(Bauer et al., 2012; Germine et al., 2019; Parsons et al., 2017). Therefore, itis
important to ensure participant devices meet the minimum requirements of the
assessment software before embarking on these types of studies. On the other
hand, the fAdedicatedo device model
device variability but does introduce new considerations such as the cost of
purchasing multiple devices, deploying those devices to people, and the fact
individuals may not be familiar with the devices provided to them (Germine et
al., 2019). Therefore, it is important to consider the familiarity of technology in
the participant cohort being tested, the device interface, and the study design

before embarking on developing computerised assessments.

1.3.1.4 Summary

The increasing need for tools that can detect early cognitive deficits, coupled
with the widespread adoption of smart devices, means computerised cognitive

assessments are well positioned for an important role in disease detection and
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progression monitoring in FTD. The COVID-19 pandemic has also highlighted
the importance of assessments that are accessible and can be administered
remotely. There are a variety of computerised tasks developed for the
detection of early cognitive impairment in AD, including brief cognitive
assessments that can be used for screening, as well as longer test batteries
that are more likely to be used in clinical trials. As expected, these
assessments are heavily weighted towards testing episodic memory and are
therefore not suitable for the early detection of cognitive impairment in FTD. In
fact, there are currently no validated computerised cognitive assessments
available that are specifically designed to measure cognitive impairment in
FTD.

1.3.2 Eye tracking

Eye tracking metrics can provide details about the association between brain
and behaviour and provide quantitative information about higher order
cognitive functions (Bueno et al., 2019; Eckstein, Guerra-Carrillo, Miller
Singley, & Bunge, 2017). Experiments are easy to develop and incorporate
simple tests that can assess both basic measures of oculomotor function and
different elements of cognitive function including attention, memory, executive
function, and social cognition. The npitfalls of traditional pen and paper
psychology tasks have already been discussed, but another added
consideration is the dependency neuropsychology experiments have on intact
language comprehension and production, as they utilise complex test
instructions and rely on participants to produce verbal responses. This is
particularly problematic when aiming to assess cognitive impairment in FTD,
where language problems are common. Eye tracking tasks, including tests of
basic eye movements and behavioural tasks, can be intuitive with minimal
instructions and could therefore offer an alternative way of measuring cognitive

function in clinical populations that experience a decline in language function.
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1.3.2.1 Basic eye movements

Basic eye movement tasks assess oculomotor function through the
measurement of fixations and saccades. Fixations represent a period when
the gaze (eye position) is held relatively still usually centred on a target,
whereas saccades are the rapid movement of the eye from one point to
another, or the movement of the eyes between two fixations. Abnormalities in
these measures typically indicates degenerative processes involving the
muscles or mechanisms of the eye. However, more recently it has been
thought that performance on these tests can act as proxy markers of
underlying attentional and executive function processes. As prominent
attentional and executive deficits are a common feature of most
neurodegenerative diseases including AD and FTD, basic eye movement
metrics can be useful quantitative markers for cognitive function. Anti-saccade
tasks require the participant to look away from a target presented on the
screen. Errors on this task are thought to reflect impairments in inhibitory
control, and possible working memory dysfunction, as participants are either
unable to inhibit their response to look towards the target or they are unable to
hold a representation of the target location in their mind. Uncorrected errors
on the anti-saccade task are frequently reported in patients with AD (Boxer et
al., 2012; Crawford et al., 2015; Crawford et al., 2013; Shafig-Antonacci et al.,
2003). In addition, bvFTD patients consistently display fewer correct anti-
saccades and more uncorrected errors in comparison to controls (Boxer et al.,
2006, 2012; Burrell et al., 2012; Douglass et al., 2018; Lage et al., 2021; Riek
et al., 2020). Performance on this task also correlates with neuropsychological
tests of executive function (Boxer et al., 2006; Hellmuth et al., 2012) further
supporting the idea that anti-saccades are a measure of inhibitory

control/working memory.

1.3.2.2 Behavioural tasks

Other studies have specifically designed behavioural eye tracking tasks to
measure cognitive function in neurodegenerative disease. The duration of time

spent looking at visual stimuli on the screen can indicate attentional
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preferences and provide insights into the underlying cognitive process. As
such, tasks assessing memory have been developed to detect early cognitive
impairment in AD. The visual paired comparison task (VPC) has proven useful
in assessing early memory impairments that occur in preclinical AD. The task
involves the initial viewing of a picture, followed by a short interval, after which
the picture is displayed again alongside a novel picture. Participants without
memory impairment should display a novelty preference and look more at the
image they have never seen before. Studies using the VPC have shown that
the number of fixations and fixation duration on previously seen and novel
images, can be indicative of short-term memory deficits in MCI compared to
controls (Crutcher et al., 2009; Richmond et al., 2004). Performance on the
VPC task can even predict the conversion from cognitively normal to MCI and
from MCI to AD up to three years prior to clinical diagnosis (Oyama et al., 2019;
Zola et al., 2013).

Eye tracking also provides an opportunity to measure social cognition in FTD,
particularly through behavioural tasks of emotion recognition. One study
demonstrated that individuals with bvFTD display abnormal fixation patterns

when viewing emotional faces, fixating on the eye region more than healthy

controls (Hutchings et al., 2018). Indeed, the eyes are thought to display
important emotional cues, and it appears patients with FTD are
overcompensating by looking in this region to help recognise the emotions.
Additionally, a recent study aimed to assess social cognition through
instructionless tasks assessing the recognition of both simple and complex
emotions in patients with bvFTD. The simple task uses faces displaying basic
emotions, such as @ ha pnplexntask aseesseswrtorer e a s ,
intricate, |l ess frequently described emo
presentation of only the eye region of the face. The aim of these tests is to look

at the face, or set of eyes, displaying the expression that matches with the

target word. To minimise the demands placed on language, participants were

only told to look at the images on the screen, without being given explicit
instruction on how to complete the task. The results revealed patients with

bvFTD spent significantly less time looking at the correct target image that
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matched an emotion word compared to controls and were impaired on both

simple and complex emotion recognition tasks (Russell et al., 2021).

In contrast, relatively few studies have used behavioural tasks to examine
executive function. One study adapted the Brixton Spatial Anticipation test
(Burgess & Shallice, 1997) into an eye tracking paradigm, where participants
are required to follow a dot, moving in a designated sequence across the
screen, and learn the pattern in order to eventually anticipate, by looking
towards where it will next appear. This task therefore relies on executive
components of inhibitory control and set-shifting, when different patterns are
presented. Results showed that individuals with bvFTD display impaired
spatial anticipation, and make fewer correct anticipations towards where the
target will next appear even when the pattern should have been learned
(Primativo et al., 2017). This suggests that difficulties in correctly programming
and executing anticipatory eye movements are present in bvFTD which may

reflect deficits in executive function.

1.3.2.3 Summary

Evidence from the literature highlights that eye tracking measures can be used
as reliable indicators of complex, perhaps early, cognitive deficits. For
example, behavioural memory tasks have proven useful in identifying MCI and
predicting conversion to AD. The literature of eye tracking in FTD is scarcer,
though results from patient studies suggest the anti-saccade and spatial
anticipation tasks may provide a particularly simple way of measuring
executive function in FTD. Studies also highlight that eye tracking can reveal
social cognition deficits in FTD patients, using instructionless tasks, that are
not dependent on language. Harnessing the detailed high-frequency metrics
that can be output from eye tracking assessments may allow detection of early
changes in cognition. However, to my knowledge there is little to no research
in the field investigating these tests in presymptomatic participants.
Furthermore, the eye tracking studies thus far have been conducted in artificial
settings, where data concerning cognitive processes is captured outside of the
participantos natur al environment .
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making assessments unlikely candidates for multi-centre research studies or
useful for cognitive outcome measures in clinical trials. The discovery of a low-
cost, portable eye tracking assessment could have huge implications for
detecting early cognitive impairment and for disease progression monitoring in

trials.

1.3.3 Passive monitoring

When aiming to identify presymptomatic biomarkers, it is important to not be
limited by measuring the cognitive domains we know to be affected in FTD.
Whilst acknowledging there is a need to improve the sensitivity of the methods
that measure these domains through computerised cognitive assessments
and eye tracking experiments, there is also a need to explore alternative
methods. Passively measuring information through mobile sensors and
wearabledevicescan result in composite des
Kknown asplian gt finadl, RQL0). The large amounts of data that
are generated from these passive data collection techniques, can be analysed
through machine learning to transform data into meaningful outcome
measures that may have diagnostic relevance above what we already know
(Torous et al., 2016). Digital biomarkers can be obtained through tracking
sensors, keyboards, and speech data from smartphones, and transformed into
proxy biopsychosocial measures. Sensor signhals can individually or
collectively provide metrics that pertain to different domains including
biological functions, clinical and cognitive features. There are a plethora of
wearable devices and mobile sensors in widespread use, that can measure
language, mobility, cognition, physiology, and many other features (Chinner et
al., 2018; Kourtis et al., 2019; Lane et al., 2010; Piau et al., 2019).

1.3.3.1 Motor features

Motor assessments have already been incorporated into clinical trials in
Par ki nsonds ahdHuenatsien g(tPoDn)6 s (Edpaysetah, 2EL6;
Maetzler et al., 2015). For example, gait abnormalities may be detected in

those with HD, early parkinsonism, or MND, and are strongly associated with
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risk of incident dementia (Buracchio et al., 2010; Montero-Odasso et al., 2018).
Body-worn accelerometers have been used to identify a comprehensive set of
14 gait characteristics with good sensitivity to PD (Del Din et al., 2016).
Additionally, a wearable accelerometer in HD showed subtle measures of gait
variability were observed between those with and without the disease when
data was captured at home, but this was not detectable in clinic (Reilmann &
Schubert, 2017). The increased frequency of assessment at home allowed for
greater statistical power and ultimate identification of subtle motor deficits in
HD. In addition, it has been shown that fine motor control of the hand can be
probed by assessing tracing accuracy through digital pens (Stirling et al.,
2013). The distance from the actual shape, or standard delineation, is
calculated along with other motor features, and shown to correlate with

visuomotor performance as well as age (Stirling et al., 2013).

1.3.3.2 Activity levels

Modern wearable devices, such as Fitbits, are equipped with actigraphs which
monitor rest and activity levels. Sensors capturing mobility have shown to be
useful in identifying features of depression, with location variance from GPS
sensors in smartphones, correlating with symptom severity (Saeb et al., 2016).
Furthermore, activity levels have been shown to be reduced in patients with
depression and have been helpful in establishing an objective measure of
apathy (Kluge et al., 2018).

1.3.3.3 Sleep

Sleep is disrupted in several disorders, but is a particularly common feature of
AD, with evidence that poor sleep quality contributes to the development of tau
and amyloid pathology (Lim et al., 2013). So far, app-based and wearable
devices such as wrist-watches, have shown limited reliability for determining
different sleep stages (Lee & Finkelstein, 2015). Other research has aimed to
utilise a wearable ring, i Our a o, t hat measures a
responses, and has shown high levels of sleep staging accuracy (de Zambotti
et al., 2017; Kinnunen, 2016).
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1.3.3.4 Speech

Speech is a complex activity requiring function and connectivity with numerous
neural networks and is ultimately disrupted in multiple neurodegenerative
diseases. Simple speech production sounds of single words, sentences, or
longer segments of free speech, can provide rich snapshots into cognitive
processes (Harrison et al.,, 2020), and can therefore act as promising
biomarkers. Advances in machine learning means speech can be
systematically analysed to produce high-frequency meaningful data. A number
of studies in AD have used mobile devices to capture distinct features of
speech. For example, vocal reaction time, relative length, and
insertions/deletions, have been useful for the categorisation of individuals with
MCI and AD with 87% accuracy (Konig et al., 2015). Meaningful features can
be extracted from free speech on picture description tasks, such as semantic,
syntactic, and acoustic voice features to inform disease staging of AD
(Yancheva et al., 2015). Additionally, other research has highlighted that the
pauses between utterances, can be indicative of cognitive impairment, with the
number of pauses shown to correlate with scores on episodic memory tasks
(Pistono et al., 2016).

1.3.3.5 Cognition

Passive human-device interactions, or the way in which an individual uses their
smartphone in everyday life, can represent cognitive areas of interest. For
example, the ability to shift between tasks (or apps) on a smartphone can
reflect naturalistic examples of set-shifting (Jones et al., 2015). In contrast,
vigilance, or the ability to stay alert when using an application, could be
considered a measure of attention (Oken et al., 2006), with one study showing
that levels of alertness correlate with temporal rhythms of application usage
(Murnane et al., 2016). However, most research has yet to establish a clear

functional link between digitally generated biomarkers and cognitive function.

One study investigating keyboard interactions through a smartphone based-

application, aimed to identify digital biomarkers of cognitive function in a
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population of healthy participants (Dagum, 2018). Predicted digital biomarkers
of several cognitive constructs including working memory, processing speed,
and set-shifting, were found to highly correlate with standard
neuropsychometry scores of matching domains. Therefore, there is potential
to passively measure cognitive domains from the collection of continuous user

data.

1.3.3.6 Summary

Passive data collection through mobile sensors provides a significant
opportunity to gather useful insights about individuals and their environments,
that could be clinically meaningful for neurodegenerative diseases such as
FTD. Evidence from other neurodegenerative diseases supports the sensitivity
of digital biomarkers of motor impairment, and speech, which would have
diagnostic and prognostic relevance for FTD due to the frequency of these
symptoms observed across different clinical syndromes. There is also
evidence to suggest that digital biomarkers of cognitive function can be
collected through passive human-device interactions, which represents a
novel method that could enhance the sensitivity to detect subtle impairment.
There are, however, a number of factors to take into consideration before
i mpl ementing passive biomarkers int
data privacy and the feasibility of using passive monitoring techniques in

different clinical populations.

1.4 Thesis rationale

FTD is a complex and heterogenous disorder, and whilst there are currently
no disease modifying therapies available, clinical trials that target the three
main pathogenic mutations are underway. One major obstacle facing the
success of clinical trials, is the lack of sensitive and validated markers of
disease onset and progression, particularly cognitive ones. Reliable cognitive
assessments would be useful for clinical trials as they are non-invasive and
less costly than neuroimaging techniques and fluid biomarkers. However, the

current standard of pen and paper neuropsychology tests hinders their utility,
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as most studies show they are only sensitive to cognitive impairment in

presymptomatic FTD just prior to symptom onset.

Digital biomarkers that provide high-frequency, objective data are well
positioned to overcome the problems of pen and paper assessments and
improve the detection of subtle cognitive impairment in presymptomatic FTD.
The frequent testing digital biomarkers facilitate means studies will have richer
and more detailed data, yielding more sensitive measures of symptoms and
disease in FTD. However, it is important that the advantages obtained from
digital biomarkers are borne out of thorough validation studies and empirical
testing. A good candidate digital marker for FTD should identify symptoms that

comprise the diagnostic criteria and correlate with established biomarkers.

Evidence from the AD literature suggests computerised cognitive assessments
are sensitive to preclinical cognitive impairment and display good convergent
validity with other biomarkers, but there are no computerised cognitive apps
available for the detection of FTD. The few studies that have used eye tracking
in bvFTD highlight the validity of this method in detecting deficits in executive
function and social cognition, the core cognitive features of the disease, though
only a small number of tests have been investigated. Additionally, to my
knowledge there is little to no work in the field thus far investigating eye
tracking as a tool for remote monitoring or to be used to detect presymptomatic
impairment. Human device interaction data collected through passive
monitoring for the assessment of cognition, has been shown to correlate with
pen and paper neuropsychology tests of matching domains. However, this has
yet to be tested in different clinical populations, including FTD, to see if early
cognitive impairment can be detected or if it is even feasible to run these types

of studies.

1.5 Thesis outline

This thesis therefore aims to investigate the validity and sensitivity of a set of

digital biomarkers, that can be used to 1) improve the sensitivity of measuring
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cognitive impairment in FTD, 2) provide reliable cognitive outcome measures
for clinical trials, and 3) provide a means of testing people remotely, increasing
the reachability and frequency of assessments whilst reducing patient burden.
This includes the investigation of figniteca computerised cognitive battery for
the iPad, a novel portable eye tracking experiment, and a smartphone
application that passively measures human-device interactions to generate
biomarkers of cognitive function. These assessments were designed to
measure cognitive impairment specific to FTD, with the hopes of capitalising
on the multiple benefits that digital technology offers, to ultimately detect early
cognitive change. The goal was to thoroughly validate each of these
assessments in healthy controls, whilst exploring the feasibility of measuring
cognitive function using these mobile devices, and ultimately investigate the
sensitivity of the digital biomarkers generated from these assessments in

detecting early cognitive change in presymptomatic FTD.

Chapter 3 describes the initial validation of the Ignite computerised cognitive
assessment for the iPad, designed to identify cognitive dysfunction in domains
affected in presymptomatic FTD. The Ignite app was tested in a large sample
of healthy controls through a remote data collection study, to generate
normative properties for each of the tests adjusted for age, education level,
and sex. The construct validity of Ignite was also investigated to ensure the

tests were measuring the expected cognitive domains.

In chapter 4, the test-retest reliability of Ignite is assessed in a separate group
of healthy controls, along with the concurrent validity with a gold-standard pen
and paper neuropsychology battery of corresponding tests. This chapter also
describes the participantds experience o0
acceptability of Ignite and the feasibility of administering the app as part of

remote data collection studies.

Chapter 5 examines whether the tests in the Ignite app are sensitive to
presymptomatic cognitive impairment in a group of participants enrolled in the

GENFI study. This is a preliminary investigation aiming to identify differences
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in performance on the Ignite tests between presymptomatic mutation carriers,
compared to those who do not carry a mutation, across the three main genes
involved in FTD: C9orf72, GRN and MAPT.

In chapter 7, a novel eye tracking battery is described, built using a small light-
weight eye tracker and a tablet display screen, for a fully portable eye tracking
solution to be used for home monitoring in FTD clinical trials. The battery was
built to include tests of social cognition and executive function that have
previously been shown to detect cognitive impairment in bvFTD, with the
hopes of detecting these deficits presymptomatically. This chapter describes
the validation of the experiment in a group of healthy controls, by measuring
concurrent validity with another eye tracking experiment utilising a more
sensitive camera, and with neuropsychology tests assessing the same
hypothesised cognitive domains. The feasibility of completing the portable eye
tracking assessment remotely, unsupervised, is also explored in a group of

healthy controls.

Chapter 8 assesses the sensitivity of the tests incorporated in the portable eye
tracking battery in detecting presymptomatic impairment in social cognition
and executive function in a group of GENFI participants. Performance on the
tests were analysed in presymptomatic mutation carriers and non-carriers

across the three main genes.

Finally, chapter 9 investigates the feasibility of using a smartphone application,
cal |l ed nLto pagsivelyi mepsire cognitive function in a group of
presymptomatic individuals from the GENFI study. A significant and important
part of this study was to first assess the attitudes of the general population and
investigate if people would be willing to have the app on their phone and
participate in this type of study. This is an exploratory study, conducted in
collaboration with Applied Cognition (the creators of Longevity) to investigate
initial differences in human device interaction data between a group of

presymptomatic mutation carriers and non-carriers.
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Chapter 2. Methods 11 standardised measures

2.1 Chapter overview

The aims of this PhD are two-fold: 1) validate novel computerised
apps/experiments and 2) investigate their sensitivity in detecting cognitive
deficits in presymptomatic FTD. This chapter will outline the general methods
in this thesis, including the participant cohorts used, followed by a discussion
around the ethics obtained for my projects. The common assessments,
outcome measures and procedures will also be described, and finally the

statistical analyses used and why certain tests were chosen will be discussed.
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2.2 Participant cohorts

The participants included in this thesis are comprised of individuals at-risk of
developing FTD (presymptomatic) and healthy controls. The presymptomatic
FTD participants were recruited from an observational cohort study in
University College London (UCL) investigating familial forms of FTD. Control
participants that took part in the observational studies were recruited through
Join Dementia Research, an online self-registration system where people can
volunteer to participate in research. A separate group of controls, recruited
through convenience sampling, also completed assessments online as part of

remote data collection studies.

2.2.1 GENFI

Participants considered at-risk of developing FTD were recruited through the
GENetic Frontotemporal dementia Initiative (GENFI) study, a genetic FTD
consortium encompassing 34 sites from 12 different countries across Europe
and Canada. The study is run from a main hub at the Dementia Research
Centre (DRC) in UCL. GENFI study participants include individuals who are
part of FTD families with a known pathogenic mutation, who either have a
confirmed <clinical di agnosi s ofdegeeTD (s
relative of a subject with genetic FTD. These individuals do not have symptoms
of FTD, and are therefore considered i pr e s y mp,tbatnhave ia &0
chance of carrying one of three FTD mutations: GRN, MAPT, or C9orf72.
Therefore, presymptomatic participants are comprised of two groups: those
t hat carry the mutation (Amutatiobencarrtr
c ar r i Nom-camiers can therefore act as natural controls, as they are first-
degree relatives of the mutation carriers and have grown up in the same
environment. Some presymptomatic participants opt to find out their genetic
status and undergo genetic counselling, though participants are not required

to know their status to be eligible for the GENFI study.

The GENFI researchers are blind to the genetic statuses of participants, so as

not to bias data collection (unless the status is known and willingly expressed
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by the participant). Therefore, some presymptomatic participants will know
their genetic status whilst others will not. Blood samples are taken for every
participant in the study to undergo genotyping so that genetic status
information is available for analysis. Only certain researchers within the study
hold the results of genetic testing (known as GENFI genetic guardians). Once
data is collected, this is sent to a genetic guardian to match genetic results with
the data and then anonymise it. This allows for analyses between mutation
carriers and non-carriers to be completed without compromising the genetic

status of the participants.

Until recently, all participants within the study would attend a GENFI research
visit once a year. However, this has been changed so that participants that are
young (i.e., 20s and 30s) and likely have many years before the onset of
symptoms, are seen every two years, and those that are older (i.e., 40s and
50s) are seen annually. This was done due to the growth of the study, and the
need to prioritise people that might be approaching the onset of clinical
symptoms so that data could be captured in the prodromal and possibly
phenoconversion stage. A GENFI research visit is usually completed in one
day, and within this time all participants complete a clinical examination
including a full family history, a pen and paper neuropsychology battery, and

an MRI brain scan.

2.2.2 Healthy controls

Healthy controls were recruited to two types of studies described in this thesis:
1) observational studies, involving in-person data collection from participants
attending a research visit at the DRC, and 2) online studies, where | invited
participants to take part in research remotely and complete assessments from

home.

2.2.2.1 Observational studies

Healthy controls that participated in the observational studies were recruited

through Join Dementia Research (JDR), an online self-registration service that

enables volunteers with memory problems or dementia, carers of those with
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memory problems or dementia, and healthy volunteers to register their interest
in taking part in research. Volunteers enter demographic information (including
age and sex at birth), any diagnosed medical conditions, any medication they
are taking, and their contact details. The purpose of JDR is to allow such
volunteers to be identified by researchers, based on available information, to
see if they are potentially eligible for their research studies. Researchers can
define inclusion and exclusion criteria for research studies, so they are only
provided with the contact details of those that are suitable to take part.
Volunteers can also register their interest in studies they are particularly

interested in.

Only healthy controls were recruited from JDR to take part in the research
described in this thesis. Therefore, only volunteers that did not have a
diagnosis of dementia, had not reported any memory problems, or any other
significant neurological/mental health condition, were invited to take part.
Eligible participants were first sent an introductory email, explaining the study,
and further outlining the eligibility criteria, to see if they would be interested in
taking part. If volunteers responded with interest to the initial email, then a
participant information sheet was sent, and a date for the volunteer to

participate in the research was arranged.

2.2.2.2 Online studies

Healthy controls that took part in the online studies were recruited through
convenience sampling, namely via advertisements on social media, describing
the projects and explaining that healthy volunteers were needed to help with
dementia research. Each advertisement explained that participants should
only take part if they were aged between 20-80, did not have a diagnosis of
dementia or experience any memory problems, or have a significant
neurological or mental health disorder. Healthy controls that completed the
online studies did not have any contact with myself, before or after completing
the studies, unless they had any concerns or wanted their data to be
withdrawn, in which case, they could choose to contact me via email (provided

in each of the online assessments).
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2.3 Ethics

Ethical approval for the projects within this thesis was gained from the local
UCL Research Ethics Committee, with the consent forms in line with the
Declaration of Helsinki. Participant information sheets, with relevant consent
forms, were all approved in the ethics process. The data controller for all
projects contained within this thesis was UCL. The information provided from
participants was collected under data protection legislation of General Data
Protection Regulation and the Data Protection Act (GDPR and DPA 2018).

2.3.1 Information and consent

For observational research studies, the information sheets were sent to
participants via email prior to the research visit, to ensure they understood
what the study involved and what was required of them if they decided to
participate. On arrival at the research centre, participants were provided with
a hardcopy of the information sheet, along with a consent form, and | then
checked that they had read and understood the information provided and
answered any questions they had about the study. | then guided the participant
through the consent form point by point ensuring they were fully informed about
what they were signing. Once completed, a copy was given to the participant
to keep, and the original was retained and stored safely and securely in the
DRC. The consent form also explained that their data is kept anonymously and
confidentially. All subjects were assigned a numbered code and any data

collected was stored under this code.

The information and consent for the Ignite computerised cognitive assessment
was built into the application to allow for remote participation. All participants
that completed Ignite, including GENFI participants and healthy controls, were
required to read a participant information sheet contained on the first page of
the app, including information about the app, data storage and analysis, and
the risks and benefits of the study. Once they read the information, participants
were required to select two buttons on the first page of the app to continue and

complete the tests: (1) @Al have orve alde daon d
62



and (2) fnAl agree to twakcensigesed donsenntotaké e

part, and participants were not able to proceed with the assessment until both

checkboxes were selected (ticked).

2.3.1.1 Data collection and storage

For data collected as part of the GENFI study, clinical and neuropsychology
data is collected through pen and paper case report forms. This data is
processed and uploaded to a secure online database, known as XNAT,
specifically designed to store all data from the GENFI study, including MRI
scans. The XNAT database ensures all data is kept confidentially and can be
easily accessed for data analysis. Pen and paper neuropsychology data was
also collected from healthy controls, and this was recorded in a Microsoft Excel
spreadsheet and stored on the DRC secure server. No personal information
was included in the spreadsheet. Additionally, the eye tracking data collected
from healthy controls was stored on the host computer and periodically

downloaded and stored on the DRC secure server.

For Ignite, data is collected from the app and all participants complete the
assessment in the absence of a researcher (i.e., unsupervised), whether that
be at home or at the DRC. Participants do not input any identifiable data into
the app, only basic demographic information including age (years), education
(years), sex (M/F), country of residence, and the first three letters of their city
of birth (see Figure 2-1). A unique 8-digit numeric code is then generated from
the app, that is linked to their demographic information and test data. At the
end of the assessmentt he data i s uploaded, by
and the data is posted to a secure server controlled by UCL. The data can then
be accessed via a webpage by UCL researchers, and the data can be

downloaded in a Microsoft Excel spreadsheet.
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e)
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Figure 2-1: Ignite app displaying: a) the information sheet built into the app, b) the demographics page, c) the unique 8-digit numeric code provided
for each participant, d) the final page where the data is sent to the server when part i ci pant selects fAUpload datao,
participant datalinked withthe8-di gi t code, selecting fidownloadod all ows the data for each

f) the data is downloaded in a Microsoft Excel spreadsheet, data from each individual Ignite test is contained in a different tab

e)

i ndi



2.4 Assessments

This section describes the procedures, tests, and outcome measures from a
group of assessments referred to throughout this thesis, including a set of pen
and paper neuropsychology tests, the Ignite computerised cognitive

assessment, and the eye tracking experiment.

2.4.1 Neuropsychology

A set of gold-standard pen and paper neuropsychology tests are commonly
referred to in this work, as they form the basis of the Ignite app development
and are also administered in a group of healthy controls in Chapter 4 (see
Table 2-1).

2.4.1.1 Procedure

The administration of the pen and paper neuropsychology tests took place in
one of the testing rooms at the DRC. Participants are sat at a table across from
myself in a quiet room with minimal visual distractions. Before the start of the
assessment, they are told that the tests are designed to assess different
elements of brain function, and they are meant to be difficult so they should
not be alarmed if they find the tasks hard. Participants are asked to do as well

as they can, and they are able to stop at any time for a break if they wish.
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Table 2-1: Pen and paper neuropsychology tasks described in this thesis, including the cognitive domains they measure and a description of each
test. D-KEFS=Delis Kaplan Executive Function System.

Cognitive

domain/Test

Reference

Description

Executive function and processing speed

Trail Making Test: Part A,
Part B

(Tombaugh, 2004)

Part A: Participants are presented with numbers enclosed in circles and are asked to draw a line, using a pencil, from one
number to the next in sequential order.

Part B: Participants are presented with numbers and letters enclosed in circles, and are required to draw a line from one
circle to the next alternating in sequence between numbers and letters, i.e., 1, A, 2, B, 3, C.

D-KEFS Colour Word
Interference Test:
Conditions 1-3

(Delis, 2001)

Condition 1: Participants are presented with a sheet containing different coloured squares. They are required to say aloud
the colour of each square one by one as quickly as they can until they reach the end.

Condition 2: Participants are presented with a sheet containing written colour words in black ink. They are required to
read the words aloud as quickly as they can until they reach the end.

Condition 3: Participants are presented with a sheet containing written colour words that are printed in a different coloured
ink. Participants are required to name the ink colour each word is written in as quickly as they can without making any
mistakes.

Wisconsin Card Sorting

(Heaton et al., 1993)

Participants are presented with four upward facing cards that contain different coloured shapes. They are provided with a
deck of similar cards and asked to match their deck of cards to each of the four cards according to a secret rule that they

Task need to guess. They are told by the examiner if the rule they have chosen is correct or incorrect, and they are to continue
to match their cards according to the correct rule. After six consecutive correct responses the rule changes and they
should match the cards according to a new rule.
1-back: Participants are presented with a series of shapes or letters. Participants must respond if the stimuli they see is
the same as the one that came before it.
N-Back task (Kane et al., 2007)

2-back: Participants are presented with a series of shapes or letters. Participants must respond if the stimuli they see is
the same as the one that came two before it.
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Social cognition

Facial Emotion
Recognition test - revised

(Ekman, 1976)

Participants are presented with a series of faces displaying different emotions, as well as a list of emotion words written
along the bottom of the page (Happiness, Surprise, Fear, Neutral, Disgust, Anger). They are required to read loud the
emotion word they feel matches with the facial expression pictured.

Reading the Mind in the
Eyes test - revised

(Baron-Cohen et al.,
2001)

Participants are presented with a picture displaying only the eye region of a face surrounded by four emotion words (e.g.,
contemplative, friendly). They are required to read aloud the word they think matches with the expression of the eyes.

Semantic knowledge

Modified Camel and
Cactus test

(Moore et al., 2020)

Participants are presented with 5 different images, 1 at the top of the page and 4 at the bottom. They are required to
choose which of the 4 images at the bottom is semantically linked with the image at the top.

Visuospatial processing

Benton Judgement of
Line Orientation i short
form

(Benton et al., 1978)

Participants are presented with a diagram of angled lines arrange in a semicircle, with each line numbered from 1-11.
Participants are required to choose the correct numbers from the diagram that match the exact angle and orientation to a
pair of lines presented above. Both humbers that match the orientation of the lines must be correct for the overall trial to

be considered correct.

Calculation

Graded Difficulty
Arithmetic test

(Jackson &
Warrington, 1986)

Participants are asked to provide the answer to a series of sums, which start relatively easy and get progressively harder.
Sums are presented orally, and they have 10 seconds to answer the question without writing the sum down.




2.4.2 Ignite

2.4.2.1 Procedure

The Ignite app consists of 12 separate tasks, described in detail below, which
aim to tap into several elements of executive function, social cognition,
calculation, visuospatial skills, and semantic knowledge (Moore, Convery, &
Rohrer, 2022). Tests were included to tap into cognitive domains known to be
affected in FTD, particularly presymptomatically. Ignite is mainly comprised of
computerised versions of the tasks described above, but novel tests are also
included. The tests are self-administered in a predetermined order and take
on average between 25-30 minutes to complete (see Table 2-2 for a
description of Ignite tests and Figure 2-2 for a visual example of each test).
Ignite was designed to be a self-assessment and can therefore be completed
unsupervised either in a research clinic or at home. To aid self-assessment,
detailed instructions are presented at the beginning of each test accompanied
by example videos demonstrating how the task should be completed.
Individuals are told in the instructions to watch the videos as many times as
they deem necessary to ensure they understand the task before beginning. A
short summary of the task is also present at the top of the screen during the
test to prompt individuals of the instruction if needed. No feedback is provided
to users on their performance, and at the end of the assessment, the data is
uploaded to the server, which requires an active internet connection. The app
is only compatible with Apple iPads (any model) and is available for anyone to

download for free from the App Store.

2.4.2.2 Executive function tests

Colour Mix

This test includes four levels adapted from the traditional D-KEFS Colour Word
Il nt erference(Ddis$200lp o ucs ithgs kK i ve col our wor
Agreeno, Apurpl eo, and Ayell owo) . The f
processing speed where participants have 30s to complete as many trials as
possible (with a maximum of 50 possible trials). In Level 1, participants are
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required to match written colour words to the colour of a target circle presented
above and in Level 2 participants are asked to match the written colour words
with another written colour word presented above. The next two levels
measure inhibitory control, and in these tasks, participants have 60s to
complete as many trials as possible (with a maximum of 50 possible trials). In
Level 3 participants are presented with a colour word written in a different
coloured ink and they are required to choose the written colour word that
matches with the ink colour. In Level 4, participants are presented with a colour
word written in a different coloured ink. They are required to complete the task
as in Level 3, unless a black border appears around the word in which case,

they should match the written word rather than the ink colour.
Swipe Out

This task is an adaptation of the Eriksen Flanker task (Eriksen & Eriksen,
1974), another measure of inhibitory control. Participants are presented with a
series of arrows facing a given direction (up, down, left, or right). Participants

are required to swipe on the screen, in the same direction as the central arrow.

I n some trials, the arrows surrounding or

the same direction (known as congruent trials) and in other the flanking arrows
are facing a different direction (incongruent trials). In this task, participants
have 60s to complete as many trials as possible (with a maximum of 40

possible trials).
Card Sort

This task is a variation of the traditional Wisconsin Card Sorting Task (Heaton
etal.,1993)and i s a measure of esohgnfittiinwged
task, five cards containing different coloured shapes are presented, with one
central card and a card presented in each corner of the screen. Participants
are required to drag and match the central card to one of the four corner cards
according to a secret rule that they need to guess (i.e., COLOUR, SHAPE, or
NUMBER). Participants are informed if the rule they have chosen is correct or
incorrect, and they are required to continue matching the cards according to
70
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the correct rule. After six consecutive correct rules, participants are informed
that the rule has changed, and they must match the cards according to a
di fferent rule. Performance on thiitg t ask
to flexibly respond and alter their response to feedback provided when the rule

changes. Participants have 90s to sort as many cards as possible.
Path Finder

Path Finder Levels 1 and 2 are adaptations of the Trail Making Test Part A and
Part B (Tombaugh, 2004), respectively. Path Finder Level 1 is a measure of
attention and processing speed, and similar to the traditional pen and paper
version, presents participants with a sequence of numbers (1-19) enclosed
inside circles. However, in thistask, par t i ci pants are given 6
one number to the next in sequence, as quickly as possible. Path Finder Level
2 is a measure of cognitive flexibility as participants are presented with both
numbers and letters and are required to alternate tapping between them in
sequence (e.g., 1-A-2-B). Participants have 90s to complete this level of the
task as quickly as possible. For both levels, if the number/letter they have
tapped is correct in the sequence, the circle will appear green, however, if they

tap the incorrect number/letter the circle will turn red.
Think Back

There are two levels to this adaption of the classic N-back task: Think Back
Level 1 (1-back task) and Think Back Level 2 (2-back task) (Kirchner, 1958).

In Think Back Level 1, participants are presented with a series of different

coloured shapes one at a ti me. Participa
ANoOO to the question: ADoes this shape E
before it?0. I n Level 2, pamslapecheysaent s mu

exactly matches the shape that came two before it. Think Back Level 1 is a
measure of processing speed whereas Level 2 is intended to place a greater
demand on working memory. Participants have 60s to complete as many trials

as possible (with a maximum of 72 trials for both levels).
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Balloon Fair

This task measures decision-ma ki ng -bakifingsekbehavi our anc
from the Balloon Analogue Risk Task (Lejuez et al., 2008). Here, participants
are presented with a simulated balloon and pump, where they must tap on the
pump to inflate the balloon. With each inflation of the balloon, money is
accumulated in a temporary bank. The aim of this task is to earn the most
amount of money possible, by cashieactg i n t
Ad button before the balloon bursts at a
the balloon bursts, any money accrued in the temporary bank is lost. Different
coloured balloons (green, yellow, and blue) have different values (£5, £10, and
£50, respectively) with the predetermined popping point set lower for higher
value balloons. Participants have 90s to complete this task and earn as much

money as possible.
Time Tap

This is a cognitive timing task adapted from a test described by Henley et al.
(2014). In this version, a circle is presented on the screen that pulsates and
generates a tone at 1500ms intervals. Participants are required to tap in time
with the pulsating circle using a second circle presented below for 30s. After
30s the pulsating circle disappears, and participants must continue tapping
their circle maintaining the same tempo for a further 30s. Cognitive timing is a
concept thought to underlie many different processes, and likely relies on

elements of working memory and inhibitory control.

2.4.2.3 Social cognition tests

Face Match

This task is designed to measure the recognition of universal emotions.
Participants are presented with an emotion word (happiness, surprise, anger,
fear, disgust, or sadness) alongside nine faces (five of which are displaying
the target emotion). Participants are required to tap all the faces that match

the target word as quickly as possible within 10s. If participants do not select
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5 faces within the 10s period, then the task will automatically move on to the

next trial. There are six trials in total, meaning the whole task takes 60s.
Mind Reading

This is a variation of the revised Reading the Mind in the Eyes test (Baron-
Cohen et al., 2001), measuring complex emotion processing. In this version, a
target emotion word is presented in the middle of the screen surrounded by
four images, one in each corner, that display only the eye region of a face. The
emotion words presented are complex (e.g., reflective, suspicious, worried,
interested, contemplative), and participants must select the pair of eyes that
display the target emotion. This task is more difficult than the simple emotion
recognition task as not only are the emotions more complex (i.e.,
contemplative vs happy) but the correct emotion must be identified from a
restricted view of the face (i.e., the eyes region only vs the whole face).

Participants have 90s to complete 20 trials.

2.4.2.4 Calculation tests

Sum Up

This is an arithmetic task, where participants are required to select the correct
answer to a series of sums from a choice of four possible answers. The sums
include additions, subtractions, multiplications, and divisions. Participants
have 60s to complete as many sums as possible (from a maximum of 48, 12

of each type).
2.4.2.5 Visuospatial tests

Line Judge
This task is adapted from the short forms of the Benton Line Orientation task
and is a standard measure of visuospatial skills (Qualls et al., 2000). Here
participants are presented with a diagram of angled lines arranged in a

semicircle, with each line numbered from 1-11. Participants are required to

choose the correct numbers from the diagram that match the exact angle and
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orientation to a pair of lines presented above. Both numbers that match the
orientation of the lines must be correct for the overall trial to be considered
correct. Participants have 90s to complete as many trials as possible (from a

maximum of 30).

2.4.2.6 Semantic knowledge tests

Picture Pair

This is a computerised version of the modified Camel and Cactus test
measuring semantic knowledge through picture association. Participants are
presented with five images, one target image at the top of the page, and four
response options at the bottom. Participants are required to select the image
from one of the four options that matches the best with the target image. For
example, in one trial, the target image is a basket, and the four response
options are: eggs, pasta, burger, or ice cream. In this scenario the eggs are
the option that are semantically linked with the basket. Participants have 120s

to complete the 25 items.
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o Cognitive Time to
) Traditional ) o Number of
Ignite test domain Description ) complete
test . trials
(subdomain) (s)
. N-back (1 . Participants must indicate whether a shape presented exactly matches
Think Back (Level 1) back) Processing speed (including colour) the shape that preceded it. 2 60
. N-back (2 Executive function Participants must indicate whether a shape presented exactly matches
Think Back (Level 2) back) (Working memory) (including colour) the shape that came two before it. 2 60
. D-KEFS - . Participants are required to tap the name of a colour that matches the colour
Colour Mix (Level 1) Colour Processing speed - 50 30
Nami of a circle.
aming
. D-KEFS - . Participants are required to match the name of a colour that matches a
Colour Mix (Level 2) Word Processing speed 50 30
. colour word.
Reading
D-KEES - Executive function Participants are presented with a colour word written in different coloured
Colour Mix (Level 3) . o ink. They are required to choose the name of the colour that matches the 50 60
Inhibition (Inhibitory control) )
colour of the ink.
Executive function Participants are presented with a colour word written in different coloured
D-KEFS - (Inhibitor ink. They are required to complete the task as in Level 3, unless a black
Colour Mix (Level 4) | Inhibition/Swi y - hey q piete the & ’ 50 60
tching contrqI/Set- border appears argund the word in which case, they should match the
shifting) written word rather than the ink colour.
Path Finder (Level 1) Trail Making Processing speed Participants are required to tap from one number to the next in sequential 19 90
Test Part A order.
. Trail Making | Executive function Participants are required to alternate between tapping from numbers to
Path Finder (Level 2) Test Part B (Set-shifting) letters in sequence (i.e., 1, A, 2, B). 19 90
. . Participants are presented with four cards, one in each corner of the screen,
Wisconsin . . X A . -
. Executive function and one card in the middle. They are required to match the card in the
Card Sort Card Sorting s . : 48 90
(Set-shifting) middle to one of the four cards according to a secret rule (e.g., Colour,
Task
Shape or Number).
Swipe Out Eriksen Executive function | participants are presented with arrows pointing in a given direction. They 40 60

Flanker task

(Inhibitory control)

are required to swipe on the screen, in the direction of the central arrow.
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Flanking arrows are either facing in the same (congruent) or different
(incongruent) direction.

Participants are required to tap in time with a circle that pulses at regular

Time Tap _C:qgnltlve Execut_l\_/e fL!nC_tIOI’l intervals. After 30s the circle disappears, and the participant must continue 40 60
timing task (Cognitive timing) .
tapping at the same tempo.
Balloon . . Participants are required to pump a balloon to win money. The more the
. Executive function g - . i
Balloon Fair Analogue (Decision making) balloon is inflated the more money there is available to collect, however, if 50 90
Risk Task 9 the balloon is pumped too much it can burst.
Ekman 60 - Participants are required to tap the faces displaying a target emotion that
Face Match Social cognition match a word written at the top of the screen (e.g., Happy, Surprise, Anger, 30 60
Faces Test .
Fear, Sadness, Disgust).
Reading the Participants are required to tap the pair of eyes (from four options) that
Mind Reading Mind in the Social cognition match a target emotion written at the top of the screen (e.g., reflective, 20 90
Eyes task contemplative).
. . Modified Semantic Participants are required to select an image (from four options) that best
Picture Pair Camel and ; . 25 120
Knowledge matches with a target image.
Cactus Test
Benton
Line Judge Judge_ment Visuospatial skills Participants are required to selec_t two lines that match with the orientation of 30 90
of Line two target lines presented above.
Orientation
Graded - . .
Difficulty . . Pgrtl(:lpants are rngred to .select thg correct answer (from.fo.ur qptlons) to
Sum Up Arithmetic Arithmetic different calculations including additions, subtractions, multiplications, and 48 60
Test divisions.

Table 2-2: Ignite tests with corresponding traditional pen and paper tasks, the cognitive (subdomain) measured, a description of the task, the number

of trials included, and the time taken to complete each test.
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Figure 2-2: Tasks in the Ignite battery: top left Colour Mix, top middle Swipe Out, top right
Card Sort, 2" row left Path Finder, 2" row middle Think Back, 2" row right Balloon Fair,
34 row left Time Tap, 3" row middle Face Match, 3 row right Mind Reading, bottom left

Picture Pair, bottom middle Sum Up, bottom right Line Judge.
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2.4.2.7 Outcome measures

The outcome measures below were generated for the Ignite tests after
considering: 1) the raw data output, and 2) the outcome measures used in
traditional pen and paper tasks. Where possible, outcome measures that
closely resemble the versions generated from traditional tasks were used (i.e.,
completion time in the Path Finder/Trail Making tests) to allow for direct
comparisons with established tests of cognitive function. However, a major
advantage of computerised cognitive testing is the ability to capture high-
frequency data, such as reaction times, that cannot be measured with
traditional pen and paper tasks. Therefore, speed of response was also
calculated, as well as conventional summary metrics of accuracy. See Table
2-3 for a description of the outcome measures calculated for each test in the
Ignite app.

Colour Mix, Think Back, Mind Reading, Face Match, Sum Up, Picture

Pair, and Line Judgement
Speed

Average reaction time (s): Calculated by averaging the time taken in seconds
to respond and select each stimulus across the total number of trials completed

in each of these tasks.
Accuracy

The total number of correct trials completed was used as a measure of
accuracy. The total number of correct trials was chosen over a percentage, as
this was deemed a more appropriate indicator of performance. Unlike
traditional psychology tasks, where there is often an unlimited amount of time
to complete a set number of items, Ignite was designed with shorter completion
times for tests, and therefore participants are likely to complete a different
number of trials in the allotted time. Therefore, the percentage of correct trials

could potentially inflate performance if participants only complete a small
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number of trials. On the other hand, the total number of correct items

completed better reflects the level of performance on the task.

Total correct: Calculated by totalling the number of correct trials of those

completed.
Speed-accuracy trade-off score

A speed-accuracy trade-off (SAT) score was calculated to account for the
complex relationship between the speed of response and the number of
correct items. The SAT hypothesis notes there is a linear relationship between
speed and log odds in favour of a correct response (Pew, 1969). It has been
suggested that a SAT function provides a
information processing dynamics than is obtained by isolated reaction time or
accuracy measurements (Chignell et al., 2014; Pew, 1969). However, there
does not appear to be a standardised approach in creating an overall
performance measure that accounts for both speed and accuracy. Here, a
simple efficiency score was adopted (Patai et al., 2019) meaning participants
that are accurate and quick obtain a higher score than those that are both slow

and inaccurate.

SAT score: the total number of correct items completed divided by the average

reaction time in seconds.
Swipe Out

In traditional versions of this task, longer choice reaction times for incongruent
conditions have been attributed to perceptual interference increasing the
demands on information processing (Eriksen & Eriksen, 1974; Sanders &
Lamers, 2002; Smid, Lamain, Hogeboom, Mulder, & Mulder, 1991). In other
words, response times are slower because it takes longer to recognise the
target when the flanking stimuli are dissimilar. Therefore, a flanker effect is
calculated from the average response time of the incongruent condition minus
the response time of the congruent condition to provide a measure of

interference, and thus the greater the flanker effect the greater the impairment.
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The average reaction time on this task was also analysed as an outcome

measure of interest.

Flanker effect (ms): calculated by subtracting the average reaction time of
trials where the flanking arrows are congruent (same direction as central
arrow) from the average reaction time of trials where the flanking arrows are

incongruent (different direction to central arrow).
Card Sort

Studies using traditional versions of this task (Barcelé & Knight, 2002; Takeda
etal., 2010) can distinguish between non-perseverative errors (i.e., due to trial-
and-error or inattention) from perseverative errors (i.e., inability to adapt and
choose a different rule despite feedback) that more likely reflect deficits in set-
shifting. However, it was not possible to differentiate between perseverative
and non-perseverative errors in the Ignite data due to the structure of the raw
data output. Although the total number of errors could have been used, it would
not indicate deficits in set-shifting alone thus reducing the relative importance
of this measure. Perseverative errors are regarded as the main indicator of
frontal dysfunction, however the number of categories achieved is often used

as an equivalent measure (Barcel6 & Knight, 2002; Heaton et al., 1993).

The number of correct categories achieved: (out of a possible total of six)
was calculated. A category can only be completed when six consecutive

correct rules have been provided.
Time Tap

Cognitive timing measures were generated based on the Wing and
Kristofferson (1973) model of motor response timing, which proposes that the
variance in finger tapping is determined
delay. The clock represents a cognitive internal timekeeper which provides the
trigger to initiate a given response or tap, whereas the motor delay is the time
between the clock trigger and the response. These systems are thought to be

independent processes and vary between responses. Another assumption of
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the Wing and Kristofferson (1973) model is that although each inter-response
interval (IRI) is determined by only the clock for that response it is also
determined by the motor delay of that response plus the preceding response.

This dependency of the motor delay on the previous response imposes a

negative correlation between consecut:i

followed by a long IRI or vice versa.

Both the clock and motor delay values are calculated from the estimated
variance output from an autoregressive model allowing for the correlation of a
variable with its past and future values. The Prais-Winsten method was
adopted, which iterates over different values of the autocorrelation coefficient
to find one that minimises the sum of squared errors (Becketti, 2013). This
method has been suggested to be the best of the feasible estimators of
regression models with first-order correlated errors (Becketti, 2013.; Park &
Mitchell, 1980; Zubair & Adenomon, 2021). The Prais model was fitted to
model inter-response interval for each condition (paced and self-paced) for
each participant. To allow for relatively complex drifts in IRI, quadratic terms
were fitted for stimulus number for paced and self-paced conditions (Collier &

Ogden, 2004). For both conditions, the first two taps were removed to eliminate

atypical early responses and | RI 6s

deviations from the predicted value of the model were also excluded since
these were thought to be due to measurement error (i.e., missed, or accidental
double taps). Clock variance and absolute drift were used as the outcome
measures of interest as previous research demonstrated the greatest
differences in these measures between bvFTD and controls (Henley et al.,
2014), whereas a measure of motor delay was considered less important for

cognitive impairment in FTD.

Clock variance (C): Calculated from the Prais model estimation of the residual
variance (G0) and covariance between consecutive residuals (G1), as follows:
C=G0 + 2*G1
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Absolute drift: Calculated as the difference in the first and last tap from the
modelled IRI regardless of the direction, to provide a measure of the magnitude
of the drift.

Balloon Fair

Successful performance on this task requires the participant to inflate the
balloon enough so they will accumulate the most amount of money, but not so
much that the balloon will burst, and they will lose the money they have earned.
The total amount of money earned therefore reflects the participants ability to
develop a successful strategy for completing the task, with higher scores

indicating better decision-making skills.

The total amount of money earned: The total amount of money accrued in
the bank at the end of the task, accounting for any incurred losses by burst

balloons.
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Table 2-3: Outcome measures for each Ignite test and a description of how these are

derived. SAT= speed-accuracy trade-off score

Ignite Test

Outcome Measures

Description

Colour Mix (L1-L4), Think
Back (L1-L2), Mind
Reading, Face Match, Sum
Up, Picture Pair, Line
Judge

Average reaction time (s)

The time taken in seconds to
respond and select an
answer in each trial (reaction
time) summed and then
divided by the number of
trials completed

Total correct

Total number of correct trials

SAT score

The average reaction time in
seconds divided by the total
number of correct trials

Path Finder L1-L2

Completion time (s)

The total time taken to tap
the stimuli in the correct
sequence and finish the test

Swipe out

Flanker effect (ms)

The average reaction time
for incongruent trials minus
the average reaction time for
congruent trials

Average reaction time (s)

The time taken in seconds to
swipe in the direction of the
central arrow in each trial
summed and then divided by
the number of trials
completed

Card sort

Number of categories completed

The total number of
categories completed
(categories are completed
by providing the correct
"RULE" for six consecutive
responses)

Balloon Fair

Total won

The total amount of money
won at the end of the test

Time Tap

Clock variance (ms?)

Output from the Prais model,
calculated from the variance
of the response interval (GO)
and the lag 1 covariance
(G1). Clock variance = GO +
2*G1l

Absolute drift (ms)

The absolute difference (ms)
between the first and last tap
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2.5.1 Eye tracking

Eye tracking as a method is frequently described in this thesis, and two
different eye tracking experiments are tested. As such, here | describe the
underlying mechanism, common procedures, and eye movement metrics

output from the eye tracking experiments.

2.5.1.1 Mechanism

Eye trackers consist of cameras, illuminators, and algorithms. As a simple
concept, eye tracking works by illuminating and capturing an image of the eye.
The eye tracker produces near-infrared light, which is reflected in the
participant® eyes. A high-resolution camera then captures images of the eyes
and identifies the pupil centre and measures the reflection of the infrared light
on the cornea. The pupil position and corneal reflection are used to calculate

the participants gaze position on the screen.

2.5.1.2 Calibration and drift correct procedure

A calibration procedure is administered at the start of every eye tracking
experiment and is the process by which geometric characteristics of a
participantodos eyes are used to esti
For the calibration procedure, participants must focus their gaze at the centre
of a target circle (0.5 of visual angle) that appears at multiple locations. They
are told to Afollow the dot <cl osel
collected is then mapped to the specific target locations providing a precision
and accuracy estimate of the calibration. The procedure can be repeated
during the experiment either at the start of each test or in-between trials if the
participant needs a break from testing of if they have significantly altered their
position. A fAslipo in the faadampkerfahe
participant's glasses slip or if they move the position of their head a small
amount, which results in their gaze position being slightly off-target. A drift
correct procedure can be conducted during the experiment between each
individual trial to account for this. The participant simply needs to focus on the

same target circle used in the calibration which is presented in the centre of
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the screen. When the experimenter feels the participant is looking at the target,
they can start the experiment or move on to the next trial. If there are large

discrepancies a re-calibration can be conducted

2.5.1.3 Sampling rates and gaze samples

The proportion of eye movements recorded

is calculated and reported in the eye tracking software and is determined by
the sampling rate of the camera, measured in Hertz (Hz). The percentage of
gaze samples is calculated by dividing the number of correctly identified eye
tracking samples by the theoretical maximum. For example, if the system has
a sampling frequency of 60 Hz, this means it can generate 60 samples per
second, and if 55 samples were collected then this would provide a percentage
gaze sample of 91.7%. A gaze sample of 100% is rare, as data is inevitably
lost due to blinking or participants briefly looking away from the display screen.
It is thought that blinking accounts for 5-10% of data loss, and therefore, a

gaze sample of 90-95% is within the normal range.

2.5.1.4 Eye movement metrics

Different data metrics can be exported from eye tracking software including
areas of interest or interval-based metrics. Areas of interest (AOIs) allow a
boundary to be drawn around an eye tracking stimulus and the software then
calculates desired metrics within the boundary. They are often generated for
behavioural eye tracking tasks as a measure of general looking behaviour in
relation to an object of interest. For example, if you want to measure how long
a participant spends looking at one object on the screen versus another. On
the other hand, interval-based metrics obtain detailed measures of eye
movements occurring within a time period, for example, the average fixation
duration in an interval, regardless of what the user specifically looked at. These
types of metrics are used to calculate the relative occurrence of certain actions

and provide more detailed information about fixations and saccades.
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Visits

A visit is an eye tracking measure associated with general looking behaviour
and is sometimes referred t oslotfixdtiorwel | t
and saccade gaze points if these fall within the AOI and is therefore a
behaviour al measure of attention or At

following visit measures are available from AOI-based metrics:

Number: The number of visits that occur during an interval of time specific to

a target AOI.

Duration: Elapsed time between the start of the first fixation in the AOI until

the end of the last fixation in the AOI (entry and exit saccades excluded).
Fixations

Fixations refer to a period of time where gaze is relatively still, holding the
central foveal vision in place so the visual system can take in detailed
information. In eye tracking, fixations are a sequence of raw gaze points, where
the velocity is below a certain threshold (e.g.,<30 /s). Eye tracking software
can determine at which point fixations occur in time, and their duration, using
start and endpoint timestamps and spatial coordinates can be used to
calculate the fixation location on the screen. The following fixation measures

are available from both AOI- and interval-based metrics:

Number: Number of fixations that occur during an interval of time, and/or in a
target AOI.

Duration: Elapsed time between the first gaze point and the last gaze point in

the sequence of gaze points that makes up the fixation.

Time to first fixation: Elapsed time between an interval start event until the

first fixation occurs in interval and/or in target AOI.
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Saccades

Saccades are the rapid movement of the fovea from one point to another, or
the movement of the eyes between two fixations. The movement starts with
an initial fast acceleration until this reaches peak velocity, where it then starts
to decelerate until the eye reaches the target location. In eye tracking, a
saccade is a sequence of raw gaze points that lie above a certain threshold
(e.g., >30 /s). Like fixations, the start, endpoints, and timestamps, of the
multiple gaze points can be used to measure the timing and duration of each
saccade. The location of a saccade is calculated using two sets of spatial
coordinates, the start location, which corresponds to the location of the
centroid of the preceding fixation, and an end location that corresponds to the
centroid of the following fixation. In between the two locations, it is also
possible to check the velocity associated with each gaze point and calculate
the point in which the velocity reached the highest value (peak velocity). The

following saccade measures are available from interval-based metrics:
Number: Number of saccades that occur during an interval of time.
Peak velocity: Highest velocity measured during the saccade.

Amplitude: Distance between the centroid of the preceding and the centroid

of the following fixation.

Direction: Absolute angle between a straight line from a saccade start to end
and a straight line from saccade start along the horizontal axis of the screen

(using the unit circle coordinate system).

Latency: The duration of the period between the start of the time of interest

and the first saccade.

87



2.6 Statistical analysis

All statistical analysis in this thesis was performed using Stata MP (version
16.1) for Mac (64-bit Intel). Normality for all outcome measures was assessed
through the visualisation of histograms and confirmed with p-values from
Shapiro Wilk tests (i.e., p-values >0.05 indicate normality). Normal data is
evenly distributed around the mean, with an equal distribution above and
below the mean score, and therefore parametric tests were used. If the data
exhibits a skewed distribution (either positive or negative) and is not-normal,
then non-parametric tests were chosen, or the data was transformed prior to

analysis.

2.6.1 Demographics

To look for differences between presymptomatic groups for demographic
continuous variables such as age and education, t-tests were conducted when
the data was normal, and Mann Whitney U tests when the measures did not
have a normal distribution. For categorical data such as sex, a chi-squared test

was used to compare between groups.

2.6.2 Correlations

In Chapter 3, partial correlations were conducted. This method was chosen to
examine the effects of demographic variables on outcome measures whilst
removing the effects of the other demographic variables. For example, to look
at the effect of age on a particular outcome measure whilst controlling for sex

and education level.

A two-tailed correlation analysis was conducted in Chapter 4 and Chapter 7 as
the aim of these chapters was to assess the strength of the relationship
between digital outcome measures and their gold-standard counterparts to
measure concurrent validity. Here, Pearson correlations were conducted for
outcome measures with a normal dist ri buti on, a iRank
correlations were performed for non-normal measures as a non-parametric
alternative, with coefficients and p-values computed.
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An intraclass correlation analysis is also reported in Chapter 4 to assess test-
retest reliability in the Ignite assessment. In the majority of test-retest reliability
studies Pearson correlation correlations have been used (Bruton 2000, Brown
et al., 1962). However, intraclass correlations (ICCs) are better measures of
reliability as they incorporate both a degree of correlation and agreement
between measures (Koo et al., 2016). ICCs are calculated by mean squares
obtained through analysis of variance (ANOVA) and reflect the variation in
measurements taken by an instrument on the same subject under the same
condition. A two-way mixed effects model was used with consistency of
agreement. Consistency of agreement (CA-ICC) was reported over absolute
agreement (AA-ICC) as this model allows for a systematic difference between
timepoints, whereas absolute agreement assumes the scores should be the
same (Koo & Li, 2016). Consistency of agreement was chosen, as it was
expected that performance may differ upon repeated assessment due to

familiarity, and this method allows for this difference.

2.6.3 Linear regressions

The analysis in Chapter 5 uses linear regression. This method was chosen as
it examines the relationship between the dependent variable and one or more
predictor variables. This was therefore suitable as the aim was to examine the
effect genetic mutation type had on each of the Ignite outcome measures.
However, some of the variables were not normally distributed as visualised by
the histogram and confirmed with the Shapiro-Wilk test, so bootstrapping was
used to calculate the confidence intervals. Normal approximation of 95%
confidence intervals were calculated from 2000 bootstrap repetitions, sampling

with a replacement from the individuals included in each analysis.

This provides valid confidence intervals even when the assumptions of
normality are not met. After each linear regression, post-hoc pairwise
comparisons of marginal linear predications were used to compare the non-
carriers with the presymptomatic mutation carriers separated by the three
mutations. This calculates post-estimations from the most recently fit model to

assess interactions between the different independent and dependent
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variables, across all possible combinations. A predicted difference score is

produced along with p-values and confidence intervals.

2.6.4 Linear mixed models

In Chapter 8, a linear mixed model (LMM) was carried out to analyse the data.
This method was chosen over a linear regression as there were repeated
measures on each participant. A LMM allows the correlation between scores
on trials completed by the same participant to be taken into account and uses
both fixed and random effects. Fixed effects are assumed to have the same
impact on each observation (e.g., genetic status, or age), whereas random
effects are factors that are assumed to follow a distribution and can be used to
allow for clustering in the data. In this analysis, genetic status (mutation carrier
or non-carrier) was included as a fixed effect and participant and trial number
were included as clusters in the analysis. Bootstrapping was also included as
described above, and post-hoc pairwise comparisons were used to compare
presymptomatic mutation carriers (separated by genetic group) and non-

carriers.

2.7 COVID-19

| started this PhD in September 2019, approximately 5 months before the start
of the COVID-19 global pandemic. As a result, a large portion of this work took
place during the COVID-19 lockdowns, which had a significant impact on my
timeline. The ethics applications | submitted were delayed in being approved
due to the prioritising of COVID related research projects. This delayed the
start of my research studies, even my online ones, and subsequently
influenced my data collection timeline. It was a long time before | was able to
conduct obsertorfad d o arl e Sid @@ieAD21s whicldwere
initially required to be conducted in line with the DRC COVID-19 standard
operating procedures. This required participants to submit negative lateral flow
tests before attending a research visit, a temperature check to be taken at the
door, face masks to be worn at all times whilst in the building, and all

equipment including pens, psychology stimuli, and devices, to be sanitised
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before and after use. In addition, only two participants were allowed to be seen
at a given time across the research studies at the DRC, to reduce the amount
of contact made with people. As a result, recruiting participants to the studies,
coordinating research visits, and testing individuals was extremely difficult
under the circumstances, and took a long time. The majority of the work
presented in this thesis was conducted either during or following the COVID-
19 lockdowns, and the unique challenges that arose due to these strange

circumstances will be discussed throughout.
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Chapter 3. Normative properties and construct
validity of Ignite: a computerised assessment for
FTD

3.1 Chapter overview

The first data chapter in this thesis describes the Ignite computerised
assessment, designed to detect presymptomatic cognitive impairment in FTD,
and the initial steps in the validation of the app in a population of healthy
controls. The first version of Ignite was created in 2018, but initial piloting
revealed important changes needed to be made. As a result, Ignite underwent
further development at the beginning of 2020, where improvements were
made to the app, and changes were conducted to allow the assessment to be
completed remotely. Ignite could then be tested in healthy controls through an
online remote data collection study, with the aim of developing normative
properties for the tests from the general population. The goal was to also
investigate the construct validity of Ignite, to provide supporting data that the

tests are measuring the expected cognitive domains.
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3.2 Introduction

There are a number of commercially available apps developed for the
detection of early cognitive impairment in AD. These include brief screening
tools such as the Brain Health Assessment (Possin et al., 2018), as well as
longer test batteries such as the Computerised Composite for Preclinical
Al zhei mer 0 s -PBD),slasignedas gnEXploratory endpointin clinical
trials (Papp et al., 2021). These tests have demonstrated high sensitivity in
detecting MCI and correlate with established AD biomarkers, such as amyloid
burden detected through PET imaging (Bischof et al., 2016; Papp et al., 2021;
Snitz et al., 2020). As expected, these assessments along with many others,
are heavily weighted towards testing episodic memory and are therefore not
particularly useful in detecting early cognitive impairment in FTD. As discussed
in Chapter 1, there is a need for sensitive measures that can be used to detect
early cognitive impairment and for disease progression monitoring in FTD
clinical trials. The increasing need for tools that can detect early cognitive
deficits, coupled with the widespread adoption of smart devices in the general
population, means computerised cognitive assessments are well positioned
for an important role in this field, though currently these are in short supply. In
fact, to date, there are no validated computerised cognitive assessments
available for FTD.

This chapter describes a computerised cognitive battery, called Ignite,
designed for the detection of presymptomatic cognitive impairment in FTD.
The app was developed to be exclusively compatible with Apple iPad tablets,
as opposed to smartphones, due to the benefits that a larger screen affords in
adapting and administering cognitive tasks (see section 1.3.1.3). Ignite
includes 12 unique tests, that are mainly adapted from traditional pen and
paper neuropsychology tasks, however the
tests included. The tasks adapted from traditional pen and paper tests, were
modified to shorten the allowed completion time, whilst a clock at the top of the
screen allows individuals to monitor the time they have left to complete each

test. The app was designed in this way to increase the cognitive demands
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placed on the user and therefore increase the sensitivity to detect impairment.
To encourage participant engagement, Ignite was designed to be completed

in under 30 minutes.

Tests were chosen based on impairments in cognitive domains that have been
frequently reported in patients with FTD, with the goal of measuring these
deficits presymptomatically. For example, executive dysfunction, including
deficits in inhibitory control, working memory and set-shifting, as well as
impairments in social cognition and semantic knowledge, have frequently been
reported in patients, even prior to the onset of symptoms (Geschwind et al.,
2001; Jiskoot et al., 2016; Moore, Convery, et al., 2020; Rohrer, Nicholas,
Cash, van Swieten, et al., 2015c). Therefore, computerised versions of tasks
tapping into each of these domains were included. Measures of decision-
making and cognitive timing were also incorporated, as there is some evidence
that these domains can also be affected in patients with bvFTD (Henley et al.,
2014; Rahman, Sahakian, Hodges, Rogers, & Robbins, 1999).

Furthermore, although the majority of FTD research focuses on the
involvement of frontal and temporal structures, evidence has shown parietal
lobe atrophy in some forms of FTD, particularly those with GRN mutations and
C9orf72 expansions (Cash et al., 2018; Rohrer, Nicholas, Cash, van Swieten,
et al., 2015c). Studies have highlighted patients are impaired on tests
associated with parietal lobe function, including oral calculation (Halpern et al.,
2003) and visuospatial processing, seen in those with C9orf72 expansions
(Irish et al., 2013; Patel & Sampson, 2015) and GRN mutations (Taghdiri et
al., 2016; Taipa et al.,, 2012). As a result, tests assessing calculation and
visuospatial processing, were also included in Ignite to investigate if
computerised versions of these tasks could detect impairments in these
domains presymptomatically. Adapting well-validated pen and paper tests, that
are known to capture deficits in cognitive domains of interest, onto a digital
device, should theoretically improve the sensitivity of detecting early cognitive

impairment in FTD.
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However, like all psychometric tests, to serve the intended purpose, Ignite
must undergo thorough validation. One study has highlighted that normative
data collected for pen and paper tasks cannot be directly applied to
computerised versions of the same tests (Ruggeri et al., 2016). When a
neuropsychological test, traditionally administered by an examiner, is
translated for computer administration, the patient interface changes and it
becomes an entirely different test (Bauer et al., 2012). Another consideration,
is the ability of neuropsychology tests, including those within Ignite, to measure
multiple cognitive processes. From a clinical perspective, having a test that
taps into multiple domains can be advantageous, as if someone is
experiencing cognitive problems, they are likely to show up on a singular test.
However, the downside is the difficulty in pinpointing exactly which cognitive
faculties are affected (Trevino et al., 2021). For example, the Trail Making Test,
theoretically measures processing speed and executive function, but also taps
into search ability and motor function. Therefore, the total completion time of
this task conflates all these processes into one unitary measure making the
results difficult to interpret. As such, another important step in the validation of
a novel neuropsychology battery is to measure the relationship between the
tests to understand construct validity, or which cognitive domains they are
tapping in to. Therefore, mobile cognitive assessments need to provide
appropriate validity and reliability estimates, including the development of new
normative properties as well as supporting evidence that the tests capture the

expected cognitive domains (Morrison et al., 2015; Ruggeri et al., 2016).

The first pilot version of Ignite was developed at UCL in 2018 prior to this thesis
and piloted in a small number of participants in the GENFI study. It was evident
that some changes needed to be made to the tests as part of this thesis,
including small improvements to the test instructions and example videos
before it could be used as a research tool. The COVID-19 pandemic also
highlighted the importance of remote data collection studies, to allow research
to continue, whilst potentially reaching a larger portion of the population. The
first version of the app could only be completed on a specific iPad device and

a researcher provided a participant with a dedicated code to access the tests.
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Furthermore, once completed the data was stored locally on the device,
meaning it could not be uploaded to a server from a distance. Therefore, also
as part of this thesis, the Ignite app underwent further development to facilitate

remote assessment.
The aims of this project were to:

1) Implement improvements to Ignite and enable the app to be completed
remotely.

2) Administer Ignite in a large population of controls, through a remote data
collection study, to investigate the effects of age, sex, and education on
task performance in each of the Ignite tests.

3) Calculate normative properties for the Ignite tests and subsequently
develop a normative database of scores based on the healthy control
population.

4) Assess construct validity in the Ignite tests to investigate the cognitive

domains captured.
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3.3 Methods

3.3.1 Improvements made to Ignite

The Ignite app underwent further updates for two purposes: 1) to improve the
overall quality of the app and 2) to enable the assessment to be completed
remotely. This incorporated both low- and high-level feature changes, as well
as the addition of a new test into the assessment. The updates were made to
the app with the help of a software company, which took approximately two
months to complete. This consisted of multiple progress meetings with the

software company, and regular beta-testing of the app.

3.3.1.1 Low level feature changes

Through previous pilot testing in a small number of participants with FTD, it
was identified that some of the test instructions were lengthy and complex and
needed to be reworded to produce simplified versions. The example videos
presented before the test were also updated to produce videos that were
clearer and of higher quality. With the idea that the Ignite app could eventually
be translated into different languages and implemented in different countries
across the international GENFI study, three tests that were heavily dependent
on language were also removed from the assessment. For example, a
Aisynonyms énogeld, whew the user was required to choose one of
two words that matched with a target word, as this would be difficult to translate

and apply across different languages.

3.3.1.2 High level feature changes

The previous version of the Ignite app could only be completed on iPad mini
devices, and the user could only access the app if they input a dedicated
password provided by the researcher. After the assessment was completed,
the data was then stored locally on the device requiring the researcher to
connect the iPad to a desktop PC and manually export the data. Therefore,
several changes were made to allow the Ignite app to be completed remotely,

by anyone with an iPad:
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1. The app was made to be compatible with any model of Apple iPad.
2. The password at the beginning of the assessment was removed.
3. Aninformation sheet and consent form were built into the application.

4. A demographics page was included to allow the collection of basic
demographic information such as age, sex, years of education, country

of residence, and the first three letters of the city of birth.

5. A unique 8-digit numeric code generator was built into the app to be

linked to the participant demographic information and test results.

6. A secure server was set-up that the data could be posted to upon
completion of the assessment. The data could then be accessed via a
webpage by UCL researchers, and each test result downloaded in a

Microsoft Excel spreadsheet.

3.3.1.3 Pilot study of semantic knowledge test

Review of the tests in the Ignite battery revealed the lack of any test tapping
into semantic knowledge, a core cognitive deficit found in many patients with
FTD. A modified version of the Camel and Cactus test was therefore added to
the Ignite assessment (Moore, Convery, et al.,, 2020). The test measures
semantic knowledge through picture association, and the aim is to choose an
image (from four possible choices) that matches with a target image presented
at the top of the screen. The test was piloted in a population of 32 healthy
participants (20 females; mean age = 29.5 £ 9.5) with the aim of producing a
shortened, more optimised version of the task. Participants completed the
original assessment (32 items), and the percentage of correct responses was
calculated for each trial to identify trials where participants were scoring at
ceiling level. Participants were also asked after the test to identify any trials
they thought were confusing. Importantly, they were asked not to identify trials
they thought were difficult, but bether
confused. As a result, five trials, where all 32 participants scored at ceiling

were removed. Two additional trials were removed because the items were
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reported by 84% of participants to be confusing. Therefore, the new version of

the modified Camel and Cactus test added to the Ignite app contained 25 trials.

3.3.2 Participants

After the relevant improvements were made, Ignite was able to be completed
remotely and the validation of the app could begin. To generate a normative
dataset for the Ignite tests, a large population of healthy controls aged between
20-80, were needed. These age limits were chosen to generate normative data
for the adult population that spans the typical age of symptom onset in FTD
(Moore et al., 2020). Research aiming to quantify the degree of uncertainty
surrounding the standing of a raw score as a function of the size of the
normative sample has shown that precision improves with the number of
people in the sample. The authors demonstrated that when generating
normative data for cognitive tests, confidence intervals (Cl) narrow across
increasing sample sizes, but eventually plateau above 200 cases (Crawford &
Garthwaite, 2008), see Figure 3-1. For example, the width of the confidence
interval decreases from 5 (Cl=1.753) to 200 cases (Cl=0.278) but does not
decrease much further for 300 cases (CI=0.236). Therefore, it was deemed
that 200 people per decile would be enough to power this normative dataset,

with the objective that this would be split equally between sex.

99



2.0

=
o

Width of the confidence limits
o =
13! o
1 1

0.0 T T T T T |
0 100 200 300 400 500 600

Number of cases

Figure 3-1: Confidence limits calculated using the methods of Crawford and Garthwaite
(2002) on the optimal size for normative samples. Figure adapted from Crawford and
Garthwaite (2008).

To take part, participants were required to meet the following
inclusion/exclusion criteria (displayed in the information sheet in the app):
3.3.2.1 Inclusion criteria
Participant(s):
91 Are adult men or women aged between 20 and 80 (inclusive) at the
time of consent.
Have an Apple iPad device.
Can understand and comply with instructions in English.
3.3.2.2 Exclusion criteria

Participant(s) do not:
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1 Have a clinically significant medical condition that could affect their
safety, preclude evaluation of response, or interfere with the
compliance of study procedures.

1 Have a visual (non-corrected) or physical motor impairment that could
interfere with their ability to use the iPad and/or complete the
assessment.

Have a significant neurological or psychiatric disorder.
Have learning difficulties or dyslexia.

Take any medication that may impact their cognitive performance.

3.3.3 Study design

This project started in August 2020, during the COVID-19 lockdown, and was
therefore designed to be a remote data collection study. Participants were
invited to take part in the study through advertisements, with details provided
on how to download and complete the Ignite app at home. | was therefore not
in direct contact with anybody that took part in this study. The study information
sheet and consent form were built into the app to allow for this anonymous
participation (see section 3.3.1.2). Participants were required to select two
buttons on the first page of the Ignite app to continue and complete the tests:
(1) Al have read and under st ooldagreehoe
take part i n the studyo, wh i ¢ hMy emad
address was provided on the last page of the app so that | could be contacted
in the event that participants wanted to withdraw their data. Data could only be
withdrawn if the participant recorded their 8-digit numeric code, which was
explained in the information sheet and on the page where the code was
presented, though | did not receive any requests for data withdrawal.
Participants were informed that their assessment results would not be fed back
to them, and that the aim of the research was not to detect cognitive
impairment in the general population, but to use healthy control data to develop

a baseline of scores for the tests.
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3.3.4 Recruitment

The study was advertised to the public as the validation of a cognitive app
designed to detect early signs of dementia. The advertisements explained
healthy volunteers aged between 20-80 were needed to download Ignite from
the Apple App Store onto their personal iPad devices and complete the tests
from home. | initially advertised the study across social media (Twitter,
Facebook, and Instagram) including the creation of a video describing Ignite,
and two articles appeared in a national (Daily Express) and local newspaper
(Lancashire Evening Post). | also featured on BBC Radio Lancashire as part
of a segment on Wor | d Al z h e wmerl §ppke Bbaut Ignite and
encouraged people to take part and complete the app. Finally, participants
were recruited through the JDR platform (see section 2.2.2 for more details).
Only participants that met the inclusion/exclusion criteria (described above)

were notified about the study through JDR and invited to complete the app.

3.3.5 Data pre-processing

Results from each participant were downloaded from the Ignite server to be
collated and analysed in Stata/MP (version 16.1). As only one assessment per
participant was required, the demographic information was used to identify
participants that may have completed the app more than once. Age, sex, years
in education, country of residence, and city of birth were used to cross-check
the data and remove any duplicate participants. Furthermore, participants from
countries where English was not the primary language were also removed, to

rule out deviations in performance due to language comprehension.

Participants were grouped into six age bins (20-29, 30-39, 40-49, 50-59, 60-
69, 70-80) and four education bins (0-9, 10-12, 13-16, and >17 years). These
education bins were chosen to reflect standard levels of education in the
United Kingdom (i.e., 10-12 years = A-level equivalent, 13-16 years =
undergraduate degree). For each test in the assessment, the number of trials
completed per person were calculated and averaged across each age bin.

Based on the average number of trials completed by age bin for each test,
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participants were excluded if they completed less than three standard
deviations below the population mean. Three standard deviations were chosen
due to initial analysis revealing that two standard deviations were too stringent,
excluding too many people. This criterion was applied to ensure there were a
sufficient number of trials to analyse for each test and to remove participants

that had not attempted the task properly.
3.3.6 Statistical analysis

3.3.6.1 Outcome measures

Outcome measures were generated for each test within Ignite (see Table 2-2
for Ignite tests and Table 2-3 for outcome measures). For the majority of tests,
including Colour Mix, Think Back, Mind Reading, Face Match, Sum Up, Picture
Pair, and Line Judge, measures of speed (average reaction times), accuracy
(total correct), and a speed-accuracy trade-off score (SAT = total
correct/average reaction time) were calculated. Average reaction times were
also calculated for the Swipe Out task, as well as the flanker effect measure.
The total completion time (in seconds) was calculated for Path Finder Levels
1 and 2. The total number of correct categories achieved was the measure of
interest for the Card Sort task, and the total amount of money won calculated
for Balloon Fair. Finally, clock variance and absolute drift were output from the

autoregressive timing model to assess performance on the Time Tap test.

3.3.6.2 Demographic associations

Normality of the data was assessed using histograms and Shapiro-Wilks tests.
To examine the isolated effects of each demographic variable on the Ignite
outcome measures, partial correlations were conducted. For example, partial
correlations for age were adjusted for years in education and sex, and partial
correlations for education were adjusted for age and sex. Linear regressions
were used to measure differences in performance between sex in each
outcome measure with males as the reference group, and age and education
were included as covariates in the model. For the Card Sort task, as the
outcome measure (number of correct categories) is categorical, a logistic
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regression was used to investigate if age, education, and sex predicted task
performance. Regressions were bootstrapped with 2000 replications for test

outcome measures that were not normally distributed.

3.3.6.3 Generating norms

To produce normative scores by age deciles, education bins, and sex,
adjusted means and 95% confidence intervals were output from linear
regression estimates for each test. To generate a normative score calculator
from the data, multiple linear regressions were run for each Ignite outcome
measure, that adjusted for the demographic predictors of age, sex, and years
in education, concurrently, individually and without covariates, resulting in five
different models per measure. Z-scores were then estimated by subtracting
raw scores from the predicted mean(s) and then dividing this difference score
by the standard deviation of the residuals (root mean squared error term).
Example equations to generate Z-scores adjusted for a) all demographic
variables, b) a single demographic variable (in this case age), and c) with no

adjustment:
a)

= ((raw score i (regression constant + (age co-efficient *
age) + (sex co-efficient * sex) + (education co-efficient *

education)))/ (standard deviation of residuals))
b)

= ((raw score - (regression constant + (age co-efficient *

age)))/ (standard deviation of residuals))

= (raw score T population mean)/ (standard deviation)

To ensure Z-scores were interpretable, outcome measures that were not

normally distributed were transformed prior to analysis. The transformation of

each test was chosen based on which method achieved the best normal
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distribution (i.e., the highest p-value of a Shapiro-Wilk test), and therefore
methods differed between outcome measures. Each transformation method
was incorporated into the relevant Z-score equation to ensure any raw scores
entered were similarly transformed. Example of a log transformation Z-score

equation adjusted for all demographic variables:

= (((log (raw score) i (regression constant + (age co-efficient
* age) + (sex co-efficient * sex) + (education co-efficient *

education)))/ (standard deviation of residuals)))

3.3.6.4 Factor analysis

To understand construct validity, an exploratory factor analysis was performed.
An iterated principal factor method was used to analyse a correlation matrix of
Ignite outcome measure. Only continuous variables were included, excluding
the Card Sort task from this analysis. To select the optimal number of
components, eigenvalues of factors from the observed data were compared,
and values greater than 1 were retained, which resulted in a five-factor
solution. Factor loadings were interpreted using the oblique promax rotation
method. This rotation method was chosen as the outcome measures were not
expected to be independent, and it resulted in the most interpretable factor
solution. A minimum criterion, of a primary loading factor of 0.3 or above, was

applied to each outcome measure (Ford et al., 1986).
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3.4 Results

A total of 2,043 people completed the Ignite app. There were 9 different
countries represented in the dataset, with 95.3% of participants residing in the
United Kingdom and 4.3% from the United States (US). The remaining 0.4%
(N=8) of participants were from countries where English was not the
predominant language and were therefore excluded. The demographic cross-
check revealed 31 participants with identical demographic information to at
least one other participant in the dataset. These individuals were also excluded
based on the possibility these could be duplicate participants, resulting in 39

healthy controls in total being excluded prior to analysis.

Therefore, 2,004 participants were included in this study; see Table 3-1 for
demographic information. Recruitment took approximately 12 months to obtain
the required sample size in each decile (see Figure 3-2). Female participants
accounted for 67.4% of the normative sample. The mean (standard deviation)
age of the population was 55.2 (15.8), and the number of years in education
was 16.1 (4.2).

Table 3-1: Demographic information for the 2,004 participants that completed the Ignite

app by age bin. Sex: M=Male, F=Female, Education represents the mean number of

years.
Age bin 20-29 30-39 40-49 50-59 60-69 70-80
Sex M F M F M F M F M F M F
N 100 100 | 102 101 | 102 131 | 100 | 294 | 125 | 462 | 125 | 262
Education| 14.8 | 15.6 | 16.3 | 17.3 | 16.1 | 184 | 16.2 | 16.2 | 16.1 | 159 | 16,5 | 15.3
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Figure 3-2: Ignite recruitment rates. The graph displays the number of people completing Ignite over the course of 12 months.



3.4.1 Age

A decline in performance with age was observed for 38 out of the 43 Ignite
outcome measures (p<0.01), see Table 3-2. For clarification, positive
correlations for speed outcome measures are reflective of a decline in
performance with age, as higher values indicate slower response times. The
results of this study show significant positive correlations were observed with
age and average reaction times across the tests (r=0.24 to 0.62, p<0.001),
indicating a slowing of reactions times as age increases across the different
tests (see Figure 3-3). This is also demonstrated from the stepwise increase
in average reaction times across the deciles in the age binned normative

scores (see Appendix 1).

Accuracy measures that display a negative correlation with age are reflective
of a decline in performance. Negative correlations were observed with age and
measures of accuracy, including the total number of correct trials (r=-0.12 to -
0.57, p<0.001) and SAT scores (r=-0.25 to -0.58, p<0.001) across all Ignite
tests, as well as the total money earned on the Balloon Fair task (r=-0.36,
p<0.001), see Figure 3-4. The results of the Card Sort task also revealed older

participants achieved fewer correct categories ( b-8:06, p<0.001).

No significant relationship was observed between age and performance on the
Sum Up task for average reaction time (r=0.04, p=0.068), the total number of
correct items (r=-0.02, p=0.313) or the SAT score (r=-0.03, p=0.147). Equally
for the Time Tap task, there was no evidence of an effect of age on absolute
drift for the paced tapping condition (r=0.04, p=0.129), but for the self-paced
condition, absolute drift showed a significant negative correlation (r=-0.06,
p=0.022), indicating an improvement in performance with age, although the

effect size is small.
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Table 3-2: Partial correlations for age and education, and linear regression for sex for

each Ignite outcome measure.r=correlationcoef f i ci ent, b= | inear regr e
with males as the reference group, SAT= speed-accuracy trade-off score. Bold and

italicised values denote significance levels where p<0.001, and bold values indicate

p<0.05.

Cognitive domain and Ignite outcome Age () Education | Sex
e(r
subdomain measures g ) (b)

Path Finder Level 1
Time to complete (s) ‘ 0.50 ‘ -0.07 ‘ -0.50

Colour Mix Level 1

Average reaction time (s) 0.56 -0.02 -0.05
Total correct -0.55 0.02 0.77
SAT score -0.56 0.02 1.07

i Colour Mix Level 2
Processing speed

Average reaction time (s) 0.54 -0.11 -0.02
Total correct -0.54 0.01 0.39
SAT score -0.54 0.01 0.60
Think Back Level 1
Average reaction time (s) 0.43 -0.04 -0.03
Total correct -0.42 0.06 0.20
SAT score -0.43 0.05 -0.29
Path Finder Level 2
Time to complete (s) 0.43 -0.10 -2.30
Set-shifting  ["card Sort (b)
Number of giﬁﬁgfgggg -0.06 0.03 -0.08
Colour Mix Level 3
Average reaction time (s) 0.55 -0.01 -0.56
Total correct -0.54 0.04 1.35
Executive SAT score -0.55 0.04 1.25
function . Colour Mix Level 4
(AN Average reaction time (s) 0.58 -0.04 -0.07
control
Total correct -0.57 0.08 0.59
SAT score -0.58 0.07 0.33
Swipe Out
Flanker effect (ms) 0.06 0.01 31.6
Average reaction time (s) 0.62 -0.07 0.03
Decision Balloon Fair
making Total money won -0.36 0.04 -85.5
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Think Back Level 2
Working Average reaction time (s) 0.24 0.00 0.12
Al Total correct -0.25 0.05 -0.79
SAT score -0.25 0.02 -1.82
Time Tap
- "
Clock variance (ms?): 0.07 0.00 448
paced
- - e -
ngnltlve Clock variance (ms?): self 0.06 -0.03 503
timing paced
Absolute drift (ms?): paced 0.04 -0.02 -5.19
- " -
Absolute drift (ms?): self 0.06 0.00 3.95
paced
Mind Reading
Average reaction time (s) 0.42 0.05 -0.04
Total correct -0.41 0.00 0.55
. . SAT score -0.46 -0.04 0.12
Social cognition
Face Match
Average reaction time (s) 0.48 0.03 -0.09
Total correct -0.41 0.00 0.80
SAT score -0.31 0.02 0.97
Picture Pair
) Average reaction time (s) 0.49 0.03 -0.11
Semantic knowledge
Total correct -0.12 0.06 0.80
SAT score -0.44 0.00 0.97
Line Judge
. . . Average reaction time (s) 0.40 -0.04 0.46
Visuospatial skills
Total correct -0.18 0.12 -1.52
SAT score -0.37 0.10 -0.61
Sum Up
) Average reaction time (s) 0.04 -0.08 0.38
Calculation
Total correct -0.02 0.08 -1.92
SAT score -0.03 0.08 -1.19
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Figure 3-3: Scatterplots displaying the relationship between average reaction time (in seconds) and age on the Ignite tests. r=correlation coefficient.
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3.4.2 Education

A significant association between years in education and performance on the
Ignite tasks was seen for 16 out of the 43 outcome measures (see Table 3-2).
However, it should be noted that the r-values are small, and the significant
associations observed with education and performance are due to the high
power gained from a large sample size. A significant negative correlation
between education and completion time was seen for Path Finder Level 1 (r=-
0.07, p=0.002) and Level 2 (r=-0.10, p<0.001) indicating faster completion
times on these tasks in those with a higher education. Additionally, a positive
correlation was seen for the total number of correct trials (r=0.08, p<0.001) and
the SAT score (r=0.07, p=0.003) on Colour Mix Level 4, again demonstrating
better performance in those with a higher number of years in education. A
positive association between education and performance was also seen for
the total number of correct trials in Think Back Level 1 (r=0.06, p=0.008) and
Level 2 (r=0.05 p=0.039) and the Line Judge task for total correct (r=0.12,
p<0.001) and SAT (r=0.10, p<0.001) outcome measures. There was also
evidence of a significant association between education and performance on

the Sum Up task across all outcome measures (r=0.08, p<0.01).

3.4.3 Sex

Sex differences in the normative population were observed on several tests
with females performing better than males on tasks measuring processing
speed, cognitive flexibility and inhibitory control: Path Finder Level 2 (b=2.30,
p=0.007), Colour Mix Level 1 (all outcome measures: b = 0 .i @.67, p0O0.001)
and Level 3 (b=0.56 1 1.35, pO0.006), although there was evidence that males
performed better on the Swipe Out task (b=31.6, p<0.001). Male participants
also performed higher on executive function tasks measuring working memory
and decision making (Think Back Level 2: b = 0 .11182, pOO .011;

Fair: b = 8 5p<6.001). Females performed better on social cognition tasks,
including Face Match (b=0.09 7 0.97, p<0.001) and Mind Reading (b=0.12 1
0.55, pO0 . 0 W8It males were better at visuospatial processing and
calculation (Line Judgement: b = 0 .1 4.62, p<0.001; SumUp:b =0 .i 3.82,
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p<0.001). However, again in most cases these effect sizes are small, and the
significant sex differences are driven by the high statistical power of the large

sample. See Appendix 1 for sex adjusted means.

3.4.4 Normative calculator

The equations for calculating the Z-scores for each outcome measure were
input in a Microsoft Excel spreadsheet to generate a normative calculator for
raw scores. Percentile ranks were also calculated from the normal distribution
of each Z-score. The calculator provides five corresponding estimated Z-
scores, per Ignite outcome measure, based on predictions from each linear
regression model. Therefore,ani ndi vi dual 6s raw I gnite sc
demographic information are input into the spreadsheet, and Z-scores and
percentile ranks are subsequently generated for each adjustment, displaying
their performance in reference to the normative population (see Figure 3-5 for

example).

3.4.5 Construct validity

The five-factor solution from the factor analysis explained 87.9% of the
variance in the data. All outcome measures from individual tests (i.e., average
reaction time, total correct, and SAT scores) loaded on the same factors.
Colour Mix Levels 1, 2, 3, and 4 were contained in Factor 1, whilst Face Match,
Mind Reading, and Picture Pair loaded onto Factor 2 (see Table 3-3). Both
Think Back Levels 1 and 2 loaded with Factor 3. Outcome measures from Line
Judge and Swipe Out loaded together in Factor 4, and finally Sum Up outcome
measures were contained within Factor 5. Cross-loading was minimal but was
observed for Think Back Level 1 and Swipe Out (with Factor 1) and Colour Mix
tasks (with Factor 4). Based on the cognitive domains captured by the Ignite
outcome measures the factors were grouped with the following labels: (1)
Processing speed/executive function, (2) Social/semantic processing, (3)
Working memory, (4) Visuospatial processing, and (5) Arithmetic (see Figure
3-6). Path Finder Levels 1 and 2 were just below the minimum criteria (>0.3)

of the primary loading factor for Factor 1 (-0.295 and -0.285, respectively). In
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addition, Balloon Fair and Time Tap tasks did not group under a simple factor

structure, loading equally across factors.
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Percentile Range:

9%-24.99% 25%-74.99% 75%-90.99% 91%-97.99%

Sex (M=1; F=2) 1 Sex, Age, & ) _ ) ) )
_ Sex adjusted Age adjusted Education adjusted No adjustment
Age (years) 37 Education
Education (years) 12 Z Score | Percentile | ZScore | Percentile | Z Score Percentile | Z Score Percentile | Z Score | Percentile
Path Finder Level 1
Time to complete (s) 15.1 -0.329 37.09 -0.260 39.74 -0.858 19.55 -0.091 46.38 -0.166 43.42
Path Finder Level 2
Time to complete (s) 35.9 -0.700 24.21 -0.336 36.83 -0.844 19.92 -0.209 41.73 -0.295 38.40
Colour Mix Level 1
Average reaction time (s) 1.2 -0.705 24.03 -0.056 47.77 -0.833 20.24 0.023 50.92 -0.010 49.61
Total correct 24.0 -0.674 25.03 -0.043 48.28 -0.810 20.90 0.033 51.32 -0.004 49.86
SAT score 19.7 -0.855 19.64 -0.161 43.60 -0.967 16.67 -0.068 47.28 -0.099 46.04
Descriptor: Low Average Average High Average Superior

Figure 3-5: Representative example of the normative calculator displaying demographic adjusted and non-adjusted Z-scores and percentiles for

three of the Ignite tasks. The percentile range bar indicates a visual scale of where the scores fall in reference to the normative population (i.e., pale

yellow indicates between the 25" and 75" percentile).



Table 3-3: Rotated factor loadings for the five- factor model of Ignite outcome measures. Loadings greater than 0.3 are shown. Uniqueness = the

proportion of the common variance not associated with the factors.

Test Outcome measure Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Uniqueness
Path Finder Level 1 Completion time (s) 0.768
Path Finder Level 2 Completion time (s) 0.747
Colour Mix Level 1 Average reaction time (s) -0.771 0.289
Total correct 0.844 0.171
SAT score 0.843 0.166
117 Colour Mix Level 2 Average reaction time (s) -0.898 0.234
Total correct 0.923 0.180
SAT score 0.915 0.178
Colour Mix Level 3 Average reaction time (s) -0.636 0.389
Total correct 0.653 0.462
SAT score 0.762 0.275
Colour Mix Level 4 Average reaction time (s) -0.562 0.463
Total correct 0.682 0.340 0.309
SAT score 0.704 0.284
Think Back Level 1 Total correct 0.359 0.578 0.332
Average reaction time (s) -0.562 0.429
SAT score 0.378 0.576 0.322




Think Back Level 2

Swipe Out

Face Match

Mind Reading

118 Picture Pair

Sum Up

Line Judge

Total correct
Average reaction time (s)
SAT score
Average reaction time (s)
Flanker effect (ms)
Total correct
Average reaction time (s)
SAT score
Total correct
Average reaction time (s)
SAT score
Total correct
Average reaction time (s)
SAT score
Total correct
Average reaction time (s)
SAT score
Total correct
Average reaction time (s)

SAT score

-0.323

0.644
-0.696
0.689
0.677
-0.726
0.759
0.374
-0.647
0.615

0.963
-0.862
0.891
-0.405
-0.324
1.010
-0.817
0.951
0.662
-0.461

0.739

0.139
0.319
0.272
0.410
0.892
0.517
0.424
0.322
0.514
0.469
0.350
0.849
0.395
0.452
-0.013
0.291
0.086
0.593
0.493
0.288
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Processing 0.92
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Figure 3-6: Diagram representing the factor structure of the Ignite tests, with circles
labelled as the cognitive domain each factor represents. The values denote the highest
factor loading for an outcome measure in each test. Between factor correlations are

also shown.
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3.5 Discussion

The Ignite computerised assessment was developed to detect early cognitive
impairment in presymptomatic FTD. However, further updates were required
to be made to the first pilot iteration of the assessment to improve the overall
quality of the app and to allow Ignite to be completed remotely. Additionally, in
order to draw reliable conclusions about cognitive processes from the tests,
normative properties and construct validity needed to be established through
the evaluation of performance in healthy controls. The healthy control
participants recruited to this study were not given monetary awards or provided
with any other incentive to take part, other than helping with dementia
research. Therefore, | dedicated a huge amount of time and effort in
advertising Ignite and encouraging people to complete the app. As a result,
the data for this project was derived from a population of 2,004 healthy
controls, the largest normative dataset collected for a computerised

assessment for FTD.

3.5.1 Recruitment

One element of this project that | found extremely difficult was recruiting the
minimum number of participants in each decade, balanced between males and
females. The vast majority of individuals that completed the app initially were
females aged between 50 and 80, and subsequently more targeted
recruitment for male subjects aged 20-30 was required at the end of the study.
| contacted local sports teams, and psychology and neuroscience students at
UCL to try and engage with younger participants and ensure minimal
requirements were met for the demographics. Although it was difficult to
engage younger people to help with dementia research, through perseverance
| was successfully able to complete the data collection for this project in 12
months. The reason for differences in participation by age and sex is unclear,
but age has long been understood as a significant determinant of volunteering,
perhaps due to changing motivations as adults progress through life (Almog-

Bar et al., 2022; Yamashita et al., 2017). There is evidence that older adults
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have greater concerns about dementia and are more likely to be a primary
carer for someone with the disease (Baker & Robertson, 2008; Maher & Green,
2002). Therefore, this increased exposure and awareness, may act as a

motivator for participants of this age to participate in dementia research.

3.5.2 Age effects

The data from the Ignite tests demonstrated age-related changes across
virtually all tests, replicating well-known trajectories of cognitive decline in
processing speed (McDowd, & Shaw, 2000; Rasmusson et al., 1998;
Tombaugh, 2004), executive function (Dempster, 1992; Mayr et al., 2001),
social cognition (Charlton et al., 2009; Kemp et al., 2012; Kessels et al., 2014,
Maylor et al., 2002), semantic knowledge (Wiley & Hoffman, 2019; Wu &
Hoffman, 2022), and visuospatial skills (Eslinger & Benton, 2008). Notably,
there was a strong decline in performance with age on the Path Finder and
Colour Mix tasks, corroborating with studies of traditional versions of these
tests, that show increased completion times with age on the Trail Making Test
(Rasmusson, Zonderman, Kawas, & Resnick, 1998; Tombaugh, 2004), and
the Stroop task (Milham et al., 2002). Tests that contain a speed component
have been shown to be highly susceptible to age (Salthouse, 1996). The Ignite
tests were designed to be completed in a shorter amount of time and even
include a visible timer to increase the cognitive demands placed on the
participant. As such, it is perhaps unsurprising that a significant increase in

average reaction times, was observed across the tests.

Only performance on the Sum Up task did not exhibit a decline with age. One
explanation for this result could be that mental arithmetic is a complex task that
relies on crystallised intelligence, which is known to be more protected from
age-related decline (Prabhakaran et al., 2001). This finding could also
represent a cohort effect, with older adults likely having experienced more
rigorous teaching of times tables, compared to younger adults, who are taught
decomposition strategies to break-down problems (Duverne & Lemaire, 2005;

Hinault & Lemaire, 2016). Therefore, older adults are able to directly retrieve
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the correct answer to sums from long-term memory, perhaps explaining why

performance is well-preserved across age in this task.

3.5.3 Education

The number of years in education was only associated with performance on a
small number of the Ignite tasks and displayed low degrees of correlation.
Nevertheless, it was interesting that the number of years spent in education
was significantly associated with performance on the Sum Up task. Education
level can act as a proxy measure of intelligence, with studies showing that
higher levels of education in adults are associated with higher scores on
mental arithmetic tasks and IQ can predict mathematical ability in children
(Aarnoudse-Moens et al., 2013; Charron et al., 2008). The number of years
spent in education also correlated with Ignite tests measuring higher-order
executive function abilities including Colour Mix Level 4 and Think Back Level
2. However, the evidence from the literature displays mixed results, with
studies demonstrating higher levels of education have a greater impact on
performance on some tests of executive function, particularly the Stroop test,
(Durusu et al., 2020; Houx et al., 2007; van der Elst et al., 2016) but not for
other tests, including N-Back and Trail Making Tests (Hashimoto et al., 2006;
van Gerven et al., 2007). However, for the Ignite tests at least, it appears that
as the difficulty level of the task increases the effect of education becomes

more prominent.

3.5.4 Sex differences

Male participants were shown to perform better on the Sum Up, Line Judge,
and Think Back Level 2 tasks. Although these tasks theoretically capture
distinct cognitive abilities, they all also tap into elements of working memory
through the representation of symbols, numbers, and line orientations in the
mind whilst solving the answer. For example, visuospatial memory is thought
to support number representation in arithmetic tasks, through the visuo-spatial
sketchpad (Alloway &Pas s ol unghi, 2011; DO0AmMico & Gu

& Hitch, 1999), and traditional line orientation tasks have also been shown to
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correlate with mathematical ability and working memory tests (Allen et al.,
2019; Riccio & Hynd, 2016). Although sex differences in mental arithmetic are
well-established in the literature (Duverne & Lemaire, 2005; Lynn & Irwing,
2008; Mackintosh, 1996; Singh et al., 2022), one study has suggested that
better performance in males is due to differences in working memory capacity
as opposed to arithmetic computation (Lynn & Irwing, 2008). Therefore, male
participants seem to perform better on Ignite tasks that tap into working
memory. Male participants also accumulated more money than females on the
Balloon Fair task, corroborating with the comprehensive literature of
differences in decision-making and increased risk-taking in men on
behavioural tasks and in real-life scenarios (Arch, 1993; Cross et al., 2011;
Hudgens & Fatkin, 1985; Johnson et al., 2005; Lejuez et al., 2008; Pawlowski
et al., 2008).

Female subjects scored higher on Colour Mix Levels 1-3. One
neuropsychology study, also utilising the Stroop and N-Back tasks, has shown
similar results, with females scoring higher on tasks assessing cognitive
flexibility and inhibitory control, whilst men performed better on working
memory and decision-making tasks (Singh et al., 2022). Female participants
also scored higher on Ignite tests measuring social cognition, replicating well
established findings that sex influences performance on emotion processing
(Paletta et al., 2022), and empathy tests (di Tella et al., 2020). However,
although several significant sex differences were observed for the Ignite tests,
this was likely driven by the high power obtained from the sample size. It
should be noted that the observable difference between the groups was in fact

minimal for most tests.

3.5.5 Construct validity

Five distinct factors were found to explain the correlational structure between

the Ignite tests. The following groupings were observed of more strongly

correlated measures: Colour Mix Levels 1, 2, 3, and 4, which assess

processing speed and inhibitory control and loaded on Factor 1; Face Match,

Mind Reading and Picture Pair measuring social cognition and semantic
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knowledge loaded most strongly on Factor 2; Think Back Level 1 and Level 2
assessing working memory and loaded most on Factor 3; Line Judge and
Swipe Out tasks, measuring visuospatial skills and inhibitory control, loaded
on Factor 4; and Sum Up, assessing arithmetic ability which loaded

independently on Factor 5.

One unexpected finding from this analysis was that tests of social cognition
and semantic knowledge loaded together. However, both functions rely on
conceptual processing and underpin how meaning is gathered from the
environment from non-verbal cues. One theoretical perspective has previously
grouped these two processes together within the controlled semantic cognition
(CSC) framework (Ralph et al., 2016). The framework describes a set of
supramodal processes that form a conceptual knowledge base of the meaning
of words, objects, and people, including person identification, empathy, and
emotion recognition (Binney & Ramsey, 2020; Chiou et al., 2018). Moreover,
the anterior temporal lobes have been implicated in playing a critical role in
both social-emotional functions and the retrieval of semantic knowledge (Olson
etal., 2013; Ross & Olson, 2010). Therefore, the results from this study appear
to add to the body of literature that suggests these processes are intrinsically
linked under a wider conceptual construct underpinned by the anterior

temporal lobes.

In addition, it was perhaps surprising that the Swipe Out task loaded under the
same factor as the Line Judge test. However, it is likely the Swipe Out test taps
into multiple cognitive processes, including inhibitory control, visuospatial skills
and/or visual attention. To perform the task successfully, participants must
swipe in the correct direction on the screen relative to the orientation of the
central arrow, whilst ignoring the orientation of the flanking arrows. Therefore,
there is undoubtedly an element of this task that relies on visuospatial skills
and/or visual attention, perhaps explaining the association with the Line Judge
test. The cross-loading of the Swipe Out task with Factor 1 also suggests this

test relies on executive function abilities.
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All the Sum Up outcome measures were contained within a single factor, as
this is the only measure of mental arithmetic included in the Ignite battery.
Finally, Balloon Fair and Time Tap tasks did not load with any of the five
factors. The Balloon Fair task is a measure of decision-making and risk-taking
behaviour, whilst the Time Tap task measures cognitive timing. None of the
other Ignite tests measure these cognitive domains, suggesting these tests are

perhaps measuring multiple elements of executive function.

3.5.6 Limitations

For a cognitive test to display good psychometric properties, a wide distribution
of scores should be obtained. Ceiling and floor effects indicate the test is too
easy, or difficult, respectively, and decrease the likelihood that the instrument
is measuring the intended cognitive domain. One possible limitation evident
from this analysis is the presence of ceiling effects in some Ignite tests
including Colour Mix Level 3, Face Match, and Picture Pair. Colour Mix Level
3 is a harder task than Levels 1 and 2, and the reason ceiling effects are seen
is due to an increase in allotted time to complete the tasks from 30 to 60
seconds (from Level 2 to Level 3). This was done to account for the added
level of difficulty for the following two levels. The data observed from the
healthy controls, however, indicates that the level of difficulty is not
proportionate to the time needed to complete the same number of items, hence
the ceiling effects. For the Face Match and Picture Pair tests, I think the ceiling
effects can be explained by the simplicity of these tests, and the likelihood they
are just too easy for healthy controls. It could be that alternative outcome
measures that provide greater variability, such as average reaction times, or a
speed-accuracy trade-off score, may ultimately more appropriate for these

tests.

A small number of controls are also scoring very low, close to 0, on Colour Mix
Level 3. When investigated further, it was evident that these individuals were
not performing the task correctly and were selecting the colour word rather
than the ink colour. As these subjects are healthy controls, itis likely that these

results reflect a lapse in attention to the task instruction as opposed to
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executive dysfunction. It has previously been shown that individuals read
instructions on a screen less accurately and comprehensively compared to
instructions printed on paper (Dillon, 2007). Unfortunately, this is an example
of one of the pitfalls of remote testing, as a lack of researcher presence means
it is not possible to ensure the participant understands the task instruction
before attempting the test. Despite these effects, the remaining tests display a
good distribution of scores which is extremely promising.
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3.6 Chapter summary

This chapter describes the Ignite computerised cognitive assessment, and the
improvements made to the initial version of the app following pilot testing. Low-
level feature improvements were made to Ignite, but the main motivation for
further development was to facilitate remote assessment of the app. This
chapter also described the initial steps in the validation of Ignite, through the
generation of normative properties, and the investigation of the cognitive
constructs measured. The results showed the Ignite outcome measures
capture cognitive performance reflective of well-established differences in age,
education, and sex in gold-standard pen and paper tests. A normative
calculator derived from the effects of demographic variables on each of the
Ignite outcome measures, was subsequently developed. This calculator can
be used to assess cognitive performance in presymptomatic FTD at the
individual level. The Ignite tests were also found to distinctly load onto factors
associated with expected constructs, indicating the tests are reliably capturing
the correct elements of cognitive function. However, further investigation of the
Ignite tests is required to determine test-retest reliability and concurrent validity

before the assessment can be used to assess cognitive function in FTD.
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Chapter 4. Reliability, validity, and acceptability of

Ignite in a healthy control cohort

4.1 Chapter overview

This chapter describes the further validation of the Ignite computerised
cognitive assessment app by providing concurrent validity and test-retest
reliability estimates. These are important psychometric properties for all
assessments, to ensure performance on the tests is associated with gold-
standard versions and is stable over time. This project could only be completed
through an in-person observational study, and therefore a separate group of
healthy controls were required than those tested in Chapter 3. This chapter
also describesthep ar t i ceaxperence @ sompleting the app to evaluate
the acceptability of Ignite and the feasibility of administering the app as part of
remote data collection studies. As with other validation methods, collecting this
information in healthy controls, is an initial, and very important step before

testing the app in FTD patients.
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4.2 Introduction

Over recent years, many computerised cognitive tests have been developed
to improve upon the short-comings of conventional pen and paper methods. In
their relatively short history, these assessments have proven advantageous in
lowering costs of testing, increasing reachability, particularly among elderly
participants, and providing consistency in administration and scoring (Kane &
Kay, 1992; Schatz & Browndyke, 2002; Wild et al., 2008). However, the degree
of validation for currently available computerised assessments varies
dramatically. It is important that such tests provide validity and reliability data
that are, at the very least, within the same range as their pen and paper
counterparts (Schlegel & Gilliland, 2007), and adaptations are not simply taken
on face validity. Equally, if app-based cognitive assessments are not accepted
by different clinical/preclinical populations, then the validation of these

assessments becomes futile.

Computerised tests should demonstrate high concurrent validity with gold-
standard psychometric tests that have proven to be valid measures of
cognition across different clinical populations. Many of the tests included in the
Ignite app were designed as digital replications of traditional pen and paper
neuropsychology tasks (e.g., Colour Mix Levels were adapted from the classic
D-KEFS Stroop test). However, it cannot be assumed that these tests display
the same validity and reliability as traditional validated assessments, simply
because they are direct adaptations (Bauer et al., 2012). Evidence from the
literature highlights that some computerised versions of widely used cognitive
batteries have been successful in achieving similarity to their pen and paper
counterparts, such as the Wechsler Adult Intelligence Scale (WAIS) (Elwood
& Griffin, 1972), the electronic Montreal Cognitive Assessment (eMoCA) (Berg
et al.,, 2018), the electronic Self-Administered Gerocognitive Examination
(eSAGE) (Scharre et al., 2017), and the Halsted-Reitan Neuropsychological
Test Battery (Choca & Morris, 1992). In contrast, other research has
demonstrated that results were significantly lower on a computerised version

of the Saint Louis University Mental Status (SLUMS) than the pen and paper
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equivalent (Ruggeri et al., 2016). Differences in the response format, the
presence/absence of a researcher, the instruction communication, the
stimulus presentation, and familiarity with computers, have been suggested to
add an additional layer of complexity to computerised assessments and could
likely explain the differences in performance between tests (Buchanan, 2002;
Butcher et al., 2000). Therefore, the concurrent validity of all tests should be

explored when developing a novel computerised cognitive assessment.

Test-retest reliability, otherwise known as temporal stability, is another
important psychometric property for any cognitive assessment. When tested
in cognitively normal individuals, a test with good temporal stability should
show little change in scores when assessments are repeated, indicating
measures taken from one assessment are both representative and stable over
time. In contrast, high variability across timepoints may suggest the test is
influenced by measurement error, or the trait being measured is unstable. The
reliability of a test is particularly important to consider when drawing

conclusions concerning cognitive performance from cross-sectional data.

Meta-analyses of standard pen and paper neuropsychology tests including the
WAIS, Trail Making Test, and Boston Naming Test, amongst others, have
shown that tasks display good to excellent test-retest reliability (Calamia et al.,
2012, 2013). However, the reliability of several tests of memory and executive
function, that require participants to develop a strategy for completing the task,
have consistently been shown to display low reliability scores (Calamia et al.,
2012, 2013; Lineweaver et al., 1998; White et al., 2018). Strauss et al. (2006)
suggested the implementation of the strategy upon repeated testing results in
practice effects that restrict the range of scores and ultimately lead to lower
reliability estimates. Test-retest reliability also depends on the interval between
assessments, as shorter test intervals increase the likelihood of practice
effects. Conversely, if the test interval is too long, it is impossible to delineate
the effects of measurement error and true cognitive change (i.e., due to ageing

or medical condition) on the test-retest coefficient. Therefore, the trait being
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measured, test interval length, and practice effects, all require consideration

when assessing the reliability of cognitive tests.

Finally, the experience of the user needs to be evaluated when developing
computerised assessments, especially if individuals do not have access to
smart devices and/or have a lack of familiarity with technology. Previous
studies have reported that 77% of adults over the age of 50, and 46% of adults
over the age of 65 own a smartphone, with this number increasing annually
(Anderson & Perrin, 2017; Nelson Kakulla, 2020). In addition, research has
concluded that older adults are able to complete computerised assessments
at high rates both in clinical settings and at home without assistance, they are
neither stressed nor disadvantaged when tested with appropriately developed
computerised tests, and they rate computerised tests as easy to use and prefer
them over pen and paper tests (Collerton et al., 2007; Fillit et al., 2008; Koo &
Vizer, 2019b; Wesnes, 2014). Taken together, it appears the adoption of
technology is increasing in the older population and is widely accepted. The
potential of cognitive assessments, such as the Ignite app, to detect early
cognitive impairment can be unlocked if assessments are widely accepted and

well-validated in healthy control subjects.
The aims of this project were to:

1. Assess the test-retest reliability of the Ignite app across two timepoints.

2. Investigate the relationship between Ignite scores and corresponding
gold-standard pen and paper versions of the tests to measure
concurrent validity.

3. Evaluatepar ti ci pant 6s experience of
acceptability and feasibility of administering the app unsupervised as

part of research studies and/or clinical trials.
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4.3 Methods

4.3.1 Participants

All participants gave fully informed consent at the beginning of the research
visit. Cognitively healthy participants were recruited through the online platform
Join Dementia Research (as described in section 2.2.2). Only individuals that
met the criteria for the study received the details, and then these participants
could choose to respond to the invitation and register to take part. The
inclusion and exclusion criteria were the same as for the Ignite normative data
collection (as described in section 3.3.2) with the exception that participants
did not need to own an Apple iPad, and an additional requirement that they
must not have completed the Ignite app before (i.e., as part of the normative

data collection study).

4.3.1.1 Sample size

A calculation determined that a sample size of 88 would be enough to 90%
power a correlation of at least 0.5 (one-sided), if a moderate to strong
correlation between assessments was expected (r00.7). As the aim of this
study was to compare Ignite scores at two different timepoints within the same
group of participants, and to compare Ignite with pen and paper adaptations of
the same tests, it was deemed that a moderate to high correlation would be
expected between scores. A sample size of 88 was also estimated to be an
achievable sample to obtain within the timeframe, although a sample of 100
was the initial target, to allow for potential attrition and data collection problems

that could arise due to the COVID-19 pandemic restrictions.

4.3.2 Study design

This study followed the COVID-19 SOPs in place (see section 2.7) and
consisted of two 1-hour research visits held at the DRC at UCL and one remote
assessment conducted at home (see Table 4-1). The research visits at the
DRC were conducted two weeks apart (or as close to this timeframe as

possible) and the participants completed the remote assessment at home in
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between visits (i.e., approximately 1 week after the first visit). All participants
completed the Ignite cognitive assessment at two timepoints (7 days apart),
once during the research visit and once at home, as well as a neuropsychology
battery containing standard pen and paper versions of the tests. There were
two conditions within the study: in condition 1 participants completed the Ignite
app at the first research visit and in condition 2 they completed the pen and
paper neuropsychology assessment at the first visit. Participants were
randomised 1:1 into each condition to account for the effects of completion
order on task performance. After the first research visit, participants were given
a study iPad, with the Ignite app downloaded, and were asked to complete the
assessment 1-week after their first visit. An email was also sent as an
additional reminder, asking participants to complete the assessment at this
time or at a convenient time within the next 24 hours. A dedicated form was
provided for participants to write down their unique 8-digit numeric code
generated by the app so their test results could be identified and downloaded
from the UCL server. All data was handled in accordance with data protection
legislation (GDPR and DPA 2018) as outlined in section 2.3. At the end of their
last research visit, participants were asked to complete a short online
guestionnaire on a study Mac laptop to assess their experience of completing
the Ignite app, or they were sent a link via email to complete from home if time

was short during the visit.

Table 4-1: Study design including the two conditions and the assessments completed

at different timepoints.

. _ _ Timepoint 2 ) )
Condition Timepoint 1 (DRC) Timepoint 3 (DRC)
(Home)
. . Neuropsychology +
1 gnite app Ignite app User experience survey
. Ignite app + User
2 Neuropsychology Ignite app egperienpcpe survey

133



4.3.3 Neuropsychology

All participants completed a gold-standard pen and paper neuropsychology
battery, including 11 different tests that took approximately 40 minutes to
administer (Table 4-2). | administered the neuropsychology battery, which took
place in one of the psychology testing rooms at the DRC (described in 2.4.1).
Pen and paper equivalents were not available for some Ignite tests. In this
instance, computerised versions of the complete batteries were used instead,
as the goal was also to ascertain if the shortened versions of the tests available
in Ignite produce similar estimates to versions containing more trials.
Computerised versions were used for the following gold-standard tasks (Ignite
tests): the 2-back task (Think Back Level 2), the lowa Gambling Task (Balloon
Fair), and the Eriksen Flanker Task (Swipe Out). These were administered via
the online PsyToolkit platform (Stoet, 2010, 2016), on a Mac laptop after the
completion of the pen and paper tests. A pen and paper or complete
computerised version of the following tasks (Ignite tests) were not able to be
sourced: a 1-back task (Think Back Level 1), the DKEFS- inhibition/set-shifting
(Colour Mix Level 4) or a cognitive timing task (Time Tap).
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Table 4-2: Description of the pen and paper neuropsychology tasks and the outcome measures used. Italicised test names indicate the computerised

tasks performed on the laptop.

Traditional test

Reference

Trials (N)

Description

Output

Trail Making Test:
Part A, Part B

(Tombaugh,
2004)

Part A: numbers
1to 25
Part B: numbers
and letters 1-A
to 12-L

Part A: Participants are presented with numbers enclosed in circles and are asked to draw a
line, using a pencil, from one number to the next in sequential order.

Part B: Participants are presented with numbers and letters enclosed in circles, and are
required to draw a line from one circle to the next alternating in sequence between numbers
and letters, i.e., 1, A, 2, B, 3, C.

Completion time
in seconds

D-KEFS Colour
Word Interference
Test: Conditions
1-3

(Delis, 2001)

50
squares/words
per level

Condition 1: Participants are presented with a sheet containing different coloured squares.
They are required to say aloud the colour of each square one by one as quickly as they can
until they reach the end.

Condition 2: Participants are presented with a sheet containing written colour words in black
ink. They are required to read the words aloud as quickly as they can until they reach the end.

Condition 3: Participants are presented with a sheet containing written colour words that are
printed in a different coloured ink. Participants are required to name the ink colour each word is
written in as quickly as they can without making any mistakes.

Completion time
in seconds

Modified Camel
and Cactus test

(Moore et al.,
2020)

32

Participants are presented with 5 different images, 1 at the top of the page and 4 at the bottom.
They are required to choose which of the 4 images at the bottom is semantically linked with the
image at the top.

Total number of
correct trials

Benton
Judgement of
Line Orientation 7

(Benton et al.,
1978)

30

Participants are presented with a diagram of angled lines arrange in a semicircle, with each

line numbered from 1-11. Participants are required to choose the correct numbers from the

diagram that match the exact angle and orientation to a pair of lines presented above. Both
numbers that match the orientation of the lines must be correct for the overall trial to be

Total number of
correct trials

shortform considered correct.
. . 36 (6 cards per Participants are presented with four upward facing cards that contain different coloured Number of
Wisconsin Card (Heaton etal,, possible shapes. They are provided with a deck of similar cards and asked to match their deck of cards categories
Sorting Task 1993) category) to each of the four cards according to a secret rule that they need to guess. They are told by achieved

the examiner if the rule they have chosen is correct or incorrect, and they are to continue to
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match their cards according to the correct rule. After six consecutive correct responses the rule
changes and they should match the cards according to a new rule.

Ekman Pictures of

Participants are presented with a series of faces displaying different emotions, as well as a list

. ) of emotion words written along the bottom of the page (Happiness, Surprise, Fear, Neutral, Total number of
Facrlg\lliéggct (Ekman, 1976) 35 Disgust, Anger). They are required to read loud the emotion word they feel matches with the correct trials
facial expression pictured.
Reading the Mind Participants are presented with a picture displaying only the eye region of a face surrounded by
in the Eyes test - (Baron-Cohen et 36 four emotion words (e.g., contemplative, friendly). They are required to read aloud the word Total number of
) al., 2001) . . . correct trials
revised they think matches with the expression of the eyes.
- (Jackson & 24 (including 12 Participants are asked to provide the answer to a series of sums, which start relatively easy
Graded Difficulty . - i Total number of
. : Warrington, additions, and and get progressively harder. Sums are presented orally, and they have 10 seconds to answer -
Arithmetic test . . . o correct trials
1986) 12 subtractions) the question without writing the sum down.
75 (3 blocks Participants are presented with a series of letters for 500ms each followed by a 2500ms black
N-Back: 2-back (Kane et al., includin 1’ peri od. Participants must respond taldterpheyesaes| Total number of
task 2007) uaing is the same as the one that came two before it. The letter will have a green border if the match correct trials
practice block) - A
is correct, or a red border if it is incorrect.
Participants are presented with 5 letters above a fixation cross and are required to only
respond to the central l etter. I f the centr Reaction time
Eriksen flanker (Eriksen & the keyboard, if the central letteris a V or B they mustpressfi L 0 . T h e ttecigeitherr a .
. 50 . L L for each trial
task Eriksen, 1974a) flanked by congruent or incongruent letters. If the participant correctly responds, the fixation (ms)
cross will turn green, if they respond incorrectly or do not respond within 2000ms the cross will
turn red.
Participants are presented with 4 decks of cards (A, B, C, and D) on the screen. They are
required to select/click these decks one at the time. Each time they choose a deck, they get
feedback about winning and/or losing some money. They start with a "loan" of $2000 and are Net total: total of
lowa Gambling (Bechara et al., 100 told to make a profit. Decks A and B always yield $100, and Decks C and D always yield $50. clicks on each

Task

1994)

For each card chosen, there is a 50% chance of having to pay a penalty as well. For decks A

and B, the penalty is $250, whereas for decks C and D it is $50. The participant should learn

over time that selecting decks C and D is more advantageous for winning the most amount of
money.

deck (A+B 1
C+D)




4.3.4 User experience questionnaires

Participants were asked to complete the Ignite User Experience questionnaire
(Table 4-3), either in person at the DRC or at home via email link to the Lime
Survey platform (version 2.28.34). The survey was anonymous, but
participants were asked to enter their demographic information including age,
sex, and years in education. The survey included 10 statements, concerning
attitudes and experiences of completing Ignite, rated on a 5-point Likert scale
(ranging from AStrongly disagreeo

bias, statements were randomised so that 50% were of a positive valence
(e. g., AThe video examples prior t

50% were negative (e.g., Al found t

Table 4-3: The questions included in the Ignite User Experience questionnaire.

Responses wereratedonab5-poi nt scal e: istrongly disagree,

strongly agreeo.

Ignite user experience questions

1. Ifound the tests in the app boring/repetitive

2. The instructions prior to the start of each test were easy to understand

3. The video examples prior to the start of each test were helpful

4. | found it difficult to set up the app and complete the tests from home

5. | preferred completing the app to the pen/paper tests performed with the researcher

6. The app takes too long to complete

7. Completing the app twice was tedious/difficult

8. The images within the tests were clear and easy to see

9. | found the iPad difficult to use

10. I found the tests interesting and enjoyed completing the app

4.3.5 Statistical analysis
Data pre-processing
All analysis was conducted in Stata/MP (version 16.1). The same cut-off

criteria were applied to the Ignite data (as described in section 3.3.5), based

on the average number of items completed by age bin for each test.
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Participant® scores were excluded from the analysis if they completed less
than three standard deviations below the population mean of the normative

sample.
Test-retest reliability

To assess test-retest reliability, intraclass correlation coefficients (ICCs) were
calculated for Ignite outcome measures across timepoints using a two-way
mixed effects model with consistency of agreement (CA-ICC) (Shrout & Fleiss,
1979). Established cut-off criteria for CA-ICC values were used to determine
the level of reliability for each outcome measure where: poor O 0.50,
moderate=0.50-0.75, good=0.75-0.90, excellent O 0.90 (Koo & Li, 2016;
Portney & Watkins, 2000). The variance estimated from each ICC model was
used to calculate the mean difference between scores and the 95% upper and
lower limits of agreement. The calculation of the ICC variance estimates relies
on the assumption that the data has a normal distribution, therefore where
possible, non-normally distributed data were transformed prior to analysis. The
transformation of each test was chosen based on which method achieved the
best normal distribution (i.e., the highest p-value of a Shapiro-Wilk test), and
therefore methods differed between outcome measures. Bland-Altman plots

were constructed to demonstrate the agreement between Ignite scores.
Concurrent validity

To determine the relationship between Ignite tests and the standard pen and
paper versions, a two-tailed correlation analysis was conducted, with
coefficients and p-values computed. Pearson correlations were used to
measure the relationship between the Ignite baseline assessment and the
standard pen and paper neuropsychology battery for normal measures,
whereas Spearman correlations were used for outcome measures with a non-
normal distribution. A chi-squared test was conducted to assess the
relationship between scores on the Card Sort and the WCST tests, as this data
is categorical. One Ignite outcome measure was chosen per test, based on
which was the most comparable to the outcome measure produced by the
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equivalent pen and paper test. For Ignite tests where a standard
neuropsychology test was not available for direct comparison, these were
correlated with scores from other tests thought to capture the same cognitive
domains. A correlation matrix between Ignite and all the pen and paper tasks
was constructed, to further explore the cognitive domains the Ignite tests tap
into. For this analysis, Spearman correlations were computed as a
conservative measure for all tests, regardless of normality, for consistency in

the matrix.
User experience questionnaire

To analyse the results from the Ignite user experience questionnaire, the
percentage of responses were calculated for each rating on the Likert scale.
fStrongly Agreeo and fAgreeo responses were collapsed into one single
measur e aorfenit AgSmengly Disagreedoand fDisagree0 r esponses
i nto one measur e toimpréiv® the iatgrpretabilityeoh the
results and provide an overall picture of the group attitude per question. To
investigate potential differences in user experience by age, participants were
splitinto two groups of younger (age <59) and older (age O60) adults, and chi-

squared tests were used to assess differences in rating for each question.
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4.4 Results

A total of 98 participants were recruited to this study, see Table 4-4 for
demographic information. Participants were recruited to ensure there was a
relatively equal number in each decade of adult life aged between 20 and 80
(see Figure 4-1). A total of 50 participants were in condition 1 and completed
the Ignite assessment at their first visit, and 48 participants were in condition
2, and completed the standard pen and paper neuropsychology battery at their
first visit. Participants completed the second Ignite assessment on average
7.48 (standard deviation=1.18) days after the first assessment, and the
average interval length between Ignite and the pen and paper assessment was
15.6 (5.23) days.

Table 4-4: Demographic characteristics of healthy control sample including average

interval between assessments. SD=standard deviation.

Interval (days)
Interval (days) )
. between Ignite
Sex (% Age Education between two
] and pen and
male) (years) (years) Ignite
paper
assessments
assessment
Mean
(SD) 43.7 51.2 (17.3) | 17.8(2.93) 7.48 (1.18) 15.6 (5.23)

4.4.1 Test-retest reliability

The observed ICC values (ICC=0.54-0.92) indicate moderate to excellent test-
retest reliability (see Table 4-5 and Figure 4-2) and high levels of agreement
in the majority of the Ignite outcome measures (see Figure 4-3 for a sample of
Bland-Altman plots and Appendix 2 for all figures). Poor test-retest reliability
was only seen in the flanker effect measure on the Swipe Out task (ICC=0.44),
and all measures across both paced and self-paced conditions on the Time
Tap t as k-0.021tc®@@3).sTkese measures, along with the total number

of correct trials on the Colour Mix Level 3, Picture Pair, and Face Match tests
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were not able to be transformed, and thus had a non-normal distribution when
the ICC analysis was run.

m20-29 m30-39 m40-49 m50-59 m60-69 m70-80

Figure 4-1: The percentage of participants included in this study by age bin.
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Figure 4-2: Line graph displaying CA-ICC values for each Ignite test and outcome

0.75-0.90,

0.50-0.75, good

speed-accuracy trade-off score.

measure with cut-off criteria applied; poor 00.50, moderate

excellent 00.90. RT

reaction time, SAT
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Table 4-5: Test-retest reliability data for Ignite outcome measures. Data represents mean (standard deviation) scores on Ignite tests for Timepoint 1
and Timepoint 2 (7 days later) as well as the mean difference between timepoints. Intraclass correlation coefficients measuring consistency of

agreement (CA-ICC) between scores, and the upper and lower limits of agreement are shown. Method = transformation method: blank cell = normal

distribution, CT = cannot transform, where data were unable to be transformed into a normal distribution.

Test Outcome Timepoint | Timepoint ) CA- Lower Upper Lower Upper
N Difference Method
Name measure 1 2 ICC 95% ClI 95% ClI agreement | agreement
Total correct 155 (5.06) | 17.1(5.18) | 1.62(2.32) 0.90 0.85 0.93 -3.01 6.26
SumUp | 98 | Average RT 3.74(1.29) | 3.34(1.01) | -0.40(0.67) Log 0.89 0.84 0.93 -0.38 0.18
SAT score 499 (3.10) | 5.99(3.48) | 1.00(1.36) Log 0.88 0.83 0.92 -0.39 0.81
Total correct 24.3(5.05) | 25.9(5.35) | 1.63(3.19) 0.81 0.73 0.87 -4.75 8.01
143 Cﬁf\ferl'\fix 97 [ Average RT 127 (0.32) | 1.18(0.29) | -0.09 (0.22) Inverse 0.82 0.74 0.88 -0.15 0.27
SAT score 20.9 (829) | 23.9(957) | 3.02(5.20) | Squareroot | 0.82 0.74 0.88 -0.83 1.46
Total correct 27.5(450) | 285(5.12) | 0.96(2.70) 0.84 0.77 0.89 -4.44 6.36
C‘L’f\fél'\gix 98 | Average RT 1.09 (0.19) | 1.06 (0.20) | -0.03 (0.12) Inverse 0.84 0.77 0.89 -0.15 0.22
SAT score 26.5(852) | 28.6(9.99) | 2.07 (5.03) 0.83 0.73 0.90 -7.99 12.1
Total correct 39.1(8.22) | 41.4(7.50) | 2.23(3.62) cT 0.89 0.85 0.93 -5.02 9.48
C‘Ef\;‘gl'\gix 97 | Average RT | 1.54(0.38) | 1.43(0.36) | -0.11(0.17) Inverse 0.92 0.89 0.95 20,07 017
SAT score 28.0(11.2) | 315(11.6) | 3.56 (4.47) 0.92 0.89 0.85 -5.39 125
Total correct 31.3(9.18) 33.7 (9.61) 2.41 (5.15) 0.85 0.78 0.90 -7.89 12.7
Cﬁf\t’él'\fx 98 [ Average RT 1.95(0.63) | 1.82(0.59) | -0.13 (0.36) Log 0.87 0.81 0.91 -0.37 0.23
SAT score 18.8 (9.80) 21.7 (11.3) 2.94 (5.31) Square Root 0.87 0.81 0.91 -0.92 1.55
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Total correct 31.5 (8.55) 37.2(8.24) 5.65 (5.68) 0.77 0.68 0.84 -5.72 17.0

Thﬂg\'je'?i"k 96 | Average RT 1.36 (0.60) | 1.09 (0.47) | -0.27 (0.35) Inverse 0.73 0.62 0.81 0.25 0.63
SAT score 28.7 (16.0) 40.9 (19.9) 12.2 (13.1) Square Root 0.77 0.67 0.84 -1.09 3.19

Total correct | 20.4 (6.38) | 24.1(6.75) | 3.68 (4.69) 0.75 0.64 0.82 -5.69 131

Thﬂg\"/;g‘* 97 | Average RT | 2.17(0.89) | 1.75(0.76) | -0.42 (0.60) Log 0.76 0.66 0.83 0.75 032
SAT score 12.2 (9.13) 17.4 (11.0) 5.20 (6.70) Square Root 0.77 0.68 0.84 -0.97 2.33

Path Finder | og | completiontime | 14.9(6.21) | 132(4.33) | -167 (4.40) Inverse 0.72 0.61 0.80 -0.02 0.04
Paﬁzvﬂ{‘ger 98 | Completiontime | 33.2(18.2) | 28.6(15.9) | -4.57 (13.7) Log 0.68 0.56 0.78 -0.88 0.59
Total Correct | 27.3(2.28) | 27.9(1.86) | 0.62(1.94) cT 0.57 0.42 0.69 -3.26 4.50

Face Match | 97 Average RT 1.74 (0.38) 1.64 (0.39) -0.11 (0.27) 0.75 0.65 0.83 -0.65 0.43
SAT score 16.7 (4.79) | 183(554) | 1.68(3.60) | Square Root | 0.75 0.65 0.83 -0.66 1.05

Total Correct | 11.5(3.64) | 13.0(2.96) | 1.47 (2.73) 0.66 0.54 0.76 -3.98 6.92

Rg";gﬁ]g 98 | Average RT | 4.96 (L43) | 4.19(1.06) | -0.77 (1.07) Log 0.73 0.62 0.81 2055 0.23
SAT score 2.67(1.35) | 3.40(1.38) | 0.74(0.86) | Square Root | 0.75 0.65 0.83 -0.34 0.81

Total Correct | 22.2 (2.61) | 22.9(1.83) | 0.73(1.93) cT 0.63 0.50 0.74 313 4.59

Picture Pair | 94 Average RT 3.80 (1.27) 2.93 (0.99) -0.86 (0.75) Log 0.84 0.77 0.89 -0.62 0.11
SAT score 6.64 (2.61) | 868(2.77) | 2.04(1.40) | Square Root | 0.85 0.79 0.90 -0.16 0.92

Total Correct | 10.3 (2.32) | 10.3(2.62) | 0.01(1.69) 0.77 0.67 0.84 -3.37 3.39

Line Judge | 96 | Average RT 459 (1.33) | 3.99(1.16) | -0.60 (0.77) Log 0.83 0.76 0.89 -0.46 0.18
SAT score 2.45(0.96) | 2.81(1.13) | 0.36(0.65) | Square Root | 0.82 0.74 0.87 -0.30 0.50
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Balloon

1145.9

1369.8

223.9

Eair 98 Total earned (456.1) (516.8) (399.3) Square Root 0.68 0.56 0.77 -7.80 14.2
Flanker effect 265.0 204.1 (168.5) | -60.9 (230.0) cT 0.44 0.27 0.59 5209 399.1
Swipe Out | 94 (ms) (258.1)
Average RT 1.28(0.32) | 1.13(0.27) | -0.15(0.17) Inverse 0.89 0.85 0.93 -0.08 0.28
Number of
Card Sort 98 categories 2.37 (1.34) 2.86 (1.18) 0.49 (1.03) 0.67 0.54 0.76 -1.57 2.55
achieved
Clock variance -1190.2 -4916.3 -3726.0
rime Tap- | o (me2) (42156.7) (27496.2) (53158.8) cT -0.12 -0.31 0.09 -1129.0 118705.0
Paced :
Abscz'rats it | 957(92.3) | 86.8(89.3) | -8.90 (131.9) Log 0.12 -0.09 0.31 -3.03 2.98
Clock variance 6300.1 5617.6 -682.5
Time Tap - (ms2) (21121.8) | (18194.75) | (28837.1) cr -0.07 -0.27 0.14 -5.80 577
95
Self-paced :
Absolute drift | 115 5 97,9y | 128.9 (101.9) | 16.4 (139.9) | Square Root | 0.02 -0.18 0.22 12.0 13.9

(ms)
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Figure 4-3: Example of the Bland-Altman plots constructed for the Ignite outcome measure to demonstrate agreement between scores. The solid line

represents the mean difference between scores, and the dashed lines are the 95% upper and lower levels of agreement. The larger circles represent



4.4.2 Concurrent validity

Ignite tests significantly correlated with their pen and paper counterparts
(r=0.25 to 0.72, p<0.05), computerised versions of the pen and paper tests
(r=0.31 to 0.52, p<0.05), and other tests measuring the performance for the
same cognitive domains where comparable tests were not available (r=0.31 to
0.73, p<0.05), see Table 4-6. The only Ignite tests for which significant
correlations were not observed with comparable pen and paper tests were the
Face Match, Card Sort, flanker effect measure of the Swipe Out test, and the
Time Tap task. The correlation matrix (Table 4-7) displays the association of a
portion of the Ignite outcome measures with all pen and paper tests (see

Appendix 3 for matrix of all tests).

4.4.3 User experience

A subset of participants (N=55) completed the Ignite user experience
guestionnaire. This sub-sample had a mean (standard deviation) age of 50.0
(17.8) and number of years in education of 17.9 (2.4), and 47.3% of the sample
were male. No significant differences in responses were found on any of the
10 statements between younger and older participants. Figure 4-4 displays the
percentage of responses for each item in the questionnaire, where statements
of a negative attitude have been inversed to positive for interpretability. All
statements concerning the participants experience of the app were rated
favourably. Over 90% of participants agreed that the instructions were easy to
understand, the video examples were helpful, the images in the tests were
clear and easy to see, found the tests interesting and enjoyed completing the

app, and found the app easy to set-up and complete from home.
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Table 4-6: Correlations between Ignite and pen and paper neuropsychology tasks. Light
grey=computerised versions of standard neuropsychology tasks; Dark grey=tasks

without standard version and therefore correlated with other tests. N is different per

task due to cut-off criteria applied.

Ignite test Pen and paper test N Correlation p-
(outcome measure) (outcome measure) coefficient | value
Path Flndc_ar Le_zvel 1 Trail Maklng_ Test Part A 9% 0.55 <0.001
(completion time) (completion time)
Path Flnd_er Lgvel 2 Trail Maklng_ Tes_t Part B 96 0.52 <0.001
(completion time) (completion time)
Colour Mix Level 1 D-KEFS - Colour Naming
(average reaction time) (completion time) 95 050 <0.001
Colour Mix Level 2 D-KEFS - Word Reading
(average reaction time) (completion time) 96 0.25 0.013
Colour Mix Level 3 D-KEFS - Inhibition
(average reaction time) (completion time) 96 0.71 <0.001
Picture Pair Modified Camel and
(total correct) Cactus (total correct) 92 042 <0.001
. Benton Judgement of
Line Judge Line Orientation (total 96 0.58 0.000
(total correct)
correct)
Ekman Pictures of Facial
Face Match Affect 95 0.17 0.098
(total correct)
(total correct)
. . Reading the Mind in the
Mind Reading Eyes 96 0.38 <0.001
(total correct)
(total correct)
Graded Difficulty
Sum Up ; .
(total correct) Arithmetic 96 0.72 <0.001
(total correct)
Balloon Fair lowa Gambling Task
(total won) (net total) ek o Dz
Swipe Out Eriksen Flanker Task
(flanker effect) (flanker effect) & h g
Swipe Out Eriksen Flanker Task 79 0.52 <0.001
(average reaction time) (average reaction time) ' ’
Think Back Level 2 2-Back
(total correct) (total correct) e L e
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Colour Mix Level 4

D-KEFS - Inhibition

(average reaction time) (completion time) 2 e SO
Think Back L.evel' 1 D-KEFS - quour.Namlng 94 0.44 <0.001
(average reaction time) (completion time)
Think Back I_.evell 1 Trail Making. Te;t Part A 95 0.52 <0.001
(average reaction time) (completion time)
Time Tap - Paced (clock D-KEFS - Inhibition
variance) (completion time) <5 o Gz
Time Tap - Paced Trail Making Test Part B
(absolute drift) (completion time) < Ut kst
Time Tap - Sglf-paced D-KEFS -.|nhI.bItI0n 93 0.08 0471
(clock variance) (completion time)
Time Tap - Self-paced Trail Making Test Part B 93 0.02 0.840

(absolute drift)

(completion time)
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Table 4-7: Correlation matrix for a sample of the Ignite outcome measures with gold-standard pen and paper neuropsychology tests. Darker red
indicates a higher negative correlation, darker green indicates a higher positive correlation. TMT=Trail Making Test, CWIT=Colour Word Interference
Test, FLNK RT= Eriksen Flanker Test Reaction Time, IGT=lowa Gambling Test, RMIE=Reading the Mind in the Eyes, BLO=Benton Line Orientation,

GDA= Graded Difficulty Arithmetic, C+C= Camel and Cactus.

Ignite test (outcome TMTA TMTB CWITL [ CWIT2 [ CWIT3 [ 2-BACK | L\ rT | 1GT Total | RMIE BLO GDA c+C
measure) Time Time Time Time Time Total Total Total Total Total
Path Finder Level 1 0.49 0.44 0.37 0.24 0.50 -0.27 0.43 039 -0.34 -0.23 0.22 0.01
Path Finder Level 2 0.44 0.49 0.41 0.27 0.49 -0.28 0.37 -0.25 -0.20 -0.31 -0.24 -0.01
Colour Mix Level 2 0.53 0.48 0.47 0.27 0.57 -0.27 0.49 -0.34 -0.25 -0.31 -0.18 0.05
(average RT)
150
Swipe Out (average RT) 0.52 0.44 0.45 0.15 0.64 -0.33 0.60 041 -0.32 -0.31 -0.16 0.06
Think Back Level 2 (total 038 -0.28 -0.33 -0.08 -0.45 0.51 -0.34 0.21 -0.02 0.15 0.09 -0.08
correct)
Balloon Fair (total won) -0.31 -0.22 -0.25 -0.10 -0.29 0.28 -0.38 0.47 0.20 0.23 -0.02 0.09
Mind Reading (total -0.24 -0.18 -0.26 -0.16 -0.35 0.29 -0.42 0.24 0.38 -0.02 -0.01 -0.05
correct)
Line Judge (total correct) |  -0.30 -0.32 -0.29 -0.16 -0.35 0.34 -0.27 0.20 0.25 0.57 0.33 0.01
Sum Up (total correct) -0.43 -0.37 -0.40 0.24 -0.43 0.14 -0.24 0.19 0.12 0.30 0.72 0.06
Picture Pair (total -0.20 -0.42 -0.25 -0.07 -0.28 0.35 -0.18 0.26 0.07 0.33 0.06 0.43
correct)




Ignite User Experience Questionnaire

Overall | found the tests interesting and enjoyed completing the app
| found the iPad easy to use

The images within the tests were clear and easy to see
Completing the app twice was not tedious/difficult

The app does not take long to complete

| preferred completing the app to the pen/paper tests performed with the
researcher

| found it easy to set up the app and complete the tests from home

151
The video examples prior to the start of each test were helpful
The instructions prior to the start of each test were easy to understand

| did not find the tests on the app boring/repetitive

0 10 20 30 40 50 60 70 80 90 100
Percentage of responses

mDisagree ®Neutral mAgree

Figure 4-4: Stacked bar chart displaying the percentage of healthy controls that agree, disagree, or feel neutral to each statement in the Ignite User

Experience questionnaire. Statements of a negative attitude were inversed for interpretability.



4.5 Discussion

This chapter aimed to investigate the reliability and validity of the Ignite
computerised cognitive assessment through an observational study of healthy
controls. The results demonstrate that the Ignite tests are reliable upon
repeated administration and display good concordance with their gold-
standard pen and paper counterparts. Furthermore, the app is well-rated
amongst the participants, indicating the acceptability of the assessment and
the feasibility of using Ignite in remote data collection studies, at least among

cognitively normal controls, including elderly participants.

45.1 Testing during COVID-19

This was an observational study that began in April 2021. Although this was
over a year after the first COVID-19 lockdown, it is worth noting that this was
still a very anxious time for people to be taking part in face-to-face research.
As such, it was difficult to recruit people to the study and find people willing to
travel into central London to take part in research. Once enrolled,
administering the pen and paper neuropsychology assessment was difficult.
The testing rooms available at the DRC are small, and some patrticipants were
anxious about touching equipment and stimuli as part of the assessment. As
a result, some participants declined to complete the computerised versions of
the standard tasks on the Mac laptop, as | had been using the device to record
test scores prior to this. Even when offered to sanitise the laptop before use, a
subsection of participants (N=9) that were particularly anxious about COVID-
19 declined, and therefore this data was not collected in these participants.
Moving forward, the order of administration was changed so that participants
would complete the computerised tests first before the remainder of the pen
and paper tasks in an attempt to ease anxiety. In addition to this, two
participants did not attend their second research visit due to COVID-19 illness
and subsequently did not complete the standard pen and paper

neuropsychology assessment. Research appointments were frequently
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delayed due to illness, and consequently the intervals between assessments,

as well as the overall length of the study, was longer than expected.

4.5.2 Test-retest reliability

The results of this study demonstrate that the Ignite tests display moderate to
excellent test-retest reliability overall. These reliability estimates are within
range of reliability scores reported for other computerised cognitive
assessments (Gualtieri & Johnson, 2006). Good test-retest coefficients >0.75
(Portney & Watkins, 2000) were obtained for all levels of the Colour Mix and
Think Back tasks, as well as Sum Up, Line Judge, Face Match average RT
and SAT scores, Picture Pair average RT scores, and Swipe Out average RT
scores. Thus, findings are also consistent with previous studies demonstrating
good reliability in pen and paper versions of these tasks (Adams et al., 2015;
Franzen, 2000; Goldstein & Watson, 1989; Iverson, 2001; Lemay et al., 2004;
Paap & Oliver, 2016; Salinsky et al., 2001; Sanders et al., 2018; White et al.,
2018). Ignite reliability estimates for Think Back levels of working memory were
higher than previously reported from 1-back (Lowe & Rabbitt, 1998; White et
al., 2018) and 2-back tasks (White et al., 2018). However, this inconsistency
could be explained by the fact that these studies only included older adults, a
factor which has been shown to affect test-retest reliability due to possible
cognitive impairment (Calamia et al., 2012). Consistent with prior research
studies using pen and paper (Barr, 2003) and computerised Trail Making Tests
(Bracken et al., 2018; Morrison et al., 2015), the Ignite Path Finder levels
displayed moderate reliability.

Low test-retest reliability scores were only seen for the flanker effect measure
on the Swipe Out task and all outcome measures produced from the Time Tap
test. Consistent with the results from this study, other research has shown that
reliability is low for the flanker effect but good for average reaction times on
traditional Flanker tasks, both in healthy controls (Paap & Oliver, 2016; White
et al., 2018) and in patients with dementia (Sanders et al., 2018). It is unclear
why the Time Tap task displayed such low test-retest reliability scores, but the

answer likely lies in the high variability seen in the data at both baseline and
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follow-up assessments. The observed variability could be due to measurement
error, the integrity of the outcome measures output from a complex auto-
regressive timing model, or perhaps cognitive timing is a highly unstable trait
meaning it is difficult to measure consistently. Nevertheless, the low estimates
observed in these measures raises the longstanding issue as to whether tests
with inadequate reliability should be used in research studies and/or clinical
practice (Bowden et al., 2010).

45.2.1 Practice effects

Practice effects were present in all the Ignite tests, as shown by both an
increase in accuracy (total number of correct items) and a decrease in
response times (average reaction times) upon repeated administration.
However, the high level of agreement between the scores indicates that the
extent of these practice effects was consistent across participants. It is well
documented that prior exposure to tests leads to practice effects across
different cognitive domains (Calamia et al., 2012), and it is possible for a test
to be both reliable and exhibit practice effects (Bird et al., 2003). Furthermore,
multiple studies have highlighted that tests of memory and executive function
that rely on a novelty effect or require participants to develop a strategy for
problem solving, will not be conducted in the same way when participants have
prior familiarity, and as a result practice effects are inevitable (Calamia et al.,
2013; Lineweaver et al., 1998; Strauss et al., 2006).

One way of controlling for practice effects is through alternate forms and the
automatic presentation of new stimuli when tests are repeated. However, this
was unfortunately not possible to program within the Ignite app due to the
limited available stimuli from pen and paper tests and the budget available for
this project. Furthermore, although typically viewed as a source of noise and/or
error, practice effects can also provide useful clinical information. For example,
failure to demonstrate practice effects could be the first sign of cognitive
decline and could be a prognostic indicator of future cognitive functioning in
presymptomatic FTD participants (Oijerstedt et al., 2022). Future work should

focus on repeated testing of the Ignite app, perhaps through a burst-testing
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protocol, to further investigate the extent of practice effects upon multiple
administration. This could help to define the optimal number of times Ignite is
required to be completed before we

performance.

4.5.3 Concurrent validity

The Ignite tests displayed good concordance with their corresponding pen and
paper counterparts, supporting concurrent validity. Tests without direct pen
and paper comparisons also correlated with other traditional neuropsychology
tests that measure the same hypothesised cognitive domains. The only tests
that were not significantly associated with traditional measures were the Time
Tap, Face Match, and Card Sort tasks. It is perhaps unsurprising that the Time
Tap test did not correlate with scores on other pen and paper executive
functions tests due to the high variability seen in the data (as described above).
Furthermore, the lack of association between the Face Match/Ekman faces
and Card Sort/WCST tests could likely be explained by the ceiling effects
observed in these tests, particularly on the pen and paper versions. Ceiling

effects restrict the range of scores and result in low correlation coefficients.

The correlation matrix demonstrates that most Ignite tests, including measures
of social cognition, visuospatial function, arithmetic, and semantic knowledge
display some degree of correlation with pen and paper executive function
tasks. This is perhaps not too surprising, as there is a close interrelationship
between executive function and many aspects of cognitive function. However,
there is also an argument that the added complexity of the interface, when
completing computerised tests places greater demands on executive function,
which could also explain this finding (Bauer et al., 2012). Nevertheless, what
is also apparent from the matrix, is that the A n eerx e ¢ u testsvcerkelate
more strongly with the pen and paper tasks of the expected cognitive domains.
For example, performance on the Sum Up with the Graded Difficulty Arithmetic
test, Picture Pair with the Camel and Cactus test and Line Judge with the

Benton Line Orientation test. Therefore, these results highlight the Ignite tests
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are tapping into similar processes as measured through the gold-standard pen

and paper tests.

4.5.4 User Experience

The results of the Ignite User Experience questionnaire show that healthy
controls rate the app favourably overall. A large majority of subjects reported
that the image quality of the tests was good, the videos were helpful, and the
instructions were easy to follow, which speaks to quality of the assessment
and emphasises the time spent further developing the app was worthwhile. In
addition, healthy controls agreed that the app was easy to complete remotely
from home, and the iPad was not difficult to use. As discussed, demonstrating
the feasibility of administering novel computerised assessments is equally as
important as proving validity and reliability. Therefore, this data indicates the
acceptability of the app amongst healthy adults (including those of older ages),
and the feasibility of implementing Ignite as a cognitive test in the wider

population through remote data collection studies.
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4.6 Chapter summary

This chapter describes an investigation into the reliability and validity of the
Ignite computerised cognitive assessment. The results demonstrate that the
Ignite tests have good test-retest reliability and high levels of agreement
between assessments, indicating that the tests capture a stable picture of
cognitive performance over time, despite the presence of practice effects.
Furthermore, the tests displayed good concordance with gold-standard
psychology tasks particularly those measuring the same cognitive processes,
supporting concurrent validity, and the notion that Ignite could be a valid
alternative to traditional pen and paper tests. Ignite was also highly rated by
healthy controls indicating the acceptability of this type of cognitive
assessment. This chapter also revealed that some tests and outcome
measures in the app, including the Time Tap test, and the flanker effect
measure on the Swipe Out test, are less reliable than others. Due to the low
reliability and validity estimates observed, these measures will not be used in
subsequent analysis investigating the Ignite cognitive app in presymptomatic
FTD, as it is not possible to draw reliable conclusions about cognitive
processes from this data. This finding emphasises the importance of
conducting thorough validation studies of assessments, so future work can
develop a more optimised approach and exclude tests that do not work. This
not only helps to inform the wider research community about the reliability of
the tests in question, but also ensures patients are not wasting their time and

completing additional tests that are not clinically useful.
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Chapter 5. Ignite in a presymptomatic FTD cohort

5.1 Chapter overview

This chapter describes the initial investigation of the Ignite app through a cross-
sectional study of presymptomatic GENFI participants that completed Ignite as
part of their annual research visit, or they completed the app remotely. The aim
of this project was to investigate if the tests were sensitive to presymptomatic
cognitive impairment and could differentiate between the performance of
mutation carriers and non-carriers. Presymptomatic carriers were further
stratified by the three main genes to determine the pattern of cognitive decline
by mutation type. Finally, the Ignite results for all participants were entered into
the normative calculator to guide interpretation of performance of mutation
carriers at the individual level compared to healthy controls adjusting for

demographic predictors.
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5.2 Introduction

Clinical trials testing disease-modifying treatments for FTD are underway.
However, as discussed in section 1.2.2, a major challenge facing these trials
is a lack of outcome measures that are sensitive in detecting the earliest
changes in the presymptomatic period and monitoring the progression of the
disease (Desmarais et al., 2019; Panza et al., 2020; Tsai & Boxer, 2016).

Research in the AD field has successfully developed a cognitive battery, the

Al zhei mer ds Di sease Assessment-CaQxthat e

is sensitive in tracking preclinical disease stages and can be used as a primary
endpoint in treatment trials (Langbaum et al., 2014; Silverberg et al., 2011).
However, such measures would not be well suited to serve as endpoints for
clinical trials in FTD due to the psychometric properties of the tests. Therefore,
it is imperative to draw from experience in AD and source outcome measures
that can measure cognitive impairment specific to FTD in the earliest stage of

disease.

Large genetic FTD cohort studies such as GENFI and ALLFTD, using a wide
range of pen and paper cognitive instruments, have reported decline in
executive  function, language, social cognition, memory, and
attention/processing speed in both symptomatic and presymptomatic
individuals (Jiskoot et al., 2016, 2018; Poos et al., 2020, 2021; Rohrer et al.,
2015; Staffaroni et al., 2020). However, most of these studies show that
domains change just prior to onset, which is much later in comparison to the
regional brain atrophy and elevated NfL levels that can be detected 10-40
years before the earliest clinical features (Rohrer et al., 2015; Staffaroni et al.,
2022).

Research has also highlighted that the earliest manifestations and temporal
ordering of cognitive impairment differs amongst the three FTD causing
mutations. For example, previous reports have shown a decline in social
cognition and verbal fluency in C9orf72 expansion carriers (Jiskoot et al., 2016;

Lule etal., 2020; Poos et al., 2022; Russell et al., 2021a), a decline in memory,
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language, social cognition, and semantic knowledge in MAPT (Cheran et al.,
2019; Jiskoot et al., 2016, 2018; Moore et al., 2020), and GRN mutation
carriers exhibit deficits in attention and executive function (Barandiaran et al.,
2012, 2019; Hallam et al., 2014; Jiskoot et al., 2018). As such, a recent study
developed gene-specific cognitive composite scores for C9orf72, GRN, and
MAPT mutation carriers to be used for clinical trials, which resulted in reduced
sample size estimations compared to using individual tests alone (Poos et al.,
2022). Evidence from the field so far suggests that novel neuropsychology
measures should be developed for cognitive endpoints, including
computerised tests that may improve early detection, and gene-specific tests

should be used to reduce required sample sizes for clinical trials.

This project describes the testing of the Ignite computerised cognitive
assessment, specifically designed to detect cognitive impairment in FTD, in an
initial cohort of presymptomatic individuals at-risk of developing the disease.
There are currently no studies investigating presymptomatic cognitive
impairment in FTD using computerised assessments, and therefore this
project represents novel research in the field. In addition, the regression-
based, normative score calculator (described in section 3.4.4) was created as
an additional resource to guide the interpretation of individual performances
based on age, sex, and education level for the Ignite tests. Using demographic
adjustments is one method for increasing the sensitivity of commonly used
measures and may be of particular utility in detecting subtle deficits in

presymptomatic mutation carriers.
Therefore, this aims of this project were to:

1. Investigate if performance on the Ignite tests could distinguish between
presymptomatic mutation carriers and non-carriers.
2. Assess if gene-specific cognitive impairment could be detected from

the Ignite tests.
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3. Calculate the proportion of presymptomatic mutation carriers and non-
carriers that were impaired on each of the tasks based on individual

performance, relative to the normative sample.
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5.3 Methods

5.3.1 Participants

Participants were recruited from the UCL site of the GENFI study. The study
was approved by the local ethics committee and consent was obtained from
all participants. This was a preliminary investigation into the ability of the Ignite
assessment to detect early cognitive change in FTD, and therefore an initial
cohort of presymptomatic mutation carriers were recruited. This included 50
mutation carriers and 21 non-carriers who are first-degree relatives of
individuals with a genetic mutation but do not carry a mutation themselves and

therefore act as a natural control group (see section 2.2.1).

5.3.2 Experimental procedure

Participants completed the Ignite assessment during their annual GENFI
research visit at the DRC, or they were invited to complete the app from home,
as one of the main objectives for further development of Ignite was to allow the
app to be completed remotely. This also allowed a larger number of
participants to be tested than would have been possible through GENFI visits
only, due to the limited amount of people able to be seen for observational

research studies immediately following the COVID-19 lockdown.

If the participants owned an iPad, then they were invited via email to download
the Ignite app from the App Store and complete the assessment on their own
device. Participants were asked to record their unique 8-digit numeric code
generated from the app and send this via email after successfully uploading
their data. If participants were not due to be seen as part of the study for a
while and did not have an iPad at home, then a study device, with the Ignite
app already downloaded, was sent to them using a dedicated UCL courier
service. A form was also included in the package for participants to record their
8-digit codes. All participants that took part from home were told Ignite should
be completed in a quiet room with minimal distraction in one session, as per

normal neuropsychology assessments. Participants that completed the Ignite
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assessment during their GENFI research visit completed the app unsupervised
in one of the psychology testing rooms. All participants entered basic
demographic information into the app (see section 2.3.1.1), including their age,
number of years spent in education, sex, country of residence, and city of birth.
Participants then continued to complete each test within the app in the
predetermined order. They were told to read each test instruction carefully and
watch the example videos as many times as they deemed necessary before
attempting the test. No other instructions were provided. A blood sample was
collected from all participants to genotype individuals into mutation carriers and
non-carriers (see section 2.2.1 for study protocol). Participants that completed
the Ignite app remotely had all completed at least one GENFI research visit,

and therefore genetic status information was available for all subjects.

5.3.3 Data processing

All pre-processing and statistical analyses were performed using Stata/MP
(version 16.1). Data were downloaded from the UCL server and matched to
GENFI patrticipants using the unique 8-digit code provided from the app. Ignite
outcome measures were first computed from the raw data (as described in
section 2.4.2.7), for each test and for each individual, and merged into one
dataset. Genetic status information was then added to the dataset by a GENFI
genetic guardian, and the data were blinded for analysis removing any
previously identifiable information that could be linked back to participants,

such as the unique 8-digit code.
5.3.4 Statistical analysis

5.3.4.1 Demographics

Demographic differences between groups were assessed using independent
t-tests for age and education, and a chi-squared test for sex. One-way
ANOVAs were also conducted to investigate differences in age and education
between non-carriers and carriers split by mutation type, and a chi-squared

test was used to look for sex differences between groups.
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5.3.4.2 Mutation carriers and non-carriers

The normality of the outcome measures for each of the tests was assessed
using histograms and Shapiro-Wilk tests. The aim of this analysis was to
compare performance between mutation carriers and non-carriers on each of
the Ignite tests, and therefore linear regression models were conducted for
each test with the outcome measure as the dependent variable and genetic
status (mutation carrier or non-carrier) included in the model. The demographic
predictors of age, education, and sex were adjusted for in the model if these
were previously shown to be significantly associated with performance on the
test in the normative sample (as reported in section 3.4). If the outcome
measure was not normally distributed, then 95% bias-corrected bootstrapped
confidence intervals with 2000 repetitions were output (see section 2.6.3). The
second aim of this analysis was to investigate which of the Ignite tests and
outcome measures were the most sensitive in detecting differences between
the groups. Therefore, after running the initial regression models, the
measures where differences and/or trends in performance could be seen were
chosen to be presented in the figures. This was also done to control for the

amount of outcome measures generated from the assessment.

5.3.4.3 Mutation type

Mutation carriers were stratified into three groups: C9orf72, MAPT, and GRN
and linear regression models were conducted to compare performance on the
tests for each mutation type with the non-carriers, where the outcome measure
for each test was the dependent variable and mutation type was included in
the model. Post-hoc pairwise comparisons were conducted to compare
performance between the groups (see section 2.6.3). As described above,
demographic predictors were adjusted for per results from the normative
sample for each test, and only outcome measures from a sample of tests were

reported to reduce the volume of measures displayed.
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5.3.4.4 Percentile scores

To investigate how the presymptomatic mutation carriers and non-carriers
performed relative to the sample of over 2,000 healthy controls, Ignite scores
for each individual were entered into the normative calculator (described in
section 3.4.4) and the age, education and sex adjusted percentile scores were
output for each task. The percentage of mutation carriers and non-carriers
performing below the 5™ percentile for each test was calculated, and a chi-
squared test was subsequently used to assess differences between the
groups. The 5" percentile was chosen as this is a common standard for
defining an abnormal score on cognitive tasks. Mutation carriers were further
split by mutation type, as described above, to investigate the pattern of
cognitive decline comparative to the normative population at the individual

level, and additional chi-squared tests were conducted to assess differences.
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5.4 Results

5.4.1 Demographic characteristics

The demographic data for the participants can be found in Table 5-1. No
significant differences were seen in age (p=0.304), education level (p=0.995)
or sex (p=0.185), between mutation carriers and non-carriers. In addition, no
significant differences were observed between groups for age (p=0.597),
education (p=0.965), or sex (p=0.618) when carriers were further stratified by

underlying mutation.

Table 5-1: Demographic characteristics of the non-carriers and carriers, with the carrier
group further stratified by mutation type. Values denote means (standard deviations)

unless specified.

Education
N Age (years) Sex (% male)
(years)
Non-carriers 21 44.9 (12.0) 15.6 (4.72) 57.1
Carriers 50 41.2 (10.0) 16.0 (3.47) 40.0
C9orf72 28 41.0 (10.3) 16.1 (4.09) 39.3
MAPT 15 42.0 (9.21) 16.0 (2.51) 40.0
GRN 7 40.3 (11.7) 15.6 (2.76) 42.8

5.4.2 Mutation carriers and non-carriers

Results from the regression analysis for all outcome measures is presented in
Table 5-2. Performance of mutation carriers and non-carriers on a sample of
the Ignite tests is shown in Figure 5-1. Presymptomatic mutation carriers
displayed fewer correct answers (p=0.010) and had lower speed accuracy
trade-off scores (p=0.015) compared to non-carriers on the Mind Reading task.
A trend towards significance was also observed for the average reaction time,
with carriers responding slower to the items on average than non-carriers
(p=0.054). No other significant differences were observed for any of the

investigated outcome measures at the group level.
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Table 5-2: Mean scores for non-carriers and mutation carriers on the Ignite tests. The mean difference represents the adjusted difference output from
the linear regression models with the p-values and upper and lower 95% confidence intervals reported. SD=standard deviation, Cl=confidence

interval, SAT= speed accuracy trade-off score.

Ignite tests Non-carriers Carriers Mean difference p-value 95% CI

Outcome measures Mean SD Mean SD Lower Upper

Path Finder Level 1

Time to complete (s) 14.3 411 15.0 5.34 1.34 0.208 -0.751 3.450

Path Finder Level 2
Time to complete (s) 26.7 5.88 29.7 14.9 2.84 0.189 -1.399 7.081

Colour Mix Level 1
167 Average reaction time (s) 1.25 0.22 1.22 0.29 0.02 0.751 -0.088 0.122
Total correct 24.2 3.88 25.2 4.98 0.17 0.879 -2.058 2.399
SAT score 20.4 6.14 22.4 8.06 0.60 0.737 -2.969 4.177

Colour Mix Level 2
Average reaction time (s) 1.10 0.20 1.07 0.21 0.00 0.939 -0.077 0.084
Total correct 27.2 4.05 28.2 4.80 0.19 0.830 -1.532 1.910
SAT score 25.9 7.14 27.9 8.85 0.53 0.784 -3.317 4.380

Colour Mix Level 3
Average reaction time (s) 1.48 0.24 1.46 0.33 0.04 0.568 -0.088 0.160
Total correct 40.3 6.33 40.7 8.00 -1.04 0.492 -4.010 1.928

SAT score 28,5 8.68 30.3 11.5 -0.26 0.919 -5.321 4.803
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Colour Mix Level 4

Average reaction time (s) 1.92 0.50 1.90 0.69 0.08 0.515 -0.165 0.330
Total correct 29.9 9.24 30.9 10.6 -0.39 0.870 -5.075 4.292
SAT score 17.2 8.63 18.9 9.53 0.11 0.960 -4.258 4.478
Think Back Level 1
Average reaction time (s) 1.34 0.49 1.26 0.54 -0.05 0.638 -0.278 0.170
Total correct 31.4 7.47 32.3 8.24 0.05 0.980 -3.686 3.783
SAT score 27.8 14.4 30.3 14.0 1.04 0.773 -6.133 8.211
Think Back Level 2
Average reaction time (s) 2.01 0.90 2.19 1.19 0.29 0.251 -0.206 0.790
Total correct 21.3 6.97 19.7 7.14 -2.23 0.240 -5.987 1.523
SAT score 13.9 8.91 12.1 8.54 -2.40 0.293 -6.870 2.074
Balloon Fair
Total money won 1192 371 1256 486 36.3 0.746 -182.9 255.5
Swipe Out
Average reaction time (s) 1.28 0.47 1.21 0.35 -0.01 0.879 -0.160 0.137
Mind Reading
Average reaction time (s) 4.56 1.15 4.84 1.28 0.52 0.054 -0.010 1.044
Total correct 12.7 2.80 114 3.11 -1.77 0.010 -3.113 -0.417
SAT score 3.06 1.22 2.61 1.12 -0.64 0.015 -1.161 -0.129
Face Match
Average reaction time (s) 1.85 0.36 1.78 0.43 0.01 0.872 -0.167 0.197
Total correct 27.2 154 27.6 2.05 0.14 0.762 -0.760 1.039
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SAT score 154 4.04 16.6 4.53 0.23 0.828 -1.894 2.358
Picture Pair
Average reaction time (s) 3.45 1.14 2.96 1.33 -0.36 0.293 -1.034 0.312
Total correct 23.4 1.69 23.2 2.89 -0.50 0.426 -1.718 0.726
SAT score 7.84 3.62 9.02 331 0.91 0.300 -0.812 2.633
Line Judge
Average reaction time (s) 4.28 1.12 4.78 1.74 0.61 0.120 -0.159 1.382
Total correct 10.3 2.69 9.98 2.56 -0.23 0.710 -1.434 0.981
SAT score 2.61 0.99 2.38 1.05 -0.22 0.379 -0.712 0.271
Sum Up
Average reaction time (s) 3.79 1.10 4.21 1.33 0.33 0.226 -0.206 0.871
Total correct 15.4 5.41 13.2 3.90 -1.78 0.120 -4.020 0.465
SAT score 4.95 3.85 3.65 1.99 -1.01 0.173 -2.467 0.443
Card Sort
Number of categories achieved 2.24 1.14 2.14 1.26 -0.27 0.570 -1.19 0.650
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Figure 5-1: Performance on the Ignite tests in the presymptomatic mutation carriers and non-carriers. Outcome measures plotted include the total
score (total correct), the average reaction time (seconds)and t he completion time of the tests, where Ahighe
represent greater impairment. Black significance lines indicate between group differences. One asterisk signifies p<0.05. Error bars represent

means and standard deviations
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5.4.3 Mutation type

The mean scores for the Ignite tests by different genetic mutations are reported
in Table 5-3. Presymptomatic MAPT mutation carriers had significantly fewer
correct items on the Sum Up task compared to non-carriers (p=0.014), see
Table 5-4 and Figure 5-2. Compared to non-carriers, the presymptomatic
C9orf72 group performed worse on Path Finder Level 1, taking longer to
complete the task (p=0.050) and on the Mind Reading test (p=0.002),
completing fewer correct items. Presymptomatic C9orf72 expansion carriers
also had higher average reaction times compared to non-carriers (p=0.023)
and GRN mutation carriers (p=0.001) on the Line Judge task. No other
significant differences in performance were seen between the mutation

carriers.

Table 5-3: Mean Ignite scores for the presymptomatic mutation carriers stratified by

mutation type. SD= standard deviation.

Ignite test Outcome C9orf72 GRN MAPT
measure
Mean SD Mean SD Mean SD
Path Finder Level 1 Time to 161 | 603 | 137 | 246 | 135 | 464
complete (s)
Path Finder Level 2 Time to 306 | 144 | 347 248 | 258 | 953
complete (s)
Colour Mix Level 4 Total correct 30.1 9.91 35.0 11.6 30.5 11.7
Think Back Level 1 Total correct 315 8.37 34.3 7.15 32.8 8.78
Think Back Level 2 Total correct 19.0 7.17 21.3 8.67 20.3 6.64
Mind Reading Total correct 10.9 2.99 12.4 2.88 11.8 3.45
Average
Face Match reaction 1.85 0.50 1.69 0.41 1.69 0.30
time (s)
Picture Pair Total correct 23.9 1.37 23.1 0.89 21.8 4.71
Average
Line Judge reaction 5.22 1.89 3.70 0.57 4.47 1.60
time (s)
Sum Up Total correct 13.8 4.37 131 4.26 11.9 2.46
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Table 5-4: Output from linear regression models for a sample of the Ignite tests and outcome measures by mutation type compared with non-carriers.
Lower Cl=lower 95% confidence interval; Upper Cl= upper 95% confidence interval; Mean diff= the adjusted mean difference in comparison to non-

carriers output from the model. Significant differences are shown in bold.

C9orf72 GRN MAPT
Ignite test Outcome measure | \ean  pvalue Lower Upper | Mean p-value Lower Upper | Mean p-value Lower  Upper
diff Cl Cl diff Cl Cl diff Cl Cl

Path Finder Level 1 Completion time (s) 2.50 0.050 1.05 5.06 0.15 0.925 -2.89 3.18 -0.22 0.876 -2.94 2.50

Path Finder Level 2 Completion time (s) 3.72 0.190 -1.84 9.28 8.24 0.411 -11.40 27.88 -1.22 0.658 -6.60 4.17

Colour Mix Level 4 Total correct 127 0616 622  3.68 | 345 0470 -591 1281 | -053 0876 -7.18  6.12

Think Back Level 1 Total correct 0.80 0.695 -480 320 | 197 0530 -423 817 | 073 0785 -449 594

1ra Think Back Level 2 Total correct 300 0158 -7.20 120 | -073 0816 -7.00 553 | -153 0533 -639  3.34
Mind Reading Total correct 227 0002 -3.70 -0.84 | -089 0458 -324 146 | -1.25 0169 -3.02  0.53

Face Match A"erf}?neerf:)‘c“o” 009 0395 -012 030 | -006 0765 -045 033 | -009 0374 -028 011

Picture Pair Total correct 023 0623 070 116 | -053 0389 -1.76 068 | -1.80 0160 -430  0.71

Line Judge Average reaction 106 0023 015 197 | -042 0315 -1.24 040 | 026 0601 -073 126

time (s)

Sum Up Total correct -1.12 0.363 -3.50 1.28 -1.82 0.449 -6.52 2.88 -3.00 0.014 -5.39 -0.60




175

Total correct

Path Finder Level 1

Path Finder Level 2

40 * 100 -
—
80
0 30+ 0
2] 2
2 5 i
% . g_ 60
§ 20- ° o
o o °
2 —_— 2 404 °®
o - = —%e o _—
E £ G
F 104 = 20 o 4
20 ° °
[ ]
0 T T T T 0 T T T T
A Vv >
& Q& ((\'1. QS\ & & ((\ &
& & \a ©
,o"’é ¥ N ¢ & A &
O \;o“
Colour Mix Level 4 Think Back Level 1 Think Back Level 2
50 50— 50—
40 - 40 40
—el® — [}
304 Selee i 8304 " Toe® o 30
8 8
20+ g 20 [ ) g 20 -1 _ % _—
10+ ° 10 104
[ ]
[ ]
0 T T T T 0 T T T T 0 T T T T
A v D o N Vv >
& L & & & g & S & $ & S
& v S & \al S & \a S
'dz& A\ oq.o ,o"" » oqo ,o"" Q (:Q'o
‘\o‘\ \;o‘\ eo(\



176

Total correct

Mind Reading Face Match
20 - * 4n
mreeeee
0
15 Y 34
= E
9 oo —— =
E — e Kl °
8 10- S 2- °yee
= o HOR > I
L o oole
g 0
54 o 1] °
. E
0 T T T T 0 T T T T
& A Vv > & A Vv >
K & & & & F
& @ & o4
\\°° O
Picture Pair Line Judgement Sum Up
*
30 15+ * * 40 —_—
LA ) L
254 — oa.«.oo - > 2 12
(1] - ~ _
— © 30
20 ? E -
® - 0
: 5 ° : :
15 ° ‘g 8 20
e T °
g 7 2 cele S0 oo
104 8 g ° ® —_—
° 8 | SET eest 7 ol 104 0
54 L 34 N
0 I 1 1 1 0 1 1 1 1 0 I 1 I 1
& L v > & A v > & A v S
&8 @‘3 qos\ & & é‘g L & & @\3 Qog\ &
i < «o"’ e & S
éo éO éO



Figure 5-2: Performance on the Ignite tests for non-carriers and carriers stratified by genetic mutation. Outcome measures plotted include the total
score (total correct), the average reaction time and t he c oonrpdasmrtes reprtesent me of

greater impairment. Black significance bars indicate differences between groups. One asterisks signifies p<0.05. Error bars represent means and

standard deviations.
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5.4.4 Percentile scores

5.4.4.1 Mutation carriers and non-carriers

Table 5-5 displays the total number and percentage of mutation carriers and
non-carriers scoring below the 5" percentile for one outcome measure per
Ignite test. Compared to the normative population, a significantly higher
percentage of presymptomatic mutation carriers were found to score below the
5t percentile on the total number of correct items on Think Back Level 2 (20%,
p=0.027) and the average reaction time on the Face Match task (18%,
p=0.037), compared to 0% of non-carriers, see Figure 5-3. More than 5% of
mutation carriers scored below the 5™ percentile on several Ignite tests
including: Path Finder Level 2, Colour Mix Levels 1,2, and 4, Think Back Level
1, Swipe Out, Mind Reading, Sum Up, Line Judge, and Card Sort. Greater than
5% of non-carriers also scored below the 5" percentile on a few tests including:

Colour Mix Levels 2 and 4, Think Back Level 1, and Swipe Out tasks.

5.4.4.2 Mutation type

When further looking by mutation type in the presymptomatic mutation carriers,
no significant differences were found between the groups for the percentage
of people scoring below the 5" percentile on any of the tests. For the average
reaction time on the Face Match task, 25% of C9orf72 carriers scored below
the 5" percentile. In addition, 29% of presymptomatic GRN mutation carriers
scored below the 5™ centile on the Think Back Level 2 and Sum Up tasks. A
relatively equal proportion (~13-18%) of mutation carriers across the genetic

groups were impaired on the Colour Mix tasks.
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Table 5-5: The total number (N) and percentage (%) of presymptomatic mutation carriers

and non-carriers scoring below the 5" percentile compared to the normative

population.
Ignite test Outcome measure Non-carriers Carriers
N % N %

Pathfinder Level 1 Time to complete (s) 0 0.00 2 4.00
Pathfinder Level 2 Time to complete (s) 0 0.00 4 8.00
Colour Mix Level 1 Total correct 0 0.00 6 12.0
Colour Mix Level 2 Total correct 2 9.52 7 14.0
Colour Mix Level 4 Total correct 2 9.52 8 16.0
Think Back Level 1 Total correct 3 14.3 9 18.0
Think Back Level 2 Total correct 0 0.00 10 20.0
Balloon Fair Total won 1 4.76 2 4.00
Swipe Out Averzg]eer(ese)tction 2 952 6 12.0
Mind Reading Total correct 0 0.00 4 8.00
Face Match Averzgrgneer(esa)\ction 0 0.00 9 180
Picture Pair Total correct 0 0.00 2 4.00
Sum Up Total correct 0 0.00 4 8.00
Line Judgement Aver?i%]eer(esa)lction 1 4.76 6 12.0
Card Sort Sg:ﬁgf;':j 0 0.00 6 12.0
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Figure 5-3: Bar chart displaying the percentage of mutation carriers and non-carriers scoring below the 5" percentile compared to the normative

sample, adjusted for age, sex, and level of education. Asterisks represent significant differences between groups, where p<0.05.



Table 5-6: The total (N) number and percentage (%) of presymptomatic

mutation carriers separated by genetic mutation scoring below the 5"

percentile compared to the normative population.

Ignite test Outcome MAPT C9orf72 GRN
measure N % N % N %
Pathfinder Level 1 | ''™M® to(g;)mp'ete 0 | o000 | 2 |714| o | 000
Pathfinder Level 2 | '™ to(:;’mp'em o |ooo| 3 |107 | 1 | 143
Colour Mix Level 1 Total correct 1 6.67 4 14.3 1 14.3
Colour Mix Level 2 Total correct 2 13.3 4 14.3 1 14.3
Colour Mix Level 4 Total correct 2 13.3 5 17.9 1 14.3
Think Back Level 1 Total correct 3 20.0 5 17.9 1 14.3
Think Back Level 2 Total correct 2 13.3 6 21.4 2 28.6
Balloon Fair Total won 1 6.67 1 3.57 0 0.00
Swipe Out A"erf}ﬂ,‘eer(esa)“’“c’” 2 | 133 | 4 | 143 | o | 000
Mind Reading Total correct 1 6.67 3 10.7 0 0.00
Face Match A"er‘t"}%eer?:)“:“o” 1 | e67 | 7 | 250 | 1 | 143
Picture Pair Total correct 2 13.3 0 0.00 0 0.00
Sum Up Total correct 1 6.67 1 3.57 2 28.6
Line Judgement A"erf}%eer(i"’)“:“o” 2 | 133 | 4 | 143 | o0 | 000
Card Sort Sg:ﬁgfé’tfj 1 | 667 | 5 | 179 | o0 | 000
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5.5 Discussion

This chapter aimed to investigate if the Ignite tests were sensitive to early
cognitive impairment through a preliminary study of presymptomatic
participants at-risk of developing FTD. There are no published studies thus far
investigating cognitive impairment in presymptomatic FTD using validated
computerised assessments, and therefore this project represents a novel area

of research in the field.

5.5.1 Remote participation

Several participants took part in this study remotely, which | found extremely
beneficial for collecting data in a timely manner. However, one thing that
became apparent over time was the inefficiency of matching participants to
their data on the server using the 8-digit code. | recognised this was not a fool-
proof way of matching subjects to their Ignite assessments due to the room for
human error. Therefore, | would frequently try to remind participants to record
their code accurately and ensure they sent this to me after completing the
assessment. In addition, although the ability for participants to complete Ignite
remotely allowed more people to be included in this study, in some instances
| found it more beneficial administering the app in person. | found it interesting
to hear peopl e 6 she app, ancladimg the tests ohayt found
particularly hard, or what they enjoyed, as this helped in my interpretation of
the data. | believe this highlights the pros and cons of remote assessment
studies, as undoubtedly much can be gained from the more detailed feedback

that face-to-face interaction affords.

5.5.2 Mutation carriers and non-carriers

The results from preliminary testing of the Ignite app in presymptomatic
participants suggest the Mind Reading task of social cognition is sensitive in
detecting differences in performance between mutation carriers and non-
carriers. Adapted from the Reading the Mind in the Eyes (RMIE) task, an

affective theory of mind test, individuals are required to select the set of eyes
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from a choice of four that reflect the emotion word presented in the middle.
This is undoubtedly a difficult test, and interestingly when discussing Ignite with
GENFI participants after completion, they tended to report that they found this
task the hardest.

Previous studies have shown patients with bvFTD display deficits in their ability
to process more complex emotions in the eye region of the face compared to
healthy controls (Baez et al., 2014b; Couto et al., 2013; Sedeno et al., 2016),
and AD patients (Buhl et al., 2013; Schroeter et al., 2018). Other research has
highlighted FTD patients are impaired on the Faux-Pas test, assessing theory
of mind task through scenarios involving social inconveniences (Nabar et al.,
2022; Russell et al., 2020) though no studies thus far have reported deficits on
the Faux-Pas or the RMIE test presymptomatically in FTD (Russell et al.,
2020).

The results from this analysis did not reveal any differences between mutation
carriers and non-carriers on the Face Match task, where individuals are
required to select the faces that match with simple emotion words such as
Ahappi ness o and suygestdthat sugadian cafriers are not
impaired on other social cognition tasks when they are able to draw on
additional information from the whole face to aid in the recognition of emotions.
Therefore, by using complex emotions to assess emotion processing from only
the eye region of the face, mutation carriers are finding the test much harder
and are less able to identify the correct emotion. One study showed that the
RMIE task is a better diagnostic predictor of bvFTD than other more typical
measures of executive function including the Stroop task or Trail Making Test
(Schroeter et al., 2018). This finding corroborates with the results from this
study showing early deficits in the Mind Reading task in presymptomatic
mutation carriers but not Colour Mix or Path Finder tests of executive function.
This represents a novel finding, revealing that deficits in social cognition,
assessed through the Mind Reading task, can be detected presymptomatically

in FTD, and could therefore act as an early indicator of symptoms.
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5.5.3 Mutation type

Differences in performance were found on a greater number of the Ignite tests
when carriers were stratified by mutation type, suggesting specific patterns of
cognitive impairment across the mutations. The data revealed the deficits in
performance shown in the mutation carrier group on the Mind Reading task
were largely driven by a group of C9orf72 expansion carriers scoring
significantly lower than the non-carriers. Previous studies using pen and paper
tests of simple emotion processing (Russell et al., 2020) and questionnaires
investigating socioemotional sensitivity (Franklin et al., 2021) have reported
social cognition deficits mostly occur in the late presymptomatic phase in
C9orf72 carriers and are potential predictive biomarkers of phenoconversion.
However, to my knowledge, this is the first time presymptomatic social
cognition deficits have been reported in C9orf72 using an adaptation of the
RMIE task.

The results showed C9orf72 expansion carriers were also impaired on the Line
Judge task, adapted from the Benton Line Orientation test, a standard
measure of visuospatial skills (Qualls et al., 2000). Differences were seen in
average reaction times, with C9orf72 expansion carriers taking significantly
longer to respond to the items compared to non-carriers. Performance
appeared to be preserved when looking at the number of correct items on the
task, therefore, it appears the speed of processing visuospatial information is
impaired in these individuals rather than the accuracy of their visuospatial
skills. It could be that a delay in the processing of visual information represents
the earliest manifestation of impairments in this domain. The majority of FTD
research focuses on the involvement of frontal and temporal structures,
however, atrophy is sometimes present in posterior portions of the brain in
FTD, particularly in those with GRN mutations and C9orf72 expansions (Cash
et al., 2018; Rohrer, Nicholas, Cash, van Swieten, et al., 2015c). As such,
deficits in visuospatial function have been reported in patients with C9orf72
(Irish et al., 2013; Jiskoot et al., 2023; Patel & Sampson, 2015) and GRN
mutations (Jiskoot et al., 2023; Taghdiri et al., 2016; Taipa et al., 2012), but
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usually in the later stages of the disease. However, deficits in visuospatial
function were shown here presymptomatically in C9orf72 carriers, likely seen
due to the more detailed reaction time metrics output from the Ignite app,

compared to pen and paper tests used in other studies.

Presymptomatic MAPT mutation carriers were found to display deficits in
mental arithmetic on the Sum Up task, answering fewer sums correctly
compared to non-carriers. This was perhaps unexpected, as the Sum Up task
was included in Ignite, as described above, to assess more posterior brain
regions affected in those with GRN mutations and C9orf72 expansions (Cash
et al., 2018; Rohrer, Nicholas, Cash, van Swieten, et al., 2015c). However,
there is a long-standing theory that whilst pure calculation is associated with
left parietal lobe function, there is undoubtedly an executive requirement to the
arithmetic tasks described in this thesis. In order to process and retrieve the
answers to sums, tasks of mental arithmetic likely tap into multiple cognitive
domains including working memory (Halpern et al., 2003) and long-term
memory, domains in which impairments have frequently been reported in
MAPT (Jiskoot et al., 2018; Poos et al., 2021; Poos et al., 2022a; Poos et al.,
2022b). Therefore, it is likely that the deficits seen on the Sum Up test are
reflective of episodic/working memory deficits as opposed to problems with
calculation in these presymptomatic MAPT mutation carriers. There was also
an interesting trend observed in the data, with a portion of the MAPT mutation
carriers scoring very low on the Picture Pair task, a measure of semantic
knowledge. This replicates research using the pen and paper Camel and
Cactus version of this task, with specific impairments shown in presymptomatic
MAPT carriers, whilst other mutation carriers perform the task relatively well
(Moore et al., 2020).

Taken together these results complement studies showing cognitive
impairment covering multiple domains in C9orf72 (Mahoney et al., 2012; Poos
et al., 2020; Poos et al., 2022) and specific impairments in episodic/working
memory and semantic knowledge in MAPT (Jiskoot et al., 2018; Poos et al.,

2020; Poos et al., 2022). The results are also consistent with what we know
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about the neuroanatomical profiles of these mutations, as C9orf72 expansion
carriers display degeneration in the frontal, temporal, cerebellar, and
subcortical structures (Cash et al., 2018; Mahoney et al., 2012) which explains
the widespread cognitive impairment observed. In contrast, focal atrophy of
the anteromedial temporal lobe, an area important for memory and semantic
knowledge, is often seen in MAPT-associated FTD (Rohrer & Warren, 2011).

There is no evidence from the results that GRN mutation carriers were
impaired on any of the Ignite tests compared to non-carriers or the other
mutations. Therefore, these results do not replicate the findings from some
studies showing early executive deficits in these individuals (Barandiaran et
al., 2012, 2019; Hallam et al., 2014, Jiskoot et al., 2018; Poos et al., 2020;
Poos et al.,, 2022). However, one study investigating longitudinal cognitive
performance in the three FTD genes, demonstrated no difference between
GRN mutation carriers and healthy controls on any of the investigated
cognitive tasks in the early disease stages (Poos, Macdougall, et al., 2022).
Another study using disease progression modelling, highlighted a pattern of
stable performance in presymptomatic GRN carriers on cognitive tests in the
presymptomatic phase, followed by a rapid decline after the onset of

symptoms (Staffaroni et al., 2022).

5.5.4 Normative sample

When interpreting the results of each individual compared to the normative
sample, it appeared that presymptomatic mutation carriers were impaired
across a greater number of tests measuring a wide variety of cognitive
domains. The results showed that 20% of mutation carriers scored below the
5" percentile on the Think Back Level 2 task, a significantly larger portion
compared to non-carriers. Think Back Level 2, an adaptation of the 2-back
test, is a classic paradigm of executive function, namely assessing working
memory. Deficits in working memory are more commonly associated with AD
than FTD (Stopford et al., 2012) and research from the GENFI study has failed
to find deficits in working memory across any of the mutation types (Poos et
al., 2022). However, this is a difficult test likely tapping into multiple elements
187



of attention/processing speed and executive function, and again GENFI
participants did tend to report that they found this task extremely hard.
Nevertheless, as many as one in five presymptomatic mutation carriers that
completed this test were classified as impaired, compared to none of the non-
carriers. Differences were likely not seen between the groups previously, due
to a number of mutation carriers that are able to perform this task well, so the

signal is likely lost when comparisons are made at the group level.

Presymptomatic mutation carriers were not impaired at correctly identifying the
emotions on the Face Match task. However, when analysing the percentile
scores, 18% of carriers scored below the 5" percentile for the average reaction
time on this test. Therefore, although carriers are overall performing the task
well and can correctly assign the correct expressions to the simple emotion
words, it is taking some individuals significantly longer to do so. This suggests
the processing of basic emotions is significantly delayed in a sample of these
presymptomatic carriers, which could represent the earliest manifestation of
social cognition deficits. This impairment would not have been seen looking at
the accuracy scores alone, and therefore, this finding emphasises the
importance of computerised cognitive testing and utilising the detailed metrics

of reaction times that can be output from assessments.

It would of course be expected that 5% of people would score below the 5%
percentile on the tasks, but what | think is particularly striking from the data is
the proportion of mutations carriers scoring below this cut-off across several
tasks measuring a wide range of cognitive processes. This suggests that when
assessed on an individual level a larger portion of mutation carriers are
impaired on the tests comparative to healthy controls than would be expected
due to natural variability in the population. Perhaps using demographic
adjustments on an individual basis increases the sensitivity of the Ignite tests
in detecting subtle deficits in mutation carriers, and the normative calculator is
therefore better able to distinguish those that are in the prodromal stages of

disease and are approaching symptom onset.
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Only a small number of non-carriers took part in this project, and it is clear
when performance on these tests is compared to a much larger, more robust
sample of healthy controls, that presymptomatic mutation carriers are impaired
across a wider range of tasks. It is also evident that there are several tasks
where a number of non-carriers are performing poorly compared to the
normative population. The high proportion of non-carriers scoring below the 5%
percentile on Think Back Level 1 was unusual. This is an adaptation of a 1-
back paradigm, a test that should be easy for healthy controls. One explanation
for these findings could be that Think Back Level 1 is the first task in the Ignite
assessment, and participants often reported that they struggled with the first
test as they were anxious and did not know what to expect from the
assessment. The example videos presented prior to the start of each test were
implemented so that participants could see how to perform the task. Even so,
it could be argued that a i d u mnegt&hould be implemented at the start of
the assessment to ensure participants are familiar with the interface and
technology before starting, which could ease initial anxiety and help to mitigate

this effect.

The findings also question the reliability of the non-carriers as healthy controls.
The benefit of using non-carriers as a natural control sample, is this allows for
a direct comparison of individuals from the same families, controlling for social
and environmental factors, where the only difference is whether they harbour
the FTD causing mutation. However, as a group they may not be the most
reliable controls due to the high levels of anxiety and depression that often
accompanies individuals that are living at-risk of developing FTD (Quaid,
2011). This occurs in those who are aware of their genetic status and know
they carry the mutation, as they feel assessments are monitoring when they
are going to develop symptoms. High levels of anxiety are also frequent in
those who do not know their status due to the uncertainty around whether they
are going to develop FTD. It is well known that factors such as anxiety and
depression can impact performance on cognitive tests, which could help to
explain why a proportion of non-carriers appear to be impaired on a few tasks

compared to healthy controls.
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The pattern of impairment by mutation type at the individual level is difficult to
interpret when looking at proportions in smaller groups. However, what | think
is clear is a proportion of presymptomatic C9orf72 carriers are more impaired
on the Face Match task compared to the other gene groups, again
corroborating with previous research showing social cognition deficits in these
individuals. Although the initial results show little evidence of impairment in
GRN mutation carriers, when assessing cases on and individual level, a
greater percentage of GRN mutation carriers are more impaired on the
executive function tasks, including Think Back Level 2, and Sum Up, compared
to the other mutations. This would corroborate with the previous findings from
pen and paper tasks; however, it is clear this requires further investigation in a

larger sample of participants.

5.5.5 Limitations and future work

One limitation of this work was the inability to look for associations with other
data collected as part of the GENFI study, due to the fact some participants
participated remotely. As such, participants that had not been seen in the study
for a long time, due to COVID-19, did not have recent clinical, neuroimaging,

or neuropsychology data available for cross-validation with Ignite.

Future studies should ensure that other important measures are obtained
within a given timeframe of completing the app so that cross-validation can be
performed, either through telephone or web-based assessments, if GENFI
participants are completing the Ignite app remotely. Further work is required in
a larger cohort of presymptomatic individuals, over time, to investigate what
happens to Ignite scores longitudinally before outcome measures can be used
to detect early impairment and monitor disease progression in clinical trials.
Future studies should also examine the relationship between Ignite tests and
measures of disease severity, to investigate if the carriers that are impaired on
the tasks are closer to the onset of clinical symptoms. For example, by
correlating the Ignite outcome measure with NfL levels, it could be possible to
pinpoint when performance is becoming abnormal and estimate proximity to

phenoconversion. It would also be helpful to look at the relationship between
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the Ignite tests with other neuroimaging features, to investigate if the tests are
associated with atrophy in brain regions thought to support the different
cognitive processes. As discussed, it could also be important to account for
mental health conditions in the Ignite data, due to the high prevalence of
clinical symptoms of depression and anxiety in both mutation carriers and non-

carriers.
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5.6 Chapter summary

This chapter describes an initial investigation into the Ignite app in a cohort of
presymptomatic participants from the GENFI study, with the aim of
investigating if the tests were sensitive to early changes in cognitive function
amongst mutation carriers. The results suggest the Mind Reading task is
sensitive in detecting differences in performance between mutation carriers
and non-carriers at the group level, with further analysis revealing this finding
is driven by a group of C9orf72 expansion carriers that were performing poorly
on the task. The data also mirrored mutation specific patterns of cognitive
decline in C9orf72 expansion carriers and MAPT mutation carriers previously
reported from pen and paper versions of the tasks. Initial findings are extremely
promising, with evidence of presymptomatic impairment in visuospatial
processing in C9orf72 mutations, that has not been described before.
Furthermore, although differences between mutation carriers and non-carriers
were only observed in a handful of Ignite tests, when individuals were
compared to the normative population, it was evident that mutation carriers
were impaired on several tasks, with a greater proportion scoring below the 5%
percentile on Think Back Level 2 and Face Match tests compared to non-
carriers. Where the signal is likely lost at the group level, this emphasises the
benefit of having a robust control sample to analyse performance of individuals
relative to their age, education level, and sex to identify early cognitive

impairment.

192



Chapter 6. Methods 2 1 Eye tracking test

development

6.1 Chapter overview

Eye tracking has proven to be a useful alternative to pen and paper tests, as
the tasks do not require additional behavioural or verbal responses to make
inferences about cognitive function (Bueno et al., 2019; Pavisic et al., 2017).
However, it is often an overlooked method of measuring cognition in
neurodegeneration (Bueno et al., 2019), perhaps because assessments have
yet to be tailored to specific diseases. Very few behavioural eye tracking tests
exist that capture cognitive impairment specific to FTD, and as such this
methods section describes a pilot study investigating two eye tracking tests,
including a spatial anticipation task, measuring executive function, and a moral
reasoning task of social cognition. There is some evidence that patients with
bvFTD are impaired on these tasks, but this requires further investigation.
Therefore, performance on these tests was analysed to determine if they could
reveal deficits in patients with bvFTD and should therefore be included in a

new experiment aiming to detect presymptomatic impairment.
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6.2 Pilot study of eye tracking tasks

6.2.1 Participants

Participants were recruited from the Longitudinal Investigation of
Frontotemporal Dementia (LIFTD) study, a sporadic FTD cohort study ran from
the DRC at UCL. LIFTD follows individuals with sporadic FTD over three years.
Participants took part in the eye tracking study if they met the current criteria
for a probable or definite diagnosis of bvFTD (Rascovsky et al., 2011). The
LIFTD study also includes a population of healthy controls, with no family
history or diagnosis of FTD. All participants are required to attend a research
visit during which they completed an eye tracking battery, alongside a clinical

assessment, neuropsychological assessment, and MRI brain scan.

Table 6-1: Demographic information for LIFTD participants included in the pilot study.

Values denote means (standard deviations) unless otherwise stated.

Diagnosis N Age Education Sex (% Male)
bvFTD 16 64.5 (5.97) 13.9 (3.26) 75.0
Controls 15 61.5 (4.16) 16.3 (2.26) 66.7

6.2.2 Apparatus and procedure

The Eyelink plus 1000 eye tracker was used to measure eye movements. This
is a desktop mounted system that samples eye movements at a frequency of
up to 1000 Hz per second, with an accuracy of 0.15 (degrees). The eye
tracker was connected to an 180
and throughout the subsequent chapters this system/experiment will be
referred
to a host PC that was used to run the calibration and experiment. The
experiment was designed using Experiment Builder software (SR Research,
Canada). The camera only tracked the participants right eye, but viewing was
binocular. A chin rest was used to ensure stability of the head and minimise
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movement throughout the tasks. A nine-point calibration was used to set-up
the camera and ensure the accurate location of the eye position on the screen
(see section 2.5.1.2). A drift correct procedure was also carried out between
each trial in each test. This was done to maintain the accuracy of the gaze
position throughout the task, however, if any large movements occurred then
the calibration was recalculated. The experiment took place in a dark quiet
room and for all tests participants

as they appeared on the screeno.
6.2.3 Eye tracking tasks

6.2.3.1 Spatial anticipation

This task is an adaptation of the pen and paper Brixton Spatial Anticipation
test (Burgess & Shallice, 1997; Primativo et al., 2017). Spatial anticipation is a
measure of executive function, namely the ability to detect, follow, and switch
rules. Specifically, participants are required to learn the pattern of a moving
sequence of targets, anticipate the location of the next target, and alter their
responses when the pattern changes. In this eye tracking version of the test,

participants are presented with a 10x7 matrix of white circles, one of which is

wer e

filled in bl ack Figure@l. Eachsbkgaende starts witedn® ) ; s
100

of the circles becoming outlined for

The same circle is then filled in black for 1000ms before moving six times
across the matrix at 500ms intervals, resulting in seven different targets in a
sequence. The target moves in the matrix following two different patterns
(small zigzag and large zigzag) and in two possible directions (left and right).
There are eight trials in total with each possible pattern in each direction
repeated twice. If the participants perform the task correctly, they should begin

to anticipate, by looking towards, where the target will next appear.

6.2.4 Moral reasoning

The moral reasoning task evaluates empathy in the context of intentional and

accidental harm (Baez et al., 2014). The experiment consists of 25 animated

scenarios involving two individuals. In this version of the task, eye movements
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are recorded whilst participants view three digital colour images for 500ms,
presented in quick succession to imply motion. Three conditions were
depicted: (1) intentional harm in which one person is in a painful situation
intentionally caused by another; (2) accidental harm where one person is in a
painful situation accidentally caused by another; and (3) neutral situations

where no one is harmed.

Participants are then shown the short clips again and required to complete a
guestionnaire on the desktop display PC. The questionnaire includes five

different questions for each of the 25 trials. They are first required to evaluate

the intentionality of the action by resp
intentional ?20. The remaining four guest.
rating scale (ranging from -10 to 10, but the numbers were not visible), where

the participant movesthei mar ker 0 al ong the scale to r
Figure 6-1). Participants were asked to rate: (1) how sad they felt for the victim,

(2) how upset they felt about what happened, (3) how wrong the action was,

and (4) and how much they would punish the person that committed the action.

The extreme point of the scale changes depending on the question, for
example fiHow sad do you feel for ttdhe vic

AVery sado.

196



1)

(@) (b)

How sad do you feel for the victim?

Not sad at all Very sad

Figure 6-1: Examples of experimental stimuli from the 1) spatial anticipation eye
tracking task, 2) moral reasoning eye tracking task, and 3) the moral reasoning
questionnaire. The spatial anticipation images depict the target locations of the (a)
small and (b) large zigzag patterns with the red arrows indicating the direction the
target is moving. The moral reasoning images display examples of the intentional
(a) and accidental harm (b) scenarios. The questionnaire shows an example of the
non-numbered visual rating scale, with the central marker used to record

responses.



6.2.5 Statistical analysis

6.2.5.1 Spatial anticipation

All data were analysed in Data Viewer, a software program provided by SR
Research that accompanies the Eyelink 1000. The aim of this experiment is to
anticipate where the target will next appear, and therefore correct anticipatory
saccades were measured. A correct anticipatory saccade was classified
according to the criteria defined by Primativo et al. (2017): as any saccade
starting at the current location of the target, travelling towards the next target
location according to the emerging pattern (even if the saccade falls short of
the target). The classification of correct anticipatory saccades was based on
visual inspection of the data for each trial and for each participant, by me and
another researcher, to check for inter-rater reliability. Any inconsistent
classifications were reviewed by a third independent researcher. | also
classified the correct anticipations twice to check for intra-rater reliability. The
analysis was first carried out considering all targets in the sequence and then
only the last part of the sequence (targets 4-7) to analyse anticipations made
when the pattern had clearly emerged. The percentage of correct anticipatory
saccades were calculated in relation to the possible maximum number.
Normality of the data was checked, and Mann-Whitney U tests were used to
test for differences in percentage correct anticipatory saccades in bvFTD

patients and controls in small and large zigzag patterns.

6.2.5.2 Moral reasoning

Data were analysed to assess differences in looking patterns between patients
with bvFTD and controls across intentional and accidental harm conditions.
Data from neutral conditions were not analysed. Heat maps were first
generated in Data Viewer for each trial to assess the proportion of time spent
looking at different stimuli between groups. From visual inspection, it appeared
thatonaveragecont r ol s spent more ti melallyanok i ng
the intentional harm condition compared to patients with bvFTD (see Figure

6-2). Therefore, an area of interest (AOI) was manually drawn around the
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entire victim for each trial to investigate if there were any differences in dwell
time (time spent looking in the area) between groups across both conditions.
The time taken for the participant to look at the victim AOI, and pupillometry
data, were also analysed to look for physiological responses to intentional and
accidental harm conditions. Data were checked for normal distribution and t-
tests were subsequently used to analyse differences between groups across

outcome measures.

Data from the questionnaire following the eye tracking experiment, were also
analysed to investigate differences in behavioural responses to intentional and
accidental conditions. The percentage of correct responses were calculated
for the first question and a chi-squared test was used to check for significant
differences between groups on both conditions. Scores on each of the four
scales were checked for normal distribution and subsequently Mann-Whitney
U tests were used to analyse differences in scores between groups and

conditions.

e

bvFTD i Controls

Figure 6-2: Representative example of heat maps generated for the intentional harm
condition in the moral reasoning task. Red area represents more time spent looking in
the region.
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6.2.6 Pilot results

6.2.6.1 Spatial anticipation

Inter-rater reliability for the classification of correct anticipatory saccades was
89%, and intra-rater reliability was 96%. Patients with bvFTD made fewer
correct anticipatory saccades compared to controls in the large zigzag
condition, when analysing all targets (2.8% vs. 15.2%, p=0.04), and the last
four targets in the sequence only (2.1% vs. 20.5%, p=0.02); see Figure 6-3.
No significant differences were seen in the small zigzag condition between

bvFTD and controls.
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Figure 6-3: Mean percentage of correct anticipatory saccades for bvFTD patients and
controls on small and large zigzag patterns. Error bars represent standard deviations.

Asterisk indicate p-values <0.05.

6.2.6.2 Moral reasoning

There were no significant differences observed between bvFTD patients and
controls in the intentional and accidental harm conditions for any of the
investigated outcome measures (see Table 6-2). In addition, no significant
differences were seen in the correct identification of intentional harm
conditions between groups (bvFTD=97%; controls=100%, p=0.187). However,
for accidental harm trials, bvFTD patients were less able to correctly identify
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the intentionality (75%) compared to controls (86%, p=0.003). Overall, controls

provided a

accidental harm scenarios (p<0.01), and individuals with bvFTD were found to

rate

hi gher

controls (p<0.05).

Table 6-2: Moral reasoning task eye tracking outcome measures for bvFTD and controls
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across intentional (IH) and accidental harm (AH) conditions. Values denote means.

Dwell time in victim Time taken to look at Maximum pupil size
AOI (ms) victim AOI (ms) (mm)
IH AH IH AH IH AH
Controls 3275 315.4 1086.0 1117.8 1049.3 1003.8
bvFTD 323.8 358.9 1080.8 1103.7 892.1 964.8
p-value 0.54 0.11 0.79 0.93 0.99 0.78

6.2.7 Pilot discussion

This pilot study was conducted to determine if two behavioural eye tracking
tasks measuring executive function and social cognition, were sensitive to
cognitive impairment in FTD. The results from the spatial anticipation task
revealed that patients with bvFTD make fewer correct anticipatory saccades
than controls, when viewing a large zigzag pattern. The mean percentage of
correct anticipatory saccades for bvFTD patients was equally low for all targets
and the last four targets in the sequence, indicating they are not able to
anticipate the target location even when the pattern has clearly emerged.
Unlike previous research, no significant differences in performance were found
between patients and controls on the small zigzag pattern (Primativo et al.,
2017). However, we did replicate the finding that the large zigzag pattern
appears to be much harder to anticipate across groups, as it likely places

greater demands on executive function. The small zigzag trial is presented first
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in the experiment; therefore, results could also highlight set-shifting deficits in
bvFTD patients if they are still anticipating the previous pattern. It is well
characterised that patients with bvFTD display deficits in set-shifting
(Thompson et al., 2005), and inhibitory control (Ibafiez, 2018; Mariano et al.,
2020), and there is evidence that this eye tracking task is reliably capturing this

executive dysfunction.

In contrast, analysis of the eye tracking data from the moral reasoning task
revealed no significant differences between patients with bvFTD and controls.
On the questionnaires, patients displayed significantly higher ratings of
empathic concern (how sad do you feel for the victim), discomfort (how upset
do you feel), and punishment (how much punishment) in the intentional harm
condition. These results are surprising, as a lack of empathy constitutes part
of the diagnostic criteria for bvFTD (Rascovsky et al., 2011), and a wealth of
research has demonstrated that patients display a diminished response to the
feelings of others (Mendez, 2006; Rankin et al., 2006). These findings also
contradict previous research using the same task that has shown bvFTD
patients score much lower on these scales when viewing intentional harm
scenarios (Baez et al., 2014). Taken together, the results suggest that the eye
tracking adaptation of this moral reasoning task is not useful for measuring

social cognitive deficits in FTD, at least in this cohort of participants.

Therefore, the results from this pilot study justify the inclusion of the spatial
anticipation task in the new eye tracking experiment as a viable test of
executive function in FTD, whilst the eye tracking version of the moral
reasoning task was not included. Both patterns were kept in the spatial
anticipation experiment as it was felt that eliminating the small zigzag condition
would reduce the pattern variability and subsequently make it easier for
participants to complete the task overall. Furthermore, although inter- and
intra-rater reliability was high, visually inspecting the data for correct
anticipatory saccades was time-consuming, and therefore it was decided that
alternative outcome measures would be explored to analyse correct

anticipations moving forward.
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6.3 Chapter summary

This chapter describes a pilot study of two eye tracking tests aiming to
measure executive function and social cognition in FTD. Only the spatial
anticipation task showed differences in performance between groups,
indicating this test can detect executive dysfunction in bvFTD. On the other
hand, the moral reasoning task did not display any differences in performance
between groups, despite previous research showing patients lack empathy
when viewing intentional harm scenarios. The results of this study led to the
inclusion of the spatial anticipation task in a new eye tracking experiment,
alongside other measures of social cognition and executive function. The hope
is that the new eye tracking experiment will provide reliable outcome measures
that will improve the detection of cognitive impairment in FTD, however, the
experiment needs to undergo thorough validation before it is tested in clinical

cohorts.
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Chapter 7. Validation of the portable eye tracking

experiment in a healthy control cohort

7.1 Chapter overview

This chapter describes a validation study of a portable eye tracking
experiment. The aim was to develop an evidence-based, tailored battery that
included tests known to be sensitive to cognitive impairment in FTD, with the
hope that this tool could be used to detect presymptomatic deficits. Therefore,
tests were included based on evidence from the literature, and the findings
described in Chapter 6, in order to include eye tracking tests sensitive to
cognitive impairment in FTD. This chapter describes the validation of the
portable eye tracking experiment through a healthy control study to evaluate
concurrent validity and determine if this experiment can produce outcome
measures with similar sensitivity to those produced from a higher frequency
camera used in a desktop-based eye tracking experiment. This chapter also
investigates the psychometric properties of the portable eye tracking tasks by
measuring the association with neuropsychology tests assessing the same
hypothesised cognitive domains. A small feasibility study is also described
aiming to establish if participants could theoretically set up and complete the

portable eye tracking experiment at home.

204



7.2 Introduction

Eye tracking experiments, described in the majority of research studies, are
usually administered in laboratories or clinical research settings. The benefit
of these studies is that they utilise high-frequency eye tracking systems, with
excellent recording frames, whilst controlling for confounding variables that
may influence results, such as light and noise. Previous research utilising high-
performance eye trackers has demonstrated tasks are sensitive in detecting
impairments in patients across a wide range of neurodegenerative diseases,
including both individuals with MCI and AD (Crawford et al., 2015; Crutcher et
al., 2009; Oyamaetal., 2019; Riek et al., 2020), bvFTD (Hutchings et al., 2018;
Primativo et al., 2017; Russell et al., 2021; Russell et al., 2021a) and posterior
cortical atrophy (PCA) (Shakespeare et al., 2015). However, these studies are
conducted in artificial settings, where data concerning cognitive processes is
captured outside of a participantos nat
trackers such as the Eyelink 1000 (described in paragraph 6.2.2) are
expensive, making them unlikely candidates for multi-centre research studies
or for use in clinical trials. The discovery of a low-cost, portable biomarker
would have huge implications for disease progression monitoring in clinical
trials, if proven to provide reliable outcome measures that are sensitive to early

cognitive impairment in FTD.

This chapter describes a new experiment built using a small lightweight eye
tracker, the Tobii Pro Nano, for a fully portable eye tracking protocol. Eye
tracking tasks that have previously demonstrated their ability to detect deficits
in social cognition and executive function in patients with bvFTD were included
in the new experiment (Russell et al., 2021; Russell et al., 2021a), with the aim
of detecting these deficits presymptomatically. These tasks include both basic
eye movement measures of fixations and anti-saccades that measure
attention and inhibitory control, respectively, and behavioural tests of simple
and complex emotion processing. The results of the pilot study, described in
Chapter 6, also led to the inclusion of the spatial anticipation task in the battery

as a measure of executive function.
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There are several benefits of using a more portable device such as the Tobii
Pro Nano, as discussed above, but the sampling frequency and accuracy of
these systems are considerably lower than other eye trackers on the market.
Lower sampling frequencies reduce the ability to estimate the true position of
the eye, and therefore the data produced provides a less accurate estimation
of eye movement metrics. There is some evidence from the AD literature that
data collected from the Tobii Pro Nano is associated with established
biomarkers of disease and is reflective of cognitive impairment. For example,
one study demonstrated that fixation data produced from the Tobii correlated
with hippocampal volume (Jonell et al., 2021), and was useful for measuring
anticipatory looking as an index of event memory (Hanazuka et al., 2021).
However, other research utilising a picture description task, has suggested the
data collected from the Tobii Pro Nano was not accurate enough to classify
cognitive impairment based on eye movements alone (Andersson & von
Sydow Yllenius, 2020).

Therefore, before the portable eye tracking experiment can be used as a tool
for measuring cognitive function, the data output from the Tobii Pro Nano must
first demonstrate concurrent validity with other eye trackers with higher
sampling rates. This will ensure the system is able to produce the same
outcome measures with similar sensitivity, and that these measures are
representative of the cognitive domains of interest. Additionally, eye tracking
systems are complex, and in order for eye tracking to be a viable tool for home
monitoring, participants must demonstrate that they are able to set up and

complete the experiment unsupervised.
Thus, the aims of this project were to:

1. Assess the relationship between scores on the portable eye tracking
experiment with a desktop eye tracking experiment in a group of healthy

controls.
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2. Investigate the cognitive correlates of the portable eye tracking tasks
with standard pen and paper neuropsychology and computerised
cognitive assessments.

3. Conduct a small feasibility study to determine if healthy controls can set

up and complete the portable eye tracking experiment unsupervised.
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7.3 Methods

7.3.1 Participants

Healthy controls were recruited through JDR and were the same group of
participants that took part in the Ignite observational study (see section 4.3.1).
All participants gave fully informed consent at the beginning of the first
research visit. Participants were invited to the study through JDR if they met
the inclusion/exclusion criteria previously described in section 3.3.2 i.e., were
adults aged 20-80, with no clinically significant medical condition. All
participants had normal visual acuity or vison that was corrected to normal with

glasses or contact lenses.

7.3.1.1 Sample size

A calculation determined that a sample size of 88 would be enough to 90%
power a correlation of at least 0.5 (one-sided), if a moderate to strong
correlation between assessments was expected (r00.7). As the aim of this
study was to compare the data output from a set of participants completing the
same tests across the two eye trackers, it was deemed that a moderate to high
correlation would be expected between scores. A sample size of 88 was also
estimated to be an achievable sample to obtain within the timeframe, although
a sample of 100 was the initial target, to allow for potential attrition and data
collection problems that could arise due to the COVID-19 pandemic

restrictions.

7.3.2 Study design

This study was split into two 1-hour research visits at the DRC in UCL, held
approximately two weeks apart. Participants completed the portable and the
desktop eye tracking experiments, along with the Ignite app and the standard
pen and paper neuropsychology battery (described in 4.3). Participants were
randomised 1:1 into two conditions, to account for the effects of completion

order on task performance (see Table 7-1).
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Table 7-1: Study design including the two conditions and the assessments completed

at different timepoints. ET=eye tracking, brackets denote the location of assessments.

. _ _ Timepoint 2 _ _
Condition Timepoint 1 (DRC) Timepoint 3 (DRC)
(Home)
Ignite app + Desktop . Neuropsychology +
1 ET experiment Ignite app Portable ET experiment
Neuropsychology + . Ignite app + Desktop
2 Portable ET experiment gnite app ET experiment

7.3.3 Apparatus and procedure

The eye tracking experiments took place in a dark quiet room. Participants
were sat facing the display screen, while the experimenter sat out of the
participant® field of view to avoid distraction. To ensure fixation stability, for
both experiments, a nine-point calibration procedure was conducted.
Participants were instructed to follow the dot in the centre of a grey circle
(VA=0.5"), with their eyes only, as it moved around the screen. Once an
accurate calibration had been carried out, the brief instruction for each test was
presented on the display screen for 10 seconds, which the experimenter would
read aloud, and then the test would begin. The experiments took
approximately 30 minutes each to complete. All participants completed the
tasks in both experiments in the same order: (1) fixation, (2) simple emotion
recognition, (3) complex emotion recognition, (4) anti-saccade, and (5) spatial

anticipation. See section 7.3.4 for a full description of the eye tracking tasks.

7.3.3.1 Portable experiment

The Tobii Pro Nano is a small, lightweight, eye tracker designed for research
in the field (size=17 x 1.8 x 1.3 cm, weight=59g). The Pro Nano has a sampling
frequency of 60 Hz and an accuracy of 0.3 at optimal conditions. One camera
captures images of both eyes for an accurate measurement of gaze, eye
position, and pupil diameter in 3D space. The Microsoft Surface Pro 7 tablet
was chosen for the experiment display screen as the size and resolution met

the optimal system requirements for the Tobii Pro Nano (screen size=26 x
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17cm, resolution=1920 x 1080 pixels). The eye tracker attaches to the bottom
of the tablet with adhesive brackets and connects via a USB port. A mouse,
with a USB nano receiver also connects to the tablet and is used to control the

experiment, providing a fully portable eye tracking system.

The eye tracker and the display screen were positioned on the table
approximately 40cm away from the participant (see Figure 7-1). The distance
was calculated relative to the size and position of the stimuli on the display
screen, so the visual angles would match those in the desktop experiment.
This was done to ensure consistency across experiments, as the visual angle
can affect the eye movement metrics collected. The calibration data collected
from the Tobii, are mapped to the locations of the target in the calibration using
a 3D eye model, which compensates for drift. Therefore, calibration is
performed once before the start of each test and a drift correct procedure does

not need to be conducted.

7.3.3.2 Desktop experiment

Eye movements were recorded using an Eyelink 1000 plus eye tracker and
stimuli were presented on a Dell Latitude E6540 Laptop (described fully in
section 6.2.2). The eye tracker and the display were positioned 70cm from the
participant, and whilst viewing was binocular only the right eye was tracked.
The eye tracker and display screen were connected to a host PC which is used
to control the experiment and monitor the eye position throughout the tests.
Participants used a chin and head rest to provide stability and minimise head
movement during the experiment. To maintain accuracy, before each test, and
between each trial, a drift correction procedure was performed using the same
target dot used during the calibration. If larger head movements occurred after

the initial calibration, then a recalibration was performed when necessary.
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Figure 7-1: Labelled pictures displaying the experimental set-up of the a) portable and b) desktop eye tracking experimen



7.3.4 Tests

7.3.4.1 Fixation

The aim of this task is to fixate on a red cross positioned in the centre of the
screen for 10 seconds without blinking. The task begins with a practice trial
and is then followed by three more trials, resulting in four trials in total. A grey
screen containing a red cross (RGB=255, 0, 0; Size=0.5 VA), was built to
match previous versions. Instructons f or t hi s task are as f
will appear on the screen. Look as closely as you can at the red cross without
blinking for 10 seconds. TheTableir2fota one w

description of the tasks and Figure 7-2 for a visual example.

7.3.4.2 Anti-saccade

In this task, a red cross appears in the centre of the screen, and then a red dot

appears at an eccentric position (RGB=255, 0, 0; Size=0.5 VA). Participants

are instructed to Alook in the opposite
212 For example, if the dot appears on the left of the screen you should look to the
righto. Visual angles were calculated r el

dot to appear in three locations on the horizontal plane (5, 10, and 15 VA from
the centre) and in two locations on the vertical plane (5 and 10 VA from the
centre). Therefore, the test included 20 trials with each possible horizontal and

vertical dot location occurring twice.

7.3.4.3 Simple emotion recognition

In this task, four faces are presented, one in each corner of the screen.
Participants are simply told to Alook a
screeno. Each face displ ays eohappiness, si x 0
surprise, sadness, fear, anger, or disgust. The faces are initially presented for
10 seconds, and then one of these six emotion words is presented for 2
seconds in the centre of the screen. The previously seen faces then re-appear,
and the emotion word remains in the centre of the screen for a further 5

seconds. The word remains on the screen to reduce memory demands, and



the presentation times of the stimuli were chosen based on optimal image and
language processing times from the visual word paradigm literature (Huettig et
al., 2011). There are 24 trials in total (each emotion is displayed 4 times)

presented at random, with an equal mix of male and female faces.

7.3.4.4 Complex emotion recognition

This task is similar to the simple emotion recognition task except instead of
faces, participants are presented only with the eye region of the face displaying
di fferent emotions. Again, participants
they appear on t hisadaptedfrenethedReadifignthe Mindire s t
the Eyes Test (Baron-Cohen et al., 2001), but instead of four emotion words
coupled with one set of eyes, in this version, four sets of eyes and one emotion
word are presented. The test was designed this way to reduce the amount of
language used, and the participant is expected to look at the image that
matches the emotion word. This task al so
complex emotions as opposed to basic ones. For example, emotions such as
213 iregretfedodcuwpi éihd are included, with an
with a positive and negative valence. This experiment follows the same
structure as the simple emotion recognition test, with the presentation of four
sets of eyes (10 seconds), a complex emotional word (2 seconds), and then
both the eyes and the word presented together (5 seconds). The experiment

was built to include 20 trials in total that are presented at random.

7.3.4.5 Spatial anticipation

This task is described fully in paragraph 6.2.3.1. Participants are presented
with a sequence of targets moving across the screen according to two different
patterns (small zigzag and large zigzag), and they must anticipate, by looking
towards, where the target will next appear. In this experiment each pattern, in
a given direction (left/right), is repeated 3 times resulting in 12 trials in total.
Participants are simply &theiemagestabtbeyi nst r u

appear on the screendo.
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Table 7-2: Description of tests included in the eye tracking experiments.

Portable eye tracking tests

Trials (N)

Approximate length (min)

Test description

Cognitive domain

measured

Fixation

4 total (including 1 practice trial)

Participants are required to
fixate on a red cross for 10
seconds without blinking.

Attention

Simple emotion

recognition

24 total (each of the 6 emotions
displayed 4 times)

10

Participants are presented with
faces displaying different simple
emotions. An emotion word then

appears, before appearing
alongside the original faces.
They must look at the face
displaying the emotion that

matches the written word.

Social cognition

Anti-saccade

20 total (12 horizontal trials and
8 vertical trials)

A red dot appears on the screen
at different degrees of visual
angle from the centre
(presented in the horizontal and
vertical plane). The participant
must look away from the dot
towards the opposite end of the
screen.

Inhibitory control
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Complex emotion

recognition

20 total

Participants are presented with
images showing the eye region
of a face displaying different
complex emotions. An emotion
word then appears before
appearing alongside the eyes.
They must look at the eyes
displaying the emotion that
matches the written word.

Social cognition

Spatial anticipation

12 total (both patterns moving
left/right repeated 3 times)

A target moves in a sequence
across a matrix of circles
according to two different

patterns. Participants must look
towards where they think the
target will next appear.

Executive function




b)

anger

d)
° preoccupied

Figure 7-2: Visual example of the tests included in the portable eye tracking experiment including the a) fixation, b) simple emotion recognition, c)

c)

anti-saccade, and d) complex emotion recognition test. The spatial anticipation task is displayed in Figure 6-1.



7.3.5 Feasibility study

A separate group of healthy controls were recruited through convenience
sampling, including friends, family members, and colleagues with no prior
experience of administering or performing eye tracking tests. The aim was to
assess if people could set-up the portable eye tracking experiment without
help, to establish if this assessment could be completed in participant® homes
through remote assessment studies. This study took place at the DRC in one
of the psychology testing rooms, and participants were provided with the Tobii
Pro Nano camera, the Microsoft Surface tablet, and a detailed instruction
sheet. Participants were required to read the instruction sheet (see Appendix
4), describing how to attach the camera to the tablet, turn on the tablet,
navigate their way to the Tobii Pro Lab software, load the experiment, run the
calibration, and subsequently complete the tests. Participants were told to only
ask for help if they were completely stuck and could not proceed with the
experiment. After the experiment, they were asked to complete a short online
guestionnaire via a link to the Lime Survey platform (version 2.28.34), see
Table 7-3. The questionnaire included questions aiming to assess the
completion rate and the problems encountered, as well as the ease of
completing each element of the experiment, which were rated on a 5-point

Likert scale (ranging from fivVery easyo t
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Table 7-3: The questions included in the portable eye tracking feasibility questionnaire.

For questions including a Likert scale, responses wererated ona5-poi nt

easy, easy, neutr al (ok),

di

fficult,

scal

very

Question structure

Response option

Were you able to successfully set up and run the

including the set up and/or any of the tests
themselves).

experiment yourself without help from the researcher? Yes/No
If not, please explain what the main problem was: Free text
Setting up the tablet/eye tracker
How easy was it to turn on the tablet? Likert scale
How easy was it to attach the eye tracker to the tablet .
. - . Likert scale
using the mounted magnetic strips?
How easy was it to use the mouse to navigate to Likert scale
the home screen in the tablet?
Tobii Pro Lab software
How easy was it to find and open the Tobii Pro Lab Likert scale
application?
How easy was it to find your participant code within Likert scale
the software?
How easy was it to navi ga Likert scale
the app?
Running the calibration
How easy was it to focus on the centre of the dot as it .
Likert scale
moved around the screen?
How easy was it to interpret whether the calibration .
Likert scale
was performed correctly?
How easy was it to re-run the calibration (if Likert scale
necessary)?
The tests
Did you understand the instructions for the tests? Yes/No
Were the instructions presented for enough time? Yes/No
Could you clearly see the different images in the ves/No
tests?
Were you able to successfully save each recording? Yes/No
Comments (please comment on anything that was
confusing or made running the experiment difficult, Free text
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7.3.6 Data processing

Tobii Pro Lab

The pre-processing for the portable eye tracking data was conducted in Tobii
Pro Lab software. A gaze filter (Tobii I-VT Fixation) was applied to all data,
which classifies raw eye movement metrics into fixations and saccades based
on a velocity threshold. For example, if the eye movement is above 30 /s
(degrees per second) this is classified as a saccade sample and if it is below
this threshold it is seen as part of a fixation (see Figure 7-3). The filter
automatically interpolates segments of missing data that are shorter than
100ms. Areas of interest (AOI) were drawn around the stimuli using the AOI
tool and the size and spatial position of the stimuli on the screen were used to
ensure the precision of the AOIs across trials. For the simple and complex
emotion recognition, and the spatial anticipation tasks, AOI-based metrics
were exported for analyses. For the fixation and anti-saccade tasks, interval-
based metrics concerning the number, duration, and location of fixations and
saccades during an interval were output (see section 2.5.1.4 for a description

of metrics).
Data Viewer

All pre-processing for the desktop eye tracking data was conducted in Data
Viewer, an SR research analysis program. Similar to the Tobii, raw eye
movement data is automatically parsed by the software into saccades based
on velocity (>307/s) and acceleration (>8000 /s?), with gaze data lower than
this threshold classified as a fixation. AOIl 6 s we r erourdl rtleew n a
experimental stimuli in the simple and complex emotion recognition, and
spatial anticipation tasks, and an interest area report was generated. Fixation
and saccade reports were generated for the fixation and anti-saccade tasks,
respectively, that generate the required eye movement metrics described in
detail in section 2.5.1.4. All data were exported into Microsoft Excel

spreadsheets and imported into Stata/MP (version 16.1) for analysis.
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Figure 7-3: Graph displaying how eye movements are classified in the Tobii I-VT Fixation filter using a velocity threshold. For example, orange peaks

above the red line would be classified as saccades. Figure adapted from the Tobii I-VT filter algorithm classification document (Olsen 2012).



7.3.7 Statistical analysis

The association between demographic variables and performance on each of
the tasks was investigated, using correlations for age and education and a
linear regression for sex for each outcome measure of interest, listed below.
The relationship between the eye tracking outcome measures from the
portable and desktop experiments were also assessed using a correlation
analysis. Normality of the data was first investigated using histograms and
Shapiro-Wilks tests and subsequently Pearson correlations and paired t-tests
were performed for normally distributed data, orSpear mandés co
Wilcoxon-signed rank tests for data that was not normally distributed (see
section 2.6.2). Equality tests for paired samples were used to measure
differences in mean scores between the two experiments. Outcome measures
were calculated using the same method for both experiments. To investigate
cognitive correlates of the portable eye tracking experiment an additional
correlational analysis was performed between the outcome measures and
scores on the standard pen and paper neuropsychology battery and the Ignite
baseline assessment also collected for each participant during their visit (see
section 4.3). Correlations were performed between eye tracking measures and
pen and paper/Ignite tests that measure the same hypothesised cognitive

domains.
Fixation task

Maximum fixation duration (ms): The longest time spent fixating on the
fixation cross (uninterrupted), without the occurrence of a blink, was output for
each of the four fixation trials per participant. The practice trial was excluded
resulting in a total of three trials analysed. The maximum duration of fixation
was then averaged across the three trials giving a mean maximum fixation

duration per person.
Anti-saccade task

Correct anti-saccades: A correct anti-saccade was defined as the first

saccade that did not contain a blink, started at the fixation cross, was greater
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that 2 in amplitude and travelled in the opposite direction of where the target
was presented (Russell, Greaves, Convery, Bocchetta, et al., 2021b). The first
saccade that met this criterion for each trial was counted and totalled to

produce a total number of correct anti-saccades per person.
Simple and complex emotion recognition

Dwell time change score: AOIs were drawn around each of the four images
in the respective software systems-
target Adi str a€C€iguer7d). Thma d eod a( s eve el
tmed6 i n an interest area (i .e., how
was measured in two conditions: (1) pre-word (before the emotion word was
presented), and (2) post-word (after the presentation of the emotion word).
Due to the difference in presentation length of the pre-word (10s) and post-
word (5s) images, percentage dwell time was calculated to allow for direct
comparison. Percentage change in dwell time between the pre- and post-word
condition for the target and distractor images was calculated to generate

percentage dwell time change score:

percentage dwell time post-word i percentage dwell time

pre-word = percentage dwell time change score

The percentage dwell time change scores for the three distractor interest areas
were averaged to give one total distractor score per trial. Mean percentage
dwell time change scores, for target and distractor interest areas, were then

calculated for each participant.
Spatial anticipation task

Upcoming target dwell time: AOIs were drawn around the upcoming i n e

target circle (the next location of the black circle in the sequence), in each trial.

Visual inspection of the data revealed some saccades were landing just

outside the upcoming target interest area. It was deemed this likely reflected

the accuracy of the calibration as-

t a r glLargedinterest areas were subsequently drawn that encompassed the
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upcoming target circle and the surrounding white space, to capture correct
anticipatory gaze points landing just outside the AOI (shown in Figure 7-4).
The total wvisit duration Adwell ti meo ( m
AOIs to determine how much time participants were looking at, and thus
correctly anticipating, the next target in the sequence. Both the whole
sequence, and the last part of the sequence (targets 4-7) were looked at to
investigate the number of correct anticipations made when the pattern had
clearly emerged. The mean percentage dwell time in the upcoming AOI was
calculated by pattern type (large zigzag, small zigzag) and sequence length

(all targets, last four targets only) per participant.

7.3.7.1 Feasibility study

The feasibility data collected from the online questionnaire was downloaded

from the Lime Survey platform and analysed in Microsoft Excel (version 16.7).

The percentage of participant responses were calculated per question, and a

gualitative analysis of the free text was performed to look for common themes

amongst the answers. For each rating on the Likert scale, i Very easyo a
AEasyo responses were collapsed into one
di fficulto and ADiIi fficulfbDi f foisgporetheée s i nt
interpretability of the results and provide an overall picture of the group

capabilities per question.
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Figure 7-4: Images from Tobii Pro Lab software displaying example AOIs drawn around stimuli in the a) simple emotion recognition, b) complex emotion

recognition, and c) spatial anticipation tasks. The pale green circle in the spatial anticipation task represents the larger AOIl used in the analysis.



7.4 Results

The demographic information for the participants included in this analysis can
be found in Table 7-4. A total of 85 participants recruited to the study
completed both eye tracking experiments, with 41 participants in condition 1,
completing the desktop experiment at visit 1, and 44 participants in condition
2, completing the portable experiment at visit 1. Table 7-5 displays the
associations between demographic variables and performance on the portable
eye tracking tests. Only the anti-saccade (r=-0.38) and complex emotion
recognition tests (r=-0.23) exhibited worse performance with age (p<0.05),
whilst sex differences were also seen on the anti-saccade task, with females
performing worse on average than males (2.3 fewer correct anti-saccades on

average, p<0.05).

Table 7-4: Demographic characteristics of the participants, including the interval

between assessments. Values denote means (standard deviations) unless specified.

Interval (days)
) between eye
Age Education Sex (% male) .
tracking
assessments
49.6 (17.5) 18.1 (2.95) 458 14.8 (5.02)

7.4.1 Fixation task

The mean scores for the portable and desktop outcome measures are reported
in Table 7-6 with individual datapoints plotted in Figure 7-5. The average mean
maximum fixation duration was significantly higher in the portable eye tracking
experiment (mean=7521.3, SD=2717.5) than the desktop experiment
(mean=4879.5, SD=2427.6, p<0.001). However, a positive correlation was
observed in performance on the two experiments (rho=0.29, p=0.007).

The mean maximum fixation duration did not significantly correlate with pen

and paper cognitive tests of attention for the D-KEFS Word Reading test (rho=-
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0.02, p=0.878), however a trend towards significance was observed for the
Trail Making Test Part A (rho=-0.21, p=0.053), see Figure 7-6. A significant
correaltion was seen for the D-KEFS Inhibition task (rho=-0.22, p=0.041). For
the Ignite tests, a significant negative correlation was observed between the
mean maximum fixation duration and average reaction times on Colour Mix
Level 2 (rho=-0.33, p=0.002) and Colour Mix Level 3 (rho=-0.24, p=0.026)
indicating faster responses on the Ignite tests were associated with longer

periods of fixation.

Table 7-5: The associations between demographic variables and performance on the
portable eye tracking tests, r=correlatio

with males as the reference group. Bold values indicate p<0.05.

Outcome ]
Test Age () Education (r) Sex (b
measure

Mean
. . maximum
Fixation fixation -0.17 0.12 132.3

duration

Number of
correct anti-
saccades
(total)

Anti-saccade -0.38 0.11 -2.31

Mean

Simple emotion percentage
o dwell time -0.17 -0.01 -4.52
recognition change score
(target AOI)

Mean
percentage
emotion dwell time -0.23 -0.04 3.77
. change score
recognition (target AOI)

Mean

Spatial percentage
o dwell time in 0.05 0.10 2.79
anticipation next target AOI
(last 4 targets)

Complex
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Table 7-6: Mean (standard deviation) scores on the portable and desktop eye tracking experiments and p-values for equality of means tests.

Portable Desktop
Test Outcome measure ) ) p-value
experiment experiment
Fixation : . o

Average mean maximum period of fixatifms) 7521.3 (2717.5) 4879.5 (2427.6) <0.001

Anti-saccade Mean number of correct ansaccades 7.55 (5.10) 7.95 (5.47) 0.316

Spatial anticipation i all targets Large zigzag pattern 18.0 (12.3) 4.68 (6.32) <0.001
Small zigzag pattern 26.0 (14.7) 10.2(9.24) <0.001

Spatial anticipation i last 4 targets Large zigzag pattern 24.1 (14.4) 6.61 (9.19) <0.001

Small zigzag pattern 33.0(17.1) 13.2 (12.9) 0.001

Simple emotion recognition Target average mean % dwell time change score 57.5 (15.6) 53.2(14.6) 0.068
Distractor average mean % dwell time change sco -48.5 (11.6) -42.7 (11.5) <0.001

Complex emotion recognition Target average mean % dwell time change score 30.6 (11.6) 29.1 (12.9) 0.289
Distractor average mean % dwell time chaisgere -21.8 (10.7) -15.9 (12.8) <0.001
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Figure 7-6: Scatterplots displaying the relationship between portable eye tracking measures and scores on pen and paper (dark grey) and Ignite

(blue) cognitive tasks. RMIE=Reading the Mind in the Eyes test, D-KEFS=Delis Kaplan Executive Function System.



7.4.2 Anti-saccade

No significant differences were observed between the mean number of correct
anti-saccades between experiments (desktop=7.95; portable=7.55, p=0.32),
and a significant positive correlation was shown between the scores (rh0=0.53,
p<0.001).

The number of correct anti-saccades on the portable experiment correlated
with performance on the D-KEFS Inhibition task (rho=-0.41, p<0.001) and the
2-back test (rho=0.40, p=0.001) on the pen and paper neuropsychology.
Correct anti-saccades also correlated with the corresponding Ignite versions
of these tasks (Colour Mix Level 3: rho=0.42, p<0.001; Think Back Level 2:
rho=0.26, p=0.020), measuring inhibitory control and working memory

respectively.

7.4.3 Emotion recognition tests

No significant differences were found between the experiments in the mean
percentage dwell time change scores for target interest areas for both simple
(portable=57.5, desktop= 53.2, p=0.072) and complex emotion recognition
tests (portable=30.6, desktop=29.1, p=0.291). The mean percentage dwell
time change score was positively correlated for target interest areas in the
simple (rho=0.64, p<0.001), and complex emotion recognition tasks (r=0.48,
p<0.001). A significant association between scores in the distractor interest
areas was also observed for both tests (simple: rho=0.62; complex: r=0.54,
p<0.001).

For correlations with cognitive tests, only the mean percentage change in dwell
time in the target interest area was assessed for both simple and complex
emotion recognition tests, as this was the main measure of interest. In the
simple emotion recognition task, scores did not correlate with the pen and
paper Facial Emotion Recognition test (rho=0.14, p=0.212), but there was a
positive association found with scores on the Ignite Face Match test (rho=0.43,
p<0.001). A significant positive correlation was found between the complex
emotion recognition task and the pen and paper Reading the Mind in the Eyes
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test (r=0.31, p<0.010), as well as the corresponding Ignite Mind Reading task
(r=-0.39, p<0.001).

7.4.4 Spatial anticipation

The mean percentage dwell time in the next target interest area significantly
correlated for both patterns, for the whole sequence (large zigzag: rho=0.48;
small zigzag: rho=0.54, p<0.001), and for the last four targets only (large
zigzag: rho=0.47; small zigzag: rho=0.57, p<0.001). However, the average
mean percentage dwell time in the next target interest area was significantly
higher in the portable experiment across both patterns and sequence lengths

(p<0.001), see Table 7-6 for mean scores.

For correlations with cognitive tests, the mean percentage dwell time in the
next target interest area across both patterns, for the last four targets only, was
used. A significant relationship between scores on the spatial anticipation task
and the pen and paper D-KEFS Inhibition (rho=-0.25, p=0.024) and average
reaction times on the Eriksen flanker task (rho=-0.29, p=0.017) were seen. No

significant correlations were found for the Ignite versions of these tasks.

7.4.5 Feasibility study

A total of 16 participants took part in this small feasibility study of the portable
eye tracking experiment. This sample had a mean (standard deviation) age of
42.4 (13.9) and number of years in education of 15.0 (3.2), and 56.2% of the
sample were male. A total of 81.3% of participants were successfully able to
set up and run the portable eye tracking experiment unsupervised without help.
For those that were unsuccessful, a common theme was found, with the
attachment of the Tobii Pro Nano onto the tablet reported as the main problem.
Figure 7-7 displays the percentage of responses for each rating on the Likert
scale for questions assessing the ease of completing each element of the
experiment. The most difficult elements of setting up the experiment were the
mounting of the camera on the tablet, and the interpretation of the calibration,
with 31% and 44% of controls reporting they found these elements difficult,
respectively. Most individuals tended to report the remaining components of
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the experiment set up were easy to complete. Finally, 100% of participants
reported they understood the instructions for the tests, they could clearly see
the images, and they were able to successfully save the recordings. Only 1
person reported that the instructions were not presented for enough time, and
reported in the comments section that this was in reference to the anti-saccade
test. The only other comments implied that the software itself was slow, and

the experiment took a long time to start.
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Portable eye tracking feasibility questionnaire

How easy was it re-run the calibration

How easy was it to interpret whether the calibration was performed
correctly

How easy was it to focus on the centre of the dot as it moved around the
screen?

How easy was it to navigate to the "Record" section of the app?
How easy was it to find your participant code within the app?

How easy was it to find and open the Tobii Pro lab application?

How easy was it to use the mouse to navigate to the home screen on the
234 tablet?
How easy was it to to attach the eye tracker to the tablet using the mounted
magnetic strips?

How easy was it to turn on the tablet?

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

® Easy m Neutral m Difficult

Figure 7-7: Stacked bar chart displaying the percentage of healthy controls that find different elements of the portable eye tracking experiment easy

or difficult to set up or feel neutral to each statement.



7.5 Discussion

This chapter aimed to investigate the association between the portable eye
tracking experiment and a desktop experiment using a higher-frequency
camera that can capture more detailed eye movement metrics. The aim was
to establish if the Tobii Pro Nano could produce the same outcome measures
with sufficient sensitivity to be able to detect the intended cognitive processes.
An additional analysis was conducted to investigate this also, by measuring
the association between the portable eye tracking measures with
neuropsychology and Ignite tests measuring the same hypothesised cognitive
domains. Finally, a small feasibility study was also conducted in a separate
population of controls to establish if the portable eye tracking experiment could

be set up and completed unsupervised.

7.5.1 Concurrent validity

A significant positive correlation was observed for all outcome measures,
indicating a relationship between performance on the portable and desktop
eye tracking experiments. However, the results also highlighted some
differences between experiments. The average mean maximum fixation
duration was significantly higher in the portable than the desktop experiment.
The only difference between the two experiments was the viewing distance,
which is shorter for the portable experiment (40cm vs. 70cm). One likely
explanation could be that targets are easier to fixate on when they are closer,
as there are fewer visual background distractors when the viewing distance is
shorter. It is worth noting, however, that research investigating the same
fixation task has shown on average, the mean maximum fixation duration of
controls is similar to the time displayed from the portable experiment in this
study (i.e., ~7000ms) as opposed to the shorter durations reported from the
desktop (~5000ms) (Shakespeare et al., 2015). This suggests the fixation
stability of controls reported from the portable experiment corroborates with

previous research.

Results from the spatial anticipation task demonstrate that controls spend

significantly less time anticipating the next target location in the desktop
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compared to the portable experiment. The explanation for this can be
attributed to the design of the test, which was identified approximately half-way
through the data collection for this study. The desktop spatial anticipation task
was designed in Experiment Builder so that each target location in the
sequence was contained within an individual trial. As | i ght dewasay ( Al
identified, when the software advanced between trials and any eye movements
made between the trials were not captured. In contrast, the Tobii software
allows for eye movements to be continuously captured across the sequence.
Itis likely that the data loss in the desktop experiment resulted in lower average
dwell times in the next target AOI. Following this discovery, a new version of
the desktop spatial anticipation test was built so that the whole sequence would

be contained within a single trial and no data would be lost in future studies.

Therefore, it is reasonable to conclude that the results from the portable
fixation and spatial anticipation tasks are a more accurate reflection of
performance in healthy controls. It is also worth noting that although there were
differences found between these tests, the outcome measures still significantly

correlated, indicating the tests are measuring the same cognitive functions.

7.5.2 Construct validity

Scores on the portable eye tracking experiment were found to correlate with
tests measuring the same hypothesised cognitive domains. The results of this
study support the theory that basic eye movement tasks can be used to
measure cognitive processes, not just oculomotor deficits. Performance on the
anti-saccade task was associated with both pen and paper and Ignite versions
of the D-KEFS Inhibition and 2-back tests, supporting other studies that have
shown correct anti-saccades are a measure of both inhibitory control and
working memory , respectively (Russell et al., 2021). In addition, performance
on the spatial anticipation task was associated with D-KEFS Inhibition and
Eriksen flanker tasks, two classic paradigms shown to measure inhibitory
control (Milham et al., 2002; Sanders & Lamers, 2002; van der Elst et al.,
2016). The mean maximum fixation duration was significantly correlated with
D-KEFS Inhibition and Ignite Colour Mix Level 3 tests. Although classically

hypothesised as a measure of attention, fixation stability also relies on the
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ability to inhibit the response ( isaccadeo) to Icosskndésway fr
therefore also likely a measure of inhibitory control. This supports previous
research showing the longest period of fixation correlates with orbitofrontal
cortex volume in patients with bvFTD (Russell et al., 2021), a brain region
associated with disinhibition (Hornberger et al., 2011; Peters et al., 2006). This
is the first study to demonstrate an eye tracking task measuring complex
emotion processing, correlates with the Reading the Mind in the Eyes test, as
well as the Ignite version of this task, known to measure social cognitive

deficits.

As previously described, there are several problems with pen and paper
neuropsychology tests, including the sensitivity of the outcome measures
generated (see section 1.2.4). Therefore, it is perhaps unsurprising that the
majority of the portable eye tracking measures exhibited a stronger correlation
with scores on the Ignite tests compared to the pen and paper equivalents. For
example, the results demonstrated performance on the simple emotion
recognition task did not correlate with the Facial Emotion Recognition test but
was related to the corresponding Ignite Face Match test. This replicates results
from other studies utilising the same tests, showing the simple emotion
recognition task did not correlate with pen and paper versions of the test
(Russell et al., 2021). A similar finding was shown for the portable eye tracking
fixation task, where fixation duration did not correlate with pen and paper
measures of attention (i.e., D-KEFS Word Reading task) but was significantly

associated with Ignite Colour Mix Level 2.

These results can be explained by the simplicity of the pen and paper versions
of these tests, as ceiling effects are common and consequently reduce the
variability in the data and restrict the range of scores. It is therefore expected
that more dynamic outcome measures with greater variability, like those
generated from Ignite and the portable eye tracking tests, would exhibit a
higher degree of correlation. The results from this study emphasise the
justification for developing alternative methods to measure cognitive function.

The portable eye tracking and Ignite versions of these tests likely assess more

237



subtle deficits and provide a more accurate picture of cognitive processes, as

they were designed to do.

7.5.3 Feasibility study

The results from the feasibility study suggest that the majority of healthy
controls were successfully able to set up and complete the portable eye
tracking experiment unsupervised, without asking for help. The elements of
the task that people appeared to struggle with the most were the mounting of
the camera on the tablet, and the interpretation of the calibration data. The
interpretation of the calibration data is a problem, as if the calibration has not
been performed correctly, then the true position of the eye will not be recorded
and the measures will be off-target, meaning we will not obtain a reliable data
output. Therefore, more information needs to be input into the information
sheet here about how to do this accurately. Perhaps an accompanying video
demonstration of how the camera is attached to the device, and an example
of how to perform and interpret the calibration data, would further clarify this
process. The presentation time of the instructions could also be extended to
give participants an ample amount of time to read them before the tests begin.
Therefore, this data indicates the feasibility of implementing the portable eye
tracking assessment as a cognitive test in the wider population through remote

data collection studies.

7.5.4 Limitations and future work

Only 85 out of a possible 98 participants recruited to take part in this study
completed both eye tracking experiments, and therefore 13 people were not
included in this analysis. The majority of this data loss (N=9) can be explained
by calibration problems with the desktop eye tracker. This was due to
participants wearing glasses with thick lenses distorting the infrared light, and
therefore the calibration procedure could not be performed correctly. The
calibration problem was not anticipated before data collection commenced,
and after initial problems were identified, moving forward attempts were made
to control for this by contacting participants about glasses/contact lenses prior
to the visit, however, often this problem was unavoidable. Indeed, another

limitation of this work is the small sample size of the feasibility study, which
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guestions the generalisability of these findings to the wider population.
However, further feasibility work will be conducted in clinical cohorts, including
individuals with FTD and those who are presymptomatic before the

assessment is used as a home monitoring tool.
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7.6 Chapter summary

This chapter describes the validation of the portable eye tracking experiment,
developed to capture cognitive impairment in presymptomatic FTD in the real
world. The results showed a significant relationship between each of the
portable outcome measures with a desktop-based experiment that utilises a
high-frequency camera. This suggests that, although the Tobii Pro Nano
samples eye movements at a lower frequency and accuracy, the data output
from this system is sufficient to generate the same outcome measures required
to measure cognitive processes. This has promising implications for remote
monitoring of cognition in research studies and clinical trials. Performance on
the portable eye tracking tests was also associated with scores on both pen
and paper and Ignite computerised cognitive tests measuring matching
cognitive domains, though a stronger association was observed with the Ignite
tests in most cases. Therefore, there is evidence to suggest that this novel
portable eye tracking experiment can produce outcome measures that reliably

measure cognitive domains known to be affected in presymptomatic FTD.
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Chapter 8. Portable eye tracking in a

presymptomatic FTD cohort

8.1 Chapter overview

This chapter describes the investigation of the portable eye tracking
experiment in detecting early cognitive impairment in individuals with
presymptomatic FTD. Presymptomatic mutation carriers and non-carriers from
the GENFI study completed the experiment as part of their annual research
visit, and results were analysed to determine if the tests were sensitive in
detecting differences in performance between the groups. Data was also
interpreted by mutation type, to assess if differences in executive function and
social cognition could be observed between carriers with different underlying
genetic mutations. Finally, presymptomatic mutation carriers were stratified by
clinical ratings of disease severity to see if performance on the eye tracking

tasks was abnormal in those closer to disease onset.
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8.2 Introduction

As discussed in Chapter 1, eye tracking provides objective measures of
cognitive function that do not rely on behavioural or verbal responses from
participants. Therefore, it is particularly useful for measuring cognition in FTD,
where behavioural change and language problems are core features. In
neuropsychology, FTD is typically characterised by marked executive
dysfunction, and deficits in social cognition. Therefore, eye tracking studies to

date have attempted to develop tests to measure deficits in these domains.

Studies have shown bvFTD patients display diminished visual attention and
abnormal fixation to the eyes when viewing emotional faces (Hutchings et al.,
2018; Shdo et al., 2022), and are impaired at identifying simple and complex
emotions (Russell et al., 2020). Abnormal socio-emotional processing of faces
and the inability to recognise emotions are reflective of deficits in social
cognition. Other research has demonstrated FTD patients spend less time
looking at, or anticipating, the location of a target moving in a sequence,
reflecting deficits in set-shifting (Primativo et al., 2017), and make fewer correct
anti-saccades when told to look away from a target, and therefore have
difficulties with inhibitory control (Boxer et al., 2012; Russell et al., 2021).
Therefore, research has highlighted that eye tracking can also detect
impairment across different elements of social cognition and executive function
in patients with FTD. However, there is a lack of research investigating

changes in these domains presymptomatically.

Research using pen and paper neuropsychometry has also highlighted that
the earliest manifestations and temporal ordering of cognitive impairment
differs amongst the three FTD causing mutations (described in section
1.2.3.3). It is likely that eye tracking batteries should be tailored towards
specific genes when aiming to assess early cognitive deficits in FTD, as has
been done with composites of pen and paper tests (Poos et al., 2022). Despite
this, there is little work investigating if performance on eye tracking tasks
mimics the gene-specific cognitive decline observed from pen and paper tasks

amongst the three mutation types, which will be important when validating
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biomarkers for FTD clinical trials that independently target one of the three

main genes.

Therefore, this project aimed to investigate if the eye tracking tests in the
portable experiment could detect early cognitive impairment in presymptomatic
FTD. The research described in this thesis thus far, has demonstrated the
dynamic outcome measures produced from this experiment are valid
measures of cognitive functions important for FTD, which is promising for the
detection of more subtle impairments. It was hypothesised that the complex
emotion recognition task would be the most sensitive in detecting early deficits
and would corroborate with the evidence shown in Chapter 5 displaying the
l gnite version of this task, AMIi nd Readi
impairment. The assessment of compl ex emotions
Apr eoc ceanguree thie is a difficult task, which is beneficial when
assessing presymptomatic individuals who are functioning at a higher level.
This project also aimed to assess if performance on the tasks differed between
the three mutation types and mimicked the different cognitive profiles of the
three genes. As previous research, and the results described from the Ignite
app, has highlighted that C9orf72 expansion carriers display early deficits in
social cognition (Jiskoot et al., 2016, 2018; Poos, Macdougall, et al., 2022), it
was expected that these individuals would be impaired on the emotion

recognition tasks in this experiment also.

In addition, although considered presymptomatic, some mutation carriers will
be closer to the onset of symptoms than others and may exhibit higher clinical
ratings of disease severity. If the outcome measures produced from the
portable eye tracking experiment are reliably capturing cognitive change
reflective of disease progression, carriers that are closer to disease onset
should perform worse on the eye tracking tasks due to emerging cognitive
impairment. Identifying when individuals with FTD mutations are starting to
perform abnormally on cognitive tasks is extremely important for describing
what happens to performance over time and subsequently informing the best
time to treat people. Therefore, the association between task performance and

disease severity in mutation carriers was also investigated. A cohort of
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subjects from the GENFI study, at-risk of developing FTD, were tested. The
participants therefore comprised both presymptomatic mutation carriers and
non-carriers, who completed the portable eye tracking experiment during their

research visit at the DRC.
The aims of this project were to:

1. Investigate if the portable eye tracking tests could detect differences in
performance between presymptomatic mutation carriers and non-
carriers.

2. Determine if performance on the portable eye tracking tests differed
according to the underlying mutation type.

3. Assess if differences in performance could be observed when mutation

carriers were separated by clinical ratings of disease severity.
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8.3 Methods

8.3.1 Participants

Participants were recruited from the UCL site of the GENFI study. The study
was approved by the local ethics committee and written informed consent was
obtained from all participants. A total of 58 presymptomatic participants took
part, including 43 mutation carriers and 15 non-carriers, who are first-degree
relatives of individuals with a genetic mutation but do not carry a mutation
themselves. All participants completed a clinical examination and the portable
eye tracking assessment, along with other study assessments part of the

GENFI study protocol outlined in section 2.2.1.

8.3.2 Apparatus and procedure

The same procedure and equipment for the portable eye tracking experiment
was used as in Chapter 7, described in sections 7.3.3 and 7.3.3.1. The
experiment took place in a dark quiet room and took approximately 30 minutes
to complete. Participants completed the tasks in the following order: fixation,
simple emotion recognition, anti-saccade, complex emotion recognition, and

spatial anticipation tasks, as detailed in section 7.3.3.

8.3.3 Data processing

All pre-processing of the eye tracking data was conducted in Tobii Pro Lab.
For the simple and complex emotion recognition, and the spatial anticipation
tasks, AOI-based metrics were exported for analyses, whereas interval-based
metrics were output for the fixation and anti-saccade tasks (see section 7.3.6).
The same outcome measures were calculated for each of the tasks (as
described in section 7.3.7), and the data was imported into Stata/MP (version
16.1) for analysis. Participant clinical assessments were downloaded from the
GENFI XNAT database, and CDR+NACC FTLD global scores were calculated

for all subjects.

8.3.3.1 CDR plus NACC FTLD scores

The CDR Dementia Staging I nstrument
Centre Frontotemporal Lobar Degeneration component (CDR+NACC FTLD)
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is administered as part of the GENFI clinical assessment. The assessment
measures functional, cognitive, language, and behavioural domains. This
assessment is administered as a semi-structured interview to both the patient
and a close family member, and each category domain is rated on a five-point
scale ranging from 0 (normal), 0.5 (questionably/minimally impaired), 1 (mildly
but definitely impaired), 2 (moderately impaired), to 3 (severely impaired)
(Miyagawa et al., 2020). The assessment generates a global score, which can
be used as a measure of disease severity. To obtain the global score, a set of
rules need to be followed (see Appendix 5) and can be used to classify patients
as either asymptomatic, very mildly symptomatic/prodromal, or symptomatic

corresponding to a value of 0, 0.5, or O, respectively.
8.3.4 Statistical analysis

8.3.4.1 Demographics

Demographic differences between mutation carriers and non-carriers at the
group level were assessed using independent t-tests for age and education,
and a chi-squared test for sex. One-way ANOVAs were conducted to
investigate differences in age and education between non-carriers and
mutation carriers split by mutation type, and a chi-squared test was used to

look for sex differences between groups.

8.3.4.2 Mutation carriers and non-carriers

The normality of the outcome measures from each of the tests was assessed
using histograms and Shapiro-Wilk tests. The aim of this analysis was to
compare performance between mutation carriers and non-carriers, and
therefore regression models were conducted for each test with the outcome
measure as the variable of interest and genetic status (mutation carrier or non-
carrier) included in the model. The demographic predictors of age, education,
and sex were only adjusted for if these were previously shown to be associated
with performance on the test in healthy controls (as reported in section 7.4). If
the outcome measure was not normally distributed, then bootstrapping with

2000 repetitions was performed (see section 2.6.3).

246



Simple and complex emotion recognition

For these tests, the aim was to investigate the difference in the proportion of
time spent looking at the different image types before and after the emotion
word had appeared, or the fpercentage dwell time change scored in mutation
carriers and non-carriers. As such, linear mixed effects models were carried
out for both simple and complex emotion recognition tasks (see section 2.6.4).
The mean percentage dwell time change score was the variable of interest,
with genetic status and image type (target and distractor) included in the
model. Participant and trial number were included as clusters in the analysis.
Age was also included in the model for the complex emotion recognition task.
Post-hoc pairwise comparisons were conducted to compare performance
between mutation carriers and non-carriers, as well as within group

comparisons for the different image types: target and distractor.
Fixation task

The aim of this analysis was to determine if there were differences in the
maximum amount of time able to fixate on the target between the groups.
Therefore, a linear regression model was used to compare performance, with
the mean maximum fixation duration as the variable of interest and genetic

status included as the factor variable.
Anti-saccade

A linear mixed effects model was conducted to look at the difference between
the number of correct anti-saccades made between mutation carriers and non-
carriers. The total number of correct anti-saccades was the variable of interest,
with genetic status, target presentation (horizontal and vertical planes), age,
and sex included in the model. Participant number was also included as a
cluster in the analysis. Pairwise comparisons were conducted between and

within groups for horizontal and vertical planes.
Spatial anticipation

On this task, the mean percentage dwell time in the next target interest area

for the last four targets in the sequence was used as the measure of interest.
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Only the last four targets were used as the results from the validation study
demonstrated controls were more able to anticipate the target location at the
end of the sequence (see section 7.4.4). Analysing the last four targets only,
rules out any initial errors made early in the sequence, and therefore provides
a better estimation of performance. The mean percentage dwell time in the
next target interest area was used as the variable of interest in a linear mixed
effects model, with genetic status and zigzag type (large and small) included.
Performance was compared both between and within groups for zigzag type,

using pairwise comparisons.

8.3.4.3 Mutation type

To investigate potential differences in performance by genetic mutation,
additional linear mixed effects models were conducted for each of the tests as
described above, with carriers separated into the three genes (i.e., GRN,
C9orf72, or MAPT). As before, demographic predictors were adjusted for if
previously described to impact performance in the healthy controls. Post-hoc
pairwise comparisons were conducted to compare performance between non-
carriers and mutation carrier groups. Only the target interest area on the
emotion recognition tasks was investigated in this part of the analysis, as this

was the measure of interest.

8.3.4.4 Disease severity

To understand the association between task performance and disease
severity, presymptomatic mutation carriers were stratified according to their
CDR+NACC FTLD global scores and were considered asymptomatic or
minimally impaired if they scored 0 or 0.5 respectively. Linear regressions were
performed to look for differences in performance between non-carriers and
mutation carriers stratified by disease severity, with the outcome measures
included as the variable of interest and disease severity (non-carriers,
asymptomatic mutation carriers, and minimally impaired mutation carriers)

included in the model with post-hoc pairwise comparisons performed.
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8.4 Results

8.4.1 Demographic characteristics

The demographic data for the participants can be found in Table 8-1. A total of
3 participants (2 mutation carriers and 1 non-carrier) were excluded due to an
insufficient proportion of gaze samples collected (see section 2.5.1.3),
resulting in 55 participants included in the analysis. No significant differences
were seen in age (p=0.413), education level (p=0.120) or sex (p=0.485),
between mutation carriers and non-carriers. In addition, no significant
differences were observed between groups for age (p=0.295), education

(p=0.286), or sex (p=0.726) when carriers were split by mutation.

Table 8-1: Demographic characteristics of non-carriers and carriers as a group, and

further stratified by mutation. Values denote means (standard deviations) unless

specified.
Education
N Age (years) Sex (% male)
(years)
Non-carriers 14 40.4 (7.14) 17.5(2.62) 57.1
Carriers 41 43.0 (11.0) 15.9 (3.57) 46.3
C9orf72 23 42.4 (10.3) 16.0 (4.17) 47.8
MAPT 14 43.4 (11.2) 15.9 (2.77) 57.1
GRN 4 45.3 (12.2) 15.3 (2.99) 25.0

8.4.2 Mutation carriers and non-carriers

Emotion recognition

The results for the carriers and non-carriers on each of the tests are displayed
in Figure 8-1. Both carriers and non-carriers showed higher percentage dwell
time change scores for the target image compared to the distractor images, on
the simple and complex emotion recognition tests (p<0.001). Compared to
non-carriers, mutation carriers displayed lower percentage dwell time change
scores, looking at the target image 4.3% less on the simple emotion

recognition test (p=0.007), and 3.9% less on the complex emotion recognition
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test, with a trend towards significance observed (p=0.076), see Table 8-2. No
significant differences were seen for the mean percentage dwell time change

score in the distractor images between groups.
Fixation

The results showed, on average, mutation carriers displayed shorter maximum
fixation times than non-carriers, although the difference was not statistically
significant (p=0.240).

Anti-saccade

Overall, both groups performed more correct anti-saccades when the target
was positioned on the horizontal plane compared to the vertical plane, though
a significant difference was only seen for the mutation carriers (p<0.050). No
significant differences were seen in the total number of correct anti-saccades
made between mutation carriers and non-carriers on both the horizontal
(p=0.748) or vertical planes (p=0.445).

Spatial anticipation

For the mean percentage dwell time in the next target interest area, both
mutation carriers and non-carriers spent more time looking at the next target
in the small zigzag pattern, compared to the large zigzag pattern (p<0.001).
No significant differences in performance were found between the groups in
the small (p=0.449) or large zigzag patterns (p=0.583), though on average,
carriers spent less time looking at the location of the next target in both

conditions.
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Table 8-2: Mean scores for non-carriers and mutation carriers on the portable eye tracking test. The mean difference represents the adjusted

difference output from the regression models with the upper and lower 95% confidence intervals. SD=standard deviation, Cl=confidence interval.

Non-carriers Carriers 95% ClI
Tests Outcome measures Mean difference
Mean SD Mean SD Lower Upper
Simple emotion Average % dwell Target 56.5 7.01 52.2 15.8 -4.27 -7.37 -1.18
o time change
recognition score Distractor 47.2 5.80 -45.3 12.9 1.96 -0.81 473
Complex emotion Average % dwell Target 27.3 7.73 23.4 11.2 -3.89 -8.18 0.41
o time change
recognition score Distractor 7.7 11.4 -14.3 14.9 3.53 0.77 7.83
Fixation Average max'm(”rrrf‘s)f'xa“on duration | gn13o | 27244 | 69891 | 3089.0 -1025.2 -2735.4 685.2
Number of Horizontal plane 3.92 3.64 4.02 3.50 0.11 -0.56 0.78
Anti-saccade correct anti-
saccades Vertical plane 2.77 2.20 2.07 1.99 -0.27 -0.97 0.43
Average % dwell Large zigzag 19.6 13.2 17.4 11.6 -2.17 -9.94 5.59
Spatial anticipation time in next
target IA Small zigzag 27.7 13.3 24.7 14.8 -3.00 -10.8 4.76
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