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Summary

Neurodegenerative conditions such as Huntington’s disease (HD) and Parkinson’s
disease (PD) have a profound impact not only in the affected person, but also in the
extended family and social networks. In HD, the cognitive changes play a key role in the
quality of life, as they affect the ability to perform everyday routines. Executive
Functions (EF), which are cognitive skills crucial for keeping an independent and
adaptive behaviour in daily life and perform complex tasks, are early affected in HD.
The dysexecutive symptoms cause significant functional impairments even in mild or
preclinical HD stages. Identifying the functional consequences of premature signs of
cognitive decline is mandatory to preserve and rehabilitate the everyday cognitive
function of patients and prolong their independence and well-being.

However, psychometrically robust tools to evaluate and predict the impact of EF
changes in the daily life of HD patients are lacking.

This work sought to create and validate sensitive assessment methods to capture the
daily impact of the subtle EF changes shown by persons with HD that maintain their
routines such as having a job, driving, cooking, or managing finances.

As one of the earliest HD signs is the disruption of oculomotor behaviour, we first tested
an oculomotor task aimed to detect the functional alterations related to inhibitory control
deficits and impulsive behaviour in HD (Study 1). This was a saccadic paradigm with
increasing working memory and fronto-executive demands that evaluated the
oculomotor time and accuracy of persons with premanifest HD (PreHD). Our new
assessment method successfully distinguished the PreHD group from a healthy group.
The PreHD group, who had a regular performance on conventional neuropsychological
tests, showed significant disruptions in their saccade trajectory and latency under more
demanding task conditions. So, we were able to deduce functional alterations in PreHD
from an experimental saccadic task.

Nevertheless, while holding the potential to identify HD symptoms, it is hard to

extrapolate the impact these saccadic deficits have on function. Hence, we developed a
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non-immersive virtual reality (VR) assessment task called EcoKitchen. This tool was
created to capture the functional changes associated with the EF impairments caused by
the HD-related basal ganglia disruption. We validated the EcoKitchen efficacy to capture
cognitive and functional alterations not only in persons with HD (including PreHD), but
also in persons with PD (Studies 2 and 3). Also, we showed the EcoKitchen efficacy to
detect the functional impact of cognitive changes in healthy older adults (Study 4). The
simulated kitchen setting allowed to identify and quantify alterations in everyday-like
routines involving EF. The EcoKitchen confirmed that persons with PreHD and early
manifest HD (EarlyHD) have diminished accuracy during task completion and that the
EarlyHD group also shows a slower performance time. In persons with early-onset and
early-stage PD (EOPD and ESPD), the EcoKitchen captured changes in performance time,
but not in accuracy - suggesting that some cognitive skills are better preserved in PD
than in HD. Lastly, we determined that the EcoKitchen was sensitive to the executive
decline related to physiological ageing, as the performance time and the number of
errors of healthy adults during task completion increased with increasing age.

In sum, we developed and tested novel quantitative assessment methods that proved to
be reliable and accurate in discriminating disease stages, nosological entities and age
categories. These tools can potentially record intergroup differences, but also changes in
individual performance, which is a critical feature in clinical, research and rehabilitation
settings. Quantitative data that can track performance changes during executive tasks
that mimic daily-life challenges will be vital to predict the impact of the age or disease-
related cognitive deterioration on functional status and assess any treatment or
rehabilitation effects. This will expedite new and more effective tailored approaches to
neurological disorders and to conditions with cognitive and functional alterations, such
as healthy ageing.

Finally, the accurate self-report of functional deficits done by study participants showed
that the knowledge we have produced can potentially enhance the patients’ role in
symptom appraisal and management, which will promote more equitable and fair
standards of care. Furthermore, the detection of significant changes in the everyday
cognitive function of older adults will help design and implement strategies to prevent,

rehabilitate and mitigate the cognitive and functional decline in healthy ageing.
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Sumario

Doencas neurodegenerativas como a doenca de Huntington (DH) ou a doenca de
Parkinson (DP) tém um impacto profundo ndo s6 na pessoa com o diagnostico, mas
também na sua familia e circulos sociais.

Na DH, as altera¢bes cognitivas tém um papel fulcral na qualidade de vida, ja que
afetam a capacidade de desempenhar rotinas diarias. As Fungdes Executivas (FE) sdo
competéncias cognitivas precocemente afetadas na DH e que sdo cruciais para um
comportamento didrio independente e adaptativo e para o desempenho de tarefas
complexas. Estes défices executivos provocam défices funcionais significativos mesmo
em fases iniciais ou pré-clinicas da DH. A identificacdo das consequéncias funcionais dos
sinais precoces de declinio cognitivo é indispenséavel para a preservacao e reabilitagdo da
cognicdo funcional quotidiana dos doentes, prolongando a sua independéncia e bem-
estar.

Contudo, instrumentos psicometricamente robustos para avaliar e predizer o impacto da
disfuncdo executiva no dia-a-dia das pessoas com DH sdo ainda escassos.

Este trabalho pretendeu criar e validar métodos de avaliacdo sensiveis para captar o
impacto das alteragdes subtis nas FE apresentadas por pessoas com DH que mantém
responsabilidades como um emprego, conduzir, cozinhar ou gerir finangas.

Como um dos sinais mais precoces da DH é a disrupcdo da funcdo oculomotora,
comecamos por testar uma tarefa oculomotora para detetar as alteracdes funcionais
causadas pelos défices no controlo inibitério e pelo comportamento impulsivo na DH
(Estudo 1). Esta era um paradigma sacadico, com exigéncias crescentes de memoria de
trabalho e de competéncias fronto-executivas, que avaliava o tempo e a precisdo
oculomotora de pessoas com DH premanifesta (PreDH). Este novo método de avaliagao
conseguiu distinguir o grupo com PreDH de um grupo saudavel. O grupo com PreDH,
com um desempenho regular em testes neuropsicolégicos convencionais, exibiu
anomalias significativas em termos da trajetéria e laténcia das sacadas em condigdes de

tarefa mais exigentes. Desta forma, conseguimos inferir alteragdes funcionais na PreDH a
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partir de uma tarefa sacadica experimental.

Apesar do potencial para detetar sintomas da DH, é dificil extrapolar o impacto que os
défices sacadicos identificados tém em termos de funcdo. Assim, desenvolvemos uma
tarefa de realidade virtual (RV) ndo imersiva denominada EcoKitchen. Este instrumento
foi criado para captar os défices funcionais associados aos défices executivos causados
pela disrupcao dos ganglios da base inerente a DH. Validamos a eficacia da EcoKitchen
em captar alteragdes cognitivas e funcionais ndo s6 em pessoas com DH (incluindo
PreDH), mas também em pessoas com DP (Estudos 2 e 3). Demonstrdmos ainda a
eficacia da EcoKitchen na detecdo do impacto funcional das alteracdes cognitivas em
pessoas idosas (Estudo 4). A simulagdo de uma cozinha permitiu identificar e quantificar
as mudangas que ocorrem em rotinas didrias que envolvam FE. A EcoKitchen provou que
pessoas com PreDH e com DH em estadio inicial (DHInicial) tém um desempenho
menos preciso e que o grupo com DHInicial tem ainda um desempenho mais lento. Em
pessoas com DP de inicio precoce e DP em estadio inicial de doenca (DPIP e DPEI), a
EcoKitchen identificou alteragdes no tempo mas ndo na precisdo de desempenho - o que
sugere que algumas &reas cognitivas estdo mais preservadas na DP do que na DH. Por
altimo, provamos que a EcoKitchen é sensivel ao declinio executivo associado ao
envelhecimento fisiolégico, j4 que o tempo e o ntimero de erros de desempenho dos
adultos saudaveis aumenta com o aumento da idade.

Em suma, desenvolvemos e testimos novos métodos de avaliacdo quantitativa que
provaram ser fidveis e precisos, discriminando estadios de doenca, entidades nosoldgicas
e categorias etarias. Estes instrumentos conseguirdo registar diferencas intergrupais mas,
também, alteracdes no desempenho individual, o que é muito relevante nos contextos
clinico, de investigacdo e de reabilitacdo. Dados quantitativos que consigam detetar
alteracdes no desempenho de tarefas executivas que mimetizam desafios quotidianos
serdo cruciais para prever o impacto funcional do declinio cognitivo causado por doenga
ou idade e avaliar o resultado do tratamento ou reabilitagdo. Isto facilitara abordagens
novas, personalizadas e mais eficazes as doengas neuroldgicas e também a condi¢des que
impliquem alteragdes cognitivas e/ou funcionais, como o envelhecimento saudavel.

Por fim, a fidedignidade dos auto-relatos sobre défices funcionais feitos pelos
participantes dos estudos mostra que o conhecimento que produzimos podera reforcar o
papel dos doentes na narrativa e gestdo dos seus sintomas, o que promoverd uma
prestacdo de cuidados mais equitativa e justa. Além disso, a deteccdo de alteragdes

significativas na cognicdo funcional quotidiana de pessoas idosas facilitard o desenho e
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implementacdo de estratégias de prevencdo, reabilitacio e mitigacdo do declinio

cognitivo e funcional no envelhecimento saudavel.
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Motivation

The first time I heard about Huntington’s disease (HD) was in 2007, when I joined a
research team that was developing two studies about emotion recognition and implicit
contextual learning in patients with HD at the IBILI - Instituto Biomédico de
Investigacdo da Luz e Imagem, in Coimbra (van Asselen, Almeida, et al., 2012; van
Asselen, Julio, et al., 2012). These two studies resulted from a close collaboration between
the Movement Disorder Unit and the Neurogenetics Consultation Service of the
Neurology Department of the CHUC - Centro Hospitalar e Universitario de Coimbra
(led by Professora Doutora Cristina Januério and Professor Doutor Anténio Freire) and
the research group led by Professor Doutor Miguel Castelo-Branco at IBILI. To make a
connection between the IBILI and the CHUC project teams that could facilitate a fast and
suitable recruitment of study participants, I started to attend the weekly clinical visits of
HD families at CHUC. During this time, I also helped preparing the application of the
HD team at CHUC, led by Professora Doutora Cristina Januario, to enter the Registry
study, promoted by the EHDN - European Huntington’s Disease Network
(http:/ /www.ehdn.org/pt/). From 2009 until 2017, the consortium CHUC/IBILI
became part of the Registry study, one of the largest multi-centre, multi-national,
prospective, observational studies ever done in HD or in any other rare neurological
disorder (Orth et al., 2010). The Registry study, which involved 17 European countries,
aimed to obtain natural history data on as many persons who are part of an HD family
as possible, relate phenotypical characteristics (genetic modifiers/wet and dry
biomarkers), expedite identification and recruitment of participants for clinical trials,
develop and validate sensitive and reliable outcome measures for detecting onset and
change over the natural course of premanifest and manifest HD, identify potential
outcome measures for use in future clinical trials and clinical care, and help to plan for
future research studies (National Institutes of Health, 2012). My role in the Registry was
to do the cognitive and behavioural assessments of study participants and coordinate the

study visits. I became a regular member of the EHDN in 2010. The Coimbra site was the
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second largest Registry site in Portugal and enrolled a total of 114 participants; this has
allowed me to get to know and follow a very broad and heterogeneous group of persons
affected by HD for many years. As I was getting more involved with HD families, Mrs
Ursula Anna Kleibrink, the President of the APDH - Associagdo Portuguesa dos Doentes
de Huntington (https://www . huntington-portugal.com/) at the time, and Professora
Doutora Cristina Janudrio challenged me to become more involved with the HD
community in Portugal. The APDH was a quite recent, small, and penniless lay
association, representing HD families at a national level and run by a group of
volunteers that were family members and friends of HD patients. The organization only
had a small office space in Lisboa and representatives in Algarve and in Porto. All the
help they could get was more than welcome and so I started to represent the APDH in
Coimbra in 2008. I later became President of the Board between 2009 and 2014, and I
have been Vice-president of APDH since then. I was also involved as a volunteer in the
International Huntington Association between 2011 and 2018 (Board Member at Large)
(https:/ /huntington-disease.org/), and I am still actively involved in different
international HD organizations, such as the European Huntington Association (Secretary
of the Board since 2012) (http://eurohuntington.org/), the Huntington’s Disease Youth
Organization (Portuguese translator since 2012) (Huntington’s Disease Youth
Organization, 2017) and HDBuzz (Portuguese translator since 2011) (HDBuzz, 2011). It
should be noted that all these organizations lay on the altruism and tenacity of HD
family members and friends. I was warmly welcomed and rapidly felt part of a new,
energetic, proactive, and multilingual community. And, of course, I did not want to
leave. At the end of 2018, I was invited to represent the neurological patient advocates at
the new Committee for Ethical and Responsible Conduct of Research, at the i3S
consortium of the University of Porto (i3S - University of Porto, 2018). Monthly, I attend
the Committee meetings and bring the neurological patient perspective to the research
debate. In October 2020, I was invited by the European Huntington Association to
become the Project Manager of a project called “MOVING FORWARD - Toward a
Future with Effective Disease-Modifying Therapies for Huntington’s Disease”
(https:/ /ehamovingforward.org/). The main goal of the project is to mobilize the
European HD community to show a strong and long-term commitment to research, by
increasing trial awareness, increasing health literacy, reducing barriers to study
participation, building up the research staff skills on ways to communicate and relate

with HD families, and increasing clinical trial readiness (Jalio et al.,, 2021). I am
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extremely happy to be able to work on the improvement of the research experience of
HD families and hopefully bring patients closer to effective treatments for this complex
disease.

My PhD project started as a direct result of all the experiences, debates, hopes, struggles,
laughs, tears, and learnings I shared with the Portuguese and global HD communities. I
wanted my project to be meaningful and to have a tangible impact on the lives of
patients and families with HD, addressing the challenges emerging from their real-life
experiences by investigating a relevant topic that could make a difference to those I
know in the HD community.

The keystone for this project came from the many hours I spent observing HD family
members and patients interact - either at the Laboratory, the Hospital, or at the HD
Association. One intriguing thing for me was that people with a positive genetic test for
Huntington’s disease but still without any visible symptoms of the disease (in the so-
called premanifest or prodromal HD stage - PreHD) often presented a standard
performance and results in conventional neuropsychological assessment measures but,
at the same time, had several complaints about changes and problems in their everyday
routines at home or work. Frequently, the family members corroborated these reports
and added relevant and detailed information about subtle but impactful
cognitive/behavioural changes in their otherwise asymptomatic HD affected relatives. I
did not doubt the veracity of these stories, but when I resorted to commonly used
neuropsychological tests to assess these behavioural and cognitive alterations, I could
not detect any deficit or impairment. Therefore, I hypothesized that although the
cognitive changes were probably real, the assessment methods we used were not
sensitive enough to detect them. Moreover, in earlier studies developed at IBILI, the
results about cognitive and behavioural changes in preclinical HD were not conclusive
(van Asselen, Almeida, et al., 2012; van Asselen, Judlio, et al., 2012).

These observations highlighted the need to develop more realistic and ecologically
relevant methods to assess cognition and function. These new tools would be essential to
detect and detail the everyday life changes presented by persons with PreHD and help
us plan tailored interventions to reduce the impact of these deficits on the quality of life
of these families.

The multidisciplinary team at IBILI, that included a wide variety of academic
backgrounds - computer engineers, web designers, biomedical engineers, neurologists,

neuropsychologists, statisticians, and physicists, just to mention a few - was the perfect

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 16



incubator to design, develop, and test new assessment tools that are able to overcome the
limitations of more conventional cognitive and functional measures.

So firstly, as changes in oculomotor function and inhibitory control are thought to
represent some of the earliest HD alterations, we created an experimental saccadic task
that could capture subtle cognitive and motor impairments and be more sensitive to the
equivocal PreHD signs and symptoms (Jalio, Caetano, et al., 2019).

Then, secondly, as everyday chores such as meal preparation were among the daily life
dimensions to be earlier and more impacted by HD, we decided to create a non-
immersive virtual reality (VR) task to assess executive functions in a simulated setting of
a kitchen - the EcoKitchen (Jalio, Ribeiro, et al., 2019). Specifically, this latter assessment
method that we created to address the functional problems caused by the cognitive
symptoms associated with Huntington’s disease, was recognized by the international
HD research and clinical community as an important development in HD assessment -
we received the Best Clinical Poster Award at the European Huntington's Disease
Network Conference in The Hague - The Netherlands, in 2016 (Jalio et al., 2016).
Additionally, several researchers and patient representatives have demonstrated interest
in using EcoKitchen thereby expanding our results to other HD groups and other clinical
conditions.

The main findings of the work described in this thesis were disseminated by the
following means: three papers as first author published in international scientific
periodicals with referees; two papers as co-author published in international scientific
periodicals with referees; one paper as first author submitted to an international
scientific periodical with referees; four papers as first author published in conference
proceedings; two papers as co-author published in conference proceedings; 11 oral
communications (nine as first author and two as co-author) and 24 poster
communications (10 as first author and 14 as co-author) presented at national and
international scientific meetings.

I hope that these behind-the-scenes stories can contextualize the background of my PhD
project and give a glimpse of the path I have started to travel back in 2007, often against
all odds.

And, most of all, I hope that this journey continues to be full of marvels and wonders

despite the bumps and setbacks that are inextricably linked to a meaningful path.
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Chapter | - General Introduction

In this section of the thesis, we provide an overview of the global definition and main
features of Huntington’s disease (HD). We pay special attention to the cognitive
symptoms caused by this condition and its impact on the functional status of persons
with this diagnosis. Specifically, we describe the challenges underlying an accurate
assessment of executive functions (EF) and the need to find new tools that can tackle
what is known as functional cognition in a more ecological way. Lastly, we discuss the
relevance of computer-based assessment tools to overcome the constraints of
conventional neuropsychological tests, to capture the impact of EF deficits on daily life-

like situations and to predict the functional status of cognitively impaired populations.

Huntington’s disease

General Description

Huntington’s disease is a rare autosomal dominant neurodegenerative disorder caused
by a Cytosine-Adenine-Guanine (CAG) trinucleotide expansion in the Huntingtin gene
(= 36 repeats). The disease bears the name of the American physician George
Huntington, who first provided a comprehensive description of HD in a paper entitled
“On Chorea”, published in 1872 (Huntington, 1872). Back then, Huntington already
pointed some of the key features of this condition: “There are three marked peculiarities
in this disease: 1. Its hereditary nature. 2. A tendency to insanity and suicide. 3. Its
manifesting itself as a grave disease only in adult life” (Huntington, 1872). For many
years, the disease was known as Huntington’s Chorea, since chorea was the cornerstone

of HD clinical diagnosis. Chorea derives from the Greek word “dance” and describes an
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abnormal involuntary movement characterized by brief, abrupt, irregular, unpredictable,
non-stereotyped, random flow of muscle contractions that can affect various body parts,
and interfere with speech, swallowing, posture, and gait (Ho & Leong, n.d.). However,
what was once considered a traditional movement disorder is now better described with
three key features of basal ganglia dysfunction: motor abnormalities,
psychiatric/behavioural changes, and cognitive decline - and therefore is now known as
Huntington’s Disease, although its conventional diagnosis is still based on the onset of
an unequivocal movement disorder (Paulsen, 2010; Reilmann et al., 2014). This triad of
symptoms is particularly challenging for clinical care and research, as there is a huge
variability in symptom presentation across patients and even across the disease span of
one single patient (Kim et al., 2017; Sax et al., 1989). The mean age of HD clinical onset is
around 40 years, and the disease inevitably progresses over a course of 15 to 20 years
leading to a premature death, since no effective therapies exist to halt or change the
inexorable disease course (Ghosh & Tabrizi, 2018; Roos, 2010; Ross & Tabrizi, 2011;
Shoulson & Young, 2011). Usually, it is the concomitant complications of HD which
cause death, not HD per se (Haines & Conneally, 1986). Pneumonia, often due to
aspiration of food caused by lack of swallowing control, is the most frequent cause of
death in late-stage HD patients (Haines & Conneally, 1986; Solberg et al., 2018). Suicide
is also a much more common cause of death in the HD population compared to the
general population (Bindler et al., 2009; Solberg et al., 2018), a fact that emphasizes the
need to provide appropriate psychological/psychiatric care to persons with HD. Thus,
the disease impact is extremely harsh, with a relentless decline of all the skills that
underlie independent living and a marked disruption of the quality of life and functional
capacity of persons that were otherwise in their most productive period of life, with the
greatest responsibilities at home and/or at work (Claassen, et al., 2021; Shoulson &
Young, 2011). Hence, HD involves unrelenting progressive motor, cognitive and
psychiatric symptoms (Ghosh & Tabrizi, 2018) that lead to a gradual loss of capacities
related to occupation, financial management, domestic tasks, and self-care skills
(McAllister, et al., 2021).

The reduced number of persons affected by HD, which has an estimated overall
prevalence of 10.6-13.7 individuals per 100,000 in Western populations (McColgan &
Tabrizi, 2018), makes it a rather marginalized condition and has delayed the quest for
effective disease-modifying treatments. Nevertheless, the current HD research skyline is

extremely promising, with several new therapeutic compounds either in clinical
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evaluation or on the verge of being so (Bashir, 2019; Dash & Mestre, 2020). Consequently,
all the work aimed at validating measures and markers in Huntington’s disease to
support the development of successful treatments is thought to be urgent and crucial

(Tang et al., 2021).

Genetic and Clinical Features

HD is the most common monogenic neurodegenerative disease, a single-gene disorder
with autosomal dominant transmission (Ghosh & Tabrizi, 2018; Nopoulos, 2016). The
presence of the mutation on either allele leads to the disease and an affected parent has a
50% chance of passing it on to their child (Ghosh & Tabrizi, 2018). The HD genetic
mutation is an expanded Cytosine-Adenine-Guanine (CAG) trinucleotide repeat near the
start of exon 1 of the Huntingtin gene, which lies on the short arm of chromosome 4
(Ghosh & Tabrizi, 2018). The CAG repeat length ranges from 10 to 35 in the healthy
population, with a mean value of 18 CAG repeats (Nopoulos, 2016; Snell et al., 1993). The
mutation is fully penetrant at 40 or more CAG repeats, leading to unrelenting symptom
presentation. Between 36 and 39 CAG repeats there is reduced penetrance, and carriers
may develop HD symptoms in later life or not at all (Rubinsztein et al., 1996). A
Huntingtin gene with 27-35 CAG repeats is referred to as an “intermediate allele”.
Persons who inherit intermediate length alleles are thought to be unaffected, although a
behavioural phenotype has now been identified in this group (Killoran, 2013). A longer
CAG repeat length correlates with earlier age of onset (Ghosh & Tabrizi, 2018). As with
all genetic conditions, a detailed family history is essential to help make a correct
diagnosis of HD (Ghosh & Tabrizi, 2018).

Since 1993, with the discovery of the genetic mutation responsible for HD (The
Huntington's Disease Collaborative Research Group, 1993), genetic testing by direct
mutation analysis has been available to families affected by HD (Craufurd et al., 2015).
The genetic test can be used either to confirm a clinical diagnosis of HD in symptomatic
people (diagnostic genetic testing) or to predict whether an at-risk person will go on to
develop HD (predictive genetic testing) (Craufurd et al., 2015; MacLeod et al., 2013). The
latter situation allowed for the offspring of persons with HD to know whether they have
inherited the gene mutation (MacLeod et al., 2013). Thus, since the HD mutation was
identified, it became possible to determine, prior to symptom onset, who is a carrier of

the CAG repeat expansion and one day will develop HD (Craufurd et al., 2015; O'Keeffe
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et al., 2009). This breakthrough had a big impact on the natural history of HD, as it
enabled to follow the neurodegenerative process many years before symptom onset
(Tabrizi et al., 2013). Hence, the HD path could now be divided into “premanifest” and
“manifest” periods (Reilmann et al., 2014; Ross, Aylward, et al., 2014). The premanifest
period could be further subdivided: initially, persons that carry the HD mutation but
apparently do not display any overt symptoms - premanifest HD (PreHD) - are not
clinically distinguishable from healthy persons, usually up to 10-15 years before the
disease onset; then, they may enter the prodromal HD period, which is characterized by
subtle motor, cognitive and behavioural changes with null to minor functional
consequences (Ross, Aylward, et al., 2014). Once motor symptoms with functional
impact begin, the person is said to have manifest HD and consequently the clinical
diagnosis is made and “added” to the genetic diagnosis (Ross, Aylward, et al., 2014).
Hence, the onset of manifest disease is said to occur when patients develop definitive
motor signs suggestive of HD, which have no other explanation - typically chorea
(Ghosh & Tabrizi, 2018). HD differential diagnosis has become easier since the advent of
the genetic test, and is typically based on family history, presence of the movement
disorder and confirmed mutation on genetic testing (Snowden, 2017).

Historically, HD onset has been defined as the point where motor abnormalities detected
at clinical examination are deemed unequivocal signs of HD - with no consideration for
cognitive and/or psychiatric changes (Solomon et al., 2008). However, because of the
great variety of symptoms and because signs of HD develop gradually, which makes the
conversion from a premanifest to a manifest HD stage rather insidious, it is difficult to
determine the precise clinical onset of the disease (Paulsen, 2010; Witjes-Ané et al., 2003).
The genetic test confirms whether an asymptomatic person will develop symptoms of
HD but not when those symptoms will first appear (Snowden, 2017). In fact, having a
positive genetic test confirms the presence of an abnormal CAG expansion and provides
information on gene status, but not on disease state (O'Keeffe et al., 2009) - since it gives
no indication about the clinical condition at the time of testing, how and when HD
symptoms will start, or how quickly they will progress (Antoniades et al.,, 2010;
Craufurd et al., 2015; Dumas et al., 2013). Nonetheless, and even though the genetic test
is a trait marker rather than a state marker (Craufurd et al., 2015), the CAG-repeat length
in the HD gene was found to be inversely correlated with age of onset (Langbehn et al.,
2010). Thus, formulae that include variables such as CAG-repeat length and current age

were created to predict the time point when HD overt symptoms will begin (Langbehn
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et al., 2004; Zhang et al., 2011). While these formulae lack the accuracy to be helpful at an
individual level, they provide a valuable proxy of HD clinical onset for research
purposes (Snowden, 2017). Adding to the complexity of HD clinical and genetic
diagnosis, there is the high incidence of cognitive impairments in HD patients, that often
emerge many Yyears prior to the onset of motor symptoms and are important
contributors to disability (Ross, Aylward, et al., 2014; Stout et al., 2011). Therefore, a
comprehensive evaluation of persons at-risk of HD or with PreHD can be a more
accurate and reliable basis for determining the disease clinical onset than sole reliance on
judging the motor features of HD (Shoulson et al., 2019). Currently, and although the
nature and time course of the earliest HD changes remains a matter of debate, the
disease is believed to have a long preclinical period with subtle symptoms, that
encompasses not only motor abnormalities, but also impactful cognitive and psychiatric
alterations (Reilmann et al., 2014; Ross, Aylward, et al., 2014; Shoulson & Young, 2011;
Snowden et al., 2002; Stout et al., 2011).

Neuropathology

HD primarily affects the basal ganglia, causing early damage and death to the neurons
of two specific structures of the striatum - the caudate nucleus and the putamen
(Aylward, et al., 1996; Rosas et al., 2001; Shoulson & Young, 2011; Vonsattel & DiFiglia,
1998). The basal ganglia comprise a cluster of subcortical nuclei that include the striatum
(which contains the caudate nucleus and the putamen, linked together through the
fundus), the ventral striatum (the nucleus accumbens and most ventral aspects of
caudate and putamen, responsible for reward and aversion), the dorsal striatum (mainly
involved in control over conscious motor movements and executive functions), the
globus pallidus (internal and external sectors), the substantia nigra, and the subthalamic

nucleus (Grahn et al., 2009; Young et al., 2021) (Figure 1).
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Figure 1 - Basal ganglia (Gonzalez-Usigli, 2022)

The caudate nucleus and putamen are the main input nuclei of the basal ganglia,
receiving axons from nearly all parts of the cortex; they are reciprocally interconnected
with the substantia nigra, and most of the basal ganglia output is sent via the internal
segment of the globus pallidus (GPi) and the substantia nigra pars reticulata (SNr)
(Grahn et al., 2009; Matz & Spocter 2022).

The basal ganglia were once thought to be mainly involved in motor function, working
as a gate-keeping mechanism for the initiation of movement, effectively choosing which
actions to allow and which actions to inhibit (Young et al., 2021). More recently, the basal
ganglia and its projections have also become closely associated with cognition, namely
executive functions (Marvel et al., 2019; Young et al., 2021). Neuroimaging data indicates
that the conventional “motor” structures contain subregions that cooperatively
participate in cognitive processes (Marvel et al., 2019). The basal ganglia projections to
limbic and prefrontal regions of the thalamus and cortex are related to executive
decision-making and emotional stimulation related to reward or aversion (Young et al.,
2021), processes which are fundamental to all goal-directed tasks associated with
executive functioning (Grahn et al., 2009).

The HD-related striatum atrophy can be detected at least 15 years before the emergence
of overt HD clinical symptoms and signs (Farrow et al., 2006; Paulsen, 2010; Shoulson &

Young, 2011; Snowden, 2017; Tabrizi et al., 2012). There is a selective and early death of
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the cells representing 95% of the striatal neuronal population, which are known as
medium spiny neurons (Bergonzoni et al., 2021). Persons with early manifest HD show
the most prominent brain pathology in the caudate nucleus, where dramatic
degeneration can happen (Filley, 2019). In later stages of the disease, the putamen,
frontal cortex, and white matter connections are also affected (O'Callaghan et al., 2014),
consistent with frontal-subcortical network involvement and frontostriatal circuitry
alterations (Cummings, 1993). Recent research led to the concept of HD as a multisystem
degenerative disease of the human brain and not only a neurodegenerative disease
predominantly affecting the striatum, given that the brain neurodegeneration in HD is
more widespread than previously assumed and also targets the cerebral cortex,
pallidum, thalamus, brainstem and cerebellum (Riib et al., 2016).

The HD neuropathology induces a variety of abnormalities across the motor, psychiatric
and cognitive domains (Brooks & Dunnett; Tabrizi et al., 2013), as the brain structures
and circuitries mainly affected by this disease are thought to be involved in motor
control, emotion regulation and executive functions (Filley, 2019; O'Callaghan et al.,

2014).

Interventional Approaches

Regarding the HD therapeutic pipeline, and while there are no disease-modifying
treatments yet, there is an exciting silver lining of different therapies being tested or soon
to be (Bashir, 2019; Dash & Mestre, 2020). Yet, HD is still incurable and relentlessly
progressive, and treatments only comprise pharmacological and non-pharmacological
symptomatic therapies that aim to alleviate the motor and mood-based symptoms of this
devastating disease (Snowden, 2017). However, a major goal for interventional therapy
in HD is to find preventive treatments prior to the onset of disabling symptoms
(Langbehn & Hersch, 2020; Ross, Aylward, et al., 2014). This critically depends on the
capacity to find suitable, reliable, and sensitive measures to assess both HD clinical signs
and therapeutic efficacy (Ross, Aylward, et al., 2014; Stout et al., 2011). The early
identification of subtle HD symptoms and the consequent definition of earlier stages of
disease offers an opportunity to intervene prior to the onset of profound disability
(Brooks & Dunnett, 2013; Tabrizi et al., 2022). Large longitudinal studies such as
TRACK-HD (Tabrizi et al.,, 2013) demonstrated that conventional HD motor and

functional assessment scales do not provide feasible measures of change in persons with
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PreHD. Hence, novel measures that can capture the complexity of preclinical and clinical
HD are urged. Ideally, these measures should objectively pinpoint the current disease
status, bring forward the time of detection of the earliest pathologic manifestations of the
disease, and accurately reflect any improvement or stabilization resulting from an
intervention (i.e., the clinical benefit of the experimental therapy) (Antoniades et al.,

2010; Dumas et al., 2013).

Cognition in Huntington’s Disease

Cognitive impairment is the most consistent neurological condition of acquired and
degenerative brain disorders and is perceived as a significant burden by both patients
and carers (Mitchell et al., 2010). Accordingly, while motor changes are the most visible
conventional sign of HD clinical onset, the cognitive and behavioural disease features are
thought to have the greatest effect on the functional independence and quality of life of
persons with HD (Snowden, 2017). A recent study about the patient-reported impact of
HD symptoms found that difficulty in thinking was the symptom with the highest life
impact score to participants (Glidden et al., 2020). Additionally, a large survey about the
symptoms that influence the daily life of persons with HD and their caregivers found
that general cognitive decline and, specifically, problems with executive functioning
were reported as the most impactful symptoms (Simpson et al., 2016). Thus, from the
HD community perspective, cognitive decline is generally considered to be more
debilitating to patients and their families than motor symptoms (Papoutsi et al., 2014).
Therefore, cognition is an extremely important target for HD therapeutic trials because
even subtle cognitive changes account for a significant portion of the variance in
functional ability (beyond the influence of demographic, motor and psychiatric factors)
and have an impact on meaningful outcomes such as work performance, driving, or
quality of life (Paulsen & Long, 2014; Stout et al., 2011). However, and despite being
considered a major source of disability, there is no persuasive evidence of benefit in HD
cognitive profile from medications used to improve cognition in other dementing
disorders (Shoulson & Young, 2011).

While cognitive impairment is increasingly recognized as one of the earliest core
symptoms of HD (Dumas et al., 2013; Paulsen & Long, 2014), there are several topics that

need further clarification, namely the predictive utility of assessing cognitive functioning
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in disease onset and progression (Papp et al., 2011), the heterogeneity of cognitive
changes in PreHD (Dumas et al., 2013) and the functional implications of cognitive
symptoms (Van Liew et al., 2013). Hence, when addressing cognition in HD, one needs
to think about how to efficiently track the cognitive changes over the disease course,
how to grasp the functional impact of the cognitive changes and how persons with HD
perceive the consequences of the cognitive changes associated with their diagnosis. This
work intends to find plausible answers to these problems.

The cognitive deficits displayed in HD match those presented in other disorders
associated with striatal-subcortical brain pathology, like Parkinson’s disease (Ross,
Pantelyat, et al., 2014). HD patients exhibit impairments in attention (sustained and
divided attention), working memory and procedural memory, mental flexibility,
planning, processing speed, multitasking, organization, problem solving, implicit
learning, visuospatial functions, timing and movement sequencing, face and emotion
processing and recognition (Dumas et al., 2013; Filley, 2019; Hart et al., 2014;
O'Callaghan et al., 2014; Papoutsi et al., 2014; Papp et al., 2011; Ross, Aylward, et al.,
2014; Solomon et al., 2008; Stout & Johnson, 2005; Tabrizi et al., 2013; van Asselen,
Almeida, et al, 2012; van Asselen, Julio, et al.,, 2012). Cognitive domains such as
language comprehension, semantic memory, spatial awareness and orientation, and
delayed recall are relatively preserved until later stages of disease - which further
highlights the subcortical nature of HD neurodegeneration (Dumas et al., 2013; Papoutsi
et al., 2014; Papp et al., 2011). Moreover, several deficits occur at the intersection between
the cognitive and psychiatric realms of function, namely problems with initiation, lack of
awareness, disinhibition, and impulsivity (Ross, Aylward, et al., 2014).

Though cognitive impairments are unanimously accepted in persons with manifest HD,
there is not yet a consensus about the nature and extent of premanifest HD cognitive
changes (Hart et al., 2014). In fact, the differences found between the brain structure and
functioning of persons with premanifest HD and healthy persons are not necessarily
accompanied by deficits in task performance or cognitive decline (Rao et al., 2014).
Nevertheless, several studies have demonstrated that cognitive alterations are present
before the clinical diagnosis of Huntington’s disease (Baake et al., 2017; Dumas et al.,
2013; Papoutsi et al., 2014; Stout et al., 2011). Some authors suggest that these alterations
occur prior to other disease-related changes and become detectable up to 15 years before
HD formal diagnosis (Paulsen, 2010; Paulsen & Long, 2014; Papoutsi et al., 2014; Papp et
al., 2011; Snowden et al., 2002; Solomon et al., 2008; Stout et al., 2011; Tabrizi et al., 2012).
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Other authors suggest that cognitive decline has a relatively acute onset, occurring in a
stepwise fashion around the time of HD clinical diagnosis (Snowden et al., 2002). A third
group of authors refutes this claim, having failed to find differences between PreHD and
healthy cognition (Farrow et al., 2006; Hart et al., 2014; Papp et al., 2011; Rao et al., 2014;
Rupp et al., 2010; Witjes-Ané et al., 2003).

Despite this controversy, as researchers are trying to expand clinical trial design to
enable the inclusion of PreHD cohorts with observable disease features (Langbehn &
Hersch, 2020; Tabrizi et al., 2022) and recent data suggests that the efficacy of
experimental therapies is higher in younger and less symptomatic participants (Fox &
Harding, 2022), the PreHD phenotype is being increasingly scrutinized. The greater
focus on the PreHD profile, namely in terms of cognitive skills, has shown that this
group presents an abnormal performance in cognitive measures of attention, working
memory, processing speed, visuomotor integration, oculomotor function, psychomotor
function, episodic memory, emotion processing, and sensory-perceptual functions
(Dumas et al., 2013; Paulsen, 2010; Paulsen & Long, 2014; Rupp et al., 2010; Solomon et
al., 2008; Stout et al., 2011; Tabrizi et al., 2013). Deficits in specific EF closely related to
everyday life, such as the capacity to dual task, psychomotor speed and the decision-
making processes were observed in persons with PreHD (Heim et al., 2020; Reyes et al.,
2021; Snowden, 2017). These impairments in domains that engage the fronto-striatal
circuitry become clearer as individuals approach the time of HD clinical diagnosis
(Solomon et al., 2008). On the contrary, there are typically null to little deficiencies in
memory, language, and in measures of global cognitive functioning in PreHD (Dumas et
al., 2013).

Notably, besides the lack of agreement regarding premanifest HD cognitive deficits,
there is also a lack of agreement regarding the most effective methods to assess cognition
at this disease stage, as no single cognitive measure is accepted as sufficiently sensitive
to serve in clinical trials and generally no specific scales are recommended for assessing
cognition in HD (Dumas et al.,, 2013; Mestre et al., 2018). Quantifiable measures of
cognitive function still lack sensitivity in cohorts of persons with PreHD (Ross, Aylward,
et al.,, 2014) - where cognitive changes often do not represent clinically significant
impairments (Papp et al., 2011) and differences from healthy cognition are null or scarce
(Farrow et al., 2006; Hart et al., 2014; Papp et al., 2011; Rao et al., 2014; Rupp et al., 2010;
Witjes-Ané et al., 2003). As the success of experimental therapies is increasingly

measured by their clinical benefit, valid outcome measures that can capture favourable
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treatment effects on how a person with PreHD feels, functions or survives is thought to
be vital in future clinical trials (Hufnagel, 2019; Langbehn & Hersch, 2020; Lee, n.d.).

Therefore, finding new assessment methods that can detect cognitive deficits before
overt motor dysfunction offers a crucial opportunity for identifying key areas to provide
earlier clinical care, monitoring clinical progress over time, and evaluating therapeutics
from a research and clinical perspective (Papp et al., 2011; Paulsen & Long, 2014). A
thorough review about cognitive deficits in HD that analysed more than one hundred
strictly selected papers, has found that potential candidates for cognitive biomarkers in
PreHD are likely to emerge from the realms of working memory, psychomotor speed,
emotion recognition, and/or attentional and visuospatial executive functions, which are
the cognitive domains more often mentioned by studies showing changes in preclinical

HD (Dumas et al., 2013).

Executive Functions

Definition

Executive Functions (EF) have been consistently identified as one of the earliest and most
affected cognitive domains in HD. They comprise a set of interrelated cognitive skills
that are crucial for maintaining an independent and adaptive behaviour in everyday life
and perform complex tasks (Aron et al., 2003; Gioia & Isquith, 2004; Godefroy et al.,
2010; Lezak, 1982; Papagno & Trojano, 2018; Royall et al., 1993). EF generally refer to a
collection of related, yet distinct “higher-level” cognitive functions involved in the
control and regulation of “lower-level” cognitive processes and goal-directed, future-
oriented behaviour - from goal formulation and intention formation to successful
execution and processing of the outcome (Alvarez & Emory, 2006; Dirnberger &
Jahanshahi, 2013; Gioia & Isquith, 2004). These skills have a regulatory control over
cognitive activity, emotional response, and overt behaviour (Crawford, 1998). EF involve
a plethora of abilities, such as: the inhibition of automated responses and competing
actions or stimuli, the retrieval from declarative memory, the anticipation, initiation,
planning, sequencing and monitoring of actions, the ability to sustain attention and resist
to interference, task switching and multi-tasking (or the ability to coordinate

simultaneous activity), cognitive flexibility or shifting problem-solving strategies flexibly
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when necessary (or the ability to maintain and shift set), abstract thinking, the use of
feedback, the ability to deal with novelty, and the maintenance, updating and
manipulation of information in working memory (or the capacity to hold information
actively “online” in the service of problem solving) (Alvarez & Emory, 2006; Gioia &
Isquith, 2004; Koerts et al., 2011; Vaughan & Giovanello, 2010). Interestingly, daily life
impairments associated with EF have been demonstrated in persons who performed
within normal limits to exceptionally well on standard executive and IQ tests (Alvarez &
Emory, 2006; Eslinger & Damasio, 1985; Shallice & Burgess, 1991), which may indicate
that EF deficits usually manifest only in complex “real-life” situations created by the
examiners (Alvarez & Emory, 2006). Any disturbances on these abilities are thought to
reflect lesions in structures related to the dorsolateral-prefrontal-subcortical circuit
(namely in the dorsolateral frontal cortex projections to the dorsolateral head of the
caudate nucleus), which is involved in the management of executive functions and
motor programming (Alvarez & Emory, 2006; Cummings, 1993; Hanes et al., 1995). As
these brain structures and circuitries are prematurely and strikingly affected in HD,
impairments in EF are among the earliest and most impactful cognitive deficits during
the disease course. Consequently, an appropriate assessment of executive functions is

critical to plan any necessary interventions (Gioia & Isquith, 2004).

Assessment

EF are a key component of everyday applied cognition (Skidmore, 2017) or functional
cognition (Wesson et al., 2016), as they allow individuals to engage efficiently in complex
daily life goal-directed behaviours and successfully manage the instrumental activities of
daily living (IADL) (Chevignard et al., 2008; Katz, 1983). EF are required to optimal
functioning in daily life (Godefroy et al, 2010) and considered to be significant
predictors of functional status (Aretouli & Brandt, 2010; Bell-McGinty et al., 2002; Cahn-
Weiner et al., 2007; Marcotte et al., 2010; Schmitter-Edgecombe et al., 2011). Thus, as
neuropsychologists are increasingly being asked to answer questions regarding the
effects of cognitive deficits on everyday performance (Schmitter-Edgecombe, et al., 2011),
and experimental therapies are measured based on their impact on daily life (Hufnagel,
2019; Lee, n.d.), it becomes more and more relevant to capture the real-world expression
of EF changes in everyday activities (Gioia & Isquith, 2004). This is even more relevant

because mild EF deficits can result in significant functional deficits, decline in
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occupational performance and psychiatric consequences (Eslinger et al., 2011; Foster et
al., 2011; Mitchell et al., 2010; Morrison et al., 2013). Hence, this EF “macro-construct” of
multiple environmentally sensitive interrelated cognitive subprocesses allow us to solve
complex problems and execute complicated decisions (Alvarez & Emory, 2006), and it is
exactly because of this complexity that the assessment of EF challenges our traditional
testing methodologies (Gioia & Isquith, 2004; Stuss & Buckle, 1992).

Conventional neuropsychological tests provide precise measures of how a patient works
cognitively within a controlled environment (Skidmore, 2017) and evaluate changes in
specific neuropsychological domains, monitoring their progression and their response to
any therapeutic intervention (Porffy et al., 2022; Snowden, 2017). However, these tests
are often time-consuming, burdensome, and have low ecological validity, as the actual
target for therapy is not a change in the test results but a change in the ability to carry
out everyday routine activities (Porffy et al., 2022; Snowden, 2017). Additionally, several
commonly used methods to assess EF, such as the Trail Making Test (Cavaco et al., 2013;
Reitan, 1958), the Stroop test (Stroop, 1935), or the Wisconsin Card Sorting Test (Heaton,
1981), were developed to differentiate populations with and without gross cerebral
pathology and provide limited information about how a person operates in the natural
environment (Cicerone et al.,, 2006; Lai et al., 2018). So, the same tests that were
developed to answer diagnostic questions are now used to answer questions about real-
world functioning, with very little empirical evidence to support this practice (Chaytor &
Schmitter-Edgecombe, 2003). Also, most conventional tests attempt to separate
integrated functions into component parts (Burgess et al., 2006; Gioia & Isquith, 2004)
and are frequently aimed at measuring a single aspect of executive functioning, such as
inhibition or cognitive flexibility - whereas EF in daily life require sustained
collaboration between various executive domains (Koerts et al., 2011).

Despite all these limitations posed by conventional cognitive tests, their results are
expected to have implications and make predictions for the individual everyday function
(Gioia & Isquith, 2004; Schmitter-Edgecombe et al., 2011), as the neuropsychological
assessment has shifted from identifying brain injury and lesion location to describing the
person’s functional strengths and weaknesses in a contemporary cognitive neuroscience
perspective of brain/behavioural systems (Cicerone et al., 2006; Lezak, 1982; Lezak et al.,
2012; Schmitter-Edgecombe et al., 2011). Therefore, it is more and more obvious that
solely relying on standard clinical tests to assess EF does not capture all the nuances of

everyday function, since patients often perform well in clinical or laboratory settings but
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demonstrate disorganized behaviour in less structured environments (Dirnberger &
Jahanshahi, 2013; Godefroy et al., 2010). Hence, there has been a move towards adopting
more naturalistic tests to bridge the gap between laboratory tasks of EF and functional
outcome measures of everyday activities (Cicerone et al., 2006). Ecologically valid tests of
EF, together with measures of activities of daily living, are thought to be particularly
valuable for the assessment and management of daily life problems in
neurodegenerative disorders (Dirnberger & Jahanshahi, 2013). A comprehensive picture
of the individual cognitive and functional potential will integrate all sources of
information, including test results, questionnaires, and observational data (Chaytor &
Schmitter-Edgecombe, 2003).

In sum, to effectively capture the functional translation of the individual EF status, it is
extremely important to ground the assessment of executive functioning on the
measurement of observable behaviours that have real-world significance (Alvarez &
Emory, 2006) and are a response to real-world demands (Gioia & Isquith, 2004). That is
to say, it is crucial to overcome the ecological validity problems of the conventional

neuropsychological tests.

Impact on Functional Status

Several studies have shown that there is a close connection between cognitive decline
and functional status (Aretouli & Brandt, 2010; Bell-McGinty et al., 2002; Grigsby et al.,
1998; Péres et al., 2008). Many years before the clinical diagnosis of dementia there are
subtle changes in IADL that can constitute an early marker of neurological disease (Péres
et al., 2008). Specific executive sub-domains such as inhibitory control, planning, mental
flexibility, attention, psychomotor speed, problem solving or sequencing strongly
correlate with function and may affect several quality-of-life domains in neurological
conditions (Aretouli & Brandt, 2010; Mitchell et al., 2010). Similarly, in healthy older
adults, a significant relationship was found between executive abilities and functional
independence, particularly cognitive shifting and complex sequencing abilities (Cahn-
Weiner et al., 2007; Grigsby et al., 1998). Functional changes may jeopardize the
independence, security, or quality of life of neurological patients, and contribute to
caregiver burden and community expenses (Aretouli & Brandt, 2010). Thus, the
identification of impaired adaptive functioning is essential to provide the appropriate

structure and level of care to maintain individual safety and wellbeing and implement
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earlier and more effective interventions (Aretouli & Brandt, 2010; Bell-McGinty et al.,
2002; Péres et al., 2008).

HD manifestations include a wide array of impairments in motor control, and
behavioural, cognitive, emotional, and social issues that severely limit a person’s health-
related quality of life and functional capacity (Glidden et al., 2020; Ho et al., 2009; Lai et
al., 2018; Ross, Pantelyat, et al., 2014). These symptoms are thought to uniquely and
significantly predict functional outcomes (Van Liew et al.,, 2013). The cognitive and
neuropsychiatric changes associated with HD, although less evident than motor
alterations, contribute greatly to the loss of functional independence of the affected
person and have the greatest impact on families (Beglinger et al., 2010; Hamilton et al.,
2003; Snowden, 2017), more than demographic or motor features (Nehl et al., 2004).
Specifically, problems in EF have been shown to have a detrimental effect on everyday
functioning, level of independence, and quality of life of people with HD (Mayeux et al.,
1986; Ready et al., 2008; Snowden, 2017) and were considered by caregivers as having
the greatest life impact (Simpson et al., 2016). Symptoms that reflect the HD executive
dysfunction, such as generalized slowing in processing speed or the inability to regulate
attention are believed to affect interpersonal relationships and independent living (e.g.,
ability to work and maintain employment, to socially engage, to drive and to manage
household chores or to handle finances), to predict functional decline (Eddy & Rickards,
2015; Rothlind et al., 1993; Sheppard et al., 2017; Simpson et al., 2016; Snowden, 2017;
Van Liew et al., 2013), and to be present even in persons with PreHD or patients with
minimal motor disability (Gibson et al., 2022; Mayeux et al., 1986; Read et al., 2013; van
der Zwaan et al., 2021; Williams et al., 2007). Everyday tasks that require psychomotor
speed, attention regulation, sequential behaviour, or organization and manipulation of
information appear to be particularly affected in mild HD (Mayeux et al., 1986; Ross,
Pantelyat, et al., 2014).

Thus, a proper assessment of EF is needed to be able to accurately predict the overall
functional status of persons with HD (Eddy & Rickards, 2015; Rothlind et al., 1993;
Snowden, 2017). Functional deterioration can be measured as soon as cognitive
deterioration is if assessment tools are sensitive enough to detect early and subtle disease
manifestations (Péres et al., 2008). Therefore, we will discuss the importance of having a
more integrative and ecologically valid assessment of EF, since the tests of this cognitive
domain are notorious for having anecdotally poor ecological validity (Chaytor &

Schmitter-Edgecombe, 2003). For the present work, we consider it to be extremely
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important to capture the subtle functional deficits caused by the cognitive alterations

presented by persons with HD that are still in a so-called premanifest disease stage.

Functional Cognition and Ecological Validity

Functional cognition is a construct that lies at the intersection between everyday
performance and cognition and is of key concern both to researchers and clinicians alike
(Wesson et al., 2016). It was first described as the ability to complete activities that rely
on the critical application of cognitive skills, but this early definition left out the
motor/behavioural component of task performance and the environmental constraints
in which the task is done (Donovan et al., 2008, Wesson et al., 2017). More recently,
functional cognition has been defined as the observable performance of everyday
activities resulting from a dynamic interaction between motor abilities, activity demands
and the task environment, which is guided by cognitive abilities (Wesson et al., 2016).
Thus, functional cognition embodies the performance of IADL, which are complex
activities that have a greater cognitive than physical emphasis, that require integration of
multiple steps and actions, and that imply sequencing for goal completion (Wesson et
al., 2016). When measuring functional cognition, we are measuring both the ability to
perform everyday activities and its underlying cognitive skills (Skidmore, 2017; Wesson
et al., 2016), as these are thought to determine the person’s capacity to be safe, live alone,
work, or do any task that is important and meaningful for them in everyday life
(Hartman-Maeir et al., 2009). Importantly, measures of everyday cognitive skills should
correspond to the cognitive domain under study; for example, it is important to
demonstrate the relationship between neuropsychological tests of executive functioning
and measures of everyday executive skill, in order to validate the ability of the
assessment tools used in clinical or research settings to predict daily function (Chaytor &
Schmitter-Edgecombe, 2003).

The assessment of functional cognition is closely related to the notion of ecological
validity. In neuropsychological assessment, ecological validity refers to the degree to
which test performance corresponds to real world performance (Chaytor & Schmitter-
Edgecombe, 2003) and can be defined as the functional and predictive relation between
the behaviour on a set of neuropsychological tests and the behaviour in a variety of real-

world settings (Sbordone, 1996) - or the challenges imposed by the assessment
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procedures and the challenges that the person must confront in real life situations
(Negut et al., 2016). Ecological validity is particularly relevant for the assessment of EF,
which coordinate the cognitive and behavioural capacities of the person in real-world or
simulated real-world demanding situations (Gioia & Isquith, 2004). An ecologically valid
assessment tool has features that are similar to natural behaviours and has value in
predicting everyday function (Franzen & Wilhelm, 1996; Gioia & Isquith, 2004) - so it
should be effective in capturing functional cognition.

The ecological validity and predictive power of standard neuropsychological tests
regarding real-life performance have long been questioned (Porffy et al., 2022) and have
two requirements: first, that the demands of the test and the testing conditions resemble
the real-world demands (verisimilitude); second, that the performance on a test is
empirically related to measures of everyday functioning and predicts some aspect of the
individual daily functioning (veridicality) (Chaytor & Schmitter-Edgecombe, 2003;
Franzen & Wilhelm, 1996; Gioia & Isquith, 2004). Verisimilitude typically requires
abandoning the existing tests and creating new assessments with ecological goals in
mind, that attempt to simulate critical everyday cognitive tasks and are more
consistently related to outcome measures than the traditional tests (Chaytor & Schmitter-
Edgecombe, 2003). Veridicality typically involves the use of statistical techniques to
relate performance on traditional neuropsychological tests to measures of real-world
functioning, such as employment status, questionnaires, or clinician ratings (Chaytor &
Schmitter-Edgecombe, 2003). Hence, the assessment of functional cognition should be
able to capture not only the cognitive deficits but also their impact on function, and
demands an interdisciplinary approach that links brain, behaviour, and performance in
everyday life (Chaytor & Schmitter-Edgecombe, 2003; Hartman-Maeir et al., 2009).

In neurodegenerative conditions such as HD, there is still great need for ecologically
valid tasks to assess the patients’ reactions to broader aspects of complex everyday
problem-solving demands (Gioia & Isquith, 2004). In such cases, measures of functional
cognition tackle aspects of cognitive capacity that affect the patients’ wellbeing and
everyday functioning, offering a basis for targeted intervention (Eddy & Rickards, 2015).
The information provided by ecologically relevant assessment tools of functional
cognition may help health professionals to work with individuals and their families to
facilitate optimal participation in those with cognitive loss (Hartman-Maeir et al., 2009).
However, while no specific measures are recommended for assessing cognition in HD

(Mestre et al., 2018), also no single assessment method is recommended for estimating
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functional cognition (Wesson et al., 2016). Moreover, the estimation of functional
impairment is thought to be a greater challenge in the earlier stages of cognitive decline
(Gold, 2012; Schmitter-Edgecombe & Parsey, 2014; Wesson et al., 2016). Therefore, novel
assessment methods that can depict the functional status of persons with HD in early or
premanifest disease stages and offer relevant tips to accommodate the cognitive and

motor changes in daily life are much needed.

Neuropsychological Assessment of Functional Cognition

The best measurement of functional cognition involves the assessment of applied
cognitive skills within varied activity demands and environments — like performance
observation during the real or simulated execution of IADL with high cognitive
demands (e.g., meal preparation) (Skidmore, 2017). Self-report, informant-report, and
performance-based measures have commonly been used as a proxy for real-world
functioning (Schmitter-Edgecombe et al., 2011). Also, the direct observation of real-world
performance, which is usually done by occupational therapists, is thought to be a
measure of functional cognition (Wesson et al.,, 2016). Importantly, most of these
measures of functional cognition present significant limitations.

Both self- and informant-based assessments of wider functioning often lack objectivity
and lead to over- and under-estimations of the real individual cognitive and functional
capacity (Porffy et al, 2022; Wesson et al., 2016). Moreover, HD patients present
problems with self-awareness and insight (Ho et al., 2006), therefore, the use of this kind
of measures can be particularly problematic, as many patients are frequently unaware of
their cognitive problems or the implications that these problems bring to their daily life
(Fleming et al., 1996; Hartman-Maeir et al., 2009; Katz & Hartman-Maeir, 2011;
Prigatano, 2005). Also, time constraints and lack of standardised measures challenge the
direct observation of performance in real-world or simulated environments, which
introduces reporter bias and compromises the interpretation of results (Wesson et al.,
2016). Nevertheless, performance-based measures may detect differences between
groups more effectively than other approaches based on self-report or informant-report
measures (Jekel et al., 2015; Puente et al., 2014; Sikkes & Rotrou, 2014).

Hence, as neuropsychologists are increasingly asked to capture functional cognition,

make predictions about everyday functioning and recommend meaningful
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interventions, having ecologically valid assessment tools for this enterprise seems to be
vital and, unfortunately, it is still not the rule (Gioia & Isquith, 2004). Specifically, as EF
are difficult to comprehensively assess in conventional neuropsychological settings
because of the structured nature of the testing environment, they are a fertile cognitive
domain in which to study the ecological validity, verisimilitude, and veridicality of new

assessment tools (Chaytor & Schmitter-Edgecombe, 2003).

Computer-Based Assessment Tools

Recent developments in technology have enabled us to create assessment measures that
can replicate challenges found in everyday life while also maintaining experimental
control (Porffy et al., 2022).

Computer-based tools allow for the provision of a controlled stimulus environment in
which cognitive challenges can be presented along with the precise delivery and control
of environmental variables, such as distracting auditory and visual stimuli (Giovannetti
et al., 2006; Morrison et al., 2013; Schultheis et al., 2002). Hence, these measures arise as a
promising ecologically valid alternative for classic neuropsychological tests (Negut et al.,
2016). These new technology-based methods to evaluate cognition and function are
thought to reliably measure changes in IADL in ecologically valid settings, quantify
functional capacity during the execution of supervised tasks in controlled assessments,
minimize intra- and inter-rater variability in clinical assessments, reduce the bias created
by experience and a priori expectations, and also decrease the sample size of clinical
trials, shorten their duration and lower their cost (Artusi et al., 2018).

Specifically, virtual reality (VR) seems to offer numerous assets that may enhance
current neuropsychological assessment protocols, address many of the limitations faced
by traditional assessment methods and create several opportunities in both clinical and
research domains (Schultheis et al., 2002). Measures that mimic real-life settings facilitate
an increased flexibility to stimuli presentation that allows participants to bring their
personal experience to devise task problems and solutions (Craik & Bialystok, 2006;
Schultheis et al., 2002). Virtual environments may be especially well suited to capture the
HD-related changes in functional cognition in an ecologically relevant way, as the degree
of relevance or similarity that these measures have in relation to the real world is higher
than that of classic neuropsychological tests (Schultheis et al., 2002).

The development of novel computer-based assessment tasks within this PhD work had
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the primary goal of capturing information in a more efficient and systematic way about
the impact of EF deficits on the routine behaviours of populations with both subtle and

obvious dysexecutive symptoms.

Outline of the Thesis

This thesis is divided into six main chapters: General Introduction, Study 1, Study 2,
Study 3, Study 4 and General Discussion. Each study chapter is an adaptation from the
published article (no contents have been changed but the format has been modified to
accommodate the thesis design) and is preceded by a short preface. In Chapter I, General
Introduction, we concentrated on Huntington’s Disease, its genetic, clinical and
neuroanatomical features and corresponding impact. We also described the theoretical
background underlying our work, namely the challenges of effectively capturing the
functional manifestations of HD-related executive deficits, particularly in persons with
rare to mild disease symptoms. In Chapter II, Study 1, we focused on HD oculomotor
function as an expression of the cognitive symptoms and functional impairments of this
clinical condition. We present a saccadic paradigm that has enabled us to capture the
subtle EF alterations observed in persons with PreHD, namely inhibitory control deficits
and impulsivity. Chapter III, Study 2, and Chapter 1V, Study 3, are dedicated to the use
of VR assessment methods to increase the ecological validity of the cognitive and
function examinations of persons affected by basal ganglia dysfunction. We describe the
development of a new computer-based assessment tool, the EcoKitchen, and its efficacy
in detecting the functional impact of EF changes in both HD and PD. In Chapter V,
Study 4, we investigated the EcoKitchen proficiency to identify the effect of the age-
related EF decline on function. Lastly, in Chapter VI, General Discussion, we analyse and
present the main implications of our work for the assessment, follow-up, and
rehabilitation of persons with a dysexecutive syndrome. We finish this thesis with some

considerations about future work and a set of concluding remarks.
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Chapter Il - Study |

Preface

Our first study aimed to determine if a saccadic paradigm that heavily depends on
executive function is more sensitive at capturing cognitive and behavioural impairments
in persons with premanifest Huntington’s disease than conventional cognitive tests or
simple saccadic tasks.

Although oculomotor measures are not crucial for HD clinical diagnosis as there is a
genetic test to identify this disease since 1993, the detection of changes in reproducible
saccadic parameters over time might prove to be relevant to track disease onset and
progression (Ali et al., 2006).

Saccades are defined as rapid eye movements that bring an image from the periphery
into the fovea and shift gaze from one location to another (Anderson & MacAskill, 2013;
Blekher et al., 2009; Rupp et al., 2012). Saccades are easily accessible to clinical evaluation
and quantification in the laboratory, their dynamic properties are well delineated, and a
good part of their neurobiological substrate has been defined (Anderson & MacAskill,
2013; Leigh & Kennard, 2004; Robert et al., 2009). In particular, the basal ganglia and the
frontal cortex are deeply involved in the saccadic control circuit and are critical to initiate
voluntary saccades and to control reflexive saccades (Hikosaka et al., 2000; Patel et al.,
2012; Peltsch et al., 2008). Therefore, saccadic measurement has become a popular
method of studying abnormal brain function like the one caused by HD (Ali et al., 2006;
Antoniades et al., 2010).

Oculomotor impairments, including saccadic abnormalities, are among the first
manifestations of Huntington’s Disease (Roos, 2010) and are an unequivocal finding in
the clinical evaluation of HD patients (Anderson & MacAskill, 2013; Blekher et al., 2006;
Dumas et al., 2013; Golding et al., 2006; Patel et al., 2012; Peltsch et al., 2008; Roos, 2010;
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Turner et al., 2011). However, less is known regarding the saccadic abnormalities shown
by persons in a premanifest HD stage (PreHD). Though their clinical examination is
often normal, some studies using laboratory recordings found oculomotor impairments,
while other studies found an intact oculomotor performance (Anderson & MacAskill,
2013; Antoniades et al., 2007, 2010; Blekher et al., 2004, 2006, 2009; Dumas et al., 2013;
Golding et al., 2006; Patel et al., 2012; Rupp et al., 2012; Tabrizi et al., 2012; Turner et al.,
2011). Nevertheless, those studies that found saccadic impairments, also found
significant correlations between timing and trajectory parameters of PreHD saccadic
behaviour and estimated time to disease onset (Anderson & MacAskill, 2013; Langbehn
et al., 2004), suggesting that this could be an important marker of disease progression.
Additionally, a correlation has been found between saccade abnormalities in HD
patients and disease severity, as measured by the Unified Huntington’s Disease Rating
Scale (UHDRS) - motor scale (Anderson & MacAskill, 2013; Huntington Study Group,
1996; Patel et al., 2012).

While intending to design a task that is sensitive to PreHD saccadic impairments, we
hypothesized that the combination of an oculomotor response with a cognitively
demanding paradigm with increasing executive and/or memory load, can be more
effective than simpler saccadic tasks and conventional cognitive tests (Dumas et al., 2013;
Robert et al., 2009). Specifically, we were interested to examine the influence of cognitive
load in the inhibitory control and impulsivity of the saccadic behaviour of persons in a
premanifest HD stage. This hypothesis was based in previous studies with healthy
populations that showed that a specific disruption of saccadic inhibition occurs when the
experimental task includes high executive and memory demands imposed by an n-back
memory saccadic condition (Mitchell et al., 2002; Van der Stigchel, 2010). Also, globally,
persons with HD seem to have greater defects in initiating volitional/voluntary
(internally) generated saccades than reflexive (externally) generated saccades (Patel et
al., 2012), which frequently result in premature and misdirected saccades in the face of
more complex oculomotor tasks (Anderson & MacAskill, 2013; Patel et al., 2012; Peltsch
et al., 2008; Turner et al., 2011).

With all this in mind, we have put together a four-block saccadic paradigm with
increasing executive and memory demands to detect the HD-related performance

changes early in the inexorable disease process.
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Abstract

Introduction: This study aims to test response inhibition in persons with premanifest
Huntington’s disease (PreHD), in the context of a saccadic paradigm with working
memory demands and fronto-executive load as a way to measure inhibitory control
deficits and impulsive behaviour in Huntington’s disease (HD).

Material and Methods: The oculomotor function of 15 persons with PreHD and 22

Controls was assessed using an experimental paradigm comprising four horizontal
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saccadic tasks: prosaccade (PS), antisaccade (AS), 1- or 2-back memory prosaccade
(MPS), and 1- or 2-back memory antisaccade (MAS). Success rate, latency, directional
and timing errors were calculated for each task. A comprehensive battery of
neuropsychological tests was also used to assess the overall cognitive functioning of
study participants. Statistical correlations between oculomotor, clinical and cognitive
measures were computed for the PreHD group.

Results: PreHD participants showed reduced success rate in the AS task, increased
direction errors in the AS and MAS tasks and decreased latency in the MAS task when
compared to Controls, despite presenting similar executive and memory scores in the
conventional neuropsychological tests applied. Significant associations were identified
between specific AS and MAS parameters and disease-related measures, cognitive skills
and other oculomotor results of PreHD participants.

Discussion: Our results show that oculomotor performance in premanifest Huntington’s
disease deteriorates once inhibitory control, working memory and/or fronto-executive
load are added to the task. A more automatic pattern of performance, including a faster
response time and directionally erroneous eye movements were detected in the
oculomotor behaviour of the PreHD group—these alterations were significantly
correlated with disease stage and cognitive status. Our saccadic paradigm was able to
capture impulsivity and inhibitory control deficits in a group of persons with PreHD on
average far from symptom onset, thus holding the potential to identify the earliest

disease-related changes.

Introduction

Huntington’s disease (HD) is an autosomal inherited neurodegenerative disorder caused
by a Cytosine-Adenine-Guanine (CAG) trinucleotide repeat expansion in the Huntingtin
gene. HD is characterized by motor abnormalities, emotional and behavioural changes,
and a general cognitive decline (Roos, 2010; Shoulson & Young, 2011; Walker, 2007).
Testing positive for HD supplies only information on gene status, but not on disease
state, as the test result gives little indication on how and when the triad of symptoms
will start (Dumas et al., 2013; O'Keeffe et al., 2009). The proper identification and
quantification of the signs and symptoms exhibited by persons that tested positive for

HD but are still in a premanifest stage is vital to implement and assess the efficacy of any

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 61



therapeutic interventions (Weir et al., 2011).

Although there is now a consensual idea that cognitive impairments emerge years before
HD clinical diagnosis and that the progression of cognitive decline is gradual (Diamond
et al., 1992; Harrington et al., 2012; Ross, Aylward, et al., 2014; Stout et al., 2011), the
conversion of an individual from a premanifest to a manifest HD status is classically
defined solely on the basis of motor signs, with no consideration for cognitive and/or
psychiatric disturbances (Roos, 2010; Shoulson & Young, 2011; Solomon et al., 2008).
Nevertheless, the cognitive changes associated with HD need also to be fully addressed
in disease progression and characterization (Novak & Tabrizi, 2011) —impairments in
inhibitory control, attention, working memory, executive functions, mental flexibility,
psychomotor functions, planning, processing speed, multitasking, organization, problem
solving, implicit learning, visuospatial functions, timing and movement sequencing, face
and emotion processing and recognition (Carvalho et al., 2016; Coppen et al., 2018;
Dumas et al., 2013; Hart et al., 2014; Nasr & Rosas, 2019; Papoutsi et al., 2014; Papp et al.,
2011; Paulsen, 2010; Paulsen & Long, 2014; Ross, Aylward, et al., 2014; Rupp et al., 2010;
Solomon et al., 2008; Stout et al., 2011, 2014; Tabrizi et al., 2013; van Asselen, Almeida, et
al.,, 2012; van Asselen, Julio, et al., 2012). One of the cognitive symptoms most peculiar to
HD is the executive dysfunction syndrome, a condition that encompasses disinhibition,
attentional deficits, poor impulse control, and perseveration (Novak & Tabrizi, 2011;
Rosenblatt, 2007). In HD, these changes in different aspects of top-down control
mechanisms are associated with the disruption of the corticostriatal circuitry, especially
the prefrontal-striatal connections (Balci et al., 2009; Bari & Robbins, 2013; Dalley et al.,
2011; Paulsen, 2010; Rosas et al., 2005). This circuitry is important for the planning of an
instrumental performance, temporal control over motor output, and response inhibition
in general (Balci et al., 2009; Bari & Robbins, 2013; Rao et al., 2014). Accordingly,
individuals with established basal ganglia damage, such as those with HD or
Parkinson’s Disease (PD), experience difficulty selecting a preferred motor activity and
inhibiting undesired responses, frequently displaying impulsivity and altered behaviour
inhibition in their performance (Dalley et al., 2011; Dulff et al., 2007; Gorges et al., 2014;
Henderson et al., 2011; Manfré et al., 2016; Zhang, Nombela, et al., 2016; Zhang, Rittman,
et al., 2016).

Thus, impulsivity can be defined as the observable behavioural manifestation of a failure
of the prefrontal cortex in inhibiting an overt motor act or response (Bari & Robbins,

2013). Despite the multitude of studies about impulsivity in PD (Bayard et al., 2016; Vela
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et al, 2016; Zhang, Nombela, et al., 2016; Zhang, Rittman, et al., 2016), impulsive
behaviour in HD needs to be further investigated. Harrington et al. (2012) pinpoint that
fact, referring to a large, multi-center prospective study (PREDICT-HD) to indicate that
one of the domains that has been inadequately assessed in HD is inhibition. Also, as
stated by Bari and Robbins (2013), there are many unanswered questions about the
mechanisms underlying abnormal impulsive behaviour.

Considering these outstanding questions, we aimed at assessing response inhibition and,
hence, impulsivity, in an objective manner, by using an oculomotor paradigm with a
component of inhibitory motor control and increasing cognitive load. Oculomotor
impairments are precisely among the first manifestations of HD, with saccadic
abnormalities having been frequently described in persons with HD (Anderson &
MacAskill, 2013; Blekher et al., 2004; Dumas et al., 2013; Golding et al., 2006; Patel et al.,
2012; Peltsch et al., 2008; Roos, 2010; Tabrizi et al., 2012, 2013; Turner et al., 2011; Vaca-
Palomares et al., 2019). Although mixed findings have been reported about premanifest
HD individuals” oculomotor performance (Anderson & MacAskill, 2013; Antoniades et
al., 2010; Blekher et al., 2004, 2006; Dumas et al., 2013; Golding et al., 2006; Patel et al.,
2012; Rupp et al., 2012), studies have shown significant alterations in antisaccade and
memory-guided saccade measures of latency, higher variability of saccade latency and
increased error rates (Anderson & MacAskill, 2013; Dumas et al., 2013; Patel et al., 2012;
Rupp et al., 2012; Tabrizi et al., 2012). Findings include higher disinhibition (impaired
saccade suppression), higher number of anticipatory saccades (that is, timing errors),
increased errors in memory-guided saccade tasks, prolonged latency for initiating
voluntary saccades, and an increase in latency for reflexive prosaccades (Anderson &
MacAskill, 2013; Antoniades et al., 2007, 2010; Blekher et al., 2004; Turner et al., 2011).
Nevertheless, Gorges et al. (2014) suggest that a comprehensive explanation for the lack
of inhibition control at the saccadic or eye movement level in HD remains to be
identified. Saccadic paradigms designed to assess inhibition and impulsivity processes in
HD can further help to identify underlying deficits and mechanisms. Also, most
cognitive/executive tasks, including those explicitly devised as a measure of behavioural
inhibition, have been criticized for suffering from low reliability (Bari & Robbins, 2013).
Thus, as stated by Zhang, Rittman, et al. (2016), the use of saccadic measures to test
deficits in inhibitory oculomotor control with an emphasis on impulsive response
patterns can benefit the objective assessment of this cognitive and behavioural trait.

Finally, a number of studies suggest that task complexity (higher cognitive/executive
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load) is essential for discriminating persons with PreHD and controls in the majority of
saccadic paradigms (Antoniades et al., 2007; Peltsch et al., 2008; Turner et al., 2011). The
known frontostriatal impairment in Huntington’s disease, and the proven influence of
this circuitry in the inhibitory component of antisaccades, imply that increasingly
complex executive and memory saccadic tasks are expected to be more sensitive to
disease onset than simple ones (Mitchell et al., 2002; Robert et al., 2009; Van der Stigchel,
2010).

This study aims to test if inhibitory control demanding oculomotor paradigms,
embedded with an increasing fronto-executive and memory load, may provide a
sensitive and objective measure of impulsivity, hence failure in inhibiting a motor act, in

persons with premanifest HD.

Materials and Methods

Participants

Thirty-seven participants completed the neuropsychological assessment and thirty-six
participants completed the saccade/eye-tracking protocol (due to technical problems,
the oculomotor data of one participant with PreHD could not be recorded).

Study participants were primarily recruited from the Neurological Department -
Neurogenetics Consultation Service of Coimbra University Hospital. They were also
recruited through the Huntington’s disease Portuguese Association. All participants
gave their informed written consent after the study protocol had been explained to them.
Informed consent was obtained according to the Declaration of Helsinki and all
procedures were approved by the local Ethics Committee (Faculty of Medicine,
University of Coimbra).

Exclusion criteria included history of alcohol or drug abuse/dependence, concurrent
neurological illness, severe ophthalmic disease, and use of psychotropic medication (the
last criterion only applied to controls). The Montreal Cognitive Assessment test score, a
mild cognitive impairment and dementia screening tool, was also an exclusion criterion
(Freitas et al., 2011; Nasreddine et al., 2005) — a below the established normative
reference score based on age and education (Freitas et al.,, 2011) was presumed to

indicate the presence of mild cognitive impairment and, thus, the participant would no
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longer take part in the study.

Clinical history, current medications (Table 1.1), and any other information considered to
be important for taking part in this study were registered as well. Participants were
assigned to two groups (Table 1.2):

Persons with Premanifest Huntington’s Disease (PreHD): 15 persons with an expanded
HD gene (236 CAG repeats) who demonstrated either no signs or soft signs of motor
abnormalities, i.e., had a diagnostic confidence score of 0-3 on the Unified Huntington’s
Disease Rating Scale - Motor scale (UHDRS-Motor), a Total Motor Score (TMS) of < 5,
and a Total Functional Capacity (TFC) score of 13 in this UHDRS subscale (Huntington
Study Group, 1996).

Controls (CTRL): 22 non-gene carriers, defined as those persons with two unexpanded
HD alleles (<36 CAG repeats - gene negative status), or healthy volunteers who were not
at risk for HD and had no known neurological disorder (spouses and healthy

participants from the community).

Table 1.1 Classes of medication for Premanifest HD (PreHD) and Control (CTRL) groups

(number of participants on) ~CTRL  PreHD

No Medication 22 11
Antidepressants

Anxiolytics, Sedatives and Hypnotics 0 2
Antipsychotics

CTRL - Control participants; PreHD - Premanifest HD participants

Table 1.2 Demographic characteristics of the CTRL and PreHD groups

CTRL=22 PreHD=15 Chi-Square /Mann-Whitney

x/u 4

Gender (F:M) 15:7 Gender (F:M) 8:7 0.836 0.361

Handedness (R:L) 19:3  Handedness (R:L) 15:0 3.058 0.383

Median IQR Median IQR

Age (years) 34 12 37 12 161.5 0.914

Education (years) 11.5 2 12 7 155.5 0.766
CAG repeats - - 41 2 - -
Time to HD Onset (years) - - 211 11 - -
UHDRS - TMS - - 1 3 - -
UHDRS - OculoTMS - - 0 1 - -
UHDRS - TFC - - 13 0 - -

No significant differences were found between PreHD and Controls in any of the Demographic variables

IQR - Interquartile Range; CAG repeats — CAG repeat expansion confirmed by a genetic test; Estimated Time to HD
Onset — number of years to the formal diagnosis of manifest HD, calculated with the Langbehn's formula (Langbehn et
al., 2004); UHDRS - Unified Huntington’s Disease Rating Scale (Huntington Study Group, 1996); TMS - Total
Motor Scale of the UHDRS; OculoTMS - a composite score extracted from the sum of the oculomotor items of
UHDRS-Motor scale; TFC - Total Functional Capacity scale of the UHDRS
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Clinical evaluation

An experienced movement disorder neurologist administered the motor subscale of the
Unified Huntington’s Disease Rating Scale (Huntington Study Group, 1996) to the
PreHD participants to establish, with at least 99% certainty, whether individuals had
motor manifestations of HD. The neurologist assigned an overall confidence rating that
represented the likelihood of motor abnormalities be attributable to HD. The persons
with a Total Motor Score (TMS) of < 5 and a rating from 0 to 3 in the diagnostic
confidence score were classified as PreHD. A higher TMS indicates worse clinical
symptoms. A cut-off of 5 points was used to determine the premanifest status of the
participant, in accordance with the European Huntington’s Disease Network (EHDN) -
Registry study’s guidelines (Orth et al.,, 2010). A composite score (OculoTMS) was
computed from the oculomotor component of the UHDRS-Motor scale —ocular pursuit,
saccade initiation and saccade velocity items. The Total Functional Capacity subscale
(TFC) of the UHDRS was also administered to all the participants of the clinical group, to
assess their functional status and determine their premanifest HD stage (Huntington
Study Group, 1996; Tabrizi et al., 2012). The TFC uses a rating between 0 and 13 of
different functional domains, and a higher score means higher autonomy and

independence in the activities of daily living.

Oculomotor Experiment

Participants had to complete four horizontal saccadic tasks, where saccadic movements
were recorded using an iViewX Hi-speed eye tracking system (Sensor Motoric
Instruments, 2002-2009) - Figure 1.1. This paradigm was designed considering former
findings in healthy individuals, that showed specific disruption of saccadic inhibition
when the oculomotor task was conjoint to an increasing executive load via an n-back

memory task (Mitchell et al., 2002; Van der Stigchel, 2010).
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Figure 1.1 Experimental design of the four horizontal saccadic tasks

Oculomotor Testing Procedure

Participants were seated in front of a 17-inch monitor with their heads placed in a stable
chin rest that was positioned 52 cm from the screen. Prior to each oculomotor task, the
examiner instructed verbally the participant to ensure that the goal of each task was fully
understood, followed by a practice block to discard potential novelty effects in task
performance. Eye-tracking recordings were performed after a 9-point calibration using
the subject’s dominant eye. The saccade protocol was administered over a period of 40 to
60 minutes, in a fixed order, with an increasing working memory and fronto-executive
load.

The experiment was compound of four conditions. In each, a central fixation point was
defined (cross, 1° diameter in visual angle), and peripheral visual targets (black square,
0.6° visual angle) were randomly assigned to four possible positions at + 6° or + 12°
visual angle. Small position cues were present throughout the experiment at each of the
four possible target positions (* symbols, 0.24 ° visual angle, light gray in colour).

e Prosaccade task (PS): The participant was instructed to fixate gaze on a central
illuminated green cross, and to look to the peripheral target as rapidly as possible
once it appeared, and then return to the central fixation cross. This task consisted
of 60 trials.

e Antisaccade task (AS): The participant was instructed to fixate gaze on a central
illuminated red cross, and to look to the opposite direction of the visual target

once it appeared, i.e., the mirror-image location of the target at an equal distance
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from the central fixation cross. Afterwards, the participant was asked to return to
the central fixation cross. This task also consisted of 60 trials.

e 1- or 2-back Memory Prosaccade task (MPS): The participant was instructed to
fixate gaze on a central green cross. While two peripheral squares appeared, the
participant was asked to continue to fixate the central green cross. The task
period was assigned once the central fixation cross was replaced by a digit, either
a green one or a green two, when the participant had to generate a saccade to a
remembered position. If the digit was one, the participant was asked to look at
the remembered position where the first square had appeared. If the digit was
two, the participant was asked to look at the remembered position where the
second square had appeared. Then, the participant had to return to the central
fixation cross. This task consisted of 96 trials.

e 1- or 2-back Memory Antisaccade task (MAS): The participant was instructed to
fixate gaze on a central red cross. The task period was assigned once the central
fixation cross was replaced by a digit, either a red one or a red two, when the
participant had to generate a saccade. If the digit was one, the participant was
asked to look to the opposite direction (i.e., the mirror-image location) of the
remembered position where the first square appeared. If the digit was two, the
participant was asked to look to the opposite direction of the remembered
position where the second square appeared. Then, the participant had to return

to the central fixation red cross. This task also consisted of 96 trials.

Oculomotor Data Processing

Regarding the psychophysics task, BeGaze software (Sensor Motoric Instruments, 2014)
was used to create experiments based on saccade detection: peak velocity threshold
40° /ms; saccade velocity initiation and termination of 15°/ms and 85°/ms, respectively;
minimum fixation duration of 50 ms; minimum saccade duration of 22 ms. Computed
data on saccades and blinks were extracted and further analysed with the Matlab
software toolbox (The MathWorks, 2013).

Identification of valid trials for each task was performed applying the following criteria:
i) initiation and termination had to be within a region of interest (+ 2.5° x + 4° visual
angle) of the fixation and target position, respectively; ii) the primary saccade initiated

within the central fixation ROI, had an amplitude enabling termination outside the ROI
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(horizontally), was performed in the correct direction, and had a latency higher than 80
ms; iii) if the latency was below 80 ms it was considered an anticipatory saccade error
(latency-type error); iv) if the saccade was performed in the opposite horizontal direction
it was considered a direction error; v) the primary saccade had a latency below 700 ms
(PS and AS tasks) or 1000 ms (MPS and MAS tasks), otherwise it was considered a long-
latency error (latency-type error); vi) the total saccadic movement finished within the
ROI for the intended target position, prior to return to the central fixation position.
Additionally, trials contaminated by blinks or other abnormalities were discarded from
the analysis.

For every participant, measures were computed for each of the PS, AS, MPS and MAS
tasks, namely: percentage of successful trials - trials free of errors; percentage of
direction errors - resulting from a reflexive saccade in the opposite direction of the
correct hit; percentage of anticipatory saccade errors - resulting from a premature
saccade, in which the participant took less than 80 ms to start the saccade; latency -
saccadic reaction time, that is time from stimulus appearance to the onset of the primary
saccade (milliseconds). The calculation of mean latencies included only correct trials that
met the inclusion criteria.

Only participants that had at least 25% of successful trials (i.e., trials free of any kind of

error type) were included in the analysis, for each of the oculomotor tasks (Table 1.3).

Table 1.3 Number of included and excluded participants after identification of valid trials per saccadic task
(25% criterion)

Task  Included Excluded o . Excluded
(less than 25% wvalid trials)  (did not perform the task)
Prosaccade 22 CTRL 0 CTRL 0 CTRL
14 PreHD 0 PreHD 1 PreHD
Antisaccade 22 CTRL 0 CTRL 0 CTRL
14 PreHD 0 PreHD 1 PreHD
Memory Prosaccade 21 CTRL 1 CTRL 0 CTRL
14 PreHD 0 PreHD 1 PreHD
Memory Antisaccade 20 CTRL 2 CTRL 0 CTRL
13 PreHD 1 PreHD 1 PreHD

CTRL - Control participants; PreHD - Premanifest HD participants
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Neuropsychological Assessment

We have used a comprehensive neuropsychological test battery that was designed to
maximize sensitivity to the frontostriatal neural circuitry and cognitive control abilities,
and that mainly incorporated widely used executive and memory tests (Table 1.4).

We aimed at tapping the major cognitive functions known to be affected in the early
stages of HD (Orth et al., 2010; Paulsen & Long, 2014; Snowden et al., 2002; Solomon et
al., 2008; Stout et al., 2011; Tabrizi et al., 2013). We computed two main composite scores
from this battery — Executive and Memory — to have a baseline depiction of the
cognitive abilities involved in the saccadic paradigm created for this study, and to
acknowledge any significant differences between the overt cognitive profile of PreHD
and Control participants that could otherwise explain the potential differences found in
their oculomotor behaviour.

An Executive Composite Score was computed from six neuropsychological test scores
[Stroop word reading test - total correct; Stroop colour naming test - total correct; Stroop
interference test - total correct; Symbol digit modality test - total correct; Verbal fluency
test (letters-PMR) - total correct; Verbal fluency test (category-animals) - total correct]. A
Memory Composite Score was computed from six neuropsychological test scores
[Benton visual retention test - total correct; Auditory verbal learning test (trials-1-5) -
total correct; Auditory verbal learning test (recall) - total correct; Auditory verbal
learning test (recognition) - total correct; Corsi block tapping task (direct) - total correct;

Corsi block tapping task (inverse) - total correct].
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Table 1.4 Neuropsychological Assessment Protocol

Tool

Goal/Assessment Domain

Montreal Cognitive Assessment - MoCA (Freitas
etal., 2011; Nasreddine et al., 2005)

Stroop Test - Color Naming, Word Reading, and
Interference tasks (Stroop, 1935; Trenerry et al.,
1989)

Edinburgh Handedness Inventory - Portuguese
adaptation (Oldfield, 1971)

Digit Symbol subtest of the Wechsler Adult
Intelligence Scale-III (WAIS-III) (Wechsler, 1997,
2008)

Rey Auditory Verbal Learning test - Portuguese
version (Cavaco et al., 2015; Rey, 1964) - total trials
1-5

12-item short form of the Raven Advanced
Progressive Matrices (Raven et al., 1993)

Corsi Block-Tapping task (Berch et al., 1998;
Kessels et al., 2000)

Benton Visual Retention test (Benton, 1974)

Rey Auditory Verbal Learning test - Portuguese
version (Cavaco et al., 2015; Rey, 1964) - recall and
recognition trials

Benton Visual Form Discrimination test (Benton et
al., 1983)

Phonemic Verbal Fluency test: 3 letters - P, M, R
(Lezak, 1995)

Semantic Verbal Fluency test: category - animals
(Ardila et al., 2006)

Vocabulary of the WAIS-IIT (Wechsler, 1997, 2008)

Hospital Anxiety and Depression Scale - Snaith
Irritability Scale (HADS-SIS) ( Pais-Ribeiro et al.,
2007; Snaith et al., 1978; Zigmond & Snaith, 1983)

mild cognitive impairment and dementia screening

executive function - cognitive flexibility and
processing speed

handedness definition

psychomotor speed and working memory

verbal memory

indication of non-verbal intelligence and to control
for individual differences in IQ that are unrelated to
illness

psychomotor speed, working memory and executive
functioning - the product of the total number of
correct trials and the length of the largest sequence
was calculated

visual memory

verbal memory

visual perception

executive function - working memory, word
generation and inhibition

executive function - working memory, word
generation and inhibition

indication of verbal intelligence and control for
individual differences in intelligence that are
unrelated to illness

psychiatric symptoms and prevalence of depression
and anxiety

Additionally, we have assessed the global cognitive status, the verbal and non-verbal

intelligence level, the visual perception abilities, and the neuropsychiatric symptoms of

study participants using standardized measures of these domains.

The neuropsychological battery was administered over a period of one and a half hours,

in a strictly prescribed order, to avoid interference problems related to evaluating the

same contents or assessing the same domain in several tasks in a row, and to respect the

time intervals required by certain tests.
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Statistics

Statistical analysis was performed with the software IBM SPSS Statistics (Version 24),
adopting a level of significance of a= 0.05, and only significant results were reported and
further debated in the “Results” and “Discussion” sections.

Outliers were excluded from data analysis for each oculomotor parameter in the four

saccadic tasks—values below Q1-1.5xIQR and above Q3+1.5xIQR (Table 1.5).

Table 1.5 Number of outliers per group for each of the four oculomotor parameters across the four saccadic
tasks

% Successful Trials % Direction Errors % Anticipatory Saccade Errors Latency
CTRL PreHD CTRL PreHD CTRL PreHD CTRL  PreHD
PS 2 1 0 2 1 1 1 0
AS 1 0 2 0 0 2 1 0
MPS 1 1 1 1 2 0 1 0
MAS 0 0 2 0 3 0 0 1

CTRL - Control participants; PreHD - Premanifest HD participants

PS - Prosaccade; AS - Antisaccade; MPS - 1- or 2-back memory Prosaccade; MAS - 1- or 2-back memory Antisaccade
Successful trials - trials free of errors (%), Direction errors — resulting from a reflexive saccade in the opposite
direction of the correct hit (%), Anticipatory saccade errors — resulting from a premature saccade: participant takes less
than 80 ms to start the saccade (%); Latency — saccadic reaction time: time from stimulus appearance to the onset of the
first saccade (milliseconds)

When comparing the neuropsychological and saccadic performance of the PreHD and
Control groups, ANCOVA statistical analysis was performed with age as a covariate,
given that this variable is known to affect cognition and reflexive and voluntary eye
movements both in clinical and healthy populations (Antoniades et al., 2010; Butler et al.,
1999; Murman, 2015; Patel et al., 2012). Mann-Whitney U tests were used to compare the
demographic variables of the two groups. Comparisons of nominal/categorical variables
between groups were performed resorting to Chi-square tests of independence.
Wilcoxon-Signed rank tests were used to further examine the effects of task condition
(PS, AS, MPS and MAS) in the PreHD participants’ saccadic performance. Spearman
rank correlation coefficients were calculated to analyse the associations between the
performance of the PreHD participants in the oculomotor measures where a group
difference was found and other clinical, cognitive and oculomotor data of the PreHD
group. Benjamini-Hochberg corrections with false positive rate established at 0.05 were

used to deal with multiple comparisons.
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Results

The PreHD and CTRL participants enrolled in our study were matched in terms of age,

education level, gender, and handedness (Table 1.2).

Oculomotor Results

The comparison of the saccadic performance of the two groups (Table 1.6 and Figure 1.2)
revealed that alterations of oculomotor performance were present in the clinical group
compared to controls, especially in the tasks with higher executive and/or memory load,

namely the AS and MAS tasks.

Table 1.6 Comparison of the Oculomotor results of the CTRL and PreHD groups across the four saccadic
tasks

% Successful Trials % Direction Errors % Anticipatory Saccade Errors Latency
r p E P F p F p
PS g';gog) 0.079 %1230132 0.655 8'13214) 0.728 8'935%2 0.336
AS g’zgozg 0.029* (71/23718) 0.011* %1’93; 4) 0.329 8'15;’22) 0.719
MPS (012)3801) 0.778 %)1/13508) 0.694 5)1:53106) 0.478 (11.113816) 0.285
MAS (11’23;;07) 0.266 (51212880) 0.027* (11’9282 0.170 1(;’53)2 0.002*

PS - Prosaccade; AS - Antisaccade; MPS - 1- or 2-back memory Prosaccade; MAS - 1- or 2-back memory
Antisaccade
* PreHD # CTRL (ANCOVA, p< 0.05 - controlling for the effect of age)
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Figure 1.2 Oculomotor results of the CTRL and PreHD groups across the four saccadic tasks

Box plot (line, median; box, 1st and 3rd quartiles; whiskers, minimum and maximum. PS - Prosaccade; AS -
Antisaccade; MPS - 1- or 2-back memory Prosaccade; MAS - 1- or 2-back memory Antisaccade. PreHD - Premanifest
HD participants; CTRL - Control participants.

a) Successful trials - trials free of errors (%); b) Direction errors — resulting from a reflexive saccade in the opposite
direction of the correct hit (%), c) Anticipatory saccade errors — resulting from a premature saccade: participant takes
less than 80 ms to start the saccade (%); d) Latency - saccadic reaction time: time from stimulus appearance to the
onset of the first saccade (milliseconds)

@ PreHD # CTRL (ANCOVA, p < 0.05 - controlling for the effect of age)

In addition, the analysis of the performance of PreHD participants across the four
saccadic conditions revealed that both accuracy and timing measures reflected the
impact of the incremental executive and memory demands of the saccadic tasks (Table

1.7).
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Table 1.7 Significant differences in the PreHD group performance across the four saccadic tasks

PreHD Successful Trials Direction Errors ~ Anticipatory Saccade Errors Latency
n=12) (n=11) (n=11) n=12)
Z p Z p Z p Z p

PS-AS -3.059 0.002* -2.845 0.004* -1.272 0.203 -3.059 0.002*
PS-MPS -1.334 0.182 -2.851 0.004* -2.371 0.018* -3.059 0.002*
PS-MAS -3.059 0.002* -2.934 0.003* -2.371 0.018* -3.059 0.002*
AS-MPS -2.845 0.004* -2.667 0.008* -1.761 0.078 -3.059 0.002*
AS-MAS -1.647 0.099 -1.156 0.248 -1.490 0.136 -3.059 0.002*
MPS -MAS  -3.059 0.002* -2.803 0.005* -0.730 0.465 -2.275 0.023*

PreHD - Premanifest HD participants; PS - Prosaccade; AS - Antisaccade; MPS - 1- or 2-back memory Prosaccade;
MAS - 1- or 2-back memory Antisaccade; Successful trials - trials free of errors (%), Direction errors — resulting from
a reflexive saccade in the opposite direction of the correct hit (%); Anticipatory saccade errors — resulting from a
premature saccade: participant takes less than 80 ms to start the saccade (%); Latency - saccadic reaction time: time
from stimulus appearance to the onset of the first saccade (milliseconds)

Wilcoxon Signed Ranks Test * Significant differences p< 0.05

For the percentage of successful trials, an important statistically significant difference
was found between PreHD and CTRL participants in the AS condition (F(1,32)= 5.200, p=
0.029). This result suggests that once an executive load or inhibitory demand was
introduced into an otherwise simple reflexive saccadic task, the PreHD group started to
show an abnormal oculomotor behaviour, with a significantly decrease in their success
rate due to the switch in the protocol.

Notably, for the percentage of direction errors, again a statistically significant difference
was found between PreHD and CTRL participants in the AS condition (F(1,31)=7.278, p=
0.011) and in the MAS condition (F(1,28)= 5.480, p= 0.027). These results suggest that,
when an executive load is added to the task, either independently or combined with
memory demands, the oculomotor performance of PreHD participants fails to adapt to
the new goal and inhibition deficits emerge.

For the percentage of anticipatory saccade errors, no statistically significant differences
were found between PreHD and CTRL participants across the four saccadic conditions.
These results suggest that both groups exhibit a similar rate of premature saccades along
the different task conditions, albeit the reduced accuracy displayed by PreHD
participants in the more demanding AS and MAS tasks.

Finally, for the primary saccade latency, a statistically significant difference was found
between PreHD and CTRL participants in the MAS condition, where PreHD participants
showed a faster saccadic reaction time compared to controls (F(1,29)= 12.272, p= 0.002).

These findings suggest that for the premanifest HD participants, latency in the context of
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the most demanding saccadic condition can illustrate a more automatic response pattern
when the task demands increase.

The analysis of the saccadic performance of the PreHD participants across the four
different task conditions (PS, AS, MPS and MAS) revealed significant effects of the
increasing cognitive load in the percentage of successful trials, percentage of direction
errors, percentage of anticipatory errors and latency (Table 1.7). Latency and the
percentage of direction errors seemed to be particularly sensitive measures for capturing
the decremental impact of the increasing executive and memory demands of the
oculomotor task on the behaviour of premanifest HD participants [all significant
differences | Z |2 2.803, p< 0.05]. Interestingly, only the primary saccade latency differed
between the AS and MAS oculomotor performance of the PreHD group (Z= -3.059, p=
0.002), which suggests that in saccadic conditions with inhibition demands the behaviour
of the clinical group is globally similar (and equally compromised), whereas a more

automatic response pattern emerges when the task demands increase (MAS task).

Neuropsychological Results

No significant differences were found between PreHD and CTRL participants in the
Executive and Memory Composite scores computed from the neuropsychological
battery used, nor in any of the other neuropsychological and neuropsychiatric measures
used (Table 1.8). These results suggest that both groups had a similar cognitive and
psychiatric status, as assessed with conventional tests and scales, which might indicate
that the oculomotor differences found between the two groups cannot be explained by

disparate executive, memory or psychiatric conditions.
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Table 1.8 Neuropsychological test results of the CTRL and PreHD groups

CTRL PreHD ANCOVA

Median IQR Median IQR F p
Executive Composite Score 321 65 307 74 (1,34) 0.313  0.579
Memory Composite Score  206.5 32 203 61 (1,34) 0.225  0.638
Vocabulary - WAISIII ~ 36.5 15 37 13 (1,34)0.271  0.606
Raven Matrices 8 2 9 3 (1,34)0.105  0.748
Montreal Cognitive Assessment 26 3 26 3 (1,34) 0.248  0.622
Benton Visual Form Discrimination ~ 30.5 3 30 4 (1,34)0.310  0.861
HADS-SIS - Depression 4 5 4 6 (1,34) 0.150  0.700
HADS-SIS - Anxiety 6 7 5 5 (1,34) 0.197  0.660

No significant differences found between PreHD and Controls in any of the Neuropsychological Measures

IQR - Interquartile Range; HADS-SIS - Hospital Anxiety and Depression Scale — Snaith Irritability Scale

Executive Composite Score = Stroop word reading test (total correct) + Stroop color naming test (total correct) +
Stroop interference test (total correct) + Symbol digit modality test (total correct) + Verbal fluency test (letters-PMR)
(total correct) + Verbal fluency test (category-animals) (total correct)

Memory Composite Score = Benton visual retention test (total correct) + Auditory verbal learning test (trials-1-5)
(total correct) + Auditory verbal learning test (recall) (total correct) + Auditory verbal learning test (recognition) (total
correct) + Corsi block tapping task (direct) (total correct) + Corsi block tapping task (inverse) (total correct)

Correlational Analysis

In the PreHD group, the four oculomotor parameters that statistically differed from the
CTRL group were significantly correlated with their results in other clinical, cognitive

and oculomotor measures included in our study protocol (Table 1.9, and Table 1.10).

Table 1.9 Correlations between the oculomotor, clinical and cognitive results of the PreHD group

AS AS MAS MAS

PreHD  Successful Trials  Direction Errors  Direction Errors Latency
n=14 n=14 n=13 n=12

rho 14 rho 4 rho P rho 4

CAG -0.089 0.763 0.000 1.000 -0.220 0.469 0303 0.339

Time to HD Onset (years) 0420 0135 -0.310 0281 -0.014 0964 -0.620 0.032*
UHDRS-TMS -0356 0212 0314 0274 0284 0347 -0.096 0.766
UHDRS-OculoTMS -0.473  0.088  0.533  0.049* 0.609 0.027* 0.096 0.767
Executive Score 0459  0.099 -0.257 0375 -0.325 0279 0.133 0.681

Memory Score  0.533  0.050* -0.300 0298 -0.660 0.014* 0.186 0.564

AS - Antisaccade; MAS - 1- or 2-back memory Antisaccade

CAG repeats — CAG repeat expansion confirmed by a genetic test; Estimated Time to HD Onset — number of years to
the formal diagnosis of manifest HD; UHDRS - Unified Huntington’s Disease Rating Scale; TMS - Total Motor Scale
of the UHDRS; OculoTMS - a composite score extracted from the sum of the oculomotor items of UHDRS-Motor scale
* Correlation is significant at 0.05 level (two-tailed)
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Importantly, the percentage of direction errors of the PreHD group in the AS and MAS
conditions were significantly correlated with the UHDRS-OculoTMS (rs= 0.533, p= 0.049
and rs= 0.609, p= 0.027, respectively), which reflects oculomotor abnormalities detected
at neurological examination. Moreover, the PreHD primary saccade latency in the MAS
condition was significantly correlated with the Time to HD Onset (rs= -0.620, p= 0.032).
Finally, we have found that the memory composite score was significantly associated
with the AS percentage of successful trials and the MAS percentage of direction errors in
the PreHD group (rs= 0.533, p= 0.050 and rs= -0.660, p= 0.014, respectively). These results
suggest that changes in specific oculomotor parameters prior to the onset of clinically
relevant motor disturbances are significantly associated with important disease-related
features and cognitive skills in premanifest HD individuals. Additionally, the significant
associations found between antisaccade trajectory and timing measures in the PreHD
group indicate that executively demanding oculomotor tasks seem to induce a

consistently erroneous and impulsive saccadic behaviour in premanifest HD individuals.

Table 1.10 Correlations between the oculomotor results in the PreHD group

AS AS MAS MAS
PreHD  Successful Trials Direction Errors Direction Errors Latency
n=14 n=14 n=13 n=12
rho 4 rho p rho 4 rho p

PS
Successful Trials  0.771 0.001** -0.676 0.008* -0.138 0.654 -0.182 0.572
Direction Errors -0.272 0.347 0.149 0.611 0.275 0.363 -0.233 0.466
Anticipatory Errors -0.477 0.084 0.419 0.136 0.327 0.275 -0.086 0.791
Latency -0.046 0.875 -0.207 0.478 -0.071 0.817 0.147 0.649

AS
Successful Trials  1.000 -0.887 0.000** -0.364 0.222 -0.263 0.409
Direction Errors  -0.887 0.000** 1.000 0.383 0.197 0.347 0.269
Anticipatory Errors -0.837 0.000** 0.747 0.002** 0.356 0.233 -0.105 0.746
Latency -0.460 0.098 0.260 0.370 0.093 0.762 0.441 0.152

MPS
Successful Trials  0.549 0.042* -0.258 0.373 -0.295 0.328 0.319 0.312
Direction Errors  -0.251 0.386 0.288 0.318 0.271 0.370 -0.152 0.638
Anticipatory Errors -0.539 0.047* 0.284 0.325 0.513 0.073 0.431 0.161
Latency -0.282 0.329 0.176 0.547 0.049 0.873 0.629 0.028*

MAS
Successful Trials  0.449 0.107 -0.095 0.747 -0.401 0.174 0.049 0.880
Direction Errors -0.385 0.173 0.264 0.361 1.000 -0.196 0.542
Anticipatory Errors -0.262 0.366 0.054 0.855 0.322 0.283 -0.303 0.339

Latency -0.154 0.599 0.077 0.793 -0.115 0.707 1.000

PS - Prosaccade; AS - Antisaccade; MPS - 1- or 2-back memory Prosaccade; MAS - 1- or 2-back memory Antisaccade
Successful trials - trials free of errors (%); Direction errors — resulting from a reflexive saccade in the opposite direction of the
correct hit (%), Anticipatory saccade errors — resulting from a premature saccade: participant takes less than 80 ms to start the
saccade (%), Latency — saccadic reaction time: time from stimulus appearance to the onset of the first saccade (milliseconds)

* Correlation is significant at 0.05 level (two-tailed)

** Correlation is significant after Benjamini-Hochberg correction: AS % valid trails p< 0.001; AS % direction errors p< 0.002;
MAS % direction errors p< 0.01; MAS latency p< 0.02
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Discussion

The current study addressed the role of saccadic movement parameters, and specifically
saccadic inhibition with or without memory and fronto-executive load, as a potential
marker of impulsive behaviour in premanifest Huntington’s disease. We hypothesized
that an oculomotor experiment embedded with a cognitively demanding paradigm (Bari
& Robbins, 2013; Mitchell et al., 2002; Van der Stigchel, 2010), aimed at increasing fronto-
executive load whilst tapping onto the inhibitory component of saccadic eye movements,
could be more sensitive in detecting the earliest HD-related alterations than formerly
investigated paradigms (Antoniades et al., 2007; Blekher et al., 2006; Golding et al., 2006;
Robert et al., 2009; Turner et al., 2011; Winder & Roos, 2018), conventional cognitive tests
that evaluate executive function and working memory (Ardila et al., 2006; Berch et al.,
1998; Kessels et al., 2000; Lezak, 1995; Stroop, 1935; Trenerry et al., 1989), and standard
clinical evaluation of oculomotor function (Huntington Study Group, 1996, Winder &
Roos, 2018). Particularly, the influence of frontal-executive load in oculomotor inhibition
processes was analysed in this study and tested as a potential trigger of impulsive
response patterns in persons with premanifest HD.

We have found that PreHD participants with a similar executive and memory
performance in conventional tests to controls, show statistically significant saccadic
impairments in an oculomotor paradigm that encloses inhibition and increasing
cognitive demands.

The PreHD group has shown impairments particularly in oculomotor tasks with an
inhibitory component, exhibiting a decreased success rate in the AS task, a higher
percentage of direction errors in the AS and MAS tasks, and a reduced response latency
in the MAS condition when compared to controls. The timing and trajectory
abnormalities shown by the PreHD group of our study illustrate the impaired saccade
suppression in premanifest HD reported by Anderson and MacAskill (2013), the higher
incidence of unusually early saccades in premanifest individuals reported by Antoniades
et al. (2010) and Rupp et al. (2012), and the HD patients’ inability to stifle saccades
especially in highly demanding memory and executive tasks reported by Ali et al. (2006).
The lower percentage of success rate in the AS task and the reduced saccade latency
shown by the premanifest HD group in the MAS task may be interpreted as indicators of
more impulsive oculomotor behaviour/automatic response pattern due to early

impairments in inhibitory control mechanisms. Farrow et al. (2006) suggested that in

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 79



cognitive tasks with increasing executive load, persons with premanifest HD have
greater difficulty overcoming the more demanding executive conditions and are more
likely to inappropriately make more automatic responses. Our data seems to be in line
with this statement — control participants seem to show a stable oculomotor
performance along the four different saccadic tasks, increasing their response latency in
the more demanding conditions, as part of the strategy to ensure a successful
performance and to keep good accuracy levels, whereas PreHD participants tend to give
more erroneous responses in the tasks with higher executive and memory load, and
show a faster saccadic reaction time compared to controls. The changes in saccade timing
(latency) observed in the clinical group might represent automatic processes and work as
a proxy for the impulsivity and inhibitory control deficits often described in
Huntington’s disease. This impulsivity-related response pattern matches the speed-
accuracy trade-off described by Heitz (2014) where faster responses entail less
accumulated evidence, and hence less informed decisions. This finding is also in line
with the study of Vaportzis et al. (2015) that reported that HD participants were affected
differently than controls with respect to the competing goals of speed and accuracy.
Moreover, these results seem to have similarities with the reflection impulsivity
attributed to PD patients during rapid decision paradigms (Kagan et al., 1966), that is, a
tendency to “jump to conclusions” without gathering enough information (Zhang,
Nombela, et al., 2016).

Rao et al. (2014) claim that response-inhibition failure in premanifest HD is associated
with functional changes in inhibitory control, attentional reorienting, and motor-control
systems. Because neural degeneration in HD begins in the basal ganglia, and saccadic
suppression and inhibitory control mechanisms appear to be affected directly by these
changes, measures of saccadic suppression, specifically, may be an effective early
indicator of disease onset and impulsivity symptoms in premanifest HD, as response
inhibition can serve as a “proxy” for the study of impulsivity and its neurobiological
underpinnings (Bari & Robbins, 2013; Peltsch et al., 2008).

We hypothesized that an oculomotor paradigm with increment of executive and/or
working-memory load might be more sensitive to the earliest HD-related changes if
tapping onto the inhibition of saccades, since the frontostriatal circuitry is known to be
affected one to two decades prior to estimated disease clinical onset (Gémez-Tortosa et
al., 2001; Paulsen et al., 2008; Rosas et al., 2006). This is relevant when searching for

sensitive and low-cost markers of earliest functional changes due to HD
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neurodegenerative processes. In contrast to studies in healthy individuals (Mitchell et al.,
2002; Van der Stigchel, 2010) we embedded the n-back memory component in the
saccadic task, instead of a separate auditory or visual presentation of letters,
respectively. We envisioned this would allow to discard interference from other sensory
modalities and to better disentangle impairment in oculomotor inhibition in scope of HD
neurodegeneration. Despite former findings of oculomotor alterations in premanifest
HD (Ali et al., 2006; Antoniades et al., 2007, 2010; Blekher et al., 2004, 2006; Golding et al.,
2006; Henderson et al., 2011; Patel et al., 2012; Peltsch et al., 2008; Robert et al., 2009;
Rupp et al,, 2010, 2012; Turner et al., 2011), our study remains one of the few to have
significant results on a sample of PreHD participants that are on average far from
estimated clinical onset (Rupp et al., 2010, 2012; Turner et al., 2011). Furthermore, even
though age is known to affect performance of reflexive and voluntary eye movements,
both in healthy and clinical populations (Munoz et al., 1998; Rodriguez-Labrada et al.,
2019), previous studies have not controlled systematically for such effects, which might
affect the positive results reported. Also, in former studies, the criterion for the
categorization of premanifest and manifest HD individuals has been based on subjective
confidence ratings (for example, see Blekher et al.,, 2006), and not in a clear and
standardized cut-off score as in the UHDRS-Motor scale (Huntington Study Group,
1996). At last, the application of pattern classification algorithms to oculomotor data has
already shown promising results in differentiating premanifest HD individuals from
control participants (Miranda et al., 2016; Wiecki et al., 2016), yet the interpretation of
results in view of the dysfunction of inhibitory motor control remains elusive.

Regarding the conventional neuropsychological assessment results, the comparable
cognitive baseline performance of the PreHD and Control participants in our study is in
accordance with previous studies that did not detect differences between the cognitive
profile of gene positive and gene negative/healthy control individuals (Antoniades et
al., 2007; Farrow et al., 2006; Papp et al., 2011; Rupp et al., 2010; Solomon et al., 2008;
Witjes-Ané et al.,, 2003). Even in large sample size studies (e.g.,, PREDICT-HD and
TRACK-HD), the only robust cognitive deficits were detected in individuals that were
close to estimated clinical onset (HD symptom presentation) and in the more executive
demanding tests (Paulsen, 2010; Tabrizi et al., 2012, 2013). Our sample of PreHD
participants was composed by individuals that were on average far from estimated
clinical onset (73% had 15 or more years to the time of HD clinical diagnosis, according

to Langbehn’s formula (Langbehn et al., 2004)), which might have had an important
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impact in our overall results (e.g., small effect sizes). Furthermore, these results suggest
that the differences found in oculomotor performance between persons with PreHD and
CTRL individuals cannot be otherwise explained by the two groups having a distinct
overt cognitive baseline.

Finally, the significant correlations found between specific oculomotor parameters and
HD clinical and cognitive features reinforce the view that the saccadic behaviour of
PreHD individuals, particularly under more executively demanding conditions, reliably
mirrors the often subtle and underestimated cognitive and motor alterations that
characterize the premanifest stage of HD, and also gives important information about
disease onset and progression. This is in line with former findings in persons with
premanifest HD: impaired oculomotor functioning was shown to be associated to worse
performance on cognitive tasks (Carvalho et al., 2016); response accuracy in a visual
processing task was found to be significantly correlated with an index of disease
progression (Nasr & Rosas, 2019); reaction time in a sequential button pressing task was
significantly associated with estimated time to disease onset (Farrow et al., 2006);
increased error rates in antisaccade and memory guided saccade tasks were
demonstrated to be associated to more abnormalities in the UHDRS motor scale and to a
closer estimated disease onset (Blekher et al., 2006; Rupp et al., 2010); higher cognitive
impairment was shown to be significantly related to increased oculomotor changes
(Biglan et al., 2013); and, antisaccade error rate has been found to increase proportionally
with disease progression (Tabrizi et al., 2009). Thus, quantitative measures of oculomotor
inhibitory control and impulsivity such as the ones computed from the AS and MAS
tasks of our study protocol seem to be sensitive indicators of the disease status and
progression stage of persons with premanifest HD.

In conclusion, our results indicate that the temporal and spatial properties of oculomotor
function in persons with PreHD reflect an imbalance between goal oriented and
automatic behaviour, due to early inhibitory control deficits. Moreover, our data suggest
that the failure of the inhibitory control mechanisms that are involved in simple and
complex oculomotor responses can induce an impulsive eye movement pattern in
otherwise asymptomatic carriers of the genetic mutation that matches the HD executive
dysfunction syndrome described by Rosenblatt (2007). Hence, saccadic timing and
trajectory measures may be an effective early indicator of disease onset in HD, namely of
motor disinhibition and impulsivity signs. Furthermore, the manifestation of timing or

spatial deviations in the saccadic behaviour of premanifest HD individuals might
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depend on the task, and the levels of inhibition involved as well as executive load.

Limitations

The small sample size makes it difficult to further subdivide the PreHD group into those
far and close from estimated clinical onset. Large longitudinal studies like TRACK-HD
or PREDICT-HD found the most significant differences between the cognitive
performance of asymptomatic HD gene carriers and controls in those participants closer
to clinical onset (Paulsen, 2010; Tabrizi et al., 2012, 2013); this might indicate that a
stratification is necessary if one wants to find robust evidence of cognitive changes in
premanifest HD. Moreover, the relatively small sample size enrolled in our study
prevents us from being able to generalize our results — further work is essential to
validate and replicate our findings in a larger sample. Finally, the fact that significant
differences were absent at the level of conventional neuropsychological test results
between PreHD and CTRL participants leads us to hypothesize that the
neuropsychological test battery used, even if extensive, was not sufficiently sensitive to
the subtle and earliest changes that occur in HD cognition —subtle changes synonymous
of small effect sizes, might need larger samples of premanifest gene carriers for testing
novel hypotheses. Also, having a set of more ecological neuropsychological tests would
probably help to better distinguish between the PreHD and CTRL groups, as cognitive
assessment methods that resemble daily-life tasks have proven to be more successful at
differentiating premanifest HD individuals far from estimated disease onset and controls

(Stout et al., 2016).

Conclusion

Our saccadic task results suggest that the performance of persons with PreHD
deteriorates when a fronto-executive or/and memory load is added to the task.
Moreover, the PreHD group appears to have deficits in goal-oriented oculomotor
behaviour — more automatic responses or impulsivity at the cost of timed-strategy for
accurate decision making. Our findings also suggest that specific horizontal saccadic
parameters that enclose inhibition and memory demands seem to be accurate indicators
of disease-related features in persons with premanifest HD. Hence, measures of

inhibitory control mechanisms in the context of eye movement paradigms may provide
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sensitive markers of clinical disease onset in Huntington’s disease and help understand
the neurobehavioral underpinnings of impulsivity as a trait of HD phenotype. Lastly,
new quantitative tools that can detect the earliest disease-related changes and provide
information about premanifest HD subtle signs and symptoms are thought to be
extremely relevant for the design and implementation of interventional strategies aimed

at delaying the onset or progression of Huntington’s disease.
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Chapter Ill — Study 2

Preface

In Study 2, we were interested in confronting the ability of a non-immersive virtual
reality task to grasp the functional impact of EF deficits in highly functioning preclinical
and clinical populations versus: 1.) a subjective (self-report) functional measure - “The
Adults and Older Adults Functional Assessment Inventory - IAFAI” (Sousa et al., 2015);
2.) a set of neuropsychological assessment tasks that try to overcome the ecological
issues of standard executive tests (the “Behavioural Assessment of Dysexecutive
Syndrome battery - BADS” (Wilson et al, 1996)); and 3.) a conventional
neuropsychological test battery. Additionally, we were interested in understanding if a
multi-modal approach combining objective and subjective assessment methods would
facilitate the identification of subtle deficits on the functional cognition of persons with
early manifest and premanifest HD.

In Study 1, we tested inhibitory control executive skills in the context of an abstract task
difficult to translate to everyday deficits (Julio et al., 2019). This means that, although we
observed deficits in persons with HD, it was difficult to conclude that those deficits were
significant in their everyday functional cognition.

Therefore, we have developed the EcoKitchen, a novel computerized performance-based
assessment measure that simulates different executive-demanding routine tasks done in
a kitchen setting to capture the functional impact of the cognitive changes displayed by
persons with HD. Meal preparation is a good example of a real-life executive task, since
it requires the ability to formulate and implement a plan, and monitor and accomplish
different subgoals, while bearing in mind the overall goal of having different foods
properly cooked and ready at the same time (Craik & Bialystok, 2006; Shallice, 1982;
Ward, 2004). Successful meal preparation is highly dependent on both planning (plan
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and monitor one’s own progress to perform several tasks at the same time) and response
inhibition (to undertake certain tasks while refraining from completing other tasks)
(Morrison et al., 2013), two core EF skills. In addition, daily-life meal preparation often
involves the performance of competing tasks under distracting and unsupportive
conditions (Chaytor & Schmitter-Edgecombe, 2003) - which is the essence of EF.

In the presence of subtle EF impairments, those deficits are only detectable when tested
with performance-based tests that use functional tasks with structured rules and goals
(Burgess et al., 2006; Kibby et al., 1998; Morrison et al., 2013; Shallice & Burgess, 1991),

in complex situations that ideally require multitasking (Burgess et al., 2006; Katz &
Maeir, 2011). This approach is believed to be more sensitive to the EF impact on function
than conventional or construct-driven neuropsychological tests and tasks (Manchester et
al., 2004; Morrison et al., 2013).

The development of the EcoKitchen followed previous indications about important
features of effective EF assessment, namely the use of several overlapping task demands,
the need to choose between different action strategies, switch to adjust to changing
circumstances and monitor task progression, the addition of time pressure, or the use of
multiple and interleaved task scenarios versus single tasks (Kalaitzakis & Pearce, 2009;
Wesson et al., 2016). Additionally, the findings of our oculomotor study (Jdlio et al.,
2019) pointed out the relevance of steadily rising the cognitive load of the assessment
task to be able to capture the functional impact of mild EF deficits in preclinical HD. This
influenced the design of different levels of task complexity, i.e., increasingly demanding
EcoKitchen blocks, which simulate the complex demands found in naturalistic settings
while still maintaining the experimental control over stimulus presentation and response
measurement required for rigorous scientific analysis (Schultheis et al., 2002).

One of the study aims was to use a multi-modal assessment approach to characterize the
functional cognition of persons with HD and to establish the construct validity of the
EcoKitchen, by examining the relationship between the performance on the EcoKitchen
and on commonly used neuropsychological assessment measures. For these we included
in the study classic paper-and-pencil executive tests, a more ecological set of executive
tasks (BADS), and a self-report functional measure (IAFAI). The latter was added to the
protocol because patient reported outcomes (i.e., the voice of persons with HD) are
increasingly seen as invaluable resources to help design and implement meaningful
interventions, measure the benefits of a treatment on the ability to function and

effectively describe the symptom experience (Simpson et al., 2016).
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We predicted that the novel and dynamic nature of test conditions, which simulate real-
life stressors and replicate the cognitive challenges and distractors found in day-to-day
situations (Morrison et al., 2013; Negut et al., 2016) would be more effective at capturing
the cognitive impact on function in persons with subtle dysexecutive symptoms.
Notably, assessment tools like the EcoKitchen may be more inherently motivating to
examinees because results are easily recognized as relevant to everyday life (Morrison et
al., 2013; Schutz & Wanlass, 2009).

In sum, this study was intended to validate a novel assessment tool, the EcoKitchen, as a
valuable option to identify the functional impact of the cognitive deficits exhibited by

preclinical and clinical HD populations in a more ecologically relevant way.
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Abstract

Introduction: Impairments in executive functions are common in neurogenetic disorders
such as Huntington’s disease (HD) and are thought to significantly influence the
patient’s functional status. Reliable tools with higher ecological validity that can assess
and predict the impact of executive dysfunction in daily-life performance are needed.
This study aimed to develop and validate a novel non-immersive virtual reality task

(EcoKitchen) created with the purpose of capturing cognitive and functional changes

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 99



shown by HD carriers without clinical manifestations of the disease (Premanifest HD), in
a more realistic setting.

Materials and Methods: We designed a virtual reality task with three blocks of
increasing executive load. The performance of three groups (Controls, CTRL; Persons
with Premanifest HD, PreHD; Persons with Early Manifest HD, EarlyHD) was compared
in four main components of the study protocol: the EcoKitchen; a subjective (self-report)
measure - “The Adults and Older Adults Functional Assessment Inventory (IAFAI)”; the
“Behavioural Assessment of Dysexecutive Syndrome battery (BADS)”; and a
conventional neuropsychological test battery. We also examined statistical associations
between the EcoKitchen and the other executive, functional and clinical measures used.
Results: The EarlyHD group showed deficits in all the assessment methods used. In
contrast, the PreHD group was only found to be impaired in the EcoKitchen task,
particularly in the most cognitively demanding blocks, where they showed a higher
number of errors compared to the CTRL group. Statistically significant correlations were
identified between the EcoKitchen, measures of the other assessment tools, and HD
clinical features.

Discussion: The EcoKitchen task, developed as an ecological executive function
assessment tool, was found to be sensitive to early deficits in this domain. Critically, in

persons with premanifest HD, it identifies dysfunction prior to symptom onset. Further

it adds a potential tool for diagnosis and management of the patients' real-life problems.

Introduction

Huntington’s disease (HD) is a neurodegenerative genetic movement disorder mainly
characterized by subcortical pathology involving the basal ganglia and the frontostriatal
circuitry, with prominent cell loss and atrophy in the caudate and putamen (Shoulson &
Young, 2011). Testing positive for HD only indicates that someone carries the gene
defect, does not equate to having the disease (O’Keeffe et al., 2009), as the test result does
not inform about how and when the symptoms will start, nor about the current disease
status (Dumas et al., 2013). Individuals who carry the genetic mutation but who do not
yet meet the criteria for an HD clinical diagnosis are considered to be in a premanifest

HD phase. The conversion from a premanifest to a manifest HD stage is traditionally
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based on the onset of unequivocal motor symptoms. Nevertheless, cognitive,
behavioural and neuroanatomical changes have been reported to occur before any
clinically detectible motor signs (Aylward et al., 2004; Paulsen, 2010; Roos, 2010; Rosas et
al., 2005; Rosenblatt, 2007).

Huntington’s disease clinical presentation includes motor, behavioural and cognitive
alterations that typically arise in middle adulthood, when family and career
responsibilities are often greatest (Nehl et al., 2004). Impairments in executive functions
are frequent in persons with HD, even in premanifest or early manifest disease stages
(Novak &Tabrizi, 2010; Paulsen, 2011; Stout et al., 2011; Tabrizi et al., 2011) and are
thought to significantly influence their functional status and to be major contributors to
everyday deficits, disability and loss of autonomy (Godefroy et al., 2010; Reilmann et al.,
2014; Ross, Aylward, et al., 2014; Stout et al., 2011). The executive dysfunction associated
with HD includes deficits in planning and multitasking, sequencing, set-shifting,
attentional control, response inhibition and perseveration (Dumas, et al., 2013; Novak &
Tabrizi, 2011; Rosenblatt, 2007). These changes are thought to reflect HD brain
alterations , namely the disruption of the frontal-subcortical, and specifically, prefrontal-
striatal circuitry, and the altered functioning of brain circuits that are important for
organizing behaviour, cognitive flexibility, the planning of an instrumental performance,
response inhibition, attention, and temporal control over motor output (Balci et al., 2009;
Paulsen, 2010; Rao et al., 2014; Rosas et al., 2005). These executive deficits need to be
properly acknowledged and assessed as they can have a considerable impact on the
quality of life and daily functioning of persons with HD (Beglinger et al., 2010; Hamilton
et al., 2003; Hoth et al., 2007; Morkl et al., 2016; Nehl et al., 2004).

Executive functions can be defined as the “capacities that enable a person to engage
successfully in independent, purposive, self-serving behaviour” (Lezak et al., 2012).
These complex, higher-order abilities are needed to be able to adapt in a flexible manner
to many daily life situations that require task conceptualization, planning, action and
evaluation (Dumas et al., 2013). As executive functioning requires so many integrated
cognitive functions and supervisory processes, impairments in this domain tend to be
supramodal and affect the expression of all aspects of behaviour (Lezak, 1982). To drive
a car, pay bills, take the medication at the right time of the day, prepare a meal - these
are all examples of Instrumental Activities of Daily Living (IADL) that involve executive
functions, and these are exactly the kind of activities that are reportedly impaired early

in the course of HD (Beglinger et al., 2010; Williams et al., 2011), even when individuals
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show a relatively unimpaired performance in conventional executive tests or present
average scores in functional measures such as the widely used Total Functional Capacity
scale - TFC (Shoulson & Fahn, 1979). As Lezak (1982) states, impairments in executive
functions can compromise a person's capacity to maintain an independent and
productive life no matter how well he can see and hear, walk and talk, and perform tests.
This seems to apply perfectly to the premanifest HD condition, where changes in day-to-
day function are more likely to be experienced in tasks that require multiple cognitive,
motor and behavioural abilities (Williams et al., 2011), such as doing routine work,
manage finances or drive safely (Beglinger et al., 2010), rather than in the performance of
single and more abstract tests.

In fact, the subtle changes in behaviour and cognition observed in persons who do not
yet display disease-related motor alterations (premanifest HD stage) and persons with
early manifest HD are often missed in highly structured examinations (Reilmann et al.,
2014; Stout et al., 2007, 2016), as traditional cognitive and functional measures seem
insensitive to the initial changes in HD. Backing this idea, a thorough review of studies
about cognition in HD by Dumas et al. (2013) found almost equal support for and
against the presence of executive deficits in premanifest gene carriers, highlighting the
need for further research. Moreover, in neuropsychology, few objective methods for
assessing the functional impact of executive impairments are available, as traditional
tests measure cognitive abilities in isolated and artificial situations, which bear little
similarity to the situations that patients encounter in their daily life (Allain et al., 2014;
Chaytor et al., 2006). These type of clinical tools are urgently needed to demonstrate
daily life functional changes besides cognitive efficacy as evaluated by classical
neuropsychological testing (Royall et al., 2007), so that the success of interventions can
be progressively evaluated in terms of the effects they have on quality of life and
functional independence, and not merely in terms of efficacy in reducing primary
symptoms (Moore et al.,, 2007). Therefore, new, more ecological, and more sensitive
assessment tools that are able to document the insidious onset of subtle executive
alterations in the daily functioning of HD affected individuals and that are able to
demonstrate changes in day-to-day function in HD, and specifically in premanifest HD,
are urged (Downing et al., 2014).

To address these issues and understand the inconsistencies often found between the
results obtained in formal examinations and the real-life complaints about the cognitive

and functional status of premanifest and early manifest HD individuals, a new
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assessment tool was created at our Lab: the EcoKitchen, a non-immersive virtual reality
task consisting of preparing meals in a kitchen. The EcoKitchen was based in two main
premises: on the one hand, cooking is a good example of a real-world task that often
draws heavily on executive functioning (Tanguay et al., 2014); on the other hand,
different assessment and rehabilitation studies of clinical populations have successfully
used kitchen settings to address functional and executive impairments (Allain et al.,
2014; Baum & Edwards, 1993; Bialystok et al., 2008; Craik & Bialystok, 2006; Giovannetti
et al., 2008; Ruse et al., 2014; Zhang et al., 2003). Notably, the EcoKitchen improves on the
existing tools for several reasons: it is more portable and standardized than some of the
methods that are done in real kitchens or involve manipulating props (e.g.,, Baum &
Edwards, 1993; Giovannetti et al., 2008); outputs combine time and error measures,
whereas some existing methods rely more heavily on only one dimension and omit
valuable information about the changes in speed/accuracy trade-off often seen in clinical
populations (e.g., Craik & Bialystok, 2006; Giovannetti et al., 2008); focus more on the
examinee and less on the examiner, having less observational bias and less external cues
that can prompt action or improve action correctness (Ruse et al., 2014; Zhang et al.,
2003); it informs about the impact of increasing executive load on the participants
behaviour, having different levels of complexity (e.g., Allain et al., 2014); has higher
realism, as the virtual scenario created tried to include known food and beverage brands
and more life-like stimuli than previous studies (e.g., Craik & Bialystok, 2006).

The inclusion of real-world scenarios and virtual reality tasks in clinical studies might
provide a good mean to evidence the impact of executive impairment on the patients’
life (Albani et al., 2010; Frisch et al., 2012) - delivering sensitive measures of everyday
function and a valid testing ground to assess the impact of executive deficits in daily-life
(Frisch et al., 2012; Moore et al., 2007; Poliakoff & Smith-Spark, 2008). Few studies have
used or developed performance-based tools to assess everyday functioning in HD. Nicoll
et al. (2014) used the "Memory for Intentions Screening Test" as a standardized
performance-based measure of prospective memory in HD and Sheppard et al. (2017)
used the "Advanced Finances Test" as a performance-based measure of the participants’
ability to manage finances. Both studies were done in semi-naturalistic settings (real
materials and props handled in a laboratory) and resorted to observational methods to
infer about the mild-moderate HD patients’ performance level. In our view, the
EcoKitchen has the potential to increase the objectivity and sensitivity of HD executive

and functional assessments such as the ones mentioned for several reasons: it proposes a
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more refined definition of the executive sub-domains being evaluated; makes a clearer
link to conventional executive and functional tools often used in HD clinical practice;
evaluates the impact of different executive loads over individual performance as it
manipulates the task executive demands; it provides quantitative data about the
performance time and accuracy of the examinee.

EcoKitchen was designed to evaluate planning, multi-tasking, set-shifting, cognitive
flexibility, self-monitoring, sequencing, divided attention, and scanning skills. As Dumas
et al. (2013) stated, it is often very difficult to pinpoint just one specific executive function
that is responsible for the correct performance of a task. Moreover, as Craik and
Bialystok (2006) indicate, the choice of a real-life task means that the specificity of
measurement of individual cognitive functions is limited, as there are no unitary
constructs involved in daily-life performance - we think that the same principle might
apply to computer-simulated tasks. Consequently, each one of the parameters
considered in the EcoKitchen performance analysis can be associated not with one
executive function but rather with a sub-set of executive domains. This association is
further detailed in the “Materials and Methods” section.

To our knowledge, this is the first study where a virtual reality task was created
specifically for the assessment of functional deficits related to executive impairments in
persons with HD, particularly in persons with premanifest HD. Thus, this work was
essentially planned as an exploratory feasibility study, aimed at checking if the
EcoKitchen was well-tolerated by the clinical groups and if it was able to differentiate
healthy participants from persons with HD, particularly premanifest HD participants.
Furthermore, this study aimed to identify which variables computed from the EcoKitchen
task might be more sensitive to the earliest disease-related cognitive and functional
alterations and, thus, withhold the potential to be used in clinical, research and
rehabilitation settings in the future.

We tested the executive function of persons with EarlyHD, PreHD and healthy Controls
using the newly developed EcoKitchen tool and compared the results with other
executive and functional measures in a wider assessment protocol that included a
subjective (self-report) functional measure - “The Adults and Older Adults Functional
Assessment Inventory - IAFAI” (Sousa et al.,, 2015), a more ecological executive test
battery - the “Behavioural Assessment of Dysexecutive Syndrome - BADS” (Wilson et
al., 1996), and a conventional neuropsychological test battery. “The Adults and Older

Adults Functional Assessment Inventory - IAFAI” (Sousa et al., 2015) was used as a
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subjective (self-report) verbal functional measure, since it was considered to be more
accurate and broad than other subjective functional assessments, namely the Total
Functional Capacity scale (Huntington Study Group, 1996). The “Behavioural
Assessment of Dysexecutive Syndrome” battery - BADS (Wilson et al.,, 1996) was
included in the protocol as a more close to daily-life like situations traditional executive
tool (Norris & Tate, 2000; Wilson et al., 1998). Importantly, to our knowledge, BADS has
been scarcely used with HD patients (Nimmagadda et al., 2011), with no reports in
premanifest HD found, and this is the first time IAFAI was used with HD affected
individuals.

Finally, the conventional neuropsychological battery, composed by a set of widely
known executive tests, was used as a description of the executive status of the
premanifest and early manifest HD participants enrolled in this study. The tests
included in this battery were chosen because they were proven to be sensitive to basal
ganglia damage and HD earliest cognitive changes (Dumas et al., 2013; Lemiere et al.,
2002; Lezak et al., 2012; Paulsen, 2010). Moreover, these tests are extensively used in
clinical settings (some are part of the cognitive section of the main standardized HD
assessment scale, the Unified Huntington’s Disease Rating Scale - Huntington Study
Group, 1996) and in large multinational longitudinal observational studies [e.g., Registry
Study (Baake et al., 2017); TRACK-HD (Tabrizi et al., 2009); PREDICT-HD (Paulsen et al.,
2006); HD-CAB (Stout et al., 2014)]. Finally, the executive sub-domains assessed by these
tests are thought to correspond to the executive sub-domains involved in EcoKitchen task
performance and, thus, we expected performance in both components of our study
protocol to be correlated, helping us to describe the cognitive skills elicited by the
EcoKitchen.

In summary, this study aimed to test EcoKitchen as a new performance-based tool to
detect the earliest signs of executive and functional changes in HD prior to the onset of
clinical symptoms and overcome the limitations often posed by the traditional

assessment methods.
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Materials and Methods

Participants

A total of 15 Early Manifest HD participants (EarlyHD), 15 Premanifest HD participants
(PreHD) and 19 Control participants (CTRL) completed the four protocol components
and entered the data analysis, after the exclusion of 1 EarlyHD and 1 CTRL participants
for presenting a score in the “Montreal Cognitive Assessment” - MoCA (Freitas et al.,
2011; Nasreddine et al., 2005) below the established cut-off for their age and education
level. Due to time constraints, 2 CTRL participants did not complete IAFAIL

EarlyHD and PreHD participants were recruited from the Neurogenetics Consultation
Service of the Neurological Department of Coimbra University Hospital. All but 3 CTRL
participants were gene negative or non-at-risk relatives of the HD affected participants.
All subjects gave written informed consent in accordance with the Declaration of
Helsinki to participate in the study approved by our Institutional Ethics Committees
(Faculty of Medicine and Coimbra University Hospital).

The participants were assigned to one of three groups according to the following criteria:

e Early manifest HD (EarlyHD): patients with mild HD symptoms - stages I-II
(Shoulson & Fahn, 1979), that had a UHDRS Total Functional Capacity scale of
10-13 (Huntington Study Group, 1996) and a positive HD genetic test result
which confirms a CAG length of 236 (n=15).

e Premanifest HD (PreHD): participants that showed no clinical symptoms of HD,
that had a UHDRS Total Motor score < 5 (Huntington Study Group, 1996) and a
positive HD genetic test result which confirms a CAG length of 236 (n=15).

Exclusion criteria for the clinical groups included dementia, severe depression, history of
substance abuse, and any other neurological condition.

e Controls (CTRL): healthy participants, with no history of dementia, depression,
substance abuse, any neurological and/or psychiatric condition and no current

use of psychotropic medication (n=19).

The clinical groups were assessed by an experienced neurologist using the “Unified
Huntington’s Disease Rating Scale” (UHDRS) - Motor and Total Functional Capacity
scales (Huntington Study Group, 1996). The UHDRS Total Motor score can range from 0

to 124 and higher scores indicate increased severity of motor symptoms. The UHDRS
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Total Functional Capacity scale can range from 0 to 13 - lower scores indicate increased
disability. Disease duration was defined for each early manifest HD participant as the
number of years since HD clinical diagnosis. Langbehn’s formula (Langbehn et al., 2004)
was used to calculate the estimated time (in number of years) to disease onset of the
PreHD participants, although no further classification of the premanifest participants
was done according to this parameter. Information about the CAG repeat number was
collected for both clinical groups.

To avoid cognitive confounds, we used the “Montreal Cognitive Assessment” - MoCA
(Freitas et al.,, 2011; Nasreddine et al., 2005) as a mild cognitive impairment and
dementia screening tool and excluded any subjects that were below the expected score
on this test. The “Beck Depression Inventory - II” (Beck et al., 1996; Campos &
Gongalves, 2011) was used as a neuropsychiatric measure and also as an exclusion
criterion if moderate to severe depressive symptoms were signalled. The “Irregular
Word Reading Test - TeLP1” (Alves et al., 2012) was administered to provide an estimate
of the level of premorbid intelligence of all the participants. The “Edinburgh
Handedness Inventory” (Oldfield, 1971) was used to define subject’s handedness.

The demographic characteristics of the three groups are presented in Table 2.1.

The study protocol included four different components: EcoKitchen, IAFAI, BADS and a

conventional neuropsychological test battery.
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Table 2.1 Demographic characteristics with Kruskal-Wallis and Mann-Whitney comparisons across groups

CTRL=19 PreHD=15 EarlyHD=15 PM_HV% E Nng PM-I?I/)
Gender (F:M) 15:4 Gender (F:M) 12:3 Gender (F:M) 10:5 K-W re ary re
vs vs vs
Handedness (R:L) 18:1 Handedness (R:L) 15:0 Handedness (R:L) 14:1 CTRL CTRL EarlyHD
Demographic Median Median Median X2 u u u
Characteristics (IQR; min-max) (IQR; min-max) (IQR; min-max) (p-value) (p-value) (p-value) (p-value)
Age (years) (12: ;15_57) (16; 23_52) (©; ;56_ 69) 6.075 * (0.048) 95 (0.099) 112.5 (0.297) 56 # (0.019)
Education (years) ; 16%17) 7; 217) (© 2_1 6) 6.582 * (0.037) 111 (0.270) 95 (0.095) 53.5 # (0.013)
42 43
CAG - (55 39-49) (2; 38-50) - - - 97.5 (0.529)
Disease Duration (years) - B (6; 15-10) ) ) ) i
Years to HD Onset - (10 43.176 ;76_ 43.34) - - - - -
13 12
UHDRS - TFC - (0,13.13) (2:10.13) - - - 45 # (0.001)
UHDRS - Motor - G; ?)_5) (20~2;1_44) B - - 1# (<0.001)
26 27 23
MoCA (4; 22-30) (4; 21-30) (4;18-29) 10.218 * (0.006) 119 (0.411) 67 ¥ (0.008) 45 # (0.005)
BDI-II 4; 3-2 4) © 06_23) (17.107_ 23) 8.715*(0.013)  121.5 (0.464) 62 ¥ (0.005) 61 # (0.032)
113.54 116.60 103.18
TeL.PT (QIEC) (15.35; 67.44-125.82) (13.05; 91.64-126.09) (19.98; 84.72-121.98) 8.303%(0.016)  116.5(0.367) 78.5% (0.026) 49 # (0.008)
114.83 117.88 103.28
TeLPT QIV) (15.89; 71.76-127.67) (14.31; 94.31-127.67) (19.68; 87.01-123.88) 8.5927(0.014)  117.5(0.385) 79.5%(0.029) 46 # (0.006)
TeLPI (QIR) 109.72 11172 10251 8.230 * (0.016)  118.5 (0.405) 78.5 ¥ (0.026) 49 # (0.008)

(11.25; 70.58-118.91)

(9.19; 91.16-118.91)

(16.45; 84.98-115.82)

CTRL - Controls; PreHD — Premanifest HD; EarlyHD - Early Manifest HD; IQR - Interquartile Range; min-max - Minimum and Maximum scores (Range); K-W - Kruskal-Wallis; M-
W - Mann-Whitney; CAG - CAG repeat expansion confirmed by a genetic test; Disease Duration - Years since HD clinical diagnosis (only computed for HD); Years to HD Onset -
Years to estimated HD clinical diagnosis according to Langbehn’s formula (only computed for HP); UHDRS - TFC - Total Functional Capacity scale of the Unified Huntington’s Disease
Rating Scale; UHDRS - Motor — Motor scale of the Unified Huntington’s Disease Rating Scale; MoCA - Montreal Cognitive Assessment; BDI-II - Beck Depression Inventory II; TeLPI -
The Irregular Word Reading Test (TeLPI); QIEC - Full Scale Intelligence Quotient; QIV — Verbal Intelligence Quotient; QIR — Performance Intelligence Quotient

* Significant group effect (Kruskal-Wallis, p < 0.05) ¥ EarlyHD # CTRL (Mann-Whitney, p < 0.05); # PreHD # EarlyHD (Mann-Whitney, p < 0.05)
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EcoKitchen

As previously mentioned, EcoKitchen is a new assessment tool created at our laboratory
to add performance-based information to the other executive and functional measures
used. EcoKitchen is a non-immersive virtual reality task that aims to objectively evaluate
the cognitive and functional status of the study participants using a realistic scenario - a

computer-generated kitchen.

EcoKitchen design and procedures

EcoKitchen was implemented on a desktop PC, with a 23" monitor (large screen size of
23-inch), in full screen mode (1920 x 1200). The stimuli were generated with Vizard
(WorldViz, 2002). The participant experienced the kitchen environment from a first-hand
perspective and used the computer mouse to move around the scenario.

EcoKitchen was designed as a non-immersive desktop computer task, which involves a
flat-screen presentation of the virtual kitchen setting. This option in comparison with a
fully-immersive virtual reality display has several advantages. It is more portable than a
three-dimensional environment, thus facilitating assessment in clinical settings (Allain et
al., 2014); it limits the risk of simulation sickness, which could pose a problem for elderly
participants or clinical groups (Attree et al., 1996; Kawano et al., 2012); it is more
appropriate for individuals less familiarized with computers; finally, it creates very little
memory demands to the study participants - individuals did not need to navigate
through the scenario, having the risk of forgetting where the requested items were.

The task included three different blocks, with an increasing executive load. Each
condition was preceded by a practice block. There was also a first global practice block,
to guarantee that each participant was completely familiarized with the apparatus before
the assessment blocks begun (Figure 2.1).

e Global Practice Block - The participant had to explore the kitchen environment
and grab a specific list of items - all the items that he/she was going to need in
the following blocks were on that list, as well as distracter items.

e Block 1 - A picture list with all the items needed to prepare a cup of coffee with
milk (Task A) was displayed on the upper part of the screen. The list was left in
full view during the block to reduce constraints on memory. Participants were

instructed to collect each item, in the order they appeared in the list, as fast and

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 109
J J O O



accurately as possible. They had to attend and turn off the stove as soon as and
only when the clock was completely red. Participants had to plan and monitor
their behaviour to complete this level successfully.

e Block 2 - Participants had to perform Task A, as described in the first block,
while, simultaneously, paying attention and monitoring a boiling kettle that was
on the stove. They were instructed to press the kettle every time and as soon as
smoke came out and a red signal appeared on the right upper part of the screen,
to prevent water from spilling. The kettle was set up to burst three times during
the block, at random moments, so participants had to check smoke and the red
signal appearance periodically. Participants had to recruit the same executive
skills as before, plus divide their attention to complete this level successfully.

e Block 3 - Participants had to perform the tasks described in the first and the
second blocks (Task A and boiling kettle). Additionally, participants were
instructed to also prepare toasts with butter (Task B). A picture list with all the
items needed to prepare the second snack was displayed on the upper part of the
screen. Participants were instructed to alternate between the two lists (Task A
and Task B) to make sure that both tasks were completed at the same time.
Participants had to apply the same skills used in the previous block, plus

switch/alternate between tasks to complete this level successfully.
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Global Practice Block

Figure 2.1 EcoKitchen Task Design
EcoKitchen included three different blocks (each preceded by a practice trial), with increasing executive demands. In
Block 1, the participant had to prepare a cup of coffee with milk - Task A. In Block 2, while performing Task A, the

participant had to turn off a boiling kettle that burst at several random moments. In Block 3, the participant had to
perform the tasks previously described, whilst preparing toasts with butter (Task B).

The interactions with the different items needed to perform the tasks were facilitated -
e.g., if the participant touched the jar, it would go automatically to the stove. This was
settled not only to help the participants who globally did not have much experience with
computer interaction, but also to focus on the cognitive aspects of task performance
rather than on the motor coordination/control aspects - which can be problematic in a
movement disorder. The EcoKitchen aimed to analyse executive functioning while
minimizing the impact of computer interaction difficulties (Allain et al., 2014). To reduce
memory constraints, the instructions and the lists with the requested items and actions
needed to perform either Task A or Task B were left in full view during the whole block.
With the same purpose, there were no closed cabinets or drawers in the EcoKitchen, all
items were on full display. Finally, to increase the realism of the task (and thus its
ecological validity), known commercial brands were used to depict the foods and

beverages included in the kitchen setting.
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EcoKichen data analysis

Several parameters were defined for the analysis of the EcoKitchen performance of each
participant, considering Time and Error variables. Although the performance of tasks
that simulate daily-life routines requires a plethora of cognitive functions and executive
sub-domains that are difficult to disentangle, we have added some information about the
executive functions that, in our view, are reflected by each EcoKitchen parameter.

e Performance Time Task A - the time the participant was engaged in the
preparation of a cup of coffee with milk (time elapsed from the moment the first
item of the list was picked to the moment the last item of the list was picked and
used). This parameter reflects psychomotor and processing speed, planning, and
motor time.

e Performance Time Task B - the time the participant was engaged in the
preparation of toasts with butter (time elapsed from the moment the first item of
the list was picked to the moment the last item of the list was picked and used).
This parameter reflects the same executive domains as Performance Time Task A,
plus task switching.

e Reaction Time Stove - the amount of time the participant took to react and turn
off the stove once the clock was completely red (which was the cue for the
behaviour to take place and for the participant to initiate the response). This
parameter gives indications about behaviour monitoring, response initiation,
divided attention, and set-shifting.

e Reaction Time Kettle - the amount of time the participant took to react and turn
off the kettle once smoke appeared and a red signal blinked in the right upper
part of the computer screen (which were the cues for the behaviour to take place
and for the participant to initiate the response). This parameter reflects divided
attention, sustained alertness, response initiation, and set-shifting.

e Reaction Time Toaster - the amount of time the participant took to react and turn
off the toaster once the clock was completely red (which was the cue for the
behaviour to take place and for the participant to initiate the response). This
parameter gives indications about the same executive domains tackled by
Reaction Time Stove, plus task switching.

e Reaction Time per Block - the mean of the different reaction times extracted from

each EcoKitchen block. This parameter reflects all the executive sub-domains
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involved in the different reaction times to specific cues.

e Sequencing Errors - the number of times the participant failed to follow the
proper sequence of the task (e.g., tried to mix the coffee with the spoon before
adding the milk). This parameter reflects planning, behaviour monitoring, and
working memory.

e Item Errors - the number of times the participant picked items of the EcoKitchen
scenario that were not needed to prepare either Task A or Task B (e.g., selected a
pineapple instead of coffee). This parameter reflects attention and behaviour
monitoring.

e Impulsivity Errors Stove - the number of times the participants tried to turn off
the stove before the proper time (before the clock being completely red). This
parameter reflects response inhibition or inhibitory control, and attention.

e Impulsivity Errors Toaster - the number of times the participants tried to turn off
the toaster before the proper time (before the clock being completely red). This
parameter reflects the same executive sub-domains involved in Impulsivity
Errors Stove, plus task switching.

e Total Errors/Performance Time Task A - the number of errors per minute the
participants did during the completion of Task A (cup of coffee with milk). This

parameter gives indication about the speed-accuracy balance in task completion.

total errors

x 60

performance time task A
e Total Errors/Performance Time Task B - the number of errors per minute the
participants did during the completion of Task B (toasts with butter). This
parameter gives the same indication as the previous one, plus indication about

task switching abilities.

total errors 0
performance time task B

IAFAI — the Adults and Older Adults Functional Assessment

Inventory

We have used “IAFAI” (Sousa et al., 2015) as a verbal and subjective measure of the
functional status of study participants. In IAFAI, the participant must rate his level of

self-perceived difficulties in performing Basic and Instrumental Activities of Daily

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 113
J J O O



Living (BADL and IADL, respectively), such as bathing, using an ATM card or cooking a
meal. Each activity can have a score of 0 (representing the absence of
difficulty /dependence in the execution of the ADL) or a score of 1 (representing the
presence of difficulty/dependence in the execution of the ADL) (Sousa et al., 2015).
Moreover, the participant must indicate if each of the signalled difficulties is explained
by physical, cognitive or emotional restrictions. Seven incapacity percentages were
computed from IAFAI: Global Functional Incapacity (GFI), Functional Incapacity in
Basic Activities of Daily Living (ABVD), Functional Incapacity in Household
Instrumental Activities of Daily Living (H-IADL), Functional Incapacity in Advanced
Instrumental Activities of Daily Living (A-IADL), Functional Incapacity due to Physical
Factors (Physical), Functional Incapacity due to Cognitive Factors (Cognitive), and

Functional Incapacity due to Emotional Factors (Emotional).

BADS — the Behavioural Assessment of Dysexecutive

Syndrome battery

For the executive functions assessment, we used the “BADS” (Wilson et al., 1996),
created by Barbara Wilson to overcome the ecological validity constraints of other
traditional executive tests (Burgess et al., 1998, 2006). This battery is composed by six
sub-tests, all of which imply skills and materials that try to resemble daily-life like
situations. Seven variables were extracted from BADS: Total Score, Rule Shift Cards Test
Score, Action Program Test Score, Key Search Test Score, Temporal Judgement Test

Score, Zoo Map Test Score, and Modified Six Elements Test Score.

Neuropsychological test battery

The conventional neuropsychological test battery used as a baseline description of the
executive status of the study participants assembled several classic executive tests
widely employed in clinical and research settings. The Phonemic Verbal Fluency test:
three letters - P, M, R (Cavaco et al., 2013a) and the Semantic Verbal Fluency test -
category animals (Cavaco et al., 2013a) were used to assess working memory, word
generation and inhibition. The Stroop test - Naming, Interference and Reading tasks
(Stroop, 1935) were used to assess cognitive flexibility and processing speed. The Symbol

Digit Modalities Test (Smith, 1982) was used to assess working memory, attention and
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integration, and psychomotor speed. The Digit Span Test (Forward and Backward) of the
WAIS-IIT - Wechsler Adult Intelligence Scale-third edition (Wechsler, 1997, 2008) was
used to assess working memory. The Trail Making Test - parts A and B (Cavaco et al.,
2013b; Reitan, 1958) was used to assess scanning, sequencing, divided attention,
psychomotor speed and cognitive flexibility. Finally, the Wisconsin Card Sorting Test
(Heaton, 1981) was used to assess abstract behaviour and set shifting. All the tests were
applied in a strictly prescribed order, to avoid any interference effects or content

overlapping. Twenty scores were extracted from this test battery.

Statistical analyses

Comparisons of quantitative variables between the three groups (EarlyHD, PreHD, and
Controls) were performed resorting to Kruskal-Wallis tests. When statistically significant
differences were detected (effect of group), post hoc comparisons were performed
between two groups wusing the Mann-Whitney U tests. Comparisons of
nominal/categorical variables between groups were performed resorting to Chi-square
tests of independence. Wilcoxon-Signed rank tests were used to analyse the effects of the
increasing cognitive load in the participants’ performance across the three EcoKitchen
blocks. Spearman rank correlation coefficients were calculated to examine the
associations of EcoKitchen, the other assessment methods and HD features for the clinical
groups (PreHD and EarlyHD). Benjamini-Hochberg corrections with false positive rate
established at 0.05 were used to deal with multiple comparisons, and only the
correlations that survived these corrections were mentioned in the “Results” section and
further examined in the “Discussion” section. To reduce the number of pairwise
correlations and enhance interpretability, in the correlation analyses, the variables
related to EcoKitchen were averaged across the three blocks. In the correlations with
clinical variables, it is of note that disease duration (in years) was only considered for the
early manifest HD group (1n=15) and estimated years to likely onset was only considered
for the premanifest HD group (n=15), thus reducing the sample size considered for
computing the correlation coefficients in this case. Finally, given the high intra-group
variability detected in the EcoKitchen performance of the early manifest HD participants
(as reflected in the boxplots depicted in Figures 2.2-2.4), there was a possibility that the
differences observed in our study were driven by just a few patients within this group.

To test this hypothesis, we checked for outliers using the following logical conditions
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[(xi= Q3 + 1.5 * IQR) and (xi< Q1 -1.5 * IQR)]. For each of the EcoKitchen variables
computed there was a maximum of two outliers within the EarlyHD group. In total, six
of the 15 persons with early manifest HD enrolled in our study presented outlier results
in at least one of the EcoKitchen computed measures, but there was no participant whose
performance was identified as an outlier in all variables. Moreover, this sub-group of
patients was demographically and clinically matched to the other early manifest HD
participants (p= 0.05 in all the variables displayed in Table 2.1). Lastly, no EarlyHD
outliers were found on four of the EcoKitchen measures, namely, in Performance Time
Task A (Block 1 and Block 2), in Reaction Time per Block (Block 3), and in Reaction Time
per Cue (Stove). Kruskal-Wallis and Mann-Whitney U comparisons were performed as
described above excluding the outliers identified in the EarlyHD group. Importantly, the
statistical results were equivalent to the results obtained including all data points. As
high intra-group variability reflects the phenotypic variability that is reportedly one of
the key features of this disease (Folstein et al., 1984; Mehrabi et al., 2016; Waldvogel et
al.,, 2012), these early manifest HD outliers were considered to be clinically and
scientifically relevant, and therefore we decided not to exclude them from our main
analyses presented in this paper. All calculations were performed with IBM SPSS

Statistics (Version 24), adopting a level of significance of o= 0.05.

Results

EcoKitchen

The several time and error variables extracted from the participants’ performance in the
EcoKitchen task gave us important indications about how well HD affected individuals
could perform executively demanding tasks similar to daily-life routines and, thus,
about their functional status. Moreover, the analysis of the EcoKitchen data gave us
relevant information about the impact of increasing executive load on the behaviour of
clinical and healthy populations. We defined three main categories for the EcoKitchen

data analysis: accuracy, time, and cognitive load. Only significant results are reported.
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EcoKitchen Accuracy Measures

EcoKitchen errors

We computed three types of errors from the EcoKitchen performance data - sequencing
errors (participant failed to follow the proper sequence of the task), item errors
(participant picked items not needed to complete the task), and impulsivity errors
(participant turned off the stove or toaster before the proper time). Sequencing errors
reflected difficulties in the planning and monitoring of actions. We found a significant
group effect for the percentage of participants with sequencing errors in Block 1 and
Block 3 of EcoKitchen [(x2(2)= 13.253, p= 0.001) and (y2(2)= 8.964, p= 0.011), respectively]
(Table 2.2). Interestingly, post hoc tests comparing the different groups revealed that a
significantly higher percentage of PreHD participants than controls failed to plan and
correctly sequence their actions, but only in the more executive challenging EcoKitchen
Block 3 (y2(1)= 4.437, p= 0.035). The early manifest HD group also showed more
sequencing errors than controls in Block 1 and Block 3 [y2(1)= 9.188, p= 0.002, and y2(1)=
6.689, p= 0.010, respectively], and was also worse than PreHD participants in Block 1
(x2(1)= 8.889, p= 0.003). We also found a significant group effect in terms of impulsivity
errors in Block 3 of EcoKitchen (y2(2)= 12.621, p= 0.002). This might reflect deficits in
inhibitory control and increased impulsivity in the early manifest HD group, as a higher
percentage of EarlyHD than CTRL and PreHD participants tried to stop the stove before
the proper time in the more cognitively demanding EcoKitchen condition [(y2(1)= 7.425,
p=0.006) and (y2(1)= 6.000, p= 0.014), respectively].

Table 2.2 Percentage of participants that had a score # 0 in the Sequencing, Item and Impulsivity Error
Variables of the EcoKitchen Task

CTRL PreHD EarlyHD
EcoKitchen Block 1 Block 2 Block 3 Block 1 Block 2 Block 3 Block1 Block 2 Block 3

Sequencing Errors 158 263 526 133 20 867¢ 66.7¥# 40 933 ¥
Item Errors 0 0 53 6.7 6.7 20 6.7 20 13.3
Impulsivity Errors - Stove  10.5 53 0 6.7 6.7 0 13.3 20 333 ¥#

CTRL - Controls; PreHD - Premanifest HD; EarlyHD - Early Manifest HD ¢ PreHD # Control (Chi-square test for
independence - p < 0.05);
¥ EarlyHD # Control (Chi-square test for independence - p < 0.05); # EarlyHD # PreHD (Chi-square test for
independence - p < 0.05)
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EcoKitchen errors/time

We calculated the number of errors per minute as a measure of speed-accuracy trade-off
in each group of participants. We found a significant group effect in the number of errors
per minute during the preparation of a cup of coffee with milk (y2(2)= 8.174, p= 0.017)
(Figure 2.2). Importantly, in the post hoc tests, PreHD participants showed a decrease in
the quality of their task performance, committing more errors per minute during Task A
than controls (U= 86, p= 0.048). The persons with early manifest HD also showed a
diminished quality of their task performance, as they presented a higher number of
sequencing, item and impulsivity errors per minute than controls during both Task A

and Task B completion (U= 65.5, p= 0.007 and U= 80.5, p= 0.029, respectively).
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Figure 2.2 EcoKitchen Number of Total Errors per minute of Performance Time Task A and Number of Total
Errors per minute of Performance Time Task B (mean) and significant differences between groups

Boxplots: central mark - median; edges of box - 25t and 75™ percentiles; whiskers - most extreme data points

(minimum and maximum,).
¢ PreHD # Control (Mann-Whitney, p < 0.05); ¥ EarlyHD # Control (Mann-Whitney, p < 0.05)

EcoKitchen Time Measures

EcoKitchen performance time

We analysed and compared the time it took the participants from the three groups to
prepare a cup of coffee with milk (Task A) and toasts with butter (Task B), to see
whether group differences would emerge. We found a statistically significant group
effect in Task A and Task B performance times in all EcoKitchen conditions [Task A:

Block 1 - y2(2)= 21.972, p< 0.001; Block 2 - y2(2)= 12.512, p= 0.002; Block 3 - y2(2)= 13.959,
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p= 0.001; Task B: x¥2(2)= 16.475, p< 0.001] (Figure 2.3). Notably, we found no differences
between PreHD and control participants in total task time suggesting that the motor and
cognitive times of persons with premanifest HD were not affected. In contrast, we found
that persons with early manifest HD already displayed a motor and cognitive slowness
that influenced their timely performance both in single and multitasking conditions, as
they were slower compared to controls [Task A: Block 1 - U= 25, p< 0.001; Block 2 - U=
46, p= 0.001; Block 3 - U= 46, p= 0.001; Task B: U= 41, p< 0.001], and to premanifest
participants [Task A: Block 1 - U= 14, p< 0.001; Block 2 - U= 46, p= 0.006; Block 3 - U= 38,
p=0.002; Task B: U= 27, p< 0.001] across all EcoKitchen Blocks and Tasks.

(A) Performance Time Task A (B) Performance Time Task B
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Figure 2.3 EcoKitchen Performance Time Task A (A) and Performance Time Task B (B) and significant
differences between groups

Boxplots: central mark - median; edges of box - 25t and 75 percentiles; whiskers - most extreme data points

(minimum and maximum).
¥ EarlyHD # Control (Mann-Whitney, p < 0.05); # EarlyHD # PreHD (Mann-Whitney, p < 0.05)

EcoKitchen reaction time

We analysed the amount of time participants took to react to the different cues included
in the EcoKitchen scenario (stove, kettle, and toaster). These reaction time measures
reflect cognitive functions like response initiation, monitoring, divided attention, set
shifting and task switching skills. The average reaction time across the different cues
presented a significant group effect in the more demanding EcoKitchen Blocks 2 and 3
[¥2(2)= 13.680, p= 0.001 and x2(2)= 7.727, p= 0.021, respectively] (Figure 2.4). No
differences were found between the PreHD and CTRL groups. Reversely, persons with
EarlyHD took longer than CTRL and PreHD participants to react to the target stimuli

while engaged in a primary task, even when prompt action indications were given. We
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found that the EarlyHD group was significantly slower than CTRL and PreHD
participants in Blocks 2 and 3 (U= 38.5, p< 0.001 and U= 68, p= 0.010; U= 48, p= 0.007 and
U= 60.5, p= 0.031, respectively). When considering the EcoKitchen cues separately, again
a significant group effect was found in the reaction times to turn off the stove and to turn
off the boiling kettle [y2(2)= 9.152, p= 0.010 and x2(2)= 14.458, p= 0.001, respectively].
Persons with EarlyHD showed a slower response initiation to attend the stove and the
kettle than controls (U= 59, p= 0.004 and U= 51, p= 0.002, respectively), and were also
slower than PreHD participants to react to the kettle (U= 33, p= 0.001). Interestingly,
there was a trend for the PreHD group to be slower to turn off the stove than controls

(U= 86.5, p= 0.052), although this did not reach statistical significance.

(A) Reaction Time per Block (B) Reaction Time per Cue

o))
o

90

80

w
o

70

B
o
|
l
*« 3
«

60 +

W EarlyHD

@PreHD

OCTRL

N
o

seconds (mean)
w
o
seconds (mean)

[
o

50 [ BEarlyHD
40 @PreHD
30 OCTRL
T T = 4 ¥ 1 I
lay 580 28l ek VE 1}

Block 1 Block 2 Block 3 Stove Kettle Toaster

Figure 2.4 EcoKitchen Reaction Time per Block (A) and Reaction Time per Cue (B) - Stove, Kettle, and Toaster
(Mean of the 3 blocks) and significant differences between groups

Boxplots: central mark - median; edges of box - 25t and 75t percentiles; whiskers - most extreme data points

(minimum and maximum).
¥ EarlyHD # Control (Mann-Whitney, p < 0.05); # EarlyHD # PreHD (Mann-Whitney, p < 0.05)

EcoKitchen Cognitive Load

Next, we analysed the effects of increasing cognitive load in the participants’
performance across the three EcoKitchen blocks to see whether the behaviour of study
participants reflected the impact of the task executive demands. The incremental
complexity of the EcoKitchen had a negative impact in performance accuracy, as we
found a significant increase in the percentage of participants that failed to follow the
proper sequence of the task in Block 3 compared to Blocks 1 and 2 (Z= -4.690, p< 0.001
and Z= -4.271, p< 0.001, respectively). This was paralleled by an increase in the number
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of errors per minute during the completion of Task A in Block 3 compared to Block 1 and
2 (Z= -5.077, p< 0.001 and Z= -3.972, p< 0.001, respectively). The increasing cognitive
demands of the EcoKitchen also had a negative impact in terms of timing measures, as
the time participants devoted to Task A in Block 3 was significantly higher than in Block
1 and Block 2 (Z= -5.287, p< 0.001 and Z= -5.217, p< 0.001, respectively). Finally, the
reaction time to the stove cue also reflected the EcoKitchen increasing complexity, as it
was significantly higher in Block 3 compared to Block 1 and 2 (Z= -3831, p< 0.001 and Z=
-4.153, p< 0.001, respectively).

IAFAI — the Adults and Older Adults Functional Assessment

Inventory

The IAFAI results gave us relevant information about the self-reported functional status
of study participants and about the insight the clinical groups have about their ability to
perform different daily-life tasks. We found that a higher percentage of persons with
early manifest HD than CTRL and PreHD participants report difficulties in the
performance of both BADL and IADL (Table 2.3). Namely, a significantly higher
percentage of EarlyHD than CTRL and PreHD participants signalled functional
difficulties in basic activities of daily living, in household IADL, and in advanced IADL.
Furthermore, a significantly higher percentage of EarlyHD than CTRL and PreHD
participants attributed the cause of the experienced functional difficulties to physical,
cognitive, and emotional factors. These results suggest that persons with early manifest
HD have insight about the deficits they experience when performing simple and
complex daily-life tasks, as well as about the factors that might be causing these deficits.
Importantly, persons with PreHD and CTRL individuals rated themselves equally
capable, with no statistically significant differences between the two groups on any of
the variables extracted from IAFAI Thus, PreHD participants are not aware of functional
changes in their daily routines, perceiving their everyday performance at the control
level and reporting significantly less difficulties than EarlyHD participants in all the

IAFAI measures considered.
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Table 2.3 Percentage of participants that had a score # 0 in IAFAI

Chi-Square  Chi-Square  Chi-Square
CTRL PreHD EarlyHD PreHD vs  EarlyHD vs  PreHD vs

CTRL CTRL EarlyHD

IAFAI % (p-ifzue) (p-iffzue) (p—zaflue)

Global Functional Incapacity ~ 17.6 26.7 93.3 (gggz) 2{8038(1)5 %?085(9)1#;
Functional Incapacity in BADL 0 20 80 (gggg) ?{107885 1(%%%2;#
Functional Incapacity in H-IADL 0 13.3 93.3 (3;%(8)) ?{802835 %?02581?
Functional Incapacity in A-IADL ~ 17.6 13.3 80 (8;;% 2{2043(1)5 %?03(9)81#;
Functional Incapacity - Physical 0 20 80 (3325) i107ggf)£ 1((2)%%2;#
Functional Incapacity - Cognitive  11.8 133 93.3 (ggég) ?(102835 %?02(8)(6)14;
Functional Incapacity - Emotional ~ 11.8 133 60 (ggég) ?0233 j 2008384;

CTRL - Controls; PreHD - Premanifest HD; EarlyHD - Early Manifest HD; IAFAI - the Adults and Older Adults
Functional Assessment Inventory; BADL - Basic Activities of Daily Living; IADL - Instrumental Activities of Daily
Living

¥ EarlyHD # Control (Chi-square test — p < 0.05); # EarlyHD # PreHD (Chi-square test-p < 0.05)

BADS - the Behavioural Assessment of Dysexecutive

Syndrome battery

The BADS results were important to determine if a neuropsychological test battery with
higher ecological validity than conventional executive tests could be better at
differentiating the clinical and control groups. We found a statistically significant group
effect in the Total Score and in several of the subtests that comprise it, namely in the Rule
Shift Cards Test, the Action Program Test, and the Zoo Map Test (Table 2.4). Persons
with early manifest HD presented lower scores when compared to controls and
premanifest participants in all these subtests. Notably, PreHD and CTRL participants
presented similar scores in all the computed BADS measures, which suggests that even
with tasks that try to simulate daily-life executive demands, the PreHD group did not
differ from CTRL participants.
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Table 2.4 BADS (the Behavioural Assessment of Dysexecutive Syndrome battery) results with Kruskal-Wallis and Mann-Whitney comparisons across groups

M-W M-W M-W
CTIRL PreHD EarlyHD K-W
PreHD vs CTRL EarlyHD vs CTRL PreHD wvs EarlyHD
ADS Median Median Median X2 u u u
bAD (IQR; min-max) (IQR; min-max) (IQR; min-max) (p-value) (p-value) (p-value) (p-value)
Total 17 18 12 16.985 * 130 31¥ 36 #
(3;13-22) (6;12-21) (5; 9-18) (<0.001) (0.662) (<0.001) (0.001)
. 4 4 3 9.676 * 140 76 ¥ 50 #
Rule Shift Cards Test (1;1-4) (1; 3-4) (2; 0-4) (0.008) (0.916) (0.013) (0.005)
Action Program Test 4 4 3 11.069 * 129 69¥ 66 #
(0; 2-4) (0; 0-4) (2,1-4) (0.004) (0.447) (0.002) (0.029)
Key Search Test 3 2 2 5.110 97.5 825¥ 102.5
(2,0-4) (2,0-4) (2,0-4) (0.078) (0.106) (0.032) (0.669)
Temporal Judgment Test 2 1 1 3.284 101 103.5 105
(1;0-3) (1;0-3) (1, 0-2) (0.194) (0.123) (0.137) (0.731)
Z00 Map Test 2 3 1 10.632 * 103 74 ¥ 44 #
(2;0-4) (2;0-4) (2,0-3) (0.005) (0.159) (0.014) (0.004)
e 4 4 3 4.656 139.5 91.5 725
Modified 6 Elements Test
(1;1-4) (1; 2-4) (2,0-4) (0.097) (0.906) (0.056) (0.073)

CTRL - Controls; PreHD - Premanifest HD; EarlyHD - Early Manifest HD; IQR - Interquartile Range; min-max - Minimum and Maximum scores (Range); BADS - The Behavioural
Assessment of Dysexecutive Syndrome battery; K-W — Kruskal-Wallis; M-W - Mann-Whitney * Significant group effect (Kruskal-Wallis, p < 0.05) ¥ EarlyHD # Controls (Mann-Whitney, p <
0.05); # PreHD # EarlyHD (Mann-Whitney, p < 0.05)
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Neuropsychological test battery

The results obtained in the conventional neuropsychological tests applied gave us a
comprehensive picture about the participants” cognitive status in the different executive
sub-domains tapped by this battery. We observed a statistically significant group effect
in several of the executive measures applied, namely in the Phonemic Verbal Fluency -
PMR total correct, letter P and letter R correct scores; the Stroop Word Reading, Colour
Naming and Interference tests; the Semantic Verbal Fluency - total correct; the Symbol
Digit Modalities Test - total correct; the Digit Span Test - backward and total scores; the
Trail Making Test A and B time measures; and the Wisconsin Card Sorting Test -
percentage of errors (Table 2.5). The post hoc analyses showed us that the persons with
early manifest HD presented deficits in most of the tests applied when compared to
control participants, namely in the Phonemic Verbal Fluency - PMR total correct, the
Stroop Word Reading, Colour Naming and Interference tests, the Semantic Verbal
Fluency - total correct, the Symbol Digit Modalities Test - total correct, the Digit Span
Test - backward and total scores, the Trail Making Test A and B time measures, and the
Wisconsin Card Sorting Test - percentage of errors and perseverative errors. Statistically
significant differences were also found between the EarlyHD and PreHD conventional
executive test profiles, namely in the Phonemic Verbal Fluency - PMR total, letter P and
letter R; the Stroop Word Reading, Colour Naming and Interference tests; the Semantic
Verbal Fluency - total correct; the Symbol Digit Modalities Test - total correct; the Digit
Span Test - forward, backward and total scores, and the Trail Making Test A and B time
measures.

Interestingly, persons with PreHD presented a similar performance to controls in all the
variables extracted from this battery, showing the same executive profile as healthy
participants. The results of the early manifest HD group suggest that tests with time
constraints and that assess processing/psychomotor speed are more sensitive to HD
executive changes. Furthermore, these results, together with BADS results, seem to
indicate that the overall executive status of the PreHD and CTRL groups is similar, and
that any subtle cognitive changes due to HD might remain undetectable with the use of

these type of conventional assessment approaches (e.g., paper and pencil tests).
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Table 2.5 Neuropsychological Test Battery results with Kruskal-Wallis and Mann-Whitney comparisons across groups

NN MW NN
CIRL PreHD EarlyHD Kw PreHD vs CTRL ~ EarlyHD vs CTRL ~ PreHD vs EarlyHD
Neuropsychological Test Battery Medzun Medmn Medmn X’ u u u
(IQR;min-max) (IQR;min-max) (IQR;min-max) (p-value) (p-value) (p-value) (p-value)
: 29 35 8 7634* 115 845Y 50 #
Phonemic Verbal Fluency - PMR correct (21; 13-59) (17; 18-59) (20; 11-46) (0.022) (0.340) (0.044) (0.009)
) 1 13 8 7673 109 %5 47 #
Phonemic Verbal Fluency - P correct (9; 5-24) (6; 6-23) (7:1-18) (0.022) (0.243) (0.082) (0.006)
) 9 1 7 4383 129 %5 68
Phonemic Verbal Fluency - M correct (8; 4-19) (4; 5-19) (8; 2-15) (0.112) (0.639) (0.082) (0.064)
: 10 10 7 6274 1575 905 534
Phonemic Verbal Fluency - R correct (6: 3-20) (5: 6-19) (6: 2-14) (0.043) (0.601) (0.070) (0.013)
Stroop Word Reading - comect 88 90 58 20,768 * 1985 »Y 24 #
(23; 53-118) (21; 50-110) (17; 20-88) (< 0.001) (0.627) (< 0.001) (< 0.001)
Stroop Colows Naming - correct 68 71 i5 51693 * 14 19Y 515 #
(15; 40-100) (23; 45-90) (10; 26-67) (< 0.001) (0.986) (< 0.001) (< 0.001)
Stroop Interference - correct 43 48 26 26.001 * 2 19% 9.5 #
(8; 26-62) (7, 25-60) (9;10-37) (< 0.001) (0.068) (< 0.001) (< 0.001)
Semantic Verbal Fluency - correct . 22 . 20 .15 19.954 * 108.5 23 ¥ 32 #
(9: 12:36) (5, 13-39) (5; 8-19) (< 0.001) (0.237) (< 0.001) (0.001)
- - 5 56 30 57584 * 12 65Y 75 #
Symbol Digit Modalities Test - correct (12; 35-75) (19; 30-70) (13; 16-42) (< 0.001) (0.476) (< 0.001) (< 0.001)
- - 0 0 0 1,540 115 119 112
Symbol Digit Modalities Test - errors (0; 0-5) (1:0-2) (1; 0-4) (0.463) (0.248) (0.310) (0.981)
Disit Somm - fomenrg 8 9 7 4.409 109 110 64 #
8itSp (5; 4-12) (5; 5-14) 2; 4-11) (0.110) (0.241) (0.254) (0.042)
Disit Somm - backovand 5 6 i 12176 * 1385 46Y 514
8it Sp (2:3-10) (3;3-11) (2:2-7) (0.002) (0.887) (0.001) (0.010)
it Somm - toral 13 15 11 8329 * 115 76Y 50 #
8it Sp (8:7-21) (7:8-22) (3:7-17) (0.016) (0.464) (0.020) (0.009)
e ) % % H 19,098 * 1595 »Y 30 #
Trail Making Test - part A time (7; 14-41) (15; 15-63) (31; 27-74) (<0.001) (0.651) (0.001) (0.001)
o 0 0 0 1875 1385 1185 9%.5
Trail Making Test - part A errors (0; 0-1) (0; 0-1) (1;0-2) (0.392) (0.804) (0.209) (0.340)
e ) 6> 58 156 21389 * 1295 8Y 4 #
Trail Making Test - part B time (33; 36-120) (31;36-222) (97; 64-366) (<0.001) (0.652) (0.001) (0.001)
e 0 1 1 3.498 1115 9% 9%
Trail Making Test - part B errors (1; 0-3) (1; 0-3) (2: 0-3) (0.174) (0.223) (0.074) (0.469)
) o 87 86 94 3785 1345 875 79.5
WCST - trials administered (24; 70-128) (55; 70-128) (37; 73-128) (0.151) (0.780) (0.056) (0.169)
WOST - mercentane of ertors 1754 16.85 %661 6.037 1915 695 Y 79
p 8 (10.16; 8.57-4141)  (24.64;10-5234) (1478, 10.96-41-41) _ (0.049) (0.466) (0.011) (0.164)
) 9 11 19 5592 112 74Y 845
WCST - perseverative errors (10;5-29) (21,5-51) (21;542) (0.061) (0.288) (0.017) (0.244)

CTRL - Controls; PreHD - Premanifest HD; EarlyHD - Early Manifest HD; IQR - Interquartile Range; min-max — Minimum and Maximum scores (Range); K-W - Kruskal-Wallis; M-W - Mann-Whitney; WCST
- Wisconsin Card Sorting Test * Significant group effect (Kruskal-Wallis, p < 0.05) ¥ EarlyHD # Controls (Mann-Whitney, p < 0.05); # EarlyHD # PreHD (Mann-Whitney, p < 0.05)
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Correlational analyses

We have found that the time parameters of the EcoKitchen were significantly correlated
with the different measures included in the study protocol. Specifically, the time the
clinical groups took to prepare the cup of coffee with milk (Performance Time Task A)
and to prepare the toasts with butter (Performance Time Task B) and the time they took
to react to the different EcoKitchen cues, particularly the boiling kettle (Reaction Time per
Block and Reaction Time Kettle), were significantly correlated with their self-reported
functional difficulties as measured by IAFAI, except for the Functional Incapacity due to
Emotional Factors (all significant correlations r= 0.46, p< 0.05). Thus, the subjective
perception of the clinical groups about their ability to perform basic and complex
activities of daily living is associated with the time features of their objective
performance in a simulated kitchen task. The EcoKitchen performance and reaction time
parameters were also significantly correlated with several conventional
neuropsychological tests, particularly those that had time constraints, such as the
Phonemic and Semantic Verbal Fluency Tests, the Stroop Word Reading, Colour
Naming and Interference Tests, the Symbol Digit Modalities Test - total correct and the
Trail Making Test A and B Time measures (all significant correlations |rs|> 0.51, p<
0.05). The significant correlations found between the EcoKitchen time measures and the
classical neuropsychological tests shed further light on the different cognitive sub-
domains involved in EcoKitchen task completion, namely cognitive flexibility, divided
attention, sequencing, psychomotor/processing speed, inhibition, and working memory.
Finally, the performance time and reaction time of the PreHD and EarlyHD groups in
the EcoKitchen were significantly correlated with the Motor and Functional Capacity
scores obtained in the UHDRS - Unified Huntington’s Disease Rating Scale (all
significant correlations |rs|> 0.52, p< 0.05), which suggests that the EcoKitchen time
measures capture some of the main HD clinical features, namely the motor symptoms
severity, and the subjective functional status ascribed by an experienced neurologist. In
contrast, no statistically significant correlations were found between the EcoKitchen
accuracy parameters and the other executive and functional measures included in the
study protocol, nor HD clinical features. Furthermore, no statistically significant
correlations were found between any of the EcoKitchen variables and the different BADS
sub-scores.

The significant associations found between the EcoKitchen and the different well-
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established assessment methods indicate which functional areas and which executive
sub-domains are captured by the time variables computed from this novel virtual tool,
adding further validation and clarification about what is being measured during the
performance of simulated household tasks. Moreover, the significant correlations found
between the EcoKitchen and HD symptom severity give important indications about the

functional implications of HD clinical phenotype to daily-life like tasks.

Discussion

The EcoKitchen, a novel virtual reality task that evaluates executive skills and their
functional outcome using a performance-based setup, was able to distinguish between
EarlyHD, PreHD and control participants. Notably, this novel task showed that persons
with PreHD present diminished accuracy during the performance of daily life- like
routines. This study also confirmed that persons with early manifest HD already present
cognitive and functional alterations, revealed by all the assessment tools used -
EcoKitchen, IAFAI, BADS and conventional neuropsychological tests.

The difference found between the PreHD and CTRL participants enrolled in this study is
notable because these were high functioning (TFC median=13) and far from estimated
disease onset (Years to Onset median=16) individuals, and measures that detect
functional changes in premanifest HD populations with this clinical profile have been
challenging to find (Downing et al., 2014). Nevertheless, these measures are critical to
use if relevant lessons are to be drawn from research studies and clinical trials. The
identification and quantification of subtle disease-related alterations in individuals that
carry the abnormal gene but who do not yet meet the criteria for an HD clinical
diagnosis (premanifest HD) provides a window of opportunity for interventions aimed
at preventing or delaying symptom onset (Weir et al., 2011). Furthermore, reliable and
accurate assessment methods that can discriminate between disease stages and record
changes in the persons’ performance are extremely important to clinical, research and
rehabilitation settings (Baum & Edwards, 1993).

As noted by Stout et al. (2016), researchers still know very little about how people with
HD perform in everyday life, as there have been no studies that examined cognitive

performance in the natural setting. While relatively common in other clinical models,
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like Traumatic Brain Injury or Alzheimer’s Disease (Allain et al., 2014; Baum & Edwards,
1993; Giovannetti et al., 2008; Tanguay et al., 2014; Zhang et al., 2003), few studies have
used performance-based tasks to assess function in HD. EcoKitchen was designed to
assess the executive skills (like planning, sequencing, scanning, dividing attention, set
shifting or multi-tasking) involved in a routine action such as meal preparation in a
controlled performance-based format. Virtual reality technology is considered pivotal to
improve the knowledge about the cognitive features underlying functional disability in
HD, given the constraints of conventional methods to detect subtle alterations in
premanifest HD populations.

In fact, there is an ongoing debate about the low sensitivity and diminished ecological
validity of the more traditional neuropsychological tests (Allain et al., 2014; Chaytor et
al., 2006; Parsons et al., 2015). Measures of executive function aim to assess a number of
constructs: selective attention, inhibitory control, planning, impulsivity, problem
solving, and some aspects of short-term memory (Parsons et al., 2015). However, these
hypothetical constructs may have little relevance to real-world behaviours (Burgess et
al., 2006; Parsons et al., 2015), which can lead to inconsistencies as low scores on classical
measures of executive function do not necessarily imply poor executive behaviour in
everyday life and, conversely, a good performance on classical executive measures can
be accompanied by severely dysexecutive behaviour in everyday life (Tanguay et al.,
2014). While the persons with early manifest HD were impaired in all the conventional
executive measures used, the persons with PreHD enrolled in our study presented a
similar performance to controls, showing the same executive profile as healthy
participants. These results are in line with other studies that did not find significant
cognitive differences between far from estimated onset persons with premanifest HD
and controls (Baake et al., 2017; Dumas et al., 2013; Tabrizi et al., 2013; van Asselen et al.,
2012). Moreover, no differences were found between the PreHD and CTRL groups in
any of the BADS measures, which supports the claim that, although having higher
ecological validity than classic executive tests and mimicking real-world situations
(Burgess et al., 2006), BADS may not be sensitive to executive impairments in relatively
high functioning individuals (Sohlberg & Mateer, 2001). The PreHD and CTRL groups
gave similar self-reports of functional status, as assessed by the IAFAI This is in line
with the description of Reilmann et al. (2014) of a HD phase where signs and symptoms
have only minor impact on function and where, although some intra-individual decline

may occur from the premorbid level of functioning, this is not usually detectable on
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subjective measures like TFC (or IAFAI, we add). In our study, IAFAI was unable to
differentiate a group of premanifest HD participants that already display performance
deficits in the EcoKitchen from healthy individuals. Furthermore, the impairments
revealed by the IAFAI results of the early manifest HD group suggest that despite lack of
insight being often reported in Huntington’s disease (Ho et al., 2006; Sitek et al., 2014),
the patients enrolled in our study appeared to be at least self-aware of their functional
deficits. This observation is in line with previous findings that showed that in HD, and
particularly in earlier stages of HD, self-awareness of functional dysfunction
(impairments in the performance of activities of daily living) is better preserved than the
self-awareness of the motor, cognitive or psychiatric changes associated with this clinical
condition (McCusker et al., 2014; Sitek et al., 2011; Snowden et al., 1998).

Robust differences were found between the persons with premanifest HD and controls
in our study in the number of errors in the more cognitively demanding block of the
EcoKitchen, where multi-tasking, divided attention and set shifting were required. Also,
the fact that the PreHD group exhibited mainly sequencing errors, reveals the existence
of early impairments in planning, behaviour monitoring and/or working memory prior
to HD clinical diagnosis. The PreHD participants presented a performance time similar
to healthy controls, but this was done at a cost of having an increased number of errors
and a trend to show slower reaction times - which might be a reflection of the speed-
accuracy trade-off that often occurs in clinical populations (Heitz, 2014). Furthermore,
the EcoKitchen performance of PreHD participants consubstantiates the claim of Williams
et al. (2015) that functional changes during the prodromal HD period may well reflect
subtle changes in everyday cognitive functioning that predate a motor diagnosis of HD -
deficits were observed not in the performance time by itself (which could be linked to
early changes in motor speed, for example) rather in the time to react to parallel cues, in
the number of errors, and in the number of errors per minute committed, particularly in
the EcoKitchen blocks with higher executive load. Thus, the cognitive and functional
profile shown by the persons with PreHD in our study corroborates the allegation of
Stout et al. (2016) that the study of functional cognition (how well an individual operates
cognitively in everyday life) may allow to observe the effects of HD with greater
sensitivity and ecological validity than conventional cognitive and/or functional
assessment methods, and that computerized assessments open new horizons for
investigating that topic. Similarly to what Allain et al. (2014) suggested for Alzheimer’s

disease patients, the EcoKitchen demonstrated that virtual reality environments
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(ecologically valid, controlled and safe scenarios) are a promising alternative that can be
used for the detection of everyday action impairments in premanifest and early manifest
Huntington’s disease stages. Also, as Keefe et al. (2016) indicate, performance-based
functional capacity measures do not involve subjective judgments about one’s own
abilities nor require informants, so they might help to reduce the burden on investigators
and participants in future clinical studies. Moreover, the IAFAI and the EcoKitchen
results of the PreHD group seem to be in line with the findings of Nicoll et al. (2014) in a
study about prospective memory in HD, where a discrepancy between the participants’
performance-based and self-reported function was identified. This further highlights the
importance of using objective measures to assess the functional and cognitive status of
persons with premanifest HD, as the self-report methods to assess function are
susceptible to bias and the classic cognitive tests often lack the sensitivity to subtle
executive impairments and do not inform about their relevance to everyday
performance.

Importantly, the several statistically significant correlations found between the
EcoKitchen and the other cognitive and functional assessment measures used, as well as
HD clinical features, further validate the scope and aim of this novel virtual reality task
that we have created for persons with HD. Namely, the time variables extracted from the
EcoKitchen (performance time and reaction time) were significantly correlated with the
other protocol components used, except for the BADS, as well as with HD clinical
features. These statistically significant associations showed us which of the cognitive
sub-domains assessed by conventional neuropsychological tests were related to the
variables computed from the EcoKitchen and, thus, underlie the performance of daily life-
like tasks. Our correlational analysis suggests that cognitive flexibility, speed of thinking
and acting, divided and sustained attention, scanning, sequencing, and integration skills,
inhibitory control and working memory are closely associated with the timely
performance of household chores, specifically kitchen tasks. In our view, unravelling the
cognitive architecture that frames the performance of routine tasks is extremely relevant
for the planning of tailored interventions that aim to prevent, delay or rehabilitate
specific functional deficits, as it allows to identify and stimulate the different cognitive
sub-domains underlying the function loss. This is in line with the claim of Parsons et al.
(2015) that virtual environments may add to an existing neuropsychological battery
when attempting to make accurate predictions about a person’s behaviour in the real

world, as they allow to measure the functional output of constructs within the
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complexity of a real-world environment. Furthermore, the robust correlations found
between the IAFAI and the EcoKitchen variables signalled the existence of a high
convergent validity between the two measures (both seem to assess the same construct -
function) and indicate which self-reported daily-life functional incapacities assessed by
the IAFAI were related to the EcoKitchen's performance (both BADL and IADL were
associated with the virtual performance of kitchen chores). As Moore et al. (2007) state,
performance-based instruments may be improved by being co-normed with subjective
reports of functioning, and this study seems to support this view, as it combines
subjective and objective information about the functional skills of study participants. The
correlations found between the EcoKitchen parameters and HD clinical variables, such as
the severity of motor symptoms and the patients” functional capacity rated by the
neurologist (UHDRS - Motor and TFC scores) gave us indications about which disease
features were most strongly associated with the behaviour of the EarlyHD and PreHD
groups on this novel functional task, and corroborate the thoroughly reported increasing
functional incapacity due to motor impairments associated with this condition (Ross,
Pantelyat, et al., 2014; Rothlind et al., 1993). Finally, the lack of correlation between the
error variables computed from the EcoKitchen and the other assessment methods that
integrated the study protocol suggests that the EcoKitchen provides additional
information regarding the cognitive and functional status of persons with HD that is not
conveyed by the other methods.

In sum, the EcoKitchen has proven capable of adding a significant contribution to the
detection of the earliest impairments in Huntington’s disease, which in turn may
facilitate an improvement in the management of these deficits - prolonging functioning
at work, increasing social integration, and fostering independence in persons with
premanifest HD (Reilmann et al., 2014). In our view, the several parameters computed
from the EcoKitchen and the way they relate to the different executive skills, to the self-
reported functional incapacities and to the HD clinical symptomatology, can work as a
proxy of the patients” global cognitive and functional status and be extremely relevant to
the design and implementation of pharmacological and non-pharmacological
approaches to tackle specific domains. Improving the quality of life of persons with HD
and settling a solid ground for effective interventions with disease-modifying goals is
one of the main aims in the HD research field. The EcoKitchen task has the potential to be
included in that effort. As some authors suggest (Eddy & Rickards, 2015; Nehl et al.
2004), acknowledging that the cognitive component of HD has an additional negative
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impact on functional capacity makes way for compensatory strategies to be
implemented to offset some of the effects of cognitive decline on functional abilities. The
EcoKitchen seems to be prone to be used as a rehabilitation tool or cognitive stimulation
method, as it provides quantitative data that can track any subtle individual changes in
the performance of simple and complex executive demanding tasks that simulate
everyday-life routines. Finally, a better understanding of the dynamics between
cognition and function in HD will improve the standards of care of persons with HD

and guide the choice of outcome measures for future studies.

Limitations

Functional capacity as tackled by performance-based measures is not fully synonymous
of everyday functioning (Moore et al., 2007), as observed behaviour during simulated
tasks may differ greatly from what the individual does spontaneously in the
environment (Williams et al., 2015). Virtual reality tools often cannot fully replicate the
uncertainties of everyday life nor the compensatory aids/strategies that the individual
uses to obtain a successful performance (McGuire, 2014). However, the use of virtual
reality tasks in clinical research has several gains compared to real world settings,
namely in terms of affordability, safety, efficiency, applicability to a wide range of
conditions, and facility of data capturing and scoring, among others (Allain et al., 2014;
Parsons et al., 2015; Ruse et al., 2014). Another possible limitation of the EcoKitchen is that
it might be somewhat difficult to isolate which specific executive functions are impaired
and contribute to the performance deficits observed, as the three blocks involve complex
tasks that rely on multiple cognitive skills. Yet, the several correlations computed
between the EcoKitchen and the other cognitive and functional measures, namely the
conventional executive test battery, may help to clarify what is in fact being measured -
the EcoKitchen was proved to be mostly related to psychomotor/processing speed,
planning, attention, set shifting and cognitive flexibility tests.

On the other hand, IAFAI was only used as a self-report functional measure due to
logistic constraints. Consequently, IAFAI results might not have fully captured the
participants” functional status, as lack of insight/awareness or anosognosia have been
often described in HD and represent a challenge for the use of self-report assessment
methods (Ho et al, 2006; Sitek et al., 2014). As Hoth et al. (2007) claim, family

member/friend/caregiver ratings can potentially provide more reliable information
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about patients’ deficits than do patients’ reports. However, other authors like
Giovannetti et al. (2008), state that reliance on caregiver questionnaires to assess
everyday action is also prone to bias and offers only a very gross assessment of
performance. We tried to provide some additional information about the subjects’
functional status using the UHDRS-TFC scores (which is a rating done by a neurologist).
Furthermore, we were interested to see if there were disparities between the patients’
perception about their functional status and their objective performance in the EcoKitchen
- as it was the case for the PreHD group.

Finally, studies with larger sample sizes are needed to confirm the functionally
significant executive deficits observed in persons with PreHD. Also, caution must be
taken regarding the conclusions withdrawn from the comparisons of the two clinical
groups, as differences in age and education level were detected between the EarlyHD
and PreHD participants enrolled in our study and these variables might explain at least
in part the differences observed in their performance. Moreover, future studies with
other clinical conditions will further validate the EcoKitchen as a sensitive assessment

tool for patients with functional impairment due to executive deficits.

Conclusion

We offer evidence that the EcoKitchen task can detect functionally significant deficits in
early manifest non-demented persons with HD and persons with premanifest HD.
Given that this is an exploratory feasibility study, we would like to highlight several
points that need to be addressed in future work to consubstantiate and expand the
current findings. This new assessment tool must be validated in larger sample sizes,
preferably including patients at different stages of HD severity, subdividing persons
with premanifest HD into those far and close from estimated disease onset, and
including other neurological conditions with similar brain driven cognitive impairments
(e.g., Parkinson’s disease). Longitudinal studies would be beneficial to track individual
and group changes along a timeline and to see whether targeting specific executive sub-
domains with cognitive rehabilitation/enhancement strategies would have a positive
impact in the EcoKitchen performance. Moreover, as previously mentioned, performance-
based measures are not fully synonymous of everyday functioning. Thus, a study
exploring the relations between the EcoKitchen performance and a real-life kitchen

performance (preferably at home and not in a Lab setting) would help to corroborate its

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 133



ecological validity.

From a clinical perspective, given the high variability demonstrated by the EarlyHD
participants in the EcoKitchen task, individual assessments are considered necessary to
have a nuanced characterization of each patient and accurately predict the person’s
actual functional and executive status. This personalized and targeted approach is
important to improve the efficacy of intervention and rehabilitation programs. In our
view, the EcoKitchen can be an important asset contributing to a better understanding of
the HD phenotype, clarifying the relation between cognition and daily living activities,
facilitating the planning of tailored interventions, and, thus, improving the quality of life

of those affected by HD.
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Chapter IV — Study 3

Preface

Our third study was set to compare two clinical models of basal ganglia disorders,
Parkinson’s disease (PD) and Huntington’s disease (HD), regarding the impact of
cognitive impairments on performance of daily life- like tasks. Moreover, we aimed to
assess the level of insight of persons with HD and PD by contrasting their self-report
about everyday function with their actual performance on daily life- like tasks. Our
intention was to provide meaningful clues for the planning of disease-tailored
pharmacological and non-pharmacological interventions, for involving patients in
symptom report and management and for further validating the utility of our tasks in
the neuropsychological examination of neurodegenerative disorders with an EF impact.

The two most mentioned classical diseases of the basal ganglia are Huntington’s disease
and Parkinson’s disease, in which prominent neuropathology is found in the subcortical
regions of the brain and frontostriatal circuitry (Filley, 2019; Lee et al., 2014; Stout &
Johnson, 2005; Young et al., 2021). In early disease stages, the two conditions have
distinct neuropathological focuses - the putamen and related motor function are more
affected in PD and the caudate nucleus and related cognitive role are more affected in
HD (Bhatia & Marsden, 1994; Cope et al., 1996; DeLong & Georgopoulos, 1981; Dickson,
2018; Geevarghese et al.,, 2015; Peinemann et al., 2005; Sprengelmeyer et al., 1995;
Starkstein et al., 1992; Waldvogel et al., 2015; Wichmann & DeLong, 1993). Consequently,
the functional impact of both diseases is expected to be different, with daily life more
altered by cognitive deficits in mild HD and by impaired motor functioning in mild PD
(Lundervold et al., 1994; Mclsaac et al., 2018; Roman et al., 1998; Stout & Johnson, 2005).
As PD and HD patients are often seen in the same movement disorder unit by the same

expert team, it will be relevant to disentangle their phenotypic profiles (Erro et al., 2013;
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Mehrabi et al., 2016) to be able to implement more focused and effective care and
support strategies.

With this in mind, we tested the functional cognition of two groups of patients with
Parkinson’s disease (early-onset and early-stage PD) using the EcoKitchen task and
compared their results with a group of persons with early manifest HD and a group of
healthy controls.

The knowledge about the patients’ subjective awareness of cognitive impairments is
thought to be crucial in clinical practice (Koerts et al., 2011). If patients are not aware of
their cognitive impairments, they do not report them and, consequently, these deficits
remain untreated and continue to impact daily life (Koerts et al., 2011). Moreover, we
cannot assume that persons with suspected cognitive deficits, such as patients with HD
and PD, have a realistic view of their condition (Hartman-Maeir et al., 2009).
Consequently, to link and confront the level of functional awareness and the level of
functional cognition in PD and HD, we compared the self-report of these groups
regarding the everyday life consequences of their clinical conditions using “The Adults
and Older Adults Functional Assessment Inventory - IAFAI” (Sousa et al., 2015) and
analysed this information in light of their performance in the EcoKitchen.

The outcomes of this study were intended to help health care professionals to engage
patients in their own rehabilitation and treatment process (Hartman-Maeir et al., 2009;

Koerts et al., 2011).
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Study 3

Cognition, Function and Awareness of Disease

Impact in Early Parkinson’s and Huntington’s Disease

Adapted from: Jalio, F., Ribeiro, M. J., Morgadinho, A., Sousa, M., van Asselen, M.,

Simoes, M. R., Castelo-Branco, M., & Januario, C. (2022). Cognition, function and
awareness of disease impact in early Parkinson's and Huntington's disease. Disability and
Rehabilitation, 44(6), 921-939.

https:/ /doi.org/10.1080/09638288.2020.1783001

Abstract

Introduction: Patients with Parkinson’s and Huntington’s Disease (PD and HD) present
impairments in cognitively challenging everyday activities. This study contrasts these
two basal ganglia disorders on the ability to perform daily life- like tasks and their level
of awareness regarding the disease impact on function.

Materials and Methods: 19 controls, 10 persons with early-onset PD, 20 persons with
early-stage PD, and 15 persons with early manifest HD patients were compared in the
EcoKitchen, a virtual reality task with increasing executive load, the “Behavioural

Assessment of Dysexecutive Syndrome battery - BADS”, and “The Adults and Older
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Adults Functional Assessment Inventory - IAFAI”, a self-report functional
questionnaire. The EcoKitchen clinical correlates were investigated.

Results: All clinical groups presented slower EcoKitchen performance than controls,
however, only persons with HD showed decreased accuracy. Persons with HD and PD
exhibited reduced BADS scores compared to the other study participants. Importantly,
on the IAFAI, persons with PD signalled more physically related incapacities and
persons with HD indicated more cognitively related incapacities. Accordingly, the
EcoKitchen performance was significantly associated with PD motor symptom severity.
Discussion: Our findings suggest differential disease impact on cognition and function
across persons with PD and HD, with preserved awareness regarding disease- related
functional alterations. These observations have important implications for clinical

management, research and rehabilitation.

Introduction

Idiopathic Parkinson’s disease (PD) is one of the most common neurodegenerative
diseases and is associated with a progressive loss of dopamine neurons in the
nigrostriatal system, particularly the posterior putamen in the early disease stages
(Dirnberger & Jahanshahi, 2013; O'Keeffe et al., 2009). Huntington’s disease (HD) is a
rare autosomal dominant progressive disease caused by a cytosine-adenine-guanine
(CAQG) trinucleotide repeat expansion in the Huntingtin gene that results in an early and
selective prominent cell loss and atrophy of the caudate nucleus and putamen (Shoulson
& Young, 2011).

While both conditions are within the family of subcortical neurodegenerative movement
disorders that primarily affect the basal ganglia and disrupt the frontostriatal circuitry
(Stout & Johnson, 2005), the structural and functional neuronal alterations and the
pathophysiological changes associated with PD and HD are complex and involve
increasingly broader regions and circuits of the brain as the diseases progress (Huang et
al., 2007; Montoya et al., 2006). In Parkinson’s disease, there is a progressive disruption
in circuits formed by cortico-basal ganglia-thalamo-cortical connections, which mediate
cognitive and motor function (Dickson, 2018; Hiinerli et al., 2019; Rodriguez-Oroz et al.,

2009); with disease evolution, there are widespread cortical and subcortical changes and
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increasingly abnormal network activity (Berti et al., 2012; Huang et al., 2007). In
Huntington’s disease, neuroanatomical changes have been detected even in premanifest
disease stages (Tabrizi et al., 2009), where neuronal degeneration occurs preferentially
within the striatum (Montoya et al., 2006). With HD relentless progression, the
pathological process expands to other brain regions, and at death the brain might have
lost as much as 25% of its volume (Andrews & Brooks, 1998; Montoya et al., 2006; Rosas
et al., 2003).

Nevertheless, in the early disease stages, there is a greater involvement of the putamen
in Parkinson’s disease and a greater involvement of the caudate nucleus in Huntington’s
disease (Dickson, 2018; Lee et al., 2014; Waldvogel et al., 2015; Wichmann & DeLong,
1993). As the putamen is a structure more related to motor function and the caudate
nucleus has a predominantly cognitive role (Bhatia & Marsden, 1994; Cope et al., 1996;
DeLong & Georgopoulos, 1981; Geevarghese et al.,, 2015, Peinemann et al., 2005;
Sprengelmeyer et al., 1995; Starkstein et al., 1992), the disease-related cognitive and
functional manifestations are expected to be different. Moreover, though motor
symptoms are the hallmark of the formal diagnosis of both diseases (PD as a hypokinetic
and HD as a hyperkinetic movement disorder (Cope et al., 1996; Glosser, 2001)), patients
exhibit a broad spectrum of motor, cognitive and emotional changes (Stout & Johnson,
2005), and considerable phenotypic heterogeneity (Erro et al., 2013; Mehrabi et al., 2016).
Therefore, the distinct clinico-neuropathological features of these two diseases could
lead to diagnosis-specific cognitive and functional impairments in these patients
(Lundervold et al., 1994; Mclsaac et al., 2018; Roman et al., 1998; Stout & Johnson, 2005).
Amidst the several cognitive alterations associated with PD and HD, many of them
already present at prodromal disease stages (Aarsland et al., 2017; Paulsen & Long,
2014), bradyphrenia and executive functioning deficits stand out as important and early
symptoms of these conditions (Roman et al, 1998). Bradyphrenia refers to
disproportionately slowed cognition/information processing and is one of the central
features of frontal subcortical neuropathology (Glosser, 2001; Hanes et al., 1995; Lanni et
al., 2014). Executive functions (EF) are higher-order capacities that enable the successful
engagement in independent, purposive, self-serving behaviour and flexible adaptation
to daily-life situations (Dumas et al., 2013; Lezak et al., 2012). The dysexecutive profile of
PD and HD includes problems with organizing, planning, sequencing, monitoring and
completing tasks, cognitive flexibility, attentional control, set-shifting, inhibitory control,

dual task performance and multitasking, judgement and decision-making (Bialystok et
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al., 2008; Dirnberger & Jahanshahi, 2013; Dumas et al., 2013; Kudlicka et al., 2018; Novak
& Tabrizi, 2011; Rosenblatt, 2007; Stout & Johnson, 2005). Impairments in EF have been
consistently identified in early manifest HD patients (Novak & Tabrizi, 2010; Paulsen,
2011; Stout et al., 2011; Tabrizi et al.,, 2011). In contrast, the findings of executive
dysfunction in PD have been somewhat uneven and the rate of cognitive impairment in
early-stage PD has been a source of controversy, as deficits can be quite subtle and are
usually less severe than those found in HD (Hanes et al., 1995; Stout & Johnson, 2005).
Particularly, early-onset PD patients (EOPD), which have a PD diagnosis before 45 years,
often progress more slowly, present a more preserved cognitive function than late-onset
PD patients, and rarely develop dementia (Glosser, 2001; Schrag & Schott, 2006; Tang et
al., 2016). The identification of different cognitive subtypes in PD is thought to be
important, as homogeneous groups have a stronger clinical, pathological, and genetic
coherence that will facilitate tailored interventional strategies (van Rooden et al., 2011).

Executive deficits are robust determinants of functional status and disability in these
disorders, even more frequently than motor impairments, and also compared to deficits
in other cognitive domains, such as memory, language or visuospatial abilities (Devos et
al., 2012; Dumas et al., 2013; Jacobs et al., 2018; Petkus et al., 2020; Rothlind et al., 1993;
Svenningsson et al., 2012). In fact, EF abnormalities can have a negative impact on the
cognitive decline rate, quality of life, awareness level, autonomy and everyday
functioning of patients, and on the burden of caregivers (Aldaz et al., 2019; Andrews et
al., 2018; Beglinger et al., 2010; Ceravolo et al., 2012; Cipresso et al., 2014; Glosser, 2001;
Godefroy et al., 2010; Hamilton et al., 2003; Hoth et al., 2007; Kudlicka et al., 2013; Morkl
et al., 2016; Nehl et al., 2004; Reilmann et al., 2014; Ross et al., 2014; Stout et al., 2011).
However, these associations between executive deficits and function in persons with PD
and HD have been mainly deduced from neuropsychological assessments that are
“construct driven” rather than “function” led (Burgess et al., 2006). In fact, few sensitive
and ecologically relevant methods for documenting the impact of executive deficits on
everyday function are available, as traditional tests focus on cognitive skills in isolated
and artificial situations that bear little similarity to real life (Allain et al., 2014; Chaytor et
al., 2006; Kudlicka et al., 2018). On the other hand, there is a lack of knowledge about the
subjective experience of disease impact on daily life (Ceravolo et al., 2012). Although
there has been an increasing number of studies looking into functional determinants in
persons with PD and HD, there is still a shortage of measures that can accurately capture

small but meaningful changes in function in earlier disease stages (Deck et al., 2019;
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Mestre et al., 2018). The patients’ report is particularly valuable for the identification and
management of problems in everyday routines (Dirnberger & Jahanshahi, 2013).
Nevertheless, as inaccurate self-appraisal is commonly seen in disorders with prefrontal
cortex involvement and is often associated with impairments in EF, it is important to
complement self-report measures with objective assessments to corroborate the patients’
subjective view and reduce the potential bias that awareness problems can exert in the
reliable evaluation of the patients’ status (Andrews et al., 2018; Kudlicka et al., 2013).
Different studies have previously demonstrated that persons with PD and HD
frequently exhibit lack of insight about the disease-related changes that impact their
performance (e.g., Ho et al., 2006; Hoth et al., 2007; Kudlicka et al., 2013; Leritz et al.,
2004). However, while there is a substantial number of studies showing impairment of
awareness or insight in PD and HD, there is also growing evidence that lack of insight is
not an unitary construct, rather is thought to have significant variability in its magnitude
and expression among patients (Caine & Shoulson, 1983). Moreover, awareness deficits
are relatively independent of general disease progression alone, as quantified by the
number of years of disease duration, and more linked to cognitive and emotional
symptoms, namely executive dysfunction (Hoth et al., 2007; Koerts et al., 2012; Kudlicka
et al., 2013; Sitek et al., 2011). Finally, insight in basal ganglia disorders is thought to fall
on a continuum, with patients having limited awareness rather than lacking awareness
all together (Hoth et al., 2007). Taking all this into account, the evaluation of the level of
insight that persons with PD and HD have about the impact of their symptoms on
everyday life activities is believed to be of utterly importance, given its consequences to
patient involvement in symptom report and management, performance monitoring, and
clinical and rehabilitation decisions.

In this study, we compared the ability of persons with early Parkinson’s and
Huntington’s disease to perform executively demanding tests and daily life- like tasks
(objective assessment) and their self-report of perceived difficulties in everyday chores
(subjective assessment).

The ability to complete daily life tasks was evaluated using a performance-based
assessment tool created at our laboratory, the EcoKitchen. This was important to
overcome the inconsistencies often found between the results obtained with
conventional cognitive assessment methods and the real-life functional complaints of
these patients (Chaytor et al., 2006; Parsons et al., 2017; Shallice & Burgess, 1991). The

EcoKitchen is a non-immersive virtual reality task that involves preparing meals in a
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kitchen scenario (Jalio et al., 2019). Virtual reality environments that resemble everyday
settings and tasks seem to be a good testing ground to measure executive skills in an
ecologically valid, controlled and secure way and evidence their impact on function in a
fast, quantifiable and easy manner (Albani et al., 2010; Cipresso et al., 2014; Frisch et al.,
2012; Mclsaac et al., 2018; Moore et al., 2007; Poliakoff & Smith-Spark, 2008; Vlagsma et
al., 2017).

To depict the baseline executive status of study participants, the “Behavioural
Assessment of Dysexecutive Syndrome battery - BADS” (Wilson et al., 1996) was also
included in our study protocol. This is a set of executive tests that reportedly has higher
ecological validity than more conventional paper-and-pencil assessments (Burgess et al.,
1998, 2006; Norris & Tate, 2000; Wilson et al., 1998), as it involves abilities and materials
that try to resemble everyday like situations. Importantly, to our knowledge, BADS has
been seldom used with persons with HD and PD (Kamei et al., 2008; Nimmagadda et al.,
2011; Perfetti et al., 2010) and we did not find reports of BADS comparisons of these two
clinical conditions.

Participants” perceived difficulties in everyday chores were assessed with a subjective
functional measure - “The Adults and Older Adults Functional Assessment Inventory -
IAFAI” (Sousa et al., 2015). In IAFAI, participants rate their level of self-perceived
difficulties in performing basic and instrumental activities of daily living and indicate
the type of constraints that they think underlie the experienced functional problems. As
Lanni et al. (2014) state, self-report questionnaires can capture relevant data about the
cognitive skills needed to complete real-world tasks. Moreover, solely relying on clinical
or computerized tests to assess EF has been much debated, as patients often perform
well in experimental settings but demonstrate disorganized behaviour at home or in less
structured environments (Dirnberger & Jahanshahi, 2013; Godefroy et al., 2010). Thus, it
seemed crucial to include a tool that could capture the everyday functioning of persons
with PD and HD and signal their self-perceived difficulties in real-life situations.

To understand the clinical correlates of the executive performance of persons with PD
and HD, we further examined the associations emerging between the variables
computed from the EcoKitchen task and the disease features of the clinical groups.

In summary, this study intends to surpass the limitations often posed by traditional
neuropsychological tools and have an ecologically valid depiction of the impact of
clinical symptoms on the functional ability and awareness status of persons with early-

stage and early-onset PD (ESPD and EOPD, respectively) without dementia in

(O8]
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comparison to early manifest persons with HD without dementia (EarlyHD) and healthy
controls (CTRL). This assessment was based on their objective performance of an
executive demanding virtual reality task and their subjective rating of daily function. A
conventional battery of executive tests was also used to characterize the baseline
executive skills of study participants. We have formerly demonstrated cognitive and
functional deficits not only in early manifest, but also in premanifest HD individuals
using a similar protocol (Jalio, et al., 2019). We have shown that the early manifest HD
group presented deficits in all the assessment measures used and that the premanifest
HD group was only found to be impaired in the EcoKitchen task. This new study uses the
data previously acquired with persons with EarlyHD and healthy participants and
compares their performance with two groups of persons with Parkinson’s disease (early-
onset and early-stage). Our aim was to further validate the EcoKitchen task and the
IAFALI as reliable tools to assess the functional impact of executive deficits in basal
ganglia disorders. This was thought to be of great relevance, as the understanding of the
impact of PD and HD on the performance of executively demanding everyday activities
and on the person’s awareness of their own difficulties is still incomplete and is
imperative for appropriate symptom management, development of tailored
interventions and planning of rehabilitation strategies.

Our hypothesis was that the differences in the affected striatum structures would reveal
distinct impairments in the behaviour of the clinical groups and also play a role in their
self-appraisal of functional deficits. We expected there would be an inter-group
continuum from healthy to mildly/moderately defective executive and functional skills:
controls (CTRL) > persons with early-onset PD (EOPD) > persons with early-stage
idiopathic PD (ESPD) > persons with early manifest HD (EarlyHD). This would mirror
the disparate neuroanatomical regions selectively involved in early PD and HD - the
motor role of the putamen and the cognitive role of the caudate nucleus, respectively
(Bhatia & Marsden, 1994; DeLong et al., 1981; Glosser, 2001). We estimated to find that
persons with early-onset PD would present a relatively preserved cognitive status and
motor abnormalities that would have a minor functional impact; persons with early-
stage PD would present worse motor symptomatology and cognitive changes compared
to persons with EOPD, that would be more obvious under more challenging task
conditions and in terms of performance time/pace; finally, in accordance to previous
results (Julio et al., 2019), we expected that persons with early manifest HD would

display a global cognitive impairment and motor alterations that would negatively
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impact their performance of executively demanding tests and tasks, regardless of

difficulty level.

To our knowledge, this is the first study comparing the performance of persons with

mild Parkinson’s and Huntington’s disease without dementia with a virtual reality

measure designed to address cognitive skills and functional ability in basal ganglia

disorders.

Materials and Methods

Participants

Persons with Parkinson’s Disease were divided into two groups given the following

criteria:

Early-Stage Idiopathic PD (ESPD): persons with a diagnosis of idiopathic PD
according to the UK Brain Bank Diagnostic Criteria (Hughes et al., 1992), < 5
years disease duration, disease onset after 45 years, mild PD symptoms, and a
Hoehn and Yahr score < 2.5 (Hoehn & Yahr, 1967)

Early-Onset PD (EOPD): persons with a diagnosis of PD according to the UK
Brain Bank Diagnostic Criteria (Hughes et al., 1992), disease onset prior to 45
years, mild PD symptoms, and a Hoehn and Yahr score < 2.5 (Hoehn & Yahr,
1967)

The group of persons with Huntington’s disease and the group of healthy participants,

(previously reported in Jalio, et al. (2019)) were assembled with the following criteria:

Early Manifest HD (EarlyHD): persons with a genetic test result confirming a
CAG-repeat length of> 36, mild HD symptoms (stages I-Il Shoulson & Fahn
(Shoulson & Fahn, 1979)), and a Total Functional Capacity scale of 10-13
(Huntington Study Group, 1996)

Controls (CTRL): healthy participants with no history of dementia, depression,
substance abuse, any neurological and/or psychiatric condition and no current

use of psychotropic medication

This paper presents and discusses the data from 20 Early-Stage Idiopathic PD (ESPD), 10
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Early-Onset PD (EOPD), 15 Early Manifest HD (EarlyHD) and 19 Control (CTRL)
participants. Two persons with ESPD did not perform EcoKitchen due to motor
fluctuations and two CTRL participants did not complete IAFAI due to time constraints.
Persons with ESPD, EOPD and EarlyHD were recruited from the Movement Disorders
Unit and the Neurogenetics Consultation Service of the Neurological Department of
Coimbra University Hospital and assessed in their regular on-state of medication -

which is displayed in Table 3.1.

Table 3.1 Classes of medication for the clinical groups

(number of participants on) EarlyHD EOPD ESPD
No Medication 2 0 2
Antidepressants 11 0 9
Anxiolytics, Sedatives and Hypnotics 10 4 3
Antipsychotics 5 0 0
Anticonvulsants 1 2 4
Antiparkinsonians 1 10 18

EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease;
ESPD - Early-Stage Parkinson’s Disease

Exclusion criteria for the clinical groups included dementia, severe depression, history of
substance abuse, and any other neurological condition.

All participants gave written informed consent in accordance with the Declaration of
Helsinki to participate in the study approved by our Institutional Ethics Committees

(Faculty of Medicine and Coimbra University Hospital).

The demographic characteristics of the four groups are presented in Table 3.2.
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Table 3.2 Demographic characteristics of the four groups

CTRL=19
Gender (F:M) 15:4
Handedness (R:L) 18:1

EarlyHD=15
Gender (F:M) 10:5
Handedness (R:L) 14:1

EOPD=10
Gender (F:M) 5:5
Handedness (R:L) 10:0

ESPD=20
Gender (F:M) 10:10
Handedness (R:L) 17:3

Kruskal-Wallis

Demographics ~ Median (IQR) [95% CI] Median (IQR) [95% CI] Median (IQR) [95% CI] Median (IQR) [95% CI] Y p-value n?
o =0 ) DA s am o
Education (y) [191_ 1(3 [Z-(162)] [160- 1(?); [ 4_91(()8.;0] 5.240 0.155 0.037

CAG ) éiﬁfi] i i i - i

Hoehn and Yahr - - [2152 1[215_2(]1 ) - - -
Disease Duration (y) - [45_7(,69)5] [3.5505250] [2%452)0] 5.845 0.054 0.092

UHDRS - TEC - [11(123)] - - - - -

UHDRS - Motor - [214 2%% - - - - -

oo - 22, mmo
MoCA [2565 gg] %31{‘12)5"]1 éi_(;;] %;2(_42)5‘]7 10698  0.013* 0128
BDL-II fz(‘é; 1[71 SQ ]a [1401%55)0? 1[?55((5291]C 14215  0.003*  0.187
amorg AR mmew o maenm mER oo gm
may S0 i o0 mogin  WEED o o
amoy 205 im0 s WD s e om

CTRL - Controls; EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease; ESPD — Early-Stage Parkinson’s Disease

IQR - Interquartile Range [95% Confidence Interval for median]

y — years: CAG - cytosine-adenine-guanine trinucleotide repeat expansion confirmed by a genetic test; UHDRS - TFC - Total Functional Capacity scale of the Unified Huntington’s Disease
Rating Scale; UHDRS - Motor — Motor scale of the Unified Huntington’s Disease Rating Scale; UPDRS - Motor — Motor scale of the Unified Parkinson’s Disease Rating Scale; MoCA -
Montreal Cognitive Assessment; BDI-II — Beck Depression Inventory II; TeLPI - The Irregular Word Reading Test; QIEC — Full Scale Intelligence Quotient; QIV — Verbal Intelligence
Quotient; QIR - Performance Intelligence Quotient

* Kruskal-Wallis p< 0.05

a CTRL # EarlyHD; b CTRL# EOPD; ¢ CTRL# ESPD; d EarlyHD # EOPD; e EarlyHD # ESPD; f EOPD# ESPD (Mann-Whitney, p< 0.05)
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Clinical, Cognitive and Neuropsychiatric Screening Measures

The “Movement Disorders Society - Unified Parkinson’s Disease Rating Scale part-III"
(UPDRS) (Goetz et al., 2008) and the “Hoehn and Yahr” scale (Hoehn & Yahr, 1967) were
used to determine the severity of motor symptoms and the disease stage of persons with
EOPD and ESPD. The UPDRS (Goetz et al., 2008) is composed by 18 items (e.g., action
tremor, postural stability, or bradykinesia) that the rater must observe when evaluating
the motor function of persons with PD. Each item is individually scored, using 0 for
normal or no problems, 1 for minimal problems, 2 for mild problems, 3 for moderate
problems, and 4 for severe problems; the higher the score, the higher the degree of motor
incapacity. The “Hoehn and Yahr” scale (Hoehn & Yahr, 1967) is often used in
combination with the previous motor scale and indicates how PD symptoms progress
(e.g., unilateral motor symptom or motor symptom on both sides) and grades PD
severity or the level of disability in a scale ranging from 0 “No signs of disease” to 5
“Needing a wheelchair or bedridden unless assisted.”

The “Unified Huntington’s Disease Rating Scale” (UHDRS) - Motor and Total
Functional Capacity scales (Huntington Study Group, 1996) were used to determine the
severity of motor symptoms and the functional level of persons with HD. The UHDRS -
Motor Assessment provides a uniform clinical rating of the motor function of persons
with HD. It includes 15 items (e.g., chorea, dystonia, rigidity), rated individually on a
range from 0 “normal” to 4 “cannot perform/severe problems;” again, higher scores
indicate increased motor dysfunction. The UHDRS Total Functional Capacity scale is a
broad measure of functional capacity used by a rater after an interview with the person
with HD (and relevant informants). It has five global items that assess occupation,
finances, domestic chores, activities of daily living, and care level; the total score ranges
from 0 to 13 - with greater scores indicating higher functioning capacity.

We have used the “Montreal Cognitive Assessment” (Freitas et al., 2011; Nasreddine et
al., 2005) to screen for mild cognitive impairment and dementia, the “Beck Depression
Inventory - II” (Beck et al., 1996; Campos & Gongalves, 2011) to assess neuropsychiatric
symptoms, the “Irregular Word Reading Test” (Alves et al., 2012) to estimate the level of
premorbid intelligence, and the “Edinburgh Handedness Inventory” (Oldfield, 1971) to
define handedness.

The scores of the four groups on these measures are shown in Table 3.2.
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EcoKitchen

This non-immersive virtual reality task was implemented on a desktop PC, in which
participants had a flat-full screen presentation of a kitchen setting in a 23" monitor and
used the computer mouse to navigate around the scenario. The EcoKitchen included three
different blocks, each preceded by a practice block, with increasing executive demands.
There was also a first global practice block, to guarantee that each participant was
completely familiarized with the apparatus, instructions and aim of the task before the
assessment blocks begun (Figure 3.1).

In Block 1, participants had to prepare a cup of coffee with milk - Task A. In Block 2,
while performing Task A, participants had to turn off a kettle that boiled at several
randomly defined moments. In Block 3, participants had to perform the tasks previously
described, whilst performing an equally demanding concurrent task - preparing toasts
with butter (Task B).

As the EcoKitchen aimed to evaluate executive functioning, several precautions were
adopted to reduce the impact of other factors such as motor problems, computer
interaction difficulties or memory constraints on task performance. The interactions with
the different items needed to perform the tasks were facilitated (e.g., the participant just
touched an item, and it would move automatically), the instructions and the lists with
the requested items and actions needed were left in full view during the whole block,

and all items were on full display in the scenario.
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Global Practice Block

Practice Block 2

Practice Block 3 |

Figure 3.1 EcoKitchen Task Design
Block 1 - participants had to prepare a cup of coffee with milk (Task A); Block 2 - while performing Task A, participants

had to turn off a kettle that boiled at several moments; Block 3 - participants had to perform the tasks previously
described, whilst preparing toasts with butter (Task B)

Several parameters were defined for the EcoKitchen data analysis, considering the
different cognitive skills and executive sub-domains that in our view are involved in task
performance. The EcoKitchen design, procedures, and data analysis are fully detailed
elsewhere (Julio, et al., 2019).
e Performance Time Task A and Performance Time Task B - the amount of time
participants were engaged in the preparation of a cup of coffee with milk (Task
A)/ toasts with butter (Task B); this parameter reflects psychomotor and
processing speed, planning, motor time, and task switching skills
e Reaction Time Stove and Reaction Time Toaster - the amount of time participants
took to react and turn off the stove/ the toaster once the clock was completely red
(indication to prompt the action); this parameter reflects behaviour monitoring,
response initiation, divided attention, set-shifting, and task switching skills

e Reaction Time Kettle - the amount of time participants took to react and turn off
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the kettle at random moments throughout the block when the signal for
behavioural initiation appeared; this parameter reflects divided attention,
sustained alertness, response initiation, and set-shifting skills

Reaction Time per Block - the mean of the different reaction times extracted from
each EcoKitchen block; this parameter reflects all the executive sub-domains
involved in the different reaction times to specific cues

Sequencing Errors - the number of times participants failed to follow the proper
sequence of the task (e.g., tried to mix the coffee with the spoon before adding the
milk); this parameter reflects planning, behaviour monitoring, and working
memory skills

Item Errors - the number of times participants picked items of the scenario that
were not needed to prepare Task A or Task B (e.g., selected a pineapple instead
of coffee); this parameter reflects attention and behaviour monitoring skills]
Impulsivity Errors Stove and Impulsivity Errors Toaster - the number of times
participants tried to turn off the stove/ the toaster before the proper time (i.e.,
before the clock being completely red); this parameter reflects response inhibition
or inhibitory control, attention, and task switching skills

Total Errors/Performance Time Task A and Total Errors/Performance Time Task
B - the number of errors per minute participants committed during the
completion of Task A/ Task B; this parameter reflects speed-accuracy balance in

task completion and task switching skills

BADS — the Behavioural Assessment of Dysexecutive

Syndrome battery

We used the “Behavioural Assessment of Dysexecutive Syndrome battery - BADS”

(Wilson et al., 1996) to have a global baseline depiction of the executive skills of study

participants. This battery is composed by six sub-tests that capture different aspects of

the dysexecutive syndrome using tasks and materials analogous to those required in

everyday life activities involving executive functioning (Wilson et al., 1998):

The Rule Shift Card test examines the ability to shift from one simple rule to
another more complex rule. In this sub-test, participants must respond “Yes” or
“No” to a set of playing cards that is showed to them, one at a time. In the first

part, participants are asked to say “Yes” to a red playing card and “No” to a
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black playing card; in the second part, the rule is changed, and participants are
asked to respond “Yes” if the card is the same colour as the previous card and
“No” if it is a different colour. The score involves the time taken and the number
of errors made (Evans et al., 1997; Wilson et al., 1998)

e The Action Program test requires the ability to develop a plan of action to solve a
novel and practical task without guidance. In this sub-test, different props are
put in front of the participant: a large container that has water inside and a
removable lid with a small hole; a tall thin container with a cork loose in the
bottom; a piece of wire which is not long enough for reaching the cork; and a
small cylindrical tube to which a top can be attached. Participants are asked to
remove the cork out of the tube using any of the objects in front of them. The task
requires five steps for its solution, which the participant ideally must take
without any action prompt. The score is based on the number of steps
independently completed (Evans et al., 1997; Wilson et al., 1998)

e The Key Search test evaluates the ability to plan and monitor an efficient course
of action without any supervision. In this sub-test, participants are provided with
an A4 piece of paper with a large square and a small black dot 50 mm below the
square. Participants are asked to imagine that the square is a large field in which
they have lost their keys and they must draw a line, starting on the black dot, to
show the path they would take to search this field and find the lost keys. The
score depends on the efficacy of the search pattern adopted according to the
examples provided in the test manual (Evans et al., 1997; Wilson et al., 1996, 1998)

e The Temporal Judgement test examines the ability to make sensible estimates
about the time length of different activities. In this sub-test, participants must
answer four questions regarding how long it takes to achieve different events
(e.g., “how long does it take to blow up a party balloon” or “how long do most
dogs live for”). The score of each answer is attributed according to the degree of
deviation from the answers most commonly provided by the BADS normative
sample (Evans et al., 1997; Wilson et al., 1998)

e The Zoo Map test evaluates complex planning skills in low-demanding (clear
instructions provided) and high-demanding (no aid/structure provided)
conditions. In this sub-test, a paper with a map of a zoo and a paper with
instructions are given to the participants and they have to draw a line to show

how they would visit a series of designated locations on this map. When
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planning the route, they must obey to certain rules (e.g., use a path just once).
The test has two parts: in the first part, the order in which the visits should take
place is not provided; in the second part, another identical map is given to the
participant and the visits’ order is clearly specified. The score involves the
number of errors/rule breaks made, the number of places correctly visited and
the planning and executing times (Evans et al., 1997; Wilson et al., 1998)

e The Modified Six Elements test taps the ability to plan, organize and monitor
behaviour, and prospective memory and set-shifting skills. In this sub-test,
participants must do three tasks (dictation, arithmetic, and picture naming), each
of which is divided into two parts called A and B. During a 10-minute period,
participants need to attempt doing something from each of the six sub-tasks,
while obeying to one rule - they are not allowed to do the two parts of the same
task consecutively. The score considers the number of tasks attempted, the
number of rule breaks made, and the maximum time spent on any of the tasks

(Evans et al., 1997; Wilson et al., 1998)

Seven variables were extracted from BADS (each sub-test was reduced to a single raw
score, range 0-4): Total Score, Rule Shift Cards Test Score, Action Program Test Score,
Key Search Test Score, Temporal Judgement Test Score, Zoo Map Test Score, and
Modified Six Elements Test Score.

IAFAIl — the Adults and Older Adults Functional Assessment

Inventory

The self-reported functional status of study participants was assessed with the IAFAI
(Sousa et al., 2015). This inventory includes items that cover several important functional
domains: feeding, dressing, bathing and continence, mobility and transference,
conversation and telephone use, meal preparation, housekeeping, home security,
comprehension and communication, health-related decision making, finances, going out
and transportation use, and leisure and interpersonal relationships (Sousa et al., 2015).
These domains are translated into specific sentences, such as “Buttoning clothes”,
“Dialling a phone number”, “Cooking a meal” or “Taking medications as prescribed”.

Participants rated their level of self-perceived difficulties in performing each inventoried

Basic and Instrumental Activity of Daily Living (BADL and IADL, respectively) - a score
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of 0 represented the absence and a score of 1 represented the presence of
difficulty/dependence. When difficulty/dependence was signalled, participants
assigned it either to physical, cognitive or emotional causes. Seven incapacity
percentages were computed: Global Functional Incapacity - GFI, Functional Incapacity
in Basic Activities of Daily Living - BADL, Functional Incapacity in Household
Instrumental Activities of Daily Living - H-IADL, Functional Incapacity in Advanced
Instrumental Activities of Daily Living - A-IADL, Functional incapacity due to Physical
Factors - Physical, Functional Incapacity due to Cognitive Factors - Cognitive, and

Functional Incapacity due to Emotional Factors - Emotional.

Statistical analyses

Kruskal-Wallis tests were used to compare the quantitative results of the four groups.
When a statistically significant effect of group was detected, Mann-Whitney U test post-
hoc comparisons were performed between groups. Nominal/categorical variables were
compared resorting to Chi-square tests of independence. Effect sizes (Cramér’s V and 7?)
were determined and reported when appropriatel. Spearman rank correlation
coefficients were calculated to examine the associations between the EcoKitchen results
and the clinical features of EarlyHD, EOPD and ESPD participants. To reduce the
number of pairwise correlations and enhance interpretability, in the correlation analyses,
the variables related to EcoKitchen were averaged across the three Blocks. Given the
exploratory nature of this study and given that a comprehensive and detailed
description of our results is presented (effect sizes, confidence intervals and raw p-
values), a strict adjustment for multiple comparisons was thought to be less critical and
to potentially neglect the clinical and scientific relevance of the findings (Althouse, 2016;
Rothman, 1990; Saville, 1990), so all calculations (performed with IBM SPSS Statistics

(Version 24) adopted a level of significance of a= 0.05.

1According to Cohen (1988), a Cramér's V for k= 4 between 0.06 - < 0.17 corresponds to a small effect size,
between 0.17 - < 0.29 corresponds to a medium effect size, and of > 0.29 corresponds to a large effect size. A
Cramér's V for k= 2 between 0.10 - < 0.30 corresponds to a small effect size, between 0.30 - < 0.50
corresponds to a medium effect size, and of > 0.50 corresponds to a large effect size (Cohen, 1988). Fritz et al.
(2012) indicate that a #2 value of 0.010 corresponds to Cohen’s d= 0.2, which is considered a small effect size;
a 112 value of 0.059 corresponds to Cohen’s d= 0.5, which is considered a medium effect size and a %2 value of
0.14 corresponds to Cohen’s d= 0.8, which is considered a large effect size.
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Results

EcoKitchen

EcoKitchen Accuracy Measures

In the EcoKitchen task, the two PD groups showed relatively preserved task completion
abilities, performing with the same accuracy level of healthy controls or even better in
terms of inhibitory control skills, as implied by the level of Impulsivity Errors - Toaster.
In contrast, persons with EarlyHD exhibited an increased error rate when compared to
the other study participants, which might reflect impairments in action planning and
monitoring, attention, and response inhibition. It is of note that the comparison between
persons with EarlyHD and healthy individuals was previously reported in Jalio, et al.
(2019); now, the EarlyHD reduced accuracy was also seen in the comparison to ESPD
and EOPD affected individuals.

Specifically, we found a significant group effect for the percentage of participants that
exhibited Sequencing Errors in Blocks 1 and 3 of the EcoKitchen, Item Errors in Block 2,
Impulsivity Errors - Stove in Block 3, and Impulsivity Errors - Toaster in Block 3 (Table
3.3).
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Table 3.3 Percentage of participants that had a score # 0 in the Sequencing, Item and Impulsivity Error
Variables of the EcoKitchen Task

CTRL EarlyHD EOPD ESPD
Chi-Square

% % % %
EcoKitchen Errors  [959% CI]  [95% CI] [95% CI]  [95% CI] X2 p-value  Cramér’s V

15.8 66.7 a 40 38.9

Sequencing Block1 13 ) 39 61 1384-882] [122-738] [173-643] 100 00277 0.384
Sequencing Block 2 [95_65'2.2] [ 634—% 671 2 5%25. 6] [21.454_219.2] 2.493 0.477 0.201
Sequencing Block 3 [28.592_'765. 6] | 6983.'13-96192] [ 6.7?25.2] [ 416_%27] 11.560  0.009 * 0.432
Item Block 1 [0-107.6] [2_63"17'9] [0-5?0.8] [0—108.5] 3.185 0.364 0.227

Item Block 2 [0_107. o0 4.2302;1] [0_300. g] [0_108.5] 9.878  0.020* 0.399

Item Block 3 [f '236] [1;?’43 — 5%25. — _52';3] 2222 0528 0.189
Impulmit}éiﬁv 1 [1.%%2.1] [1.;-34?).5] [0-5?0.8] [0-108.5] 3.631 0304 0.242
Impulswitlysi?; > [15:;6] [4.3%4(1)8.1] [2.5%25.6] [1-525.3] 3174 0366 0226
Impulmit}éiﬁv 3 [0-107.6] [1313.5.33-6511?6] [3-12.5] [1-52?.3] 10.303 0.016* 0408

421 533de 10 56¢

Impulsivity Toaster [20.3-66.5] [26.6-78.7] [3-44.5] [1-27.3] 12.449  0.006 * 0.448

CTRL - Controls; EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease; ESPD - Early
Stage Parkinson’s Disease

[Clopper-Pearson 95% Confidence Intervals]

* Chi-square p< 0.05

a CTRL # EarlyHD; b CTRL# EOPD; ¢ CTRL# ESPD; d EarlyHD # EOPD; e EarlyHD # ESPD; f EOPD# ESPD (Chi-square
test for independence p < 0.05)

Post-hoc tests showed that persons with EarlyHD presented diminished accuracy in their
EcoKitchen performance not only compared to controls but also, interestingly, when
compared to persons with EOPD and ESPD. More persons with EarlyHD than controls
gave Sequencing Errors in Blocks 1 and 3 [y2(1)= 9.188, p= 0.002, Cramér’s V= 0.520, and
¥2(1)= 6.689, p= 0.010, Cramér’s V= 0.444, respectively], and more persons with EarlyHD
than persons with EOPD showed Sequencing Errors in Block 3 (y2(1)= 11.060, p= 0.001,
Cramér’'s V= 0.665). Similarly, a higher percentage of persons with EarlyHD than
persons with ESPD and controls presented Item Errors in Block 2 [y2(1)= 3.960, p= 0.047,
Cramér’'s V= 0.346, and y2(1)= 4.168, p= 0.041, Cramér’'s V= 0.350, respectively].
Additionally, more persons with EarlyHD than persons with ESPD and controls showed
Impulsivity Errors - Stove in Block 3 [y2(1)= 4.244, p= 0.039, Cramér’s V= 0.359, and

y2(1)= 7.425, p= 0.006, Cramér’s V= 0.467, respectively]. Finally, an increased number of
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persons with EarlyHD compared to persons with EOPD and ESPD exhibited Impulsivity
Errors - Toaster [(y2(1)= 4.890, p= 0.027, Cramér’s V= 0.442) and (y2(1)= 9.416, p= 0.002,
Cramér’s V= 0.534), respectively]. A significant difference was also found between the
percentage of ESPD and CTRL participants that presented Impulsivity Errors - Toaster
(x2(1)=6.708, p= 0.010, Cramér’s V= 0.426), with controls revealing a worse performance.
Lastly, we found a significant group effect in the number of errors per minute during

Task A and Task B (Figure 3.2 and Table 3.4).

cTRL[] earlyHp O] eopo @ espOl Errors/Time
4.0
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Figure 3.2 EcoKitchen Number of Total Errors per minute of Performance Time Task A and Number of Total
Errors per minute of Performance Time Task B (Mean) and significant differences between groups.

Boxplots: central mark - median; edges of box - 25th and 75th percentiles; whiskers - most extreme data points

(minimum and maximum). a CTRL # EarlyHD; b CTIRL # EOPD; ¢ CIRL # ESPD; d EarlyHD # EOPD; e
EarlyHD # ESPD; f EOPD # ESPD (Mann-Whitney p < 0.05)
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Table 3.4 EcoKitchen variables with Kruskal-Wallis and Mann-Whitney comparisons across groups

CTRL EarlyHD EOPD ESPD
Kruskal-Wallis
. Median (IQR) Median (IQR) Median (IQR) Median (IQR) ) g )
EcoKitchen [95% CI] [95% CI] [95% CI] [95% CI] X p-ualue 1
. 0.37 (0.67) 0.97 (0.82)ad e 0.27 (0.58) 0.46 (0.50) "
Errors / Time A [0-0.54] [0.66-1.40] [0-0.54] [0.20-0.55] 11.936 0.008 0.154
. 0.74 (1.34) 1.99 (1.52)ade 0(1.22) 0.70 (1.76) "
Errors / Time B [0-126] [0.89-2.36] [0-1.18] [0.13-1.52] 9.187 0.027 0.107
. 41.75 (13.99) 64.89 (42.73) a 71.76 (74.96) b 80.93 (57.27) ¢ .
Performance Time A - Block 1 0 5019 51 [51.47-93.35] [46.39-120.02] [63.97-118.92] 27193 <0001 0417
. 42.25 (8.39) 59.97 (44.53) a 63.39 (49.48) b 82.29 (47.86) c "
Performance Time A - Block 2 57 45 61 [47.84-90.62] [44.24-97 85] [60.29-98.77] 2153 <0001 0.320
. 57.28 (27.67) 82.21 (70.28) a 74.25 (36.31) b 111.53 (59.39) ¢ f "
Performance Time A - Block 3 [47.48-71.95] [70.63-130.02] [56.77-96.64] [87.68-138.71] 22.794 <0.001 0.341
. 50.88 (17.58) 81.82 (55.34) a 80.52 (47.26) b 112.55 (85.96) ¢ .
Performance Time B g 757 53] [65.66-111.78] [60.85-101.76] [79.82-152.79] 22079 <0001 0.329
. . 0.56 (0.54) 1.15 (2.99) a 215 (7.70) b 1.39 (4.28) ¢ "
Reaction Time - Block 1 [0.48- 0.81] [0.69-3.62] 0.82-7.33] [0.83-4.06] 14.234 0.003 0.194
. . 3.20 (2.11) 7.28 (7.31) a 8.38 (6.53) b 7.74 (9.19) c "
Reaction Time - Block 2 [2.80- 4.15] [4.49-10.92] [4.21-10.45] [4.09-11.13] 21.084 <0.001 0.312
. . 4.71 (2.85) 6.69 (18.76) a 5.60 (4.37) 8.86 (8.22) c f .
Reaction Time - Block 3 [3.21-5.16] [5.30-24.06] [4.48-9.73] [5.73-13.40] 15.720 0.001 0.219
. . 1.24 (0.87) 245 (4.14) a 3.65(3.22) b 3.25(9.09) ¢ "
Reaction Time - Stove [0.75-1.46] [1.86-5.07] [1.60-5.30] [2.18-10.54] 18.369 <0.001 0.265
. . 7.14 (5.61) 14.84 (23.32) a 11.42 (11.13) 12.84 (8.31) ¢ .
Reaction Time - Kettle [5.97- 8.52] [9.29-32.56] [7.05-19.79] [8.65-16.62] 15.573 0.001 0.217
. . 1.38 (2.28) 2.21 (4.60) 2.85 (4.05) 4.16 (8.90)
Reaction Time - Toaster 0.81-2.08] [0.62-5.22] [2.33-6.89] [1.92-9.80] 7.214 0.065 0.073
CTRL - Controls; EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease; ESPD - Early-Stage Parkinson’s Disease
IQR - Interquartile Range [95% Confidence Interval for median] * Kruskal-Wallis p< 0.05
a CTRL # EarlyHD; b CTRL# EOPD; c CTRL# ESPD; d EarlyHD # EOPD; e EarlyHD # ESPD; f EOPD# ESPD (Mann-Whitney p < 0.05)
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Post-hoc tests revealed that persons with EarlyHD showed an increased number of errors
per minute in comparison with CTRL, EOPD and ESPD participants during the
preparation of a cup of coffee with milk (Task A) (U= 65.5, p= 0.007, 2= 0.213; U= 24.5,
p= 0.005, n2= 0.315; and U= 62.5, p= 0.009, 12= 0.208, respectively) and of toasts with
butter (Task B) (U= 80.5, p= 0.029, n2= 0.140; U= 30, p= 0.012, 2= 0.255; and U= 71.5, p=
0.021, 2= 0.161, respectively).

EcoKitchen Time Measures

All clinical groups took longer to finish the tasks than control participants across the
different EcoKitchen blocks, suggesting that persons with mild HD and PD already
present slowed motor and/or cognitive processes that influence their timely
performance both in single and multitasking conditions. Moreover, increasing the
executive demand of the task had a more detrimental effect in the performance time of
persons with ESPD than persons with EOPD, as persons with ESPD were constantly
slower in the EcoKitchen Block 3. Finally, all clinical groups showed slower reaction times
when compared to the control group, taking longer to react to target stimuli while
engaged in a primary task, even when prompt action indications were given.

Concretely, we found a statistically significant group effect in Task A and Task B

Performance Times in all the EcoKitchen Blocks (Figure 3.3 and Table 3.4).
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Figure 3.3 EcoKitchen Performance Time Task A and Performance Time Task B and significant differences
between groups.

Boxplots: central mark - median; edges of box - 25™ and 75" percentiles; whiskers - most extreme data points

(minimum and maximum). a CTRL # EarlyHD; b CIRL # EOPD; ¢ CIRL # ESPD; d EarlyHD # EOPD; e
EarlyHD # ESPD; f EOPD # ESPD (Mann-Whitney p < 0.05)

Post-hoc comparisons revealed that the clinical groups were significantly slower than
CTRL participants across all the EcoKitchen Blocks and Tasks: EarlyHD vs CTRL - Task
A: Block 1 - U= 25, p< 0.001, 2= 0.488; Block 2 - U= 46, p= 0.001, 2= 0.329; Block 3 - U=
46, p= 0.001, n2= 0.329; Task B: U= 41, p< 0.001, r2= 0.365; EOPD vs CTRL - Task A: Block
1 - U= 29, p= 0.002, 2= 0.316; Block 2 - U= 36, p= 0.007, 12= 0.253; Block 3 - U= 50, p=
0.039, n2= 0.147; Task B: U= 36, p= 0.007, n2= 0.253; and ESPD vs CTRL - Task A: Block 1
- U= 21, p< 0.001, 2= 0.561; Block 2 - U= 34, p< 0.001, 2= 0.468; Block 3 - U= 34, p<
0.001, n2= 0.468; Task B: U= 39, p< 0.001, 2= 0.435. Interestingly, we found that persons
with ESPD spend more time than persons with EOPD to complete Task A in the more
cognitively demanding EcoKitchen Block 3 (U= 38, p= 0.013, n2= 0.222), whereas no
significant differences were found between the EarlyHD group and both EOPD and
ESPD groups in performance time.

A statistically significant group effect was found in the average Reaction Time across the

three EcoKitchen Blocks (Figure 3.4 and Table 3.4).
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Figure 3.4 EcoKitchen Reaction Time per Block and significant differences between groups
Boxplots: central mark - median; edges of box - 25% and 75 percentiles; whiskers - most extreme data points

(minimum and maximum). a CTRL # EarlyHD; b CIRL # EOPD; ¢ CIRL # ESPD; d EarlyHD # EOPD; e
EarlyHD # ESPD; f EOPD # ESPD (Mann-Whitney p < 0.05)

Post-hoc comparisons revealed that the clinical groups were again significantly slower
than CTRL participants to react to the different cues: EarlyHD vs CTRL - Block 1: U=
81.5, p= 0.034, n2= 0.132; Block 2: U= 38.5, p< 0.001, 2= 0.383; Block 3: U= 68, p= 0.010,
2= 0.196; EOPD vs CTRL - Block 1: U= 31, p= 0.003, #2= 0.297; Block 2: U= 22.5, p= 0.001,
n?= 0.382; and ESPD vs CTRL - Block 1: U= 58, p= 0.001, 2= 0.319; Block 2: U= 47, p<
0.001, n2= 0.384; Block 3: U= 49, p< 0.001, n2= 0.371. Persons with ESPD showed an
increased reaction time compared to persons with EOPD in the more cognitively
demanding Block 3 (U= 47, p= 0.039, 2= 0.152).

Considering the EcoKitchen cues separately, a significant group effect was found in the
time the participants took to react and turn off the Stove and the Kettle (Figure 3.5 and
Table 3.4).
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Figure 3.5 EcoKitchen Reaction Time per Cue - Stove, Kettle, and Toaster (Mean of the 3 blocks) and
significant differences between groups

Boxplots: central mark - median; edges of box - 25% and 75" percentiles; whiskers - most extreme data points
(minimum and maximum). a CTRL # EarlyHD; b CIRL # EOPD; ¢ CIRL # ESPD; d EarlyHD # EOPD; e
EarlyHD # ESPD; f EOPD # ESPD (Mann-Whitney p < 0.05)

The post-hoc tests revealed that persons with EarlyHD, EOPD and ESPD took longer than
CTRL participants to react to the Stove cue (U= 59, p= 0.004, n2= 0.247; U= 33, p= 0.004,
n?=0.279; and U= 44, p< 0.001, n2= 0.402, respectively). Persons with EarlyHD and ESPD
took longer than controls to attend to the Kettle (U= 51, p= 0.002, 112= 0.296; and U= 55,
p< 0.001, 2= 0.336, respectively).

BADS — the Behavioural Assessment of Dysexecutive

Syndrome battery

Testing executive functions using the BADS, a battery of tests that resemble everyday
like situations, we observed cognitive deficits in persons with EarlyHD and ESPD but
not in persons with EOPD, suggesting that this latter group presents a more preserved
cognitive status.

Explicitly, a statistically significant group effect was found for some of the measures
computed from BADS, namely the BADS total, the Rule Shift Card test, the Action
Program test, and the Zoo Map test scores (Table 3.5).
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Table 3.5. BADS (the Behavioural Assessment of Dysexecutive Syndrome battery) results with Kruskal-
Wallis and Mann-Whitney comparisons across groups

CTRL EarlyHD EOPD ESPD
Kruskal-Wallis
Median Median Median Median
BADS (IQR) (IQR) (IQR) (IQR) X2 p-value 72
[95% CI] [95% CI] [95% CI] [95% CI]
17 (3) 12(5)ad 17 (6) 13 (6) c "
Total [17-19] [10-14.5] [13-19] [11-155] 18.520 <0.001* 0.259
. 4 (1) 3(2)a 4 (3) 3@3)c "
Rule Shift Cards Test [3-4] [2-3.5] [1-4] [1-3] 9.463 0.024 0.108
. 4 (0) 3(2)a 4(1) 3M)c .
Action Program Test [4-4] [2-4] [3-4] [3-4] 11.831 0.008*  0.147
32 2 (2) 2 (3) 1.5(2)
Key Search Test [2-4] [1-3] [1-4] [1-25] 7.573 0.056  0.076
2 (1) 1() 2(1) 1.5 (1)
Temporal Judgment Test [1-2] [1-2] [1-2] [1-2] 2.774 0.428  0.004
2(2) 1(2)ad 3() 13)cft .
Zoo Map Test [2-3] [05-2] [2.5-4] [0-2] 12.016  0.007 0.150
- . 4 (1) 3(2) 3(1) 3(2)
Modified Six Elements Test [3-4] [2.5-3.5] [2.5-4] [2-4] 4.890 0.180 0.031

CTRL - Controls; EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease;
ESPD - Early-Stage Parkinson’s Disease

IQR - Interquartile Range [95% Confidence Interval for median]

BADS - The Behavioural Assessment of Dysexecutive Syndrome battery

* Kruskal-Wallis p< 0.05

a CTRL # EarlyHD; b CTRL# EOPD; ¢ CIRL# ESPD; d EarlyHD # EOPD; e EarlyHD # ESPD; f EOPD# ESPD
(Mann-Whitney p < 0.05)

Both persons with EarlyHD and ESPD, but not persons with EOPD, showed significant
differences in their BADS performance when compared to controls, specifically in BADS
Total score (U= 31, p< 0.001, n2= 0.440 and U= 76, p= 0.001, n2= 0.263, respectively), Rule
Shift Cards test score (U= 76, p= 0.013, n2= 0.156 and U= 96.5, p= 0.005, n2= 0.177,
respectively), Action Program test score (U= 69, p= 0.002, 2= 0.191 and U= 108.5, p=
0.006, 2= 0.134, respectively), and Zoo Map test score (U= 74, p= 0.014, 2= 0.166 and U=
117, p= 0.036, n2= 0.108, respectively). Moreover, we also found that persons with
EarlyHD and ESPD showed significant differences compared to persons with EOPD -
the EarlyHD group exhibited decreased BADS Total and Zoo Map test scores (U= 34, p=
0.022, 2= 0.207 and U= 26.5, p= 0.006, n2= 0.290, respectively) and the ESPD group
exhibited a decreased score in the Zoo Map test (U= 49.5, p=0.022, n2= 0.165).
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IAFAIl — the Adults and Older Adults Functional Assessment

Inventory

All clinical groups signalled a significantly higher percentage of functional difficulties
when compared to control participants, indicating self-awareness of their own
impairments. Notably, we found relevant differences in the self-appraisal of functional
status of persons with EarlyHD and ESPD, as persons with EarlyHD reported more
incapacity due to cognitive factors and persons with ESPD reported more incapacity due
to physical factors.

Specifically, we found a significant group effect in all the incapacity percentages
computed from IAFAI, namely in the Global Functional Incapacity - GFI, Functional
Incapacity in Basic Activities of Daily Living - BADL, Functional Incapacity in
Household Instrumental Activities of Daily Living - H-IADL, Functional Incapacity in
Advanced Instrumental Activities of Daily Living - A-IADL, Functional incapacity due
to Physical Factors - Physical, Functional Incapacity due to Cognitive Factors -

Cognitive, and Functional Incapacity due to Emotional Factors - Emotional (Table 3.6).
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Table 3.6 Percentage of participants that had a score # 0 in IAFAI (the Adults and Older Adults Functional
Assessment Inventory)

CTRIL. EarlyHD EOPD ESPD
Chi-Square

IAFAT [95;/: cIl [95:2 c [95:2 c [95:2 cI] v podlue Cm$er s
Gl a4 [81998 [55230-91)9.7] o0 P91 <000 0798
BADL 1 195) loss7  [posses] (o 267 <omr osm
HIADL 005 @198 ooy resy 657 <omr o7
AIADL TR Blesssl  paasrs]  [ises 256 <omor o6
Physical (010.5) 5199571 [55230-91)9.7] soa00 V7267 <0001 0873
Cognitive 1} ¢ [9635);'.31?9(91.86] [26.620—;7.8] Bonseg 204 <000 05%
Bmotional |\ b passsy)  [2oms)  [rases 54 000 030

CTRL - Controls; EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease;
ESPD - Early-Stage Parkinson’s Disease

IAFAI - the Adults and Older Adults Functional Assessment Inventory; Global Functional Incapacity - GFI,
Functional Incapacity in Basic Activities of Daily Living - BADL, Functional Incapacity in Household Instrumental
Activities of Daily Living - H-IADL, Functional Incapacity in Advanced Instrumental Activities of Daily Living - A-
IADL, Functional incapacity due to Physical Factors - Physical, Functional Incapacity due to Cognitive Factors —
Cognitive, and Functional Incapacity due to Emotional Factors — Emotional

[Clopper-Pearson 95% Confidence Intervals]

* Chi-square p< 0.05

a CTRL # EarlyHD; b CTRL# EOPD; ¢ CTRL# ESPD; d EarlyHD # EOPD; e EarlyHD # ESPD; f EOPD# ESPD
(Chi-square test for independence p < 0.05)

Post-hoc tests showed that a higher percentage of persons with EarlyHD, EOPD and
ESPD than controls signalled functional difficulties in IAFAI and attributed them to
physical, cognitive, and emotional factors: EarlyHD vs CTRL - GFI (y2(1)= 18.331, p<
0.001, Cramér’s V= 0.757), BADL (y2(1)= 21.760, p< 0.001, Cramér’s V= 0.825), H-IADL
(x2(1)= 28.207, p< 0.001, Cramér’s V= 0.939), A-IADL (y2(1)= 12.441, p< 0.001, Cramér’s
V=0.624), Physical (y2(1)= 21.760, p< 0.001, Cramér’s V= 0.825), Cognitive (y2(1)= 21.208,
p<0.001, Cramér’s V= 0.814), and Emotional (y2(1)= 8.219, p= 0.004, Cramér’s V= 0.507);
EOPD vs CTRL - GFI (y2(1)= 13.349, p< 0.001, Cramér’s V= 0.703), BADL (y2(1)= 22.950,
p< 0.001, Cramér’s V= 0.922), H-IADL (y2(1)= 22.950, p< 0.001, Cramér’s V= 0.922), A-
IADL (y2(1)= 10.139, p= 0.001, Cramér’s V= 0.613), Physical (y2(1)= 22.950, p< 0.001,
Cramér’s V= 0.922), and Cognitive (y2(1)=7.026, p= 0.008, Cramér’s V= 0.510); and ESPD
vs CTRL - GFI (x2(1)= 26.496, p< 0.001, Cramér’s V= 0.846), BADL (y2(1)= 37.000, p<
0.001, Cramér’s V= 1.000), H-IADL (y2(1)= 19.143, p< 0.001, Cramér’s V= 0.719), A-IADL
(x2(1)= 16.785, p< 0.001, Cramér’s V= 0.674), Physical (y2(1)= 37.000, p< 0.001, Cramér’s
V= 1.000), Cognitive (y2(1)= 9.090, p= 0.003, Cramér’s V= 0.496), and Emotional (y2(1)=
6.130, p= 0.013, Cramér’s V= 0.407). Interestingly, a higher percentage of persons with
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ESPD than persons with EarlyHD reported difficulties in the performance of Basic
Activities of Daily Living (y2(1)= 4.375, p= 0.036, Cramér’s V= 0.354) and attributed the
cause of their functional difficulties to physical factors (y2(1)= 4.375, p< 0.036, Cramér’s
V= 0.354). Notably, more persons with EarlyHD than persons with EOPD and ESPD
reported cognitive factors as the cause of functional difficulties [(y2(1)= 4.167, p= 0.041,
Cramér’s V= 0.408), and (y2(1)= 4.986, p= 0.026, Cramér’s V= 0.377), respectively].

Correlational Analyses

The EcoKitchen time measures, but not the accuracy measures, seem to give
relevant indications about the functional impact of PD clinical phenotype, as they
captured some of the disease main features, namely motor symptom severity and
disease stage. Specifically, the performance and reaction times of PD participants
in the EcoKitchen were significantly correlated with their UPDRS and Hoehn and
Yahr scale scores (Table 3.7).
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Table 3.7 Correlations between the EcoKitchen, and Demographical and Clinical data for the clinical groups

EcoKitchen
Performance Time A Reaction Time Block Errors/Time A Total Errors
EECIE‘I’ES:IPCII‘;?; EarlyHD ~ EOPD ESPD EarlyHD EOPD ESPD EarlyHD EOPD ESPD EarlyHD ~ EOPD ESPD
Age 7020 1=0707  r=0035  r=0232 1= 0.488 =009  1r=0016 r= 0254  1=0.100 r=-0064  1=-0062 1r=0176
8¢  b=0295 p=0.022 p=0889  p=0404 p=0.153 p=0724  p=0954 p=0479  p=0.693 p=0.820 p=0.865 p= 0485
Education = 0087 1=-0720 r=-0295  r=0.024 r= 0462 r="0118" 1= -0.101 r=0219  r=0017 1= 0015  1=008 r.=-0.015
p=0.759 p=0.019 p=0234  p=0932 p=0.179 p=0641  p=0720 p=0543  p=0948 p=0.958 p= 0816 p=0.952
Disease 1r=0504  1r=0067  1r=0453  1r=0486 r=-0227  1r=0105 1r=0123 r=0009  r=-0185  r=0381 r=0084  1.=-0.167
Duration p=0.055 p=0853 p=0059  p=0.066 p=0528 p=0678  p=0.663 p=0980  p=0463 p=0.161 p=0817  p=0507
caq 0134 ) ) re= 0.211 ) ) te= -0.299 ) ) re= -0.126 ) )
p=0.634 p=0.450 p=0.279 p=0.656
r.= 0402 1= 0.275 1e= -0.269 1o= 0.064
UHDRS Motor _ ;34 i i p=0322 i i p= 0332 i i p=0.821 i i
TpC T 0228 ) ) re= -0.450 ) ) ro= 0.489 ) ) 1e= 0.362 ) )
p= 0415 p=0.092 p=0.064 p=0.185
UPDRS ) r=0333  1.=0.694 ) 1= 0.309 ro= 0.651 ) r=0067  1.=-0.293 ) r=018 1= -0.206
p=0.347 p=0.001 p=0.385 p=0.003 p=0854  p=0237 p=0.608 p=0411
Hey ) r=0576 1= 0515 ) 1= 0.132 re= 0.374 ) r= 0059 r.=-0.29% ) r=0180 1= -0.146
p=0.082 p=10.029 p=0.717 p=0.126 p=0871  p=0233 p=0.618 p=0.564
MoCA =045 r=0710  r=-0311  r=-029%  r=-0549  r=-0288 r=0448 r=-0124 r=20110 0 r=0216 r=-0204 r=-0197
p=0.088 p=0.021 p=0210  p=0.284 p=0.100 p=0247  p=0.094 p=0733  p=0.663 p=0.440 p=0571 p=0433
ppLy 0134 r=0679  rn=-0052  r=0.168 1= 019 1= 0202 r=-0.224 r= 0080 r.=0.108 r=-0294  r=0044  r=0120
p=0.633 p=0.031 p=0839  p=0551 p=0.588 p=0420  p=0423 p=0827  p=0.668 p=0287  p=0905 p=0.636
TeLPIQIEC 008  r=-0758  1=0345  r=0151 r=-0358  r=-0327  1=0071 r=-0030  r=0038 1=0167  1=-0154  r=-0.027
p=0.934 p=0.011 p=0161  p=0591 p= 0310 p=0185  p=0.800 p=0934  p=0.880 p=0.552 p=0.670 p=0915
TeLprory '0027  r=0758 r=-03% =019 1= 0358 1=-0263 1= 0071 r= 0030 1= 0.063 1= 0176 r=-0154 1= 0.002
p=0.924 p=0.011 p=0148  p=0476 p= 0310 p=0291  p=0.800 p=0934  p=0.804 p=0531 p=0.670 p=0.993
TeLpI QIR =000 x=-0794 r=-0407 r=0165 r=-0297 r=10358  1.=0.107 1= 0055 1= 0.065 1= 0169 1e=-0.080  ro=-0.027
p=0.985 p=0.006 p=0094  p=0556 p=0.405 p=0144  p=0.704 p=0881  p=0798 p=0.548 p=0.826 p=0915

EarlyHD - Early Manifest Huntington’s Disease; EOPD - Early-Onset Parkinson’s Disease; ESPD - Early-Stage Parkinson’s Disease

CAG - CAG repeat expansion confirmed by an HD genetic test; UHDRS - TFC - Total Functional Capacity scale of the Unified Huntington’s Disease Rating Scale; UHDRS - Motor — Motor
scale of the Unified Huntington’s Disease Rating Scale; UPDRS - Motor — Motor scale of the Unified Parkinson’s Disease Rating Scale; H & Y — Hoehn and Yahr scale; MoCA — Montreal
Cognitive Assessment; BDI-II - Beck Depression Inventory II; TeLPI - The Irreqular Word Reading Test; QIEC - Full Scale Intelligence Quotient; QIV - Verbal Intelligence Quotient; QIR -
Performance Intelligence Quotient

Performance Time A, Reaction Time per Block, Errors/Time A and Total Errors variables = mean of the three EcoKitchen blocks

Correlation is significant at the 0.05 level (2-tailed) - in bold
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Moreover, the global cognitive status, demographic factors, and neuropsychiatric
features of EOPD participants seem to influence their performance time, as
demonstrated by the significant correlations found with the MoCA, TeLPl, age,
education level, and BDI-II scores. In contrast, no significant correlations were found
between any of the EcoKitchen parameters and the demographic and clinical data of
persons with EarlyHD, nor their results on the cognitive and neuropsychiatric screening

measures used.

Discussion

The performance-based results revealed that persons with PD and HD present
significant difficulties in the timely completion of executive demanding tasks that
replicate everyday routines, the EcoKitchen. However, only the EarlyHD group showed
diminished accuracy in this task, which suggests higher executive impairment in
persons with EarlyHD compared to persons with ESPD and EOPD. Moreover, the BADS
results also indicate that cognitive impairment is heterogeneous not only between basal
ganglia disorders, but also within the same clinical condition, as persons with early-
onset PD present an executive status that parallels the one of control participants and
some executive deficits were identified in persons with late-onset PD during the
completion of ecologically relevant BADS sub-tests.

The subjective report of daily life incapacities indicated functional deficits’ awareness in
all clinical groups. Importantly, the distinct IAFAI results of the clinical groups - persons
with ESPD signalled more physical deficits and persons with EarlyHD signalled more
cognitive deficits as the main cause of their dysfunction - matched their objective
EcoKitchen performance, considering that persons with ESPD were slower but showed
normal accuracy, and persons with EarlyHD were slower and committed more executive
errors than the other study groups. The significant associations identified between the
EcoKitchen time measures and the motor symptoms of the ESPD group further reinforce
the notion that persons with early stage PD maintain awareness about the impact of
physical/motor abnormalities in their performance of daily life- like tasks.

Thus, we were able to detect distinct functional alterations as a consequence of distinct
cognitive profiles in persons with early Parkinson’s and Huntington's disease.

Moreover, we showed that persons in early disease stages without dementia have
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preserved awareness about the underlying causes contributing to their everyday-life

deficits.

Obijective Assessment of Executive Status

Notably, although the three clinical groups were slower than controls during the
completion of both single-task and multi-task executively demanding blocks, only
persons with EarlyHD showed diminished accuracy in the EcoKitchen. This finding is
strongly corroborated by the large effect sizes of the significant differences observed
between the time spend by the three clinical groups to perform the tasks and react to the
EcoKitchen stimuli and the time results of the control group (all #2> 0.132) and by the
medium and large effect sizes of the significant differences found between the persons
with EarlyHD error rate and the error rate of the other study participants (all Cramér’s
V2 0.346). It is well accepted that reaction times are prolonged in both persons with PD
and HD (Sprengelmeyer et al., 1995), so the EcoKitchen time measures were expected to
reflect the bradyphrenia that is a hallmark of these diseases (Hanes et al., 1995).
Importantly, the differences found in the EOPD, ESPD and EarlyHD task performance
might reflect the disparate regional distributions of the neuropathologic changes
observed in these disorders - although both have an early effect on the striatum and
progressively evolve to more widespread cortical and subcortical dysfunction, there is a
greater involvement of the putamen in PD (with its predominantly motor role) and a
greater involvement of the caudate nucleus in HD (with its predominantly cognitive
role) (Bhatia & Marsden, 1994; Cope et al.,, 1996; DelLong & Georgopoulos, 1981;
Geevarghese et al., 2015; Peinemann et al., 2005; Sprengelmeyer et al., 1995; Starkstein et
al., 1992). While cognitive impairment is usually seen as an early HD feature,
particularly elicited by tasks that rely on frontostriatal circuits, the cognitive
deterioration in idiopathic PD tends to be a relatively late disease manifestation and is
thought to evolve according to the progression of dopamine depletion within the
striatum, which parallels the motor deficits (Ceravolo et al., 2012; Glosser, 2001; O'Keeffe
et al., 2009). Nevertheless, as previously stated, though in the early stages of Parkinson’s
and Huntington’s disease the dichotomy putamen - caudate nucleus is more
pronounced, the progressive structural and functional neuropathological changes
associated with both conditions are significative, complex, and seldom restricted to

specific areas (Andrews & Brooks, 1998; Berti et al., 2012; Huang et al., 2007; Montoya et
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al., 2006; Rosas et al., 2003). Thus, we cannot discard the contribution of other brain
regions and circuitries to the disparate cognitive and functional deficits observed in
persons with PD and HD.

Our performance-based results corroborate previous studies: Hanes et al. (1995) found
that persons with HD were impaired in tasks of cognitive flexibility and integration
compared to persons with PD, who had standard accuracy and only presented reaction
time deficits; Lundervold et al. (1994) showed that persons with HD were more severely
impaired on a neuropsychological test battery than persons with PD, that only had mild
sensorimotor deficits; Dirnberger and Jahanshahi (2013) pointed out that persons with
mild PD usually show longer latencies to initiate correct responses but regular accuracy
levels; and Bialystok et al. (2008) compared persons with PD to age-matched and
younger controls in a virtual breakfast task and showed that they outperformed same-
age controls and also often matched the level of young controls. Interestingly, while the
two groups of persons with Parkinson’s disease showed an accuracy level similar to
healthy participants, significant time differences emerged between persons with ESPD
and EOPD, but not between persons with ESPD and EarlyHD, in the most challenging
EcoKitchen Block 3, where persons with ESPD were slower, both in the time taken to
complete the task and in the time taken to react to the cues. This discrepancy between
sub-groups of persons with Parkinson’s disease reiterates the notion that cognitive
impairment can be a distinguishing feature of clinical subgroups of Parkinson’s disease
(Svenningsson et al., 2012; van Rooden et al., 2011) and that persons with EOPD present
a slower rate of cognitive dysfunction and a more preserved executive status than
persons with PD (Schrag & Schott, 2006; Tang et al., 2016). Moreover, it suggests that
persons with late-onset PD need to slow down in more cognitively demanding
conditions to maintain good performance accuracy - the speed-accuracy trade-off often
seen in clinical populations (Heitz, 2014).

In one way, the BADS results reinforce this idea of distinct executive profiles between
persons with early-onset and late-onset mild PD, as no differences were found between
the EOPD and CTRL groups in any of the BADS measures. We have previously shown
that BADS was not able to differentiate persons with premanifest HD and healthy
participants (Jalio, et al., 2019). The current findings suggest that the EOPD group seems
to display subclinical cognitive symptoms that, similarly to persons with premanifest
HD, cannot be apprehended by BADS, which might not be sensitive to executive
impairments in relatively high functioning individuals (Sohlberg & Mateer, 2001).
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In another way, the BADS scores of the EarlyHD and ESPD groups go in line with
previous studies that identified executive changes in basal ganglia disorders (Kamei et
al., 2008; Koerts et al., 2012; McKinlay et al., 2010; Perfetti et al., 2010; Unmack Larsen et
al., 2015). Notably, the BADS sub-tests where persons with EarlyHD and ESPD were
significantly different not only from controls, but also from EOPD participants (Rule
Shift Card, Action Program, and Zoo Map, all with medium and large significant
differences of #2= 0.108), have disparate features and tap distinct skills compared to the
tasks included in the EcoKitchen. The time constraints of the Rule Shift Card and Zoo
Map tests imply a score penalization for slower participants; the Action Program and
Zoo Map tests involve high-demanding planning, complex problem-solving and logical
reasoning skills, as participants must structure an action plan without any assistance or
prompting cues (Wilson et al.,, 1998). These skills might be less important for the
execution of simple everyday routines, such as meal preparation. Thus, although the
BADS battery has higher ecological validity than classic executive tests and tries to
mimic real-world situations (Burgess et al., 2006), its sensitivity to early HD and PD
executive changes must be seen with some caution, as it puts at disadvantage persons

with bradyphrenia/bradykinesia and involves complex cognitive skills.

Subjective Assessment of Functional Status

A remarkable difference was found between the clinical groups in the IAFAI
questionnaire - persons with ESPD reported more functional difficulties due to physical
constraints than persons with EarlyHD, and persons with EarlyHD reported more
functional difficulties due to cognitive constraints than persons with EOPD and ESPD.
These differences observed between the self-report of the clinical groups had moderate
effect sizes (Cramér’s V between 0.354 and 0.408). Furthermore, all persons with PD and
HD indicated a higher number of incapacities in completing basic and instrumental
activities of daily living than controls. This finding is strongly supported by the large
effect sizes found in our data analysis (Cramér’s V between 0.407 and 1). Importantly,
this suggests that the subjective appraisal of everyday function is relatively preserved in
persons with ESPD and EarlyHD, as it matches their objective performance in simulated
everyday tasks. In the EcoKitchen, persons with ESPD were slower than controls, which
is possibly related to physical factors (bradykinesia), whereas persons with EarlyHD

were not only slower than controls, but also committed more errors than all other
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participants, which is possibly related to cognitive factors (executive deficits).

On the one hand, our findings challenge the claim of inaccurate self-appraisal as a
reflection of prefrontal pathology (Kudlicka et al., 2013; Sitek et al., 2011). Lack of insight
has been reported in Parkinson’s disease (Kudlicka et al., 2013; Leritz et al., 2004) and
Huntington’s disease (Andrews et al., 2018; Ho et al., 2006; Nicoll et al., 2014; Sitek et al.,
2013). However, most of the existing studies infer the reduced awareness from self-
report vs informant report comparisons [e.g., Andrews et al. (2018); Ho et al. (2006)] and
are seldom based on the combination of subjective and objective individual measures or
comparisons between clinical and healthy participants. Furthermore, many of the studies
that found altered awareness in PD and HD included persons in more advanced disease
stages and/or that already presented pronounced cognitive deficits, which might play
an important role in the ability to recognize one’s limitations [e.g., Deck et al. (2019); Ho
et al. (2006); Kudlicka et al. (2013)].

On the other hand, the IAFAI data consubstantiate recent findings. Vlagsma et al. (2017)
demonstrated that persons with PD have more complaints about time management and
initiation skills than their relatives and healthy individuals. Hoth et al. (2007) proved
that persons with HD have some degree of self-awareness, rating their own level of
functioning as being poorer than their collaterals’ level of functioning. Aldaz et al. (2019)
showed that persons with HD report higher prevalence of attentional deficits and
cognitive problems than persons with PD in a questionnaire of non-motor symptoms.
Previous HD studies concluded that in earlier disease stages awareness of functional
dysfunction is better preserved than awareness of clinical symptoms per se (McCusker &
Loy, 2014; Sitek et al., 2011; Snowden et al., 1998).

Finally, the significant correlations found between the EcoKitchen time measures and PD
clinical features (namely, motor symptom severity and disease stage) also seem to
consubstantiate the IAFAI results and the self-appraisal of these persons about the
consequence of their physical/motor difficulties upon their daily-life function. This
finding goes in line with previous studies that identified significant associations between
PD motor symptomatology and disease stage and executive function assessment
measures (Domellof et al., 2011; Pfeiffer et al., 2014; Schneider et al., 2015). Moreover, the
lack of significant associations between the EcoKitchen performance accuracy and the
other measures included in our screening protocol suggests that this assessment tool
provides additional information regarding the clinical and cognitive status of study

participants that is not conveyed by the other methods. Additionally, the absence of
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significant correlations between the EcoKitchen results and the demographic, clinical and
baseline cognitive features of the EarlyHD group might indicate that this method
captures different traits of the disease phenotype and/or that our sample size masked
the statistical significance of existing associations (e.g., the marginally significant
correlation identified between the EcoKitchen Performance Time A and disease duration:
rs=0.504, p=0.055).

In sum, our study showed that the disparate objective performance of persons with PD
and HD in the EcoKitchen corresponded to their distinct subjective report of functional
abilities as assessed by the IAFAI, which suggests that persons without dementia and
with early-stage Parkinson’s and Huntington’s disease maintain a preserved awareness

regarding the disease impact on their everyday function skills.

Limitations

Some limitations should be considered when interpreting our results.

First, given the exploratory nature of this cross-sectional study and given the relatively
small sample of enrolled participants, caution must be taken in the drawing of
conclusions and generalization of our results to larger populations, as cross-sectional
and longitudinal studies with larger sample sizes and a stricter statistical approach are
needed to confirm and expand the current findings.

Second, there was an inevitable age difference across the groups because Parkinson’s
disease has typically a later onset than Huntington’s disease. Thus, when significant
differences were observed between groups, prudence is required in the interpretation of
these results as age might play a role in the findings. However, this difference did not
account for the EcoKitchen and IAFAI results - persons with EarlyHD were younger,
equally slower, exhibited worse accuracy, reported the same amount of functional
problems and more cognitive impairment in relation to persons with ESPD. Moreover,
the EOPD and EarlyHD groups were age and education matched and similar findings
were obtained. Finally, the absence of significant correlations between the age of persons
with EarlyHD and PD and their EcoKitchen performance further complements the idea
that age does not influence our study results.

Third, all the clinical groups exhibited higher depression rates than healthy participants,
which might have played a role in the behavioural performance and awareness status

examined in this study. However, as depression is part of the neuropsychiatric features
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of both clinical conditions (Galts et al., 2019), and no statistically significant differences
emerged between the EarlyHD, EOPD and ESPD groups regarding this symptom, the
cognitive and functional inter-group disparities observed cannot be explained by this
variable.

Fourth, simulated tasks done in clinical or research settings cannot fully replicate real-
world uncertainties, so they are not fully synonymous of everyday life (McGuire, 2014;
Moore et al., 2007; Williams et al., 2015). Nevertheless, virtual reality tools are thought to
be more affordable, safe, easy for data capturing and scoring, efficient and widely
applicable than real-life assessments (Allain et al., 2014; Parsons et al., 2017; Ruse et al.,
2014).

Fifth, the IAFAI was only used as a self-report measure, which can lead to an
overreporting or underreporting of problems. Still, some authors state that our
knowledge about how patients experience their limitations is scarce (Koerts et al., 2012)
and that reliance on caregiver reports is also prone to bias and offers only very raw
information (Giovannetti et al., 2008). Moreover, our main interest was to compare the
patients” subjective perception about their functional status and their objective
performance in simulated routine tasks to infer their level of awareness regarding the
disease impact on everyday function skills.

Lastly, the clinical groups were tested on their regular medication, which may have
interfered on their performance and influenced our findings. Still, this study aimed to
compare persons with EarlyHD, EOPD and ESPD on daily life- like executive
demanding tasks, and it is expected that persons take their usual medication when they

are carrying out their everyday activities.

Conclusion

This study sheds light on the interrelations between cognitive skills, functional ability
and awareness in subcortical neurodegenerative movement disorders that damage the
basal ganglia and disrupt the frontostriatal circuitry. First, we proved that the EcoKitchen
can detect and quantify early deficits in everyday-like tasks and is therefore a valuable
tool for assessing the effects of rehabilitation strategies on the functional cognition of
persons with PD and HD. Second, we have identified distinct cognitive and functional
profiles within similar clinical populations, which might reflect the neuropathological

differences found in the basal ganglia structures primarily affected early in the course of
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Parkinson’s and Huntington’s disease. Furthermore, we have demonstrated that persons
with early-stage PD and HD without dementia maintain awareness regarding the
functional impact of their clinical symptoms, as their objective performance of simulated
everyday tasks parallels their subjective report of everyday problems. This cross-
diagnosis comparison resorting to more sensitive and ecologically valid tools adds
critical information about the diverse clinical phenotype of persons with PD and HD and
its impact on function - which is crucial to the planning of tailored pharmacological and
non-pharmacological interventions. Moreover, our study elucidates about the patients’
level of awareness regarding everyday performance. By suggesting that awareness is
preserved, we redefine the role of the patient in symptoms report and management,
which will have important clinical, research and rehabilitation implications.

From a rehabilitation perspective, our findings provide relevant cues for the design and
implementation of diagnosis-specific strategies both in the clinic and at home. Our work
suggests that both persons with HD and PD will benefit from an intervention that
privileges the motor component involved in the timely performance of everyday chores
and appropriate response time to different everyday stimuli - one that is aware of the
greater time needs from these persons in task completion. Furthermore, our study
indicates that persons with HD will gain from rehabilitation efforts that also target the
cognitive component of daily performance - an intervention that enhances the different
executive sub-domains (such as planning, psychomotor speed, attention, behaviour
monitoring, working memory or inhibitory control skills) implicated in the timely and
accurate response to everyday challenges. Finally, by demonstrating that self-awareness
is preserved in persons with mild PD and HD without dementia, our study suggests that
patients should have a more prominent role in symptoms report and management, and
that it will be beneficial to include them in practical decisions about meaningful targets
for intervention, vocational choices, quality-of-life issues and/or specific everyday skills

to boost.
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Chapter V — Study 4

Preface

Study 4 was designed to test if our novel performance-based tool would be more
sensitive than classic neuropsychological tests in depicting the cognitive and functional
decline associated with normal ageing - and thus in assessing the functional cognition of
older adults. For this, we investigated the impact of healthy ageing on the accuracy and
timing features of the EcoKitchen. Additionally, this study aimed to establish the
cognitive correlates of the EcoKitchen task performance, so as to further validate its
ability to capture the different executive skills underlying the everyday functioning of
healthy adults.

As the global population is ageing, and there is a known impact of age in executive
function, it is increasingly important to understand the functional consequences of the
cognitive changes exhibited by healthy older adults (Harada et al., 2013; Marcotte et al.,
2010; Schmitter-Edgecombe & Parsey, 2014; Tan et al., 2009). Executive functions are
more accurate predictors of activities of daily living (ADLs) in normal ageing than are
other measures of cognitive function, including memory, language, or visuospatial skills
(Cahn-Weiner et al., 2007). Studies using self-report measures and functional
questionnaires have shown that healthy cognitive ageing can result in declines in
complex functional skills, such as the ability to prepare meals or drive (Harada et al.,
2013). However, there is a lack of quantitative, objective measures to assess functional
cognition in older adults. In fact, the features of classical standardized EF tests do not
replicate the complexity and challenges found in ADLs, and therefore their predictive
power for real life performance is limited (Negut et al., 2016; Schultheis et al., 2002).
Thus, the increased ecological validity of the EcoKitchen was thought to better reflect the

functioning of older adults within the context of daily life and objectively and
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quantitively measure the impact of their potential executive deficits on functional status
(Alvarez & Emory, 2006; Bogdanova et al., 2016; Negut et al., 2016).

Lastly, since computerized cognitive programs to train EF have gained popularity in
ageing populations as a means to prevent cognitive decline and potentially enhance
cognitive functioning (Bogdanova et al., 2016), we believed this work would establish
the feasibility of the EcoKitchen to be included in these prevention and rehabilitation

efforts involving the normal ageing population.
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Abstract

Introduction: More realistic assessment tools are imperative for a better understanding
of the impact of age-related cognitive deficits on older people’s functional status. With
this in mind, we probed the ability of the EcoKitchen, a non-immersive virtual reality task

with increasing executively demanding kitchen chores, to detect the effects of ageing on
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the simulated everyday functioning of healthy adults.

Materials and Methods: Fifty-three adults (age between 23 and 77 years) were assessed
with the EcoKitchen and a set of conventional paper-and-pencil neuropsychological tests.
The correlations between the baseline features of study participants and each of the two
different assessment methods were examined. The associations between the EcoKitchen
variables and an executive composite score were also explored.

Results: Our results showed that older individuals present deficits in the performance of
both the EcoKitchen task and standard assessment methods. Notably, we found that,
unlike conventional tests, the scores of the EcoKitchen task were not related to the
education and IQ level of participants. Moreover, the EcoKitchen time and accuracy
measures were significantly correlated with executive tests.

Discussion: We have demonstrated that the EcoKitchen task, an ecologically relevant
computerized neuropsychological assessment tool, might be more suitable than classic
paper-and-pencil tests to capture the impact of ageing on everyday cognitive function, as
it proved to be less prone to the influence of confounding factors. Additionally, we have
shown that executive function plays an important role in the timely and accurate

performance of cognitively challenging virtual reality tasks.

Introduction

The rising number of senior adults in the worldwide population has led to an increasing
concern regarding the effects of ageing on independent everyday functioning, given the
heavy health care, societal and economic burdens involved (Marcotte et al., 2010;
Schmitter-Edgecombe & Parsey, 2014; Tan et al., 2009). The detection of cognitive and
functional deficits at early stages of decline is mandatory for developing effective
strategies to preserve and rehabilitate everyday cognitive function in older persons.

In this context, we used a non-immersive virtual reality task that involves the
completion of increasingly demanding daily life- like kitchen tasks, the EcoKitchen (Julio,
Ribeiro, et al., 2019, 2022), to identify the functional implications of the executive deficits
associated with ageing in a group of healthy adults.

This task was developed having in mind that the ecological validity of the methods used
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to assess cognition and the functional significance of neuropsychological test results are
of vital importance. Ecological validity can be defined as the ability of a test to predict
everyday function (i.e., the behaviour that occurs in real-world settings) based on the
behaviour that occurs in an experimental context (Gioia & Isquith, 2004; Godefroy et al.,
2010). As conventional assessment methods fail to predict performance in everyday
tasks, we need to find new measures to assess the complex skills underlying daily life
activity (Spooner & Pachana, 2006; Vaughan & Giovanello, 2010). First, the same tests
created to detect severe cognitive dysfunction arising from gross cerebral pathology are
now used to assess subtle alterations related with ageing and estimate functional ability
(Burgess et al., 1998; Chaytor & Schmitter-Edgecombe, 2003; Doherty et al., 2015; Titov &
Knight, 2005). Second, commonly used tests provide a quantitative measurement of
single isolated components of executive functions without considering the multiple
cognitive processes required for goal-directed behaviour in everyday multitasking
(Diehl et al., 1995; Koerts et al., 2011; Lai et al., 2018; McAlister & Schmitter-Edgecombe,
2013; Scott et al.,, 2011). Third, persons often perform well in clinical assessments of
executive functions but demonstrate disorganized behaviour at home or in less
structured environments (Godefroy et al., 2010), as the testing is usually done via paper-
and-pencil tasks rather than being presented in a real or simulated context (Rand et al.,
2009). Hence, neuropsychological assessment tools designed to capture real life
complexity may be more effective at predicting everyday functioning or estimating the
functional impact of the person’s cognitive status. Importantly, computer simulations
and virtual reality tasks seem to provide reliable assessment methods that are
standardized, consistent, cost-effective, and that can objectively quantify behaviour in
challenging but safe environments, while maintaining strict experimental control over
stimulus delivery and measurement (Craik & Bialystok, 2006; Godbout et al., 2005; Rizzo
et al., 2000; Zhang et al., 2003).

We have previously demonstrated that the EcoKitchen is sensitive to the earliest and
subtle functional impairments caused by neurodegenerative disorders with pronounced
executive impairments, such as Huntington’s disease and Parkinson’s disease (Julio,
Ribeiro, et al., 2019, 2022). Importantly, we have shown that the performance on the
EcoKitchen was associated with a self-report measure of real-world functioning (Julio,
Ribeiro, et al., 2019, 2022; Sousa et al., 2015), which suggests that this assessment tool can
serve as a proxy of everyday performance.

Here, our goal was to test if the EcoKitchen is sensitive to the effects of ageing and
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contrast its ability to capture the impact of age-related cognitive deficits on daily life- like
function with that of standard paper-and-pencil tests. A secondary goal was to explore
which executive skills underlie the EcoKitchen performance of healthy adults. The
validation of more ecological testing methods will improve our ability to predict how
persons perform in more integrated executively demanding everyday life- like situations
and help in the design and implementation of strategies aimed at reducing the cognitive

and functional burden associated with the ageing process.

Materials and Methods

Participants

Fifty-three healthy adults (37 women and 16 men, age range between 23 and 77 years
old) with no history of dementia, depression, substance abuse, neurological and/or
psychiatric condition and no current use of psychotropic medication were recruited from
the University of Coimbra (researchers and their relatives working at IBILI - Instituto de
Imagem Biomédica e Ciéncias da Vida, Faculty of Medicine, University of Coimbra,
Coimbra, Portugal) and from the Neurogenetics Consultation Service of the
Neurological Department of Coimbra University Hospital (healthy relatives of persons
with Huntington’s disease). All healthy adults recruited at the Hospital were examined
by an experienced neurologist to exclude the presence of extrapyramidal signs and any
other neurological and/or psychiatric abnormalities. All participants gave written
informed consent in accordance with the Helsinki Declaration to participate in the study
approved by our Institutional Ethics Committees (University of Coimbra - Faculty of
Medicine and Coimbra University Hospital).

We used the “Montreal Cognitive Assessment - MoCA” (Nasreddine et al., 2005), the
“Beck Depression Inventory II - BDI-II” (Beck et al., 1996), the “Irregular Word Reading
Test - TeLP1” (Alves et al., 2012), and the “Edinburgh Handedness Inventory” (Oldfield,
1971) as screening measures of global cognitive status, depression, intelligence level and

handedness of study participants, respectively (Table 4.1).
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Table 4.1 Baseline Demographic, Cognitive and Neuropsychiatric Features of Study Participants

Min - Max Mean CI95% Low - Up SE

Age 23-77 43.92 39.68 - 48.17 211
Education 6-22 14.85 13.75-15.95 0.55
MoCA 20 -30 26.60 25.88 - 27.33 0.36
BDI-II 0-24 5.64 4.09-7.20 0.78

TeLPI (FSIQ) 67.44 -132.34 117.60 114.56 - 120.64 1.51
TeLPI (VIQ) 71.76 - 135.43 119.56 116.50 - 122.62 1.53
TeLPI (PIQ) 70.58 - 122.97 112.32 109.92 -114.71 1.19

Min - Minimum; Max - Maximum; CI - 95% Confidence Interval for Mean; Low — Lower interval; Up -
Upper interval; SE - Standard Error; MoCA - Montreal Cognitive Assessment; BDI-II - Beck Depression
Inventory II; TeLPI - The Irreqular Word Reading Test; FSIQ ~ Full Scale Intelligence Quotient; VIQ -

Verbal Intelligence Quotient; PIQ — Performance Intelligence Quotient

EcoKitchen

The EcoKitchen is a non-immersive virtual reality tool created at our Laboratory that

simulates a kitchen setting where individuals must complete different routine tasks as

fast and accurately as possible (e.g., preparing a snack or handling kitchen equipment)

(Figure 4.1).

Time / Cognitive Load

Block 1

Prepare a cup
of coffee with
milk (Task A)

Block
While

2

performing
Task A, turn
off a kettle
that boils at
random
moments

Block 3

While
performing
Task A and
attending the
kettle,
prepare toasts
with butter
(Task B)

Practice Block 1

Practice Block 2

Practice Block 3

Global Practice Block

Figure 4.1 EcoKitchen Task Design
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The task was displayed on a desktop PC, in which participants had a flat-full screen

presentation of a kitchen setting in a 23” monitor and used the computer mouse to

navigate around the scenario. The EcoKitchen covers several executive skills relevant to

everyday function and includes three blocks of increasing cognitive load:

Block 1, where participants had to collect and use in a sequential order all the
items needed to prepare a cup of coffee with milk (Task A);

Block 2, where participants had to perform Task A, while, simultaneously,
paying attention and monitoring a kettle that was on the stove and that boiled at
several random moments during the block;

Block 3, where participants had to perform the tasks described in the first and
second blocks (Task A and boiling kettle) and, additionally, were instructed to
also prepare toasts with butter (Task B), alternating between Task A and Task B

to make sure that both were completed at the same time.

Three main parameters were defined to evaluate the EcoKitchen performance:

Performance Time Task A, that is the time participants were engaged in the
preparation of a cup of coffee with milk (counting from the moment the first item
of the list was picked to the moment the last item of the list was used); this
parameter is thought to reflect psychomotor and processing speed, planning, and
motor time;

Reaction Time, that is the mean of the different reaction times computed from
each EcoKitchen block, namely Reaction Time Stove (the time participants took to
turn off the stove once the clock was completely red), Reaction Time Kettle (the
time participants took to turn off the kettle once smoke appeared and a red signal
blinked in the computer screen) and Reaction Time Toaster (the time participants
took to turn off the toaster once the clock was completely red); this parameter is
thought to reflect behaviour monitoring, response initiation, divided attention,
set-shifting, task switching, and sustained alertness;

Total Errors, that is the number of errors committed in each EcoKitchen block,
namely Sequencing Errors (signaled when participants failed to follow the
proper sequence of the task), Item Errors (signaled when participants picked
items of the EcoKitchen scenario not needed to prepare either Task A or Task B),
and Impulsivity Errors Stove and Impulsivity Errors Toaster (signaled when
participants tried to turn off the stove or the toaster before the clock being

completely red); this parameter is thought to reflect planning, behaviour

Everyday Executive Function in Parkinson and Huntington Disease: a novel ecological approach 206



monitoring, working memory, attention, response inhibition or inhibitory
control, and task switching.
The EcoKitchen design, procedures, and data analysis are further detailed somewhere

else (Julio, Ribeiro, et al., 2019, 2022).

Conventional Neuropsychological Test Battery

The participants were tested with paper-and-pencil tests commonly used in
neuropsychological assessments to have a standardized representation of the cognitive
skills of study participants: the Phonemic Verbal Fluency test - P, M, R (Cavaco et al,,
2013) and the Semantic Verbal Fluency test - category animals (Cavaco et al., 2013), as
measures of working memory, word generation and inhibition; the Stroop test -
Naming, Interference and Reading tasks (Stroop, 1935), to evaluate cognitive flexibility,
inhibition and processing speed; the Symbol Digit Modalities test (Smith, 1982), to assess
working memory, attention and integration, and processing/psychomotor speed; the
Digit Span test (Backward) of the WAIS-III - Wechsler Adult Intelligence Scale
(Wechsler, 1997, 2008), to measure attention and working memory; and the Wisconsin
Card Sorting Test (Heaton, 1981), to evaluate abstract behaviour, novel problem-solving

and set-shifting.

Statistical Analyses

An Executive Composite Score was computed from the following neuropsychological
test scores: Phonemic Verbal Fluency - total correct; Semantic Verbal Fluency test - total
correct; Stroop Word Reading test - total correct; Stroop Colour Naming test - total
correct; Stroop Interference test - total correct; Symbol Digit Modalities test - total
correct; Digit Span test - Backward total correct; Wisconsin Card Sorting Test - % correct
trials (total number of correct trials/total number of administered trials). This procedure
was adapted from one of our previous studies (Julio, Caetano, et al., 2019). After this
step, a reliability analysis was conducted through the calculation of the Cronbach’s alpha
of our composite score (0.804). A Cronbach’s alpha higher than 0.7 indicates that the
combination of items has acceptable reliability to represent the variable of interest
(George & Mallery, 2016) - in this case, tests of executive function. To reduce the number

of comparisons, we decided to use this composite score in the subsequent analysis as a
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summary measure of executive function captured by the conventional tests. Pearson
product-moment correlation coefficients were calculated to investigate the associations
between the demographic, cognitive and neuropsychiatric baseline features of study
participants and their performance on the neuropsychological tests and the EcoKitchen
task. Then, partial correlations with age as covariate were run to determine if the
standard executive tests correlated with the EcoKitchen measures, whilst controlling for
the age-related influences in these associations. An inspection of the EcoKitchen outputs
suggested the presence of outliers, which were quantitatively checked using the logical
conditions (x Qs + 1.5 * IQR) and (x;< Q1 - 1.5 * IQR); based on these conditions, we
discarded four participants in the data analysis of the EcoKitchen Performance Time A
(final n= 49), three participants in the EcoKitchen Reaction Time (final n= 50), and two
participants in the EcoKitchen Total Errors (final n= 51). Moreover, the EcoKitchen
variables included in the correlation matrices were averaged across the three blocks to
obtain a more concise representation of the data derived from this tool. The level of
significance was adjusted using Benjamini-Hochberg corrections with false positive rate
established at 0.05 when dealing with multiple comparisons, and only the correlations
that survived these corrections were further examined. All calculations were performed

with IBM SPSS Statistics (Version 24) with an alpha set at 0.05.

Results

The EcoKitchen performance time and number of errors presented a gradual increase
with increasing age, indicating that this task is sensitive to the cognitive decline

associated with ageing (Figure 4.2).
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Figure 4.2 Scatter-Plots between EcoKitchen Parameters and Age with Best Linear Fitting Line

In fact, correlation analyses revealed an effect of age on the performance of study
participants across the two components of our assessment protocol, as older age was
associated with slower performance and reduced accuracy on the EcoKichen and the
executive function tests. Specifically, age was positively correlated with EcoKitchen
performance and reaction times and the number of errors and was negatively correlated

with the Executive Composite Score (Table 4.2).
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Table 4.2 Pearson Correlations between Baseline Features and Test Performance

EcoKitchen
Performance Time A Reaction Time Total Errors Executgiceofeozf postie
Baseline Features r p r p r p r p

Age 0.635 <0.001 2 0374 0.008a  0.499 <0.001 2 -0.467 <0.001 =
Education -0.279 0.052 -0.163 0.258 0.029 0.839 0477 <0.001 a
MoCA  -0.553 <0.0012  -0.492 <0.0012 -0.392 0.004 a 0.600 <0.001 a
BDI-II  0.130 0.373 0.136 0.345 0.132 0.355 -0.155 0.267
TeLPI-FS  -0.210 0.148 -0.217 0.130 0.074 0.607 0.474 <0.001a
TelLPI-V  -0.223 0.123 -0.213 0.138 0.069 0.632 0.483 <0.001 =
TeLPI-P -0.193 0.184 -0.220 0.125 0.079 0.581 0.461 0.001 2

a Correlation significant after Benjamini-Hochberg corrections; b Correlation significant at p< 0.05

MoCA - Montreal Cognitive Assessment; BDI-II - Beck Depression Inventory II; TeLPI - The Irregular Word
Reading Test; FSIQ - Full Scale Intelligence Quotient; VIQ - Verbal Intelligence Quotient; PIQ - Performance
Intelligence Quotient

* Phonemic Verbal Fluency - total correct + Semantic Verbal Fluency test — total correct + Stroop Word Reading test —
total correct + Stroop Color Naming test — total correct + Stroop Interference test — total correct + Symbol Digit
Modalities test — total correct + Digit Span test — Backward total correct + Wisconsin Card Sorting Test % Correct
Trials (total number of correct trials/total number of administered trials)

Notably, education and IQ level had a significant effect on paper-and-pencil test results,
but not on the EcoKitchen task. The EcoKitchen time and accuracy parameters were
associated with age and global cognitive status as measured by the MoCA, but showed
no relation to other variables, whereas the standard tests were influenced by several
demographic and cognitive features.

Concretely, we found that age and global cognition showed robust correlations with the
EcoKitchen Performance Time A, Reaction Time and Total Errors results: all significant
correlations |r| = 0.374, p< 0.008. Furthermore, we found that the composite score
computed from the conventional executive tests showed significant correlations with
almost all the demographic and cognitive screening variables (all significant correlations
| 7| =0.461, p< 0.001), except for the Beck Depression Inventory score.

When we partialled out the influence of age, we found significant correlations between
all the EcoKitchen variables and the performance on standard neuropsychological tests
(Table 4.3). The Executive Composite Score was particularly associated with the

EcoKitchen performance time (r=-0.385, p< 0.005).
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Table 4.3 Partial Correlations (controlling for Age) between the EcoKitchen and the Executive Composite
Score

EcoKitchen
Performance Time A Reaction Time Total Errors
Neuropsychological Tests r P r P r P
Executive Composite Score * -0.385 0.005 b -0.299 0.031° 0.288 0.038 b

b Correlation significant at p< 0.05

* Phonemic Verbal Fluency - total correct + Semantic Verbal Fluency test - total correct + Stroop Word Reading test
— total correct + Stroop Color Naming test — total correct + Stroop Interference test — total correct + Symbol Digit
Modalities test — total correct + Digit Span test — Backward total correct + Wisconsin Card Sorting Test % Correct
Trials (total number of correct trials/total number of administered trials)

Discussion

Our study demonstrated that a quantitative non-immersive virtual reality task, the
EcoKitchen, can detect and detail age-related decrements in the performance of
cognitively demanding everyday-like routines by healthy adults. Moreover, we found
that this task was more impermeable to confounding factors in probing the age influence
on the executive skills underlying everyday function than conventional
neuropsychological assessment tests. Finally, our study indicated that the features of
everyday cognitive function assessed by the EcoKitchen, particularly the performance
time, are associated with the cognitive domains addressed by the traditional executive
tests commonly used to study cognition and predict function. This strongly suggests that
working memory, inhibition, attention, set-shifting and psychomotor/processing speed
skills are pertinent for the timely and accurate performance of everyday-like tasks by
healthy adults. Importantly, these cognitive skills seem to be more purely apprehended
by assessment tools with higher ecological validity, such as the EcoKitchen task, as these
seem to be less prone to the influence of demographic factors such as education level or
IQ.

Previous studies showed that the EcoKitchen is sensitive to subtle cognitive and
functional alterations in preclinical populations that exhibited a similar performance to
healthy individuals in standard cognitive assessment methods (Jtlio, Ribeiro, et al., 2019,
2022). Here, in a cross-sectional cohort of healthy adults, both the EcoKitchen parameters

and the standardized test measures were sensitive to the age-induced alterations on
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cognitive function. These findings are in line with the study of McAlister and Schmitter-
Edgecombe (2016), that found an ageing effect in both experimental and classic executive
function measures, and with the study of Allaire and Marsiske (1999), that showed that
everyday cognitive tests and basic traditional measures were similarly associated with
age.

Notably, while the EcoKitchen performance was significantly correlated with age and
global cognitive status, it did not depend on education or IQ. In contrast, the classic tests
correlated with the years of education and the IQ level of study participants. These
results reinforce Royall et al. (2007) criticism about conventional cognitive testing having
educational, linguistic, or cultural biases and low ecological validity - and seem to favor
the use of more impartial and closer to real life assessment tools, such as the EcoKitchen.
Furthermore, our observation that an increase in age is paralleled by an increase in
performance time and in the number of errors committed during task completion
validates earlier work: Craik and Bialystok (2006) found that older adults were slower
and more inaccurate than younger adults using a simulated “cooking breakfast” task;
Schmitter-Edgecombe and Parsey (2014) noted that the ease and efficiency with which
older adults complete everyday tasks is compromised; and McAlister and Schmitter-
Edgecombe (2013) demonstrated that older adults took longer and failed to correctly
sequence naturalistic executively demanding tasks.

A secondary aim of this study was to check the convergent validity of the EcoKitchen task
with executive measures. In other words, we aimed to clarify if a more realistic measure
of everyday cognitive function would capture the same cognitive sub-domains as
conventional neuropsyhological tests. Normal ageing was found to alter different
executive sub-skills strongly related to functional status, such as mental flexibility (Bell-
McGinty et al., 2002), task switching (Kramer et al., 1999; Kray & Lindenberger, 2000;
Mayr, 2001; Vaughan & Giovanello, 2010; Verhaeghen & Cerella, 2002), planning (Lewis
& Miller, 2007), multitasking (McAlister & Schmitter-Edgecombe, 2013), inhibition
(Murman, 2015), processing and psychomotor speed (Murman, 2015; Ylikoski et al.,
1998), sustained attention (Ylikoski et al., 1998), complex sequencing ability (Cahn-
Weiner et al., 2002), and novel problem solving (Heaton et al., 1986). Accordingly,
significant associations were found between the three EcoKitchen parameters and the
executive composite score computed from standardized neuropsychological tests after
adjusting for the effect of ageing. This result fits in previous observations. Schmitter-

Edgecombe et al. (2011) showed that processing/psychomotor speed, as assessed by
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tests such as the Symbol Digit Modalities test, was a relevant cognitive predictor of
performance on tasks like the EcoKitchen, after adjusting for age. Several authors also
indicated that conventional paper-and pencil executive tests, such as the Wisconsin Card
Sorting Test or the Trail Making Test, significantly predict performance-based
instrumental activities of daily living (Aretouli & Brandt, 2010; Bell-McGinty et al., 2002;
Cahn-Weiner et al., 2002; Gold, 2012). Additionally, this result further substantiates the
convergent validity of the EcoKitchen task in the assessment of executive skills.
Nevertheless, there are some limitations to the current study that deserve to be
mentioned. First, larger studies are mandatory to confirm and build upon our results, as
the relatively small sample size hampers the generalization of the findings. Second,
given the cross-sectional, exploratory and correlational nature of this study, the
identification of the mechanisms mediating the age differences in performance has some
interpretative difficulty and thus there is the need for a broader, multimodal,
longitudinal study to validate our findings. Finally, virtual reality or performance-based
assessment tools applied in clinical or research settings are not the same as real-life tasks,
which might prevent us from drawing robust conclusions about the functional status of
study participants based on this kind of measures. However, these methods are thought
to have several benefits compared to real-world tasks, as they involve quantitative and
safe environments, and have many positive attributes, namely safety, objectivity,
efficiency, affordability, and wider applicability (Allain et al., 2014; Parsons et al., 2017;
Ruse et al., 2014) - features of capital importance to evaluate the feasibility of potential
interventions. Importantly, as stated before, the EcoKitchen task has previously proven to
be associated with a self-report measure of real-world functioning, The Adults and Older
Adults Functional Assessment Inventory - IAFAI (Jalio, Ribeiro, et al., 2019, 2022; Sousa
et al., 2015), which suggests that it can serve as a surrogate of everyday performance.

To conclude, our study demonstrated that the EcoKitchen, a non-immersive virtual
reality task, is sensitive to the effect of ageing on everyday cognitive function and probes
executive skills similar to the ones assessed with standard paper-and-pencil tests.
Importantly, the EcoKitchen time and accuracy measures may be able to deliver a more
impartial portrait of everyday cognition since they seem to be less influenced by
demographic factors like education level and IQ than the conventional tests.
Additionally, our findings strongly suggest that executive functions are implicated per se
in the timely and accurate completion of simulated daily-life tasks. These observations

highlight the importance of taking advantage of current technology to develop more
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ecological assessment tests. Notably, the use of more realistic assessment tools such as
the EcoKitchen will help identify specific routines and settings where difficulties are more
probable to occur thereby contributing towards the development of tailored
interventions aimed at delaying potential functional decline and promoting individual

safety and welfare in the ageing population.
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Chapter VI - General Discussion

This body of work has demonstrated that novel computer-based assessment methods
can identify impairments in terms of performance time and accuracy in persons that
show a regular response to more conventional neuropsychological measures. Taken
together, our findings underline the importance of designing and testing objective,
quantitative neuropsychological assessment methods that can effectively distinguish
between preclinical, clinical, and non-clinical populations and can accurately portray the
impact of subtle cognitive changes on functional status and daily life- like tasks. This
more refined assessment approach is thought to be vital to customize and evaluate the
effects of any intervention that targets cognition and function according to the

idiosyncrasies of disease stages, nosological entities and age categories.

More complex assessment tools are needed to detect subtle cognitive and functional

deficits.

The 4-block saccadic paradigm with increasing executive and memory demands was
able to capture cognitive and behavioural deficits presented by persons with premanifest
HD during oculomotor performance (Jalio, Caetano, et al., 2019). We demonstrated
impulsivity and inhibition abnormalities not only in early manifest patients (Jalio et al.,
2013) but also in highly functioning persons with PreHD. These abnormalities were
found only in the saccadic accuracy and trajectory parameters computed from the eye-
tracking measures, since none of the several classic executive and memory tests
employed in the cognitive assessment of study participants was able to capture the
changes that occur in preclinical HD.

The EcoKitchen, a non-immersive virtual reality measure with cumulative cognitive load
that simulates meal preparation tasks, was able to capture the changes in cognition and

function underlying preclinical HD (Jalio, Ribeiro, et al., 2019). We showed impairments
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in the performance accuracy of persons with PreHD during the completion of
executively demanding simulated meal preparation tasks but not in their responses to a
set of classic EF tests and to BADS (Julio, Ribeiro, et al., 2019). These results reinforce the
claims that specific deficits in executive control (Maurage et al., 2017), multi-tasking
(Snowden, 2017) and cognitive slowing as captured by timed tasks (Eddy & Rickards,
2015) are among the earliest HD-related cognitive changes, namely in persons with
premanifest HD who often show an intact functional capacity. Additionally, these
findings indicate that timed and fractionable EF tasks are highly sensitive to disease

course (Alvarez & Emory, 2006; Snowden, 2017; Stout et al., 2011; Tabrizi et al., 2012).

Virtual reality measures can mimic daily life function and detect functionally

significant deficits.

Our findings support the idea that computer-based measures might be superior to more
conventional neuropsychological tests in detecting tangible impairments in IADL
performance (Stout et al., 2016), as they are able to mimic the complexity of everyday
cognition. In fact, measures that can detect and monitor impairments in skills essential
for daily life might prove relevant to evaluate the functional state, disease progression,
and response to therapy of patients with neurodegenerative disorders (Artusi et al.,
2018). Moreover, these objective assessment tools can help to overcome the challenges
posed by the patients” poor insight, their lack of mental flexibility and impoverished
planning abilities (Bogdanova et al.,, 2016). High demanding performance-based
assessment tools with increased level of complexity and requiring additional cognitive
resources, might be the most sensitive method to defeat the caveats and limitations of
conventional cognitive and functional assessments (Negut et al., 2016).

Several technological assets are currently available to measure clinically relevant
parameters in these disorders, particularly those targeting motor symptoms (Bogdanova
et al., 2016; Maetzler et al., 2016; Maggio et al., 2018; Reilmann & Schubert, 2017). The
inclusion of validated, treatment-related and symptom-specific data collected with
digital tools will create a new era in the management of these conditions: it will provide
valid and accurate information that is clinically relevant, it will contribute to ecologically
effective therapeutic decisions, it will offer a target range for treatment response or
disease course, and it will allow an easy and repetitive use by healthcare professionals
and/or patients (Maetzler et al., 2016). Additionally, computerized individually tailored

“game-like” tasks or artificial environments with which the person can interact may
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improve the motivation and enjoyment of those being assessed, influencing their quality
of life and the ability to get high quality information to be used in future treatment or
rehabilitation efforts (Maggio et al., 2018). Hence, the computerized tools created for our
work may facilitate not only the assessment, but also the rehabilitation of the cognitive
skills of persons with clinical and non-clinical conditions that have a relevant impact on
functional status but who show a standard performance in commonly used

neuropsychological assessment methods (Bogdanova et al., 2016; Maggio et al., 2018).

Virtual reality measures can identify the cognitive and functional specificities of

persons with HD and PD.

Our work has captured differences in the timing and accuracy of the task performance of
persons with early manifest HD, early-stage PD and early-onset PD. Notably, these
differences were identified by the EcoKitchen but not by BADS (Julio, Ribeiro, et al.,
2022). We have shown that persons with HD display more pronounced executive deficits
than medicated persons with PD in everyday routine simulation (Bialystok, et al., 2008;
Hanes et al., 1995; Lundervold et al., 1994; Roman et al., 1998). These differences are
thought to reflect the neuropathological features of each condition within the same
subcortical degenerative category (Lundervold et al., 1994): the primary involvement of
the caudate nucleus and its links to frontal lobe areas in persons with early manifest HD,
which are related to impairments on tasks that rely on executive functions (Aylward et
al., 1996; Berent et al., 1988; Grahn et al., 2009; Hasselbalch et al., 1992; Lawrence et al.,
1998; Rosas et al., 2001; Snowden, 2017; Vonsattel & DiFiglia, 1998); the primary
involvement of the putamen and its links to more basic sensorimotor regions in early
stage idiopathic PD, which are associated with decreased psychomotor speed,
movement poverty and slowness, or bradyphrenia (Brown & Marsden, 1990; Darweesh
et al., 2017; Dirnberger & Jahanshahi, 2013; Grahn et al., 2009; Hanes et al., 1995; Kish et
al., 1988; Koerts et al., 2011).

Persons with HD and PD maintain awareness regarding their cognitive and functional
status.

The comparison of subjective and objective measures of functional cognition has
revealed that the clinical populations involved in our work keep a preserved insight

about their condition. The EcoKitchen performance was found to be closely related to the
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self-appraisal of functional status in persons with HD and PD - decreased EcoKitchen
performance accuracy corresponding to more cognitive complaints in the HD group and
slower EcoKitchen performance time corresponding to more physical complaints in the
PD group. Additionally, these results underscore that motor function, but not cognitive
function is a predictor of activities of daily living in persons with early PD (Cahn et al.,
1998) and that persons with early HD present more cognitive complaints than physical

complaints (Helder et al., 2001).

The performance on virtual reality measures is less influenced by demographic

factors than performance on standard neuropsychological tests.

The age effect on the EF skills of older healthy adults as captured by the EcoKitchen was
less biased compared to conventional executive tests - which were correlated with the
education and IQ level of study participants (Jalio, Ribeiro, Simdes, et al., 2022). Since
response inhibition and executive abilities requiring a speeded motor component are
particularly susceptible to age effects (Alvarez & Emory, 2006; Harada et al., 2013), the
increasing cognitive demanding EcoKitchen tasks were effective at identifying age-
related decline on these skills. Thus, our novel tool allowed us to determine how
functional status decreases with ageing and how this relates to executive function, which
is vital to identify everyday functioning alterations, point out early safety issues and
help distinguish healthy states from disease states (Harada et al., 2013). Furthermore, the
EcoKitchen can be a useful method for the functional rehabilitation of older adults, by
improving their participation in certain activities, building their cognitive reserve, and
promoting their cognitive retraining - all approaches to achieve a successful cognitive

ageing (Harada et al., 2013).

In sum, we believe that the knowledge derived from our work offers new insights into
the complex and diverse phenotype of basal ganglia disorders (Glidden et al., 2020).
Additionally, it offers valuable tips for those who care for these populations, develop
experimental therapeutics, and deal with the symptomatic burden of these disorders to
plan tailored and more effective interventions to address the EF problems shown by
these patients (Glidden et al., 2020). Specifically, in HD, as no effective treatments to
ameliorate cognitive decline and its consequences on function exist (Shoulson & Young,
2011), even though this is considered one of the most impactful disease symptoms by

patients and families (Simpson et al., 2016), it seems crucial to develop new ways to
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minimize the functional consequences of EF changes (Glidden et al., 2020; Pollard, 2008;
Snowden, 2017). Notably, the EcoKitchen presents itself as an affordable and sensitive
tool to assess the functional cognition of both clinical and healthy populations in an
ecologically relevant way and can be used in the training/rehabilitation work with

persons exhibiting functionally impactful EF deficits.

Future work

An important extension of the current work will be to explore and document more
comprehensively the existing relations between performance on the computer-based
simulation tasks and performance in real-life settings. When attempting to answer
ecological questions about the impact of EF deficits on everyday function it is relevant to
take other factors into account, as neuropsychological measures can only go so far.
Personality measures, informant or clinician ratings, behavioural observations, and
demographic variables should all be considered along with the test/task results
(Chaytor & Schmitter-Edgecombe, 2003). Thus, future research should focus on the
predictive validity of ecologically relevant EF assessment tasks in relationship to real-life
performance and other objective criteria and to investigate the advantages and
disadvantages of each measure (Negut et al, 2016). Furthermore, as previously
mentioned, the potential utility of these novel tasks in rehabilitation efforts should also
be tested. Since the early detection of altered cognitive sub-domains is thought to be
extremely relevant for the planning and implementation of neuropsychological and
neuromodulation therapeutic interventions to improve EF (Maurage et al., 2017), our
computer-based tasks might be valuable methods to include in this endeavour. Having
in mind the profound negative impact of executive impairments on function (Alvarez &
Emory, 2006), future studies may try to look at the daily-life repercussions of repeated
training on these digital tasks. Concretely, the EcoKitchen task can be adapted to train
more integrated behavioural repertoires in rehabilitation settings (Schultheis et al., 2002).
Additionally, as we have shown that both persons with HD and PD maintain a relatively
preserved self-awareness about the functional impact of their clinical condition, future
work can investigate the level of insight that these groups have into their

cognitive/executive deficits. As the link between cognitive and motor functions in HD
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and PD can be so intricate that sometimes it proves impossible to separate (Eddy &
Rickards, 2015) and because persons with suspected cognitive changes may be more
impaired than they admit on self-report measures (Albert et al., 1999), it would be
relevant to further clarify to what extent persons with HD and PD are aware of executive
dysfunction symptoms per se and develop a more refined assessment of self-appraisal of
cognitive deficits.

Lastly, two caution notes should be made when discussing our work. First, some of the
conventional neuropsychological tests included in our standard assessment protocol lack
proper validation in the Portuguese population, which could have limited their efficacy
to detect any deviations from the norm. Second, we need to acknowledge that despite
the efficacy of our computer-based assessment tools in detecting the functional impact of
EF deficits, we cannot neglect that technological familiarity might have influenced the
scores on these digital assessments (Porffy et al., 2022). Nevertheless, we strongly believe
that with the growing computerization of society, virtual game-like tasks create broader
possibilities for the assessment and rehabilitation of functionally relevant cognitive skills

compared to conventional neuropsychological assessment tests.

Concluding Remarks

This PhD work was set up to improve the detection of functionally significant deficits
associated with the cognitive and behavioural changes caused by Huntington’s disease
and related conditions. Many years of close contact with persons with HD and their
families, both as a professional and as a volunteer for HD national and international
organizations, have made me greatly aware of the tremendous impact that the HD
clinical phenotype has on the daily life of those affected by this complex disease and
everyone around them. Moreover, it made me realize that this impact can be very subtle
but still impose an extremely heavy burden not only in the individual but also in the
family and even in the society. Therefore, having more realistic assessment tools to
measure the functional consequences of HD symptoms is imperative to properly plan
effective prevention and remediation strategies for this condition, as well as to design
and promote reliable research aimed at finding personalised treatments or interventions

for HD.
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During the implementation of the different studies with HD clinical and preclinical
populations, patients with PD and healthy adults, we were able to test the efficacy of
novel computer-based assessment methods to detect the earliest impairments in
performance time and accuracy caused by EF deficits. Specifically, the EcoKitchen was
able to capture the functionally significant changes associated with the cognitive
impairments of the different populations tested. Importantly, several years after the
groundwork of this PhD project, the use of digital technology and computer-based
assessment tools in movement disorders like HD or PD is still limited and often bounded
to the evaluation of motor features, such as balance, gait or tremor; thus, more
investment in the use of digital tools to grasp the cognitive and behavioural alterations
of clinical and non-clinical populations is needed.

Particularly the EcoKitchen task has proven to be a relevant contribution to reach this
goal.

On the one hand, our results indicate that it was able to fill the existing gaps in the
ecological assessment of executively impaired but still relatively high functioning
persons who presented a standard performance in conventional assessment tools.

On the other hand, the HD families that participated in these studies and the ones that
attended the oral presentations about our work thought that the EcoKitchen was a user-
friendly assessment tool that could lead to tangible positive changes minimizing their
daily life challenges.

By detecting the early and subtle functional deficits related to cognitive alterations, we
believe we are giving an important contribution to improve the management of these
deficits - which, in turn, will foster the independence and promote the well-being of
these populations.

By establishing that patients are self-aware of their functional deficits, we are giving
them a more prominent role in symptom report and management. This will hopefully
contribute to a more patient-centred approach to neurological diseases with extremely
high societal costs.

I would like to end this work by quoting Alvaro Lapa, a fabulous Portuguese painter
and writer, who wrote in one of his paintings from the 90’s:

“Temos o Trilho, Falta-nos o Mapa” ["We Have the Trail, We Lack the Map"].

This makes perfect sense when we think about the road that still lies ahead for
Huntington’s disease and similar conditions.

Actually, this makes perfect sense if we think of life itself.
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