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Abstract 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease, 

characterized by progressive muscle weakness and death, usually within 3-5 

years from symptom onset. ALS is now recognized to be a multi-system 

disorder, affecting cognition and/or behaviour in up to 50% of patients.  

Cognitive impairment is typically screened in ALS using the Edinburgh 

Cognitive and Behavioural ALS screen (ECAS). In study 1 of this thesis, the 

equivalence of alternative ECAS versions (i.e., ECAS A-B-C) and their 

practice effects were assessed in healthy controls (n = 236). Alternative 

ECAS versions were found to be highly comparable but not statistically 

equivalent. Serial administration of alternative versions produced small but 

significant practice effects. 

Cognitive reserve (CR) i.e., the brains’ ability to compensate for 

neuropathology, may moderate cognitive impairment in ALS. CR is 

protective against cognitive symptoms in Alzheimer’s, Huntington’s, and 

Parkinson’s. However, CR has yet to be examined in ALS. In study 2 of this 

thesis, the association between CR (measured using education, occupation 

and physical activity) and cognitive decline in ALS patients (n = 189) was 

assessed. CR was associated with better verbal fluency and language 

performance. CR was also associated with better baseline performance in 

memory, but a sharper decline over time, suggesting CR is more protective 

for ALS associated impairments. 
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The most prevalent genetic cause of ALS is a mutation of the C9orf72 

hexanucleotide repeat expansion, however this mutation only accounts for 

~40% of Familial ALS (FALS) and ~10% of Sporadic ALS (SALS), 

meaning the genetic cause of most ALS cases remains unknown. Genetic 

studies may fail to identify risk genes because they are overly reliant on 

clinical description to define a phenotype. Endophenotypes (i.e., quantitative 

traits which lie between an illness and its underlying genetic cause) may 

offer a more promising approach to gene discovery as they can help identify 

individuals at risk prior to disease onset and provide greater statistical power 

in localizing and identifying disease related genes.  

In study 3 of this thesis, first- and second-degree relatives of ALS patients (n 

= 224) and healthy controls (n = 134) were recruited to examine 

endophenotypes in ALS. Participants were administered a 

neuropsychological assessment, a blood sample was taken for genetic 

testing, and participants were given a neuropsychiatric questionnaire to 

complete online. 

ALS relatives performed significantly worse than controls on executive 

functioning, language, memory and IQ domains, with large effect sizes for 

verbal fluency and confrontation naming tasks. Deficits were greater in 

relatives of FALS patients, likely due to a greater genetic burden in these 

individuals. ALS relatives were also characterized by initiation apathy, 

greater autism traits, low openness to experience and low conscientiousness 

traits. IQ deficits were a central component of the cognitive endophenotype 

in ALS relatives, but did not fully account for verbal fluency and 
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confrontation naming deficits. Neuropsychological and neuropsychiatric 

outcomes clustered into two distinct sub-groups, potentially indicative of 

diverging risk profiles in ALS kindred. 

Overall, these findings suggest 3 promising candidate endophenotypes for 

ALS: verbal fluency, confrontation naming and openness to experience 

traits. Future research is needed to validate these endophenotypes on a 

molecular and genetic level and determine their usefulness towards gene 

discovery.   
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1. Chapter 1: An Introduction to Amyotrophic Lateral 

Sclerosis and Endophenotypes 

1.1. Background of ALS 

1.1.1. Amyotrophic lateral sclerosis (ALS) is a neurodegenerative condition 

characterized by progressive degeneration of the upper and lower motor 

neurons, resulting in a relentless, progressive paralysis and death (1). ALS is 

the most common form of Motor Neuron Disease (MND), a group of 

disorders which also include Primary Lateral Sclerosis (PLS), Progressive 

Bulbar Palsy (PBP), Pseudobulbar Palsy, Progressive Muscular Atrophy 

(PMA) and Spinal Muscular Atrophy (SMA). There is currently no cure for 

ALS, although symptoms can be managed and survival prolonged through 

multidisciplinary care (2) (3). Individuals with ALS typically die as a result 

of respiratory failure within 3 years of disease onset (1).  

1.1.2. ALS is not solely a disease of the motor system. Extra-motor 

pathology in frontal, prefrontal and temporal regions is commonly found 

upon histopathological examination (4). Extra-motor involvement is 

associated with impairment in executive functioning and behavioural 

dysfunction, with 14% of ALS patients also meeting criteria for co-morbid 

Frontotemporal Dementia (FTD) (5). There is now growing recognition that 

ALS and FTD represent two sides of a disease spectrum, known as ALS 

fronto-temporal spectrum disorder (FTSD) (6). 
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1.1.3. Clinical features  

1.1.3.1. The signature hallmark of ALS is progressive motor weakness, 

without sensory dysfunction (4). In ~60% of patients, their first symptom is 

weakness in a limb (i.e., limb onset), ~30% first notice difficulty with speech 

(i.e., bulbar onset), ~5% initially have cognitive and/or behavioural change 

(i.e., cognitive/behavioural onset), and ~5% will first have respiratory 

weakness (respiratory onset) (4) (see figure 1.1.). 

 

Figure 1.1. Clinical features of limb onset and bulbar onset ALS. Adapted from 

Picher-Martel et al. (7) 

 

1.1.4. Diagnosis 

1.1.4.1. ALS is diagnosed by establishing a history of progressive motor 

dysfunction over time. As a result, ALS is associated with a long diagnostic 

delay, typically 10-16 months from symptom onset (8). Over this time a 
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neurologist must identify progression of both upper and lower motor neuron 

signs.  

1.1.4.2. Upper motor neuron (UMN) signs include dysarthria (speech 

difficulty), dysphagia (swallowing difficulty), sialorrhea (excessive 

salivation), pseudobulbar affect (uncontrollable laughing or crying) and 

laryngospasm (spasm of the vocal cord) (9). 

1.1.4.3. Lower motor neuron (LMN) signs include muscle atrophy 

(weakness), fasciculations (twitches) and cramps. LMN signs are often 

investigated using electromyography (EMG) (9). During an EMG, an 

electrode needle is inserted into the muscle, testing its electrical activity 

when contracted and at rest. EMG is ~60% sensitive and therefore cannot be 

used in isolation (4). 

1.1.4.4. As ALS is a diagnosis of exclusion, the presence of sensory 

findings, sphincter involvement or a significant movement disorder should 

lead to additional investigations. Clinicians may undertake nerve conduction 

studies, Magnetic Resonance Imaging (MRI), blood and urine tests, lumbar 

puncture and muscle biopsy in order to rule out other conditions, such as: 

multifocal motor neuropathy, spinal muscular atrophy, polyradiculopathy, 

myopathies and neuromuscular transmission disorders (9).  

1.1.4.5. Depending on these investigations, and the resulting evidence of 

ALS, a clinician may diagnose ALS according to consensus diagnostic 

criteria. Over time, El Escorial (10), El Escorial-revised (11), Airlie House 

(12), Awaji (13) and Gold Coast (14) criteria have been developed and 
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refined to standardize the diagnosis of ALS. The El Escorial-Revised criteria 

are the most commonly applied, classifying ALS diagnosis according to 

degree of certainty. The diagnostic criteria are as follows: 

Definite ALS: progressive UMN and LMN signs in 3 of 4 regions 

(bulbar, cervical, thoracic and lumbosacral spinal cord). 

Probable ALS: progressive UMN and LMN signs in 2 of 4 regions. 

Clinically probable – lab supported ALS: UMN and LMN signs in 1 

region, or UMN signs alone in 1 region or LMN signs in at least two 

limbs. These must be in conjunction with neuroimaging and/or clinical 

laboratory tests that rule out alternative diagnoses. 

Clinically possible ALS: UMN and LMN signs in 1 region, or UMN 

signs in at least 2 regions or LMN signs rostral to UMN signs. 

1.1.4.5. Whilst not specified in the diagnostic criteria, cognitive and 

behavioural impairment are now recognized as common features of ALS and 

can even precede motor involvement. The revised Strong criteria (6) provide 

a framework for diagnosing ALS with varying degrees of cognitive and 

behavioural impairment (see table 1.1.). 
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Table 1.1. Revised Strong criteria, modified table taken from Strong et al. (6). 

ALS subtype Characteristics 

ALSbi 1. Apathy with or without other behaviour change OR 2. meeting at least 

two non-overlapping diagnostic features from Rascovsky criteria (15). 

ALSci Evidence of either executive or language dysfunction or a combination of 

the two. Executive impairment is defined as: Impaired verbal fluency OR 

impairment on two independent measures of executive functions. 

Language impairment is defined as: Impairment on two independent tests 

of language. 

ALScbi Patients who meet the criteria for both ALSci and ALSbi. 

ALS-FTD 1. Evidence of progressive deterioration of behaviour and/or cognition by 

observation or history AND 2. At least 3 behavioural/cognitive 

symptoms outlined by Rascovsky (15) OR 3. At least 2 of those 

behavioural/cognitive symptoms, with loss of insight and/or psychotic 

symptoms OR 4. Language impairment meeting criteria for semantic 

dementia/semantic variant PPA or non-fluent variant PPA.  

ALS-dementia ALS with dementia, not typical of FTD. 

ALSbi – ALS with behavioural impairment; ALSci – ALS with cognitive impairment; ALScbi – ALS 

with cognitive and behavioural impairment 

1.1.4.6. ALS diagnosis can also be categorized based on whether a patient 

has a family history of ALS or FTD. Globally, ~85-95% of individuals with 

ALS have no family history of ALS or FTD, and are thereby referred to as 

sporadic ALS cases (SALS) (16). Globally, ~5-15% of individuals with ALS 
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report that they have a family member who had ALS or FTD, and are thus 

referred to as familial ALS cases (FALS) (16). In Ireland, the recognition of 

familial ALS has grown steadily from 1994 to 2016, and is now estimated 

between 20-30% depending on the criteria used (17). This increased rate of 

FALS is likely because Ireland has the world’s longest running ALS register, 

allowing for greater case ascertainment, rather than due to a truly increased 

prevalence of FALS. 

1.1.5. Disease progression 

1.1.5.1. Disease progression in ALS is considerably heterogeneous. After 

initial symptoms have emerged in one of 4 primary regions (bulbar, thoracic, 

cervical or lumbosacral), the disease spreads, eventually encompassing all 4 

regions. The Kings (18) and Milano-Torino (MiToS) (19) staging systems 

were developed to operationally define disease progression into distinct 

clinical stages. These stages (summarized in figure 1.2. (20)) assist clinicians 

in monitoring disease severity and help guide treatment, e.g., when to 

introduce non-invasive ventilation or feeding tube.  

 

Figure 1.2. Flowchart of Kings and MiToS staging systems, taken from Fang et al. 

(20). 

 



33 
 

1.1.5.2. Functional decline in ALS is typically quantified using the ALS 

Functional Rating Scale - Revised (ALSFRS-R). The ALSFRS-R is a 12-

item questionnaire that assesses bulbar, spinal and respiratory symptoms. 

There are currently no established biomarkers for disease progression in 

ALS. As a result, the ALSFRS-R total score is commonly used as a proxy 

for disease progression in clinical trials and research. However, a large scale 

longitudinal study of Irish ALS patients found that ALSFRS-R sub-scores 

are more valid prognostic indicators than ALSFRS-R total score (21). 

1.1.6. Treatment 

1.1.6.1. Riluzole is the only approved medication for ALS in Europe. 

Riluzole has been shown to lengthen survival by 2-3 months, although the 

exact mechanism by which it does this remains unclear (22). Riluzole blocks 

TTX sodium channels implicated in damaged neurons and reduces 

glutamate-induced excitotoxicity. A new drug, Edaravone, has recently been 

approved to treat ALS in the US, following a successful phase 3 randomized 

control trial (23). Edaravone was found to mitigate functional decline as 

measured by ALSFRS-R in a small subgroup of patients. However, the 

clinical meaningfulness of this reduced decline, and the limited group in 

which it was effective in, raises concerns as to its usefulness.  

1.1.6.2. Multidisciplinary team (MDT) care is essential in ensuring ALS 

patients get the best possible health and quality of life outcomes. This 

involves the close collaboration of neurologists, specialist nurses, 

neuropsychologists, speech and language therapists, physiotherapists and 

occupational therapists working in tandem with patients and their families 
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(see table 1.2. for a summary of each professions role in patient care). In 

Ireland, there is a weekly multidisciplinary clinic where patients access 

clinical care. Patients can attend all team members on the same day in the 

one clinic, resulting in an enriched clinic experience that improves 

outcomes. MDT care has been proven to extend survival in Ireland and the 

UK (24) (25) and is now considered best practice.  

Table 1.2. The role of each member of the Multi-Disciplinary Team. 

Profession Role in the MDT 

Neurologist 
Diagnosis, treatment and symptom management, initiation of 

nutritional and respiratory interventions. 

MND Specialist Nurse Liaison with MDT and coordination of care, home visits, 

patient advocacy. 
Neuropsychologist 

Assessment and management of cognitive, behavioural and 

emotional difficulties. 

Speech and Language 

Therapist 

Assessment and management of dysphagia and aspiration, 

facilitating communication needs. 

Occupational Therapist 
Management of the patient environment, providing adaptive 

devices and information on patient safety. 

Dietician Monitors nutritional status, management of dysphagia, assesses 

need for nutritional intervention. 

Physiotherapist Examines muscle strength and mobility, provides orthoses and 

walking aids. Respiratory Physician Evaluates respiratory functioning, advises need for non-

invasive ventilation.  

1.1.6.3. Muscle spasms and cramps can be managed using Quinine sulphate 

(26). Baclofen and tizanidine can address muscle spasticity. Sialorrhea 

(excessive saliva) can be treated using amitriptyline, atropine, hyoscyamine, 

glycopyrronium or botulinum toxin injection. Pain is managed using anti-

inflammatories, anti-convulsants and opiates if necessary. Emotional lability 

can be reduced with amitriptyline or fluvoxamine. 
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1.1.6.4. Recent advancements in antisense oligonucleotide (ASO) therapy 

offers new hope for an effective treatment for ALS (27). Antisense therapy 

targets messenger RNA, altering the expression of a gene. Antisense therapy 

has shown efficacy in Spinal Muscular Atrophy (28); and clinical trials for 

genetically mediated ALS have recently begun (27). The promise of these 

therapies highlights the clinical importance of gene discovery and the 

accurate characterization of symptomatic and asymptomatic gene carriers. 

1.1.7. Cognitive and behavioural impairment in ALS 

1.1.7.1. Once believed to be a purely motor disease, it is now well 

established that cognitive and/or behavioural impairment is often present in 

ALS. Approximately 15% of ALS patients will meet criteria for co-morbid 

Fronto-Temporal Dementia (FTD) (5), a neurodegenerative disease 

characterized by changes in personal and social behaviour, emotional 

blunting, apathy and language deficits (29). ALS and FTD share genetic and 

neuropathological underpinnings, and are now seen as two sides of a disease 

spectrum (30). A mutation of the C9orf72 repeat expansion is a risk factor 

for both conditions; and the pathological substrate TDP-43 is found in 97% 

of ALS patients and 45% of FTD patients (31) (see figure 1.3.).   
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Figure 1.3. Overlapping (A) genetic and (B) neuropathological features of ALS and 

FTD, taken from Ling et al., (30). 

 

1.1.7.2. In addition to those with co-morbid FTD, ~30% of ALS patients will 

experience cognitive and/or behavioural impairment (see figure 1.4.) (5). A 

comprehensive systematic review and meta-analysis of cognition in ALS, 

suggests that there is strong evidence for deficits in language, verbal fluency, 

executive functioning and memory in ALS (32). Medium effect sizes were 

found for verbal fluency, language and social cognition tasks, while small 

effect sizes were observed on delayed verbal memory and executive 

functioning tasks. However, due to the limited number of studies on various 

domains, confidence intervals were wide, making it difficult to determine an 

accurate estimate of true effect sizes. Furthermore, this meta-analysis was 

carried out solely on cross-sectional studies. 
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Figure 1.4. Prevalence of each type of cognitive impairment in ALS. Taken from 

Phukan et al. (5) 

 

1.1.7.3. Cognitive impairment is commonly assessed using the Edinburgh 

Cognitive and Behavioural ALS Screen (ECAS) (33). The ECAS is designed 

to account for motor impairment in ALS and is broken down into 5 cognitive 

domains: language, verbal fluency, executive, memory and visuospatial 

domains. Language, verbal fluency and executive domains are summed to 

give an ALS specific score. This is called ALS specific because these tests 

are sensitive to the impairments seen in ALSci. Memory and visuospatial 

functioning are summed to give an ALS non-specific score. This score is 

deemed ALS non-specific because these functions are relatively spared in 

ALS, although memory deficits have been observed in ALS (32).  

1.1.7.4. To facilitate longitudinal assessment of cognition in ALS, alternative 

versions of the ECAS (ECAS B and C) were developed (34). Initial analysis 

of the 3 ECAS versions suggests that they do not produce significant 
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practice effects (35). However, ECAS B and C have yet to be validated in an 

Irish population. Furthermore, Irish-specific abnormality thresholds are 

needed for ECAS versions B and C to optimally screen for cognitive 

impairment in Irish ALS patients. 

1.1.7.5. Behavioural impairment is commonly assessed in ALS using the 

Beaumont Behavioural Index (BBI) (36). The BBI is a questionnaire given 

to a family member of a patient where they are asked to rate if the patient 

has changed in respect to certain behaviours. The questionnaire specifically 

asks about behaviour changes commonly seen in ALSbi. These include 

apathy, impulsiveness, disinhibition, psychotic experiences and dysexecutive 

behaviour.  

1.1.7.6. In cases where ECAS performance is abnormal (i.e., below norm-

generated cut-offs) or a caregiver is reporting severe behavioural change on 

the BBI, a patient is referred for a full neuropsychological assessment. The 

neuropsychological assessment consists of an in-depth battery of tests and a 

clinical interview where the neuropsychologist examines specific cognitive 

and behavioural deficits and provides feedback to the patient and their 

family. A clear understanding of an individual’s cognitive and behavioural 

status provides the patient with a better understanding of their illness and 

allows clinicians to tailor their treatment to ensure the patient is able to make 

informed healthcare decisions. 

1.1.7.7. Two recent studies of Irish, Scottish, English and Italian cohorts 

suggest that cognitive impairment is more frequent in later disease stages 

(37) (38). A cross-sectional study of Irish, Scottish and English individuals 
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with ALS found that 80% of patients had mild or severe cognitive 

impairment at stage 4 of the disease (according to kings staging) (37), while 

in the Italian cohort, this figure was 64% (38). However, a major limitation 

of both studies is that they are cross-sectional rather than longitudinal, and 

therefore do not capture cognitive decline within participants.  

1.1.7.8. Most longitudinal studies of cognition in ALS suggest that 

impairment tends to emerge early in the disease (39) (40) (41). A population-

based, incident study of Irish ALS patients found that those without 

impairment at baseline, tended to remain cognitively normal throughout their 

illness (39). In contrast, patients who were impaired at baseline declined 

thereafter. The subgroup of ALS patients with cognitive decline had the 

highest rate of attrition due to death or disability, illustrating why it is so 

difficult to capture cognitive decline longitudinally. Patients with cognitive 

impairment also had a faster functional decline and shorter survival, 

indicating that cognitive impairment is a risk factor for shorter survival in 

ALS (39).  

1.1.7.9. A recent longitudinal study in Italy found that 32% of the sample 

showed a decline in cognitive status (42). Contrary to the Irish cohort study, 

even those who were normal at baseline showed evidence of decline. This 

study was highly powered; however, it was limited to just a 6-month follow 

up and only 2 assessments. Due to the rapidly progressive nature of the ALS, 

attrition is high due to death or advanced disease stage. This likely biases 

previous estimates of the true rate cognitive and behavioural decline over 

time.  
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1.1.7.10. The contrasting findings of cross-sectional and longitudinal studies 

leaves uncertainty as to the true extent to which cognition declines in ALS 

patients, particularly for those who are unimpaired at baseline. Cross-

sectional studies comparing disease stages suggest cognitive impairment is 

more evident in more advanced disease stages. This may, in part, be due to 

the nature of the staging systems applied. Bulbar onset patients make up a 

higher proportion of stage 3 and stage 4 patients and may be more vulnerable 

to cognitive impairment (43). This would mean that cognitive decline is 

simply more common in bulbar patients, rather than that cognitive change 

occurs in tandem with disease stage. When patients have been studied 

longitudinally, decline is limited to a sub-group who were impaired at 

baseline. Cross-sectional studies are limited by their lack of longitudinal 

follow up to track cognitive change in individuals, while longitudinal studies 

are limited by their high attrition rate.  

1.1.7.11. A novel method that may overcome the limitation of high attrition 

is joint modelling. Joint longitudinal and time-to-event modelling (referred 

to simply as ‘joint modelling’) has recently gained popularity as a means of 

limiting the effect of non-random drop-out (e.g., attrition due quicker disease 

progression) on longitudinal outcomes (44). A joint model approach may 

help to clarify the question surrounding longitudinal change in cognition in 

ALS. 

1.1.7.12. A potential moderator of cognitive change, that may account for 

some of the varied presentations in ALS, is cognitive reserve (CR). Theories 

of CR stipulate that enriching experiences across the lifespan, such as 
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education, mentally challenging occupations and rich social interactions 

increase an individual’s neural resources (e.g., greater grey matter volume or 

white matter tract integrity) (45) (see figure 1.5.). An evolving model of the 

disease is that as spread occurs across networks, individuals may recruit 

reserve neural resources to deal with cognitive demands, a process known as 

compensation.  

1.1.7.13. There is some evidence that compensatory processes occur in ALS. 

Neuroimaging findings (specifically PET) show that ALS patients with 

cognitive impairment showed reduced white matter volume in fronto-

temporal association fibres (46). Patients who are not cognitively impaired 

also showed evidence of white and gray matter changes, suggesting the 

presence of compensatory mechanisms (47). This compensatory mechanism 

may account for the increased connectivity (i.e., increased neural 

communication) observed in ALS patients (47). CR is protective against 

cognitive impairment in numerous neurodegenerative conditions, such as 

Parkinson’s disease, Huntington’ disease and dementia (48–52), however, it 

has yet to be studied in ALS.  
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Figure 1.5. Hypothesized model of how cognitive reserve moderates the association 

between neuropathology and cognitive performance. Taken from Mistridis et al. 

(53) 

 

1.1.7.14. A significant proportion of ALS patients will experience 

behavioural change but do not meet the criteria for co-morbid FTD. Apathy 

is the most commonly reported change, present in ~28 - 43% of ALS cases 

(54). Specifically, patients experience increased initiation apathy, i.e., they 

show less self-generated thoughts and behaviours, even after controlling for 

motor impairment. Other less-common behavioural changes include 

irritability, disinhibition, emotional blunting and a lack of empathy (55). A 

major challenge in identifying behavioural change in ALS patients is that 

they are typically quantified using caregiver reports and questionnaires. As a 

result, these measures are less objective than performance-based metrics.   

1.1.7.15. An Irish ALS cohort study found that behavioural features of ALS 

appear to cluster, forming 5 distinct patient sub-phenotypes (56), which 

reflect dysfunction in distinct brain networks. Group 1 was characterized by 

disinhibited behaviour, reflective of disruption to the medial prefrontal and 
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orbitofrontal cortices and the anterior insula. Group 2 was characterized by 

impaired impulse control, reflective of dysfunction to orbitofrontal and 

anterior cingulate pathways. Group 3 was marked by dysexecutive 

behaviour, reflective of right prefrontal changes. Group 4 was distinguished 

by notable cognitive rigidity, reflecting dorsolateral prefrontal cortex and 

temporo-limbic network dysfunction. Group 5 was characterized by severe 

behavioural change across all behavioural domains to the extent that they 

would meet criteria for co-morbid FTD. 

1.1.7.16. Behavioural change in ALS patients has a significant impact on the 

degree of burden to their caregivers (57), even more so than a patients 

physical disability. Caregivers of patients with behavioural change are 1.4 

times more likely to experience high caregiver burden, with impulsivity and 

disinhibition the biggest causes of burden (58). Co-morbid FTD and co-

morbid executive functioning are also significant negative prognostic 

indicators, associated with survival hazards ratios of 2.67 and 3.44 

respectively (59). This may be due to reduced compliance with treatments 

such as non-invasive ventilation, or indicative of a faster disease process in 

these patients. 

1.2. Epidemiology of ALS  

1.2.1. Globally, the incidence of ALS is estimated to be between 0.6 and 3.8 

persons per 100,000 (60). Incidence refers to the rate at which an event or 

disease occurs and is quantified as the number of new cases of a specific 

disease occurring during a particular period in a particular population. 

Incidence is an important metric to estimate disease burden and to compare 
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disease burden in varying populations. Prevalence is the proportion of a 

population who are affected by a particular disease. It is calculated by 

comparing the number of people who have an illness to the total population. 

Globally, the prevalence of ALS is estimated to be ~5.2 persons per 100,000 

(61). 

1.2.2. Few studies on incidence have been carried out outside of Europe. In 

Beijing, the estimate is 0.8 per 100,000 (62), and in South Korea it’s 1.2 per 

100,000 (63). This may be due to a lower prevalence of ALS risk genes in 

Asian populations (60). There is also growing evidence that ALS is less 

common in countries with greater admixture, i.e., more genetic variation, 

such as Cuba (64). 

1.2.3. The reported incidence of ALS appears to be rising (60). In Scotland, 

the incidence of ALS increased 36% over a 25 year time period (65). 

However, increasing incidence is likely due to greater ALS ascertainment 

and improved survival in competitive diseases. There is no definitive 

evidence that the true rate of ALS (adjusted for age) is increasing over time 

(1).  

1.2.4. In Ireland, the incidence of ALS is 2 persons per 100,000  and the 

prevalence is 6.4 persons per 100,000 (66). This equates to ~140 new 

diagnoses of ALS a year, and ~300-500 people living with ALS in Ireland at 

any one time. 
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1.3. Environmental risk factors  

1.3.1. Identifying environmental risk factors for ALS poses several 

challenges. Unlike the genome, the exposome (i.e., everything a person is 

exposed to) is infinite in both time and space. Environmental studies are 

expensive, requiring in-depth measurement and large cohort sizes. The 

following section outlines the most studied environmental risk factors for 

ALS. 

1.3.2. Exercise 

1.3.2.1. ALS patients are often noted for having high premorbid fitness (67). 

This perception has been driven in part by high profile athletes who’ve 

developed ALS, such as the legendary baseball player Lou Gehrig, and more 

recently with rugby players Doddie Weir and Rob Burrow. A study of soccer 

players from the top Italian leagues observed an increased incidence of ALS, 

with standardized morbidity risk estimates between 6.5 and 11.6 (68). These 

findings were not replicated in a similar study of cyclists, indicating a 

specific effect of soccer (69). However, the higher risk reported in soccer 

players may be due to how the risk was calculated. If lifetime risk is applied, 

rather than incidence rate, an increased risk in soccer players is no longer 

observed.  

1.3.2.2. Epidemiological studies have shown higher levels of varsity 

athleticism in ALS patients in the US (69). A population-based study in the 

Netherlands found that ALS patients reported slightly greater levels of 

physical activity but not significantly higher engagement in extreme exercise 
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(e.g., marathon running) (70). This suggested that exercise may be a marker 

of risk, rather than a causative factor.  

1.3.2.3. Two recent studies suggest that the relationship between exercise 

and ALS is more nuanced. A Mendelian randomization experiment found 

that exercise was associated with motor neuron injury, but only for those 

with known risk genes (71). Transcriptomic analysis found that ALS risk 

genes are activated in response to physical exercise. This was particularly 

the case for people who carry the C9orf72 repeat expansion, where age of 

onset was inversely proportional to historical physical activity levels. A large 

scale, longitudinal case-control study in the Netherlands found that patients 

with C9orf72 repeat expansion mutation did not have significantly greater 

premorbid physical activity levels, but did have significantly lower BMI 

(72). Together, these findings indicate that exercise may be a causal risk 

factor for a subset of individuals with a specific genotype. 

1.3.3. Smoking 

1.3.3.1. The effect of smoking on ALS risk has seen mixed results. Some 

studies have shown evidence of an increased risk of ALS in smokers (73), 

while others have found no such association (74). A meta-analysis of 20 

studies concluded that there is no strong evidence of an association between 

smoking and ALS risk in men, however, women smokers had a higher risk 

of ALS (relative risk = 1.31 - 2.10) (75). 

1.3.4. Pesticides and chemicals 

1.3.4.1. Organic solvents, agricultural chemicals and pesticides have been 

explored as potential risk factors for ALS. A systematic review of 38 studies 
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indicated a small increase in ALS risk as a result of pesticide exposure (76). 

However, very few studies were of high methodological quality, and more 

well-designed studies are needed.  

1.3.5. Occupation 

1.3.5.1. Occupations such as veterinarians, athletes, hairdressers, power 

production plant operators and armed forces personnel have been 

investigated as potential risk factors for ALS (77). However, few studies 

have been of good methodological quality. Gulf war veterans suffer from 

increased rates of ALS, suggestive of a war-related environmental trigger 

(78). However, a review by the U.S. Institute of Medicine rebuked this 

association (79). 

1.3.6. Geographical location 

1.3.6.1. Clustering of ALS has been observed in Guam, a small island in the 

western Pacific, and in the Kii peninsula, in Japan. The phenotype observed 

in these locations was atypical, with a large degree of parkinsonian and 

dementia features. Clusters of ALS have also been reported in Spain, 

Finland, UK, USA and Italy. However, no common factors between these 

geographical locations have been identified that might account for these 

higher rates. The high incidence of ALS in these regions may be because of 

founder effects (80). This refers to the loss of genetic variation that occurs 

when a new population is established by a small number of individuals.  

1.3.6.2. An analysis of the Irish ALS population failed to identify any 

hotspots (i.e., areas of high incidence), however it did identify two cold spots 

(i.e., areas of low incidence) in Kilkenny and Clare (81). Lower ALS 



48 
 

incidence in these regions may be due to historical events such as Viking 

settlements in Waterford or the forced Cromwellian transplantations in Clare 

which led to greater admixture (i.e., greater genetic variation) in these 

regions. The particularly low incidence in the Burren in Clare may be 

attributable to the notable karst landscape in the region. 

1.3.7. Cyanotoxins 

1.3.7.1. B-N-methylamino-L-alanine (BMAA), a toxin in the cycad tree, was 

hypothesized to be the key contributing factor to the high incidence of 

atypical ALS in Guam (82). BMAA was also proposed as the underlying 

cause of high ALS rates in Gulf war veterans as it is abundant in 

cyanobacterial crusts in the gulf desert (83). While BMAA has been studied 

extensively, research has yet to find any definitive relationship between 

BMAA and ALS (84). 

1.4. Neuropathology 

1.4.1. TDP-43 inclusions 

1.4.1.1. 43 kDa Tar-DNA binding protein (TDP-43) misfolding and 

accumulation is found in the brain and spinal cord of 97% of ALS patients, 

the exception being those with the superoxide dismutase 1 (SOD1) mutation 

(31). TDP-43 is predominately a nuclear protein (found in the nucleus of the 

cell) and is involved in transcriptional regulation (the process by which the 

cell converts DNA to RNA). In ALS, TDP-43 is phosphorylated, i.e., a 

phosphoryl group is added to a molecule (phosphorylation is critical for 

many cell functions, particularly proteins, where phosphorylation activates 
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almost half of enzymes), and C-terminally truncated, i.e., the end of amino 

acid is cut short in cytoplasmic aggregates.  

1.4.1.2. This phosphorylation process may lead to either a pathological loss 

or gain of function in TDP-43 proteins. Insoluble aggregates inhibit TDP-

43’s function in transcriptional regulation, dysregulate proteostasis (the 

complex biological systems that regulate protein creation and folding) and 

sequester other aggregation prone proteins, resulting in further cytotoxicity 

and cell death.  

1.4.2. TDP-43 and cognitive impairment  

1.4.2.1. Recent findings suggest that cognitive impairment is a strong 

predictor of TDP-43 pathology post-mortem (85). Furthermore, the type of 

impairment (language, executive, fluency) was predictive of the regions 

where TDP-43 was present. In some cases, patients had extensive TDP-43 

pathology, yet cognition remained intact (so called mismatch cases). This 

may suggest that these patients are able to withstand TDP-43 pathology 

through compensatory mechanisms or cognitive reserve. All patients with 

the mutated C9orf72 repeat expansion (see section 1.7.1.) were found to 

have TDP-43 pathology in non-motor brain regions.  

1.5. Neuroimaging 

1.5.1. Standard computerized tomography (CT) or magnetic resonance 

imaging (MRI) scans are unable to detect structural changes in ALS. 

However, advanced techniques, such as functional MRI (fMRI), positron 

emission tomography (PET), diffusion tensor imaging (DTI) and proton 

magnetic resonance spectroscopy (MRS), are able to detect focal gray and 
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white matter loss and reductions in white matter integrity (86). Degeneration 

can be seen in numerous brain regions, such as the motor cortex, frontal 

lobe, basal ganglia, corpus callosum, corticospinal tract, brainstem, thalamus 

and cervical spinal cord.  

1.5.2. Extra-motor involvement is more severe in ALS patients with 

cognitive and/or impairment, particularly in the temporal lobes and white 

matter tracts (87). Diffusivity abnormalities in the corpus callosum and the 

fronto-temporal tracts are the best predictors of cognitive and/or behavioural 

impairment in patients.  

1.5.3. ALS patients with the C9orf72 repeat expansion mutation display a 

distinct neuroimaging profile, characterized by fronto-temporal, 

hippocampal, thalamic and insular changes. These cortical and sub-cortical 

abnormalities are also observed in asymptomatic C9orf72 gene carriers 

under 40 years of age (88). This suggest that the underlying neuropathology 

of ALS may begin much earlier than previously thought, and raises the 

possibility that C9orf72-mediated ALS could be considered a 

neurodevelopment disorder (89). 

1.6. Electrophysiology 

1.6.1. Electroencephalography (EEG), while limited in terms of spatial 

resolution, offers superior temporal resolution than MRI/fMRI, allowing for 

in-depth characterization of brain networks. EEG studies have consistently 

shown increased fronto-parietal connectivity in ALS patients relative to 

controls, specifically in γ-frequency (gamma) bands (90) (47). Source 

localisation analysis, which improves spatial resolution in EEG, indicates 
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that ALS patients have decreased spectral power in occipital, temporal, 

orbitofrontal and sensorimotor regions (91). ALS patients also show 

increased central – posterior and central – frontal co-modulation, and 

decreased temporal – frontal and temporal – sensorimotor synchrony.  

1.6.2. Event related potentials (ERP’s) measure the brains’ immediate 

reaction to a sensory, cognitive or motor event. As a result, they are able to 

capture millisecond by millisecond disruption to executive networks (92). 

ALS patients display a distinct ERP profile using a mismatch negativity 

(MMN) paradigm, a measure of involuntary attention switching networks 

(93). ALS patients display a significantly delayed MMN response, which 

correlates with cognitive performance on the Stroop task, a measure of 

inhibitory control and attention switching. Source localisation under this 

paradigm suggests that the deficits seen in inhibitory control are underpinned 

by excessive left fronto-parietal activity and decreased inferior frontal 

activity (94).  

1.7. Genetics of ALS 

1.7.1. C9orf72 repeat expansion 

1.7.1.1. The most prevalent genetic cause of ALS and FTD in populations of 

European extraction is a mutation of the C9orf72 hexanucleotide repeat 

expansion (95) (see figure 1.6). Linkage and genome wide association 

(GWA) studies of ALS and FTD families first found that a locus on 

chromosome 9p21 was linked to ALS-FTD (96). Subsequently, an expanded 

hexanucleotide repeat (GGGGCC) was identified in the region C9orf72 as 

the cause of chromosome 9p21 linked ALS-FTD. Globally, C9orf72 is 
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estimated to be present in ~60% of familial ALS cases and 10% of sporadic 

ALS cases (97) (98). The exact number of hexanucleotide repeats considered 

to be pathological is still unclear. Studies have typically marked more than 

23 repeats as indicative of pathology (97).  

 

Figure 1.6. The proportion of ALS explained by each gene in populations of 

European ancestry. Taken from Renton et al. (80) 

 

1.7.2.2. C9orf72 repeat expansions result in either a pathological loss or gain 

of gene function. This leads to a build-up of neuronal aggregates of nuclear 

RNA foci, dipeptide repeats (DPR) and TDP-43 inclusions (99). RNA foci 

are present across the central nervous system. They are found in neuronal 

nuclei, particularly in the hippocampus, cerebellum, spinal cord and motor 

and frontal cortex (100). DPR inclusions are found in the cerebellum, 

hippocampus and neocortex (101). TDP-43 inclusions are observed in the 

temporal, frontal and primary motor cortex, as well as the amygdala, basal 

ganglia, thalamus, midbrain and hippocampus (100). 
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1.7.1.3. In Ireland, the C9orf72 repeat expansion is observed in ~41% of 

familial cases and ~5% of apparently sporadic cases (102), displaying a 

distinct clinical phenotype. A positive C9orf72 status is associated with 

earlier disease onset, a higher likelihood of cognitive and behavioural 

impairment, a specific neuroimaging profile characterized by non-motor 

cortex changes, a family history of neurodegenerative diseases with 

autosomal inheritance and reduced survival. This profile has been replicated 

in numerous cohorts, including Italian (103), Dutch (104) and American 

(105) populations. 

1.7.2. SOD1 

1.7.2.1. Cu/Zn Superoxide dismutase (SOD1), was the first causative gene 

linked to ALS (106). The SOD1 gene codes to produce homodimeric 

metalloenzyme, an enzyme responsible for the conversion of O2
- into O2 and 

H2O2, a process known as the Fenton reaction. SOD1 is typically inherited 

though dominant inheritance and accounts for ~12% of familial ALS and 

~1% of sporadic ALS (80).  

1.7.2.2. Individuals with a SOD1 mutation typically have a younger onset, 

longer disease duration, a lower limb site of onset and less frequent cognitive 

and behavioural impairment (107). SOD1 patients are one of the only patient 

groups who do not display evidence of TDP-43 aggregates, raising doubt 

about the validity and value of SOD1 ALS mouse models.  

1.7.3. TARDBP 

1.7.3.1. Tar DNA binding protein (TARDBP) is a gene on the 1p36 locus 

which codes to produce a protein responsible for DNA/RNA machinery. 
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TARDBP accounts for ~4% of familial ALS and ~1% of sporadic ALS 

globally (107). TARDBP is found in up to a third of patients in Sardinia 

(108), suggestive of a founder effect in this region, i.e., less genetic variation 

in the population because the it originated from a small isolated group. 

1.7.4. FUS/TLS 

1.7.4.1. Like TARDBP, the fused in sarcoma/translocated in liposarcoma 

(FUS/TLS) gene codes for DNA/RNA machinery. Mutations are found in 

exon 13 and lead to abnormal cytoplasmic aggregates (109).  FUS/TLS 

accounts for ~4% of familial ALS cases but is very rare in sporadic ALS 

(107). It is associated with a younger age of onset, cervical site of onset, 

shorter survival and a lack of cognitive impairment. 

1.7.5. Heritability and Genetic Pleiotropy  

1.7.5.1. Twin studies estimate that the heritability of ALS is ~61% (110) 

while Single Nucleotide Polymorphisms (SNP) based genome wide 

association studies (GWAS), estimate heritability at ~21% (111). This 

discrepancy in heritability estimates is due to the inherent methodological 

differences between these two approaches (112). Twin studies show that a 

high proportion of ALS risk is attributable to genetic factors, while GWAS 

shows that these risk factors are incompletely marked by common variation 

in the genome. This means that the currently unknown risk genes for ALS 

are likely to be numerous, rare and de novo. Detailed whole genome 

sequencing of ALS kindred may help identify inherited risk variants.  

1.7.5.2. ALS genetic risk can be conceptualised in two ways: some ALS 

cases are determined by a small number of genes having a large effect (e.g., 
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C9orf72 or SOD1), and some ALS cases are determined by a large number 

of genes, each having a small individual effect, but combining to have a 

large cumulative effect (112). 

1.8. ALS as a network disorder 

1.8.1. Traditionally, ALS has been viewed as a disease of the anterior horn 

cells and Betz cells. A focus on neuropathology has driven concept, as do 

animal models of the disease (e.g., fruit flies, zebrafish and mice). However, 

studies of humans show that ALS can be more accurately viewed as a multi-

system, network disorder (113). 

1.8.2. ALS pathology begins in the pyramidal motor system which includes 

the motor cortex, cranial nerve motor nuclei and the spinal cord motor 

neurons. The pathology then spreads to neighbouring regions, particularly 

the prefrontal, ventral and medial frontal cortices, but also to parietal, 

temporal and deep grey matter structures. The spread of pathology to these 

regions is strongly associated with non-motor symptoms such as executive 

dysfunction, behavioural change and language impairment. 

1.8.3. ALS pathology may spread via diffusion from one region to another, 

or via axonal projections to distant cerebral sites. Neuroimaging studies 

show degeneration of the white matter tracts that connect brain regions (46), 

while electrophysiological studies show increased functional connectivity 

between regions that is likely followed by reduced connectivity in later 

disease stages (47). These findings would support a network disorder model 

of disease spread in ALS. An fMRI study of asymptomatic ALS risk gene 

carriers observed a similar increase in functional connectivity between the 



56 
 

cerebellum and precuneus, cingulate & middle frontal lobe networks, 

indicating that this network dysfunction likely emerges long before first 

symptom onset (114). 

1.8.5. The high prevalence of verbal fluency deficits in ALS suggests that 

the fronto-striatal circuits are likely implicated in the disease. The fronto-

striatal network consists of 5 parallel neural pathways that connect frontal 

brain regions to the striatum, basal ganglia and thalamus (these circuits are 

described in more detail in Chapter 2.). Disruption of these circuits maps 

closely with the cognitive, behavioural and emotional changes observed in 

ALS. The dorsolateral prefrontal circuit is associated with executive 

functioning. The orbitofrontal circuit is associated with aggression, 

disinhibition, emotional lability and difficulty with interpersonal 

relationships. Damage to the anterior cingulate circuit is associated with 

changes to motivation. 

1.9. Endophenotypes 

1.9.1. Despite the genetic discoveries discussed in section 1.7., the genetic 

cause of ~50% of familial ALS and ~90% of sporadic ALS cases remains 

unknown. This may in part be because genetic studies have relied heavily on 

the clinical description of the disease to define the phenotype. This is 

problematic for two primary reasons. Firstly, ALS encompasses a wide range 

of genetic and neuropathological features. Secondly, the clinical phenotype is 

likely far removed from the underlying genetic causes of ALS. In order to 

address some of these issues, endophenotypes could be used to define the 

disease phenotype (115) (116). 
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1.9.2. Endophenotypes are quantitative traits which are suggested as lying 

between an illness and its underlying genetic cause (see figure 1.7.). They are 

heritable risk factors that are genetically correlated with disease liability and 

are measurable in both affected and unaffected individuals (117). 

Endophenotypes can help identify individuals at risk prior to the disease onset, 

and provide greater statistical power in localizing and identifying disease 

related genes than affection status alone (116).  

 

Figure 1.7. Schematic diagram representing the relationship between genes, 

endophenotypes and a disease. 

 

1.9.3. The endophenotype concept originated in the field of Biology, where 

it was used to describe microscopic and internal traits. In contrast, 

exophenotypes were obvious and external, e.g., behaviour and physical 

appearance. Endophenotypes then became of interest in psychiatric genetics, 

where they were used to describe internal phenotypes which could be 

discoverable by a biochemical test or microscopic examination (118). The 
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definition of an endophenotype was later refined to refer to a measurable 

trait that is unobservable to the naked eye, and one that lies more proximal to 

the underlying genetics of a disorder (117).  

1.9.4. Endophenotype research has predominantly been carried out in 

relation to psychiatric illness, however, there is growing awareness of their 

potential usefulness in understanding neurodegenerative diseases (119). For 

example, APOE alleles associated with Alzheimer’s disease (AD) have a 

larger effect on AD neuropathology and cognitive outcome measures than 

they do on a diagnosis of AD itself (120).  

1.9.5. The criteria for something to be referred to as an endophenotype has 

developed over time. Gottesman and Gould provide the most commonly 

applied criteria for endophenotypes (117). These criteria state that an 

endophenotype must:  

1) Be heritable; 

2) Be associated with the illness; 

3) Be independent of clinical state; 

4) Impairment must co-segregate with the illness within a family; 

5) Found at a higher rate in nonaffected relatives than the general 

population. 

1.9.6. Nomenclature 

1.9.6.1. The term endophenotype is often used interchangeably with 

biomarker and intermediate phenotype despite the fact that these terms 

denote distinct characteristics. Biomarkers are any biological measure that is 
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influenced by health, illness, or an exogenous factor. Endophenotypes are 

considered a subset of biomarkers that are influenced by the same genetic 

factors that infer risk for a condition. What distinguishes endophenotypes 

from other classes of biomarkers are their requirement for heritability and 

co-segregation.  

1.9.6.2. Intermediate phenotypes refer to measures indexing biological risk 

for a condition that are intermediate between gene expression and disease 

presentation. The term intermediate phenotype has also been used in the 

literature to describe partial dominance, leading to some confusion as to its 

correct use. 

1.9.7. Types of Endophenotypes 

1.9.7.1. Neuropsychological, neuroimaging and electrophysiological 

outcome measures are the most cited endophenotypes (116) (see figure 1.8.).  
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Figure 1.8. Levels of phenotypic effects, stemming from genetic factors to the 

disease syndrome. Endophenotypes can be found at any of the intermediate levels. 

Taken from Cannon and Keller (121). 

 

1.9.7.2. Neuropsychological endophenotypes 

1.9.7.2.1. Neuropsychological measures are particularly popular in 

endophenotype research due to the strong heritability of cognitive ability. 

Twin, family and adoption studies suggest that 60-80% of the variance in 

intelligence can be predicted by genetic factors (122) (123) (124). Despite its 

strongly genetic basis, specific genes that underpin intelligence have not 

been identified until recent GWA advancements, illustrating its genetic 

complexity. Indeed, the extent to which any trait or illness is genetically 

determined does not determine how simple its genetic architecture is, or how 

easy it is to identify relevant genes. GWA studies can now account for ~20-
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50% of the heritability in intelligence, with 4% coming from polygenic risk 

and >10% coming from multi-polygenic risk (125). 

1.9.7.2.2. Identifying genes related to general intelligence is difficult for the 

same reason it is difficult to identify genes related to complex diseases like 

ALS. Intelligence is not a one-dimensional construct, but rather is made up 

of numerous cognitive abilities. Consequently, studies have focused on more 

specific cognitive functions, such as processing speed, attention, executive 

functions and components of memory. These discrete abilities also have high 

heritability estimates and are more discrete than general intelligence, making 

them more promising avenues for endophenotype research. 

1.9.7.3. Neuroimaging Endophenotypes 

1.9.7.3.1. Neuroimaging measures are quantitative, repeatable and are more 

sensitive to subtle neuroanatomical changes than neuropsychological 

markers. This has made them another valuable avenue for endophenotype 

research. The heritability of neuroanatomy varies throughout the lifespan 

and depending on the aspect of neuroanatomy looked at. Early stages of 

brain development are highly influenced by genetic factors while later stages 

are influenced by complex gene-environment interactions (126). Heritability 

estimates are particularly high for whole brain grey and white matter volume 

(78-88%).  

1.9.7.4. Electrophysiological Endophenotypes 

1.9.7.4.1. Electroencephalography (EEG) has poorer structural resolution 

than MRI/fMRI but has much higher temporal resolution, providing an 

accurate measure of functional connectivity across numerous brain networks. 
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EEG markers such as resting state connectivity show high heritability 

estimates between 50-85% (127). The need for very large sample sizes 

potentially limits the utility of EEG or MRI/fMRI endophenotypes in gene 

discovery, however, they can be useful in understanding candidate genes that 

arise from association studies (128). Clinical information and 

neuropsychological/neuropsychiatric data are best suited to association 

studies themselves. Thereafter, EEG endophenotypes can help identify 

where in the brain, at what stage of the illness and the type of information 

processing that the gene has a role in. These latter objectives can be achieved 

with sample sizes that are more feasible in EEG research. 

1.9.8. Critique of these mediums 

1.9.8.1. One of the primary tenants of the endophenotype approach is that 

the genetic architecture of the endophenotype is supposedly simpler relative 

to the condition itself, and closer to the action of the gene. Unfortunately, 

neuropsychological, neuroimaging and electrophysiological endophenotypes 

traits tend to have complex genetic architectures themselves, which may 

limit their utility in gene discovery. However, an endophenotype does not 

necessarily need to have a simpler genetic architecture to be valuable. For 

example, in heart disease, low density lipoprotein cholesterol is a complex 

quantitative trait which is not close to gene action, but has been successfully 

used in identifying cardiovascular disease risk genes (129). The use of 

endophenotypes, in conjunction with clinical phenotyping, enrich analysis, 

and provide greater power for gene discovery. 
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1.9.9. Transcript-based Endophenotypes 

1.9.9.1. Transcription is central to the expression of a gene. DNA from the 

nucleus is transcribed (i.e., copied) by RNA polymerase, to create 

microRNA (mRNA). A splice of the mRNA is then transported to the 

ribosome where it is translated into a protein. Gene expression techniques 

such as hybridisation can give a measure of the level of transcription, thus 

providing a measure of how active a gene is. Consequently, transcription 

based endophenotypes are much closer to gene action than 

neuropsychological, imaging or electrophysiological based endophenotypes. 

1.9.9.2. Gene expression can be influenced by numerous factors such as age, 

sex, or even the time of day. However, genetic factors also play a significant 

role (130). In illnesses where variation in gene expression mediates disease 

risk, transcript based endophenotypes may be useful in understanding 

disease pathways.  

1.9.9.3. Transcript-based endophenotypes have already shown promise in 

identifying gene pathways for Alzheimer’s disease. A recent GWA study 

measured the expression levels of 12 late onset Alzheimer’s disease (LOAD) 

genes and found that insulin degrading enzyme (IDE) was a risk gene for 

LOAD. Gene variants modified LOAD risk by mediating IDE expression 

(131).  

1.9.9.4. Another transcript-based study identified gene expression patterns 

that were present in schizophrenia, Alzheimer’s disease and ALS (132). All 

three conditions showed evidence of transcriptomic pseudoimmaturity in 

response to neural hyperexcitation. These findings helped identify a pool of 
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novel risk genes that may underlie risk for all three disorders. They also 

illustrate the potential of transcript-based endophenotypes in uncovering 

novel risk genes and elucidating the pathways from genotype to phenotype.  

1.9.10. Combining traditional and transcript based 

endophenotypes 

1.9.10.1. Whilst transcript-based endophenotypes offer significant potential 

for gene discovery and molecular characterisation, the relationship between 

them and the symptoms of a condition is often unclear. Therefore, a 

combination of both traditional endophenotypes (with potentially complex 

genetic underpinnings) and transcript-based endophenotypes (which are 

genetically less complex) is likely the best approach in understanding 

disease liability. 

1.9.11. Study design in endophenotype research 

1.9.11.1. In order to investigate endophenotypes, family-based study designs 

are necessary (133). Within the realm of family-based research, researchers 

can employ twin, nuclear family and/or extended pedigree study designs. 

Studying these populations allows for the examination of endophenotype 

criteria such as heritability, association to an illness and co-segregation 

within families. Carrying out genetic correlations can also examine the 

common genetic factors that influence an illness and a candidate 

endophenotype. Family designs must be powerful, with large sample sizes 

and optimal designs in order to capture subtle effects seen in unaffected 

relatives. To avoid false positives, researchers must control for multiple 
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comparisons in their analysis, a common issue in studies with a vast array of 

putative endophenotypes.  

1.9.11.2. In order to test the requirement that endophenotypes be state 

independent, longitudinal paradigms would be optimal. If this is not 

possible, state-independence can be inferred through consensus in the 

literature. It is also somewhat assumed where a trait is present in unaffected 

relatives, and when heritability estimates are high. Studies which do not 

contain relatives, cannot fully establish an endophenotype. However, they 

can be valuable in the identification of potential endophenotypes. 

1.9.12. How the literature informs this thesis 

1.9.12.1. The primary objective of this thesis was to examine potential 

endophenotypes for ALS. To establish a trait as an endophenotype, 

candidate traits were evaluated based on Gottesman and Gould’s criteria. A 

family-based research design was implemented to evaluate heritability and 

co-segregation. This study was limited to examining cognitive, behavioural 

and neuropsychiatric endophenotypes, however the findings of this research 

inform neuroimaging, electrophysiological and transcript-based 

endophenotype research, all of which can provide a separate piece of the 

puzzle in understanding ALS liability.  

1.9.12.2. A literature review of ALS and related neuropsychiatric disorders 

was carried out in order to identify the most likely endophenotypes of ALS. 

The findings of this review are outlined in chapter 2. Chapter 3 outlines the 

objectives of this thesis in further detail, breaking them down into 6 specific 

aims.  
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1.9.12.3. While this thesis is primarily concerned with genetic factors that 

drive ALS phenotype, it also explores potential environmental factors. 

Cognitive reserve has been found to be protective against cognitive decline 

in a range of neurodegenerative disorders but has yet to be explored in ALS. 

Thus, the effect that cognitive reserve has on cognitive impairment in ALS 

was explored. As discussed in section 1.1.7., there has been contrasting 

findings on the nature of cognitive decline in ALS over time. These mixed 

findings may be due to the impact of high rates of attrition in longitudinal 

ALS studies. Therefore, joint modelling, a novel regression technique, was 

implemented to control for drop-out due to increasing disability and death, 

leading to less biased estimates of decline. 
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2. Chapter 2. Literature Review: Endophenotypes of ALS, 

FTD and Neuropsychiatric Disease 

2.1. Introduction 

2.1.1. Endophenotypes have been studied extensively in mental disorders, 

but rarely in neurodegeneration, particularly in rare disorders such as ALS. 

In this chapter, the key concepts related to endophenotype research are 

discussed, including heritability, aggregation and pre-symptomatic carriers. 

The literature on endophenotype research in ALS, FTD and related 

neuropsychiatric diseases is reviewed in order to identify the most promising 

potential endophenotypes of ALS. 

2.2. Heritability 

2.2.1. Heritability is a measure of the strength of genetic effects on a 

phenotypic trait. More specifically, it is the proportion of variance in a 

phenotype that can be accounted for by genetic factors (134). Mendelian 

genetics predicts that when a phenotype has high heritability, close relatives, 

such as siblings and children, are more likely to share that phenotype. 

Heritability is often distinguished into ‘broad sense’ heritability and ‘narrow 

sense’ heritability. 

2.2.2. Studies of twins provide estimates of ‘broad sense’ heritability, often 

denoted as ‘H2’, ranging from 0 to 1. Broad sense heritability measures the 

proportion of phenotypic variation that is due to the total genotype, 

encompassing additive, dominant and epistatic components. Non-twin 

family studies provide estimates of ‘narrow sense’ heritability, denoted as 
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‘h2’. This is a measure of the proportion of phenotypic variation that is 

attributable to additive genetic variance.  

2.2.3. Traits determined by additive genetic variance are impacted my 

numerous genes, each having a small, yet cumulative impact. Traits 

determined by dominant inheritance are determined by few genes having a 

large impact. In cases where a trait is determined by epistatic variance, the 

presence of one gene determines the expression of another gene (operating 

like a switch).  

2.3. Aggregation 

2.3.1. Two family aggregation studies have explored the relationship 

between ALS and other neurodegenerative and neuropsychiatric disorders. 

Through detailed family histories, and verification of death certificates, an 

Irish aggregation study (102) found that ALS patients have family histories 

with higher rates of schizophrenia, psychotic illness and suicide. These 

findings were later replicated (135), with the additional findings of increased 

prevalence of autism, OCD and alcoholism in ALS kindred.  

2.3.2. These studies characterised family histories prior to the onset of the 

patient proband to control for the confounding effect that a diagnosis of ALS 

could have on the mental health of a family. Higher rates of neuropsychiatric 

conditions were found in both C9orf72 positive and negative kindreds, 

suggesting pleiotropic (i.e., multiple) effects from unknown gene variants.  

2.3.3. These aggregation studies found an overlap between ALS and 

neuropsychiatric conditions, particularly schizophrenia. Subsequent genetic 
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analysis validated this association, showing a significant genetic correlation 

between ALS and schizophrenia, estimated to be between 7-21% (136). 

Thus, these two conditions may share underlying neurobiological 

mechanisms that have yet to be explored.  

2.3.4. A recent study of Scottish ALS patients found that a family history of 

neuropsychiatric disease appears to have a strong association with the 

cognitive and behavioural profile of an ALS patient. (137). For instance, a 

family history of mood disorders was associated with cognitive dysfunction 

in patients, while a family history of neurotic disorders was associated with 

language and visuospatial deficits. A family history of any neuropsychiatric 

disorder increased the likelihood of co-morbid FTD (OR = 5); as did a 

family history of neurotic illness (OR = 13). These findings support an 

earlier study of Australian ALS kindred, that found that probands with 

psychotic illness had an increased prevalence of mental health disorders in 

their relatives (138).  

2.4. Pre-symptomatic ALS 

2.4.1. In other neurodegenerative diseases, such as Alzheimer’s and 

Parkinson’s disease, there is strong evidence of a long pre-symptomatic 

period, with pathological changes observable years, sometimes decades, 

before symptom onset (139) (140). Similarly, in familial ALS, there is a 

growing evidence of a long pre-symptomatic period, with transgenic mouse 

models (with SOD1 variant) showing that neuropathology is present long 

before overt clinical symptoms emerge (141). Motor neurons in SOD1 mice 

show significant alterations in their electrical properties perinatally (142), 
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suggesting some forms of ALS may be neurodevelopmental as well as 

neurodegenerative. However, SOD1 is a very rare cause of ALS, and so 

these mouse model findings may not be generalizable to humans. 

2.4.2. A long pre-clinical and pre-symptomatic phase would represent an 

opportunity to better understand when and how the disease emerges and 

progresses; and offer a huge opportunity for novel therapeutic interventions 

in at-risk individuals. The gene-time-environment model of ALS proposes 

that ALS risk is determined by genetic predisposition which causes cell 

damage, and environmental factors which accumulate over time. Under this 

model, the clinical symptoms of ALS only emerge after years of 

mitochondrial dysfunction, neuroinflammation and excitotoxicity exceed a 

certain threshold (1). This process appears to occur in 6 sequential steps in 

those with no known gene mutation (143), and in just 2 - 4 steps for those 

with a known gene mutations like C9orf72, SOD1 or TARDBP (144). 

Exceeding the threshold triggers a metabolic cascade, resulting the clinical 

phenotype (see figure 2.1. below).  
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Figure 2.1. Gene-time-environment model of ALS, taken from Al-Chalabi and 

Hardiman (1). a| represents a healthy individual. At birth they have only the genetic 

load exists. Over time the genetic load contributes to cell damage and a person will 

encounter environmental exposures. The individual does not develop ALS as they 

do not reach the threshold. b| represents an individual with ALS. In this case the 

threshold is reached, triggering the neurodegenerative process. 

 

2.4.3. Pre-symptomatic ALS can be distinguished into pre-manifest and 

prodromal stages, similar to other neurodegenerative conditions (145).  The 

pre-manifest stage encompasses the time where biomarkers may be detected 

but there are no overt signs/symptoms. The prodromal stage encompasses 

the beginning of overt signs and symptoms right up until the disease can be 

diagnosed. Given the overlapping phenotypes of ALS and FTD, some 

individuals may be symptomatic for ALS and pre-symptomatic for FTD, and 

vice versa.  

2.4.4. Since the discovery that a mutated C9orf72 repeat expansion was a 

cause of ALS, numerous studies have sought to characterize pre-
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symptomatic carriers. Neuroimaging studies of pre-symptomatic carriers 

show progressive reductions in fractional anisotropy in the corticospinal tract 

(146). These studies estimate that functional and structural changes begin 12 

years prior to symptom onset, although abnormalities may emerge as early 

as 30 years pre symptom onset (147). As gene carriers get closer to their 

expected age of onset they show significant reductions in cerebral blood 

flow in orbitofrontal, anterior cingulate and inferior parietal cortices, as well 

as the left middle frontal gyrus (148). In the years before a gene carrier 

undergoes phenoconversion (i.e., converts from pre-symptomatic to 

symptomatic), they show increased levels in phosphorylated neurofilament 

heavy chain (pNfH) in serum and corticospinal fluid (149). 

2.4.5. Decades before phenoconversion, pre-symptomatic C9orf72 gene 

carriers show significant grey matter reduction and connectivity deficits that 

mimic those found in patients. As pre-symptomatic carriers get closer to 

phenoconversion they also begin to display evidence of cognitive changes, 

performing significantly worse on executive functioning and language tasks 

(150). Pre-symptomatic C9orf72 carriers show particular deficits on verbal 

fluency tasks, accompanied by distinct alterations in inferior and 

orbitofrontal cortices (151). 

2.5. Review of endophenotypes 

2.5.1. Review rationale 

2.5.1.1. Given the findings of aggregation, genetic and pre-symptomatic 

studies, there is strong evidence of a relationship between ALS and 

neuropsychiatric disease. This is particularly the case for schizophrenia, 
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where there in a known genetic correlation between the two conditions. 

Aggregation studies have also highlighted suicide, OCD, autism and 

alcoholism as potentially related to ALS. 

2.5.1.2. Consequently, a review of the literature was undertaken on 

endophenotypes in ALS, FTD, schizophrenia, suicide, OCD, autism and 

alcoholism. The aim of this review was twofold. Firstly, to explore how 

these seemingly independent conditions are related, and secondly to identify 

the best candidate endophenotypes to study in ALS. Given the significant 

variability in how endophenotype research has been undertaken in each field 

and the inconsistent use of terminology, a literature review was carried out, 

rather than a systematic review. 

2.5.2. Search strategy 

2.5.2.1. Online search engines PsychINFO, Science direct, MEDLINE and 

Google scholar were utilized to identify research articles on endophenotypes 

in ALS, FTD, suicide, OCD, alcoholism and autism. The search terms used 

were “Amyotrophic Lateral Sclerosis” or “Motor Neuron Disease” or 

“Fronto-Temporal Dementia” or “suicide*” or “Obsessive Compulsive 

Disorder” or “alcohol*” or “Autism”, in combination with 

“Endophenotype”.  

2.5.3. Inclusion criteria 

2.5.3.1. Studies were included if they used an observational, quantitative 

design. Both cross-sectional and longitudinal designs were included. Given 

that very few studies examined all of Gottesman and Gould’s endophenotype 

criteria, the review considered studies that examined at least 1 of the 5 
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criteria, i.e., that an endophenotype be heritable, associated with the illness, 

state independent, co-segregate with the illness and be present more in 

unaffected relatives than the general population. The review considered 

neuropsychological, neuroimaging and neuroelectric studies. 

2.6. Results 

2.6.1. ALS 

2.6.1.1. The best evidence that endophenotypes of ALS exist come from pre-

symptomatic studies of C9orf72 gene carriers. As mentioned in section 2.4., 

pre-symptomatic carriers show reduced fractional anisotropy in the 

corticospinal tract, reduced blood flow in orbitofrontal, anterior cingulate 

and inferior parietal cortices, and the left middle frontal gyrus and grey 

matter reduction in inferior and orbitofrontal cortices (146) (147) (148) 

(149). Pre-symptomatic C9orf72 carriers also show executive and language 

deficits, with the verbal fluency test showing the greatest sensitivity (150) 

(151). These neuroimaging and neuropsychological changes appear to 

emerge in a time dependent manner as gene carriers get closer to their 

expected disease onset, usually within 5 years of expected onset (150).  

2.6.1.2. While the above studies suggest several candidate endophenotypes, 

the study designs are insufficient to test all of Gottesman and Gould’s 

criteria, namely that the endophenotype be heritable, and co-segregate with 

the illness within a family. Furthermore, these studies are exclusively 

focused on C9orf72, which makes up only a very small proportion of all 

ALS cases. Direct assessment on non-C9orf72 family members is equally, if 

not more important than assessment of C9orf72 positive relatives, as the 
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identification of non-C9orf72 endophenotypes could lead to the discovery of 

new ALS risk genes. 

2.6.2. FTD 

2.6.2.1. As C9orf72 mutations are a risk factor for both ALS and FTD, the 

neuroimaging and neuropsychiatric traits discussed above (section 2.6.1.1.) 

could also be considered endophenotypes of FTD. Pre-symptomatic granulin 

carriers (GRN), a known risk gene for FTD, do not show any anatomical 

abnormalities relative to controls (152). This contrast between pre-

symptomatic C9orf72 and GRN carriers suggests that ALS endophenotypes 

will likely be gene specific.  

2.6.3. Schizophrenia 

2.6.3.1. Cognitive dysfunction 

2.6.3.1.1. Cognitive dysfunction is a key feature of schizophrenia, affecting 

quality of life and resulting in poorer functional outcomes (153). The most 

frequently observed cognitive impairments in individuals with schizophrenia 

are deficits in working memory, executive functioning, attention, language, 

processing speed, sensory processing and inhibition (154). However, some 

argue that all of these deficits are underpinned by an inability to actively 

represent goal information in working memory (155) (156), due to 

dysfunction of the dorsolateral prefrontal cortex (DLPFC) and its interaction 

with the thalamus, parietal cortex and the striatum, and the knock-on effect 

on GABA, dopamine and glutamatergic neurotransmitter systems (157).  
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2.6.3.1.2. Early models of schizophrenia note that unaffected relatives of 

schizophrenia patients have a schizophrenia-like, non-psychotic 

phenomenology, showing subtle thought disorders and interpersonal oddities 

(158). Avoidant personality disorder is significantly more frequent in 

unaffected relatives of schizophrenia patients, and social anxiety may be a 

core predisposing factor for schizophrenia (159). This suggests that genetic 

susceptibility to schizophrenia may manifest as a less severe schizotypal 

personality disorder, rather than a full schizophrenia syndrome (160).  

2.6.3.1.3. Unaffected relatives of Schizophrenia patients also appear to 

perform significantly worse than controls on a range of cognitive tasks, such 

as sustained attention (161), visual working memory (162), verbal memory 

and inhibitory control, highlighting several potential cognitive 

endophenotypes of schizophrenia. Meta-analysis shows that the largest effect 

sizes are observed for tasks with high executive demand, such as the Trail 

Making Test part B test and the simple and complex continuous performance 

tasks (163). The deficits observed in unaffected relatives are intermediate to 

individuals with the clinical syndrome and the general population, i.e., 

unaffected relatives score worse than controls and better than patients.  

2.6.3.1.4. Schizophrenia patients and their unaffected relatives also show 

abnormalities on numerous electrophysiological markers, such as pre-pulse 

inhibition, mismatch negativity and oculomotor anti-saccade, markers of 

sensorimotor gating, pre-attentive sensory processing and inhibitory failure 

(164).  
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2.6.3.1.5. The Consortium on the Genetics of Schizophrenia (COGS) 

identified executive functioning, working memory, attention, inhibition, 

episodic memory and social cognition as the best supported endophenotypes 

of schizophrenia, with clear deficits in patients and intermediate deficits in 

relatives (165). These various neurocognitive endophenotypes uniquely 

contribute to disease liability, implying multiple independently heritable 

endophenotypes (166).  

2.6.3.2. Neurological soft signs 

2.6.3.2.1. Neurological indicators are another key feature of schizophrenia, 

considered to reflect the contribution of genetic factors more so than 

environmental factors. Recently, neurological soft signs (NSS) have been 

studied as potential endophenotypes of schizophrenia (167). NSS consist of 

subtle deficits in motor co-ordination, sensory integration and motor 

sequencing (168). NSS are observed in ~50-65% of schizophrenia patients, 

compared to just ~5% of the general population (169).  

2.6.3.2.2. NSS are also observable in the unaffected first-degree relatives of 

schizophrenia patients. Abnormal signs are most notable on the alternating 

fist-palm test, rapid alternating movement, go/no-go test, and fist-ring test. 

There is also robust evidence that NSS traits are heritable, state independent 

(170) and can be reliably measured (171,172).  

2.6.4. Suicide 

2.6.4.1. Suicide is the act of intentionally killing oneself, however, 

suicidality is a much more complex, multi-dimensional construct. Suicidality 

encompasses completed suicide, suicide attempts, suicide plans and suicidal 
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ideation (173). Suicidal behaviour (SB) is associated with numerous 

neuropsychiatric disorders, such as major depressive disorder, bipolar 

disorder and schizophrenia. Whilst environmental factors play a huge role in 

suicidality, epidemiological and genetic studies suggest that suicidality also 

has a significant genetic component (174). This is evidenced by the 

heightened prevalence of suicide in relatives of suicide victims, independent 

of mental illness (175).  

2.6.4.2. Impulsive aggression 

2.6.4.2.1. Studies of individuals who have engaged in SB, and their relatives 

suggest that impulsive and aggressive traits may act as endophenotypes of 

SB (176,177). These traits meet many of the criteria for endophenotypes in 

that they are reliably quantified, are highly heritable (h2 = ~40 – 47%), are 

associated with SB, are state independent and co-segregate in families with a 

history of SB (175,178–180).  

2.6.4.2.2. High impulsive and aggressive traits in unaffected relatives have 

been observed in well-designed studies, including case-control, 

retrospective, prospective, longitudinal and family-based designs. However, 

these studies have traditionally relied on self-report, retrospective accounts 

or proxy measures from relatives to measure impulsivity and aggression, 

which are prone to bias and error. Future studies, utilizing 

neuropsychological measures of impulsive aggression may yield more 

defined, less biased endophenotype measures. While there is strong evidence 

that impulsive aggression plays a role in SB, not all SB is mediated through 

this process. Impulsive aggression likely reflects a subset of all SB (176).   
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2.6.4.3. Decision making 

2.6.4.3.1. While not as well-studied as impulsive aggression, many studies 

have suggested that impaired decision making is an endophenotype of SB. 

Individuals with a history of SB show deficits on the Iowa Gambling Task, 

with a tendency towards disadvantageous decisions (181). Deficits on the 

IGT indicate an impairment in forming somatic marker, i.e., they do not 

generate the normal emotional response to a negative response. Impairment 

on the IGT is often underpinned by dysfunction of the cingulate gyrus, 

orbitofrontal cortex (182) and the ventromedial prefrontal cortex (183).  

2.6.4.3.2. This is corroborated by post-mortem neuroimaging studies of 

individuals who have completed suicide, which shows atrophy in the ventral 

regions of the orbitofrontal cortex (184). Several studies have also found that 

SB is associated with a hyporeactive ectodermal response (185) (i.e., 

reduced palm sweat response in response to negative stimuli), implicating 

the ventral and medial prefrontal cortices. Electrodermal reactivity is state 

independent (186), ~50% heritable (187), and correlates well with the IGT 

(188), making it a promising endophenotype. However, further research is 

required in unaffected relatives. 

2.6.5. OCD 

2.6.5.1. Executive dysfunction 

2.6.5.1.1. Individuals with OCD and their unaffected relatives show deficits 

in executive functioning, particularly on set shifting and response inhibition 

tasks (189,190). These deficits are observable when symptoms are in 

remission, providing good evidence that this candidate endophenotype is 
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state independent (191). There is also strong evidence that performance on 

these tasks is highly heritable (192), fulfilling another key criteria of an 

endophenotype. 

2.6.5.2. Event related negativity  

2.6.5.2.1. Models of OCD hypothesize that symptoms emerge due to 

dysfunction of the fronto-striatal circuitry. EEG studies have found that 

OCD patients and their unaffected relatives show heightened event-related 

negativity (ERN) (193). ERN is a sharp negative signal that accompanies an 

incorrect motor response. This heightened ERN signal is thought to reflect 

abnormal error processing in the anterior cingulate cortex (ACC) (194), a 

key structure in fronto-striatal circuitry.  

2.6.5.2.2. ERN appears to be state independent (195) and heritable (196), 

making it a promising endophenotype for OCD. Diffusion Tensor Imaging 

(DTI) studies show white matter abnormalities in frontal and parietal regions 

in individuals with OCD and their unaffected relative (197). Similarly, fMRI 

studies show reduced activation in several frontal regions when completing a 

set shifting task, including abnormalities in the orbitofrontal cortex (OFC) 

(198). 

2.6.5.3. Dysfunctional beliefs 

2.6.5.3.1. Lastly, there is evidence that dysfunctional beliefs, as measured by 

the Obsessive Beliefs Questionnaire, is a promising endophenotype for 

OCD. Dysfunctional beliefs are associated with the illness, are heritable 

(199), and observed in unaffected relatives of OCD patients more than in the 

general population. When quantified, the magnitude of these dysfunctional 
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beliefs is less than patients, but greater than controls (i.e., it falls 

intermediate to the two groups) (200).   

2.6.6. Alcoholism 

2.6.6.1. There are several candidate endophenotypes for alcohol use disorder 

(AUD). The most promising of these are: subjective response to alcohol, 

abnormal brain oscillations and executive dysfunction. EEG endophenotypes 

in particular have played a crucial role in uncovering new risk genes for 

AUD.  

2.6.6.2. EEG endophenotypes 

2.6.6.2.1. Individuals with AUD and their offspring show increased power in 

beta frequency bands, compared to controls (201). Using a genome-wide 

linkage analysis of beta power in individuals at risk for AUD, researchers 

found a link to a GABAA receptor gene (GABRA2) on chromosome 4 (202). 

Multiple studies have subsequently replicated the association between AUD 

and GABRA2 (203,204). 

2.6.6.2.2. Other EEG studies of AUD have identified abnormal amplitude of 

the P300 wave ERP (Event Related Potential) in individuals with AUD and 

their family members (205). Abnormal P300 is particularly affected in male 

offspring, suggesting sex mediated effects (206). Disruption of the P300 

signal suggests alterations in a person’s orientation towards novel events and 

inhibition of cognitive processing. Linkage studies of event related 

oscillations that underly the P300 signal have identified a number of 

potential risk genes for AUD, such as the muscarinic acetylcholine receptor 

M2 (CHRM2) (207), the metabotropic 9 (GRM8) gene (208), the 
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corticotropin releasing hormone receptor 1 gene (CRHR1) (209) and the 

KCNJ gene (210). 

2.6.6.3. Level of response 

2.6.6.3.1. Level of response (LR) is the dose of alcohol required to induce a 

psychological effect and is distinct from alcohol tolerance. Low LR is a risk 

factor for AUD as an individual will require a larger quantity of alcohol to 

experience its effect. LR to alcohol meets many of the criteria of a candidate 

endophenotype for AUD (211). Individuals with a family history of AUD, 

show a lower LR than the general population (212), with a high heritability 

estimate of 67% (213). Variation in GABRA2 is associated with LR to 

alcohol, further validating the association between AUD and GABRA2 

(214).  

2.6.7. Autism 

2.6.7.1. Autism spectrum disorder (ASD) has a significant genetic 

component, with siblings of individuals with ASD possessing a 22-fold 

increased risk of developing the disorder (215). However, as with many of 

the conditions highlighted in this review, research indicates that there are 

numerous genetic mechanisms that cause ASD (216), each with distinct 

patterns of inheritance. As a result ASD traits are likely widely and 

continuously distributed in both general (217) and clinical (218) populations.  

2.6.7.2. The search for endophenotypes of autism is complicated by the fact 

that it is a neurodevelopmental disorder. Consequently, its expression, and 

the expression of potential endophenotypes will likely change 

developmentally over time (219). There is also a challenge in that there is a 
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wide variety of expressions of ASD, and heterogeneity in intellectual 

functioning. Given the significant heterogeneity of ASD, focusing on distinct 

endophenotypes may help identify distinct subgroups of ASD that are more 

closely related to the underlying genetics rather than simply the diagnosis 

itself. 

2.6.7.3. Broader autism phenotype 

2.6.7.3.1. Research suggests that ASD is associated with a broader autism 

phenotype (BAP), whereby unaffected relatives display a lesser variant of 

the condition due to shared risk genes (220). The BAP can be reliably 

measured using the Autism Spectrum Quotient (AQ) (221), a short self-

report questionnaire of ASD traits. Mothers and fathers of children with 

ASD score significantly higher than controls on the AQ, suggesting that 

these traits are heritable and segregate with the illness. Indeed, ASD traits 

such as social skill deficits, communication difficulties and restrictive 

interests are observed in ~4-20% of first-degree relatives of people with 

ASD (222).   

2.6.7.4. Language and social cognition 

2.6.7.4.1. Due to the developmental nature of ASD, studies have examined 

endophenotypes that may be expressed early in life, with the goal of 

improving early detection. In a study by the Autism Genetic Resource 

Exchange (AGRE), researchers observed that children with possible ASD 

who speak their first words earlier show quantitative trait loci’s on 

chromosome 3 and 7 (223). This suggests that language skills may 

discriminate distinct ASD subgroups in terms of their genetic liability. 
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2.6.7.4.2. Other potential ASD endophenotypes include theory of mind, 

language skills (specifically the age of first spoken word and first spoken 

phrase), social skills, and certain electrophysiological markers, such as 

asynchronization of neural activity and brain responses to emotional faces. 

2.7. Discussion 

2.7.1. Aggregation studies suggest a relationship between ALS and a range 

of neuropsychiatric disorders, including FTD, schizophrenia, suicide, OCD, 

alcoholism and autism. Endophenotypes may help bridge the gap between 

these seemingly independent disorders as they are theoretically closer to 

gene action. Table 2.1. highlights the most promising endophenotypes for 

each of these conditions. In reviewing the literature, it is clear that 

endophenotype research into these disorders has been considerably varied, 

applying different study designs and methods.  

Table 2.1. Summary of candidate endophenotypes for ALS, FTD and related 

neuropsychiatric conditions. 

Condition Cognitive 

Endophenotypes 

Neuroimaging 

Endophenotypes 

EEG 

Endophenotypes 

Other 

endophenotypes 

ALS - FTD 

Executive 

dysfunction, 

Language 

dysfunction, 

Verbal fluency 

deficits 

Abnormalities in 

corticospinal tract, 

orbitofrontal, 

anterior cingulate 

and inferior 

parietal cortices, 

and left middle 

frontal gyrus 

- - 
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Schizophrenia 

Working memory, 

executive 

functioning, 

attention, 

language, 

processing speed, 

sensory processing 

and inhibition 

deficits 

- 

Pre-pulse 

inhibition, 

mismatch 

negativity 

Neurological soft 

signs 

Suicide 

Decision making 

impairment 

Atrophy in the 

orbitofrontal 

cortex 

- 

Impulsive 

aggression, 

hyporeactive 

ectodermal 

response 

OCD 

Set shifting and 

response inhibition 

deficits 

White matter 

abnormalities in 

frontal and parietal 

regions, reduced 

activity in in the 

orbitofrontal 

cortex 

Heightened event 

related negativity 

Dysfunctional 

beliefs 

Alcoholism 

Executive 

dysfunction 

- 

Increased power in 

beta bands, 

abnormal 

amplitude of the 

P300 wave ERP 

Low level of 

response to 

alcohol 

Autism 

Theory of mind 

deficits, language 

abnormalities 

- 

Asynchrony of 

brain activity in 

response to 

emotional faces 

Broader autism 

phenotype, 

Age of first words 
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2.7.2. One commonality observed across these multiple conditions is that 

they, and their accompanying endophenotypes, are often associated with 

disruption to the fronto-striatal circuits. This is supported by neuroimaging, 

electrophysiology and neuropsychological studies of patients and unaffected 

relatives. The fronto-striatal circuits consist of 5 parallel neural pathways 

that connect frontal brain regions to the striatum, basal ganglia and thalamus. 

A motor circuit, originating in the supplementary motor area; an oculomotor 

circuit stemming from the frontal eye fields; and 3 circuits stemming from 

the prefrontal cortex: the dorsolateral prefrontal, anterior cingulate and 

orbitofrontal circuits (224).  

2.7.3. These 5 circuits can be divided into 3 functionally distinct groups, 

sensorimotor, associative and limbic circuits (see figure 2.2.). Sensorimotor 

circuits mediate motor control and habitual instrument behaviour, associative 

circuits mediate executive functioning and goal-mediated behaviour, and 

limbic circuits mediate emotional processing and reinforcement learning 

(225). Each circuit originates in the frontal lobes, then projects to the 

striatum via the globus pallidus, the putamen, the substantia nigra and the 

thalamus. The thalamus connects back to frontal regions creating a closed 

feedback loop.  
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Figure 2.2. The functional divisions of the sensorimotor, associative and limbic 

fronto-striatal circuits. Taken from Jahanshahi et al. (225). GPe - external segment 

of the Globus Pallidus; GPi – internal segment of the Globus Pallidus; STN – 

Subthalamic Nucleus 

 

2.7.3. Dorsolateral prefrontal circuit 

2.7.3.1. The dorsolateral prefrontal circuit is primarily involved in executive 

functions, such as problem solving, planning and the sequencing of events 

(224). Many of the cognitive deficits observed in ALS, such as executive 

impairment and verbal fluency deficits suggest an underlying disruption to 

the supervisory attention system (226), which is mediated by the dorsolateral 

prefrontal cortex.  

2.7.4. Orbitofrontal circuit 

2.7.4.1. The orbitofrontal circuit connects frontal regions to the limbic 

system. Damage to this circuit often results in personality changes, such as 
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aggressiveness, disinhibition, emotional lability and difficulty with 

interpersonal relationships (227). ALS patients with and without co-morbid 

FTD will often show these symptoms, with social cognition deficits now 

recognized as a key feature of ALSci (228). 

2.7.5. Anterior cingulate circuit 

2.7.5.1. The anterior cingulate circuit is involved in motivated behaviour, 

monitoring, working memory and novelty detection. Dysfunction of this 

circuit will often result in apathy. In ALS, apathy is strikingly common, with 

moderate to severe apathy present in up to 41% of ALS patients (55).  

2.7.6. Fronto-striatal dysfunction across ALS and 

neuropsychiatric disease 

2.7.6.1. The literature highlighted in this review suggests that fronto-striatal 

circuits are implicated in ALS, FTD, and related neuropsychiatric 

conditions. Structural MRI shows that ALS patients have significant atrophy 

in the basal ganglia, including the caudate nucleus, hippocampus and 

nucleus accumbens (229). Atrophy in these regions results in dysfunction of 

fronto-striatal circuits, accounting for the neuropsychological profile in ALS, 

namely executive dysfunction, apathy and social cognitive deficits (230). 

Basal ganglia pathology is more extensive, but not solely found in C9orf72 

patients, suggesting that this gene is one of many to influence fronto-striatal 

circuits.  

2.7.6.2. Neuroimaging and neuropathological findings show significant 

atrophy of the striatum in Fronto Temporal Lobar Degeneration (FTLD), 

with differential involvement according to FTLD subtype (231). There is 
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evidence of a gradient of striatal atrophy according to FTLD subtype. 

Behavioural variant FTD (bvFTD) shows the greatest degree of striatal 

atrophy, followed by FTD, then progressive non-fluent aphasia and finally 

semantic dementia (232). Striatum involvement occurs early in the disease, 

making it a promising biomarker of FTLD. Disruption to the associative and 

limbic fronto-striatal networks reflects the neuropsychological profile of 

FTLD patients, namely apathy, impulsiveness and disinhibition.  

2.7.6.3. Fronto-striatal circuits are also implicated in schizophrenia. 

Schizophrenia patients show dysfunction of the limbic circuits early in the 

disease but not the sensorimotor or associative ones (233). Unaffected 

relatives also show disruption to the limbic circuit, specifically in relation to 

reward processing (234). Functional MRI studies show that unaffected 

relatives have decreased activation of the ventral striatum in anticipation of 

reward and increased activation when receiving the reward.  

2.7.6.4. Neuroimaging studies have consistently shown associations between 

suicidal behaviour and fronto-striatal dysfunction (235). Numerous reviews 

agree that there is specific involvement of the dorsolateral and orbitofrontal 

prefrontal cortex, key regions of fronto-striatal circuitry. Grey and white 

matter hyperintensities are 5-8 times more likely in patients with suicide 

attempts compared to those without attempts (236). However, it remains 

unclear whether these exist prior to the suicide attempt, or are a consequence 

of the suicide attempt, e.g., anoxia due to hanging. Neuroimaging of 

individuals with a family history of suicide suggests that such fronto-striatal 

dysfunction is in some part inherited. Individuals with a family history of 
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suicide show reduced volumes in temporal regions of the right dorsolateral 

prefrontal cortex and left putamen (237). Suicide by violent means was 

associated with increased caudate volume, suggesting that dysfunction of 

certain fronto-striatal circuits infers risk for suicidality, while dysfunction of 

others modulates the type of suicidal behaviour. 

2.7.6.5. Fronto-striatal dysfunction is well documented in OCD. Both 

patients with OCD and their first-degree relatives show hypoactivation of the 

right dorsolateral prefrontal cortex during goal directed tasks (238). They 

also show reduced functional activity between the dorsolateral prefrontal 

cortex and the basal ganglia. This provides good evidence that fronto-striatal 

dysfunction is a heritable endophenotype for OCD. 

2.7.6.6. The fronto-striatal system is strongly implicated in inhibitory 

processes. Damage to these circuits, and the subsequent impairment to 

inhibition is often associated with alcohol use disorder. Individuals with 

more severe alcohol dependence show less connectivity between frontal 

regions and the striatum (239). Altered connectivity is also observed in 

unaffected relatives and those at high risk for alcohol use disorder (240). 

Longitudinal studies of adolescents at risk for alcoholism have identified 

alterations in white matter structures prior to any alcohol consumption, 

which predicts those who go on to develop alcohol use disorder in later life 

(241). 

2.7.6.7. Lastly, fronto-striatal dysfunction is hypothesized to contribute to 

key symptoms of ASD, namely social interaction and communication 

difficulties, and restricted interests and repetitive behaviours. In contrast to 
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many conditions characterized by reduced connectivity, ASD is associated 

with increased functional connectivity in fronto-striatal regions, such as the 

anterior cingulate cortex, the orbitofrontal cortex and the striatum (242). 

Heightened connectivity between the middle frontal gyrus and the caudate is 

associated with more repetitive behaviours, while increased connectivity 

between the paracingulate gyrus and the orbitofrontal gyrus to the nucleus 

accumbens is associated with social interaction and communication deficits 

(242). Similar structural and functional abnormalities in the fronto-striatal 

circuits are also observed in parents of individuals with ASD (243). The 

neural pattern observed in parents appears to be intermediate between 

individuals with ASD and healthy controls (243). There is also a positive 

association between the degree of fronto-striatal dysfunction and the degree 

of autistic traits as measured by the AQ.  

2.8. How the literature informs this thesis 

2.8.1. This literature review elucidates the association between ALS, FTD 

and the neuropsychiatric conditions that are highly prevalent in ALS 

kindred. The various conditions explored all implicate disruption to the 

fronto-striatal circuits. However, the conditions vary somewhat in which 

networks are involved. For example, schizophrenia is associated with more 

limbic network dysfunction; ALS and OCD are associated with dorsolateral 

prefrontal and anterior cingulate network dysfunction; and FTD, autism and 

suicidality are associated with greater orbitofrontal circuit dysfunction. 

2.8.2. Involvement of the fronto-striatal circuits has significant implications 

for this thesis. While there are no known endophenotypes for ALS, the 
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literature suggests that the most likely candidate traits will be related to 

fronto-striatal functioning. Consequently, the methodology applied in this 

thesis endeavoured to explore the functions of these networks. Specifically, 

the neuropsychological battery of tests that was implemented include tests of 

each network. The dorsolateral prefrontal cortex networks were evaluated 

using numerous executive functioning tests, such as the colour-word 

interference test, the digit span test and the FAS verbal fluency task. 

Orbitofrontal circuits were explored using the reading the mind in the eyes 

test and the Iowa Gambling Test. The anterior cingulate circuit was 

examined using informant reported behavioural questionnaires, such as the 

Beaumont Behavioural Inventory and the Frontal Systems Behaviour Scale.  

2.8.3. In examining these functions in a sample of unaffected relatives of 

ALS patients, this thesis builds on aggregation, pre-symptomatic and 

heritability studies. Aggregation studies have relied on family history 

questionnaires. In this study participants were given a neuropsychiatric traits 

questionnaire to explore the extent to which ALS relatives report psychotic, 

OCD, AUD, Autism and suicidality traits. The direct assessment of relatives 

of ALS patients was designed to uncover the true extent to which relatives 

present with neuropsychiatric or neuropsychological traits.  

2.8.4. Assessment of ALS patients and their unaffected relatives enabled 

examination of the heritability of any neuropsychological and 

neuropsychiatric endophenotypes identified. Testing for the presence of the 

C9orf72 repeat expansion in this project enabled the capture of a significant 

amount of pre-symptomatic C9orf72 carriers. Sub-group analysis of these 
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participants builds on the many international studies of pre-symptomatic 

C9orf72 carriers, providing the first study of this population in Ireland. 
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3. Chapter 3. Aims 

3.1. Introduction 

3.1.1. ALS is characterized by a wide range of clinical, cognitive and genetic 

profiles. While some individuals with ALS will remain cognitively 

unchanged throughout their illness, others will experience cognitive decline 

or behavioural change. The cognitive functions most typically effected in 

individuals with ALS are executive and language domains, which are 

underpinned by disruption to fronto-striatal circuits.  

3.1.2. Aggregation studies have indicated that family members of ALS 

patients have heightened risk of psychosis, suicide, alcoholism, OCD and 

autism. While these syndromes may appear rather distinct, they are all 

associated with disruption to varying components of fronto-striatal circuits.  

3.1.3. In investigating potential endophenotypes for ALS, it was 

hypothesized that relatives of ALS patients experience disruption to fronto-

striatal circuits, like that of patients, due to a shared genetic risk. This may 

manifest cognitively, as measured by tasks of executive functioning, or 

psychiatrically, as shown by measures of psychosis, OCD, suicidality, 

alcoholism or autism traits.  

3.1.4. Endophenotypes may help in the identification of new ALS related 

risk genes and help in understanding the biological pathways from genotype 

to phenotype. When considering cognitive impairment in ALS, one 

potentially moderating variable is cognitive reserve. Cognitive reserve is a 

theoretical concept, used to account for the mismatch between brain 
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pathology and overt symptomatology. Individuals with high cognitive 

reserve appear to be resilient against the effect of brain pathology in 

conditions like Alzheimer’s, FTD, Parkinson’s and Huntington’s disease. 

3.2. Primary objectives 

3.2.1. This thesis was broken down into 6 distinct aims. Aim 1 addressed 

how cognition was reliably measured in ALS. Aim 2 of the thesis explored 

longitudinal cognitive decline in ALS, and how lifestyle factors protect 

against decline. Aims 3, 4, 5 and 6 then addressed the primary objective of 

the thesis, which was to examine potential endophenotypes of ALS. Aim 3 

explored potential cognitive endophenotypes, aim 4 examined 

neuropsychiatric endophenotypes, aim 5 and 6 addressed how 

endophenotypes relate and/or delineate from one other.   

3.3. Aims 

3.3.1. Aim 1 

3.3.1.1. Aim 1 of this thesis was to examine the equivalency and practice 

effects of Edinburgh Cognitive and Behavioural ALS screen (ECAS) 

alternative versions. This enabled the reliable measurement of cognitive 

decline in ALS over time required for aim 2. In testing this aim, 2 specific 

hypotheses were proposed.  

Hypothesis 1: ECAS versions A, B and C are equivalent, as found by a 

similar study in a Scottish population (34). 

Hypothesis 2: Serial assessment of the ECAS, using alternate versions A, B 

and C does not produce practice effects.  
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3.3.2. Aim 2 

3.3.2.1. Aim 2 of this thesis was to examine the effect of cognitive reserve in 

ALS. This examined the nature of longitudinal cognitive change in ALS and 

potentially modifiable factors. In order to achieve this aim, one specific 

hypothesis was proposed.  

Hypothesis 1: Cognitive reserve has a significant moderating effect on 

cognitive change over time. 

3.3.3. Aim 3 

3.3.3.1. Aim 3 of the thesis was to compare the cognitive profile of relatives 

of ALS patients and healthy controls. Relatives of ALS patients and healthy 

controls were compared on an extensive battery of neuropsychological tests, 

including measures of intelligence, executive functioning, language, memory 

and attention (see chapter 4 for full description). In completing this aim, 3 

specific hypotheses were proposed. 

Hypothesis 1: Relatives of ALS patients perform significantly worse than 

controls on executive functioning and language tasks, representative of 

disruption to fronto-striatal circuits.  

Hypothesis 2: Relatives of familial ALS patients perform significantly worse 

than relatives of sporadic ALS patients on executive functioning and 

language tasks, due to the stronger genetic factors present in these 

individuals.  

Hypothesis 3: Relatives of ALS patients that are asymptomatic C9orf72 gene 

carriers perform significantly worse on executive functioning tasks than 
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relatives who are C9orf72 negative, as found in previous asymptomatic 

studies. 

3.3.4. Aim 4 

3.3.4.1. Aim 4 of the thesis was to compare neuropsychiatric traits in 

relatives of ALS patients and healthy controls. Relatives of ALS patients and 

healthy controls were compared on a range of neuropsychiatric traits 

questionnaires, including measures of depression, anxiety, impulsiveness, 

OCD, ADHD, autism, psychosis and personality. In completing this aim, 3 

specific hypotheses were proposed.  

Hypothesis 1: Relatives of ALS patients score significantly higher than 

controls on measures of psychosis and autism traits, representative of 

disruption to fronto-striatal functioning. 

Hypothesis 2: Relatives of familial ALS patients score significantly higher 

than relatives of sporadic ALS patients on measures of psychosis and autism 

traits, due to stronger genetic factors present in these individuals.  

Hypothesis 3: Asymptomatic C9orf72 gene carriers score significantly 

higher than C9orf72 negative individuals on psychosis traits, indicative of 

the known genetic association between C9orf72 and schizophrenia. 

3.3.5. Aim 5 

3.3.5.1. Aim 5 of this thesis was to examine the effect of IQ on 

neuropsychological endophenotypes. In testing this aim, 1 specific 

hypothesis was proposed.  
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Hypothesis 1: Cognitive endophenotypes are not attributable to deficits in 

IQ. 

3.3.6. Aim 6 

3.3.6.1. Aim 6 of this thesis was to examine how cognitive and 

neuropsychiatric endophenotypes relate to each other. In testing this aim, 1 

specific hypothesis was proposed. 

Hypothesis 1: Cognitive and psychiatric endophenotypes exist in distinct 

clusters, representative of various ALS sub-phenotypes.  
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4. Chapter 4. Equivalency and Practice Effects of ECAS 

Versions A-B-C  
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4.1. Introduction 

4.1.1. The Edinburgh Cognitive and Behavioural ALS Screen (ECAS) is a 

brief, yet sensitive screening tool in ALS (33). It has been translated into 

multiple languages (244–246) and has been validated against a full 

neuropsychological battery (247,248). In addition to detecting cognitive 

symptoms when they arise, it is equally important to track cognitive changes 

over time. Alternative versions of the ECAS (ECAS-B and ECAS-C) were 

developed specifically for this purpose (34). These new versions follow the 

same structure as ECAS A but utilize new stimuli, e.g., new pictures for item 

naming, a new story for memory recall, etc. 

4.1.2. In order to reliably measure clinically meaningful change from one time 

point to another, neuropsychologists will often utilize reliable change index 

(RCI) scores. RCI formulae generally take the form of a measure of true 

change as the numerator and the corresponding standard error as the 

denominator (249). An RCI approach is advantageous as it minimizes 

measurement error, can account for practice effects and is easy to interpret. 

RCI has been utilized to signify reliable change in a range of conditions such 

as schizophrenia, epilepsy, concussion and dementia (250–253). An initial 

study found that serial administration of alternative forms of the ECAS (i.e., 

ECAS A-B-C) does not produce practice effects and reliable change index 

(RCI) scores have been proposed for a Scottish population (35). For example, 

on ECAS total score (which ranges from 0 – 136), a decline of 9 points would 

suggest clinically meaningful decline). 
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4.1.3. The purpose of this study was to examine if ECAS versions A, B and C 

can be considered equivalent, and to generate normative data from an Irish 

population. This study also investigated if serial administration of the ECAS 

produces practice effects in an Irish cohort and proposes RCI scores to help 

interpret cognitive change over time. It was hypothesized that alternative 

versions would be equivalent, and not produce practice effects.   
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4.2. Method 

4.2.1. Participants 

4.2.1.1. Healthy Irish controls were recruited for two studies, one to assess the 

equivalency of ECAS versions A, B and C (study 1), and another to examine 

practice effects of serial administration (study 2). The first cohort of 176 

participants completed either ECAS A, B or C at one time-point only. The 

second cohort of 60 participants underwent serial ECAS assessments, 

completing version A first, then B, then C. Exclusion criteria included a 

history of intellectual or learning disability, the presence of a mood disorder 

or psychiatric disorder, neurological conditions affecting cognition and/or a 

family history of ALS. All participants spoke English as their first language. 

Informed written consent was obtained from all participants.  

4.2.2. Procedure 

4.2.2.1. In study 1, participants (n = 176) were administered either ECAS A, 

B or C only. In study 2 (n = 60), participants were administered ECAS A-B-

C serially, approximately 4 months apart (median was 4.2 months between T1 

and T2, and 4.3 months between T2 and T3). Participants were tested in their 

own home, or if preferred, in a quiet room in Trinity Biomedical Science 

Institute, Dublin. Verbal fluency index (vfi) converted scores were generated 

using procedures outlined on the ECAS website: ‘https://ecas.psy.ed.ac.uk/’ 

and are presented in supplemental table 1. The ECAS was administered by the 

thesis author ‘EC’ and other assistant psychologists or research assistants in 

the Beaumont Hospital psychology department. All testers were trained using 

the ECAS training guide at ‘https://ecas.psy.ed.ac.uk/’. To ensure testing and 
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scoring were consistent, multiple participants were scored by multiple testers, 

and intra class correlations (ICC) were carried out. Once an ICC higher than 

.8 was achieved a tester could test on their own. 

4.2.3. Data analysis 

4.2.3.1. Statistical analysis was carried out using SPSS (Version 25) and R 

(Version 3.5.1). Demographic information of each group was compared using 

chi square tests and one-way analysis of variance (ANOVA). Shapiro-Wilk 

test, histograms and normality plots were used to determine if data was 

parametric. Log transformations were performed for data which violated 

statistical assumptions. Where transformation failed to correct for violations, 

non-parametric tests were applied. To control for multiple comparisons, the 

Benjamini-Hochberg (254) procedure was implemented, using a false 

discovery rate of 5%. Power was calculated using G*power software (255). 

4.2.3.2. Study 1: To investigate equivalency, one-way analyses of covariance 

(ANCOVA) were performed to compare ECAS total scores, composite scores 

and sub-scores across groups. To detect a small effect size (d = 0.3), with a 

power of .8, a minimum sample size of 111 was required. Age and education 

were added as covariates due to the significant relationships between these 

variables and ECAS performance (see supplemental table 2). Kruskal-Wallis 

(K-W) tests were performed where data violated assumptions of parametric 

analysis. Two one sided t-tests (TOST) were performed to directly test 

equivalency between ECAS groups. Unlike traditional tests, this procedure 

assumes that there is a difference between groups, specifying upper and lower 

limits that are considered meaningful (e.g., d = -0.3 to +0.3 to test a small 
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effect). T-tests are then carried out on each limit. If the difference between 

groups falls within these limits, the groups are deemed equivalent (256). 

4.2.3.3. For this TOST procedure, the pre-determined minimum meaningful 

difference between ECAS versions was a Cohens d = -0.5 to +0.5 as upper 

and lower limits respectively. An alpha level of 0.1 was applied (two tailed), 

giving a power of 0.8.  

4.2.3.4. Study 2: To investigate practice effects, repeated measures ANOVAs 

were carried out on ECAS total scores, composite scores and sub-scores across 

each time point. In cases where Sphericity was violated, Greenhouse-Geisser, 

Huynh-Feldt or Lower bound corrections were applied. Post-hoc Sidak tests 

were used to compare sub-groups if a significant main effect was observed. 

To detect a small effect size (d = 0.15) and achieve a power of .8, a minimum 

sample size of 31 was required.  

4.2.3.5. Test-retest reliability was assessed using intra-class correlation 

coefficients (ICC) with mean-rating absolute agreement two-way effects 

models. To provide clinically meaningful thresholds of cognitive decline, 

reliable change index (RCI) scores were calculated. The Chelune method 

(257) of calculating RCI was applied. This approach takes into consideration 

the impact of practice effects and measurement error. An alternative standard 

error of difference (𝑆𝐸𝑑𝑖𝑓𝑓), proposed by Iverson (258), was applied. This 

calculation of the standard difference is more appropriate as it considers 

variability in Time 2 scores. To calculate RCI scores, the following equation 

was utilized: 
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∆𝑋 = (�̅�2 −  �̅�1) ± 1.645 (𝑆𝐸𝑑𝑖𝑓𝑓) 

where  𝑆𝐸𝑑𝑖𝑓𝑓 =  √𝑆𝐸𝑀1
2 + 𝑆𝐸𝑀2

2
,  𝑆𝐸𝑀1 = 𝑠1√1 −  𝑟𝑥𝑥 ,  SEM is the 

standard error of measurement, s1 is the standard deviation of the ECAS 

version being compared against (e.g., when comparing ECAS A and B, s1 is 

the standard deviation of ECAS A), and rxx is the test re-test correlation 

coefficient. 

4.3. Results 

4.3.1. Study 1: Equivalency of ECAS versions 

4.3.1.1. One-way ANOVAs and chi-square tests showed no significant 

difference between ECAS groups in terms of age, education and gender (see 

table 4.1.).  

Table 4.1. Mean (standard deviation) age, years of education and gender frequency 

of participants who completed ECAS A, B or C only. 

 ECAS A (n = 

70)  

ECAS B (n = 

52)   

ECAS C (n = 

54)   

F/χ2 

(df) 

p-

value 

Age 62.70 (8.65) 63.65 (10.27) 65.94 (11.09) 1.67 .19 

Years of 

Education 
15.53 (4.74) 16.79 (3.63) 15.55 (3.26) 

1.77 
.17 

Gender 27F/43M 29F/23M 29F/25M 4.45 .11 

 

 

4.3.1.2. ANCOVA and K-W tests were carried out to compare mean ECAS 

performance across each ECAS versions. No significant differences were 

observed between groups on all sub-scores, except for the visuospatial sub-

test, where participants scored significantly worse on version C, compared to 

ECAS A and B (see table 4.2.).  
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Table 4.2. Mean (standard deviation), ANCOVA F value/K-W chi square and p-

value comparing ECAS A, B and C. 

Domain (max score) ECAS A  

(n = 70) 

ECAS B  

(n = 52)   

ECAS C  

(n = 54)   

F/χ2 (df) p 

ECAS Total (136) 114.16 (11.73) 115.85 (9.54) 113.07 

(11.97) 

.34 (2,171) .71 

ALS Specific (100) 85.07 (8.85) 86.27 (7.34) 83.85 (9.41) .49 (2,171) .62 

   Language (28) 26.84 (1.66) 26.9 (1.76) 26.48 (1.79) 3.54k (2, n 

= 176) 

.17 

   Verbal Fluency (24) 19.71 (2.32) 19.69 (2.67) 18.93 (4.3) .90 (2,171) .41 

   Executive (48) 38.51 (6.42) 39.67 (5.01) 38.44 (6.02) .47 (2,171) .63 

ALS Non-Specific (36) 29.09 (4.62) 29.58 (3.87) 29.22 (3.85) .30 (2,171) .75 

   Memory (24) 17.5 (4.3) 17.96 (3.67) 18.15 (3.31) .97 (2,171) .38 

   Visuospatial (12) 11.59 (.83) 11.62 (.63) 11.07 (1.03) 15.08k (2, 

n = 176) 

.001* 

k – Assumptions of ANCOVA were violated, Kruskal-Wallis test used 

* Statistically significant after controlling for multiple comparison 

 

4.3.1.3. To directly test the equivalency of ECAS versions, the two one sided 

t-test (TOST) procedure was applied (see table 4.3.). ECAS versions A and B 

were equivalent on all ECAS domains. ECAS A and C were equivalent on all 

ECAS domains except for visuospatial functioning. ECAS B and C were not 

equivalent for ECAS total, ALS specific score or visuospatial functioning. 
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Figure 4.1. below illustrates the ECAS total TOST results. Note that while 

ECAS B and C are not statistically equivalent, the difference between them is 

minimal. 

 

 

 

Table 4.3. TOST procedure t value (df) and p-values comparing ECAS A-B, A-C 

and B-C (n = 60). 

 ECAS A-B TOST ECAS A-C TOST ECAS B-C TOST 

 T (df) p  T (df) p T (df) p 

ECAS Total 1.89 (119) .03 -2.25 (113) .01 -1.25 

(100) 

.11* 

ALS Specific 1.96 (119) .03 -2.02 (111) .02 -1.10 

(100) 

.14* 

      Language 2.53 (106) .006 -1.60 (110) .06 -1.36 

(104) 

.09 

      Verbal 

Fluency 

-2.66 

(100) 

.005 -1.46 (76) .07 -1.49 (89) .07 

      Executive 1.66 (120) .05 -2.71 (117) .004 -1.43 

(102) 

.08 

ALS Non-Specific 2.53 (106) .02 -1.60 (109) .005 -1.36 

(104) 

.02 

      Memory 2.13 (118) .02 1.86 (122) .03 2.29 

(102) 

.01 

      Visuospatial 2.56 (120) .005 .31 (100) .62* .75 (88) .77* 

* Not statistically equivalent 
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Figure 4.1. TOST results, displaying mean differences between ECAS A, B and C 

total score. 

 

4.3.2. Study 2: Practice effects of serial assessment 

4.3.2.1. An independent cohort of participants completed serial ECAS 

assessment (See table 4.4. for descriptives). 

 

Table 4.4. Mean (standard deviation) and range of age, years of education and 

gender frequency of participants who completed ECAS A - B - C serially. 

 ECAS A-B-C (n = 60) 

 Mean (SD) Range 

Age 64 (7.36) 38-80 

Years of Education 15.42 (4.82) 8-40 

Gender 39 M/ 21 F  

 

4.3.2.2. Repeated measures ANOVAs were carried out to compare ECAS 

scores across each time point (see table 4.5.). Significant effects for time were 

observed for ECAS Total, ALS specific and ALS non-specific composite 

scores (See figure 4.2.). Significant effects for time were also observed for 

verbal fluency and memory sub-scores. Post-hoc Sidak tests revealed that 

 

ECAS Total: A vs B ECAS Total: A vs C ECAS Total: B vs C 
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verbal fluency significantly improved from version A to B, while memory 

scores significantly improved from ECAS B to C.  

Table 4.5. Mean ECAS score, ANOVA p-value, and post hoc Sidak p-value for 

serial ECAS assessment (n = 60). 

 
ECAS A ECAS B ECAS C F (df) A-B MD B-C MD 

ECAS Total 109.2 (16.1) 112.7 (15) 112.3 (16.5) 10.16* (2, 166) -.21 -.14 

ALS Specific 81 (13.1) 83.8 (11.9) 82.4 (13.4) 7.49* (2, 118) -.21 .08 

   Language 26.0 (3.2) 25.8 (3) 25.7 (3.3) 2.49 (2, 122) - - 

   Verbal Fluency 18.5 (3.9) 19.9 (3.8) 19.2 (5.1) 11.40* (2, 120) .42* -.13 

   Executive 36.4 (7.4) 38.1 (6.9) 37.8 (6.9) 2.52 (2,124) - - 

ALS Non-Specific 28.3 (4.6) 29 (4.2) 30 (7.4) 8.10* (2, 124) .12 .16 

   Memory 16.8 (4.4) 17.8 (3.6) 18.5 (7.2) 11.57* (2,124) .16 .17* 

   Visuospatial 11.5 (1) 11.2 (1.2) 11.2 (1) .41 (2, 124) - - 

* Statistically significant after controlling for multiple comparison; MD – Mean Difference 

 

 

 

Figure 4.2. Mean ECAS total score on serial A-B-C assessment. 

 

4.3.2.3. Test-retest reliability: Intra-class correlation coefficients (ICC) were 

calculated for ECAS total, ALS specific and ALS non-specific scores (see 

supplemental table 3.). All ECAS versions showed excellent test-retest 

reliability, with all coefficients higher than 0.7. 

Figure 4.2. Mean ECAS total score on serial A-B-C assessment. 
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4.3.2.4. Reliable change index (RCI) scores were calculated using the Chelune 

method. Based on these calculations, cut-offs are presented as thresholds for 

determining clinically meaningful cognitive decline (See table 4.5.). 

Table 4.6. Reliable Change Index (RCI) scores for ECAS A, B and C. 

 ECAS total ALS Specific ALS Non-Specific 

ECAS A-B -9.57 to 16.91 -8.03 to 13.79 -4.35 to 5.69 

ECAS B-C -7.45 to 6.67 -7.93 to 5.29 -2.64 to 4.6 

ECAS A-C -5.66 to 11.82 -6.51 to 9.07 -2.66 to 5.96 

 

 

4.4. Discussion 

4.4.1. The results of this study suggest that alternative ECAS versions A, B 

and C are comparable, but not strictly equivalent. A significant difference was 

observed on the visuospatial sub-task, in line with previous findings (35). 

TOST analysis found that ECAS A was equivalent to ECAS B and C, 

however, ECAS B was not equivalent to ECAS C. Population derived, 

version-specific norms and RCI scores are recommended to determine 

abnormal performance. Irish specific norms (see supplemental tables 4 and 5) 

and RCI cut-offs are provided to aid this approach. 

4.4.2. Contrary to previous research (35), this study found evidence of practice 

effects on the ECAS over time. Participants significantly improved from time 

one to time two, particularly on the verbal fluency task. Participants did not 

improve on ECAS total from time 2 to time 3, however, there was significant 

improvement on the memory subtask. Practice effects in neuropsychological 

batteries are most common on novel tasks where participants can learn 
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advantageous test strategies (259). This may account for the slight 

improvement in verbal fluency. Previous studies have also shown that the 

largest improvements are usually from time 1 to time 2, and then reduced 

thereafter (260), as was found here.  

4.4.3. Improvement over time may be due to participants becoming 

increasingly comfortable with testing conditions or through improved task 

learning strategies (261). While alternative forms do not completely remove 

the presence of practice effects, they do greatly reduce them. Repeated 

administration of ECAS A (A-A-A) produces much larger practice effects 

(262) than those found here using serial assessment (A-B-C). This study 

retested individuals in intervals of 4 months, in line with previous research 

(35,262). Longer intervals may reduce the presence of practice effects, 

however further study is required. Future research is also needed to examine 

the effects of alternative ECAS sequences, e.g., C-A-B, B-C-A, etc.  

4.4.3. In order to provide clinicians with a practical means of identifying 

cognitive change over time, while accounting for potential practice effects, 

Irish specific RCI cut-offs are presented. Decline or improvement greater than 

these thresholds can be considered indicative of clinically meaningful change. 

For example, decline greater than 10 from ECAS A to B, can be considered 

clinically meaningful and warrant further investigation. These thresholds 

compliment previously proposed cut-offs by Crockford et al. (35), who 

proposed a decline of 9 on ECAS total as an indicator of clinically meaningful 

change in a Scottish cohort. The publication of Irish specific cut-offs and 

normative data add to the utility of the ECAS as a screening measure across 
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various countries, allowing reliable comparison between patients from 

different countries.  

4.4.4. While RCI scores will give greater clarity to those applying the ECAS, 

it is essential to bear in mind the limitations of this approach. As with any 

unidimensional metric of abnormality, RCI thresholds fail to account for 

individual differences. Clinicians must be vigilant that age, education, 

baseline performance, current distress and differential practice effects are 

unique to each individual (263).  

4.4.5. This study is limited by the relatively narrow range of age and education 

of participants and by the fact that anxiety and depressive were not measured. 

Previous research has shown the ECAS to be highly sensitive and specific in 

identifying cognitive impairment. However, it is important to acknowledge its 

intended use is as a screening tool and, when possible, should be followed up 

by a full neuropsychological assessment by a trained neuropsychologist. 

Given the contrasting findings between this study, and previous literature, 

further research is needed to clarify the psychometric properties of alternative 

ECAS versions, and the extent to which practice effects occur. In doing so, 

the ECAS will become an increasingly useful tool in understanding the nature 

of cognitive and behavioural deficits in ALS, informing clinicians in everyday 

care, and providing a useful metric for clinical trials. 
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5. Chapter 5. The Association between Cognitive Reserve and 

Cognitive Decline in ALS 
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5.1. Introduction 

5.1.1. It remains unclear when cognitive impairment emerges and the extent 

to which cognition declines in ALS. Recent studies suggest that cognitive 

decline coincides with disease stage (using both Kings and MiTos staging 

systems) (37,38), although these data are based on cross-sectional design. 

Longitudinal studies have generally found that cognitive impairment 

emerges early in the disease. Those who are impaired at diagnosis 

subsequently decline over time while those who are unimpaired at diagnosis 

appear to remain stable throughout their illness (39,40,42,264). These studies 

are often limited by high attrition rates, biasing estimates of true decline due 

to drop-out of those with faster disease progression.  

5.1.2. Joint longitudinal and time to event models (referred to as joint 

models) have recently gained popularity for their utility in handling data 

missing-not-at-random and improving statistical power (265). Applying joint 

modelling to longitudinal neuropsychological data in ALS can give a less 

biased estimate of the true rate of cognitive decline. 

5.1.3. A potential mediator of cognitive change, that may account for some 

of the varied presentations in ALS, is cognitive reserve (CR). Theories of 

CR stipulate that neural enrichment, through lifestyle factors such as 

education, occupation and physical activity, increases an individuals’ neural 

resources (e.g., greater grey matter volume or white matter tract integrity) 

(45). As the disease spreads across brain regions and networks, individuals 

recruit these reserve neural resources to deal with cognitive demands, a 

process known as compensation. Educational attainment, occupational 
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complexity and leisure activity are often used as proxy measures of cognitive 

reserve, either in isolation or combined to form a latent construct.  

5.1.4. While never studied directly, there is already some indirect evidence 

that cognitive reserve plays a protective role in ALS. ALS patients with co-

morbid FTD, have lower educational attainment and poorer survival (48). 

Executive functioning and verbal memory are protected by CR in a range of 

other neurodegenerative conditions such as Parkinson’s, Huntington’s and 

Alzheimer’s disease (48–52).  

5.1.5. This study examined the relationship between CR and longitudinal 

neuropsychological performance in ALS. Higher cognitive reserve was 

hypothesized to be associated with improved cognitive performance at 

baseline, and with a reduced slope of cognitive decline over time. A multiple 

variable model of CR was applied, using the shared variance of several 

proxy variables, to create a ‘latent’ measure of CR. This provides a less 

biased measure than using an individual proxy in isolation (266).  

5.2. Methods 

5.2.1. Participants 

5.2.1.1. One hundred and eighty-nine ALS patients were recruited for this 

longitudinal, population-based research study. Participants were recruited as 

part of ongoing longitudinal studies of neuropsychological deficits in an 

Irish ALS cohort from 2012-2019 (39). Participants were assessed within the 

first year of their diagnosis and reassessed 4 times, at least 4 months apart. 
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Assessments took place in a quiet room in Beaumont Hospital, Dublin, 

Ireland, or in the participant’s home.  

5.2.1.2. Exclusion criteria included: 1) history of an intellectual or learning 

disability, 2) history of a co-morbid neurological, psychiatric or medical 

condition affecting cognition, 3) alcohol dependence syndrome, 4) if the 

person was a non-native English speaker or 5) a co-morbid diagnosis of 

FTD.  

5.2.1.3. Occupational history, education and physical activity data were 

derived from Irish EuroMOTOR project data, a study of environmental risk 

factors of ALS (267). Clinical data was accessed through the Irish ALS 

register.  

5.2.2. Materials 

5.2.2.1. Cognitive reserve score was calculated by combining traditional 

proxies of CR, namely: education, occupation and physical activity. 

Education score was the total years an individual spent in full time 

education. Occupation was coded according to complexity using the 

International Standard Classification of Occupations (ISCO) - 88, inverted 

so that jobs with increasing complexity had higher scores, and then classified 

into 9 categories ranging from 1 (Elementary Occupations) to 9 (Legislators, 

senior officials and managers). Occupation score was the sum of years a 

person spent in an occupation multiplied by its category. This approach 

matches how the cognitive reserve index questionnaire (CRIq) was 

developed (268), capturing the time an individual spent in a job as well as 

the cognitive complexity of that job. Physical activity score was the total 
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number of years a person reported as engaging in each sport/exercise. Each 

CR subdomain was converted to a z-score using the sample mean and 

standard deviation and then averaged to give a CR total score.  

5.2.2.2. In the absence of direct biomarkers of the underlying spread of 

pathologic changes, disease progression was approximated using time from 

disease onset to each neuropsychological assessment timepoint (266), as 

described in previous studies (49,269,270).  

5.2.2.3. The Edinburgh Cognitive and Behavioural ALS Screen (ECAS) was 

used to measure cognition. The ECAS is a sensitive screening tool of 

cognition in ALS (33). It measures 3 ALS specific functions, language, 

verbal fluency and executive functioning, and 2 ALS non-specific functions, 

memory and visuospatial functioning. To examine cognition over time, 

while limiting the influence of practice effects (as shown in Chapter 4), 

alternative ECAS versions were used, i.e., ECAS A-B-C (34,271).  

5.2.2.4. Participants were also administered a full neuropsychological 

assessment, consisting of the FAS verbal fluency test (272), the Boston 

Naming Test (BNT) (273), the Reading the Mind in the Eyes Test (RMET) 

(274), the Colour-Word Interference Test (CWIT) (275), the Logical 

Memory test from the Wechsler Memory Scale-III  and the Rey Auditory 

Verbal Learning Test (RAVLT) (276,277). These provided accurate 

measurements of executive functioning, verbal fluency, language, memory, 

and social cognition.  
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5.2.2.5. To limit the influence of motor disability, verbal fluency index (vfi) 

was calculated on verbal fluency tasks and total errors was used instead of 

completion time on the CWIT, as described in previous studies (248). 

Cognitive performance raw scores were converted to z-scores using test 

manuals and published age, IQ and gender matched healthy control 

normative data (272–277). A summary of each neuropsychological test, the 

cognitive domain it measures, and a brief description of the task can be 

found in table 5.1. below.  

Table 5.1. Neuropsychological battery used in cognitive reserve study. 

Cognitive 

Domain 

Test Name Description 

Cognitive 

Screening 

ECAS total  Composite score of ALS specific and 

ALS non-specific scores. 

ECAS ALS specific  Includes short tests of language, 

verbal fluency and executive 

functioning. 

ECAS ALS non-specific Includes short tests of visuospatial 

functioning and memory. 

Verbal Fluency FAS (Unrestricted) fluency* Generate as many words as possible 

beginning with F, A and S, 1 minute 

for each letter. 

 Restricted fluency* Generate as many words as possible 

beginning with C, with only 4 letters. 

Given 1 minute. 

Language Boston naming test (BNT) Name 30 items. 

Social Cognition Reading the mind in the eyes test 

(RMET) 

Infer the emotional state from 30 

faces, given 4 options on each item. 

Memory Logical Memory (LM) WMS-IIIa 

-Immediate Recall  

Recall two short stories, immediate 

recall and delayed recall after 20 

minutes 
Logical Memory (LM) WMS-III - 

Delayed Recall 

 List recall RAVLTb Immediate 

Recall 

Recall a list of 15 words 5 times, 

delayed recall after 20 minutes 

List recall RAVLT Delayed 

Recall 
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Executive 

Functioning  

Colour-Word Interference Test 

(CWIT) inhibition** 

Must identify the ink colour of 

incongruent word-colour pairs. 

 Colour-Word Interference Test 

(CWIT) switching/Inhibition** 

Must switch between two rules; 

identify the ink colour or name the 

word of incongruent word-colour 

pairs  

a Wechsler Memory Scale, Third version 

b Rey Auditory Verbal Learning Test 

* Verbal fluency index (vfi) was calculated to account for motor impairment 

** Total errors used instead of completion time to control for bulbar impairment 

 

5.2.3. Statistical analysis 

5.2.3.1. Linear mixed effects models were used to examine the association 

between CR and neuropsychological performance over the course of a year. 

Linear mixed effects models are a robust means of dealing with missing-at-

random data. Additional methods to cater for non-linear associations were 

applied (see supplementary statistical analysis). In these models the intercept 

and slope were fitted as random effects, allowing them to vary for each 

individual. Each mixed model included fixed effect terms for time, age, CR 

score and an interaction between CR and time. The fixed effect term for CR 

represents the association between baseline neuropsychological performance 

and CR. The time by CR interaction term represents the association between 

the slope of change over time and CR. A Cox survival model was 

constructed with survival as the outcome variable, and known risk factors for 

shorter survival as predictors, namely age (278), diagnostic delay (279), site 

of onset (280), and C9orf72 repeat expansion status (281).  

5.2.3.2. The longitudinal mixed models and Cox survival models were then 

used to create joint longitudinal and time-to-event models (joint models), 
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using the R package JMBayes (282). This analysis enabled the model to 

control for non-random dropout in longitudinal data (e.g., individuals who 

may have dropped out due to a quicker disease progression), resulting in less 

biased effect estimates. Joint models also provide a measurement of the 

association between each cognitive measure and survival (283). Analyses 

were carried out using R statistical software version 3.6.3.(284). 

5.3. Results 

5.3.1. Demographic Information 

5.3.1.1. Participant demographic information at each time point is provided 

in table 5.2. below. Baseline assessment was carried out ~19 months after 

their first symptoms (this is due to diagnostic delay). Attrition rate was 79% 

over the course of the study, indicative of the rapidly progressive nature of 

the disease.   
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Table 5.2. Demographic and clinical characteristics, including age, education, sex, 

site of onset, time from onset to baseline, familial/sporadic family history and 

C9orf72 status at each time point. 

Participant characteristics Time 1 

(n=189) 

Time 2 

(n=117) 

Time 3 

(n=80) 

Time 4 

(n=49) Age, mean years (SD) 63.59 

(11.42) 

61.64 

(12.09) 

60.52 

(12.64) 

58.94 

(12.57) Education, mean years (SD) 13.8 

(3.82) 

13.97 

(3.41) 

14.28 

(3.36) 

13.94 

(2.93) 

Sex, n 
Male 119 77 54 34 

Female 70 40 27 15 

Site of onset, n  
Bulbar 44 24 12 4 

Spinal 145 93 69 45 

Time from onset to assessment, mean 

months (SD) 

19.48 

(13.29) 

25.4 

(15.1) 

30.11 

(14.74) 

34.53 

(15.52) ALSFRS-R, mean (SD) 36.5 (7.6) 33.43 

(7.84) 

32.34 

(8.29) 

31.4 

(8.63) Delta ALSFRS-R, change in ALSFRS-

R per month 

- 0.52 0.23 0.21 

Familial/Sporadic, n 
Familial 31 23 17 13 

Sporadic 158 94 63 36 

C9orf72 Status, n 
Positive 15 11 6 4 

Negative 174 106 75 45 

El Escorial Diagnostic 

Status, n 

Definite 92 50 33 23 

Probable 59 44 29 14 

Possible 38 23 18 12 

Strong Criteria Status, n ALSn 140 89 67 43 

ALSci 33 19 9 5 

ALSbi 6 2 1 0 

ALScbi 10 7 3 1 

ALSFRS-R – ALS Functional Rating Scale -Revised; ALSn – ALS with normal cognition and 

behaviour; ALSci – ALS with cognitive impairment; ALSbi – ALS with behavioural impairment; 

ALScbi – ALS with cognitive and behavioural impairment 
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5.3.2. CR as a Predictor of Cognition at Baseline 

5.3.2.1. CR score was a significant predictor of baseline performance on the 

ECAS (including ALS specific and non-specific sub-scores), reading the 

mind in the eyes test, colour-word interference test (inhibition and switching 

scores), Boston naming test, and logical memory (immediate and delayed 

recall). Higher CR was positively associated with higher test performance. 

CR was not a significant predictor of baseline verbal fluency or RAVLT 

scores (see table 5.3.).  

Table 5.3. Cognitive reserve fixed effect for each neuropsychological test from joint 

model summary*. 

Outcome    β (SE)    95% CI   p 

ECAS total 0.37 (.003) 0.11 – 0.64 .003 

ECAS ALS specific 0.40 (.002) 0.21 – 0.59 <.001 

ECAS ALS non-specific 0.26 (.003) 0.06 – 0.44 .01 

Reading the mind in the eyes 0.66 (.005) 0.26 – 1.04 .002 

Verbal fluency (unrestricted) 0.49 (.007) -0.15 – 1.16 .13 

Verbal fluency (restricted) 0.61 (.02) -0.73 – 1.99  .39 

CWIT inhibition 0.87 (.008) 0.27 – 1.49 .009 

CWIT switching 0.63 (.09) 0.17 – 1.07 .008 

Boston naming task 0.55 (.005) 0.13 – 0.98 .01 

RAVLT total 0.29 (.004) -0.02 – 0.59 .07 

RAVLT delayed 0.27 (.004) -0.15 – 0.58 .25 

Logical Memory immediate 0.38 (.004) 0.02 – 0.72 .04 

Logical Memory delayed 0.56 (.005) 0.11 – 0.99 .03 

CI – Credibility Interval  

* Full model summaries are provided in supplemental table 6. 
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5.3.3. CR as a Predictor of Longitudinal Cognition 

5.3.3.1. Longitudinal neuropsychological performance, adjusted for age, site 

of onset, diagnostic delay and C9orf72 status through joint modelling, are 

displayed in figure 5.1.  

 

Figure 5.1. Cognitive scores over time in high, medium and low CR groups. High 

CR defied as having a CR Z score >1; medium CR defied as having a CR Z score 

between +1 and −1; low CR defied as having a CR Z score <−1. ALS, amyotrophic 

lateral sclerosis; CR, cognitive reserve; CWIT, Colour-Word Interference Test; 
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ECAS, Edinburgh cognitive and behavioural ALS screen; LM, logical memory; 

RAVLT, Rey Auditory Verbal Learning Test. 

 

9.3.3.2.  Individuals were divided into high (CR z-score greater than 1), 

medium (CR z-score between -1 and 1) and low (CR z-score lower than -1) 

CR groups to illustrate the effect of CR over time. For ECAS, reading the 

mind in the eyes test, colour-word interference test and Boston naming test, 

high CR individuals displayed greater performance than medium and low 

CR groups over time. For memory tasks, high CR groups declining while 

low CR groups remained more stable.  

5.3.4. Survival risk factors 

5.3.4.1. Joint models rely on the construction of Cox survival models to 

control for non-random drop-out. Controlling for the effects of age, 

diagnostic delay, site of onset, and C9orf72 repeat expansion status, lower 

ECAS ALS-specific and RAVLT total score were associated with shorter 

survival (see table 5.4.). Conversely, higher logical memory immediate score 

was associated with shorter survival. Table 5.4. displays the association 

between each cognitive score and survival based on joint modelling (using 

JMBayes package specified with a current value association structure). 
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Table 5.4. Estimate of Hazard ratio (HR) for neuropsychological scores from joint 

models. 

Variable    HR (95% CI) 

ECAS total 0.88 (0.73 – 1.06) 

ECAS ALS Specific 0.65 (0.55 – 0.77) *** 

ECAS ALS-Non-Specific 0.99 (0.84 – 1.16) 

Reading the Mind in the eyes 1.17 (0.89 – 1.64) 

Verbal fluency (unrestricted) 0.93 (0.85 – 1.02) 

Verbal fluency (restricted) 1.04 (0.99 – 1.25) 

CWIT inhibition 1.09 (0.89 – 1.32) 

CWIT switching 0.99 (0.97 – 1.01) 

Boston naming test 0.99 (0.86 – 1.17) 

RAVLT total 0.99 (0.92 – 0.99) *** 

RAVLT delayed 0.81 (0.55 – 1.02) 

Logical Memory immediate 1.80 (1.17 – 3.07) *** 

Logical Memory delayed 1.39 (0.57 – 2.68) 

*** p <.001 

 

5.4. Discussion 

5.4.1.1. This study found that cognitive reserve is associated with differences 

in neuropsychological performance at baseline, and over time, in a 

population-based cohort. These differences were most notable (i.e., the 

largest effect sizes were observed) for ECAS, social cognition, executive 

functioning and confrontational naming tasks. In these domains, high CR 

individuals had better performance at baseline, and over time. Surprisingly, 

verbal fluency was not significantly associated with CR, despite the fact that 

this test is often the most sensitive test of cognitive impairment in ALS. 

Either CR is not protective for verbal fluency, or more likely, the disease has 
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progressed to the stage where it has overcome any protective effect for this 

function.  

5.4.1.2. For memory tasks, high CR individuals performed better at baseline 

but then declined to a greater extent than low CR groups over time (who 

remained relatively stable). This may suggest that CR plays a differential 

role whereby it is protective for functions commonly affected by ALS (i.e., 

executive functioning, language and social cognition), but is less influential 

on less implicated functions, such as memory. 

5.4.1.3. ECAS ALS-specific deficits were associated with shorter survival, 

consistent with  previous studies (59), as was RAVLT total score. 

Surprisingly, higher logical memory immediate score was associated with 

shorter survival. While executive impairment is a known risk factor for 

shorter survival in ALS, the role of memory is less established. Similar 

findings have been observed in Alzheimer’s research, where individuals with 

higher CR perform better on memory tasks in the early disease stage, but 

then suffer from a more rapid disease decline (285).  

5.4.1.4. These findings in an ALS cohort, correlate well with those of other 

neurodegenerative diseases. In Parkinson’s disease, high CR patients 

perform better on attention, executive functioning and visuospatial tasks, and 

show a slightly reduced rate of decline over time (49). In Huntington’s 

disease, higher CR is associated with better cognition in patients, and in 

prodromal gene carriers over time (50). Indeed, the effect of CR is most 

apparent as asymptomatic gene carriers begin to undergo phenoconversion 

(i.e., manifest symptoms).  
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5.4.1.5. In Alzheimer’s disease there is evidence of a different pattern of 

change over time. Higher CR is associated with better performance at 

baseline, but this is followed by a sharper rate of decline once symptoms 

emerge (285). This suggests that CR may operate by delaying the onset of 

clinical symptoms rather than reducing the overall rate of decline.  

5.4.1.6. The underlying processes that contribute to preserved cognition in 

high CR individuals remain unclear, but could relate to overall network 

integrity, mediated in part by preserved grey matter volume (45). In such a 

case, high CR individuals would be better able to compensate for disease 

mediated neuronal injury and network disruption.  

5.4.1.7. The results of this study support previous longitudinal studies in 

ALS that those with unimpaired cognition remain relatively stable over time, 

at least following diagnosis (39,40,264). The utilization of joint models to 

control for non-random drop-out, suggests that the lack of decline is not 

solely attributable to the drop-out of highly impaired patients.  

5.5. Limitations 

5.5.1. Analysis of cognition was limited to 16 months follow-up; and 

therefore, did not characterize the rate of decline over the longer-term 

disease course. While unavoidable, the long period between symptom onset 

and ALS diagnosis, where cognitive impairment is likely to emerge was 

missed. This study is also limited by the lack of a control group which would 

have given an indication of practice effects and the extent to which scores 

normally regress towards the mean. Future studies should compare the role 
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of CR over a longer period, and relative to healthy controls and similar 

patient groups. 

5.5.2. Disease progression was approximated using time since symptom 

onset to the point of neuropsychological assessment. This assumes a linear 

relationship between time and disease progression, which is not often the 

case. Furthermore, this study is limited by the lack of neuropathological and 

neuroimaging data. Further work will be required to characterize the 

relationship between CR and the underlying neuropathological, 

neuroimaging and neuroelectric changes associated with cognitive 

impairment in ALS. Studies may consider examining if CR moderates the 

relationship between DT MRI abnormalities in the corpus callosum and 

frontotemporal tracts and neuropsychological outcomes (87). Or they could 

explore if CR mediates the association between 18F-FDG-PET measured 

hypometabolism in the frontal cortex and cognitive impairment (286–288).  

5.6. Conclusions 

5.6.1. These findings indicate that higher CR is associated with better 

neuropsychological performance, particularly in the domains associated with 

ALSci. Given the limitations of the study, future research is required to 

explore the relationship between CR and the underlying neuroimaging, 

neuroelectric and neuropathological signatures of cognitive impairment in 

ALS. 
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6. Chapter 6: Endophenotypes in ALS: Study methods 

6.1. Introduction 

6.1.1. This chapter outlines the methods used to examine endophenotypes in 

ALS. This includes information on how participants were recruited 

(including exclusion and inclusion criteria), details on the 

neuropsychological and neuropsychiatric assessments that were 

administrated, the procedure that was followed (including how genetic 

testing was carried out), what ethical considerations were relevant and how 

data were managed and analyzed.  

6.2. Study design 

6.1. This study utilized a quantitative, observational, cross-sectional, family-

based research design. First- and second-degree relatives of ALS patients 

were compared to healthy controls on a battery of neuropsychological and 

neuropsychiatric measures. 

6.3. Participants 

 6.3.1. Recruitment 

6.3.1.1. ALS patients were identified through the Irish ALS register. With 

the patient’s consent, first- and second-degree relatives were contacted and 

informed about the research project. Interested individuals were sent a copy 

of the participant information sheet (see appendix 1) and consent form (see 

appendix 2). They were re-contacted after 2 weeks to discuss the project and 

answer any queries. Once the person indicated that they wished to 

participate, a time and date were arranged to carry out the assessment. 
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Individuals had the option to complete the assessment in their home, or in a 

quiet room in Beaumont hospital or Trinity Biomedical Sciences Institute. 

Most assessments were carried out in the participant’s home. 

6.3.1.2. Healthy controls were recruited through existing case control 

projects, and via established recruitment networks, such as local advertising 

and community groups. Potential participants were contacted by phone or 

email depending on the contact details they provided. If the person was 

interested, the control information sheet (see appendix 3) and consent form 

(see appendix 4) were sent via post or email and a time and date for the 

assessment were arranged. 

 6.3.2. Inclusion and exclusion criteria 

6.3.2.1. Inclusion criteria for ALS patients were as follows: 

1. Diagnosed with ALS between 2010 and 2018; 

2. Meeting criteria for Possible, Probable or Definite ALS according 

to El Escorial criteria. 

6.3.2.2. Inclusion criteria for relatives of ALS patients were as follows: 

1. A first- or second-degree relative of an ALS patient; 

2. Over 18 years of age; 

3. A native English speaker.  

6.3.2.3. Exclusion criteria for all participants included: 
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1. A history of neurologic conditions that affect cognition, e.g., stroke, 

traumatic brain injury, severe epilepsy, etc; 

2. A history of a learning disability or developmental disorder; 

3. Alcohol dependence syndrome; 

4. Severe mental illness; 

5. Current use of neuroleptic or psychoactive medication; 

6. Under the age of 18. 

6.3.2.4. For healthy controls, an additional exclusion criterion was a family 

history of ALS or FTD. 

6.4. Measures 

6.4.1. Demographic and clinical information 

6.4.1.1. A semi-structured interview was conducted to capture demographic 

and clinical information. Information was recorded on a demographic and 

clinical information form. Demographic details included the participant’s 

date of birth, gender, education (years in formal education and highest 

qualification), occupation and marital status. Clinical details included 

medication, alcohol intake (measured in units per week); history of 

depression (and the severity); history of diabetes mellitus, hypertension and 

hypercholesterolemia; history of head trauma or exposure to heavy metals; 

and history of intellectual or learning disability. 
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6.4.2. Neuropsychological assessment 

6.4.2.1 The neuropsychological assessment consisted of an extensive battery 

of cognitive tests (see table 6.1. for a summary of the tests). The assessment 

began with the Edinburgh Cognitive and Behavioural ALS Screen (ECAS), a 

sensitive screening tool for cognitive impairment in ALS (33). The 

assessment then examined 5 key cognitive domains: intellectual functioning, 

executive functions, language, memory and social cognition. Anxiety and 

depression were assessed using self-report questionnaires and behavioural 

change was measured using an informant reported questionnaire. Each 

cognitive domain and the measures used to assess them are detailed in the 

following sections. 

Table 6.1. Summary of the tests used in the neuropsychological battery and the 

cognitive function they measure. 

Neuropsychological Test Cognitive Function assessed 

Cognitive Screening 

Edinburgh Cognitive and Behavioural ALS Screen 

(ECAS) 

 

Screening tool of language, 

executive functioning, verbal 

fluency, visuospatial ability and 

memory. 

Intellectual Functioning 

Test of Premorbid Functioning UK (TOPF-UK) Premorbid intellectual 

functioning 

Wechsler Adult Scale 

of Intelligence 2nd 

Edition (WASI-II) 

Vocabulary Semantic knowledge, verbal 

comprehension and expression. 

Matrix Reasoning Non-verbal abstract problem 

solving 

and inductive reasoning. 

Executive Functioning 

Verbal Fluency  FAS Test Series of lexical and semantic 

fluency tasks with unrestricted 

and restricted paradigms. Restricted VF (Letter C) 

Animal fluency 

Colour Naming 
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Colour Word 

Interference Task 

(CWIT) 

Word Reading Speed of processing, inhibitory 

control, error monitoring, 

selective attention and cognitive 

flexibility.  

Inhibition 

Inhibition/Switching 

Digit Span (from the 

WAIS-IV) 

Forward span Attention and working memory. 

Backward span 

Sequential span 

Sustained Attention to Response Task (SART) Sustained attention. 

Iowa Gambling Task (IGT) Emotion based decision making 

and the somatic marker. 

Language 

Boston Naming Task (BNT) Confrontational naming/word 

retrieval. 

Memory 

Rey Auditory Verbal Learning Test (RAVLT) Encoding, attention, recall and 

recognition of verbal 

information. 

Wechsler Memory 

Scale-3rd Edition 

(WMS-III) 

Logical Memory I and II Encoding, attention, recall and 

recognition of verbal 

information. 

Rey Complex Figure Test (RCFT) Visuospatial and constructive 

ability, and visuospatial 

memory. 

Social Cognition 

Reading the Eyes in the Mind Task (RMET) Ability to perceive, recognize 

and name facial affect, i.e., 

theory of mind. 

Behaviour 

Beaumont Behavioural Index (BBI) Behavioural change.  

Mood 

Hospital Anxiety and Depression Scale (HADS-T) Anxiety and Depression. 

General Health Questionnaire: 12 item version 

(GHQ-12) 

Screen of non-psychotic and 

minor psychiatric disorders. 

WAIS-IV, Wechsler Adult Intelligence Scale – 4th edition  

6.4.2.2. Cognitive screening 

6.4.2.2.1. Cognitive screening was carried out using the ECAS, a sensitive 

screening tool, capable of detecting cognitive impairment in ALS patients 

(248). The ECAS consists of 5 sub-domains: language, verbal fluency, 
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executive functioning, memory and visuospatial functioning. Language, 

verbal fluency and executive functioning are summed to give an ALS-

specific score. It is labelled ALS specific as these are the cognitive functions 

considered to be differentially impaired in ALS patients (33). Memory and 

visuospatial functioning scores are summed to give an ALS non-specific 

score. It is labelled ALS-non-specific as these functions are considered 

relatively preserved in ALS patients. ALS specific and ALS non-specific 

scores are summed to give an ECAS total score.  

6.4.2.3. Intellectual functioning 

6.4.2.3.1. Premorbid intelligence was assessed using the Test of Premorbid 

Functioning-UK version (TOPF-UK) (289), while current intellectual 

functioning was assessed using the Wechsler Abbreviated Scale of 

Intelligence 2nd Edition (WASI-II) (290).  

TOPF-UK: participants are asked to read a list of 60 words. As the test 

progresses, the words progressively become more difficult to pronounce. 

The test is discontinued if the participant gets 5 consecutive pronunciations 

wrong. Participant’s raw score, age, education and gender are entered into 

the TOPF-UK scorer (a computer application) to calculate a predicted Full-

Scale Intelligence Quotient (FSIQ), a Verbal Comprehension Index (VCI), 

Perceptual Reasoning Index (PRI), Working Memory Index (WMI) and 

Processing Speed Index (PSI).  

6.4.2.3.2. From the WASI-II, only the Vocabulary and Matrix Reasoning 

subtests were administered. These two scores were converted to t-scores 

using age-matched normative data provided in the test manual (290). The 
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Vocabulary and Matrix Reasoning subtest t-scores were then summed and 

converted to a Full-Scale Intelligence Quotient - 2 subtest (FSIQ-2) score 

using the WASI-II user manual.   

Vocabulary: participants are asked to define the meaning 31 items (3 

pictures and 28 words). Words became more difficult to define as the test 

progresses. The task examines an individual’s word knowledge and verbal 

concept formation (290). Participants can score 2 points for correctly 

defining the word, 1 point for partially defining the word, or 0 points for 

inaccurately defining it. The subtest is discontinued following 3 consecutive 

scores of 0.  

Matrix Reasoning: this subtest has 30 items, each item containing an 

incomplete matrix. Participants are required to complete the matrix using 1 

of 5 picture options provided. Matrix Reasoning provides a measure of fluid 

intelligence, broad visual intelligence and perceptual organisation (291). The 

subtest is discontinued following 3 incorrect responses. 

6.4.2.4. Executive functioning 

6.4.2.4.1. Executive functioning refers to a group of complex mental 

processes that facilitate goal mediated behaviour. Models of executive 

functioning typically include processes such as planning, working memory, 

inhibitory control, flexible thinking and attentional control (292). Many of 

these processes are mediated by key regions of the fronto-striatal circuits 

(discussed in Chapter 2), such as the dorsolateral prefrontal cortex (293), the 

anterior cingulate cortex (294) and the orbitofrontal cortex (295).  
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6.4.2.4.2. Verbal fluency 

6.4.2.4.2.1. Verbal fluency was measured using three paradigms: the FAS 

test (296), a restricted phonemic fluency task (226) and semantic fluency 

(297). Verbal fluency is a sensitive marker of cognitive impairment in ALS 

(226), and is underpinned by frontal and temporal lobes. Frontal lobe 

functioning is primarily involved in phonemic fluency (the FAS test and 

restricted fluency), while the temporal lobe is more involved in semantic 

fluency (298). Verbal fluency scores were converted to z-scores using 

published age and education derived normative data (297). 

FAS test: participants are asked to generate as many words as they can 

beginning with letters F, A and S. Participants are given 1 minute for each 

letter and instructed that they cannot use the name of people, places or 

numbers. If they break one of these rules it is considered a set-loss error, and 

if they repeat a word, it is deemed a repetition error. Participants are also 

asked to read the list of words they generated for each letter as quickly as 

they can. This is used to calculate a person’s verbal fluency index (vfi) 

which accounts for motor impairments. The formula for the vfi calculation is 

as follows: 

𝑉𝐹𝐼 =  
60 − 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑡𝑎𝑘𝑒𝑛 𝑡𝑜 𝑟𝑒𝑎𝑑 𝑤𝑜𝑟𝑑𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑤𝑜𝑟𝑑𝑠
 

Restricted fluency task: this is a more difficult version of the FAS test. 

Participants are asked to generate as many words as possible in 1 minute that 

begin with the letter C. However, the words must be only 4 letters long. No 
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published normative data was available for this paradigm, therefore raw vfi 

score was used in analysis. 

Semantic fluency (Animals): In this version of the fluency paradigm, 

participants are asked to name as many animals as they can in 1 minute. 

Semantic fluency score was converted to z-scores using published age and 

education derived normative data (297). 

6.4.2.4.3. Inhibition/switching 

6.4.2.4.3.1. Inhibition and switching processes were measured using the 

Colour Word Interference Test (CWIT) from the Delis-Kaplan Executive 

Functions System (D-KEFS) battery (275). The CWIT consists of 4 subtests: 

colour naming, word naming, inhibition and inhibition/switching subtests. 

There are two types of errors a person can make: self-corrected errors, where 

the person acknowledges the mistake and corrects it; and uncorrected errors, 

where they fail to notice the mistake. The time taken to complete each 

subtest, and the number of errors, were recorded. Raw scores were converted 

to scaled scores using D-KEFS age-matched normative data provided in the 

test manual (299). 

CWIT colour naming: participants are presented with a sheet of 50 coloured 

squares. The squares are coloured red, blue or green. The participant is asked 

to name the ink colours as quickly as they can.  

CWIT word naming: participants are presented a sheet of 50 colour words. 

The words are printed in black ink and spell out ‘red’, ‘blue’ or ‘green’. The 
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participant is required to read out loud the list of words as quickly as 

possible. 

CWIT inhibition: participants are presented a list of 50 colour words, where 

the colour of the ink that the word is presented in does not match what the 

word is spelled (e.g., the word ‘red’, printed in a green ink). The participant 

is instructed to name the ink colour, and not to read what the word spells out. 

This requires the person inhibit their automatic and dominant response, 

which is usually to read the word. 

CWIT inhibition/switching: this subtest is similar to the inhibition subtest; 

however, some words are surrounded by a box. Participants are instructed 

that when the word is not in a box, they must name the ink colour (as was 

the case in the inhibition subtest). However, when the word is in a box, they 

must read out loud what the word spells. This requires an individual to 

inhibit their dominant response in some cases, whilst also being able to 

switch and follow a new rule.  

6.4.2.4.3.2. Performance on the CWIT is mediated by both the dorsolateral 

prefrontal cortex and the anterior cingulate cortex. The dorsolateral 

prefrontal cortex is specifically involved in maintaining relevant goal-based 

information in short term memory and inhibitory control. The anterior 

cingulate cortex is responsible for response production and attentional 

allocation (300). 
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6.4.2.4.4. Working memory 

6.4.2.4.4.1. Working memory refers to the ability to hold information in 

short term memory whilst being able to perform complex tasks with that 

information (301). To assess working memory, participants were 

administered the digit span subtest from the Wechsler Adult Intelligence 

Scale 4th Edition (WAIS-IV) (302). The digit span test has three different 

conditions: forward, backward and sequential spans. In all conditions, the 

length of the number series gets longer as the task progresses. The task is 

discontinued if the participant gets two number series of the same length 

incorrect. 

Digit span forward: a string of numbers is called out. The participant is 

instructed to call back that string of numbers in the same order that it was 

read to them.  

Digit span backward: a string of numbers is called out. The participant is 

instructed to call back the string of numbers in reverse order.  

Digit span sequential: a string of numbers is called out. The participant is 

instructed to call back the string of numbers in order of lowest to highest.  

6.4.2.4.4.2. A participant’s score was measured by the total number items 

they got correct and the longest number series they got correct (i.e., their 

longest span). Their longest span was converted to z-scores using age 

derived normative data provided in the test manuals (302). 
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6.4.2.4.5. Sustained attention 

6.4.2.4.5.1. Sustained attention (or vigilance) refers to a person’s ability to 

engage in effortful attention over a time. Individuals will typically show 

declining vigilance over time, referred to as the vigilance decrement (303). 

Sustained attention was assessed using the Sustained Attention to Response 

Task (SART), a computer-based go/no-go task (304).  

SART: participants are presented a series of numbers from 1 to 9 on the 

centre of a laptop screen. Participants must press the space bar as quickly as 

they can for every number that appears, except the number 3. When the 

number 3 appears, they don’t press any key. Each number appears for 250 

milliseconds with a 900ms interval between numbers. During the interval, a 

circled X (fixation point) is shown. Participants are shown a practice block 

of 20 trials, where they are given feedback. After this, the test begins, lasting 

approximately 4 minutes. The SART was administered using PsychoPy2 

software (305), with the test code provided by Cary Stothart via GitHub.com 

(306). 

6.4.2.4.5.2. The SART engages an individual’s working memory, sustained 

attention and inhibitory control (307). The task requires them to actively and 

consistently attend to their responses so that they can engage inhibitory 

control over their dominant response. SART performance correlates with 

right dorsolateral prefrontal cortex and right parietal activity (308). A 

person’s score is measured by their number of commission errors 

(incorrectly pressing the space bar when 3 is presented), omission errors 

(failing to press the space bar when any number other than 3 is presented) 
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and anticipation errors (pressing the space bar too fast). Mean reaction time 

of the overall test was also recorded. 

6.4.2.4.6. Emotion-based decision making 

6.4.2.5.6.1. The Iowa Gambling Test (IGT) was administered, via laptop, to 

examine emotion-based decision making (309). Performance on the IGT can 

also be viewed from the perspective of the somatic marker hypothesis (310). 

Somatic markers are feelings in the body that are associated with an emotion 

(e.g., racing heartbeat when anxious, nausea when disgusted). The somatic 

marker hypothesis posits that these somatic markers are what often drive 

decision making, and that this process is mediated by the ventromedial 

prefrontal cortex and the amygdala (183). From this perspective, poor 

performance on the IGT may indicate that a person is unable to form or 

respond to these somatic markers. 

IGT: Participants are presented 4 decks of cards on a screen. They must pick 

one card at a time from one of the 4 decks. They are instructed that for each 

card they pick, they will win some money; however, on some cards they will 

win some money and lose some money. They are told that some decks are 

worse than others and that the goal of the game is to win as much money as 

possible. Each deck contains a different balance of rewarding and punishing 

cards. To perform well, participants must learn to favour small reward, small 

loss decks over large reward, large loss decks. Scores were converted to t-

scores using IGT software, derived from age and education matched 

controls. 
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6.4.2.5. Language 

6.4.2.5.1. Confrontational naming 

6.4.2.5.1.1. Confrontational naming was assessed using the 30 item version 

of the Boston Naming Test (BNT) (273,311). The BNT examines word 

retrieval and semantic knowledge, and is underpinned by frontal and parietal 

regions, such as Broca’s and Wernicke’s areas (298). 

BNT (30 item): participants are asked to name 30 increasingly difficult line 

drawing pictures. If the person is unable to respond spontaneously, they are 

given a semantic cue (a piece of information about the object). If they are 

still unable to name the picture, they are then given a phonemic cue (the 

sound that the word begins with). The participant will have three scores: 

their total spontaneously correct responses (spontaneous score), their total 

correct after a semantic cue (semantic score) and their total correct after a 

phonemic cue (phonemic score). Scores were converted to z-scores using 

Irish age-matched normative data developed by the Beaumont Hospital 

psychology department.  

6.4.2.6. Memory 

6.4.2.6.1. Verbal memory 

6.4.2.6.1.1. Verbal memory was assessed using the Rey Auditory Verbal 

Learning Test (RAVLT) (277) and the logical memory subtest from the 

Wechsler Memory Scale 3rd edition (WMS-III) (312). The RAVLT task 

examines an individual’s ability to encode, consolidate, store and retrieve 

verbal information (313).  
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RAVLT: the participant is instructed to listen carefully to a list of 15 words 

(list A). When the tester finishes the list, the participant must call back as 

many words as they can remember (immediate recall). This is repeated 4 

more times. Each participant gets a score out of 15 for each trial and a 

RAVLT total score out of 75 is the sum of these trials. The participant is 

then given a new distractor list of 15 new words (list B) and asked to call 

back as many words as they can remember. After this they are asked to call 

out as many words as they can remember from the original list, i.e., list A. 

After 20 minutes, participants are asked to call out as many list A words as 

they can remember (delayed recall). If they remember the full 15, the task is 

ended. If not, the examiner calls out a list of 50 words containing words 

from list A and list B, and semantically and phonetically related words. The 

participant must identify only those words from list A (recognition). Scores 

were converted to z-scores using published age and gender matched 

normative data (314). 

6.4.2.6.1.2. Performance on distinct components of the RAVLT is dependent 

on multiple brain networks. Learning in the early trials is associated with 

cortical thickness in the dorsal attention network; learning in the latter trials 

is associated with cortical thickness and hippocampus volume; retention is 

associated with hippocampal volume; and delayed recall is associated with 

hippocampal volume and cortical thickness of the fronto-parietal network 

and the default mode network (315). 

Logical memory: participants are read a short story and asked to call back as 

much as they can remember (immediate recall). They are then asked to do 
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this for a second story. After 20 minutes, the participant is asked to recall as 

much as they can remember from the two stories (delayed recall). They are 

then asked 15 questions for each story for which they must answer true or 

false (recognition). Scores were converted to z-scores using age matched 

normative data from the test manual (313). 

6.4.2.6.1.3. Performance on logical memory relies on episodic verbal 

memory, tapping memory-encoding, storage and recall processes. The 

narrative nature of the test is sensitive at detecting cognitive decline in 

dementia and mild cognitive impairment, as it measures high-order functions 

such as episodic memory, conceptual organization, and schema formation 

(316). 

6.4.2.6.2. Visuospatial memory  

6.4.2.6.2.1. Visuospatial memory was assessed using the Rey Complex 

Figure Test (RCFT) (317). The RCFT examines an individual’s visuospatial 

ability; spatial and constructive memory and problem-solving strategies 

(318). 

RCFT: participants are asked to copy a complex figure as accurately as they 

can (copy). The tester records the time taken to complete the drawing. After 

this, the picture of the figure is put away, and the participant is asked to draw 

the same figure again as best they can from memory (immediate recall). 

After 20 minutes, the participant is again asked to draw the figure as best 

they can from memory (delayed recall). Finally, the participant is shown 24 

items, 12 of which are components of the original figure. They are asked to 

identify which items were from the original figure (recognition). When 
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scoring, the figure is broken down into 18 scorable components. A 

participant can score 2 if a component is accurately drawn and accurately 

placed; 1 point if a component is inaccurately drawn and accurately placed 

OR accurately drawn and inaccurately placed; ½ a point if the component is 

inaccurately drawn and inaccurately placed but recognizable; and 0 points if 

the component is missing or unrecognizable. Scores were converted to z-

scores using age matched normative data from the test manual (319).   

6.4.2.7. Social cognition 

6.4.2.8.1. Social cognition refers to how individuals process, store and apply 

information about other people and social behaviours. One of the key 

components of social cognition is theory of mind, which refers to the ability 

to infer the mental and emotional states of others. In this study, theory of 

mind was assessed using the reading the mind in the eyes test (RMET) 

(274). Performance on the RMET is positively associated with grey matter 

volume in fronto-temporo-parietal networks, specifically the dorsomedial 

prefrontal cortex, the inferior parietal lobule and the left precuneus (320).  

RMET: participants are presented 30 black and white pictures of people’s 

faces, showing from the forehead to the mid-nose of the face. Participants 

are asked to identify the emotion of the person, picking from 4 options given 

to them for each item. An individual’s score is the total number of items they 

get correct. Raw scores were converted to z-scores using published Irish 

control data (321). 
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6.4.2.8. Behaviour change 

6.4.2.8.1. Behavioural change was measured using the Beaumont 

Behavioural Inventory (BBI) (322) and the Frontal Systems Behaviour Scale 

(FrSBe) (323). The BBI is an informant report questionnaire, designed to 

assess the behavioural changes that are most common in ALS, including: 

apathy, disinhibition, impulsivity, stereotyped behaviour, dietary changes 

and perceptual disturbances. The FrsBe provides a self-report and informant 

report of behavioural change, examining apathy, disinhibition and 

dysexecutive behaviour. 

BBI: an informant of the participant, usually a close family member is asked 

to complete a 41-item questionnaire. The BBI has two columns, asking the 

informant if the participant has changed their behaviour a) in the last 10 

years, and b) since the onset of MND. For relatives of ALS patients and 

controls, they were given the control BBI version. This asks if the participant 

has changed a) in the last 10 years and b) in the last 3-5 years. The 

participant has 4 options for each question, with each getting a different 

score: No/No change (0), mild (1), moderate (2) and severe (3). All items are 

summed to give a BBI total score. Published cut-offs provide thresholds for 

clinically relevant behavioural change (322). Scores below 7 are considered 

normal, from 7-22 indicates mild behavioural change, and greater than 22 

indicates severe behavioural change.  

FrsBe: this questionnaire provides a self-rating form and an informant rated 

form. Participants are asked to rate the extent to which they agree or disagree 

with 46 statements, comparing before and after their MND diagnosis. 
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Relatives and controls were given a control version, rating the statements for 

3-5 years ago compared to the present time. They respond to these questions 

on a 5-point Likert scale from 1 (almost never) to 5 (almost always). 

6.4.2.9. Mood  

6.4.2.9.1. Mood was screened using the Hospital Anxiety and Depression 

Scale (HADS-T) (324) and the 12 item General Health Questionnaire (GHQ-

12) (325,326).  

HADS-T: participants are asked 14 questions, 7 relating to anxiety 

symptoms and 7 relating to depressive symptoms. Participants rate their 

response in terms of which response best applies to how they have been 

feeling over the last 2 weeks. These responses are coded from 0 to 3, with 

higher scores indicating more anxious and depressive symptoms. This 

version of the HADS is adapted for an ALS patient population. Scores 

greater between 17 and 20 indicate a possible mood disorder and scores 

above 20 indicate a probable mood disorder. 

GHQ-12: participants are asked 12 questions, designed to identify common 

psychiatric conditions. Participants respond on a 4-point Likert scale with 

higher scores indicating poorer mental health. 

6.4.3. Neuropsychiatric assessment 

6.4.3.1. To examine neuropsychiatric traits, participants were administered 

an in-depth neuropsychiatric questionnaire. This assessment consisted of 

questionnaires from the UK Biobank Thoughts and Feelings Questionnaire 

(327), and seven additional questionnaires (see table 4.2. for summary). The 
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neuropsychiatric questionnaire was primarily administered online, using the 

survey platform Qualtrics (328). A paper version alternative was provided if 

the person was unable to use a computer or declined the online version. 

Table 6.2. Neuropsychiatric questionnaires administered and the traits they 

assessed. 

Neuropsychiatric Questionnaire Psychiatric trait/behaviour assessed 

UK Biobank 

Thoughts and 

Feelings 

Questionnaire 

Patient Health 

Questionnaire-9 

(PHQ-9) 

Presence and severity of depression. 

Generalised Anxiety 

Disorder – 7 (GAD-7) 

Presence and severity of anxiety. 

Composite 

International 

Diagnostic Interview 

Short Form (CIDI-

SF) 

Lifetime incidence of depression, 

anxiety, panic attacks and OCD based on 

(DSM-IV) criteria. 

Psychosis Screening 

Questionnaire (PSQ) 

Presence and severity of positive 

symptoms of psychosis and 

schizophrenia. 

Alcohol Use 

Disorders 

Identification Test 

(AUDIT) 

Presence and severity of excessive 

alcohol consumption. 

Obsessive-Compulsive Inventory Revised 

(OCI-R) 

Obsessions and compulsions including 

washing, checking, ordering, obsessing, 

hoarding and neutralising. 

Barrett Impulsiveness Scale (BIS-11) Presence of impulsive behaviours and 

preferences in five domains: attention, 

cognitive stability, perseverance, self-

control and cognitive complexity. 

Dimensional Apathy Scale (DAS) Apathy in three different dimensions; 

executive, emotional, and 

cognitive/behavioural initiation. 

Autism Spectrum Quotient (AQ) Social and non-social aspects of 

behavioural and cognitive difficulties 

associated with autism. 

Adult ADHD Self-Report Scale (ASRS) Symptoms of ADD/ADHD based on the 

DSM-IV criteria. 
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Community Assessment of Psychic 

Experiences (CAPE-P15) 

Positive symptoms of psychosis: 

persecutory ideation, bizarre experiences 

and perceptual abnormalities. 

The Ten Item Personality Inventory (TIPI) Five main personality traits; 

Extroversion, openness, agreeableness, 

neuroticism and conscientiousness. 

 

6.4.3.2. UK Biobank thoughts and feelings 

questionnaire 

6.4.3.2.1. The UK Biobank Thoughts and Feelings Questionnaire is designed 

to identify clinical and subclinical psychiatric disorders, such as anxiety, 

depression, psychosis, and OCD. Depression is assessed using the Patients 

Health Questionnaire-9 (PHQ-9) (329). Anxiety was assessed using the 

Generalized Anxiety Disorder – 7 (GAD) (330). A history of depression, 

anxiety, panic attacks and OCD were examined using adapted questions 

from the Composite International Diagnostic Interview Short Form (CIDI-

SF) (331), which is based on Diagnostic and Statistical Manual of Mental 

Health Disorders fourth edition (DSM-IV) criteria. Psychosis and 

schizophrenia positive symptoms were assessed using the Psychosis 

Screening Questionnaire (PSQ) (332). Alcohol use disorder was measured 

using the World Health Organisation’s (WHO) Alcohol Use Disorders 

Identification Test (AUDIT) (333).  

Patients Health Questionnaire-9 (PHQ-9): Assesses each of the DSM-IV 

criteria for depression, with item responses ranging from 0 (not at all) to 3 

(every day). PHQ-9 total scores from 0-4 indicate no depressive symptoms, 

5-9 indicate mild symptoms, 10-14 indicate moderate symptoms, 15-19 
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indicate moderately severe symptoms and scores 20 or higher indicates 

severe symptoms. A PHQ-9 score of 10 or higher has 88% sensitivity and 

specificity for major depressive disorder (329).   

Generalised Anxiety Disorder - 7 (GAD): Assesses symptoms of GAD, with 

item responses ranging from 0 (not at all) to 3 (nearly every day). GAD-7 

total scores below 5 indicate no GAD symptoms, 5-9 indicate mild 

symptoms, 10-14 indicate moderate symptoms, and scores above 15 indicate 

severe symptoms. A GAD-7 score of 10 or higher has 89% sensitivity and 

82% specificity for GAD (334). 

6.4.3.3. Additional questionnaires 

6.4.3.3.1. An additional 7 questionnaires were included, providing measures 

of OCD, impulsivity, apathy, autism spectrum, ADHD, psychotic and 

personality traits. 

Obsessive-Compulsive Inventory Revised (OCI-R) (335): participants are 

asked 18 items, examining numerous obsessions and compulsions, such as 

washing, checking, ordering, obsessing, hoarding, and neutralising. 

Participants respond using a 5-point Likert scale (0-4), with higher scores 

indicating a greater degree of distress from symptoms. Scores are summed to 

give an OCI-R total score (0-72), with scores above 21 indicating the likely 

presence of OCD, with 66% sensitivity (335)  

Barrett Impulsiveness Scale (BIS-11) (336): participants are given 30 

questions examining the presence of impulsive behaviours and preferences. 

Participants respond on a 4-point Likert scale from 1-4, with a total score 
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ranging from 30-120 and scores above 72 indicating high impulsivity and a 

score below 52 indicates a person is extremely over-controlled (337). The 

BIS-11 measures the multiple dimensions of impulsiveness, with sub-scores 

for first order factors: attention, motor and non-planning; and second order 

factors: attention, motor, self-control, cognitive complexity, perseverance 

and cognitive instability. 

Dimensional Apathy Scale (DAS) (338): participants are given 24 items, 

assessing three dimensions of apathy: executive, emotional, and 

cognitive/behavioural initiation. Participants respond on a 4-point Likert 

scale with higher scores indicating greater apathy. Clinically relevant cut-

offs are provided for DAS total score, with scores above 39 indicative of 

clinically meaningful apathy (54). 

Autism Spectrum Quotient (AQ) (339): the AQ consists of 50 items, 

assessing behavioural and cognitive difficulties associated with autism. It 

examines 5 domains, including attention switching, communication, social 

skills, attention to detail and imagination. Participants respond on a 4-point 

Likert scale from definitely agree to definitely disagree. Response’s 

indicative of ASD traits get a score of 1. Participant responses are summed 

to give an AQ total score ranging from 0-50, with a cut-off score of 32 

indicating a possible diagnosis of ASD (339).  

Adult ADHD Self-Report Scale (ASRS) (340): participants are asked 6 

questions that examine DSM-IV criteria for ADD/ADHD. Participants rate 

the frequency that each symptom has occurred in the last 6 months on a 5-

point Likert scale, ranging from never (0) to very often (4). Items are 
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weighted to determine a probable diagnosis of ADHD. If a person endorses 4 

items, the person has symptoms highly consistent with ADHD. A continuous 

score from 0 to 24 quantifies symptom severity.  

Community Assessment of Psychic Experiences (CAPE-P15) (341): 

participants are asked 15 questions about positive symptoms of psychosis. 

The CAPE-P15 examines 3 types of symptoms: persecutory ideation, bizarre 

experiences and perceptual abnormalities. Participants rate the severity of, 

and distress caused from, psychosis symptoms on a 4-point Likert scale, 

providing a total score range from 0 to 45.  

Ten Item Personality Inventory (TIPI) (342): measures the 5 main 

personality traits: extroversion, openness, agreeableness, neuroticism and 

conscientiousness. Participants rate the extent to which they identify with 

each trait on a 7-point Likert scale, from disagree strongly (1) to agree 

strongly (7). 

6.5. Procedure 

6.5.1. Once participants expressed an interest in the study, a date, time and 

location were arranged. Participants had the option to carry out the 

assessment in Trinity Biomedical Sciences Institute, Beaumont Hospital or 

their own home. In all settings, it was ensured that testing took place in a 

quiet room where there would be no interruptions or distractions. 

6.5.2. At the beginning of the research interview, the tester read through the 

participant information leaflet, providing ample time for the participant to 

ask questions. Once the participant was satisfied with the information and 
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expressed that they wished to take part, they were given the participant 

consent form. Participants were given a copy of the information leaflet and 

consent form for their own records. 

6.5.3. Once consent was obtained, the tester began the neuropsychological 

assessment. The measures used in this assessment are detailed in section 

6.4.2. The battery of tests took ~2-3 hours to complete. A short 10-minute 

break was provided half-way through the assessment to minimize fatigue, 

and additional breaks were offered if the participant became fatigued at any 

stage. 

6.5.5. After the neuropsychological assessment, a sample of blood was taken 

from participants for genetic testing (see section 6.6.). Participants were 

given the BBI and FrsBe and instructed that these forms needed to be 

completed by a family member. Participants were given a stamped envelope 

and instructed to post the questionnaires back once they were completed. 

6.5.6. Lastly, the email address of each participant was obtained. Participants 

were instructed that they would receive an email with a link to an online 

‘thoughts and feelings’ questionnaire (i.e., the neuropsychiatric assessment 

outlined in section 6.4.3.). On the email, the participant was given an ID 

code to enter on the first page of the online questionnaire. For participants 

who did not wish to carry out the questionnaire online, a paper version was 

provided which participants sent back to testers in the post. The online 

questionnaire took approximately 30-45 minutes to complete. 
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6.6. Genetic testing  

6.6.1. A blood sample was taken from all participants for DNA extraction 

and analysis. All samples were given a unique code at source and stored in a 

freezer in Trinity Biomedical Sciences Institute. DNA samples were tested 

for the presence of the pathogenic C9orf72 repeat expansion. Participants 

with greater than 30 hexanucleotide repeats were deemed positive for 

C9orf72. Expansions with 20 – 29 repeats were considered intermediate 

C9orf72 carriers. Participants with 19 or less hexanucleotide repeats were 

deemed C9orf72 negative. 

6.6.2. Participants and researchers were not informed of the genetic test 

results of any individual and the geneticists performing the genetic tests did 

not have access to participant identifiers. Once data were anonymized for 

data analysis, genetic status was added to the database by the ALS research 

manager Mark Heverin. This ensured that all parties were blinded to each 

individual’s genetic status throughout the study. 

6.7. Ethical considerations 

6.7.1. Ethical approval was granted by Beaumont Hospital Research Ethics 

Committee (REC Reference 15/40). Informed written consent was obtained 

from all participants. The participant information leaflet and consent forms 

were written in plain English to ensure that individuals were fully aware of 

the rationale, procedures, risks and benefits of the study. Individuals were 

given a cooling off period of a week to consider the information before 

consenting. This ensured that they did not feel pressured to sign up to the 

study straight away.  
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6.7.2. A data protection impact assessment was completed and approved by 

the data protection officer in Beaumont Hospital. Participant data was 

pseudonymized at source, with the key being retained by the research 

manager. Pen and paper data were stored under lock and key in the 

Academic Unit of Neurology in the Trinity Biomedical Sciences Institute. 

Electronic data were encrypted on password protected computers/laptops on 

secure Trinity College Dublin servers. Participants were made aware they 

could withdraw from the study at any time, for any reason, and that this 

would not affect the patient’s quality of care. They were also informed that 

they could withdraw their data at any time. 

6.7.3. The research study did not entail any immediate benefit to 

participants, nor was there any expected harm. Participants may have 

experienced discomfort and/or bruising when getting their blood sample 

taken. Participants may also have felt fatigued when completing the 

neuropsychological assessment. Short breaks were encouraged to mitigate 

this risk. 

6.8. Data scoring and management  

6.8.1. Neuropsychological performance was scored according to test manual 

administration guidelines. Raw scores were converted to z-scores, t-scores, 

scaled scores or standard scores, depending on what conversion was 

provided by the test manuals. Raw and converted scores were entered into 

password encrypted Microsoft Excel files to electronically store and manage 

the data.  
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6.8.2. Neuropsychiatric traits collected via the Qualtrics ‘thoughts and 

feelings’ questionnaire were automatically saved to the Qualtrics account 

once completed. When data collection was complete, all ‘thoughts and 

feelings’ data were exported as a Microsoft Excel file and password 

encrypted. Scores below published cut-offs were labelled as ‘abnormal’. 

6.8.3. Clinical data were derived from the ALS register, an ongoing database 

of Irish ALS patient clinical data (343). Patients consented to the ALS 

register during their routine visit to the multi-disciplinary ALS clinic in 

Beaumont Hospital. To be added to the ALS register, patients consented to a 

structured interview where information on their residency, clinical features, 

medical care, medical procedures, functional status and family history are 

collected for the express purpose of research. 

6.9. Statistical Analyses 

6.9.1. All analyses were carried out using R statistical software, version 3.6.3 

(344). The R code used to carry out analyses is provided in Appendix 5 (as 

the code for each outcome is too long to fully include, code is provided for 

ECAS and PHQ-9 scores as outcome variables. Analysis of other 

neuropsychological and neuropsychiatric scores used similar code, with the 

relevant outcome specified). The following R packages were used: tidyverse, 

ggplot2, readxl, here, summarytools, rstatix, ggpubr, effectsize, pastecs, car, 

scales, ggforce, ggpubr, knitr, kableExtra, table1, MatchIt, QuantPsyc, 

factoextra, NbClust, GGally, plotly. 
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6.9.2. Sample size considerations and calculation 

6.9.2.1. Small sample sizes typically result in large variances, contribute to 

more type 2 errors (i.e., false negatives) and lead to inaccurate effect 

estimates. To calculate the minimum sample size needed, one must estimate 

the expected effect size. However, effect sizes from the literature are often 

inflated due to publication bias. Consequently, unbiased estimates of effect 

sizes, such as hedges g, epsilon, or omega, should be used in sample size 

calculations.  

6.9.2.2. Whilst type 1 error is often the primary concern during analysis, type 

2 error must also be considered. Unlike type 1 error, which can be controlled 

for by replications, type 2 errors will result in no future replication studies, 

meaning true effects can be lost. Increasing sample size is the most common 

way to improve power (thus lowering type 2 error) but there are other 

methods, such as reducing measurement error, increasing the variation of 

responses, using one sided tests and using within subject designs. 

6.9.2.3. As discussed in chapter 2, there are no direct studies of cognitive 

endophenotypes in ALS. Thus, expected effect sizes were estimated from 

studies of asymptomatic gene carries and reported effect sizes of 

endophenotypes in studies of related disorders, such as schizophrenia, 

suicidal behaviour and OCD. Table 6.3. summarizes 4 key studies that 

informed the estimated effect size for neuropsychological performance. As 

there was a wide range of tests implemented in these studies, tests were 

selected that are sensitive to cognitive impairment in ALS, such as verbal 

fluency and letter-number sequencing, to inform sample size calculation. 
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Table 6.4. summarizes 4 key studies that have informed the estimated effect 

size for neuropsychiatric traits in this study.  

 

 

 

 

Table 6.3. Effect size estimates of potential neuropsychological endophenotypes. 

Authors 

(year) 

n Population Test Effect Size 

Group comparisons Hedges g (95% 

CI) 

Lulé et al. 

(2020) (151) 

127 ALS gene 

carriers a 

Verbal 

Fluency 

C9orf72 carriers vs 

controls 

0.759 (0.21 – 

1.31) 

SOD1 carriers vs 

controls 

0.47 (-0.14 – 

1.08) 

Non-gene carriers vs 

controls 

0.51 (0.08 – 

0.94) 

Lee et al. 

(2017) (345) 

61 ALS gene 

carriers b 

Verbal 

Fluency 

C9orf72 carriers vs 

controls 

0.11 (-0.47 – 

0.70) 

Tikka et al. 

(2020) (346) 

200 Schizophrenia c Letter-

number 

sequencing 

CAR vs controls 0.97 (0.55 – 

1.38) 

FAR vs controls 0.75 (0.35 – 

1.16) 

Liang et al. 

(2016) (347) 

985 Schizophrenia d Verbal 

Fluency 

FS parents vs 

controls 

1.12 (0.94 – 

1.45) 
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SS parents vs 

controls 

0.94 (0.73 – 

1.15) 

a Included asymptomatic C9orf72 and SOD1 gene carriers, non-gene carrier relatives and healthy 

controls 

b Included asymptomatic C9orf72 gene carriers and healthy controls 

c Included people Familial-At-Risk (FAR) and Clinically-At-Risk (CAR) of schizophrenia and healthy 

controls  

d Included familial and sporadic schizophrenia patients and parents, and healthy controls 

 

 

 

Table 6.4. Effect size estimates of potential neuropsychiatric trait endophenotypes. 

Authors 

(year) 

n Population Test Effect Size 

Group 

comparisons 

Hedges g (95% 

CI) 

Grossman et 

al. (2006) 

(348) 

46 ALS a NEO-PI 

Openness trait 

ALS vs lung 

cancer caregivers 

0.23 (-0.28 – 

0.73) 

ALS vs MS 

caregivers 

0.69 (0.09 – 

1.28) 

ALS vs brain 

glioma caregivers 

0.77 (0.07 – 

1.46) 

Melhem et al. 

(2007) (179) 

365 Suicidal 

Behaviour b 

Buss-Durkee 

Hostility 

Inventory 

Impulsive 

Aggression 

Suicide attempters 

vs non-suicide 

attempters 

-1.59 (-2.05 – -

1.24) 
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Rector et al. 

(2009) (200) 

135 OCD c Obsessive 

beliefs 

Questionnaire – 

Perfectionism 

trait 

OCD relatives vs 

controls 

0.34 (-0.1 – -

0.81) 

Wheelright et 

al. (2010) 

(221) 

3007 Autism d Autism Quotient 

-  

ASD mothers vs 

control mothers 

-.33 (-0.46 – -0-

19) 

ASD fathers vs 

control fathers 

-.46 (-0.55 – -

0.37) 

a Included caregivers of ALS, MS, lung cancer and brain glioma patients. Asked to rate premorbid 

personality of patient 

b Included offspring of individuals with history of mood disorder and suicidal behaviour  

c Included OCD patients, first degree relatives and healthy controls 

d Included parents of children with ASD and parents on typically developing children 

 

6.9.2.4. For this study, an alpha value of 0.05 was adopted. This means that 

if the null hypothesis is true (i.e., no effect exists), a type 1 error (i.e., a false 

positive) will be expected 5% of the time. A desired power of 0.8 was 

specified. If achieved, this means that the study will capture a true effect 

80% of the time. This desired power also means an expected type 2 error 

(i.e., a false negative) 20% percent of the time. Based on the literature 

highlighted in table 6.3., medium to large effect sizes for neuropsychological 

performance (average effect size is 0.7) were expected. The literature 

highlighted in table 6.4. suggests slightly smaller and more variable expected 

effect sizes for neuropsychiatric traits (average effect size is 0.63).  

6.9.2.5. These figures (i.e., alpha level, desired power and estimated effect 

sizes) were input into G*Power software (Version 3.1.) (349) to calculate the 

minimum sample size required for this study. Tests were decided to be two-
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tailed, as although ALS relatives were expected to perform worse than 

controls, this was not guaranteed. There was also a possibility that certain 

ALS sub-groups could perform unexpectedly. In order to carry out a one-

way ANOVA, with an estimated effect size of 0.7 (as expected for 

neuropsychological endophenotypes), an alpha of 0.05 and a desired power 

of 0.8, a minimum sample size of 139 is required. When the estimated effect 

size was 0.63 (as expected for neuropsychiatric endophenotypes), the 

minimum sample needed was 170. To investigate interaction effects or to 

carry out an ANCOVA to control for covariates, a sample size of 142 was 

required when the expected effect size is 0.7, and 173 when it is 0.63. 

6.9.3. Planned group comparisons 

6.9.3.1. The primary analysis compared neuropsychological and 

neuropsychiatric scores in 2 groups: relatives of ALS patients and healthy 

controls. Further comparisons were carried out on various subgroups: 

Familial ALS relatives vs Sporadic ALS relatives, C9orf72 positive vs 

C9orf72 negative relatives. Participants were compared on numerous 

measures, thus inflating the probability of making a type 1 error. The 

Bonferroni correction controls for this issue by dividing the alpha by the 

number of tests. The Bonferroni-Holm correction is a slightly more accurate 

method of controlling for multiple comparisons error rate, while maintaining 

high power. As a result, p-values were adjusted using the Holm-Bonferroni 

method (350).  
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ALS relatives vs controls: The first analysis compared relatives of ALS 

patients and controls using Welch’s independent samples t-tests (if data were 

parametric) or Wilcoxon rank tests (if data were non-parametric).  

FALS relatives vs SALS relatives vs controls: This analysis compared 

relatives of familial ALS patients (as defined by Byrne criteria (351)) with 

relatives of sporadic patients and controls using one-way ANOVAs (if data 

were parametric) or Kruskal-Wallis tests (if data were non-parametric). If a 

significant main effect was observed, post-hoc Tukey’s tests were carried out 

to compare subgroups. 

ALS relatives with C9orf72 positive vs negative genetic status: This analysis 

compared C9orf72 positive relatives and C9orf72 negative relatives using 

Welch’s independent samples t-tests (if data were parametric) or Wilcoxon 

rank tests (if data were non-parametric). As C9orf72 is a relatively rare 

mutation, it was possible that the necessary number of C9orf72 positive 

participants to achieve adequate power would not be met.  

6.9.4. Effect size 

6.9.4.1. While p-values are essential in determining if an effect is 

distinguishable from chance variation or not, it does not inform us as to the 

magnitude of an effect. Effect size is a measurement of the strength of a 

phenomenon and is typically conveyed by statistics such as Cohens d (to 

measure mean differences) and Pearson’s r co-efficient (to measure the 

strength of an association). Cohen provides rules of thumb for interpreting 

effect sizes (352). A Cohens d of 0.2 is typically considered a small effect 

size, 0.5 a medium effect size, and 0.8 a large effect size. Similarly, a 
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Pearson’s r of 0.1 is typically considered small, 0.3 is a medium effect size, 

and 0.5 is a large effect size. 

6.9.5. Confidence Intervals 

6.9.5.1. In addition to wanting to know if an effect is significant, and its 

magnitude, parameters must be estimated accurately. Confidence intervals 

compliment p-values as they provide an estimate of the precision of the 

effect. In other words, they provide a measure of the uncertainty of a 

statistic. As with p-values, confidence intervals are a frequentialist concept. 

A 95% confidence interval estimates that, in the long run, 95% of confidence 

intervals will contain the true population parameter. If 100 replications of 

this study were subsequently carried out, in 95 of those studies, the true 

parameter would lie within their confidence intervals; and in 5 studies the 

true parameter would lie outside their confidence intervals. As sample size 

increases, confidence intervals will become narrower, thus resulting in a 

more precise estimate of a parameter. This can be seen in tables 6.3. and 

6.4., where the confidence intervals of studies with larger sample sizes are 

much narrower, and therefore more precise, than studies with smaller 

samples sizes.  
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7. Chapter 7. Results 1: Neuropsychological Endophenotypes 

in Unaffected Relatives of ALS patients  

7.1. Introduction 

7.1.1. This chapter examined aim 3 of this thesis, which was to identify 

candidate neuropsychological endophenotypes of ALS. To do this, first and 

second-degree relatives of ALS patients were compared with controls across 

a full neuropsychological battery of tests. As this is the first study of its kind 

in ALS, an exploratory approach was undertaken for data analysis.  

7.2. Methods 

7.2.1. Participant recruitment, inclusion and exclusion criteria, the 

neuropsychological assessment that was carried out, and the procedure that 

was followed are all detailed in chapter 6. ALS relatives and controls were 

compared across all cognitive domains assessed. To control for an inflated 

type 1 error rate due to multiple comparisons, Bonferroni-Holm corrections 

were applied. 

7.2.2. Participants 

7.2.2.1. In total, 358 participants were recruited and consented to participate. 

This consisted of 224 first- and second-degree relatives of ALS patients and 

134 controls. All consenting participants gave a blood sample for genetic 

testing and completed at least a cognitive screening assessment. From this 

sample of 358 participants, 221 completed a full neuropsychological 

assessment, of which, 161 were relatives of ALS patients and 60 were 

healthy controls.  
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7.2.2.2. Ten participants were excluded as they were under 18 years of age. 

Three participants were excluded as they reported having dyslexia. ALS 

family member recruitment, degree of participation and exclusion are 

summarized in figure 7.1. below. 

 

Figure 7.1. Flowchart of participant recruitment and degree of participation. 

 

7.2.3. Statistical analysis 

7.2.3.1. Three group comparisons were carried out for each cognitive test. 

Firstly, ALS relatives were compared to healthy controls. Secondly, the 

effect of family history was examined by comparing relatives of Familial 

ALS patients, relatives of Sporadic ALS patients and healthy controls. 

Lastly, the effect of the C9orf72 repeat expansion was assessed by 

ALS Incident Cases 

Ireland 2015-2017 

n=433 

Probands recruited 
n = 59

Relatives recruited 
n = 224

Final cohort n =216

ECAS and DNA n = 
216

Full neuropsych n 
= 161

Neuropsychiatric 
assessment n = 

172 

Participants 
excluded n = 13

RIP pre-contact

n=101
Declined n = 25
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comparing ALS relatives who were C9orf72 positive and relatives who were 

C9orf72 negative. For this analysis, individuals with an intermediate 

C9orf72 status (i.e., between 20 – 29 repeats) were considered as positive. 

To control for confounding factors such as age, education and gender, 

neuropsychological performance was converted to z-scores using normative 

data provided in test manuals and published literature.  

7.2.3.2. Between group comparisons were carried out using Welch’s t-tests 

(for 2 groups) and one-way ANOVAs (for 3 groups) where data were 

parametric and Wilcoxon rank tests (for 2 groups) and Kruskal-Wallis tests 

(for 3 groups) where data were non-parametric. Welch’s t-test is preferrable 

to Student’s t-test when the samples sizes in each group are unequal, as is the 

case here, and it does not rely on the assumption of equal variances. The 

Bonferroni-Holm method was used to control for inflated type 1 error due to 

multiple comparisons. Significant differences between groups are illustrated 

using box and violin plots, and effect sizes are reported as Cohen’s d, 

Pearson’s r or omega squared. 

7.3. Results 

7.3.1. Full sample demographics 

7.3.1.1. Demographic and clinical information for the total sample (i.e., 

participants who gave at least a blood sample and completed an ECAS) is 

presented in table 7.1. below. The ALS relatives group were majority female 

and had a lower mean age than the control sample. This is because this 

cohort consisted of two main subgroups: the siblings of patients and 

offspring of patients. The cohort of ALS patient offspring meant that the 
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mean age of the relative group is quite young. In contrast, healthy controls 

were recruited from an existing control database. This group is largely made 

up of older, retired individuals. The relatives group had more years of 

education and a higher frequency of tertiary education. 

Table 7.1. Demographic and clinical characteristics of participants with at least an 

ECAS and DNA sample. 

 Controls (n = 134) Relatives (n = 216) 

Gender   

Female, n (%) 53 (39.6%) 119 (55.1%) 

Male, n (%) 81 (60.4%) 97 (44.9%) 

Age   

Age in years, mean (sd) 61.7 (9.11) 45.1 (16.7) 

Handedness   

Ambidextrous, n (%) 1 (0.7%) 2 (0.9%) 

Left, n (%) 11 (8.2%) 20 (9.3%) 

Right, n (%) 122 (91.1%) 194 (89.8%) 

Education   

Years in education, mean (sd) 14.6 (5.07) 16.3 (3.59) 

Highest education level   

Primary, n (%) 21 (15.7%) 12 (5.5%) 

Secondary, n (%) 61 (45.5%) 59 (27.3%) 

Tertiary, n (%) 52 (38.8%) 133 (61.6%) 

Apprenticeship, n (%) 0 (0%) 12 (5.6%) 

C9orf72Status   

Intermediate, n (%)  9 (4.1%) 

Negative, n (%)  163 (75.5%) 

Positive, n (%)  31 (14.4%) 

Missing, n (%)  13 (6.0%) 

Family History   

FALS, n (%)  149 (69.0%) 

SALS, n (%)  67 (31.0%) 

FALS, Familial ALS; SALS, Sporadic ALS 

7.3.1.2. Within the ALS relatives group, 149 were related to an ALS patient 

with familial ALS, according to the Byrne criteria (351), and 67 were related 
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to an ALS patient with sporadic ALS. Thirty-one unaffected relatives of 

ALS patients tested positive for the C9orf72 repeat expansion, 163 tested 

negative, and 9 had an intermediate C9orf72 repeat expansion (i.e., they had 

between 20 and 30 repeat expansions).  

7.3.2. Demographics of cohort with full 

neuropsychological assessment 

7.3.2.1. Due to the length of the full neuropsychological assessment, many 

participants (n = 67, 31%) opted out of this part of the study. The 

participants that opted out were less educated than those who completed the 

full study and a significant proportion of them were C9orf72 carriers (n = 

21). Demographic and clinical information of the participants who 

completed a full neuropsychological assessment are presented in table 7.2. 

below. ALS relatives and controls are well matched in respect of gender, 

handedness, education, marital status and alcohol intake. However, as with 

the larger cohort, the control group was older than the relatives cohort, with 

more controls in retirement. 

Table 7.2. Demographic and clinical characteristics of participants who completed 

the full neuropsychological assessment. 

 Controls (n = 60) Relatives (n = 149) 

Sex   

Female, n (%)  32 (53.3%) 82 (55.0%) 

Male, n (%) 28 (46.7%) 67 (45.0%) 

Age    

Age in years, mean (sd) 63.7 (10.2) 46.1 (17.4) 

Handedness   

Left, n (%) 8 (13.3%) 18 (12.1%) 

Right, n (%) 52 (86.7%) 129 (86.6%) 

Ambidextrous, n (%) 0 (0%) 2 (1.3%) 
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 Controls (n = 60) Relatives (n = 149) 

Education    

Years in education, mean (sd) 16.4 (3.70) 16.7 (3.19) 

Highest education level   

Apprenticeship, n (%) 1 (1.7%) 7 (4.7%) 

Primary, n (%) 1 (1.7%) 3 (2.0%) 

Secondary, n (%) 19 (31.7%) 36 (24.2%) 

Tertiary, n (%) 39 (65.0%) 103 (69.1%) 

Currently working   

No, n (%) 37 (61.7%) 30 (20.1%) 

Yes, n (%) 23 (38.3%) 119 (79.9%) 

Marital status   

Divorced, n (%) 4 (6.7%) 2 (1.3%) 

Married, n (%) 37 (61.6%) 82 (55.0%) 

Single, n (%) 11 (18.3%) 57 (38.3%) 

Widowed, n (%) 8 (13.3%) 8 (5.4%) 

Alcohol intake    

Alcohol units per week, mean (sd) 6.52 (7.65) 5.33 (7.85) 

Familial vs sporadic family history   

FALS, n (%)  91 (61.1%) 

SALS, n (%)  58 (38.9%) 

C9orf72 repeat expansion status   

Intermediate, n (%)  6 (4.0%) 

Negative, n (%)  123 (82.6%) 

Positive, n (%)  10 (6.7%) 

Missing, n (%)  10 (6.7%) 

FALS, Familial ALS; SALS, Sporadic ALS 

 

7.3.2.2. Within the ALS relatives group, 91 were related to an ALS patient 

with familial ALS, according to the Byrne criteria (351), and 51 were related 

to an ALS patient with sporadic ALS. Ten unaffected relatives of ALS 

patients tested positive for the C9orf72 repeat expansion, 123 tested 

negative, and 6 had an intermediate C9orf72 repeat expansion (i.e., they had 

between 20 and 30 repeat expansions).  
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7.3.3. Cognitive screening 

7.3.3.1. Cognitive screening was carried out using the Edinburgh Cognitive 

and Behavioural ALS Screen (ECAS). For participants who were unable or 

did not wish to complete the longer neuropsychological assessment, this was 

the minimum cognitive assessment performed. Welch’s independent samples 

t-tests were carried out to compare ALS relatives and controls on ECAS 

total, ALS specific, ALS non-specific, verbal fluency, executive and 

memory scores. The assumption of normality was violated for language and 

visuospatial sub-scores; therefore, non-parametric Wilcoxon rank tests were 

performed. 

7.3.3.2. ALS relatives performed significantly worse on ECAS total, ALS 

specific score, language and verbal fluency score (see table 7.3.). However, 

after correcting for multiple comparisons, only verbal fluency remained 

statistically significant (see figure 7.2.). 

Table 7.3.  ECAS performance in ALS relatives and controls (n = 350). 

ECAS score Control  Relative t/W df p d/r [95% CI] 

ECAS total, mean 112.09 108.58 2.36 272 0.0189 0.29 [0.05, 0.53] 

ALS specific, mean 83.11 80.25 2.42 279 0.0162 0.29 [0.05, 0.53] 

ALS non-specific, 

mean 

28.96 28.29 1.42 277 0.156 0.17 [-0.06, 0.41] 

Language, median a  27 27 16474 NA 0.0138 0.13 [0.03, 0.24] 

Verbal fluency, mean 19.04 17.25 4.59 333 .0000064* 0.50 [0.28, 0.72] 



172 
 

ECAS score Control  Relative t/W df p d/r [95% CI] 

Executive, mean 37.56 37.02 0.725 267 0.469 0.09 [-0.15, 0.33] 

Memory, mean 17.38 16.74 1.43 285 0.153 0.17 [-0.06, 0.40] 

Visuospatial, median a 12 12 15009 NA 0.456 0.04 [0.002, 0.14] 

*  significant after controlling for multiple comparisons 

a assumption of normality violated, non-parametric Wilcoxon rank test performed 

 

 

Figure 7.2. Verbal fluency performance in ALS relatives and controls. 

 

7.3.3.3. To explore this deficit in verbal fluency further, the various 

components of the verbal fluency task (i.e., number of words generated, time 

to read words, vfi and converted fluency score) were compared using 

Welch’s t-tests and Wilcoxon rank tests. Relatives and controls were 

compared on both unrestricted (no letter limit) and restricted (4 letter limit) 
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fluency protocols. Relatives generated significantly fewer words than 

controls on both unrestricted and restricted protocols (see table 7.4.). As 

relatives generated fewer words, it is unsurprising that they took 

significantly less time to read their words. When considering the number of 

words and the time taken to read them using verbal fluency index (vfi) 

scores, relatives still performed significantly worse than controls.  

Table 7.4. Components of verbal fluency performance: relatives vs controls (n = 

334). 

Protocol 
Verbal fluency 

component 
Controls Relatives t/W df p d/r [95% CI] 

Unrestricted Verbal fluency 

score 

9.59 9.06 2.64 192 0.0089 0.38 [0.10, 0.67] 

 Verbal fluency 

index (vfi) 

3.40 4.43 -3.71 191 0.0003 -0.54 [-0.83, -

0.25] 

 Total words 16.72 14.18 3.86 148 0.0002 0.64 [0.30, 0.97] 

 Time to read 

wordsa 

11.5 8 9262 NA .000001

9 

0.31 [0.21, 0.43] 

Restricted Verbal fluency 

score 

8.99 8.19 2.49 177 0.0136 0.37 [0.08, 0.67] 

 Verbal fluency 

index (vfi) a 

5.6 8 6328 NA 0.00029

1 

0.21 [0.1, 0.31] 

 Total wordsa 9 7 10908 NA 0.00077

5 

0.20 [0.08, 0.31] 

 Time to read 

wordsa 

7 4 8171 NA 0.00026

7 

0.22 [0.09, 0.34] 

a assumption of normality violated; non-parametric Wilcoxon rank test performed 
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7.3.3.4. One-way analyses of variance (ANOVAs) were carried out to 

examine the effect of family history on ECAS performance. This compared 

ECAS performance in relatives of familial ALS (FALS) patients, relatives of 

sporadic ALS (SALS) patients and controls. In cases where the assumptions 

of ANOVA were violated, non-parametric Kruskal-Wallis tests were carried 

out. 

7.3.3.5. Significant main effects were observed for ECAS total score 

F(2,342) = 4.47, p < .05, w2 = 0.02,  ALS specific score, F(2,342) = 4.657, p 

< .05, w2 = 0.02; and verbal fluency score, H(2) = 31.81, p <.001. However, 

after controlling for multiple comparisons, only the main effect for verbal 

fluency remained significant. Bonferroni-Holm post-hoc tests were 

subsequently carried out to contrast FALS relatives, SALS relatives and 

controls directly on verbal fluency scores.  

7.3.3.6. Bonferroni-Holm post-hoc tests indicated that FALS relatives scored 

significantly worse than controls on verbal fluency score (See figure 7.3.). 

No significant differences were observed between FALS and SALS 

relatives; or between SALS and controls.  
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Figure 7.3. ECAS verbal fluency score in FALS relatives, SALS relatives and 

controls. 

 

7.3.3.7. Finally, the effect of the C9orf72 repeat expansion on ECAS 

performance was examined by comparing C9orf72 positive and C9orf72 

negative ALS relatives. Welch’s independent t-tests were carried out for 

ECAS total, ALS specific, ALS non-specific, executive and memory scores. 

Wilcoxon rank tests were computed for language, verbal fluency and 

visuospatial sub-scores as data were non-parametric. No significant 

differences were found between C9orf72 positive and C9orf72 negative ALS 

relatives on any ECAS score.  

7.3.4. Intellectual functioning 

7.3.4.1. Current intellectual functioning was assessed using the Wechsler 

Abbreviated Scale of Intelligence- 2nd edition (WASI-II). The vocabulary 

and matrix reasoning subtests of the WASI-II were carried out. Performance 

was converted to t-scores using age derived norms from the test manual. 

Vocabulary and Matrix Reasoning t-scores were then summed and converted 

to Full-Scale IQ-2 (FSIQ-2) standard scores. 
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7.3.4.2. Welch’s independent samples t-tests indicated that relatives had 

significantly lower vocabulary score, t(94.34) = 2.18, p<.05, d = 0.45 [95% 

CI: 0.04, 0.86]; matrix reasoning score, t(96.96) = 2.62, p<.05, d = 0.53 

[95% CI: 0.13, 0.94]; and FSIQ-2 score, t(94.03) = 2.62, p<.05, d = 0.54 

[95% CI: 0.13, 0.95]. 

7.3.4.3. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls on WASI-II scores. Significant main effects 

were observed for FSIQ-2, F(2,199) = 3.94, p<.05, w2 = 0.03; and 

vocabulary score, F(2,204) = 3.5, p<.05, w2 = 0.02, after controlling for 

multiple comparisons. 

7.3.4.4. Post hoc Bonferroni-Holm comparisons indicated that FALS 

relatives scored significantly lower than controls (p<.05) on both FSIQ-2 

and vocabulary scores (see figure 7.4.). No significant differences were 

observed between FALS relatives and SALS relatives, or between SALS 

relatives and controls. 
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Figure 7.4. WASI-II Vocabulary (a) and Full-Scale IQ (FSIQ) score in FALS 

relatives, SALS relatives and controls. 

 

7.3.4.5. Welch’s independent samples t-tests found no significant differences 

between C9orf72 positive and C9orf72 negative relatives on any WASI-II 

score. 

7.3.5. Executive functioning 

7.3.5.1. Verbal fluency 

7.3.5.1.1. Verbal fluency performance was assessed using the FAS test, 

restricted fluency and semantic fluency. This verbal fluency protocol is more 

in-depth than the ECAS verbal fluency task discussed earlier. Phonemic 

fluency is examined using three letters F, A and S, with a minute provided 

for each. The total words generated in the three minutes are summed to give 

a FAS total score. This was converted to z-scores using age and education 

derived norms. A restricted protocol is then carried out, where participants 

are limited to 4 letter words beginning with C. No normative data were 
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available to generate z-scores for this restricted protocol, therefore raw vfi 

scores were used in this analysis. Lastly, semantic fluency was assessed, 

where participants must name as many animals as possible in a minute. Raw 

scores were converted to z-scores using age and gender normative data. 

 7.3.5.1.2. Welch’s independent samples t-tests indicated that ALS relatives 

performed significantly worse than controls on FAS total score, t(88.77) = 

3.79, p<.001, d = 0.81 [95% CI: 0.37, 1.24], after controlling for multiple 

comparisons. No significant difference was observed between relatives and 

controls on restricted or semantic fluency paradigms. 

7.3.5.1.3. One-way ANOVAs were carried out to examine the effect of 

family history on verbal fluency scores, i.e., comparing FALS relatives, 

SALS relatives, and controls. A significant main effect was observed for 

FAS total score, F(2,198) = 12.51, p<.001, w2 = 0.1 and restricted fluency, 

F(2,204) = 4.39, p<.05, w2 = 0.03 (see figure 7.5). No significant main effect 

was observed for semantic fluency. 

7.3.5.1.4. Post-hoc Bonferroni-Holm comparisons found that FALS relatives 

scored significantly worse than controls (p<.001), and SALS relatives 

(p<.05) on FAS total score. For restricted verbal fluency, FALS relatives 

scored significantly worse than SALS relatives (for vfi, higher scores 

indicate poorer performance). No other post-hoc comparisons were 

significant.  
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Figure 7.5. FAS total z-score and restricted verbal fluency index score in FALS 

relatives, SALS relatives and controls. Note: lower vfi indicates better performance. 

 

7.3.5.1.5. Welch’s independent samples t-tests were carried out to examine 

the effect of C9orf72 status on verbal fluency performance. No significant 

difference was observed between C9orf72 positive and C9orf72 negative 

relatives on FAS total or restricted fluency scores. However, C9orf72 

negative relatives performed significantly worse than C9orf72 positive 

relatives on semantic fluency, t(21.23) = -2.87, p<.01, d = -1.25 [95% CI: -

2.16, -0.31] (see figure 7.6.).  
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Figure 7.6. Semantic fluency in C9orf72 positive and C9orf72 negative relatives. 

 

7.3.5.2. Inhibition/switching 

7.3.5.2.1. Inhibition and switching performance were measured using the 

colour-word interference test (CWIT). This task consists of 4 subtests: 

colour naming, word naming, inhibition and inhibition/switching. Raw 

scores were converted to scaled scores using age derived norms. Welch’s 

independent t-tests were carried out to compare performance on these 

subtests in ALS relatives and controls. Performance was measured in terms 

of the time taken to complete each task, and in terms of the number of errors 

made for inhibition and inhibition/switching subtests. 

7.3.5.2.2. No significant differences were observed in terms of the time 

taken to complete each CWIT subtask. However, ALS relatives had 

significantly more errors on the inhibition subtest, t(158.6) = 3.08, p < .005, 

d = 0.49 [95% CI: 0.17, 0.80], even when controlling for multiple 
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comparisons. No significant deficit was observed for CWIT 

switching/inhibition task. 

7.3.5.2.3. One-way ANOVAs were performed to examine the effect of 

family history on CWIT performance, i.e., comparing FALS relatives, SALS 

relatives and controls. A significant main effect was only observed for the 

number of errors on the CWIT inhibition task, F(2,197) = 3.69, p<.05, w2 = 

0.03. Post-hoc Bonferroni-Holm comparisons indicated that SALS relatives 

performed significantly worse than controls (p<.05). No other post-hoc 

comparisons were significant (See figure 7.7.). 

 

Figure 7.7.  CWIT inhibition errors scaled in FALS relatives, SALS relatives and 

controls. Note: lower scales scores mean’s poorer performance. Also note the 

presence of 2 groups of outliers in the FALS and SALS groups with scaled scores 

less than 4. 

 

7.3.5.2.4. Figure 7.7. indicated 2 groups of outliers in both FALS and SALS 

groups (n = 7). The demographic and clinical information of these 

individuals was explored to examine why they might have performed so 



182 
 

poorly. Aside from 2 individuals, all other participants were from different 

families, suggesting this was not driven by one family. All participants were 

C9orf72 negative. All had moderate levels of education and spanned a wide 

age range (32-62). Ultimately, there were no obvious factors that account for 

why this subgroup had so many inhibition errors. 

7.3.5.2.5. CWIT performance was compared between C9orf72 positive and 

negative relatives. C9orf72 negative participants took significantly longer 

time on the switching subtask, t(26.36) = -2.32, p<.05, d = -0.90 [95% CI: -

1.70, -0.09]; however, this did not survive correction for multiple 

comparisons.  

7.3.5.3. Working memory 

7.3.5.3.1. Working memory was measured using the digit span test from the 

D-KEFS. This includes digit span forward, backwards and sequential 

subtasks. Performance was quantified in terms of the longest span 

participants got correct, which was converted to z-scores using age derived 

normative data.  

7.3.5.3.2. Welch’s independent samples t-tests indicated that ALS relatives 

performed significantly worse than controls on the digit span backwards 

subtask, t(109) = 4.19, p<.001, d = 0.8 [95% CI: 0.41, 1.19]. No significant 

difference was observed on digit span forwards or sequential subtasks. 

7.3.5.3.3. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls. A significant main effect was observed for digit 

span backwards span, F(2,202) = 9.31, P<.001, w2 = 0.08. No significant 



183 
 

main effect was observed for forward or sequential span. Post-hoc 

Bonferroni-Holm comparisons revealed that FALS relatives and SALS 

relatives both performed significantly worse than controls (both p<.05). No 

significant difference was observed between FALS and SALS relatives (see 

figure 7.8.). 

 

Figure 7.8. Backwards digit span in FALS relatives SALS relatives and controls. 

 

7.3.5.3.4. Welch’s t-tests and Wilcox rank tests found no significant 

difference between C9orf72 positive relatives and C9orf72 negative relatives 

on digit span forward, backwards or sequential spans. 

7.3.5.4. Sustained attention 

7.3.5.4.1. Sustained attention was measured using the sustained attention to 

response task (SART). In this task, participants are shown a series of 

numbers on a computer screen. They are instructed to press the space bar as 

quickly as possible when they see any number, except the number 3. 
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Participants were assessed in terms of how many omission errors (failing to 

press the space bar when they should have) and commission errors (pressing 

the space bar when they shouldn’t have). Participants can also make 

anticipation errors if they respond too soon (within 200ms of stimuli 

presentation). Participants were also compared in terms of their mean 

reaction time. All scores were converted to z-scores using published healthy 

control data. However, these norms were not stratified by age.  

7.3.5.4.2. Welch’s independent samples t-tests found no significant 

differences between relatives and controls in terms of the number of 

omission, commission or anticipation errors they made. However, ALS 

relatives had a significantly faster mean reaction time than controls, t(76.21) 

= -2.87, p<.01, d = -0.66 [95% CI: -1.12, -0.20].  

7.3.5.4.3. One-way ANOVAs were carried out to examine the effect of 

family history on SART performance. No significant main effect was 

observed for omission, commission or anticipation errors. However, a 

significant main effect was found for mean reaction time, F(2,78) = 4.47, 

p<.05, w2 = 0.08. Bonferroni-Holm post hoc comparisons revealed that 

SALS relatives were significantly faster than both FALS relatives and 

controls on overall mean reaction time (p<.05, see figure 7.9.).  
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Figure 7.9. SART mean reaction time in FALS relatives, SALS relatives and 

controls. 

 

7.3.5.4.4. Not enough C9orf72 positive participants had complete SART 

data to allow for comparison with the C9orf72 negative group. 

7.3.5.5. Emotion based decision making 

7.3.5.5.1. Emotion based decision making was assessed using the Iowa 

Gambling Task (IGT). This computerized card game test requires a person to 

make risk-reward decisions in picking from 4 decks of cards. To win money 

in the game, the participant must learn to favor low reward - low risk decks 

over high risk - high reward decks. Total IGT score was converted to t-

scores using normative data provided using the IGT software. The IGT 

program also splits the task into 5 sections, providing a measure of how 

participants adjust their decisions over time. 

7.3.5.5.2. Welch’s independent samples t-tests indicated that relatives 

performed significantly worse than controls on IGT total, t(91.78) = 2.36, 

p<.05,  d = 0.49 [95% CI: 0.08, 0.91] (see figure 7.10.a). When the 5 IGT 
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sub-scores were examined, there were no significant differences between 

relatives and controls for sections 1, 2, 3 or 4. However, at section 5, 

relatives performed significantly worse than controls, t(96.65) = 2.93, p<.01, 

d = 0.60 [95% CI: 0.19, 1.00]. This suggests that over time, controls are 

learning which decks to avoid while the relatives do not (see figure 7.10.b). 

  

Figure 7.10. IGT total (a) and IGT performance over time (b) in relatives and 

controls. 

 

 7.3.5.5.3. One-way ANOVAs were carried out to compare SALS and FALS 

relatives to controls. No significant main effect was observed for IGT total 

score, or for sections 1 to 4. A significant main effect was observed for IGT 

section 5, F(2,97) = 3.9, p<.05, w2 = 0.05. However, this did not survive 

correction for multiple comparisons. 

7.3.5.5.4. Not enough C9orf72 positive participants had complete IGT data 

to allow for comparison with the C9orf72 negative group. 
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7.3.6. Language (confrontation naming) 

7.3.6.1. Language functioning was assessed using the Boston Naming Test 

(BNT) – 30 item version, a short test of confrontational naming. BNT 

performance is quantified using 3 scores: total correct with no cue 

(spontaneous score), total correct after a semantic cue (semantic score), and 

total correct after a phonemic cue (phonemic score). Raw scores were 

converted to z-scores using age derived Irish normative data. 

7.3.6.2. Welch’s independent samples t-test indicated that relatives 

performed significantly worse than controls on all BNT scores: spontaneous, 

t(200.64) = 6.42, p<.001, d = 0.91 [95% CI: 0.61, 1.20]; semantic, t(192.63) 

= 6.03, p<.001, d = 0.87 [95% CI: 0.57, 1.16]; and phonemic score, t(201.1) 

= 6.01, p<.001, d = 0.85 [95% CI: 0.56, 1.13]. 

7.3.6.3. Kruskal-Wallis tests were carried out to examine the effect of family 

history of ALS on BNT performance. Again, significant main effects were 

found for all BNT scores: spontaneous, H(2) = 28.71, p<.001; semantic, 

H(2) = 24.25, p<.001; and phonemic H(2) = 27.92, p<.001. Non-parametric 

post-hoc comparisons indicated significant differences between FALS 

relatives and controls (p<.05) and between SALS relatives and controls 

(p<.05) on all BNT scores. No significant differences were observed 

between FALS and SALS relatives on all BNT scores (see figure 7.11.).  

 

 

 



188 
 

 

  

 

 

Figure 7.11. BNT spontaneous, semantic and phonemic scores in FALS relatives, 

SALS relatives and controls. 

 

7.3.6.4. Welch’s independent samples t-tests indicated significant differences 

between C9orf72 positive and C9orf72 negative relatives on BNT 

performance (see figure 7.12.). Participants who were C9orf72 negative 

scored significantly worse on BNT spontaneous, t(25.8) = -2.38 ,p<.05, d = -

0.93 [95% CI: -1.74, -0.11]; semantic, t(27.92) = -2.91, p<.01, d = -1.1 [95% 

CI: -1.89, -0.30]; and phonemic score, t(41.41) = -4.59, p<.001, d = -1.43 

[95% CI: -2.1, -0.74].  
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. 

  

 

Figure 7.12. BNT spontaneous, semantic and phonemic performance in C9orf72 

positive and C9orf72 negative relatives. 

 

7.3.7. Memory 

7.3.7.1. Verbal memory 

7.3.7.1.1. Verbal list learning was assessed using the Rey Auditory Verbal 

Learning Test (RAVLT). For this task, participants listen to a list of 15 

words and are asked to recall them. The list is called out 5 times, and the 

participants must immediately recall the list after each trial. Participants are 
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then read a different ‘distractor’ list. After this they are asked to recall the 

first list again. Finally, after 20 minutes, they are asked to recall the first list. 

RAVLT performance was assessed in terms of the total number of 

immediately recalled words, delayed recall score and recognition score, all 

of which were standardized using gender and age matched normative data. 

7.3.7.1.2. Welch’s independent samples t-tests indicated that ALS relatives 

performed significantly worse than controls on RAVLT immediate, t(97.52) 

= 3.31, p<.01, d = 0.67 [95%CI: 0.26, 1.08]; and RAVLT delayed score, 

t(88.11) = 2.52, p<.05, d = 0.54 [95%CI: 0.11, 0.96]. No significant 

difference was observed on RAVLT recognition performance. 

7.3.7.1.3. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls. A significant main effect was observed for 

RAVLT immediate, F(2,199) = 5.93, p<.01, w2 = 0.05; and RAVLT delayed 

recall, F(2,200) = 4.15, p<.05, w2 = 0.03. Post hoc Bonferroni-Holm 

comparisons indicated that for RAVLT total, both FALS and SALS relatives 

scored significantly worse than controls (p<.05). For RAVLT delayed, only 

FALS relatives scored significantly worse than controls (p<.05) (see figure 

7.13.). 
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Figure 7.13. RAVLT immediate and delayed recall in FALS relatives, SALS 

relatives and healthy controls. 

 

7.3.7.1.4. No significant differences were observed between C9orf72 

positive and C9orf72 negative relatives on all RAVLT scores. 

7.3.7.1.5. To further investigate the deficit in list recall (immediate and 

delayed), the slope of learning over time was examined (see figure 7.14). 

Relatives performed worse than controls on from the beginning of the task, 

however the rate of learning over time was similar.  
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Figure 7.14. RAVLT learning slope for ALS relatives and healthy controls. 

 

7.3.7.1.6. Episodic verbal memory was assessed using the logical memory 

subtest of the Wechsler Memory Scale (3rd edition). This requires an 

individual to listen to 2 short stories and then recall them immediately 

(immediate recall), and after 20 minutes (delayed recall). Finally, 

participants are asked a series of questions about the stories (recognition). 

Scores were converted to z-scores using age matched normative data. 

7.3.7.1.7. Relatives and controls did not differ on immediate recall or 

recognition. However, relatives performed significantly worse than controls 

on delayed recall, t(97.85) = 3.48, p<.001, d = 0.7 [95% CI: 0.29, 1.11]. 

7.3.7.1.8. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls. No significant main effect was observed for 

immediate or recognition memory. A significant main effect was observed 

for delayed recall, F(2,193) = 6.29, p<.01, w2 = 0.05. Post hoc Bonferroni-
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Holm comparisons revealed that both FALS and SALS relatives both 

performed significantly worse than controls (P<.01 in both cases, see figure 

7.15).  

 

 

Figure 7.15. Logical memory delayed performance in FALS relatives, SALS 

relatives and controls. 

 

7.3.7.1.9. No significant differences were observed between C9orf72 

positive and C9orf72 negative relatives on any logical memory scores. 

7.3.7.2. Visuospatial memory 

7.3.7.2.1. Visuospatial memory was measured using the Rey-Osterrieth 

Complex Figure Test (RCFT). Participants were shown a complex line 

drawing and asked to copy it. The figure is then withdrawn, and the 

participant is required to draw the same figure from memory (immediate 

recall). After 20 minutes, they were again asked to draw the figure (delayed 
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recall). Finally, they are shown 24 smaller figures and asked if they are a 

component of the original figure or not (recognition). Raw scores were 

converted to z-scores using age derived normative data. 

7.3.7.2.2. No significant difference was observed between ALS relatives and 

controls on RCFT copy accuracy. However, controls spent significantly 

longer time copying the figure, t(143.8)= -3.36, p<.01, d = -0.56 [95% CI: -

0.89, -0.23]. Relatives scored significantly worse than controls on RCFT 

immediate recall, t(90.83) = 3.99, p<.001, d = 0.84 [95% CI: 0.41, 1.26]; 

delayed recall, W = 4843, p<.01, r = 0.199 [95% CI: 0.06, 0.33]; and 

recognition score, t(118.45) = 2.85, p<.01, d = 0.52 [95% CI: 0.16, 0.89]. 

7.3.7.2.3. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls on RCFT performance. After controlling for 

multiple comparisons, no significant main effect was observed for RCFT 

copy, copy time, delayed or recognition score. A significant main effect was 

observed on RCFT immediate recall, F(2,128) = 10.68, p<.001. Post-hoc 

Bonferroni-Holm comparisons revealed that for RCFT immediate score, 

controls scored the highest, followed by FALS relatives, and the SALS 

relatives (see figure 7.16). 
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Figure 7.16. RCFT immediate recall in FALS relatives, SALS relatives and healthy 

controls. 

 

7.3.7.2.4. No significant differences were observed between C9orf72 

positive and C9orf72 negative relatives on all RCFT scores. 

7.3.8. Social cognition 

7.3.8.1. Social cognition was examined using the Reading the Mind in the 

Eyes Test (RMET). This is a short test that requires the participant to 

identify the emotional states of 32 black and white face pictures. RMET raw 

score (total correct) was converted to z-scores using published Irish control 

data. However, this data was not stratified by age, education or gender.  

7.3.8.2. Welch’s independent samples t-test indicated no significant 

difference between relatives and controls on RMET performance. A one-

way ANOVA found no significant main effect comparing FALS, SALS 
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relatives and controls. Wilcox rank test found no significant difference 

between C9orf72 positive and C9orf72 negative relatives. 

7.4. Summary of findings 

7.8.1. First- and second-degree relatives of ALS patients performed 

significantly worse than controls across a range of neuropsychological tests, 

including WASI-II, verbal fluency tasks (both ECAS and the FAS test), the 

CWIT inhibition subtask, digit span backwards, SART reaction time, the 

IGT, the BNT, RAVLT immediate and delayed recall, logical memory 

delayed recall and RCFT delayed recall. 

7.8.2. A family history of ALS had a significant effect on performance on 

certain tasks. Relatives of FALS patients showed significantly worse 

performance on verbal fluency than relatives of SALS patients. Conversely, 

SALS relatives performed significantly worse than FALS relatives on RCFT 

immediate recall. 

 7.8.3. Analysis of C9orf72 subgroups revealed few differences between 

C9orf72 positive and negative relatives, however, this was limited by the 

small number of C9orf72 positive relatives with full neuropsychological 

data. Semantic verbal fluency score was the only test where a significant 

difference was observed, with C9orf72 negative relatives scoring 

significantly worse than C9orf72 positive relatives. 

7.5. Discussion 

7.5.1. The results of this study show that relatives of ALS patients show a 

range of cognitive deficits, when compared to healthy controls with no 
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family history of ALS. These deficits were present across multiple cognitive 

domains, including IQ, executive functioning, language and memory. In 

chapter 3, ALS relatives were hypothesized to have deficits in executive 

functioning and language tasks, as these domains are commonly affected in 

ALS patients (59,226). The multiple deficits on memory and IQ tasks were 

not expected, as these functions are less commonly affected in ALS (33).  

7.5.2. Despite similar levels of education, ALS relatives had significantly 

lower intelligence than controls. This was evident in both verbal and non-

verbal intelligence domains. While not commonly reported, verbal IQ 

deficits have been observed in ALS patients (32), though usually with small 

effect sizes. IQ was not assessed in the two studies of pre-symptomatic ALS 

risk gene carriers (151,345). Furthermore, these studies excluded individuals 

with low scores on screening measures, likely biasing the population 

estimates. If ALS relatives have significant deficits in IQ, as was observed 

here, this may explain why ALS relatives performed worse than controls 

across such a wide range of tasks. In chapter 9, IQ deficits and their impact 

on executive, language and memory tests deficits in ALS relatives are 

examined. 

7.5.3. One of the most robust findings observed in this study was that ALS 

relatives had significant impairments on phonemic verbal fluency. The 

reliability of this finding is evidenced by phonemic fluency deficits on both 

the ECAS fluency subtests and the FAS test. The effect sizes of these 

deficits were large, and clustered in relatives of FALS patients. Phonemic 

fluency deficits were present in both C9orf72 positive and negative ALS 
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relatives, implicating the involvement of both known and currently unknown 

gene variants.  

7.5.4. A deficit was not observed for the restricted fluency paradigm, 

possibly due to the lack of age specific norms for this task. There was also 

no deficit on semantic fluency, despite the fact that these deficits are often 

impaired in patients (226,353). The fact that phonemic fluency is affected, 

while semantic fluency is spared, would suggest that this endophenotype is 

underpinned by frontal and prefrontal lobe involvement, rather than medial-

temporal lobe involvement (354).  

7.5.5. While ALS relatives as a whole did not differ from controls in terms 

of semantic verbal fluency, C9orf72 negative relatives performed 

significantly worse than C9orf72 positive relatives. The directionality of this 

result is contradicts previous studies of asymptomatic C9orf72 carriers 

(151,345). While limited in terms of sample size, this finding suggests the 

presence of a non-C9orf72 endophenotype, characterized by impaired 

semantic fluency and medial temporal involvement. Semantic fluency 

deficits have been observed in unaffected siblings and parents of 

schizophrenia patients (347,355,356), and clusters to a greater extent in 

individuals with a stronger family history. It is possible that semantic 

fluency deficits are an endophenotype of non-C9orf72 mediated ALS and 

schizophrenia, accounting for the known genetic correlation between ALS 

and schizophrenia (136). 

7.5.6. Phonemic fluency deficits are well established as one of the most 

sensitive markers of impairment in ALS, associated with impaired activation 
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of middle and inferior frontal gyri, the anterior cingulate gyrus and reduced 

activity in parietal and temporal lobes (357). The identification of similar 

phonemic fluency deficits in unaffected relatives, that clusters in those at 

higher risk, provides good evidence for its suitability as a candidate 

endophenotype.  

7.5.7. Analysis of the CWIT revealed that ALS relatives took the same 

amount of time to complete each subtask as controls, however, they made 

significantly more inhibition errors. In contrast to the verbal fluency deficits 

discussed above, inhibition errors appeared to cluster in relatives of SALS 

patients. Inhibition deficits are typically associated with dysfunction of the 

dorsolateral prefrontal cortex and the anterior cingulate cortex. Of note, ALS 

relatives did not make significantly more errors than controls on the 

switching/inhibition subtest of the CWIT. This may imply a pure inhibition 

endophenotype of SALS or could simply be because the inhibition/switching 

subtask is administered after the inhibition task, resulting in practice effects 

that obscure any effect.  

7.5.8. ALS relatives showed normal digit span forward, but abnormal digit 

span backwards. This would suggest that general attention and the 

phonological loop is preserved, but verbal working memory is impaired 

(358). This is corroborated by SART performance, where ALS relatives 

made a similar number of omission, commission and anticipation errors as 

controls. While relatives had a significantly faster mean reaction time on the 

SART, this is likely due to the younger age profile of this group and the lack 

of age-specific norms for this task. As observed on the CWIT, the final 
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subtask of the digit span, sequential span, showed no significant difference 

between relatives and controls despite its similar demands on working 

memory. Again, this may be due to procedural learning that occurs over the 

course of the digit span protocol.  

7.5.9. ALS relatives had significantly worse performance on the IGT, 

suggestive of emotion-based decision-making dysfunction. Analysis of 

decisions over time on the IGT revealed that relatives were indistinguishable 

from controls up until the final stage of the task, i.e., controls made better 

decisions as the task went on while ALS relatives made worse decisions. 

Poorer IGT performance is typically associated with amygdala, orbitofrontal 

and ventromedial prefrontal cortex dysfunction (183).  

7.5.10. IGT deficits in ALS relatives can also be viewed from the somatic 

marker hypothesis (310). Somatic markers are feelings in the body that are 

associated with an emotion (e.g., racing heartbeat when anxious, nausea 

when disgusted) that drive decision making. Impaired performance on the 

IGT may be due to an inability to form these somatic markers. 

7.5.11. As well as verbal fluency, confrontational naming deficits were 

particularly pronounced in ALS relatives. ALS relatives performed worse on 

all sub-scores of the BNT, i.e., spontaneous, semantic and phonemic scores. 

These deficits were present in both FALS relatives and SALS relative and 

were more pronounced in C9orf72 negative individuals (large effect sizes 

ranging from d = -0.93 - -1.43). Previous pre-symptomatic studies found no 

such deficits on confrontation naming in C9orf72 negative relatives. 

However, as stated, these studies had strict exclusion criteria that may have 
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limited their results. Furthermore, the Lee et al. (345) study is limited by the 

inclusion of non-C9orf72 family members in their control group along with 

members of the general population.  

7.5.12. ALS relatives performed significantly worse than controls on 

immediate and delayed verbal and visuospatial memory. Verbal and 

visuospatial deficits have been reported in ALS, however, these are often 

attributed to executive dysfunction (359), resulting in encoding difficulty. 

Analysis of the slope of learning on the RAVLT supports this argument, as 

ALS relatives recalled fewer words than controls from the beginning of the 

task but showed a similar rate of learning.  

7.5.13. Given the vast range of tests that ALS relatives displayed deficits on, 

it is surprising that there was no significant difference on social cognition 

performance. However, this may be due to the lack of age-specific norms for 

the RMET. Social cognitive deficits are commonly observed in both ALS 

and FTD (228). As with memory, the extent to which these deficits are 

attributable to executive dysfunction remains unclear (360).  

7.5.14. The effect sizes observed in this study were generally in line with 

what was expected, as outlined in the sample size calculation (see Chapter 

6.9.2. for detail). Studies of pre-symptomatic ALS risk gene carriers and of 

unaffected relatives of schizophrenia patients reported hedges g effect sizes 

of ~0.7 (151,345–347). The largest effect sizes observed in this study were 

for verbal fluency (d = 0.81) and confrontational naming (d = 0.91). 

Endophenotypes are usually more subtle in unaffected relatives than in 

patients (i.e., they show an intermediate level of deficits). However, the 
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magnitude of these deficits in this study were equal, if not greater, than those 

observed in patients (32).  

7.5.15. The moderate to large effect sizes observed in this study suggests that 

these deficits may have clinical significance. For example, Cohen states that 

effect sizes of 0.80 or greater are grossly perceptible (352). However, it is 

important to note that effect sizes are measures of group level differences 

and can vary from population to population. For example, in the two of pre-

symptomatic C9orf72 carriers, Lule et al. (151) report an effect size of d = 

0.76, while a similar study by Lee et al. (345), report a non-significant effect 

size of d = 0.11. Future research of this population is needed to establish the 

true effect size of these deficits before their clinical significance can be 

determined. 

7.6. Limitations 

7.6.1. Due to the Covid-19 pandemic, control recruitment was curtailed, 

resulting in a relatively small, older control group. While the utilization of 

age-specific norms reduced the confounding effect of age for most tests, 

some tests, such as the SART, restricted verbal fluency and the RMET, did 

not have age stratified norms available. For tests where norms were 

available, these norms were typically developed in American populations, 

and may not be optimal for an Irish cohort.  

7.6.2. The neuropsychological assessment was largely tailored towards 

executive functioning, due to its relevance in ALS. However, confrontational 

naming was the most impaired function in unaffected relatives. A more 



203 
 

detailed language assessment may have revealed further deficits in ALS 

relatives.  

7.6.3. Despite the large sample of ALS relatives, relatively few were 

C9orf72 positive, limiting the power to detect differences. In contrast to 

previous studies, C9orf72 negative relatives appeared to have worse 

performance on semantic fluency and confrontational naming than C9orf72 

positive. Further research on C9orf72 positive and C9orf72 negative 

relatives will be needed to validate these findings. These studies should be 

mindful of screening individuals with low cognitive screening scores and to 

not mix non-C9orf72 relatives with members of the general population in 

with their control groups. 
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8. Chapter 8. Results 2: Neuropsychiatric Endophenotypes in 

Unaffected Relatives of ALS patients  

8.1. Introduction 

8.1.1. This chapter examined aim 4 of this thesis, which was to identify 

candidate neuropsychiatric endophenotypes of ALS. To do this, first and 

second-degree relatives of ALS patients were compared with controls on a 

neuropsychiatric questionnaire.  

8.2. Methods  

8.2.1. The neuropsychiatric questionnaire was self-administered online via 

Qualtrics, and consisted of measures of depression, anxiety, OCD, 

impulsiveness, apathy, autism, ADHD, psychosis and personality. 

Participant recruitment, inclusion and exclusion criteria, and details of the 

neuropsychiatric assessment are detailed in chapter 6. 

8.2.2. ALS relatives and controls were compared on their scores on these 

measures using Welch’s t-tests (for parametric data) and Wilcoxon rank tests 

(for non-parametric data). Secondary analyses were carried to examine the 

effect of family history of ALS on neuropsychiatric traits. One-way 

ANOVAs (for parametric data) and Kruskal-Wallis tests (for non-parametric 

data) were carried out to compare the neuropsychiatric traits of FALS 

relatives, SALS relatives and controls. If a significant main effect was 

observed, post-hoc Bonferroni-Holm tests were carried out to compare sub-

groups while controlling for multiple comparisons.  
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8.2.3. The effect of the C9orf72 repeat expansion on neuropsychiatric traits 

was examined by comparing ALS relatives who were C9orf72 positive gene 

carriers and ALS relatives who were C9orf72 negative. For this analysis, 

individuals with an intermediate C9orf72 status were considered as positive. 

8.2.4. Significant differences between groups are illustrated using violin 

plots, and effect sizes are reported as Cohen’s d, Pearson’s r or omega 

squared. In cases where significant differences are observed between groups. 

Chi-square tests were carried out to examine if there are differences between 

groups in terms of clinically relevant scores (i.e., scores above clinical 

thresholds). 

8.2.5. To control for the potentially confounding effect of age, multiple 

linear regressions were carried out. Each neuropsychiatric outcome was 

predicted using age and group status (i.e., ALS relative or control). This 

enabled us to examine the if ALS relatives had higher or lower scores, while 

holding age constant. 

8.3. Results  

8.3.1. Sample demographics 

8.3.1.1. Of the total sample of 350 participants recruited in this study, 240 

completed the online neuropsychiatric traits questionnaire. This consisted of 

169 first- and second-degree relatives of ALS patients and 71 healthy 

controls. Controls and relatives were well matched in terms of sex and 

education. However, controls were younger than relatives. This is because 

most relatives were either siblings (largely in their 60’s/70’s) or offspring 
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(largely in their 20’s/30’s) of patients. In chapter 7, age specific norms were 

used to control for this difference in age. However, age specific normative 

data was not available for these neuropsychiatric questionnaires. Therefore, 

to control for the potentially confounding effect of age on neuropsychiatric 

traits, multiple linear regression models were carried out, including age as a 

predictor to control for its variance.  

8.3.1.2. Of the 169 relatives, 115 were a relative of a patient with familial 

ALS, and 38 were asymptomatic C9orf72 gene carriers (see table 8.1.). 

Twenty-eight unaffected relatives of ALS patients tested positive for the 

C9orf72 repeat expansion, 119 tested negative, and 10 had an intermediate 

C9orf72 repeat expansion (i.e., they had between 20 and 30 repeat 

expansions 

Table 8.1. Demographic information of participants who completed the 

neuropsychiatric traits questionnaire. 

 Control (n = 71) Relative (n = 169) 

Sex   

Female, n (%) 43 (60.6%) 104 (61.5%) 

Male, n (%) 28 (39.4%) 65 (38.5%) 

Age    

Age in years, mean (sd) 62.7 (11.5) 44.7 (16.2) 

Education    

Years in education, mean (sd) 15.0 (3.48) 15.1 (3.81) 

Family History   

FALS, n (%)  115 (68.0%) 

SALS, n (%)  53 (31.4%) 

C9orf72 repeat expansion status   

Negative, n (%)  119 (70.4%) 

Intermediate, n (%)  10 (5.9%) 

Positive, n (%)  28 (16.6%) 

FALS – Familial ALS, SALS – Sporadic ALS 
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8.3.2. Depression 

8.3.2.1. The presence and severity of depression were assessed using the 

Patient Health Questionnaire – 9 item version (PHQ-9). Histograms and Q-Q 

plots indicated that the assumption of normality was violated; therefore, a 

non-parametric Wilcoxon rank test was carried out to compare ALS relatives 

and healthy controls on PHQ-9 score. ALS relatives had significantly higher 

PHQ-9 score than controls, W = 4514, p<.01, r = 0.17 [95% CI: 0.03, 0.29] 

(see figure 8.1.). 

 

Figure 8.1. PHQ-9 scores in ALS relatives and healthy controls. 

 

8.3.2.2. Due to the significant age difference between relatives and controls, 

and the potentially confounding effect this may have on PHQ-9 score, a 

multiple linear regression was carried out. PHQ-9 score was predicted using 

age and group status (i.e., control or ALS relative). A significant model was 

observed, F(2, 231) = 8.68, p<.001, R2 = .07. Age was a significant 
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contributor to the model (B = -.05, p<.001). However, group status did not 

significantly add to the model, i.e., after controlling for age, relatives did not 

have significantly higher PHQ-9 score. 

8.3.2.3. A chi-square test was carried out to examine if relatives had a higher 

frequency of participants above clinically relevant cut-offs (i.e., PHQ-9 

score greater than or equal to 10). The chi-square test was not significant, 

indicating that relatives did not have a higher frequency of clinically relevant 

depression symptoms. 

8.3.2.4. A Kruskal-Wallis test was carried out to examine the effect of 

family history of ALS on PHQ-9 scores, i.e., comparing relatives of FALS 

patients, relatives of SALS patients and healthy controls. A significant main 

effect was observed, H(2) = 6.86, p<.05. Post-hoc Wilcoxon rank tests with 

Bonferroni-Holm correction revealed that FALS relatives had significantly 

higher PHQ-9 scores than controls (p<.05; see figure 8.2.). 

 

Figure 8.2. PHQ-9 scores in FALS relatives, SALS relatives and healthy controls. 
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8.3.2.5. Again, to control for the likely confounding effect of age, a multiple 

regression was carried out. PHQ-9 score was predicted using age and family 

history status (i.e., SALS, FALS or control). The model was a significant 

predictor of PHQ-9 score, F(2, 230) = 5.77, p<.001, R2 = .07. Age was a 

significant contributor to the model (B = -.05, p<.001). However, family 

history was not, i.e., after controlling for age, family history was no longer 

associated with higher PHQ-9 score.  

8.3.2.6. A chi-square test was carried out to compare FALS relatives, SALS 

relatives and controls on clinically relevant PHQ-9 scores (i.e., scores greater 

than or equal to 10). No significant differences were observed between the 

groups in their frequency of clinically relevant PHQ-9 scores. 

8.3.2.7. A Wilcoxon rank test was carried out to compare C9orf72 positive 

relatives to C9orf72 negative relatives on PHQ-9 scores. No significant 

difference was observed. 

8.3.2.8. Lastly, a multiple regression was carried out to examine the effect of 

C9orf72 status, controlling for age. A significant model was observed, 

F(2,151) = 5.75 , p<.01, accounting for 7% of variance. Both age (B = -.05, 

p<.001) and C9orf72 status (B = -1.32, p<.05) contributed significantly to 

the model, i.e., after controlling for age, C9orf72 status was associated with 

PHQ-9 status. Being positive for the C9orf72 repeat expansion was 

associated with a 1.32-unit lower PHQ-9 score. 

8.3.2.9. In summary, there is no robust evidence of a difference between 

ALS relatives and controls in terms of depressive symptoms once age is 
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controlled for. Similarly, there is no robust evidence of an effect of family 

history on depression scores. Asymptomatic C9orf72 gene carriers had 

significantly lower depression scores than C9orf72 negative ALS relatives. 

8.3.3. Anxiety 

8.3.3.1. The presence and severity of anxiety were assessed using the 

Generalised Anxiety Disorder Assessment (GAD-7). Histograms and Q-Q 

plots indicated the assumption of normality was violated; therefore, a non-

parametric Wilcoxon rank test was carried out to compare ALS relatives and 

healthy controls on GAD-7 score. ALS relatives had significantly higher 

GAD-7 score than controls, W = 4315, p<.01, r = 0.2 [95% CI: 0.07, 0.32] 

(see figure 8.3.). 

 

Figure 8.3. GAD-7 scores in ALS relatives and controls. 

 

8.3.3.2. Due to the age difference between relatives and controls, and the 

potentially confounding effect this may have on GAD-7 score, a multiple 

linear regression was carried out. GAD-7 score was predicted using age and 
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group status (i.e., control or ALS relative). A significant model was 

observed, F(2, 229) = 3.49, p<.05, R2 = .03. Age was a significant 

contributor to the model (B = -.05, p<.05). However, group status was not, 

i.e., after controlling for age, ALS relatives did not have significantly higher 

GAD-7 scores. 

8.3.3.3. A chi-square test was carried out to examine if ALS relatives had a 

higher frequency of participants above clinically relevant cut-offs for GAD 

(i.e., GAD-7 score greater than or equal to 10). Chi-square was not 

significant, indicating that relatives did not have a higher frequency of 

clinically relevant anxiety symptoms. 

8.3.3.4. A Kruskal-Wallis test was carried out to examine the effect of 

family history of ALS on GAD-7 scores, i.e., comparing relatives of FALS 

patients, relatives of SALS patients and healthy controls. A significant main 

effect was observed, H(2) = 10.48, p<.01. Post-hoc Wilcoxon rank tests 

revealed that FALS relatives had significantly higher GAD scores than 

controls (p<.05). No other post-hoc comparisons were significant (see figure 

8.4.). 
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Figure 8.4. GAD-7 scores in FALS relatives, SALS relatives and controls. 

 

8.3.3.5. To control for the possible confounding effect of age, a multiple 

regression was carried out. GAD-7 score was predicted using age and family 

history status (i.e., SALS, FALS or control). The model was a significant 

predictor of GAD-7 score, F(2, 228) = 2.32, p<.05, R2 = .03. Age was a 

significant contributor to the model (B = -.05, p<.001). However, family 

history was not, i.e., after controlling for age, family history was no longer 

associated with higher GAD-7 score.  

8.3.3.6. A chi square test was carried out to compare FALS relatives, SALS 

relatives and controls in terms of clinically relevant GAD-7 scores (i.e., 

scores greater than or equal to 10). No significant differences were observed 

between the groups in their frequency of clinically relevant GAD-7 score. 

8.3.3.7. A Wilcoxon rank test was carried out to compare C9orf72 positive 

relatives to C9orf72 negative relatives on GAD-7 score. No significant 

difference was observed. A multiple regression was carried out to examine 
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the effect of C9orf72 status, controlling for age. The model was not 

significant, with neither age nor C9orf72 status significantly contributing to 

the model.  

8.3.3.8. In summary, there is no robust evidence of a difference between 

ALS relatives and controls in terms of anxiety symptoms once age is 

controlled for. There is also no robust evidence of an effect of family history 

or C9orf72 status on anxiety scores.  

8.3.4. OCD 

8.3.4.1. The presence and severity of OCD symptoms were assessed using 

the Obsessive-Compulsive Inventory-Revised (OCI-R). Histograms and Q-Q 

plots indicated that the assumption of normality was violated; therefore, a 

non-parametric Wilcoxon rank test was carried out to compare ALS relatives 

and healthy controls on OCI-R score. No significant difference was found. 

8.3.4.2. To control for age, a multiple linear regression was carried out. OCI-

R score was predicted using age and group status (i.e., control or ALS 

relative). The model was not significant, with neither age nor groups status 

contributing significantly to the model. 

8.3.4.3. A Kruskal-Wallis test was carried out to examine the effect of 

family history of ALS on OCI-R scores, i.e., comparing relatives of FALS 

patients, relatives of SALS patients and healthy controls. No significant 

main effect was observed. To control for the effect of age, a multiple linear 

regression was carried out. The model was not a significant predictor of 
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OCI-R score, with neither age nor family history contributing significantly to 

the model. 

8.3.4.4. A Wilcoxon rank test was carried out to compare C9orf72 positive 

relatives to C9orf72 negative relatives on OCI-R scores. No significant 

difference was observed. 

8.3.4.5. In summary, no significant differences were observed between ALS 

relatives and controls on OCD traits. There was no effect of family history, 

nor was there any effect for C9orf72 status. 

8.3.5. Impulsiveness 

8.3.5.1. Impulsiveness traits were assessed using the Barrett Impulsiveness 

Scale (BIS-11). Histograms and Q-Q plots indicated the assumption of 

normality was upheld; therefore, a Welch’s t-test was carried out to compare 

ALS relatives and healthy controls on BIS-11 total score. No significant 

difference was found between ALS relatives and controls.  

8.3.5.2. To control for age, a multiple linear regression was carried out. BIS-

11 score was predicted using age and group status (i.e., control or ALS 

relative). The model was not significant, with neither age nor group status 

contributing significantly to the model. 

8.3.5.3. Welch’s independent samples t-tests were carried out to compare 

ALS relatives and controls on BIS-11 first and second order factors. No 

significant differences were observed on any BIS sub-score (see table 8.2.).  
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Table 8.2. BIS-11 sub-scores in ALS relatives and controls (n = 240). 

BIS-11 sub-score Control mean ALS Relative mean t df p 

Attention 12.01 12.05 -0.09 139 0.93 

     Attention sub-score 7.19 7.47 -0.94 131 0.35 

     Cognitive instability 4.83 4.588 1.4 149 0.17 

Motor 20.58 20.38 0.43 138 0.67 

     Motor sub-score 13.46 13.51 -0.11 146 0.91 

     Perseveration 7.12 6.87 0.99 116 0.33 

Non-planning 22 23.07 -1.81 137 0.07 

     Self-control 11.26 11.78 -1.19 141 0.24 

     Cognitive complexity 10.74 11.29 -1.82 132 0.07 

   

 

   

8.3.5.4. One-way ANOVAs were carried out to compare relatives of FALS 

patients, relatives of SALS patients and healthy controls on BIS-11 total and 

sub-scores. No significant main effects were observed. To control for the 

effect of age, a multiple linear regression was carried out. The model was not 

a significant predictor of BIS-11 total score, with neither age nor family 

history contributing significantly to the model.  

8.3.5.5. Welch’s independent samples t-test indicated that C9orf72 positive 

relatives had significantly lower BIS-11 total scores than C9orf72 negative 

relatives, t(73.13) = 2.1, p<.05, d = 0.49 [95%CI: 0.02, 0.95] (see figure 

8.5.). A multiple linear regression was carried out to control for the effect of 

age. The model was not a significant predictor of BIS total score. However, 

C9orf72 status was a significant contributor to the model (B = -3.52, p<.05). 
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This indicates that C9orf72 positive relatives were associated with a 3.52-

unit lower BIS-11 score, when controlling for age. 

8.3.5.6. In summary, there is no evidence that ALS relatives are significantly 

more impulsive or over-controlled than controls. Similarly, no effect was 

observed for ALS family history. There is some evidence that asymptomatic 

C9orf72 positive relatives had significantly lower BIS-11 scores, indicating 

more over-controlled traits.  

 

Figure 8.5. BIS-11 total score in C9orf72 positive and C9orf72 negative relatives. 

 

8.3.6. Apathy 

8.3.6.1. Apathy was assessed using the Dimensional Apathy Scale (DAS). 

Histograms and Q-Q plots indicated the assumption of normality was 

upheld; therefore, Welch’s t-tests were carried out to compare ALS relatives 

and healthy controls on DAS total, executive, emotional and initiation 

scores. No significant difference was found between ALS relatives and 

controls on DAS total, emotional or executive scores. However, ALS 
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relatives had significantly higher initiation apathy than controls, t(133) = -

2.72, p<.01, d = -0.47 [95%CI: -0.82, -0.13] (see figure 8.6. below). 

 

Figure 8.6. DAS initiation apathy in ALS relatives and controls. 

 

8.3.6.2. To control for the effect of age on DAS initiation apathy, a multiple 

linear regression was carried out. Age and group status were entered as 

predictors. The model was significant, F(2,222) = 4.34, p<.05, accounting 

for 4% of variance. However, neither age, nor group status were significant 

contributors to the model, i.e., after controlling for age, relatives did not have 

significantly higher DAS initiation score. 

8.3.6.3. A chi-square test was carried out to examine if relatives had a higher 

frequency of participants above clinically relevant cut-offs for apathy (i.e., 

DAS score greater than 38). Chi-square was significant, χ2 = 4.20, p<.05. 

ALS relatives were 1.89 times more likely than controls to have clinically 

relevant apathy, OR = 1.89 [95% CI: 3.5, 1.02]. 

8.3.6.4. One-way ANOVAs were carried out to compare relatives of FALS 

patients, relatives of SALS patients and healthy controls on DAS total, 



218 
 

executive, emotional and initiation scores. No significant main effect was 

observed for DAS total, executive or emotion scores. However, a significant 

main effect was observed for initiation apathy, F(2,222) = 3.94, p<.05. Post-

hoc Bonferroni-Holm comparisons indicated that FALS relatives had 

significantly higher initiation apathy than controls (p<.05, see figure 8.7. 

below).  

 

Figure 8.7. DAS initiation apathy in FALS relatives, SALS relatives and controls. 

 

8.3.6.5. To control for the effect of age on DAS initiation scores, a multiple 

linear regression was carried out. Age and family history were entered as 

predictors. The model was significant, F(3,221) = 3.03, p<.05 accounting for 

4% of variance. However, neither age, nor family history were significant 

contributors to the model, i.e., after controlling for age, FALS relatives did 

not have significantly higher DAS initiation apathy.  

8.3.6.6. Welch’s independent samples t-test found no significant difference 

between C9orf72 positive and C9orf72 negative relatives on any DAS total 

score. A multiple linear regression was carried out to control for the effect of 
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age. The model was not a significant predictor of DAS total score, with 

neither age nor C9orf72 status significantly contributing to the model. 

8.3.6.7. Wilcoxon rank tests were carried out to compare C9orf72 positive 

and C9orf72 negative ALS relatives on DAS sub-scores. No significant 

differences were observed on DAS executive or initiation apathy. However, 

C9orf72 positive relatives had significantly higher emotional apathy than 

C9orf72 negative relatives, W = 1417, p<.05, r = .2 [95%CI: 0.03, 0.36]. A 

multiple linear regression was carried out to examine the effect of C9orf72 

status on emotional apathy, controlling for age. The model was not a 

significant predictor of emotion apathy, F(2,143) = 2.87, p >.05. However, 

C9orf72 status was a significant contributor to the model (B = 1.15, p<.05), 

i.e., after controlling for age, C9orf72 positive individuals were associated 

with a 1.15-unit higher emotional apathy. 

8.3.6.8. In summary, whether ALS relatives have significantly higher apathy 

once age is controlled for is unclear. The null finding of the regression 

model may be due to the reduced power that comes from including an extra 

predictor. The fact that age did not significantly contribute to the model 

suggests that age may not be a confounding factor and that the regression to 

control it was unnecessary. Ignoring the age discrepancy between groups, 

ALS relatives had higher apathy scores that were clinically relevant. There is 

also some evidence that ALS relatives with the C9orf72 repeat expansion 

have greater emotional apathy, even controlling for age.  
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8.3.7. Autism 

8.3.7.1. Autism spectrum disorder (ASD) traits were assessed using the 

Autism Spectrum Quotient (AQ). Histograms and Q-Q plots indicated the 

assumption of normality was upheld; therefore, a Welch’s t-test was carried 

out to compare ALS relatives and healthy controls on AQ total score. No 

significant difference was found between ALS relatives and controls. Only 

one participant scored above the clinically meaningful cut-off for autism 

traits. 

8.3.7.2. Welch’s independent samples t-tests were carried out to compare 

ALS relatives and controls on AQ subscales: social skills, communication, 

imagination, attention to detail and attention switching. No significant 

differences were observed between ALS relatives and controls on social 

skills, communication, imagination or attention switching. However, 

relatives had significantly higher attention to detail scores than controls, 

t(122.21) = -2.88, p<.01, d = -0.52 [95%CI: -0.88, -0.16] (see figure 8.8. 

below). 
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Figure 8.8. AQ attention to detail in ALS relatives and controls. 

 

8.3.7.3. To control for the potentially confounding effect of age on AQ sub-

scores, multiple linear regressions were carried out. Age and group status 

were entered into the model, predicting AQ attention to detail. A significant 

model was observed, F(2,223) = 4.39, p<.05, accounting for 4% of variance. 

Age was not a significant contributor to the model. Group status was a 

significant contributor (B = 0.68, p<.05), i.e., after controlling for age, ALS 

relatives still had significantly higher attention to detail scores. 

8.3.7.4. A one-way ANOVAs were carried out to compare relatives of FALS 

patients, relatives of SALS patients and healthy controls on AQ total and 

sub-scores. No significant main effect was observed for AQ total, social 

skills, attention switching, communication or imagination scores. However, 

a significant main effect was observed for attention to detail, F(2,223) = 

5.55, p<.01. Post hoc Bonferroni-Holm comparisons indicated that both 

FALS relatives and SALS relatives scored significantly higher than controls 

(see figure 8.9. below).  
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Figure 8.9. AQ attention to detail in FALS relatives, SALS relatives and controls. 

 

8.3.7.5. A multiple linear regression was carried out to examine the effect of 

family history on attention to detail score, controlling for age. Age and 

family history were entered into the model, predicting AQ attention to detail 

scores. A significant model was observed, F(3,222) = 3.75, p<.05, 

accounting for 5% of variance. Age was not a significant contributor to the 

model. FALS family history was not a significant contributor to the model, 

but SALS history was, i.e., after controlling for age, SALS relatives had 

significantly higher attention to detail scores. 

8.3.7.6. Welch’s independent samples t-test found no significant difference 

between C9orf72 positive and C9orf72 negative relatives on AQ total score 

or sub-scores. 

8.3.7.7. In summary, there is robust evidence that ALS relatives have 

significantly higher attention to detail traits than controls. This appears to be 

driven by relatives of SALS patients rather than relatives of FALS patients.  
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8.3.8. ADHD 

8.3.8.1. The presence and severity of ADHD symptoms were assessed using 

the Adult ADHD Self-Report Scale – short form (ASRS). Histograms and 

Q-Q plots indicated the assumption of normality was violated; therefore, a 

non-parametric Wilcoxon rank test was carried out to compare ALS relatives 

and healthy controls on ASRS total score. No significant difference was 

found between ALS relatives and controls. 

8.3.8.2. To control for age, a multiple linear regression was carried out. 

ASRS total score was predicted using age and group status (i.e., control or 

ALS relative). The model was not significant, with neither age nor group 

status contributing significantly to the model. 

8.3.8.3. A Kruskal-Wallis test was carried out to compare relatives of FALS 

patients, relatives of SALS patients and healthy controls. No significant 

main effect was observed. To control for the effect of age, a multiple linear 

regression was carried out. The model was not a significant predictor of 

ASRS score, with neither age nor family history contributing significantly to 

the model. 

8.3.8.4. Wilcoxon rank test found no significant difference between C9orf72 

positive and C9orf72 negative relatives on ASRS total score. A multiple 

linear regression was carried out to control for the effect of age. The model 

was significant, F(2,143) = 4.65, p<.05, accounting for 6% of the variance in 

ASRS score. Both age (B = -.02, p<.05) and C9orf72 status (B = -0.73, p 

<.05) were significant contributors to the model, i.e., after controlling for 
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age, C9orf72 negative status was associated with a 0.73-unit higher ASRS 

total score (see figure 8.10.). 

 

Figure 8.10. ASRS total score in C9orf72 positive and C9orf72 negative relatives. 

 

8.3.8.5. In summary, there is no evidence of any difference in ADHD 

symptoms between ALS relatives and controls. There is some evidence that 

C9orf72 negative ALS relatives have significantly higher ADHD symptoms 

than C9orf72 positive relatives after controlling for age. 

8.3.9. Psychosis 

8.3.9.1. The positive symptoms of psychosis were assessed using the 

Community Assessment of Psychic Experience – Positive 15-item scale 

(CAPE-P15). Histograms and Q-Q plots indicated the assumption of 

normality was violated; therefore, non-parametric Wilcoxon rank tests were 

carried out to compare ALS relatives and healthy controls on CAPE total 

frequency and distress scores. ALS relatives had significantly higher CAPE-

P15 frequency scores than healthy controls, W = 4366, p<.01, r = 0.19 [95% 
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CI: 0.07, 0.3] (see figure 8.11. below). No significant difference was 

observed on CAPE-P15 distress score. 

 

Figure 8.11. CAPE-P15 frequency scores in ALS relatives and controls. 

 

8.3.9.2. To control for age, multiple linear regressions were carried out. 

CAPE-P15 frequency and distress scores were predicted using age and group 

status (control or ALS relative). The model was a significant predictor of 

CAPE-P15 frequency, F(2,228) = 7.45, p<.001, accounting for 6% of 

variance. Age was a significant contributor to the model (B = -.02, p<.01), 

however, group status did not significantly contribute to the model, The 

model was also a significant predictor of CAPE-P15 distress score, F(2,228) 

= 4.5, p<.01, accounting for 4% of variance. Again, age was a significant 

contributor to the model (B = -0.02, p<.05) but group status was not, i.e., 

after controlling for age, relatives did not have significantly higher CAPE-

P15 frequency of distress scores than healthy controls. 

8.3.9.3. Wilcoxon rank tests were carried out to compare ALS relatives and 

controls on CAPE-P15 sub-scores: persecutory ideation, bizarre experience 
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and perceptual abnormalities. ALS relatives had significantly higher 

persecutory ideation than controls, W = 4446.5, p<.007, r = .18 [95%CI 

0.04, 0.29] (see figure 8.12.). No significant differences were observed in 

terms of bizarre experiences or perceptual abnormalities. 

 

Figure 8.12. CAPE-P15 persecutory ideation in ALS relatives and controls. 

 

8.3.9.4. To control for the effect of age on CAPE-P15 persecutory ideation, a 

multiple linear regression was carried out. Age and group status were 

entered into the model to predict CAPE-P15 persecutory ideation. A 

significant model was observed, F(2,228) = 5.75, p<.01, accounting for 5% 

of variance. Age was a significant contributor to the model (B = -0.01, 

p<.05). However, group status was not, i.e., after controlling for age, ALS 

relatives did not have significantly higher persecutory ideation. 

8.3.9.5. A Kruskal-Wallis test was carried out to compare relatives of FALS 

patients, relatives of SALS patients and healthy controls. A significant main 

effect was observed for CAPE-P15 frequency score, H(2) = 14.0, p<.001. 

Post hoc Wilcoxon rank tests found that FALS relatives scored significantly 
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higher than controls (p<.05) (see figure 8.13). A significant main effect was 

also observed on CAPE-P15 distress score, H(2) = 10.45, p<.01. However, 

post-hoc Wilcoxon rank tests found no significant differences between 

subgroups (see figure 8.13.). 

 

 

Figure 8.13. CAPE-P15 frequency and distress scores in FALS relatives, SALS 

relatives and controls. 

 

8.3.9.6. To control for age, multiple linear regressions were carried out. 

CAPE-P15 frequency and distress scores were predicted using age and 
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family history status (i.e., FALS, SALS or control). The model was a 

significant predictor of CAPE-P15 frequency, F(2,227) accounting for 7% of 

variance. Age was a significant contributor to the model (B = -.02, p<.05), 

however, group status did not significantly contribute to the model. The 

model was also a significant predictor of CAPE-P15 distress score, F(3,227) 

= 4.02, p<.01, accounting for 5% of variance. Again, age was a significant 

contributor to the model (B = -.01, p<.05), but group status was not, i.e., 

after controlling for age, FALS relatives did not have significantly higher 

CAPE-P15 frequency or distress scores than healthy controls. 

8.3.9.7. Kruskal-Wallis tests were carried out to compare FALS relatives, 

SALS relatives and healthy controls on CAPE-P15 sub-scores. A significant 

main effect was observed for persecutory ideation, H(2) = 15.54, p<.001. 

Post hoc Wilcoxon rank tests indicated that FALS relatives scored 

significantly higher than both SALS relatives and controls (see figure 8.14.). 

No significant main effect was observed for the bizarre experiences or 

perceptual abnormalities sub-scores of the CAPE-P15. 
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Figure 8.14. CAPE-P15 persecutory ideation in FALS relatives, SALS relatives and 

controls. 

 

8.3.9.8. Wilcoxon rank test found no significant difference between C9orf72 

positive and C9orf72 negative relatives on CAPE-P15 frequency or distress 

scores. Multiple linear regressions were carried out to control for the effect 

of age. The models were not significant predictors of CAPE-P15 frequency 

or distress scores, with neither age, nor C9orf72 status significantly 

contributing to the models. 

8.3.9.9. Kruskal-Wallis tests found no significant differences between 

C9orf72 positive and C9orf72 negative relatives on CAPE-P15 sub-scores. 

Multiple linear models were constructed, examining the effect of family 

history (FALS, SALS and controls) on CAPE-P15 sub-scores. A significant 

model was observed for persecutory ideation, F(3,227) = 5.86, p<.001, 

accounting for 7% of variance. Age was a significant contributor to the 

model (B = -0.01, p<.05), but family history was not.  

8.3.9.10. In summary, there is no robust evidence of a difference between 

ALS relatives and controls on CAPE-P15 frequency or distress total scores, 
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or sub-scores once age is controlled for. There was also no robust evidence 

of a difference between C9orf72 positive and negative ALS relatives. 

8.3.10. Personality 

8.3.10.1. Personality traits were measured using the Ten-Item Personality 

Inventory (TIPI). The TIPI consists of 10 questions, examining the big 5 

personality traits: extroversion, agreeableness, conscientiousness, emotional 

stability and openness to experience. Welch’s independent samples t-test 

found that relatives had significantly lower conscientiousness, t(114.68) = 

3.03, p<.01, and openness to experience scores, t(145.39) = 3.25, p<.01 (see 

figure 8.15.).  

8.3.10.2. To control for the effect of age, multiple linear regressions were 

carried out, including age and group status as predictors. The model was a 

significant predictor of conscientiousness score, F(2,220) = 5.14, accounting 

for 4% of variance. Age was not a significant contributor to the model, but 

group status was (B = -.39, p<.01). The model was also able to significantly 

predict openness score, F(2,220) = 4.83, p<.01, accounting for 4% of 

variance. Again, age was not a significant contributor to the model, but 

group status was (B = -.47, p<.01), i.e., after controlling for age, relatives 

still had significantly lower conscientiousness and openness to experience 

scores. 
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Figure 8.15. TIPI conscientiousness and openness to experience in ALS relatives 

and controls. 

 

8.3.10.3. One-way ANOVAs were carried out to compare FALS relatives, 

SALS relatives and controls on TIPI personality scores. Significant main 

effects were observed for conscientiousness, F(2,220) = 5.16, p<.01, and 

openness to experience, F(2,220) = 5.82, p<.01. Post-hoc Bonferroni-Holm 

tests were carried out to compare FALS relatives, SALS relatives and 

controls on TIPI conscientiousness and openness traits. FALS relatives had 

significantly lower openness to experience scores than controls (p<.01). 

FALS relatives also had significantly lower conscientiousness scores than 

both controls (p<.01) and SALS relatives (p<.05) (see figure 8.16.).  
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Figure 8.16. TIPI conscientiousness and openness to experience in FALS relatives, 

SALS relatives and controls. 

 

8.3.10.4. To control for age, multiple linear regressions were carried out 

including age and family history as predictors. The model was a significant 

predictor of TIPI conscientiousness score, F(3,219) = 3.43, p<.05, 

accounting for 5% of variance. Age was not a significant contributor to the 

model (p>.05). Family history was a significant contributor to the model, 

with both FALS relatives (B = -.4, p<.05) and SALS (B = -.36, p<.05) 

associated with significantly lower conscientiousness scores than controls, 

i.e., after controlling for age, both FALS relatives and SALS relatives had 

significantly lower conscientiousness traits than controls. 

8.3.10.5. The model was also a significant predictor of TIPI openness scores, 

F(3, 219) = 3.88, p<.01, accounting for 5% of variance. Again, age was not a 

significant contributor to the model (p>.05). Family history significantly 

contributed to the model, however only FALS relatives were associated with 

lower openness scores (B = -.32, p<.01) i.e., after controlling for age, FALS 

relatives had significantly lower openness traits than controls. 
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8.3.10.6. Welch’s independent samples t-tests found no significant 

differences between C9orf72 positive and C9orf72 negative relatives on any 

TIPI personality traits. Multiple linear regressions were carried out to control 

for age. No models were significant predictors of TIPI scores. 

8.3.10.7. In summary, there is robust evidence than ALS relatives have 

significantly lower conscientiousness and openness personality traits. These 

traits cluster more so in relatives of FALS patients than relatives of SALS 

patients. No differences were observed between C9orf72 positive and 

C9orf72 negative ALS relatives on any personality trait. 

8.4. Summary of findings  

8.4.1. Overall, few differences were found between ALS relatives and 

healthy controls on neuropsychiatric traits. Initial comparisons indicated that 

ALS relatives had higher anxiety, depression and psychosis traits, however, 

these findings were no longer significant after controlling for age. There 

were also no robust differences between relatives and controls in terms of 

OCD or impulsiveness traits.  

8.4.2. ALS relatives had significantly lower conscientiousness and openness 

to experience traits than controls. This was driven largely by FALS relatives 

and was significant even when controlling for age. 

8.4.3. C9orf72 negative individuals had significantly higher impulsivity and 

ADHD traits than C9orf72 positive individuals, even when controlling for 

age.  
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8.5. Discussion  

8.5.1. This study is the first, in-depth characterization of the neuropsychiatric 

traits of unaffected ALS relatives. Unlike the analysis of neuropsychological 

tests, relatives showed few differences from controls. Consequently, these 

results are at variance with findings of previous aggregation studies, which 

purported a higher prevalence of schizophrenia/psychosis, suicide, OCD, 

alcoholism and autism in Irish ALS kindred (102,361).  

8.5.2. The most reliable finding of these aggregation studies, (102,361) 

which was supported by genetic analysis (136), is that ALS relatives have a 

higher prevalence of schizophrenia/psychosis. Direct assessment of 

psychotic traits using the CAPE-P15 did not support this association once 

age was controlled for. This null finding may be due to the limitations of the 

CAPE-P15, which is typically used as a screening measure, and validated 

primarily in adolescent populations (341). Furthermore, the CAPE-P15 

measures positive psychotic symptoms but does not address negative 

symptoms.  

8.5.3. Another potential reason why there was no association with psychotic 

traits, is that these traits are likely present in a relatively small number of 

relatives, and this study did not have sufficient power to detect a small effect 

size. The aggregation studies mentioned have data on thousands of ALS 

relatives, from hundreds of kindred, enabling them to detect small, yet 

significant effects. For example, O’Brien et al. (135) had data 2116 ALS 

family members, with just 13 having a diagnosis of schizophrenia. While 

subclinical traits are expected to be more widespread than the clinical 
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diagnosis, this study likely had too few participants to detect an effect. This 

argument is made by McLaughlin et al., (136) who note that despite the 

genetic correlation between ALS and schizophrenia, large sample sizes are 

required to observe this epidemiologically. 

8.5.4. Another potential factor that may explain the discrepancy between this 

study and previous aggregation studies is the method of data collection. In 

aggregation studies, history of psychosis was reported on a family history 

questionnaire and then verified using medical records. As a result, 

researchers got a relatively complete view of each ALS kindred. In contrast, 

this study recruited ALS relatives on a voluntary basis, which likely resulted 

in a self-selection bias. Anecdotally, when families were invited to 

participate, the research team were often instructed not to approach some 

members who were either ‘estranged’ or had ‘an unusual personality’. Social 

isolation and withdrawal from society is a core feature of schizophrenia 

(362). Thus, ALS relatives who may have displayed schizophrenia/psychosis 

traits were unlikely to participate. 

8.5.5. One finding that was supported from aggregation studies, was that 

ALS relatives reported greater levels of ASD traits, which clustered in FALS 

relatives. However, this was specific to a sub-set of ASD traits centered 

around attention to detail. Attention to detail ASD traits relate to how 

individuals attend to fine grain details at the expense of more integrative 

perceptions (363).  

8.5.6. Evidence that ALS relatives show higher levels of apathy than 

controls was mixed. ALS relatives had significantly higher apathy scores 
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than controls, however, this was no longer significant once age was 

controlled for. As age did not predict apathy score itself, this null finding 

may have been due to a reduction in power from adding a second predictor. 

Apathy in ALS relatives appeared to be specific to initiation apathy, i.e., 

difficulty generating thoughts or behaviours. This is the dimension of apathy 

that is most impaired in ALS patients (54), and is associated with 

abnormalities in anterior cingulate cortex (364).  

8.5.7. Low scores of openness to experience and conscientiousness emerged 

as the most robust neuropsychiatric endophenotypes in this sample. Research 

into personality characteristics in ALS is limited, however some studies do 

suggest that ALS patients are more likely to display certain personality 

characteristics. A small mixed methods study of psychological functioning 

in ALS found that ALS patients exhibited a high degree of emotional control 

(365). This finding was supported by an American ALS cohort study which 

asked caregivers of ALS patients to rate the patients personality 

characteristics prior to their illness using the NEO-Personality Inventory 

(348). In this study patients with ALS were reported as having significantly 

lower openness to experience scores than patients with other chronic, 

progressive diseases, such as multiple sclerosis and cancer.  

8.5.8. Individuals with low openness to experience typically attend to the 

problem at hand, suppressing emotional reactions. In the face of a terminal 

diagnosis, individuals with low openness to experience would tend to accept 

the clinicians view and focus on compliance with treatment. This may 

account for why ALS patients are anecdotally seen as ‘good patients’ 
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(366,367). This personality characteristic and its tendency to promote 

problem-solving coping also coincide with the high scores on the attention to 

detail subscale of the Autism Quotient. 

8.5.9. The results of this study compliment a recent analysis of 

neuropsychiatric disorders in Scottish ALS patients and their family 

members (137), where patients with a premorbid mood disorder had 

increased apathy post diagnosis. A family history of psychiatric disorders 

was associated with poorer visuospatial scores and a higher prevalence of 

behavioural change in patients. These finding were independent of C9orf72 

status, implicating the involvement of unknown gene variants. Future 

research will be required to establish if the neuropsychiatric endophenotypes 

identified in this thesis are linked with cognitive and/or behavioural change 

in patients. 

8.5.10. While ALS relatives appeared to have higher scores on apathy and 

autism traits, they did not have a higher prevalence of individuals above 

clinically relevant thresholds. This indicates that these neuropsychiatric traits 

are likely sub-clinical, and not easily observable without psychometric 

measurement. 

8.6. Limitations  

8.6.1. One of the key issues during analysis was to compare ALS relatives 

and controls, while addressing the difference in age between these groups. 

As normative data was unavailable, a regression-based approach was 

adopted to control for age. This appeared to be an effective approach for 

some neuropsychiatric measures, for example, age was associated with 
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depression, anxiety and psychosis scores. However, age did not appear to 

associate with OCD, impulsiveness, apathy, autism, OCD or personality 

score, and thus this approach may have been unnecessary.  

8.6.2. While this study has primarily focused on genetic factors which may 

influence neuropsychiatric traits and disorders, it is equally important to 

consider the myriad psycho-social factors which may mediate and/or 

moderate these relationships. For example, individuals with schizophrenia 

disproportionately reside in areas with greater social deprivation and occupy 

lower socio-economic positions (368). While our sample of ALS relatives 

matched controls in terms of education, they may have scored lower on other 

socio-economic indicators, such as parental education and occupation. 

Future studies should implement more detailed assessment of socio-

economic status to assess this issue. 

8.6.3. Another potential confounder is the emotional impact that an ALS 

diagnosis may have had on family members, and how this influenced 

neuropsychiatric traits. Endophenotype studies often interpret differences 

between relatives and controls as indicative of genetic factors. However, the 

emotional trauma of having a loved-one receive a terminal diagnosis could 

certainly affect some of the outcome measures assessed. This could be 

especially true in families with a strong family history, where individuals 

have witnessed multiple relatives die from ALS. Furthermore, some 

participants may have been acting as the primary or secondary caregiver of a 

patient with ALS. The significant burden associated with caregiving may 
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have influenced scores on neuropsychiatric traits, particularly for measures 

of anxiety and depression.   

8.6.4. Many of the neuropsychiatric questionnaires used in this study are 

short screening measures that may not have been sensitive enough to detect 

small group differences in neuropsychiatric traits. This was particularly the 

case for the measure of ADHD. The questionnaires used in this study were 

chosen to enable an exploratory analysis of neuropsychiatric traits in ALS 

relatives without overburdening participants with long assessments. 

However, future studies may benefit from applying more in-depth 

measurement of specific neuropsychiatric domains. 

8.6.5. As mentioned in 8.5.4. this study is likely limited by selection bias. 

Relatives of ALS patients with abnormal neuropsychiatric traits may have 

been less likely to participate in a neuropsychological and neuropsychiatric 

research study. However, this is also likely to be true for healthy controls. 
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9. Chapter 9. Results 3: Differential Deficits and Clustering of 

Endophenotypes in Unaffected ALS Relatives   

9.1. Introduction 

9.1.1. The previous two chapters outline several potential endophenotypes of 

ALS. ALS relatives had significantly lower scores on intelligence, executive 

functioning, language and memory tasks, and significantly higher scores on 

autism attention to detail traits, and conscientiousness and openness 

personality traits than controls. 

9.1.2. The purpose of this chapter was to examine these potential 

endophenotypes further. One of the key findings in Chapter 7 was that ALS 

relatives had significantly lower IQ than controls. However, IQ is strongly 

associated with other neuropsychological measures, such as executive 

functioning (369), memory (370) and language tasks (371), and may account 

for the deficits observed on these other functions. Thus, a series of analyses 

were carried out to parse the variance associated to IQ, i.e., the extent to 

which executive, memory and language deficits in ALS relatives are 

independent from IQ.  

9.1.3. ALS is a considerably heterogenous disease, with different types of 

onsets, rates of progression, genetic contributors and cognitive and 

behavioural components. These varying profiles are likely due to different 

underlying processes, underpinned by differing genetic factors. Cluster 

analysis is a commonly used tool in ALS research to help differentiate 
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different sub-phenotypes of the condition, based on clinical, 

electrophysiological or cognitive data.  

9.1.4. Clustering of clinical and demographic information suggests that 5 

clusters of ALS groups exist, with varying survival outcomes (372). A recent 

cluster analysis of electrophysiological data suggest that ALS patients can be 

divided into 4 groups, reflecting varying degrees of disruption to somato-

motor, frontotemporal and frontoparietal networks (373). Clustering of 

cognitive data in ALS suggests 4 patient subgroups: intact, mild impairment, 

moderate impairment and severe impairment (374).  

9.1.5. Considering the numerous clusters observed in patients, it is possible 

that ALS relatives have a similar diversity of phenotypes. This may be due 

to known ALS risk genes such as C9orf72, or currently unknown risk genes. 

In this chapter, a multivariate cluster analysis was performed to examine if 

and how neuropsychological and neuropsychiatric outcomes relate to one 

another.  

9.2. Methods 

9.2.1. Participants 

9.2.1.1. Participant recruitment, inclusion and exclusion criteria, the 

neuropsychological and neuropsychiatric assessments that were carried out, 

and the procedure that was followed are all detailed in chapter 6.  

9.2.2. Statistical analysis 

9.2.2.1. A series of hierarchical multiple linear regressions were carried out 

to determine if the cognitive deficits observed in ALS relatives were 
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independent of IQ. In each model, WASI-II FSIQ-2 was entered into the 

model first, followed by group status in step 2 (i.e., ALS relative vs control). 

This model was used to predict cognitive outcomes which were identified as 

potential endophenotypes in chapter 7. To reduce the number of highly 

correlated outcomes, just one cognitive outcome was chosen from each 

domain. These outcomes were the cognitive scores with the largest effect 

sizes, namely: FAS verbal fluency total score, CWIT inhibition errors, digit 

span backwards span, IGT trial 5 score, BNT phonemic score, RAVLT 

immediate recall, logical memory delayed recall and RCFT delayed recall. 

9.2.2.2. K means clustering was carried out to examine whether and to what 

extent neuropsychological and neuropsychiatric endophenotypes cluster 

together. Cognitive tests with a high degree of missing data were excluded to 

maximize power. This included the SART and IGT, which some participants 

declined. Participants who did not have complete data on the remaining 

outcomes were excluded pairwise. This resulted in a reduced participant pool 

of 89 ALS relatives. The R package ‘NbClust’ was utilized to identify the 

ideal number of clusters in the neuropsychological and neuropsychiatric 

data. This package uses 15 different indices, such as the Hubert's gamma 

coefficient, the Dunn index and the corrected rand index, to determine the 

optimal number of clusters in a dataset. The optimal cluster number was 

identified and plotted. The characteristics of the different clusters was then 

explored. 
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9.3. Results 

9.3.1. Role of IQ in cognitive endophenotypes 

9.3.1.1. Verbal Fluency 

9.3.1.1.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had lower verbal fluency scores than controls, after controlling for 

IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group status 

(i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.1.). Step 1 of the model was significant, with IQ 

accounting for 19% of the variance in verbal fluency. Step 2 of the model 

was also significant, adding an additional 3% of variance explained. This 

indicates that verbal fluency deficits in ALS relatives are not solely 

attributable to IQ. In real terms, ALS relatives had a 0.47-unit lower verbal 

fluency z-score than controls, holding IQ constant. 

Table 9.1. Hierarchical multiple regression summary, predicting verbal fluency 

from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.19    <.001 

         Constant  -3.5 0.5  <.001 

         FSIQ-2  .03 0.005 0.44 <.001 

Step 2 0.03    .005 

        Constant  -2.89 0.53  <.001 

        FSIQ-2  .03 0.005 0.40 <.001 

        Group  -0.47 0.17 -.18 .005 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = FAS verbal fluency z-score 
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9.3.1.2. CWIT Inhibition errors 

9.3.1.2.1. A hierarchical linear regression was carried out to examine if ALS 

relatives made more CWIT inhibition errors than controls, controlling for 

IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group status 

(i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.2.). Step 1 of the model was significant, with IQ 

accounting for 15% of the variance in CWIT errors. In this case, step 2 of the 

model was not significant, failing to explain any additional variance. This 

indicates that the CWIT inhibition deficits observed in ALS relatives are 

likely attributable to a difference from controls in IQ. 

Table 9.2. Hierarchical multiple regression summary, predicting CWIT inhibition 

errors from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.15    <.001 

         Constant  -1.9 0.37  <.001 

         FSIQ-2  .02 0.004 0.39 <.001 

Step 2 0.01    .15 

         Constant  -1.7 0.4  <.001 

         FSIQ-2  .02 0.004 0.37 <.001 

         Group  -0.18 0.12 -0.1 .15 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = CWIT inhibition errors z-score 
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9.3.1.3. Digit span backwards  

9.3.1.3.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had shorter digit span backwards scores than controls, controlling 

for IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group 

status (i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.3.) Step 1 was significant, with IQ accounting for 16% of 

the variance in digit span performance. Step 2 in the model was also 

significant, adding an additional 4% of variance explained. This indicates 

that the digit span backwards deficit observed in ALS relatives is not entirely 

attributable to differences in IQ. In real terms, ALS relatives had a 0.43-unit 

lower digit span z-score than controls, holding IQ constant. 

Table 9.3. Hierarchical multiple regression summary, predicting digit span 

backwards from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.16    <.001 

         Constant  -2.52 0.46  <.001 

         FSIQ-2  .03 0.005 0.40 <.001 

Step 2 0.04    .004 

        Constant  -1.96 0.49  <.001 

        FSIQ-2  .03 0.004 0.37 <.001 

        Group  -0.43 0.15 -.19 .004 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = Digit span backwards z-score 
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9.3.1.4. IGT trial 5 

9.3.1.4.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had poorer IGT trial 5 performance than controls, controlling for 

IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group status 

(i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.4.). In this case step 1 in the model was not significant, 

i.e., IQ did not predict IGT score. Step 2 in the model was significant, 

explaining 8% of the variance in IGT scores. This indicates that the IGT 

deficit observed in ALS relatives is completely independent from IQ. In real 

terms, ALS relatives had an 8.1-unit lower IGT t-score than controls, 

holding IQ constant. 

Table 9.4. Hierarchical multiple regression summary, predicting IGT Trial 5 score 

from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.004    .53 

         Constant  40.7 8.74  <.001 

         FSIQ-2  0.05 0.08 0.06 .53 

Step 2 0.08    .005 

        Constant  52.02 9.29  <.001 

        FSIQ-2  -0.01 0.08 -0.01 .91 

        Group  -8.1 2.8 -0.3 .005 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = IGT trial 5 t-score 
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9.3.1.5. BNT phonemic  

9.3.1.5.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had worse BNT phonemic scores than controls, controlling for IQ. 

WASI-II FSIQ-2 was entered into the model at step 1, and group status (i.e., 

ALS relative vs healthy control) was entered at step 2 (see model summary 

in table 9.5.). Step 1 was significant, with IQ explaining 10% of variance in 

BNT score. Step 2 in the model was also significant, adding 6% of variance 

explained. This indicates that the BNT deficits observed in ALS relatives are 

not entirely attributable to differences in IQ. In real terms, ALS relatives had 

a 0.97-unit lower BNT phonemic z-score than controls, holding IQ constant. 

Table 9.5. Hierarchical multiple regression summary, predicting BNT phonemic 

score from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.1    <.001 

         Constant  -5.22 0.83  <.001 

         FSIQ-2  0.04 0.008 0.32 <.001 

Step 2 0.06    <.001 

        Constant  -3.98 0.87  <.001 

        FSIQ-2  0.03 0.008 0.27 <.001 

        Group  -0.97 0.26 -0.24 <.001 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = BNT phonemic z-score 
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9.3.1.6. RAVLT immediate recall  

9.3.1.6.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had poorer RAVLT immediate recall than controls, controlling for 

IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group status 

(i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.6.). Step 1 in the model was significant, with IQ 

accounting for 23% of variance in RAVLT recall. However, step 2 in the 

model was not significant, failing to add any variance explained. This 

indicates that the RAVLT immediate recall deficits in ALS relatives are 

attributable deficits in IQ. 

 

Table 9.6. Hierarchical multiple regression summary, predicting RAVLT 

immediate recall score from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.23    <.001 

         Constant  -3.46 0.54  <.001 

         FSIQ-2  0.04 0.005 0.48 <.001 

Step 2 0.01    .06 

        Constant  -3.02 0.58  <.001 

        FSIQ-2  0.04 0.005 0.46 <.001 

        Group  -0.33 0.18 -0.12 .06 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = RAVLT 5 trial total immediate recall z-score 
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9.3.1.7. Logical Memory delayed recall 

9.3.1.7.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had poorer logical memory delayed recall than controls, controlling 

for IQ. WASI-II FSIQ-2 was entered into the model at step 1, and group 

status (i.e., ALS relative vs healthy control) was entered at step 2 (see model 

summary in table 9.7.). Step 1 in the model was significant, with IQ 

accounting for 21% of the variance in logical memory scores. However, step 

2 in the model was not significant, indicating that the logical memory 

delayed recall deficits observed in ALS relatives are attributable to deficits 

in IQ. 

 

Table 9.7. Hierarchical multiple regression summary, predicting LM delayed recall 

score from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.21    <.001 

         Constant  0.9 1.44  .53 

         FSIQ-2  0.1 0.01 0.46 <.001 

Step 2 0.03    .06 

        Constant  1.99 1.56  <.001 

        FSIQ-2  0.09 0.01 0.44 <.001 

        Group  -0.83 0.47 -0.12 .08 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = LM delayed recall scaled score 
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9.3.1.8. RCFT delayed recall 

9.3.1.8.1. A hierarchical linear regression was carried out to examine if ALS 

relatives had poorer RCFT delayed recall than controls, controlling for IQ. 

WASI-II FSIQ-2 was entered into the model at step 1, and group status (i.e., 

ALS relative vs healthy control) was entered at step 2 (see model summary 

in table 9.8.). Step 1 in the model was significant, with IQ accounting for 7% 

of the variance in RCFT. However, step 2 in the model was not significant, 

indicating that the RCFT delayed recall deficit observed in ALS relatives is 

attributable to global differences in IQ. 

 

 

Table 9.8. Hierarchical multiple regression summary, predicting RCFT delayed 

recall score from WASI-II FSIQ-2 and group status (n = 209). 

 ΔR2 B SE B β p 

Step 1 0.07    <.001 

         Constant  -4.02 1.08  <.001 

         FSIQ-2  0.4 0.01 0.27 <.001 

Step 2 0.003    .52 

        Constant  -3.66 1.21  .003 

        FSIQ-2  0.04 0.01 0.26 <.001 

        Group  -0.24 0.37 -0.05 .52 

FSIQ-2 = 2 Subtest Full Scale IQ  

Dependent variable = RCFT delayed recall z-score 
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9.3.1. Cluster analysis 

9.3.1.1. Participants 

9.3.1.1.1. Eighty-nine ALS relatives were included in the cluster analysis. 

The demographic and clinical details of this reduced cohort are outlined in 

table 9.9. below. While a large number of participants were excluded due to 

missing data, the cluster analysis sample has a similar mean age and 

education, and similar proportions in terms of gender, family history and 

c9orf72 status as the overall cohort (described in chapter 7). 

 

 

Table 9.9. Demographic information of ALS relatives included in cluster analysis. 

 ALS relative (n = 89) 

Sex  

Female, n (%) 54 (61%) 

Male, n (%) 35 (39%) 

Age   

Age in years, mean (sd) 47.96 (16.2) 

Education   

Years in education, mean (sd) 16.9 (3.36) 

Family History  

FALS, n (%) 49 (55%) 

SALS, n (%) 40 (45%) 

C9orf72 repeat expansion status  

Negative, n (%) 74 (87%) 

Positive or Intermediate, n (%) 11 (13%) 

FALS – Familial ALS, SALS – Sporadic ALS 
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9.3.1.2. Number of clusters  

9.3.1.2.1. K means cluster analysis of neuropsychological and 

neuropsychiatric data identified two distinct clusters of ALS relatives 

according to 15 different indices. A two-factor solution was also supported 

using the silhouette method (see figure 9.1.). The first cluster contained 57% 

of the sample (n = 51), and cluster 2 contained 43% (n = 38).  

 

 Figure 9.1. Silhouette graph of the optimal number of clusters. 

 

9.3.1.2. The 2 clusters solution had a within cluster sum of variance of 

10.4%. Cluster 1 had greater within cluster variance than cluster 2 (see 

figure 9.2.).  
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Figure 9.2. Cluster plot showing where participants lie from the cluster centroids. 

 

9.3.1.2. Comparison of clusters  

9.3.1.2.1. Clusters 1 and 2 were explored in terms of demographic and 

clinical characteristics. No significant differences were observed between the 

clusters in terms of C9orf72 status, family history of ALS (i.e., FALS vs 

SALS), age, education or handedness (see table 9.10.).  

Table 9.10. Demographic and clinical characteristics of clusters 1 and 2. 

 Cluster 1  

(n = 37) 

Cluster 2  

(n = 48) 

t/χ2 (df) p 

Age, mean 47.16 48.55 -0.4 (78.96) .69 

Education, mean 16.44 17.25 -1.14 (81.54) .26 

Handedness, n left/n right 4/34 4/45 1.67 (1) .43 

Gender, n female/ n male 24/14 30/21 0.04 (1) .85 
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C9orf72 status, n positive/ n 

negative 

5/32 6/42 <.0001 (1) .99 

 

 

9.3.1.2.1. Clusters 1 and 2 were also compared in terms of the 

neuropsychological and neuropsychiatric profile of each cluster. Cluster 1 

was characterized by significantly lower IQ, inhibition and social cognition 

scores than cluster 2. Cluster 1 was also associated with significantly higher 

anxiety, depression, psychosis, impulsiveness, extroversion, 

conscientiousness and emotional stability. In contrast, cluster 2 was 

associated with high IQ and higher inhibition, as well as higher apathy and 

autism attention to detail traits (see table 9.11. and figure 9.3.). 

Table 9.11. Comparisons of clusters 1 and 2 on neuropsychological and 

neuropsychiatric scores. 

 Cluster 1 (n 

= 37) 

Cluster 2 (n 

= 48) 

t(df)/W p 

WASI-II FSIQ-2 97.24 105 -3.02 (84.3) .003 

CWIT inhibition errors, scaled score 10.05 11.2 -2.2 (47.31) .03 

FAS verbal fluency, z-score -0.36 -0.01 -1.59 (86.91) .11 

Digit span backwards, z-score 0.42 0.05 1.8 (76.63) .08 

RMET, z-score -0.36 0.12 -2.28 (65.28) .03 

BNT phonemic, z-score -2.24 -1.38 -1.86 (53.11) .07 

RAVLT immediate recall, z-score 0.25 0.63 -1.56 (80.14) .12 

RCFT delayed recall -0.49 0.49 -1.81 (79.01) .07 

PHQ-9, raw score 3.87 1.94 1363 <.001 

GAD-7, raw score 5.29 1.14 1630 <.001 
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CAPE-P15, raw score 2.58 .98 1398 <.001 

OCIR, raw score 7.94 3.80 1424 <.001 

AQ Attention to detail, raw score 5.08 6.27 -3.29 (67.44) .002 

DAS, raw score 36.16 43.02 -5.48 (68.85) <.001 

ASRS, raw score 2.05 0.67 1479 <.001 

BIS, raw score 59.13 52.41 4.39 (70.7) <.001 

TIPI extroversion, raw score 4.87 3.94 4.96 (73.47) <.001 

TIPI agreeableness, raw score 4.83 4.49 1.65 (81.72) .1 

TIPI conscientiousness, raw score 4.26 3.93 2.01 (72.33) .048 

TIPI emotional stability, raw score 5.09 4.57 2.51 (84.14) .01 

TIPI openness, raw score 4.17 4.51 -1.39 (59.82) .17 
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Figure 9.3. Comparisons between cluster 1 and cluster 2 on neuropsychological and 

neuropsychiatric measures.  

 

9.4. Summary of results 

9.4.1. Hierarchical regression analysis revealed that the memory and 

inhibition deficits observed in ALS relatives were attributable to deficits in 

IQ. Deficits in verbal fluency, working memory, and confrontational naming 
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were partially attributable to IQ, but relatives still had significantly lower 

scores even after holding IQ constant. IQ was not associated with IGT 

deficits, and therefore did not account for why ALS relatives performed 

poorly on this task. 

9.4.2. Cluster analysis revealed two subgroups of ALS relatives. These 

subgroups were not driven by age, education, handedness, C9orf72 status or 

a stronger family history of ALS. Instead, these groups differed in their 

neuropsychological and neuropsychiatric profile. Cluster 1 was characterized 

by cognitive impairment and a range of neuropsychiatric traits. In contrast 

cluster 2 was characterized by normal cognitive functioning, and a higher 

degree of apathy and autism traits.  

9.5. Discussion 

9.5.1. These findings further elucidate the nature of the candidate 

endophenotypes identified in chapters 7 and 8. Regression analysis revealed 

that IQ accounted: entirely for deficits on inhibition and memory tasks, 

partially for deficits on verbal fluency, naming and working memory tasks, 

but not at all for emotion-based decision making. This pattern of results 

largely supports previous studies that parse out the contribution of IQ to 

neuropsychological tasks. Tasks with high cognitive complexity (i.e., 

multiple cognitive processes that rely on various white matter connections 

between frontal and posterior cortices) correlate highly with IQ, while focal 

tasks (i.e., more motor or sensory) do not (375) (376). 

9.5.2. Studies on the association between IQ and inhibition report mixed 

results. Patient studies indicate that inhibition and IQ performance can be 
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differentially affected by frontal lobe damage, e.g., damage to the 

orbitofrontal cortex resulting in inhibition deficits does not result in 

concomitant IQ deficits (377). However, developmental studies show that 

inhibition is a strong predictor of age-related changes in IQ (378). Dempster 

(379) argues that inhibition is ‘the neglected dimension of intelligence’, as 

intelligence necessitates not only the ability to attend to goal relevant 

information, but also the ability to suppress goal irrelevant information. 

9.5.3. Regression analysis also indicated that IQ accounted for deficits in 

verbal and non-verbal memory in ALS relatives. Studies of healthy aging 

indicate that intelligence (in particular fluid intelligence) is strongly 

correlated with memory performance (380). However, this association varies 

for the different processes of memory, such as encoding and rehearsal. IQ 

has a stronger influence on the early items of a memory task compared to 

later items (381).  

9.5.4. Performance on the IGT, the measure of emotion-based decision 

making was not influenced by IQ. This supports previous findings that there 

is no association between IGT performance and IQ (382). There is also 

evidence that IGT performance is independent of executive functioning 

(383). These null associations support the validity of the IGT as a measure 

emotional-based decision making and the somatic marker. Impaired 

performance on this task indicates dysregulation of somatic markers (383) 

which is likely underpinned by dysfunction in the ventromedial prefrontal 

cortex and the amygdala (183).  
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9.5.5. For verbal fluency, digit span and confrontational naming, IQ partially 

explained deficits on these functions. Verbal fluency is typically viewed as a 

measure of language and executive functioning and is a sensitive marker of 

impairment in dementia (384). The results of this study support several 

previous studies that show a strong relationship between verbal fluency and 

IQ (385,386). The ability to generate words under a set of rules relies on 

both frontal and left temporal lobes. The fact that ALS relatives have 

significant deficits, even after IQ is held constant, suggests the presence of a 

more specific impairment, potentially underpinned by dysfunction of the 

supervisory attentional system and the dorsolateral prefrontal cortex (226). 

9.5.6. This study’s findings also add to the extensive evidence that IQ and 

working memory are closely associated, with meta-analysis estimating an 

association of r = ~0.48 (387). Intelligence appears to be most influential on 

the short-term memory aspect of working memory (388), while other 

components of working memory, such as mental speed, updating and 

attention are relatively independent of IQ. 

9.5.7. Overall, the regression analysis suggests that IQ deficits are central to 

the neuropsychological endophenotype of ALS, contributing to inhibition, 

memory, naming, verbal fluency and working memory deficits in ALS 

relatives. While not within the scope of this research project, future studies 

could similarly parse out the variance explained by executive functioning in 

various non-executive tasks. This has already been applied in ALS patients 

for memory (389,390) and social cognition (360) tasks, and has helped to 

more accurately define the nature of the cognitive deficits observed in ALS. 
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9.5.8. Cluster analysis suggests the presence of two distinct subgroups of 

ALS relatives. One with a normal range of cognitive scores, high levels of 

apathy and high attention to detail autism traits; and another with cognitive 

deficits and wide range of neuropsychiatric traits. ALS relatives did not 

cluster into 4 groups, as has been reported in ALS patients (374), whereby 

individuals clustered based on the severity of cognitive impairment. These 

findings also diverge from the 4-factor solution observed based on EEG data 

in patients, where each group had distinct patterns of network dysfunction 

(373).  

9.5.9. While the cluster solution of unaffected relatives is different to that 

observed in patients, it is strikingly similar to a study of unaffected relatives 

of schizophrenia patients (391), which also observed a 2-factor solution, 1 

subgroup with cognitive impairments and 1 that was indistinguishable from 

controls. This indicates that unaffected relatives may be less heterogenous in 

their presentation than those with the clinical syndrome. Future studies could 

examine if these 2 subgroups indicate different levels of risk for ALS, FTD 

and neuropsychiatric illness. Based on their trait profile, cluster 2 likely 

reflects a group at elevated risk of Autism, while cluster 1 would likely be at 

higher risk for mood disorders, schizophrenia/psychosis and OCD.  

9.6. Limitations 

9.6.1. Cluster analysis was particularly impacted by missing data, with a 

significant portion of participants and cognitive tasks removed from the 

analysis. This likely limited the capacity of the analysis to uncover effects 

for family history and C9orf72 status. It is also likely that participants with 
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more missing data are likely those with more severe cognitive deficits or 

greater neuropsychiatric traits, resulting in a more biased cohort.  

9.6.2. Due to covid-19 pandemic, and its’ impact on control recruitment, 

cluster analysis could not be performed on healthy controls. Future studies 

should carry out a similar cluster analysis in controls to verify the extent to 

which the clusters observed in ALS relatives reflect distinct subgroups, and 

the extent to which these traits naturally cluster in the general population. 
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10. Chapter 10. Discussion, limitations and conclusions  

10.1. Chapter outline 

10.1.1. The primary objective of this thesis was to identify and explore 

potential neuropsychological and neuropsychiatric endophenotypes of ALS. 

To achieve this objective, 6 aims were specified. Aim 1 was to evaluate the 

equivalency and practice effects of ECAS versions A, B and C, to enable 

robust longitudinal measurement of cognition in ALS. Aim 2 was to study 

the effect of cognitive reserve on cognitive decline in ALS. Aim 3 was to 

compare the neuropsychological profile of ALS relatives and controls. Aim 

4 was to compare the neuropsychiatric profile of ALS relatives and controls. 

Aim 5 was to examine the effect of IQ on cognitive endophenotypes in ALS. 

Aim 6 was to examine if neuropsychological and neuropsychiatric 

endophenotypes clustered into distinct subgroups in ALS relatives. 

10.1.2. The current chapter highlights the key findings of this thesis in 

relation to these aims, and in relation to the literature. The limitations of the 

current study are outlined in detail, with suggestions for future studies that 

may stem from this project.  

10.2. Robust measurement of cognition over time 

10.2.1. In order to facilitate the robust measurement of cognitive change 

over time, the equivalency and potential practice effects of ECAS versions 

A, B and C were examined. Overall, alternative ECAS versions were highly 

comparable but not strictly equivalent. ECAS A was equivalent to ECAS B 

and C, however, ECAS B and C were not equivalent.  
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10.2.2. Serial administration of ECAS A-B-C produced small practice 

effects, with significant improvements from time 1 to time 2, but no further 

improvement at time 3. The practice effects observed from administering 

alternative ECAS versions (i.e., ECAS A-B-C) were far less than those 

observed from repeating ECAS version A (i.e., ECAS A-A-A) (262). 

10.2.3. These findings suggest that researchers should be cautious when 

comparing scores on different versions of the ECAS and when interpreting 

cognitive change over time. To facilitate the interpretation of cognitive 

change over time, reliable change index (RCI) scores were developed. These 

take into consideration practice effects and provide thresholds for clinically 

meaningful cognitive decline in patients. This is particularly relevant for 

individuals with high baseline cognition, whose cognitive decline can often 

be missed using traditional cut-offs for impairment (i.e., 2 SD below a 

control mean). The results of this study facilitated the accurate assessment of 

cognition over time required to examine cognitive reserve in ALS. 

10.3. The impact of cognitive reserve on ALS 

10.3.1. Longitudinal analysis of cognition in ALS revealed a strong 

association between cognitive reserve (CR) and preserved executive, 

language and social cognitive functioning in ALS patients. Early in their 

disease, individuals with higher CR had better performance on ECAS, social 

cognition, verbal fluency, inhibition and confrontational naming. Over time, 

individuals with high CR maintained this higher performance compared to 

lower reserve individuals.  
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10.3.2. The role of CR on memory performance was less clear, suggesting 

that CR may have differential effects for different cognitive functions. 

Higher CR was associated with better baseline memory performance; 

however, memory scores declined quicker in the high CR group. This pattern 

of change over time has previously been observed in Alzheimer’s disease 

(285). High CR individuals with Alzheimer’s disease maintain normal 

functioning for longer, despite higher levels of pathology than those with 

lower CR. However, once the pathology reaches a certain threshold (enough 

to overcome the protective effect of CR), the advanced pathology in high CR 

individuals results in a steeper cognitive decline. 

10.3.3. The findings of chapter 5 correlate well with other studies of CR in 

ALS that have subsequently been published. A cross-sectional study of an 

Italian ALS cohort found that patients with higher levels of CR had 

significantly higher scores on executive, verbal fluency and memory 

domains of the ECAS compared to patients with lower CR (392). 

Interestingly, higher CR was also associated with better motor functioning 

(measured by ALSFRS-R) in bulbar onset ALS patients, indicating that CR 

could potentially have protective effects on non-cognitive functioning. The 

major limitation of this study was that it did not measure cognitive change 

longitudinally and only used the ECAS, rather than a detailed 

neuropsychological battery, to measure cognition. 

10.3.4. A cross-sectional study of CR in ALS explored the potential 

neuroimaging correlates of CR using 18F-FDG-PET (288). This study found 

that higher CR was negatively correlated with brain metabolism in the right 
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anterior cingulate and bilateral medial frontal cortex. A negative correlation 

between medial frontal regions and the cerebellum found only in ALS 

patients suggested that the cerebellum may play a compensatory role in ALS 

(i.e., underpin the compensatory mechanism of CR in ALS). This supports 

recent neuroimaging findings that cerebellar and cerebro-cerebellar changes 

modulate, exacerbate or partially drive motor and non-motor symptoms of 

ALS (393). However, the major limitation of this study was that it only used 

education as a proxy of CR (rather than a multiple variable proxy), and only 

the ECAS was used to measure of cognition. 

10.3.5. Another cross-sectional neuroimaging study, in a German ALS 

cohort, examined the neurological correlates of cognitive reserve in ALS 

(394). This study measured regional brain volume using MRI and assessed 

cognition using a full neuropsychological assessment. This study used a 

regression approach, with regional brain volume entered as a predictor, CR 

as a moderator and cognitive performance as outcomes. In this study, higher 

CR was associated with better performance on verbal fluency, working 

memory, verbal learning and recognition, and visuo-constructive ability. 

10.3.6. The growing body of evidence on CR in ALS represents a promising 

modifiable factor that can be targeted by clinicians. To keep well 

cognitively, ALS patients could be encouraged to keep cognitively, 

physically and socially active. Modifiable risk factors for dementia may also 

be targeted to reduce the likelihood of impairment in ALS, such as 

hypertension, hearing impairment, smoking, obesity, depression, diabetes, 

alcohol consumption, and air pollution (395).  
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10.3.7. These risk factors can also be targeted at a governmental and societal 

level, as detailed by the Dementia prevention, intervention, and care: 2020 

report by the Lancet Commission (395). All children should be provided 

with primary and secondary education. Hearing aids should be encouraged to 

reduce the risk from hearing loss. Healthy diet and exercise should be 

promoted to reduce risk from hypertension, obesity and diabetes. Air 

pollution should be reduced and smoking, and alcohol use discouraged. 

10.4. Candidate cognitive endophenotypes for ALS 

10.4.1. Comparisons between relatives of ALS patients and healthy controls 

revealed numerous candidate cognitive endophenotypes. ALS relatives 

scored significantly worse than controls across numerous cognitive domains. 

The largest effect sizes were observed for verbal fluency and confrontational 

naming, and moderate effect sizes were observed for inhibition, working 

memory, IQ, emotion-based decision making and memory.   

10.4.2. The cognitive deficits observed in ALS relatives closely resemble 

those of ALS patients, i.e., deficits in executive and language domains, with 

verbal fluency particularly sensitive. In patients, these impairments are 

considered to reflect disruption to the supervisory attentional system (SAS) 

and the fronto-striatal circuits that underpin it (226). The SAS is a key 

component of Norman and Shallice’s (396) model of executive functioning, 

responsible for monitoring deliberate action planning where novel tasks 

cannot be completed using existing schema, and for inhibiting habitual 

responses. Verbal fluency places heavy demands on executive processes, as 
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individuals are required to initiate effective retrieval strategies and to 

continuous switch between different retrieval strategies (397).  

10.4.3. Concurrent verbal fluency deficits in ALS relatives may be due to a 

similar, more subtle disruption to the SAS and its underlying networks. 

While neuroimaging or electrophysiological data were not collected on these 

participants, their cognitive deficits indicate abnormalities in the dorsolateral 

prefrontal circuit in those with verbal fluency impairment, and abnormalities 

in the orbitofrontal circuit in those with deficits in emotion-based decision 

making. These findings also support the model of ALS as a network 

disorder, starting in the motor cortex, cranial nerve motor nuclei and the 

spinal cord motor neurons and then spreading to prefrontal, ventral and 

medial frontal cortices, as well as parietal, temporal and deep grey matter 

structures. Future electrophysiological studies of ALS relatives, using event 

related potential (ERP) protocols, could further validate this model of 

pathophysiology in ALS. 

10.4.4. The wide range of cognitive domains that appeared to be affected in 

ALS relatives raised the possibility that many of these deficits were 

secondary to deficits in IQ. A similar issue emerged in schizophrenia 

endophenotype research, where deficits in executive functioning, working 

memory, attention, inhibition, episodic memory and social cognition were all 

put forward as potential endophenotypes, leading some to suggest that the 

endophenotype of schizophrenia was simply a lower IQ (166). 

10.4.5. In chapter 9, this issue was addressed by running a differential deficit 

analysis. This follows a similar approach implemented by Crawford et al. 
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(398), who used regression analysis to test if decline in executive 

functioning mediated age-related memory decline over and above decline in 

general cognitive ability. Differential deficit analysis suggested that 

inhibition and memory deficits in ALS relatives were entirely attributable to 

IQ differences. Deficits in verbal fluency, working memory and 

confrontational naming were only partially attributable to IQ.  

10.4.6. These findings suggest that IQ deficits are a central component of the 

cognitive endophenotypes identified. However, the fact that ALS relatives 

had verbal fluency, naming and working memory deficits, even after 

controlling for IQ, suggests the presence of more specific impairments. 

Future research will be needed to further delineate how these putative 

endophenotypes relate to one another. In schizophrenia, it took years of 

investigation to uncover how different cognitive endophenotypes related to 

one another, and how they related to electrophysiological endophenotypes. 

By combining the most promising cognitive and electrophysiological 

endophenotypes, genetic studies were able to identify a number of novel 

genes (related to neuregulin and glutamate pathways), that gave new insight 

into the schizophrenia pathological mechanisms. (164). Endophenotype 

research in ALS will require a similar depth of research before their value in 

genetic studies is realized. 

10.4.7. IGT deficits were completely independent of IQ, and indicate that 

ALS relatives may have dysfunctional somatic markers, i.e., an inability to 

generate normal emotional-based biasing body signals (383). This became 

more apparent as the task progressed from stage 1 to 5. A small cohort study 
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of ALS patients found a similar behavioural pattern of results, with 

worsening performance as the task progresses (399). This pattern in ALS 

patients and unaffected relatives likely reflects an inability to learn from 

win-lose contingencies, rather than a proclivity for risk making decisions 

(400). Such a mechanism may account for the higher prevalence of 

alcoholism and suicide in ALS kindred (401). A study of first-degree 

relatives of suicide completers found deficits on the IGT, particularly for the 

latter stages of the task (402). IGT performance may be a useful 

endophenotype of both ALS and suicidal behaviour, accounting for the 

observed link between them in aggregation studies. Somatic marker 

impairments are usually associated with ventromedial prefrontal cortex 

abnormalities, however, there is some evidence that IGT is reliant on 

dorsolateral prefrontal cortex activity (403), which is known to be affected in 

ALS.  

10.4.8. While not examined in this thesis, cognitive reserve may play an 

important role in the cognitive endophenotypes of ALS relatives. A study of 

pre-manifest and prodromal Huntington’s disease gene carriers found that 

higher CR was associated with slower cognitive decline and a slower rate of 

volume loss in the caudate and putamen (50). Furthermore, the strength of 

this association was stronger as an individual drew closer towards 

phenoconversion (i.e., going from asymptomatic to symptomatic). Future 

studies of unaffected ALS relatives should explore the potentially 

moderating effect that CR may play. If CR does play a role, unaffected 

relatives of ALS patients (particularly those with known risk genes) may 
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benefit from targeted interventions that aim to promote CR, and in doing so 

delay or slow down cognitive impairment and dementia.  

10.4.9. Further neuroimaging and electrophysiology research will be needed 

to map the neurological correlates of the cognitive deficits observed in ALS 

relatives. Some studies have been carried out on asymptomatic C9orf72 

positive relatives, identifying blood flow changes in the orbitofrontal, 

anterior cingulate and inferior parietal cortices, and the left middle frontal 

gyrus (148). However, these studies have ignored neuroimaging and 

electrophysiological markers in non-C9orf72 positive ALS relatives. The 

evidence from this thesis indicates that the non-C9orf72 ALS relative 

population is equally as affected in their neuropsychological and 

neuropsychiatric profile as those with C9orf72 and warrant equal attention. 

10.4.10. While neuroimaging and electrophysiology studies of unaffected 

relatives are an important next step to take in understanding endophenotypes 

of ALS, it is possible that these endophenotypes may be more challenging to 

identify than cognitive or psychiatric traits. In bipolar disorder, where 

endophenotype research is well established, a meta-analysis of 77 studies 

found that unaffected relatives have deficits on verbal memory, sustained 

attention and executive functioning when compared to healthy controls 

(404). However, in contrast, neuroimaging studies have reported conflicting 

findings. Despite using similar methodologies and samples (unaffected 

relatives of bipolar patients), 5 studies found reduced grey matter volume in 

the insula and cerebellum, while 4 studies found increased grey matter 

volume insula and cerebellum (404). These conflicting findings may be due 
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to inadequate sample size, a common issue in neuroimaging studies, and 

publication bias. It is important that, as neuroimaging and electrophysiology 

studies of ALS relatives are undertaken, these pitfalls are avoided. 

10.5. Candidate neuropsychiatric endophenotypes of ALS 

10.5.1. Exploration of candidate neuropsychiatric endophenotypes was 

complicated by the lack of age-matched normative data. To control for the 

age differences between ALS relatives and controls, multiple linear 

regressions were carried out. From this analysis, 4 candidate 

neuropsychiatric endophenotypes were identified: greater initiation apathy, 

high scores on attention to detail autism traits, and low conscientiousness 

and openness to experience personality traits.  

10.5.2. Previous aggregation (102,135) and genetic (136) studies show 

robust evidence that ALS relatives have a higher risk of psychotic disorders. 

In this sample, there was no evidence that ALS relatives, as a whole, had 

higher levels of psychotic traits once age was controlled for. However, when 

running cluster analysis, it emerged that a subgroup of ALS relatives did in 

fact have significantly higher schizophrenia/psychosis traits along with a 

range of other neuropsychiatric traits. These findings suggest that the 

epidemiological and genetic link between ALS and schizophrenia may be 

limited to a sub-group of ALS relatives. Future GWAS could utilize the 

CAPE-P15 as an outcome measure (along with clinical diagnosis) to identify 

novel risk genes associated with both ALS and schizophrenia. 

10.5.3. Aggregation studies also highlighted a possible link between ALS 

and Autism Spectrum Disorder (ASD) (5), particularly for kindred with the 
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C9orf72 repeat expansion (138). In this study, ALS relatives did not have 

high Autism Quotient total scores (a measure of overall ASD traits), 

however they did have higher scores on the attention to detail sub-score, 

with and without controlling for age, suggesting the association between 

ALS and autism, may be more specific to this ASD trait.  

10.5.4. Autism traits have not previously been examined in relation to ALS, 

likely due to the large discrepancy in age of onset of the 2 conditions. 

However, the behavioural changes often observed in ALS share similar 

features to autism, such as impaired social cognition, communication deficits 

and increased behavioural rigidity. These impairments are potentially 

underpinned by impaired theory of mind (i.e., the capacity to recognize 

mental states in others) in both conditions (274,321). Evidence of 

neuroimaging and neuropsychological changes in pre-symptomatic C9orf72 

carriers decades before symptom onset, raises the possibility that some forms 

of ALS are neurodevelopmental (405), similar to ASD. 

10.5.4. Low openness to experience traits emerged as the most promising 

neuropsychiatric endophenotype identified by this thesis. It is highly 

heritable, with a twin study estimating heritability to be ~61% (406). Like all 

the big five personality traits, it is state independent and stable over time. 

Most crucially however, it appears to be present in both ALS patients and 

their unaffected relatives. It is possible that genes that predispose an 

individual to ALS may also predispose an individual to a more emotionally 

controlled and less open to experience personality. If this is the case, future 
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GWA studies could discover new ALS risk genes by including this 

personality trait as in their analyses. 

10.6. Clustering of endophenotypes 

10.6.1. K-means cluster suggested 2 distinct subgroups of ALS relatives. 

Cluster 1 was characterized by cognitive impairment and higher 

neuropsychiatric traits. In contrast, cluster 2 was characterized by normal 

cognitive functioning, a higher degree of apathy and greater autism attention 

to detail traits. These clusters were not driven by demographic or clinical 

factors such as age, gender, education, family history or C9orf72 status, 

raising the possibility that they were driven by unknown gene variants.  

10.6.2. The 2-factor solution observed in ALS relatives closely resembles a 

similar study of relatives of schizophrenia patients, where relatives either 

had cognitive deficits or not (391). It is unsurprising that unaffected relatives 

are less heterogenous in their presentation than those with the clinical 

syndrome, where there is much larger variation in level of disease 

progression and consequently more varying cognitive and EEG 

presentations.  

10.6.3. These 2 clusters may indicate the presence of diverging risk of 

neuropsychiatric disease (and possibly varying risk of ALS phenotypes) in 

ALS kindred. This is supported by a recent study of Scottish ALS patients 

and their family members, where psychiatric illness in unaffected relatives 

was associated specifically with visuospatial decline and behavioural change 

in patients (137). This association may be associated with participants in 

cluster 1, who show a higher risk for mood disorders, 
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schizophrenia/psychosis and OCD. In contrast, cluster 2 may associate with 

ALS patients with normal cognitive functioning but a higher risk of initiation 

apathy.  

10.6.4. Future research may explore the extent to which these 2 clusters in 

ALS relatives relate to behavioural clustering in patients. In ALS patients, 

behavioural change clusters into 5 distinct clusters, representative of 

differential network involvement. Unaffected ALS relatives in cluster 1 may 

associated with cognitive rigidity, reflecting alterations in the dorsolateral 

prefrontal cortex and temporo-limbic networks. Similarly, unaffected 

relatives with IGT deficits may be associated specifically with disinhibition 

and impaired impulse control, reflecting dysfunctional orbitofrontal, anterior 

insula and anterior cingulate pathways. 

10.7. The effect of family history 

10.7.1. Family history of ALS significantly affected the magnitude of the 

most robust endophenotypes identified. Relatives of FALS patients had 

poorer verbal fluency and lower scores on openness to experience and 

conscientiousness personality traits than both SALS relatives and controls.  

10.7.2. The clustering of initiation apathy and verbal fluency deficits in 

FALS relatives might reflect disruption of the energization component of 

Stuss’s model of executive functioning. Energization is defined by the ability 

to initiate and sustain responses (407). Under the framework of the 

supervisory attentional system, when external stimuli or motivation is 

absent, energization is required to activate low level perceptual or motor 

schemata. Impaired energization often manifests on neuropsychological 
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assessments as decreased word output on verbal fluency tasks and increased 

apathy scores. Energization deficits would also be expected to manifest on 

the SART; however, the lack of age specific normative data likely accounts 

for this null finding. 

10.7.3. The cognitive profile of ALS patients and their unaffected relatives 

follows a very similar pattern to that observed in schizophrenia. A highly 

powered family-based study of Chinese schizophrenia patients and their 

parents found that both patients and their unaffected parents had deficits in 

verbal fluency, even after controlling for age, education and gender (347). 

The effect size was larger for patients and parents with a family history of 

schizophrenia compared to sporadic cases. This illustrates the likely pattern 

of effect sizes expected in endophenotype studies of ALS, i.e., strongest 

effects for familial cases due to an increased genetic load. It also indicates 

that verbal fluency deficits are unlikely to be specific to just ALS relatives, 

but rather an endophenotype of both ALS and neuropsychiatric disease.  

10.8. The role of C9orf72 

10.8.1. Analysis of the role of C9orf72 on these endophenotypes was limited 

by the small number of participants who tested positive for the expansion. 

The characterization of cognition in asymptomatic C9orf72 gene carriers has 

often been limited by small sample sizes due to the rarity of this gene. This 

study found no differences between C9orf72 positive and negative ALS 

relatives on all cognitive tests except for semantic fluency, where contrary to 

previous studies, C9orf72 positive relatives performed better than C9orf72 

negative relatives.  
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10.8.2. In a recent study of asymptomatic C9orf72 gene carriers (in a 

German cohort), C9orf72 positive carriers had significantly lower scores on 

phonemic fluency compared to non-family member controls (151). These 

deficits correlated reduced white matter integrity in inferior and orbitofrontal 

cortical areas. However, as was the case in this study, they found no 

significant difference between C9orf72 positive relatives and C9orf72 

negative relatives on phonemic fluency.  

10.8.3. Results suggested that C9orf72 is not the sole driver of the 

endophenotypes observed. This was also observed in aggregation studies, 

where higher rates of neuropsychiatric disease were seen in both C9orf72 

positive and C9orf72 negative kindred (102,135).  

10.9. Evaluation of endophenotype criteria 

10.9.1. The extent to which candidate endophenotypes meet the Gottesman 

and Gould criteria are summarized in table 10.1. below. All outcomes are 

shown to be highly heritable according to twin studies, with heritability 

estimates ranging from 0.35 to 0.62. Verbal fluency and naming deficits are 

well known cognitive deficits associated with ALS. There is also converging 

evidence that ALS is associated with low openness to experience personality 

traits. The only evidence of an association between attention to detail and 

ALS comes from one aggregation study showing a higher incidence of 

autism in ALS kindred. There are currently no reported studies that indicate 

ALS is associated low conscientiousness traits. The results of thesis provide 

evidence that these putative endophenotypes are independent of clinical 
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state, co-segregate within families and are found at a higher rate in 

unaffected relatives. 

Table 10.1. Endophenotype checklist according to Gottesman and Gould’s criteria.  

Endophenotype 

criteria 

Verbal 

fluency 

Confrontati

onal 

naming 

Attention 

to detail 

Openness 

to 

experience 

Conscientio

usness 

1) Be heritable, 

heritability estimate  

 0.52 – 0.62 

(408) 

0.35 (409) 0.57a (410) 0.61 (406) 0.44 (406) 

2) Associated with the 

illness 

 (226) 
(411)  ?  (348) ? 

3) Independent of 

clinical state 

     

4) Co-segregate within 

families 

     

5) Found at a higher 

rate in nonaffected 

relatives than the 

general population 

     

a – Heritability estimate is for the Autism Quotient total as there is no available estimate of attention to 

detail subscale 

 - Evidence that this criterion is met 

? – No evidence that this criterion has been met 

 

10.9.2. Another useful rubric for evaluating these endophenotypes is 

provided by Iacono et al. (412) best practice guidelines (see table 10.2.). 

This framework proposes three steps to validate an endophenotype and 

determine its usefulness. According to step 1, if a trait is associated with 
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associated with the illness, is highly heritable, is present in unaffected 

relatives and shares genetic variation with the clinical phenotype it can be 

considered a ‘candidate’ or ‘putative’ endophenotype. If the putative 

endophenotype is associated with specific gene variants and these variants 

are associated with the clinical phenotype the endophenotype loses the 

qualifier ‘candidate’ or ‘putative’ from the endophenotype status. The final 

step deals with the usefulness of an endophenotype, and how it can advance 

knowledge of the etiology of a disorder. 

Table 10.2. Iacano's best practice guidelines for endophenotypes. 

1. Putative endophenotype 

threshold criteria 

1. Associated with one or more relevant clinical phenotype 

and 

2. Is heritable and/or 

3. Is present in first degree relatives of those with the clinical 

phenotype and/or 

4. Shares genetic variance with the clinical phenotype 

2. Molecular genetic 

endophenotype verification 

5. Shows verified association with specific gene variants 

6. These verified variants show robust association with the 

clinical phenotype 

3. Utility 7. Predicts the development of the clinical phenotype 

8. Enhances theoretical understanding of the brain mechanism 

accounting for endophenotype individual differences 

9. Informs an animal model 

10. Identifies genetic variants that have relatively large effect 

 

10.9.3. Based on this rubric, verbal fluency, confrontational naming, and low 

openness to experience can be considered ‘putative’ endophenotypes of 
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ALS. Evidence from this thesis and previous literature shows that they are 

associated with the illness, are highly heritable, and are present in unaffected 

relatives, however further research is required to determine if they share 

genetic variation with the clinical phenotype. Future research is also needed 

to evaluate if verbal fluency, confrontational naming, and low openness to 

experience can be molecularly and genetically verified, and if they can have 

utility in advancing our knowledge of the etiology of ALS. 

10.10. Limitations 

10.10.1. Due to the Covid-19 pandemic, recruitment for this project was cut 

short earlier than planned. While the study was able to achieve a sufficiently 

powered sample size for ALS relatives, this curtailment of recruitment did 

negatively affect the sample size of controls. Mid-way through the study it 

became clear that ALS relatives had a binomial age distribution, with a large 

portion of relatives being the siblings (usually in their 60’s or 70’s) or the 

offspring (usually in their 30’s or 40’s) of patients. In contrast, the controls 

who were recruited were often older, with a large proportion retirement 

aged. As a result, the controls were generally older than the ALS relative 

group. The final phase of control recruitment aimed to counteract this 

imbalance by targeting younger controls, providing a better age match. 

Unfortunately, as controls could not be recruited due to Covid-19 related 

restriction, this could not be accomplished.  

10.10.2. This limitation was addressed in two ways. Neuropsychological 

performance was converted to z-scores using age-matched normative data 

provided in test manuals and published literature. As a result, each 
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participant’s individual cognitive performance was scored relative to their 

age group. As normative data was not available for neuropsychiatric scores, 

an alternative method was applied. Multiple linear regressions were carried 

out with both age and group status (i.e., ALS relative or control) included in 

the model. Using this method, the effect of group status on neuropsychiatric 

traits scores could be examined, holding age constant. 

10.10.3. In analyzing the effect of cognitive reserve on ALS, one of the key 

limitations was the lack of a control group. This would have allowed for an 

estimation of what change in cognition was due to practice effects and/or 

regression towards the mean. This study was also limited by the lack of 

neuroimaging or electrophysiological data to quantify pathological change. 

Ideally, future studies should implement longitudinal neuropsychological 

and neuroimaging/electrophysiological measurement. They should use 

control groups to estimate practice effects and regression to the mean and if 

significant attrition occurs, implement joint longitudinal modelling to 

maximize power. 

10.10.4. Similarly, interpretation of the cluster analysis is limited by the lack 

of a control group and the high degree of missing data, resulting in listwise 

deletion of participants. Future studies are required to replicate and validate 

the existence of these sub-groups and determine their relation to phenotypes 

in patients. 

10.11. Conclusions 

10.11.1. Relatives of ALS patients display several neuropsychological and 

neuropsychiatric endophenotypes. The most robust cognitive 
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endophenotypes were deficits in verbal fluency and confrontational naming, 

which clustered in familial ALS relatives and were only partially attributable 

to IQ. The most robust neuropsychiatric endophenotypes were attention to 

detail autism traits, and low openness to experience and conscientiousness 

traits. These endophenotypes were present in both C9orf72 positive and 

C9orf72 negative participants, indicating that alternative, currently unknown 

risk genes are also driving this effect. 

10.11.2. Cluster analysis of the neuropsychiatric and neuropsychological 

data identified two potential sub-groups of ALS relatives. Cluster 1 had 

impaired cognitive functioning and high levels of neuropsychiatric traits 

while cluster 2 had normal cognition, higher apathy and greater autism 

attention to detail traits. These clusters may represent diverging risk for ALS 

and related neuropsychiatric disease. 

10.12. Implications for future research 

10.12.1. The evaluation of alternative versions of the ECAS will facilitate 

longitudinal studies of cognition in ALS. This thesis established that the 

three versions of the ECAS are highly similar, though not strictly equivalent. 

Furthermore, and contrary to a previous Scottish study (35), there was 

evidence of subtle practice effects even when using alternative forms. These 

practice effects should be considered when measuring cognitive change over 

time and highlight the importance of a control group when carrying out 

longitudinal studies.  

10.12.2. A two one sided t-tests (TOST) method was implemented to test the 

equivalency of the different ECAS versions. Previous methods would often 
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use standard t-tests and conclude equivalency if they failed to reject the null 

hypothesis. However, this does not directly assess equivalency. The TOST 

approach is advantageous in determining equivalency as it assumes that 

there is some degree of difference between tests and then tests this null 

hypothesis. Future studies of cognitive tests in ALS should similarly adopt 

the TOST approach to directly evaluate equivalency. 

10.12.3. The ECAS equivalency study also provides two useful resources for 

clinical practice in Ireland. Firstly, Irish age and education derived 

abnormality clinical cut-offs for ECAS versions B and C (version A cut-offs 

are already published (248)). These can help clinicians to quickly and easily 

identify ALS patients with probable cognitive impairment and refer them for 

full neuropsychological assessment. Secondly, Reliable Change Indices 

(RCI) to interpret cognitive decline. The RCI cut-offs take into consideration 

the practice effects observed and provide cut-offs for clinically meaningful 

cognitive decline. These resources are now utilized in the Irish MND 

multidisciplinary clinic, helping in the reliable and valid screening of 

cognition in ALS. 

10.12.4. The finding that cognitive reserve may offset cognitive impairment 

in ALS has a number of implications for future research. ALS is well known 

for being a heterogenous disease, with a wide range of presentations. 

Cognitive reserve may explain why some ALS patients experience cognitive 

decline while others do not, as well as why some individuals have a more 

rapid cognitive decline. Cognitive reserve also offers a potential avenue for 

intervention. By promoting cognitively engaging activities, clinicians may 
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be able to delay the onset of cognitive symptoms in ALS patients. Future 

studies should also investigate the extent to which cognitive reserve impacts 

the neuropsychological and neuropsychiatric profile of unaffected relatives. 

10.12.5. When carrying out the analysis of cognitive reserve in ALS, a 

relatively underutilized method of analysis, called joint models, was used. 

Joint models combine Cox survival models with linear mixed effects models, 

allowing us to account for data missing-at-random and data missing-not-at-

random. This approach reduces the impact of attrition, which is particularly 

problematic in aggressive neurodegenerative diseases such as ALS. Future 

studies should incorporate joint modelling into their longitudinal analysis to 

enable more accurate estimates of cognitive decline over time. 

10.12.6. The purpose of discovering endophenotypes of ALS is to facilitate 

the discovery of new ALS risk genes and elucidating the etiology of ALS. 

The endophenotype approach has proven successful in identifying risk genes 

in other conditions. For example, EEG endophenotypes and clinical 

diagnosis were used to identify GABRA2 and CHRM2 as novel risk genes 

for alcohol use disorder (413,414). Cognitive endophenotypes have 

successfully been applied in discovering ATXN7, CSMD1, DRD2, 

GRIN2A, GRIN3A, and GRM3 as risk genes for schizophrenia 

(164,415,416).  

10.12.7. An endophenotype approach to gene discovery in ALS has recently 

begun. A recent GWAS (417) used both ALS diagnosis and psychiatric 

disease as outcomes, identifying several potentially pleiotropic risk loci, 

including CNNM2, SRGAP1, KRT18P55, SRGAP1, NCKAP5L, SPIRE1, 
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AS3MT and C9orf72. The future use of the putative endophenotypes 

identified in this thesis may help in the discovery of other risk genes for 

ALS. 

10.12.8. If replicated and validated, these putative endophenotypes may help 

to improve diagnostic accuracy in ALS and help develop targeted 

interventions for at-risk individuals. Novel analytical techniques such as 

machine learning could build on the cluster analysis carried out in this thesis, 

to help identify the multi-modal nature of endophenotypes of ALS (418). 

These techniques would ideally incorporate neuropsychological, 

neuropsychiatric, neuroimaging and transcript-based measures to identify 

patterns of ALS risk. 

  



285 
 

11. References 

1.  Al-Chalabi A, Hardiman O. The epidemiology of ALS: a conspiracy 

of genes, environment and time. Nature Reviews Neurology. 2013 

Nov;9(11):617–28.  

2.  Miller RG, Jackson CE, Kasarskis EJ, England JD, Forshew D, 

Johnston W, et al. Practice Parameter update: The care of the patient 

with amyotrophic lateral sclerosis: Multidisciplinary care, symptom 

management, and cognitive/behavioral impairment (an evidence-

based review). Neurology. 2009 Oct 13;73(15):1227–33.  

3.  Traynor BJ. Effect of a multidisciplinary amyotrophic lateral sclerosis 

(ALS) clinic on ALS survival: a population based study, 1996-2000. 

Journal of Neurology, Neurosurgery & Psychiatry. 2003 Sep 

1;74(9):1258–61.  

4.  Bäumer D, Talbot K, Turner MR. Advances in motor neurone disease. 

Journal of the Royal Society of Medicine. 2014 Jan;107(1):14–21.  

5.  Phukan J, Elamin M, Bede P, Jordan N, Gallagher L, Byrne S, et al. 

The syndrome of cognitive impairment in amyotrophic lateral 

sclerosis: a population-based study. J Neurol Neurosurg Psychiatry. 

2012 Jan 1;83(1):102–8.  

6.  Strong MJ, Abrahams S, Goldstein LH, Woolley S, Mclaughlin P, 

Snowden J, et al. Amyotrophic lateral sclerosis - frontotemporal 

spectrum disorder (ALS-FTSD): Revised diagnostic criteria. 

Amyotrophic Lateral Sclerosis and Frontotemporal Degeneration. 

2017 Apr 3;18(3–4):153–74.  

7.  Picher-Martel V, Valdmanis PN, Gould PV, Julien J-P, Dupré N. 

From animal models to human disease: a genetic approach for 

personalized medicine in ALS. Acta Neuropathologica 

Communications. 2016 Jul 11;4(1):70.  

8.  Richards D, Morren JA, Pioro EP. Time to diagnosis and factors 

affecting diagnostic delay in amyotrophic lateral sclerosis. Journal of 

the Neurological Sciences. 2020 Oct 15;417:117054.  

9.  Baek WS, Desai NP. ALS: pitfalls in the diagnosis. Pract Neurol. 

2007 Apr;7(2):74–81.  

10.  Brooks BR. El Escorial World Federation of Neurology criteria for the 

diagnosis of amyotrophic lateral sclerosis. Subcommittee on Motor 

Neuron Diseases/Amyotrophic Lateral Sclerosis of the World 

Federation of Neurology Research Group on Neuromuscular Diseases 

and the El Escorial “Clinical limits of amyotrophic lateral sclerosis” 

workshop contributors. J Neurol Sci. 1994 Jul;124 Suppl:96–107.  



286 
 

11.  Brooks BR, Miller RG, Swash M, Munsat TL. El Escorial revisited: 

Revised criteria for the diagnosis of amyotrophic lateral sclerosis. 

Amyotrophic Lateral Sclerosis and Other Motor Neuron Disorders. 

2000 Jan;1(5):293–9.  

12.  Miller RG, Munsat TL, Swash M, Brooks BR. Consensus guidelines 

for the design and implementation of clinical trials in ALS. Journal of 

the Neurological Sciences. 1999 Oct 31;169(1):2–12.  

13.  de Carvalho M, Dengler R, Eisen A, England JD, Kaji R, Kimura J, et 

al. Electrodiagnostic criteria for diagnosis of ALS. Clinical 

Neurophysiology. 2008 Mar;119(3):497–503.  

14.  Shefner JM, Al-Chalabi A, Baker MR, Cui L-Y, de Carvalho M, 

Eisen A, et al. A proposal for new diagnostic criteria for ALS. Clinical 

Neurophysiology. 2020 Aug 1;131(8):1975–8.  

15.  Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH, 

Neuhaus J, et al. Sensitivity of revised diagnostic criteria for the 

behavioural variant of frontotemporal dementia. Brain. 2011 Sep 

1;134(9):2456–77.  

16.  Byrne S, Walsh C, Lynch C, Bede P, Elamin M, Kenna K, et al. Rate 

of familial amyotrophic lateral sclerosis: a systematic review and 

meta-analysis. Journal of Neurology, Neurosurgery & Psychiatry. 

2011 Jun 1;82(6):623–7.  

17.  Ryan M, Heverin M, Doherty MA, Davis N, Corr EM, Vajda A, et al. 

Determining the incidence of familiality in ALS: A study of temporal 

trends in Ireland from 1994 to 2016. Neurology Genetics. 2018 

Jun;4(3):e239.  

18.  Roche JC, Rojas-Garcia R, Scott KM, Scotton W, Ellis CE, Burman 

R, et al. A proposed staging system for amyotrophic lateral sclerosis. 

Brain. 2012 Mar 1;135(3):847–52.  

19.  Chiò A, Hammond ER, Mora G, Bonito V, Filippini G. Development 

and evaluation of a clinical staging system for amyotrophic lateral 

sclerosis. J Neurol Neurosurg Psychiatry. 2015 Jan 1;86(1):38–44.  

20.  Fang T, Al Khleifat A, Stahl DR, Lazo La Torre C, Murphy C, Uk-

Mnd LicalS, et al. Comparison of the King’s and MiToS staging 

systems for ALS. Amyotrophic Lateral Sclerosis and Frontotemporal 

Degeneration. 2017 Apr 3;18(3–4):227–32.  

21.  Rooney J, Burke T, Vajda A, Heverin M, Hardiman O. What does the 

ALSFRS-R really measure? A longitudinal and survival analysis of 

functional dimension subscores in amyotrophic lateral sclerosis. J 

Neurol Neurosurg Psychiatry. 2017 May 1;88(5):381–5.  



287 
 

22.  Bellingham MC. A Review of the Neural Mechanisms of Action and 

Clinical Efficiency of Riluzole in Treating Amyotrophic Lateral 

Sclerosis: What have we Learned in the Last Decade? CNS Neurosci 

Ther. 2011 Jan 17;17(1):4–31.  

23.  Abe K, Aoki M, Tsuji S, Itoyama Y, Sobue G, Togo M, et al. Safety 

and efficacy of edaravone in well defined patients with amyotrophic 

lateral sclerosis: a randomised, double-blind, placebo-controlled trial. 

The Lancet Neurology. 2017 Jul 1;16(7):505–12.  

24.  Martin S, Trevor-Jones E, Khan S, Shaw K, Marchment D, Kulka A, 

et al. The benefit of evolving multidisciplinary care in ALS: a 

diagnostic cohort survival comparison. Amyotrophic Lateral Sclerosis 

and Frontotemporal Degeneration. 2017 Oct 2;18(7–8):569–75.  

25.  Rooney J, Byrne S, Heverin M, Tobin K, Dick A, Donaghy C, et al. A 

multidisciplinary clinic approach improves survival in ALS: a 

comparative study of ALS in Ireland and Northern Ireland. Journal of 

Neurology, Neurosurgery & Psychiatry. 2015 May;86(5):496–501.  

26.  Borasio GD, Shaw PJ, Hardiman O, Ludolph AC, Luis MS, Silani V. 

Standards of palliative care for patients with amyotrophic lateral 

sclerosis: results of a European survey. Amyotrophic Lateral Sclerosis 

and Other Motor Neuron Disorders. 2001 Jan 1;2(3):159–64.  

27.  Miller T, Cudkowicz M, Shaw PJ, Andersen PM, Atassi N, Bucelli 

RC, et al. Phase 1–2 Trial of Antisense Oligonucleotide Tofersen for 

SOD1 ALS. New England Journal of Medicine. 2020 Jul 

9;383(2):109–19.  

28.  Mercuri E, Darras BT, Chiriboga CA, Day JW, Campbell C, Connolly 

AM, et al. Nusinersen versus Sham Control in Later-Onset Spinal 

Muscular Atrophy. New England Journal of Medicine. 2018 Feb 

15;378(7):625–35.  

29.  Neary D, Snowden J, Mann D. Frontotemporal dementia. The Lancet 

Neurology. 2005 Nov 1;4(11):771–80.  

30.  Couratier P, Corcia P, Lautrette G, Nicol M, Marin B. ALS and 

frontotemporal dementia belong to a common disease spectrum. 

Revue Neurologique. 2017 May 1;173(5):273–9.  

31.  Ling S-C, Polymenidou M, Cleveland DW. Converging Mechanisms 

in ALS and FTD: Disrupted RNA and Protein Homeostasis. Neuron. 

2013 Aug 7;79(3):416–38.  

32.  Beeldman E, Raaphorst J, Twennaar MK, de Visser M, Schmand BA, 

de Haan RJ. The cognitive profile of ALS: a systematic review and 

meta-analysis update. J Neurol Neurosurg Psychiatry. 

2016;87(6):611–619.  



288 
 

33.  Abrahams S, Newton J, Niven E, Foley J, Bak TH. Screening for 

cognition and behaviour changes in ALS. Amyotrophic Lateral 

Sclerosis and Frontotemporal Degeneration. 2014 Mar 1;15(1–2):9–

14.  

34.  Crockford CJ, Kleynhans M, Wilton E, Radakovic R, Newton J, 

Niven EH, et al. ECAS A-B-C: alternate forms of the Edinburgh 

Cognitive and Behavioural ALS Screen. Amyotrophic Lateral 

Sclerosis and Frontotemporal Degeneration. 2018 Jan 2;19(1–2):57–

64.  

35.  Crockford C, Newton J, Lonergan K, Madden C, Mays I, O’Sullivan 

M, et al. Measuring reliable change in cognition using the Edinburgh 

Cognitive and Behavioural ALS Screen (ECAS). Amyotrophic Lateral 

Sclerosis and Frontotemporal Degeneration. 2018 Jan 2;19(1–2):65–

73.  

36.  Elamin M, Pinto-Grau M, Burke T, Bede P, Rooney J, O’Sullivan M, 

et al. Identifying behavioural changes in ALS: validation of the 

Beaumont Behavioural Inventory (BBI). Amyotrophic Lateral 

Sclerosis and Frontotemporal Degeneration. 2017;18(1–2):68–73.  

37.  Crockford C, Newton J, Lonergan K, Chiwera T, Booth T, Chandran 

S, et al. ALS-specific cognitive and behavior changes associated with 

advancing disease stage in ALS. Neurology. 2018 09;91(15):e1370–

80.  

38.  Chiò A, Moglia C, Canosa A, Manera U, Vasta R, Brunetti M, et al. 

Cognitive impairment across ALS clinical stages in a population-

based cohort. Neurology. 2019 03;93(10):e984–94.  

39.  Elamin M, Bede P, Byrne S, Jordan N, Gallagher L, Wynne B, et al. 

Cognitive changes predict functional decline in ALS: a population-

based longitudinal study. Neurology. 2013;80(17):1590–1597.  

40.  Kilani M, Micallef J, Soubrouillard C, Rey‐Lardiller D, Dematteï C, 

Dib M, et al. A longitudinal study of the evolution of cognitive 

function and affective state in patients with amyotrophic lateral 

sclerosis. Amyotrophic Lateral Sclerosis and Other Motor Neuron 

Disorders. 2004 Mar;5(1):46–54.  

41.  Schreiber H, Gaigalat T, Wiedemuth-Catrinescu U, Graf M, Uttner I, 

Muche R, et al. Cognitive function in bulbar– and spinal–onset 

amyotrophic lateral sclerosis: A longitudinal study in 52 patients. 

Journal of Neurology. 2005 Jul;252(7):772–81.  

42.  Bersano E, Sarnelli MF, Solara V, Iazzolino B, Peotta L, Marchi FD, 

et al. Decline of cognitive and behavioral functions in amyotrophic 



289 
 

lateral sclerosis: a longitudinal study. Amyotrophic Lateral Sclerosis 

and Frontotemporal Degeneration. 2020 Jun 2;0(0):1–7.  

43.  Strong MJ, Grace GM, Orange JB, Leeper HA, Menon RS, Aere C. A 

prospective study of cognitive impairment in ALS. Neurology. 1999 

Nov 1;53(8):1665–1665.  

44.  Chang C-CH, Yang H-C, Tang G, Ganguli M. Minimizing attrition 

bias: a longitudinal study of depressive symptoms in an elderly cohort. 

Int Psychogeriatr. 2009 Oct;21(5):869–78.  

45.  Cabeza R, Albert M, Belleville S, Craik FIM, Duarte A, Grady CL, et 

al. Maintenance, reserve and compensation: the cognitive 

neuroscience of healthy ageing. Nat Rev Neurosci. 2018;19(11):701–

10.  

46.  Abrahams S, Goldstein LH, Suckling J, Ng V, Simmons A, Chitnis X, 

et al. Frontotemporal white matter changes in amyotrophic lateral 

sclerosis. Journal of neurology. 2005;252(3):321–331.  

47.  Nasseroleslami B, Dukic S, Broderick M, Mohr K, Schuster C, Gavin 

B, et al. Characteristic increases in EEG connectivity correlate with 

changes of structural MRI in amyotrophic lateral sclerosis. Cerebral 

Cortex. 2017;29(1):27–41.  

48.  Montuschi A, Iazzolino B, Calvo A, Moglia C, Lopiano L, Restagno 

G, et al. Cognitive correlates in amyotrophic lateral sclerosis: a 

population-based study in Italy. J Neurol Neurosurg Psychiatry. 2015 

Feb 1;86(2):168–73.  

49.  Hindle JV, Hurt CS, Burn DJ, Brown RG, Samuel M, Wilson KC, et 

al. The effects of cognitive reserve and lifestyle on cognition and 

dementia in Parkinson’s disease—a longitudinal cohort study. 

International Journal of Geriatric Psychiatry. 2016;31(1):13–23.  

50.  Bonner-Jackson A, Long JD, Westervelt H, Tremont G, Aylward E, 

Paulsen JS, et al. Cognitive Reserve and Brain Reserve in Prodromal 

Huntington’s Disease. Journal of the International Neuropsychological 

Society. 2013 Aug;19(7):739–50.  

51.  Placek K, Massimo L, Olm C, Ternes K, Firn K, Van Deerlin V, et al. 

Cognitive reserve in frontotemporal degeneration. Neurology. 2016 

Oct 25;87(17):1813–9.  

52.  Borroni B, Premi E, Agosti C, Alberici A, Garibotto V, Bellelli G, et 

al. Revisiting Brain Reserve Hypothesis in Frontotemporal Dementia: 

Evidence from a Brain Perfusion Study. DEM. 2009;28(2):130–5.  

53.  Mistridis P, Mata J, Neuner-Jehle S, Annoni J-M, Biedermann A, 

Bopp-Kistler I, et al. Use it or lose it! Cognitive activity as a protec-



290 
 

tive factor for cognitive decline associated with Alzheimer’s disease. 

Swiss Med Wkly. 2017;147:w14407.  

54.  Radakovic R, Stephenson L, Colville S, Swingler R, Chandran S, 

Abrahams S. Multidimensional apathy in ALS: validation of the 

Dimensional Apathy Scale. J Neurol Neurosurg Psychiatry. 2016 Jun 

1;87(6):663–9.  

55.  Lillo P, Mioshi E, Zoing MC, Kiernan MC, Hodges JR. How common 

are behavioural changes in amyotrophic lateral sclerosis? 

Amyotrophic Lateral Sclerosis. 2011 Jan 1;12(1):45–51.  

56.  Burke T, Pinto-Grau M, Lonergan K, Bede P, O’Sullivan M, Heverin 

M, et al. A Cross-sectional population-based investigation into 

behavioral change in amyotrophic lateral sclerosis: subphenotypes, 

staging, cognitive predictors, and survival. Annals of Clinical and 

Translational Neurology. 2017;4(5):305–17.  

57.  Burke T, Elamin M, Galvin M, Hardiman O, Pender N. Caregiver 

burden in amyotrophic lateral sclerosis: a cross-sectional investigation 

of predictors. J Neurol. 2015 Jun 1;262(6):1526–32.  

58.  Lillo P, Mioshi E, Hodges JR. Caregiver burden in amyotrophic 

lateral sclerosis is more dependent on patients’ behavioral changes 

than physical disability: a comparative study. BMC Neurology. 2012 

Dec 7;12(1):156.  

59.  Elamin M, Phukan J, Bede P, Jordan N, Byrne S, Pender N, et al. 

Executive dysfunction is a negative prognostic indicator in patients 

with ALS without dementia. Neurology. 2011;76(14):1263–1269.  

60.  Longinetti E, Fang F. Epidemiology of amyotrophic lateral sclerosis: 

an update of recent literature. Curr Opin Neurol. 2019 Oct;32(5):771–

6.  

61.  Wijesekera LC, Nigel Leigh P. Amyotrophic lateral sclerosis. 

Orphanet J Rare Dis. 2009 Feb 3;4(1):3.  

62.  Zhou S, Zhou Y, Qian S, Chang W, Wang L, Fan D. Amyotrophic 

lateral sclerosis in Beijing: Epidemiologic features and prognosis from 

2010 to 2015. Brain and Behavior. 2018;8(11):e01131.  

63.  Jun KY, Park J, Oh K-W, Kim EM, Bae JS, Kim I, et al. 

Epidemiology of ALS in Korea using nationwide big data. J Neurol 

Neurosurg Psychiatry. 2019 Apr 1;90(4):395–403.  

64.  Zaldivar T, Gutierrez J, Lara G, Carbonara M, Logroscino G, 

Hardiman O. Reduced frequency of ALS in an ethnically mixed 

population: a population-based mortality study. Neurology. 2009 May 

12;72(19):1640–5.  



291 
 

65.  Leighton DJ, Newton J, Stephenson LJ, Colville S, Davenport R, 

Gorrie G, et al. Changing epidemiology of motor neurone disease in 

Scotland. J Neurol. 2019 Apr 1;266(4):817–25.  

66.  O’Toole O, Traynor BJ, Brennan P, Sheehan C, Frost E, Corr B, et al. 

Epidemiology and clinical features of amyotrophic lateral sclerosis in 

Ireland between 1995 and 2004. J Neurol Neurosurg Psychiatry. :3.  

67.  Harwood CA, McDermott CJ, Shaw PJ. Physical activity as an 

exogenous risk factor in motor neuron disease (MND): A review of 

the evidence. Amyotrophic Lateral Sclerosis. 2009 Jan 1;10(4):191–

204.  

68.  Chiò A, Benzi G, Dossena M, Mutani R, Mora G. Severely increased 

risk of amyotrophic lateral sclerosis among Italian professional 

football players. Brain. 2005 Mar 1;128(3):472–6.  

69.  Scarmeas N, Shih T, Stern Y, Ottman R, Rowland LP. Premorbid 

weight, body mass, and varsity athletics in ALS. Neurology. 2002 Sep 

10;59(5):773–5.  

70.  Huisman MHB, Seelen M, de Jong SW, Dorresteijn KRIS, van 

Doormaal PTC, van der Kooi AJ, et al. Lifetime physical activity and 

the risk of amyotrophic lateral sclerosis. Journal of Neurology, 

Neurosurgery & Psychiatry. 2013 Sep 1;84(9):976–81.  

71.  Julian TH, Glascow N, Barry ADF, Moll T, Harvey C, Klimentidis 

YC, et al. Physical exercise is a risk factor for amyotrophic lateral 

sclerosis: Convergent evidence from Mendelian randomisation, 

transcriptomics and risk genotypes. EBioMedicine. 2021 Jun 

1;68:103397.  

72.  Westeneng H-J, van Veenhuijzen K, van der Spek RA, Peters S, 

Visser AE, van Rheenen W, et al. Associations between lifestyle and 

amyotrophic lateral sclerosis stratified by C9orf72 genotype: a 

longitudinal, population-based, case-control study. The Lancet 

Neurology. 2021 May 1;20(5):373–84.  

73.  Nelson LM, McGuire V, Longstreth WT, Matkin C. Population-Based 

Case-Control Study of Amyotrophic Lateral Sclerosis in Western 

Washington State. I. Cigarette Smoking and Alcohol Consumption. 

American Journal of Epidemiology. 2000 Jan 15;151(2):156–63.  

74.  Schmidt S, Kwee LC, Allen KD, Oddone EZ. Association of ALS 

with head injury, cigarette smoking and APOE genotypes. Journal of 

the Neurological Sciences. 2010 Apr 15;291(1):22–9.  

75.  Alonso A, Logroscino G, Hernan MA. Smoking and the risk of 

amyotrophic lateral sclerosis: a systematic review and meta-analysis. 



292 
 

Journal of Neurology, Neurosurgery & Psychiatry. 2010 Nov 

1;81(11):1249–52.  

76.  Sutedja NA, Veldink JH, Fischer K, Kromhout H, Heederik D, 

Huisman MHB, et al. Exposure to chemicals and metals and risk of 

amyotrophic lateral sclerosis: A systematic review. Amyotrophic 

Lateral Sclerosis. 2009 Jan 1;10(5–6):302–9.  

77.  Sutedja NA, Fischer K, Veldink JH, Heijden GJMG van der, 

Kromhout H, Heederik D, et al. What we truly know about occupation 

as a risk factor for ALS: A critical and systematic review. 

Amyotrophic Lateral Sclerosis. 2009 Jan 1;10(5–6):295–301.  

78.  Haley RW. Excess incidence of ALS in young Gulf War veterans. 

Neurology. 2003 Sep 23;61(6):750–6.  

79.  Institute of Medicine. Amyotrophic Lateral Sclerosis in Veterans: 

Review of the Scientific Literature [Internet]. Washington, DC: The 

National Academies Press; 2006. Available from: 

https://www.nap.edu/catalog/11757/amyotrophic-lateral-sclerosis-in-

veterans-review-of-the-scientific-literature 

80.  Renton AE, Chiò A, Traynor BJ. State of play in amyotrophic lateral 

sclerosis genetics. Nature Neuroscience. 2014 Jan;17(1):17–23.  

81.  Rooney J, Vajda A, Heverin M, Elamin M, Crampsie A, McLaughlin 

R, et al. Spatial cluster analysis of population amyotrophic lateral 

sclerosis risk in Ireland. Neurology. 2015 Apr 14;84(15):1537–44.  

82.  Murch SJ, Cox PA, Banack SA, Steele JC, Sacks OW. Occurrence of 

β-methylamino-l-alanine (BMAA) in ALS/PDC patients from Guam. 

Acta Neurologica Scandinavica. 2004;110(4):267–9.  

83.  Cox PA, Richer R, Metcalf JS, Banack SA, Codd GA, Bradley WG. 

Cyanobacteria and BMAA exposure from desert dust: A possible link 

to sporadic ALS among Gulf War veterans. Amyotrophic Lateral 

Sclerosis. 2009 Jan 1;10(sup2):109–17.  

84.  Karamyan VT, Speth RC. Animal models of BMAA neurotoxicity: A 

critical review. Life Sciences. 2008 Jan 30;82(5):233–46.  

85.  Gregory JM, McDade K, Bak TH, Pal S, Chandran S, Smith C, et al. 

Executive, language and fluency dysfunction are markers of localised 

TDP-43 cerebral pathology in non-demented ALS. J Neurol 

Neurosurg Psychiatry. 2020 Feb 1;91(2):149–57.  

86.  Foerster BR, Welsh RC, Feldman EL. 25 years of neuroimaging in 

amyotrophic lateral sclerosis. Nat Rev Neurol. 2013 Sep;9(9):513–24.  



293 
 

87.  Agosta F, Ferraro PM, Riva N, Spinelli EG, Chiò A, Canu E, et al. 

Structural brain correlates of cognitive and behavioral impairment in 

MND. Human Brain Mapping. 2016;37(4):1614–26.  

88.  Bertrand A, Wen J, Rinaldi D, Houot M, Sayah S, Camuzat A, et al. 

Early Cognitive, Structural, and Microstructural Changes in 

Presymptomatic C9orf72 Carriers Younger Than 40 Years. JAMA 

Neurol. 2018 Feb 1;75(2):236–45.  

89.  Bede P, Siah WF, McKenna MC, Shing SLH. Consideration of 

C9orf72-associated ALS-FTD as a neurodevelopmental disorder: 

insights from neuroimaging. J Neurol Neurosurg Psychiatry [Internet]. 

2020 Aug 27 [cited 2020 Sep 14]; Available from: 

https://jnnp.bmj.com/content/early/2020/09/01/jnnp-2020-324416 

90.  Blain-Moraes S, Mashour GA, Lee H, Huggins JE, Lee U. Altered 

cortical communication in amyotrophic lateral sclerosis. Neuroscience 

Letters. 2013 May 24;543:172–6.  

91.  Dukic S, McMackin R, Buxo T, Fasano A, Chipika R, Pinto‐Grau M, 

et al. Patterned functional network disruption in amyotrophic lateral 

sclerosis. Human Brain Mapping. 2019;40(16):4827–42.  

92.  McMackin R, Muthuraman M, Groppa S, Babiloni C, Taylor J-P, 

Kiernan MC, et al. Measuring network disruption in 

neurodegenerative diseases: New approaches using signal analysis. 

Journal of Neurology, Neurosurgery & Psychiatry. 2019 

Sep;90(9):1011–20.  

93.  Iyer PM, Mohr K, Broderick M, Gavin B, Burke T, Bede P, et al. 

Mismatch Negativity as an Indicator of Cognitive Sub-Domain 

Dysfunction in Amyotrophic Lateral Sclerosis. Front Neurol 

[Internet]. 2017 [cited 2020 May 11];8. Available from: 

https://www.frontiersin.org/articles/10.3389/fneur.2017.00395/full 

94.  McMackin R, Dukic S, Broderick M, Iyer PM, Pinto-Grau M, Mohr 

K, et al. Dysfunction of attention switching networks in amyotrophic 

lateral sclerosis. NeuroImage: Clinical. 2019 Jan 1;22:101707.  

95.  Volk AE, Weishaupt JH, Andersen PM, Ludolph AC, Kubisch C. 

Current knowledge and recent insights into the genetic basis of 

amyotrophic lateral sclerosis. medgen. 2018 Jun 1;30(2):252–8.  

96.  Morita M, Al-Chalabi A, Andersen PM, Hosler B, Sapp P, Englund E, 

et al. A locus on chromosome 9p confers susceptibility to ALS and 

frontotemporal dementia. Neurology. 2006 Mar 28;66(6):839–44.  

97.  DeJesus-Hernandez M, Mackenzie IR, Boeve BF, Boxer AL, Baker 

M, Rutherford NJ, et al. Expanded GGGGCC Hexanucleotide Repeat 



294 
 

in Noncoding Region of C9ORF72 Causes Chromosome 9p-Linked 

FTD and ALS. Neuron. 2011 Oct 20;72(2):245–56.  

98.  Renton AE, Majounie E, Waite A, Simón-Sánchez J, Rollinson S, 

Gibbs JR, et al. A Hexanucleotide Repeat Expansion in C9ORF72 Is 

the Cause of Chromosome 9p21-Linked ALS-FTD. Neuron. 2011 Oct 

20;72(2):257–68.  

99.  Balendra R, Isaacs AM. C9orf72 -mediated ALS and FTD: multiple 

pathways to disease. Nature Reviews Neurology. 2018 

Sep;14(9):544–58.  

100.  Mackenzie IR, Arzberger T, Kremmer E, Troost D, Lorenzl S, Mori 

K, et al. Dipeptide repeat protein pathology in C9ORF72 mutation 

cases: clinico-pathological correlations. Acta Neuropathologica. 2013 

Dec;126(6):859–79.  

101.  Turner MR. Non-invasive in vivo neuropathology of the C9orf72-

related ALS-FTD syndrome. J Neurol Neurosurg Psychiatry. 2018 Jan 

1;89(1):4–5.  

102.  Byrne S, Heverin M, Elamin M, Bede P, Lynch C, Kenna K, et al. 

Aggregation of neurologic and neuropsychiatric disease in 

amyotrophic lateral sclerosis kindreds: A population-based case–

control cohort study of familial and sporadic amyotrophic lateral 

sclerosis. Annals of Neurology. 2013;74(5):699–708.  

103.  Chiò A, Borghero G, Restagno G, Mora G, Drepper C, Traynor BJ, et 

al. Clinical characteristics of patients with familial amyotrophic lateral 

sclerosis carrying the pathogenic GGGGCC hexanucleotide repeat 

expansion of C9ORF72. Brain. 2012 Mar 1;135(3):784–93.  

104.  Simón-Sánchez J, Dopper EGP, Cohn-Hokke PE, Hukema RK, 

Nicolaou N, Seelaar H, et al. The clinical and pathological phenotype 

of C9ORF72 hexanucleotide repeat expansions. Brain. 2012 Mar 

1;135(3):723–35.  

105.  Boeve BF, Boylan KB, Graff-Radford NR, DeJesus-Hernandez M, 

Knopman DS, Pedraza O, et al. Characterization of frontotemporal 

dementia and/or amyotrophic lateral sclerosis associated with the 

GGGGCC repeat expansion in C9ORF72. Brain. 2012 Mar 

1;135(3):765–83.  

106.  Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati 

A, et al. Mutations in Cu/Zn superoxide dismutase gene are associated 

with familial amyotrophic lateral sclerosis. Nature. 1993 

Mar;362(6415):59–62.  



295 
 

107.  Corcia P, Couratier P, Blasco H, Andres CR, Beltran S, Meininger V, 

et al. Genetics of amyotrophic lateral sclerosis. Revue Neurologique. 

2017 May 1;173(5):254–62.  

108.  Chiò A, Borghero G, Pugliatti M, Ticca A, Calvo A, Moglia C, et al. 

Large Proportion of Amyotrophic Lateral Sclerosis Cases in Sardinia 

Due to a Single Founder Mutation of the TARDBP Gene. Arch 

Neurol. 2011 May 9;68(5):594–8.  

109.  Kwiatkowski TJ, Bosco DA, LeClerc AL, Tamrazian E, Vanderburg 

CR, Russ C, et al. Mutations in the FUS/TLS Gene on Chromosome 

16 Cause Familial Amyotrophic Lateral Sclerosis. Science. 2009 Feb 

27;323(5918):1205–8.  

110.  Al-Chalabi A, Fang F, Hanby MF, Leigh PN, Shaw CE, Ye W, et al. 

An estimate of amyotrophic lateral sclerosis heritability using twin 

data. Journal of Neurology, Neurosurgery & Psychiatry. 2010 Dec 

1;81(12):1324–6.  

111.  Keller MF, Ferrucci L, Singleton AB, Tienari PJ, Laaksovirta H, 

Restagno G, et al. Genome-Wide Analysis of the Heritability of 

Amyotrophic Lateral Sclerosis. JAMA Neurol. 2014 Sep 

1;71(9):1123–34.  

112.  McLaughlin RL, Vajda A, Hardiman O. Heritability of Amyotrophic 

Lateral Sclerosis: Insights From Disparate Numbers. JAMA 

neurology. 2015 Aug;72(8):857–8.  

113.  Grossman M. Amyotrophic lateral sclerosis - a multisystem 

neurodegenerative disorder. Nat Rev Neurol. 2019 Jan;15(1):5–6.  

114.  Menke RAL, Proudfoot M, Wuu J, Andersen PM, Talbot K, Benatar 

M, et al. Increased functional connectivity common to symptomatic 

amyotrophic lateral sclerosis and those at genetic risk. J Neurol 

Neurosurg Psychiatry. 2016 Jun 1;87(6):580–8.  

115.  Hasler G, Drevets WC, Manji HK, Charney DS. Discovering 

Endophenotypes for Major Depression. Neuropsychopharmacology. 

2004 Oct;29(10):1765–81.  

116.  Glahn DC, Knowles EE, McKay DR, Sprooten E, Raventós H, 

Blangero J, et al. Arguments for the Sake of Endophenotypes: 

Examining Common Misconceptions About the Use of 

Endophenotypes In Psychiatric Genetics. Am J Med Genet B 

Neuropsychiatr Genet. 2014 Mar;0(2):122–30.  

117.  Gottesman II, Gould TD. The Endophenotype Concept in Psychiatry: 

Etymology and Strategic Intentions. AJP. 2003 Apr 1;160(4):636–45.  



296 
 

118.  Gottesman II, Shields J. Schizophrenia and genetics. A Twin Study 

Vantage Point. ACADPRESS, NEW YORK, NY [Internet]. 1972 Dec 

1 [cited 2020 May 26]; Available from: 

https://experts.umn.edu/en/publications/schizophrenia-and-genetics-a-

twin-study-vantage-point 

119.  De Jager PL, Bennett DA. An Inflection Point in Gene Discovery 

Efforts for Neurodegenerative Diseases: From Syndromic Diagnoses 

Toward Endophenotypes and the Epigenome. JAMA Neurology. 2013 

Jun 1;70(6):719–26.  

120.  Bennett DA, De Jager PL, Leurgans SE, Schneider JA. 

Neuropathologic intermediate phenotypes enhance association to 

Alzheimer susceptibility alleles. Neurology. 2009 Apr 

28;72(17):1495–503.  

121.  Cannon TD, Keller MC. Endophenotypes in the genetic analyses of 

mental disorders. Annu Rev Clin Psychol. 2006;2:267–90.  

122.  McClearn GE, Johansson B, Berg S, Pedersen NL, Ahern F, Petrill 

SA, et al. Substantial genetic influence on cognitive abilities in twins 

80 or more years old. Science. 1997 Jun 6;276(5318):1560–3.  

123.  Devlin B, Daniels M, Roeder K. The heritability of IQ. Nature. 1997 

Jul 31;388(6641):468–71.  

124.  Bouchard TJ. The Wilson Effect: the increase in heritability of IQ 

with age. Twin Res Hum Genet. 2013 Oct;16(5):923–30.  

125.  Plomin R, von Stumm S. The new genetics of intelligence. Nat Rev 

Genet. 2018 Mar;19(3):148–59.  

126.  Glahn DC, Thompson PM, Blangero J. Neuroimaging 

endophenotypes: Strategies for finding genes influencing brain 

structure and function. Human Brain Mapping. 2007;28(6):488–501.  

127.  Malone SM, Burwell SJ, Vaidyanathan U, Miller MB, Mcgue M, 

Iacono WG. Heritability and molecular-genetic basis of resting EEG 

activity: A genome-wide association study. Psychophysiology. 

2014;51(12):1225–45.  

128.  de Geus EJ. From genotype to EEG endophenotype: a route for post-

genomic understanding of complex psychiatric disease? Genome 

Med. 2010 Sep 7;2(9):63.  

129.  Cohen J, Pertsemlidis A, Kotowski IK, Graham R, Garcia CK, Hobbs 

HH. Low LDL cholesterol in individuals of African descent resulting 

from frequent nonsense mutations in PCSK9. Nature Genetics. 2005 

Feb;37(2):161–5.  



297 
 

130.  Ertekin-Taner N. Gene expression endophenotypes: a novel approach 

for gene discovery in Alzheimer’s disease. Mol Neurodegeneration. 

2011 May 14;6(1):31.  

131.  Zou F, Carrasquillo MM, Pankratz VS, Belbin O, Morgan K, Allen M, 

et al. Gene expression levels as endophenotypes in genome-wide 

association studies of Alzheimer disease. Neurology. 2010 Feb 

9;74(6):480–6.  

132.  Murano T, Hagihara H, Tajinda K, Matsumoto M, Miyakawa T. 

Transcriptomic immaturity inducible by neural hyperexcitation is 

shared by multiple neuropsychiatric disorders. Communications 

Biology. 2019 Jan 22;2(1):1–11.  

133.  Glahn DC, Blangero J. Why endophenotype development requires 

families. Chinese Science Bulletin. 2011 Nov;56(32):3382–4.  

134.  Estimating Trait Heritability | Learn Science at Scitable [Internet]. 

[cited 2021 Sep 17]. Available from: 

https://www.nature.com/scitable/topicpage/estimating-trait-

heritability-46889/ 

135.  O’Brien M, Burke T, Heverin M, Vajda A, McLaughlin R, Gibbons J, 

et al. Clustering of Neuropsychiatric Disease in First-Degree and 

Second-Degree Relatives of Patients With Amyotrophic Lateral 

Sclerosis. JAMA Neurol. 2017 01;74(12):1425–30.  

136.  McLaughlin RL, Schijven D, Van Rheenen W, Van Eijk KR, O’Brien 

M, Kahn RS, et al. Genetic correlation between amyotrophic lateral 

sclerosis and schizophrenia. Nature communications. 2017;8:14774.  

137.  McHutchison CA, Leighton DJ, McIntosh A, Cleary E, Warner J, 

Porteous M, et al. Relationship between neuropsychiatric disorders 

and cognitive and behavioural change in MND. Journal of Neurology, 

Neurosurgery & Psychiatry. 2020 Mar;91(3):245–53.  

138.  Devenney EM, Ahmed RM, Halliday G, Piguet O, Kiernan MC, 

Hodges JR. Psychiatric disorders in C9orf72 kindreds: Study of 1,414 

family members. Neurology. 2018 Oct 16;91(16):e1498–507.  

139.  Caselli RJ, Locke DEC, Dueck AC, Knopman DS, Woodruff BK, 

Hoffman-Snyder C, et al. The neuropsychology of normal aging and 

preclinical Alzheimer’s disease. Alzheimer’s & Dementia. 2014 Jan 

1;10(1):84–92.  

140.  Dickson DW, Fujishiro H, DelleDonne A, Menke J, Ahmed Z, Klos 

KJ, et al. Evidence that incidental Lewy body disease is pre-

symptomatic Parkinson’s disease. Acta Neuropathol. 2008 Apr 

1;115(4):437–44.  



298 
 

141.  Eisen A, Kiernan M, Mitsumoto H, Swash M. Amyotrophic lateral 

sclerosis: a long preclinical period? J Neurol Neurosurg Psychiatry. 

2014 Nov 1;85(11):1232–8.  

142.  Zundert B van, Izaurieta P, Fritz E, Alvarez FJ. Early pathogenesis in 

the adult-onset neurodegenerative disease amyotrophic lateral 

sclerosis. Journal of Cellular Biochemistry. 2012;113(11):3301–12.  

143.  Al-Chalabi A, Calvo A, Chio A, Colville S, Ellis CM, Hardiman O, et 

al. Analysis of amyotrophic lateral sclerosis as a multistep process: a 

population-based modelling study. Lancet Neurol. 2014 Nov 

13;13(11):1108–13.  

144.  Chiò A, Mazzini L, D’Alfonso S, Corrado L, Canosa A, Moglia C, et 

al. The multistep hypothesis of ALS revisited: The role of genetic 

mutations. Neurology. 2018 Aug 14;91(7):e635–42.  

145.  Benatar M, Turner MR, Wuu J. Defining pre-symptomatic 

amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and 

Frontotemporal Degeneration. 2019 Jul 3;20(5–6):303–9.  

146.  Querin G, Bede P, Mendili MME, Li M, Pélégrini‐Issac M, Rinaldi D, 

et al. Presymptomatic spinal cord pathology in c9orf72 mutation 

carriers: A longitudinal neuroimaging study. Annals of Neurology. 

2019;86(2):158–67.  

147.  Benussi A, Gazzina S, Premi E, Cosseddu M, Archetti S, Dell’Era V, 

et al. Clinical and biomarker changes in presymptomatic genetic 

frontotemporal dementia. Neurobiology of Aging. 2019 Apr 

1;76:133–40.  

148.  Mutsaerts HJMM, Mirza SS, Petr J, Thomas DL, Cash DM, Bocchetta 

M, et al. Cerebral perfusion changes in presymptomatic genetic 

frontotemporal dementia: a GENFI study. Brain. 2019 Apr 

1;142(4):1108–20.  

149.  Benatar M, Wuu J, Lombardi V, Jeromin A, Bowser R, Andersen PM, 

et al. Neurofilaments in pre-symptomatic ALS and the impact of 

genotype. Amyotrophic Lateral Sclerosis and Frontotemporal 

Degeneration. 2019 Oct 2;20(7–8):538–48.  

150.  Rohrer JD, Nicholas JM, Cash DM, van Swieten J, Dopper E, Jiskoot 

L, et al. Presymptomatic cognitive and neuroanatomical changes in 

genetic frontotemporal dementia in the Genetic Frontotemporal 

dementia Initiative (GENFI) study: a cross-sectional analysis. The 

Lancet Neurology. 2015 Mar 1;14(3):253–62.  

151.  Lulé DE, Müller H-P, Finsel J, Weydt P, Knehr A, Winroth I, et al. 

Deficits in verbal fluency in presymptomatic C9orf72 mutation gene 



299 
 

carriers—a developmental disorder. J Neurol Neurosurg Psychiatry. 

2020 Nov 1;91(11):1195–200.  

152.  Popuri K, Dowds E, Beg MF, Balachandar R, Bhalla M, Jacova C, et 

al. Gray matter changes in asymptomatic C9orf72 and GRN mutation 

carriers. NeuroImage: Clinical. 2018 Jan 1;18:591–8.  

153.  Green MF, Kern RS, Braff DL, Mintz J. Neurocognitive Deficits and 

Functional Outcome in Schizophrenia: Are We Measuring the “Right 

Stuff”? Schizophrenia Bulletin. 2000 Jan 1;26(1):119–36.  

154.  Mesholam-Gately RI, Giuliano AJ, Goff KP, Faraone SV, Seidman 

LJ. Neurocognition in First-Episode Schizophrenia: A Meta-Analytic 

Review. :22.  

155.  Blanchard JJ, Neale JM. The neuropsychological signature of 

schizophrenia: Generalized or differential deficit? The American 

Journal of Psychiatry. 1994;151(1):40–8.  

156.  Dickinson D, Ramsey ME, Gold JM. Overlooking the obvious: a 

meta-analytic comparison of digit symbol coding tasks and other 

cognitive measures in schizophrenia. Arch Gen Psychiatry. 2007 

May;64(5):532–42.  

157.  Lesh TA, Niendam TA, Minzenberg MJ, Carter CS. Cognitive 

Control Deficits in Schizophrenia: Mechanisms and Meaning. 

Neuropsychopharmacology. 2011 Jan;36(1):316–38.  

158.  Meehl PE. Schizotaxia, schizotypy, schizophrenia. American 

Psychologist. 1962;17(12):827–38.  

159.  Fogelson DL, Nuechterlein KH, Asarnow RA, Payne DL, Subotnik 

KL, Jacobson KC, et al. Avoidant Personality Disorder is a Separable 

Schizophrenia Spectrum Personality Disorder even when Controlling 

for the Presence of Paranoid and Schizotypal Personality Disorders. 

Schizophr Res. 2007 Mar;91(1–3):192–9.  

160.  Lenzenweger MF. Schizotaxia, schizotypy, and schizophrenia: Paul E. 

Meehl’s blueprint for the experimental psychopathology and genetics 

of schizophrenia. Journal of Abnormal Psychology. 2006;115(2):195–

200.  

161.  Cannon TD, Huttunen MO, Lonnqvist J, Tuulio-Henriksson A, 

Pirkola T, Glahn D, et al. The Inheritance of Neuropsychological 

Dysfunction in Twins Discordant for Schizophrenia. The American 

Journal of Human Genetics. 2000 Aug 1;67(2):369–82.  

162.  Park S, Holzman PS, Goldman-Rakic PS. Spatial Working Memory 

Deficits in the Relatives of Schizophrenic Patients. Archives of 

General Psychiatry. 1995 Oct 1;52(10):821–8.  



300 
 

163.  Snitz BE, MacDonald AW, Carter CS. Cognitive Deficits in 

Unaffected First-Degree Relatives of Schizophrenia Patients: A Meta-

analytic Review of Putative Endophenotypes. Schizophr Bull. 2006 

Jan 1;32(1):179–94.  

164.  Greenwood TA, Shutes-David A, Tsuang DW. Endophenotypes in 

Schizophrenia: Digging Deeper to Identify Genetic Mechanisms. J 

Psychiatr Brain Sci [Internet]. 2019 [cited 2020 Nov 23];4(2). 

Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6594566/ 

165.  Gur RE, Calkins ME, Gur RC, Horan WP, Nuechterlein KH, Seidman 

LJ, et al. The Consortium on the Genetics of Schizophrenia: 

Neurocognitive Endophenotypes. Schizophrenia Bulletin. 2007 Jan 

1;33(1):49–68.  

166.  Glahn DC, Almasy L, Blangero J, Burk GM, Estrada J, Peralta JM, et 

al. Adjudicating neurocognitive endophenotypes for schizophrenia. 

American Journal of Medical Genetics Part B: Neuropsychiatric 

Genetics. 2007;144B(2):242–9.  

167.  Chan RCK, Gottesman II. Neurological soft signs as candidate 

endophenotypes for schizophrenia: A shooting star or a Northern star? 

Neuroscience & Biobehavioral Reviews. 2008 Jul 1;32(5):957–71.  

168.  Bachmann S, Degen C, Geider FJ, Schröder J. Neurological Soft 

Signs in the Clinical Course of Schizophrenia: Results of a Meta-

Analysis. Frontiers in Psychiatry. 2014;5:185.  

169.  Bombin I, Arango C, Buchanan RW. Significance and Meaning of 

Neurological Signs in Schizophrenia: Two Decades Later. Schizophr 

Bull. 2005 Jan 1;31(4):962–77.  

170.  Chen EY-H, Hui CL-M, Chan RC-K, Dunn EL-W, Miao MY-K, 

Yeung W-S, et al. A 3-year prospective study of neurological soft 

signs in first-episode schizophrenia. Schizophrenia Research. 2005 

Jun 1;75(1):45–54.  

171.  Compton MT, Bercu Z, Bollini A, Walker EF. Factor structure of the 

Neurological Evaluation Scale in a predominantly African American 

sample of patients with schizophrenia, unaffected relatives, and non-

psychiatric controls. Schizophrenia Research. 2006 Jun 1;84(2):365–

77.  

172.  Chen EYH, Shapleske J, Luque R, McKenna PJ, Hodges JR, 

Calloway SP, et al. The Cambridge Neurological Inventory: A clinical 

instrument for assessment of soft neurological signs in psychiatric 

patients. Psychiatry Research. 1995 Mar 27;56(2):183–204.  



301 
 

173.  Bani-Fatemi A, Tasmim S, Graff-Guerrero A, Gerretsen P, Strauss J, 

Kolla N, et al. Structural and functional alterations of the suicidal 

brain: An updated review of neuroimaging studies. Psychiatry 

Research: Neuroimaging. 2018 Aug 30;278:77–91.  

174.  Fu Q, Heath AC, Bucholz KK, Nelson EC, Glowinski AL, Goldberg 

J, et al. A twin study of genetic and environmental influences on 

suicidality in men. Psychological Medicine. 2002 Jan;32(1):11–24.  

175.  Brent DA, Bridge J, Johnson BA, Connolly J. Suicidal behavior runs 

in families. A controlled family study of adolescent suicide victims. 

Arch Gen Psychiatry. 1996 Dec;53(12):1145–52.  

176.  Courtet P, Gottesman II, Jollant F, Gould TD. The neuroscience of 

suicidal behaviors: what can we expect from endophenotype 

strategies? Translational Psychiatry. 2011 May;1(5):e7–e7.  

177.  Mann JJ, Arango VA, Avenevoli S, Brent DA, Champagne FA, 

Clayton P, et al. Candidate Endophenotypes for Genetic Studies of 

Suicidal Behavior. Biol Psychiatry. 2009 Apr 1;65(7):556–63.  

178.  Baud P. Personality traits as intermediary phenotypes in suicidal 

behavior: genetic issues. Am J Med Genet C Semin Med Genet. 2005 

Feb 15;133C(1):34–42.  

179.  Melhem NM, Brent DA, Ziegler M, Iyengar S, Kolko D, Oquendo M, 

et al. Familial pathways to early-onset suicidal behavior: familial and 

individual antecedents of suicidal behavior. Am J Psychiatry. 2007 

Sep;164(9):1364–70.  

180.  Caspi A, Moffitt TE, Newman DL, Silva PA. Behavioral observations 

at age 3 years predict adult psychiatric disorders. Longitudinal 

evidence from a birth cohort. Arch Gen Psychiatry. 1996 

Nov;53(11):1033–9.  

181.  Jollant F, Bellivier F, Leboyer M, Astruc B, Torres S, Verdier R, et al. 

Impaired decision making in suicide attempters. Am J Psychiatry. 

2005 Feb;162(2):304–10.  

182.  Lawrence NS, Jollant F, O’Daly O, Zelaya F, Phillips ML. Distinct 

roles of prefrontal cortical subregions in the Iowa Gambling Task. 

Cereb Cortex. 2009 May;19(5):1134–43.  

183.  Bechara A, Tranel D, Damasio H. Characterization of the decision-

making deficit of patients with ventromedial prefrontal cortex lesions. 

Brain. 2000 Nov;123 ( Pt 11):2189–202.  

184.  Mann JJ, Huang YY, Underwood MD, Kassir SA, Oppenheim S, 

Kelly TM, et al. A serotonin transporter gene promoter polymorphism 



302 
 

(5-HTTLPR) and prefrontal cortical binding in major depression and 

suicide. Arch Gen Psychiatry. 2000 Aug;57(8):729–38.  

185.  Thorell L-H. Valid electrodermal hyporeactivity for depressive 

suicidal propensity offers links to cognitive theory. Acta Psychiatr 

Scand. 2009 May;119(5):338–49.  

186.  Storrie MC, Doerr HO, Johnson MH. Skin conductance characteristics 

of depressed subjects before and after therapeutic intervention. J Nerv 

Ment Dis. 1981 Mar;169(3):176–9.  

187.  Lykken DT, Iacono WG, Haroian K, McGue M, Bouchard TJ. 

Habituation of the skin conductance response to strong stimuli: a twin 

study. Psychophysiology. 1988 Jan;25(1):4–15.  

188.  Guillaume S, Jollant F, Jaussent I, Lawrence N, Malafosse A, Courtet 

P. Somatic markers and explicit knowledge are both involved in 

decision-making. Neuropsychologia. 2009 Aug;47(10):2120–4.  

189.  Cavedini P, Zorzi C, Piccinni M, Cavallini MC, Bellodi L. Executive 

Dysfunctions in Obsessive-Compulsive Patients and Unaffected 

Relatives: Searching for a New Intermediate Phenotype. Biological 

Psychiatry. 2010 Jun 15;67(12):1178–84.  

190.  Rajender G, Bhatia MS, Kanwal K, Malhotra S, Singh TB, Chaudhary 

D. Study of neurocognitive endophenotypes in drug-naïve obsessive–

compulsive disorder patients, their first-degree relatives and healthy 

controls. Acta Psychiatrica Scandinavica. 2011;124(2):152–61.  

191.  Bannon S, Gonsalvez CJ, Croft RJ, Boyce PM. Executive Functions 

in Obsessive–Compulsive Disorder: State or Trait Deficits? Aust N Z 

J Psychiatry. 2006 Nov 1;40(11–12):1031–8.  

192.  Friedman NP, Miyake A, Young SE, DeFries JC, Corley RP, Hewitt 

JK. Individual differences in executive functions are almost entirely 

genetic in origin. Journal of Experimental Psychology: General. 

2008;137(2):201–25.  

193.  Riesel A, Endrass T, Kaufmann C, Kathmann N. Overactive Error-

Related Brain Activity as a Candidate Endophenotype for Obsessive-

Compulsive Disorder: Evidence From Unaffected First-Degree 

Relatives. AJP. 2011 Mar 1;168(3):317–24.  

194.  Olvet DM, Hajcak G. The error-related negativity (ERN) and 

psychopathology: Toward an endophenotype. Clinical Psychology 

Review. 2008 Dec 1;28(8):1343–54.  

195.  Mathews CA, Perez VB, Delucchi KL, Mathalon DH. Error-related 

negativity in individuals with obsessive–compulsive symptoms: 



303 
 

Toward an understanding of hoarding behaviors. Biological 

Psychology. 2012 Feb 1;89(2):487–94.  

196.  Anokhin AP, Golosheykin S, Heath AC. Heritability of frontal brain 

function related to action monitoring. Psychophysiology. 

2008;45(4):524–34.  

197.  Menzies L, Williams GB, Chamberlain SR, Ooi C, Fineberg N, 

Suckling J, et al. White Matter Abnormalities in Patients With 

Obsessive-Compulsive Disorder and Their First-Degree Relatives. 

AJP. 2008 Oct 1;165(10):1308–15.  

198.  Chamberlain SR, Menzies L, Hampshire A, Suckling J, Fineberg NA, 

Campo N del, et al. Orbitofrontal Dysfunction in Patients with 

Obsessive-Compulsive Disorder and Their Unaffected Relatives. 

Science. 2008 Jul 18;321(5887):421–2.  

199.  Taylor S, Jang KL. Biopsychosocial etiology of obsessions and 

compulsions: An integrated behavioral–genetic and cognitive–

behavioral analysis. Journal of Abnormal Psychology. 

2011;120(1):174–86.  

200.  Rector NA, Cassin SE, Richter MA, Burroughs E. Obsessive beliefs 

in first-degree relatives of patients with OCD: A test of the cognitive 

vulnerability model. Journal of Anxiety Disorders. 2009 Jan 

1;23(1):145–9.  

201.  Rangaswamy M, Porjesz B, Chorlian DB, Wang K, Jones KA, 

Kuperman S, et al. Resting EEG in offspring of male alcoholics: beta 

frequencies. International Journal of Psychophysiology. 2004 Feb 

1;51(3):239–51.  

202.  Porjesz B, Almasy L, Edenberg HJ, Wang K, Chorlian DB, Foroud T, 

et al. Linkage disequilibrium between the beta frequency of the human 

EEG and a GABAA receptor gene locus. Proc Natl Acad Sci U S A. 

2002 Mar 19;99(6):3729–33.  

203.  Enoch M-A, Hodgkinson CA, Yuan Q, Albaugh B, Virkkunen M, 

Goldman D. GABRG1 and GABRA2 as Independent Predictors for 

Alcoholism in Two Populations. Neuropsychopharmacology. 2009 

Apr;34(5):1245–54.  

204.  Covault J, Gelernter J, Hesselbrock V, Nellissery M, Kranzler HR. 

Allelic and haplotypic association of GABRA2 with alcohol 

dependence. Am J Med Genet B Neuropsychiatr Genet. 2004 Aug 

15;129B(1):104–9.  

205.  Carlson SR, Iacono WG, McGue M. P300 amplitude in adolescent 

twins discordant and concordant for alcohol use disorders. Biol 

Psychol. 2002 Oct;61(1–2):203–27.  



304 
 

206.  Euser AS, Arends LR, Evans BE, Greaves-Lord K, Huizink AC, 

Franken IHA. The P300 event-related brain potential as a 

neurobiological endophenotype for substance use disorders: A meta-

analytic investigation. Neuroscience & Biobehavioral Reviews. 2012 

Jan 1;36(1):572–603.  

207.  Jones KA, Porjesz B, Almasy L, Bierut L, Goate A, Wang JC, et al. 

Linkage and linkage disequilibrium of evoked EEG oscillations with 

CHRM2 receptor gene polymorphisms: implications for human brain 

dynamics and cognition. International Journal of Psychophysiology. 

2004 Jul 1;53(2):75–90.  

208.  Chen ACH, Tang Y, Rangaswamy M, Wang JC, Almasy L, Foroud T, 

et al. Association of single nucleotide polymorphisms in a glutamate 

receptor gene (GRM8) with theta power of event-related oscillations 

and alcohol dependence. Am J Med Genet B Neuropsychiatr Genet. 

2009 Apr 5;150B(3):359–68.  

209.  Chen ACH, Manz N, Tang Y, Rangaswamy M, Almasy L, Kuperman 

S, et al. Single-nucleotide polymorphisms in corticotropin releasing 

hormone receptor 1 gene (CRHR1) are associated with quantitative 

trait of event-related potential and alcohol dependence. Alcohol Clin 

Exp Res. 2010 Jun;34(6):988–96.  

210.  Kang SJ, Rangaswamy M, Manz N, Wang J-C, Wetherill L, Hinrichs 

T, et al. Family-based genome-wide association study of frontal θ 

oscillations identifies potassium channel gene KCNJ6. Genes Brain 

Behav. 2012 Aug;11(6):712–9.  

211.  Salvatore JE, Gottesman II, Dick DM. Endophenotypes for Alcohol 

Use Disorder: An Update on the Field. Curr Addict Rep. 2015 Mar 

1;2(1):76–90.  

212.  Quinn PD, Fromme K. Subjective response to alcohol challenge: a 

quantitative review. Alcohol Clin Exp Res. 2011 Oct;35(10):1759–70.  

213.  Kalu N, Ramchandani VA, Marshall V, Scott D, Ferguson C, Cain G, 

et al. Heritability of level of response and association with recent 

drinking history in nonalcohol-dependent drinkers. Alcohol Clin Exp 

Res. 2012 Jun;36(6):1034–41.  

214.  Uhart M, Weerts EM, McCaul ME, Guo X, Yan X, Kranzler HR, et 

al. GABRA2 markers moderate the subjective effects of alcohol. 

Addict Biol. 2013 Mar;18(2):357–69.  

215.  Lauritsen MB, Pedersen CB, Mortensen PB. Effects of familial risk 

factors and place of birth on the risk of autism: a nationwide register-

based study. J Child Psychol Psychiatry. 2005 Sep;46(9):963–71.  



305 
 

216.  Weiss LA. Autism genetics: emerging data from genome-wide copy-

number and single nucleotide polymorphism scans. Expert Rev Mol 

Diagn. 2009 Nov;9(8):795–803.  

217.  Constantino JN, Todd RD. Autistic traits in the general population: a 

twin study. Arch Gen Psychiatry. 2003 May;60(5):524–30.  

218.  Ronald A, Happé F, Price TS, Baron-Cohen S, Plomin R. Phenotypic 

and genetic overlap between autistic traits at the extremes of the 

general population. J Am Acad Child Adolesc Psychiatry. 2006 

Oct;45(10):1206–14.  

219.  Viding E, Blakemore S-J. Endophenotype approach to developmental 

psychopathology: implications for autism research. Behav Genet. 

2007 Jan;37(1):51–60.  

220.  Baron-Cohen S, Hammer J. Parents of Children with Asperger 

Syndrome: What is the Cognitive Phenotype? J Cogn Neurosci. 1997 

Jul;9(4):548–54.  

221.  Wheelwright S, Auyeung B, Allison C, Baron-Cohen S. Defining the 

broader, medium and narrow autism phenotype among parents using 

the Autism Spectrum Quotient (AQ). Molecular Autism. 2010 Jun 

17;1(1):10.  

222.  Constantino JN, Zhang Y, Frazier T, Abbacchi AM, Law P. Sibling 

Recurrence and the Genetic Epidemiology of Autism. AJP. 2010 Nov 

1;167(11):1349–56.  

223.  Alarcón M, Yonan AL, Gilliam TC, Cantor RM, Geschwind DH. 

Quantitative genome scan and Ordered-Subsets Analysis of autism 

endophenotypes support language QTLs. Mol Psychiatry. 2005 

Aug;10(8):747–57.  

224.  Cummings JL. Frontal-Subcortical Circuits and Human Behavior. 

Archives of Neurology. 1993 Aug 1;50(8):873–80.  

225.  Jahanshahi M, Obeso I, Rothwell JC, Obeso JA. A fronto–striato–

subthalamic–pallidal network for goal-directed and habitual 

inhibition. Nature Reviews Neuroscience. 2015 Dec;16(12):719–32.  

226.  Abrahams S, Leigh PN, Harvey A, Vythelingum GN, Grisé D, 

Goldstein LH. Verbal fluency and executive dysfunction in 

amyotrophic lateral sclerosis (ALS). Neuropsychologia. 2000 Jun 

1;38(6):734–47.  

227.  Bachevalier J, Loveland KA. The orbitofrontal–amygdala circuit and 

self-regulation of social–emotional behavior in autism. Neuroscience 

& Biobehavioral Reviews. 2006 Jan 1;30(1):97–117.  



306 
 

228.  Bora E. Meta-analysis of social cognition in amyotrophic lateral 

sclerosis. Cortex. 2017 Mar 1;88:1–7.  

229.  Bede P, Elamin M, Byrne S, McLaughlin RL, Kenna K, Vajda A, et 

al. Basal ganglia involvement in amyotrophic lateral sclerosis. 

Neurology. 2013 Dec 10;81(24):2107–15.  

230.  Machts J, Loewe K, Kaufmann J, Jakubiczka S, Abdulla S, Petri S, et 

al. Basal ganglia pathology in ALS is associated with 

neuropsychological deficits. Neurology. 2015 Oct 13;85(15):1301–9.  

231.  Looi JCL, Walterfang M, Styner M, Niethammer M, Svensson LA, 

Lindberg O, et al. Shape analysis of the neostriatum in subtypes of 

frontotemporal lobar degeneration: Neuroanatomically significant 

regional morphologic change. Psychiatry Research: Neuroimaging. 

2011 Feb 28;191(2):98–111.  

232.  Looi JC, Walterfang M, Velakoulis D, Macfarlane MD, Svensson LA, 

Wahlund L-O. Frontotemporal dementia as a frontostriatal disorder: 

Neostriatal morphology as a biomarker and structural basis for an 

endophenotype. Aust N Z J Psychiatry. 2012 May 1;46(5):422–34.  

233.  Lin P, Wang X, Zhang B, Kirkpatrick B, Öngür D, Levitt JJ, et al. 

Functional dysconnectivity of the limbic loop of frontostriatal circuits 

in first-episode, treatment-naive schizophrenia. Human Brain 

Mapping. 2018;39(2):747–57.  

234.  de Leeuw M, Kahn RS, Vink M. Fronto-striatal Dysfunction During 

Reward Processing in Unaffected Siblings of Schizophrenia Patients. 

Schizophr Bull. 2015 Jan 1;41(1):94–103.  

235.  Balcioglu YH, Kose S. Neural substrates of suicide and suicidal 

behaviour: from a neuroimaging perspective. Psychiatry and Clinical 

Psychopharmacology. 2018 Jul 3;28(3):314–28.  

236.  Sudol K, Mann JJ. Biomarkers of Suicide Attempt Behavior: Towards 

a Biological Model of Risk. Curr Psychiatry Rep. 2017 Jun;19(6):31.  

237.  Jollant F, Wagner G, Richard-Devantoy S, Köhler S, Bär K-J, Turecki 

G, et al. Neuroimaging-informed phenotypes of suicidal behavior: a 

family history of suicide and the use of a violent suicidal means. 

Translational Psychiatry. 2018 Jun 19;8(1):1–10.  

238.  Vaghi MM, Hampshire A, Fineberg NA, Kaser M, Brühl AB, 

Sahakian BJ, et al. Hypoactivation and Dysconnectivity of a 

Frontostriatal Circuit During Goal-Directed Planning as an 

Endophenotype for Obsessive-Compulsive Disorder. Biological 

Psychiatry: Cognitive Neuroscience and Neuroimaging. 2017 Nov 

1;2(8):655–63.  



307 
 

239.  Courtney KE, Ghahremani DG, Ray LA. Fronto-striatal functional 

connectivity during response inhibition in alcohol dependence. 

Addiction Biology. 2013;18(3):593–604.  

240.  Heitzeg MM, Nigg JT, Yau W-YW, Zubieta J-K, Zucker RA. 

Affective Circuitry and Risk for Alcoholism in Late Adolescence: 

Differences in Frontostriatal Responses Between Vulnerable and 

Resilient Children of Alcoholic Parents. Alcoholism: Clinical and 

Experimental Research. 2008;32(3):414–26.  

241.  Jones SA, Nagel BJ. Altered frontostriatal white matter microstructure 

is associated with familial alcoholism and future binge drinking in 

adolescence. Neuropsychopharmacology. 2019 May;44(6):1076–83.  

242.  Delmonte S, Gallagher L, O’Hanlon E, Mc Grath J, Balsters JH. 

Functional and structural connectivity of frontostriatal circuitry in 

Autism Spectrum Disorder. Front Hum Neurosci [Internet]. 2013 

[cited 2020 Dec 8];7. Available from: 

https://www.frontiersin.org/articles/10.3389/fnhum.2013.00430/full 

243.  Billeci L, Calderoni S, Conti E, Gesi C, Carmassi C, Dell’Osso L, et 

al. The Broad Autism (Endo)Phenotype: Neurostructural and 

Neurofunctional Correlates in Parents of Individuals with Autism 

Spectrum Disorders. Front Neurosci [Internet]. 2016 [cited 2020 Dec 

8];10. Available from: 

https://www.frontiersin.org/articles/10.3389/fnins.2016.00346/full 

244.  Mora JS, Salas T, Fernández MC, Rodríguez-Castillo V, Marín S, 

Chaverri D, et al. Spanish adaptation of the edinburgh cognitive and 

behavioral amyotrophic lateral sclerosis screen (ECAS). Amyotrophic 

Lateral Sclerosis and Frontotemporal Degeneration. 2018 Jan 2;19(1–

2):74–9.  

245.  Poletti B, Solca F, Carelli L, Madotto F, Lafronza A, Faini A, et al. 

The validation of the Italian Edinburgh Cognitive and Behavioural 

ALS Screen (ECAS). Amyotrophic Lateral Sclerosis and 

Frontotemporal Degeneration. 2016 Nov 16;17(7–8):489–98.  

246.  Taule T, Spilde Morland A, Arnevik Renså M, Aßmus J, Tysnes O-B, 

Rekand T. Edinburgh Cognitive and Behavioral Amyotrophic Lateral 

Sclerosis Screen (ECAS) in Norway: Protocol for validation and a 

prospective cohort study. Contemporary Clinical Trials 

Communications. 2019 Jun 1;14:100347.  

247.  Niven E, Newton J, Foley J, Colville S, Swingler R, Chandran S, et al. 

Validation of the Edinburgh Cognitive and Behavioural Amyotrophic 

Lateral Sclerosis Screen (ECAS): A cognitive tool for motor 

disorders. Amyotrophic Lateral Sclerosis and Frontotemporal 

Degeneration. 2015 Apr 27;16(3–4):172–9.  



308 
 

248.  Pinto-Grau M, Burke T, Lonergan K, McHugh C, Mays I, Madden C, 

et al. Screening for cognitive dysfunction in ALS: validation of the 

Edinburgh Cognitive and Behavioural ALS Screen (ECAS) using age 

and education adjusted normative data. Amyotrophic Lateral Sclerosis 

and Frontotemporal Degeneration. 2017 Jan 2;18(1–2):99–106.  

249.  Maassen GH. The standard error in the Jacobson and Truax Reliable 

Change Index: The classical approach to the assessment of reliable 

change. Journal of the International Neuropsychological Society. 2004 

Oct;10(6):888–93.  

250.  Moritz S, Iverson GL, Woodward TS. Reliable Change Indexes for 

Memory Performance in Schizophrenia as a Means to Determine 

Drug-Induced Cognitive Decline. Applied Neuropsychology. 2003 

Jun 1;10(2):115–20.  

251.  Martin R, Sawrie S, Gilliam F, Mackey M, Faught E, Knowlton R, et 

al. Determining Reliable Cognitive Change after Epilepsy Surgery: 

Development of Reliable Change Indices and Standardized 

Regression-based Change Norms for the WMS-III and WAIS-III. 

Epilepsia. 2002;43(12):1551–8.  

252.  Parsons TD, Notebaert AJ, Shields EW, Guskiewicz KM. Application 

of Reliable Change Indices to Computerized Neuropsychological 

Measures of Concussion. International Journal of Neuroscience. 2009 

Jan 1;119(4):492–507.  

253.  Zuidema SU, Buursema AL, Gerritsen MGJM, Oosterwal KC, Smits 

MMM, Koopmans RTCM, et al. Assessing neuropsychiatric 

symptoms in nursing home patients with dementia: reliability and 

Reliable Change Index of the Neuropsychiatric Inventory and the 

Cohen-Mansfield Agitation Inventory. International Journal of 

Geriatric Psychiatry. 2011;26(2):127–34.  

254.  Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A 

Practical and Powerful Approach to Multiple Testing. Journal of the 

Royal Statistical Society: Series B (Methodological). 1995;57(1):289–

300.  

255.  Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: A flexible 

statistical power analysis program for the social, behavioral, and 

biomedical sciences. Behavior Research Methods. 2007 May 

1;39(2):175–91.  

256.  Lakens D. Equivalence Tests: A Practical Primer for t Tests, 

Correlations, and Meta-Analyses. Social Psychological and 

Personality Science. 2017 May 1;8(4):355–62.  



309 
 

257.  Chelune GJ, Naugle RI, Lüders H, Sedlak J, Awad IA. Individual 

change after epilepsy surgery: Practice effects and base-rate 

information. Neuropsychology. 1993;7(1):41–52.  

258.  Iverson GL. Interpreting change on the WAIS-III/WMS-III in clinical 

samples. Arch Clin Neuropsychol. 2001 Feb 1;16(2):183–91.  

259.  Beglinger LJ, Gaydos B, Tangphao-Daniels O, Duff K, Kareken DA, 

Crawford J, et al. Practice effects and the use of alternate forms in 

serial neuropsychological testing. Arch Clin Neuropsychol. 2005 Jun 

1;20(4):517–29.  

260.  Collie A, Maruff P, Darby DG, McSTEPHEN M. The effects of 

practice on the cognitive test performance of neurologically normal 

individuals assessed at brief test–retest intervals. Journal of the 

International Neuropsychological Society. 2003 Mar;9(3):419–28.  

261.  Calamia M, Markon K, Tranel D. Scoring Higher the Second Time 

Around: Meta-Analyses of Practice Effects in Neuropsychological 

Assessment. The Clinical Neuropsychologist. 2012 May 1;26(4):543–

70.  

262.  Burkhardt C, Neuwirth C, Weber M. Longitudinal assessment of the 

Edinburgh Cognitive and Behavioural Amyotrophic Lateral Sclerosis 

Screen (ECAS): lack of practice effect in ALS patients? Amyotrophic 

Lateral Sclerosis and Frontotemporal Degeneration. 2017 Apr 3;18(3–

4):202–9.  

263.  Duff K. Evidence-Based Indicators of Neuropsychological Change in 

the Individual Patient: Relevant Concepts and Methods. Arch Clin 

Neuropsychol. 2012 May 1;27(3):248–61.  

264.  Abrahams S, Leigh PN, Goldstein LH. Cognitive change in ALS: a 

prospective study. Neurology. 2005 Apr 12;64(7):1222–6.  

265.  van Eijk RPA, Rooney J, Hardiman O, van den Berg LH. Two heads 

are better than one: benefits of joint models for ALS trials. Journal of 

Neurology, Neurosurgery & Psychiatry. 2019 Sep;90(9):1071–2.  

266.  Jones RN, Manly J, Glymour MM, Rentz DM, Jefferson AL, Stern Y. 

Conceptual and Measurement Challenges in Research on Cognitive 

Reserve. Journal of the International Neuropsychological Society. 

2011 Mar;17(4):593–601.  

267.  D’Ovidio F, Rooney JPK, Visser AE, Vermeulen RCH, Veldink JH, 

Berg LHVD, et al. Critical issues in ALS case-control studies: the 

case of the Euro-MOTOR study. Amyotrophic Lateral Sclerosis and 

Frontotemporal Degeneration. 2017 Jul 3;18(5–6):411–8.  



310 
 

268.  Nucci M, Mapelli D, Mondini S. Cognitive Reserve Index 

questionnaire (CRIq): a new instrument for measuring cognitive 

reserve. Aging Clin Exp Res. 2012 Jun 1;24(3):218–26.  

269.  Singh‐Manoux A, Marmot MG, Glymour M, Sabia S, Kivimäki M, 

Dugravot A. Does cognitive reserve shape cognitive decline? Annals 

of Neurology. 2011;70(2):296–304.  

270.  Steward KA, Kennedy R, Novack TA, Crowe M, Marson DC, Triebel 

KL. The Role of Cognitive Reserve in Recovery from Traumatic 

Brain Injury. J Head Trauma Rehabil. 2018;33(1):E18–27.  

271.  Costello E, Lonergan K, Madden C, O’Sullivan M, Mays I, Heverin 

M, et al. Equivalency and practice effects of alternative versions of the 

Edinburgh Cognitive and Behavioral ALS Screen (ECAS). 

Amyotroph Lateral Scler Frontotemporal Degener. 2020 Feb;21(1–

2):86–91.  

272.  Tombaugh TN, Kozak J, Rees L. Normative Data Stratified by Age 

and Education for Two Measures of Verbal Fluency: FAS and Animal 

Naming. :11.  

273.  Kaplan EF, Goodglass H, Weintraub S. The Boston Naming Test. 2nd 

ed. Philadelphia, PA: Lea & Feibiger; 1983.  

274.  Baron-Cohen S, Wheelwright S, Hill J, Raste Y, Plumb I. The 

“Reading the Mind in the Eyes” test revised version: A study with 

normal adults, and adults with Asperger syndrome or high-functioning 

autism. Journal of child psychology and psychiatry. 2001;42(2):241–

251.  

275.  Delis DC, Kaplan E, Kramer JH. Delis-Kaplan Executive Function 

System. Psychological Corporation; 2001.  

276.  Wechsler D. Wechsler memory scale. 3rd ed. Psychological 

Corporation; 1997.  

277.  Rey A. L’examen clinique en psychologie. Oxford, England: Presses 

Universitaries De France; 1964. (L’examen clinique en psychologie).  

278.  Marin B, Fontana A, Arcuti S, Copetti M, Boumédiene F, Couratier P, 

et al. Age-specific ALS incidence: a dose–response meta-analysis. Eur 

J Epidemiol. 2018 Jul 1;33(7):621–34.  

279.  Calvo A, Moglia C, Lunetta C, Marinou K, Ticozzi N, Ferrante GD, et 

al. Factors predicting survival in ALS: a multicenter Italian study. 

Journal of Neurology. 2017 Jan;264(1):54–63.  



311 
 

280.  Knibb JA, Keren N, Kulka A, Leigh PN, Martin S, Shaw CE, et al. A 

clinical tool for predicting survival in ALS. J Neurol Neurosurg 

Psychiatry. 2016 Dec 1;87(12):1361–7.  

281.  Rooney J, Murray D, Campion A, Moloney H, Tattersall R, Doherty 

M, et al. The C9orf72 expansion is associated with accelerated 

respiratory function decline in a large Amyotrophic Lateral Sclerosis 

cohort. HRB Open Res [Internet]. 2019 Sep 26 [cited 2020 Aug 14];2. 

Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7140774/ 

282.  Rizopoulos D. The R Package JMbayes for Fitting Joint Models for 

Longitudinal and Time-to-Event Data using MCMC. arXiv:14047625 

[stat] [Internet]. 2014 Apr 30 [cited 2020 May 12]; Available from: 

http://arxiv.org/abs/1404.7625 

283.  Sudell M, Kolamunnage-Dona R, Tudur-Smith C. Joint models for 

longitudinal and time-to-event data: a review of reporting quality with 

a view to meta-analysis. BMC Med Res Methodol. 2016 Dec 

5;16(1):168.  

284.  Team RC. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria.; 2020.  

285.  Stern Y, Albert S, Tang MX, Tsai WY. Rate of memory decline in 

AD is related to education and occupation: cognitive reserve? 

Neurology. 1999 Dec 10;53(9):1942–7.  

286.  Canosa A, Pagani M, Cistaro A, Montuschi A, Iazzolino B, Fania P, et 

al. 18F-FDG-PET correlates of cognitive impairment in ALS. 

Neurology. 2016 Jan 5;86(1):44–9.  

287.  Pagani M, Chiò A, Valentini MC, Öberg J, Nobili F, Calvo A, et al. 

Functional pattern of brain FDG-PET in amyotrophic lateral sclerosis. 

Neurology. 2014 Sep 16;83(12):1067–74.  

288.  Canosa A, Palumbo F, Iazzolino B, Peotta L, Di Pede F, Manera U, et 

al. The interplay among education, brain metabolism, and cognitive 

impairment suggests a role of cognitive reserve in Amyotrophic 

Lateral Sclerosis. Neurobiology of Aging. 2021 Feb 1;98:205–13.  

289.  Wechsler D. Test of premorbid functioning. UK version (TOPF UK). 

UK: Pearson Corporation. 2011  

290.  Weschler D. Wechsler Abbreviated Scale of Intelligence–second 

edition (WASI-II) manual. San Antonio, TX: Psychological 

Corporation; 2011.  

291.  Groth-Marnat G. Handbook of Psychological Assessment. John Wiley 

& Sons; 2009. 770 p.  



312 
 

292.  Chan RCK, Shum D, Toulopoulou T, Chen EYH. Assessment of 

executive functions: Review of instruments and identification of 

critical issues. Arch Clin Neuropsychol. 2008 Mar 1;23(2):201–16.  

293.  MacPherson SE, Phillips LH, Della Sala S. Age, executive function 

and social decision making: A dorsolateral prefrontal theory of 

cognitive aging. Psychology and Aging. 2002;17(4):598–609.  

294.  Bush G, Luu P, Posner MI. Cognitive and emotional influences in 

anterior cingulate cortex. Trends in Cognitive Sciences. 2000 Jun 

1;4(6):215–22.  

295.  Kerr A, Zelazo PD. Development of “hot” executive function: The 

children’s gambling task. Brain and Cognition. 2004 Jun 1;55(1):148–

57.  

296.  Benton A. FAS test. Victoria, BC: University of Victoria. 1967;  

297.  Tombaugh TN, Kozak J, Rees L. Normative Data Stratified by Age 

and Education for Two Measures of Verbal Fluency: FAS and Animal 

Naming. Archives of Clinical Neuropsychology. 1999 Feb 

1;14(2):167–77.  

298.  Baldo J, Schwartz S, Wilkins D, Dronkers N. Role of frontal versus 

temporal cortex in verbal fluency as revealed by voxel-based lesion 

symptom mapping. Journal of the International Neuropsychological 

Society: JINS. 2006;  

299.  Delis DC, Kaplan E, Kramer JH. Delis-Kaplan Executive function 

system: examiners manual. Psychological Corporation; 2001.  

300.  Banich MT, Milham MP, Atchley R, Cohen NJ, Webb A, Wszalek T, 

et al. fMRI Studies of Stroop Tasks Reveal Unique Roles of Anterior 

and Posterior Brain Systems in Attentional Selection. Journal of 

Cognitive Neuroscience. 2000 Nov 1;12(6):988–1000.  

301.  Baddeley A. Working memory. Current Biology. 2010 Feb 

23;20(4):R136–40.  

302.  Wechsler D. Wechsler Adult Intelligence Scale–Fourth Edition 

(WAIS–IV). San Antonio, TX: The Psychological Corporation; 2008.  

303.  Helton WS, Kern RP, Walker DR. Conscious thought and the 

sustained attention to response task. Consciousness and Cognition. 

2009 Sep 1;18(3):600–7.  

304.  Robertson IH, Manly T, Andrade J, Baddeley BT, Yiend J. Oops!’: 

performance correlates of everyday attentional failures in traumatic 

brain injured and normal subjects. Neuropsychologia. 

1997;35(6):747–758.  



313 
 

305.  Peirce J, Gray JR, Simpson S, MacAskill M, Höchenberger R, Sogo 

H, et al. PsychoPy2: Experiments in behavior made easy. Behav Res. 

2019 Feb 1;51(1):195–203.  

306.  Stothart C. sustained-attention-to-response-task [Internet]. Available 

from: https://github.com/cstothart/sustained-attention-to-response-task 

307.  Jackson JD, Balota DA. Mind-wandering in Younger and Older 

Adults: Converging Evidence from the Sustained Attention to 

Response Task and Reading for Comprehension. Psychol Aging. 2012 

Mar;27(1):106–19.  

308.  Manly T, Owen AM, McAvinue L, Datta A, Lewis GH, Scott SK, et 

al. Enhancing the Sensitivity of a Sustained Attention Task to Frontal 

Damage: Convergent Clinical and Functional Imaging Evidence. 

Neurocase. 2003 Aug 1;9(4):340–9.  

309.  Bechara A, Damasio AR, Damasio H, Anderson SW. Insensitivity to 

future consequences following damage to human prefrontal cortex. 

Cognition. 1994 Apr;50(1–3):7–15.  

310.  Damasio AR, Everitt BJ, Bishop D, Roberts AC, Robbins TW, 

Weiskrantz L. The somatic marker hypothesis and the possible 

functions of the prefrontal cortex. Philosophical Transactions of the 

Royal Society of London Series B: Biological Sciences. 1996 Oct 

29;351(1346):1413–20.  

311.  del Toro CM, Bislick LP, Comer M, Velozo C, Romero S, Gonzalez 

Rothi LJ, et al. Development of a short form of the Boston naming test 

for individuals with aphasia. J Speech Lang Hear Res. 2011 

Aug;54(4):1089–100.  

312.  Wechsler D. Wechsler memory scale (WMS-III). Vol. 14. 

Psychological corporation San Antonio, TX; 1997.  

313.  Schoenberg M, Dawson K, Duff K, Patton D, Scott J, Adams R. Test 

performance and classification statistics for the Rey Auditory Verbal 

Learning Test in selected clinical samples. Archives of Clinical 

Neuropsychology. 2006 Oct;21(7):693–703.  

314.  Geffen G, Moar KJ, O’hanlon AP, Clark CR, Geffen LB. Performance 

measures of 16- to 86-year-old males and females on the auditory 

verbal learning test. Clin Neuropsychol. 1990 Mar;4(1):45–63.  

315.  Putcha D, Brickhouse M, Wolk DA, Dickerson BC. Fractionating the 

Rey Auditory Verbal Learning Test: Distinct roles of large-scale 

cortical networks in prodromal Alzheimer’s disease. 

Neuropsychologia. 2019 Jun 1; 129:83–92.  



314 
 

316.  Dunn JC, Almeida OP, Barclay L, Waterreus A, Flicker L. Latent 

Semantic Analysis: A New Method to Measure Prose Recall. Journal 

of Clinical and Experimental Neuropsychology. 2002 Feb 1;24(1):26–

35.  

317.  Rey A. L’examen psychologique dans les cas d’encéphalopathie 

traumatique. (Les problems.). [The psychological examination in 

cases of traumatic encepholopathy. Problems.]. Archives de 

Psychologie. 1941; 28:215–85.  

318.  Tsatali M, Emmanouel A, Gialaouzidis M, Avdikou K, Stefanatos C, 

Diamantidou A, et al. Rey Complex Figure Test (RCFT): Norms for 

the Greek older adult population. Applied Neuropsychology: Adult. 

2020 Oct 12;1–9.  

319.  Meyers JE, Meyers KR. Rey complex figure test under four different 

administration procedures. The Clinical Neuropsychologist. 1995 Feb 

1;9(1):63–7.  

320.  Sato W, Kochiyama T, Uono S, Sawada R, Kubota Y, Yoshimura S, 

et al. Structural Neural Substrates of Reading the Mind in the Eyes. 

Front Hum Neurosci [Internet]. 2016 [cited 2021 Feb 10];10. 

Available from: 

https://www.frontiersin.org/articles/10.3389/fnhum.2016.00151/full 

321.  Burke T, Pinto-Grau M, Lonergan K, Elamin M, Bede P, Costello E, 

et al. Measurement of Social Cognition in Amyotrophic Lateral 

Sclerosis: A Population Based Study. PLOS ONE. 2016 Aug 

24;11(8): e0160850.  

322.  Elamin M, Pinto-Grau M, Burke T, Bede P, Rooney J, O’Sullivan M, 

et al. Identifying behavioural changes in ALS: Validation of the 

Beaumont Behavioural Inventory (BBI). Amyotrophic Lateral 

Sclerosis and Frontotemporal Degeneration. 2017 Jan 2;18(1–2):68–

73.  

323.  Grace J, Stout JC, Malloy PF. Assessing frontal lobe behavioral 

syndromes with the frontal lobe personality scale. Assessment. 1999 

Sep;6(3):269–84.  

324.  Gibbons CJ, Mills RJ, Thornton EW, Ealing J, Mitchell JD, Shaw PJ, 

et al. Rasch analysis of the hospital anxiety and depression scale 

(HADS) for use in motor neurone disease. Health and quality of life 

outcomes. 2011;9(1):82.  

325.  Goldberg DP, Hillier VF. A scaled version of the General Health 

Questionnaire. Psychol Med. 1979 Feb;9(1):139–45.  

326.  Goldberg DP, Gater R, Sartorius N, Ustun TB, Piccinelli M, Gureje O, 

et al. The validity of two versions of the GHQ in the WHO study of 



315 
 

mental illness in general health care. Psychol Med. 1997 

Jan;27(1):191–7.  

327.  Biobank UK. Protocol for a large-scale prospective epidemiological 

resource. Protocol No: UKBB-PROT-09-06 (Main Phase). 2007  

328.  Qualtrics [Internet]. Provo, Utah, USA; Available from: 

https://www.qualtrics.com/ 

329.  Kroenke K, Spitzer RL, Williams JB. The PHQ-9: validity of a brief 

depression severity measure. Journal of general internal medicine. 

2001;16(9):606–613.  

330.  Löwe B, Decker O, Müller S, Brähler E, Schellberg D, Herzog W, et 

al. Validation and standardization of the Generalized Anxiety 

Disorder Screener (GAD-7) in the general population. Medical care. 

2008;266–274.  

331.  Kessler RC, Andrews G, Mroczek D, Ustun B, Wittchen H-U. The 

World Health Organization composite international diagnostic 

interview short-form (CIDI-SF). International journal of methods in 

psychiatric research. 1998;7(4):171–185.  

332.  Bebbington P, Nayani T. The Psychosis Screening Questionnaire. 

International Journal of Methods in Psychiatric Research. 

1995;5(1):11–9.  

333.  Saunders JB, Aasland OG, Babor TF, De la Fuente JR, Grant M. 

Development of the alcohol use disorders identification test (AUDIT): 

WHO collaborative project on early detection of persons with harmful 

alcohol consumption-II. Addiction. 1993;88(6):791–804.  

334.  Kroenke K, Spitzer RL, Williams JBW, Monahan PO, Löwe B. 

Anxiety Disorders in Primary Care: Prevalence, Impairment, 

Comorbidity, and Detection. Ann Intern Med. 2007 Mar 

6;146(5):317–25.  

335.  Foa EB, Huppert JD, Leiberg S, Langner R, Kichic R, Hajcak G, et al. 

The Obsessive-Compulsive Inventory: development and validation of 

a short version. Psychological assessment. 2002;14(4):485.  

336.  Patton JH, Stanford MS, Barratt ES. Factor structure of the Barratt 

impulsiveness scale. Journal of clinical psychology. 1995;51(6):768–

774.  

337.  Stanford MS, Mathias CW, Dougherty DM, Lake SL, Anderson NE, 

Patton JH. Fifty years of the Barratt Impulsiveness Scale: An update 

and review. Personality and Individual Differences. 2009 Oct 

1;47(5):385–95.  



316 
 

338.  Radakovic R, Abrahams S. Developing a new apathy measurement 

scale: Dimensional Apathy Scale. Psychiatry research. 

2014;219(3):658–663.  

339.  Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E. The 

autism-spectrum quotient (AQ): Evidence from asperger 

syndrome/high-functioning autism, malesand females, scientists and 

mathematicians. Journal of autism and developmental disorders. 

2001;31(1):5–17.  

340.  Kessler RC, Adler L, Ames M, Demler O, Faraone S, Hiripi EVA, et 

al. The World Health Organization Adult ADHD Self-Report Scale 

(ASRS): a short screening scale for use in the general population. 

Psychological medicine. 2005;35(2):245–256.  

341.  Bukenaite A, Stochl J, Mossaheb N, Schäfer MR, Klier CM, Becker J, 

et al. Usefulness of the CAPE-P15 for detecting people at ultra-high 

risk for psychosis: Psychometric properties and cut-off values. 

Schizophrenia research. 2017;189:69–74.  

342.  Gosling SD, Rentfrow PJ, Swann Jr WB. A very brief measure of the 

Big-Five personality domains. Journal of Research in personality. 

2003;37(6):504–528.  

343.  Traynor BJ, Codd MB, Corr B, Forde C, Frost E, Hardiman O. 

Incidence and prevalence of ALS in Ireland, 1995–1997: A 

population-based study. Neurology. 1999 Feb 1;52(3):504–504.  

344.  R Core Team. R: A Language and Environment for Statistical 

Computing [Internet]. Vienna, Austria: R Foundation for Statistical 

Computing; 2017. Available from: https://www.R-project.org/ 

345.  Lee SE, Sias AC, Mandelli ML, Brown JA, Brown AB, Khazenzon 

AM, et al. Network degeneration and dysfunction in presymptomatic 

C9ORF72 expansion carriers. NeuroImage: Clinical. 2017 Jan 

1;14:286–97.  

346.  Tikka DL, Singh AR, Tikka SK. Social cognitive endophenotypes in 

schizophrenia: A study comparing first episode schizophrenia patients 

and, individuals at clinical- and familial- ‘at-risk’ for psychosis. 

Schizophrenia Research. 2020 Jan 1;215:157–66.  

347.  Liang S, Deng W, Wang Q, Ma X, Li M, Brown MRG, et al. 

Performance of Verbal Fluency as an Endophenotype in Patients with 

Familial versus Sporadic Schizophrenia and Their Parents. Sci Rep 

[Internet]. 2016 Sep 1 [cited 2019 Feb 4];6. Available from: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5007652/ 



317 
 

348.  Grossman AB, Levin BE, Bradley WG. Premorbid personality 

characteristics of patients with ALS. Amyotroph Lateral Scler. 2006 

Mar;7(1):27–31.  

349.  Faul F, Erdfelder E, Buchner A, Lang A-G. Statistical power analyses 

using G*Power 3.1: Tests for correlation and regression analyses. 

Behavior Research Methods. 2009 Nov 1;41(4):1149–60.  

350.  Holm S. A Simple Sequentially Rejective Multiple Test Procedure. 

Scandinavian Journal of Statistics. 1979;6(2):65–70.  

351.  Byrne S, Bede P, Elamin M, Kenna K, Lynch C, McLaughlin R, et al. 

Proposed criteria for familial amyotrophic lateral sclerosis. 

Amyotroph Lateral Scler. 2011 May;12(3):157–9.  

352.  Cohen J. A power primer. Psychological bulletin. 1992;112(1):155.  

353.  Lepow L, Van Sweringen J, Strutt AM, Jawaid A, MacAdam C, 

Harati Y, et al. Frontal and temporal lobe involvement on verbal 

fluency measures in amyotrophic lateral sclerosis. J Clin Exp 

Neuropsychol. 2010 Nov;32(9):913–22.  

354.  Jones S, Laukka EJ, Bäckman L. Differential verbal fluency deficits in 

the preclinical stages of Alzheimer’s disease and vascular dementia. 

Cortex. 2006 Apr;42(3):347–55.  

355.  Gilvarry CM, Russell A, Jones P, Sham P, Hemsley D, Murray RM. 

Verbal fluency in patients with schizophrenia and affective psychoses 

and their first-degree relatives. Psychological Medicine. 2001 

May;31(4):695–704.  

356.  Niendam TA, Bearden CE, Rosso IM, Sanchez LE, Hadley T, 

Nuechterlein KH, et al. A Prospective Study of Childhood 

Neurocognitive Functioning in Schizophrenic Patients and Their 

Siblings. AJP. 2003 Nov 1;160(11):2060–2.  

357.  Abrahams S, Goldstein LH, Simmons A, Brammer M, Williams SCR, 

Giampietro V, et al. Word retrieval in amyotrophic lateral sclerosis: a 

functional magnetic resonance imaging study. Brain. 2004 Jul 

1;127(7):1507–17.  

358.  Conklin HM, Curtis CE, Katsanis J, Iacono WG. Verbal Working 

Memory Impairment in Schizophrenia Patients and Their First-Degree 

Relatives: Evidence From the Digit Span Task. AJP. 2000 Feb 

1;157(2):275–7.  

359.  Phukan J, Pender NP, Hardiman O. Cognitive impairment in 

amyotrophic lateral sclerosis. The Lancet Neurology. 2007 Nov 

1;6(11):994–1003.  



318 
 

360.  Watermeyer TJ, Brown RG, Sidle KCL, Oliver DJ, Allen C, Karlsson 

J, et al. Executive dysfunction predicts social cognition impairment in 

amyotrophic lateral sclerosis. J Neurol. 2015 Jul 1;262(7):1681–90.  

361.  O’Brien M, Burke T, Heverin M, Vajda A, McLaughlin R, Gibbons J, 

et al. Clustering of Neuropsychiatric Disease in First-Degree and 

Second-Degree Relatives of Patients With Amyotrophic Lateral 

Sclerosis. JAMA Neurol. 2017 Dec 1;74(12):1425–30.  

362.  Hansen CF, Torgalsbøen A-K, Melle I, Bell MD. Passive/Apathetic 

Social Withdrawal and Active Social Avoidance in Schizophrenia: 

Difference in Underlying Psychological Processes. The Journal of 

Nervous and Mental Disease. 2009 Apr;197(4):274–277.  

363.  Happé F, Frith U. The Weak Coherence Account: Detail-focused 

Cognitive Style in Autism Spectrum Disorders. J Autism Dev Disord. 

2006 Jan 1;36(1):5–25.  

364.  Woolley SC, Zhang Y, Schuff N, Weiner MW, Katz JS. 

Neuroanatomical correlates of apathy in ALS using 4 Tesla diffusion 

tensor MRI. Amyotroph Lateral Scler. 2011 Jan;12(1):52–8.  

365.  Brown WA, Mueller PS. Psychological Function in Individuals with 

Amyotrophic Lateral Sclerosis (ALS): Psychosomatic Medicine. 1970 

Mar;32(2):141–52.  

366.  Wilbourn AJ, Mitsumoto H. Why are patients with amyotrophic 

lateral sclerosis so nice. In: Proceedings of the Ninth International 

Symposium on Amyotrophic Lateral Sclerosis and Motor Neuron 

Disease. 1998. p. 18.  

367.  Mehl T, Jordan B, Zierz S. “Patients with amyotrophic lateral 

sclerosis (ALS) are usually nice persons”—How physicians 

experienced in ALS see the personality characteristics of their 

patients. Brain and Behavior. 2017;7(1):e00599.  

368.  Werner S, Malaspina D, Rabinowitz J. Socioeconomic Status at Birth 

Is Associated With Risk of Schizophrenia: Population-Based 

Multilevel Study. Schizophr Bull. 2007 Nov;33(6):1373–8.  

369.  Duggan EC, Garcia-Barrera MA. Executive Functioning and 

Intelligence. In: Goldstein S, Princiotta D, Naglieri JA, editors. 

Handbook of Intelligence: Evolutionary Theory, Historical 

Perspective, and Current Concepts [Internet]. New York, NY: 

Springer; 2015 [cited 2021 Oct 20]. p. 435–58. Available from: 

https://doi.org/10.1007/978-1-4939-1562-0_27 

370.  Ratcliff R, Thapar A, McKoon G. Effects of aging and IQ on item and 

associative memory. J Exp Psychol Gen. 2011 Aug;140(3):464–87.  



319 
 

371.  Botting N. Non-verbal cognitive development and language 

impairment. Journal of Child Psychology and Psychiatry. 

2005;46(3):317–26.  

372.  Ganesalingam J, Stahl D, Wijesekera L, Galtrey C, Shaw CE, Leigh 

PN, et al. Latent Cluster Analysis of ALS Phenotypes Identifies 

Prognostically Differing Groups. PLOS ONE. 2009 Sep 

22;4(9):e7107.  

373.  Dukic S, McMackin R, Costello E, Metzger M, van den Berg LH, 

Hardiman O, et al. Subphenotyping ALS patients based on large-scale 

network pathophysiology using electroencephalography. Brain. (In 

print).  

374.  Ringholz GM, Appel SH, Bradshaw M, Cooke NA, Mosnik DM, 

Schulz PE. Prevalence and patterns of cognitive impairment in 

sporadic ALS. Neurology. 2005 Aug 23;65(4):586–90.  

375.  Jung RE, Yeo RA, Chiulli SJ, Sibbitt WL, Brooks WM. Myths of 

Neuropsychology: Intelligence, Neurometabolism, and Cognitive 

Ability. The Clinical Neuropsychologist. 2000 Nov 1;14(4):535–45.  

376.  Duncan J, Emslie H, Williams P, Johnson R, Freer C. Intelligence and 

the Frontal Lobe: The Organization of Goal-Directed Behavior. 

Cognitive Psychology. 1996 Jun 1;30(3):257–303.  

377.  Stuss DT, Benson DF, Weir WS, Naeser MA, Lieberman I, Ferrill D. 

The involvement of orbitofrontal cerebrum in cognitive tasks. 

Neuropsychologia. 1983 Jan 1;21(3):235–48.  

378.  Michel F, Anderson M. Using the antisaccade task to investigate the 

relationship between the development of inhibition and the 

development of intelligence. Developmental Science. 

2009;12(2):272–88.  

379.  Dempster FN. Inhibitory processes: A negleted dimension of 

intelligence. Intelligence. 1991 Apr 1;15(2):157–73.  

380.  Cockburn J, Smith PT. The Relative Influence of Intelligence and Age 

on Everyday Memory. Journal of Gerontology. 1991 Jan 1;46(1):P31–

6.  

381.  Cohen RL, Sandberg T. Relation between intelligence and short-term 

memory. Cognitive Psychology. 1977 Oct 1;9(4):534–54.  

382.  Toplak ME, Sorge GB, Benoit A, West RF, Stanovich KE. Decision-

making and cognitive abilities: A review of associations between Iowa 

Gambling Task performance, executive functions, and intelligence. 

Clinical Psychology Review. 2010 Jul;30(5):562–81.  



320 
 

383.  Damasio AR. The somatic marker hypothesis and the possible 

functions of the prefrontal cortex. Philos Trans R Soc Lond B Biol 

Sci. 1996 Oct 29;351(1346):1413–20.  

384.  Stokholm J, Jørgensen K, Vogel A. Performances on five verbal 

fluency tests in a healthy, elderly Danish sample. Aging, 

Neuropsychology, and Cognition. 2013 Jan;20(1):22–33.  

385.  Crawford JR, Moore JW, Cameron IM. Verbal Fluency: A NART-

based equation for the estimation of premorbid performance. British 

Journal of Clinical Psychology. 1992;31(3):327–9.  

386.  Tombaugh TN, Kozak J, Rees L. Normative data stratified by age and 

education for two measures of verbal fluency: FAS and animal 

naming. Arch Clin Neuropsychol. 1999 Feb;14(2):167–77.  

387.  Ackerman PL, Beier ME, Boyle MO. Working Memory and 

Intelligence: The Same or Different Constructs? Psychological 

Bulletin. 2005;131(1):30–60.  

388.  Colom R, Abad FJ, Quiroga MÁ, Shih PC, Flores-Mendoza C. 

Working memory and intelligence are highly related constructs, but 

why? Intelligence. 2008 Nov;36(6):584–606.  

389.  Machts J, Bittner V, Kasper E, Schuster C, Prudlo J, Abdulla S, et al. 

Memory deficits in amyotrophic lateral sclerosis are not exclusively 

caused by executive dysfunction: a comparative neuropsychological 

study of amnestic mild cognitive impairment. BMC Neurosci. 2014 

Jun 30;15(1):83.  

390.  Consonni M, Rossi S, Cerami C, Marcone A, Iannaccone S, Francesco 

Cappa S, et al. Executive dysfunction affects word list recall 

performance: Evidence from amyotrophic lateral sclerosis and other 

neurodegenerative diseases. J Neuropsychol. 2017 Mar;11(1):74–90.  

391.  Peredo R, Jomphe V, Maziade M, Paccalet T, Merette C. Cluster 

analysis identifies two cognitive profiles among offspring of patients 

with a major psychiatric disorder: The healthy and impaired profiles. 

Journal of Child and Adolescent Psychiatry [Internet]. 2018 Aug 1 

[cited 2021 Oct 26];2(2). Available from: 

https://www.pulsus.com/abstract/cluster-analysis-identifies-two-

cognitive-profiles-among-offspring-of-patients-with-a-major-

psychiatric-disorder-the-hea-4663.html 

392.  Consonni M, Dalla Bella E, Bersano E, Telesca A, Lauria G. 

Cognitive reserve is associated with altered clinical expression in 

amyotrophic lateral sclerosis. Amyotrophic Lateral Sclerosis and 

Frontotemporal Degeneration. 2021 Apr 3;22(3–4):237–47.  



321 
 

393.  Bede P, Chipika RH, Christidi F, Hengeveld JC, Karavasilis E, 

Argyropoulos GD, et al. Genotype-associated cerebellar profiles in 

ALS: focal cerebellar pathology and cerebro-cerebellar connectivity 

alterations. J Neurol Neurosurg Psychiatry. 2021 Nov 1;92(11):1197–

205.  

394.  Temp AGM, Prudlo J, Vielhaber S, Machts J, Hermann A, Teipel SJ, 

et al. Cognitive reserve and regional brain volume in amyotrophic 

lateral sclerosis. Cortex. 2021 Jun 1;139:240–8.  

395.  Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee 

S, et al. Dementia prevention, intervention, and care: 2020 report of 

the Lancet Commission. The Lancet. 2020 Aug 8;396(10248):413–46.  

396.  Norman DA, Shallice T. Attention to Action: Willed and Automatic 

Control of Behavior Technical Report No. 8006. 1980.  

397.  Troyer AK, Moscovitch M, Winocur G. Clustering and switching as 

two components of verbal fluency: evidence from younger and older 

healthy adults. Neuropsychology. 1997 Jan;11(1):138–46.  

398.  Crawford JR, Bryan J, Luszcz MA, Obonsawin MC, Stewart L. The 

Executive Decline Hypothesis of Cognitive Aging: Do Executive 

Deficits Qualify as Differential Deficits and Do They Mediate Age-

Related Memory Decline? Aging, Neuropsychology, and Cognition. 

2000 Mar 1;7(1):9–31.  

399.  Girardi A, MacPherson SE, Abrahams S. Deficits in emotional and 

social cognition in amyotrophic lateral sclerosis. Neuropsychology. 

2011;25(1):53–65.  

400.  Clark L, Manes F. Social and Emotional Decision-making Following 

Frontal Lobe Injury. Neurocase. 2004 Oct 1;10(5):398–403.  

401.  Noël X, Bechara A, Brevers D, Verbanck P, Campanella S. 

Alcoholism and the loss of willpower: A neurocognitive perspective. 

Journal of Psychophysiology. 2010;24(4):240–8.  

402.  Hoehne A, Richard-Devantoy S, Ding Y, Turecki G, Jollant F. First-

degree relatives of suicide completers may have impaired decision-

making but functional cognitive control. Journal of Psychiatric 

Research. 2015 Sep 1;68:192–7.  

403.  Clark L, Manes F, Antoun N, Sahakian BJ, Robbins TW. The 

contributions of lesion laterality and lesion volume to decision-

making impairment following frontal lobe damage. 

Neuropsychologia. 2003;41(11):1474–83.  

404.  Miskowiak KW, Kjærstad HL, Meluken I, Petersen JZ, Maciel BR, 

Köhler CA, et al. The search for neuroimaging and cognitive 



322 
 

endophenotypes: A critical systematic review of studies involving 

unaffected first-degree relatives of individuals with bipolar disorder. 

Neuroscience & Biobehavioral Reviews. 2017 Feb 1;73:1–22.  

405.  Bede P, Siah WF, McKenna MC, Shing SLH. Consideration of 

C9orf72-associated ALS-FTD as a neurodevelopmental disorder: 

insights from neuroimaging. J Neurol Neurosurg Psychiatry. 2020 

Nov 1;91(11):1138–1138.  

406.  Jang KL, Livesley WJ, Vemon PA. Heritability of the Big Five 

Personality Dimensions and Their Facets: A Twin Study. Journal of 

Personality. 1996;64(3):577–92.  

407.  Stuss DT. Functions of the frontal lobes: relation to executive 

functions. J Int Neuropsychol Soc. 2011 Sep;17(5):759–65.  

408.  Gustavson DE, Panizzon MS, Elman JA, Franz CE, Beck A, Reynolds 

CA, et al. Genetic and Environmental Influences on Verbal Fluency in 

Middle Age: A Longitudinal Twin Study. Behav Genet. 2018 Sep 

1;48(5):361–73.  

409.  Lee T, Thalamuthu A, Henry JD, Trollor JN, Ames D, Wright MJ, et 

al. Genetic and Environmental Influences on Language Ability in 

Older Adults: Findings from the Older Australian Twins Study. Behav 

Genet. 2018 May 1;48(3):187–97.  

410.  Hoekstra RA, Bartels M, Verweij CJH, Boomsma DI. Heritability of 

Autistic Traits in the General Population. Archives of Pediatrics & 

Adolescent Medicine. 2007 Apr 1;161(4):372–7.  

411.  Pinto-Grau M, Donohoe B, O’Connor S, Murphy L, Costello E, 

Heverin M, et al. Patterns of Language Impairment in Early ALS. 

Neurology: Clinical Practice [Internet]. 2020 Nov 2 [cited 2021 Sep 

9]; Available from: 

https://cp.neurology.org/content/early/2020/10/28/CPJ.000000000000

1006 

412.  Iacono WG, Malone SM, Vrieze SI. Endophenotype Best Practices. 

Int J Psychophysiol. 2017 Jan;111:115–44.  

413.  Dick DM, Jones K, Saccone N, Hinrichs A, Wang JC, Goate A, et al. 

Endophenotypes Successfully Lead to Gene Identification: Results 

from the Collaborative Study on the Genetics of Alcoholism. Behav 

Genet. 2006 Jan 1;36(1):112–26.  

414.  Hinrichs AL, Wang JC, Bufe B, Kwon JM, Budde J, Allen R, et al. 

Functional variant in a bitter-taste receptor (hTAS2R16) influences 

risk of alcohol dependence. Am J Hum Genet. 2006 Jan;78(1):103–

11.  



323 
 

415.  Schizophrenia Working Group of the Psychiatric Genomics 

Consortium. Biological insights from 108 schizophrenia-associated 

genetic loci. Nature. 2014 Jul 24;511(7510):421–7.  

416.  Ohi K, Hashimoto R, Ikeda M, Yamamori H, Yasuda Y, Fujimoto M, 

et al. Glutamate Networks Implicate Cognitive Impairments in 

Schizophrenia: Genome-Wide Association Studies of 52 Cognitive 

Phenotypes. Schizophr Bull. 2015 Jul;41(4):909–18.  

417.  Byrne R. Characterising the effects of sex interaction, pleiotropy and 

local population structure on ALS GWAS. 2021.  

418.  Passos IC, Mwangi B, Kapczinski F. Big data analytics and machine 

learning: 2015 and beyond. The Lancet Psychiatry. 2016 Jan 

1;3(1):13–5.  

  



324 
 

12. Appendix 

12.1. Appendix 1: Family member information leaflet 

 

Family Member Information Leaflet 

 

Study title:  A study of Multiple Effects of Genes Associated with MND 

(Targeting Gene Pleiotropy: ALS Genes and Neuropsychiatric Endophenotypes) 

 

 

Principal investigator’s name:  Professor Orla Hardiman 

  

Principal investigator’s title: Consultant Neurologist 

  

Telephone number of principal investigator: 01 896 4497 

 

Data Controller’s/joint Controller’s Identity:              Beaumont Hospital (Prof. 

Orla Hardiman)   

 

Data Controller’s/joint Controller’s Contact Details:   01 896-4497 

 

Data Protection Officer’s Identity:  Mr. Mark Graham 

 

Data Protection Officer’s Contact Details:  dpo@beaumont.ie 
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You are being invited to take part in a clinical research study to be carried out at 

Beaumont Hospital.  

 

Before you decide whether or not you wish to take part, you should read the 

information provided below carefully and, if you wish, discuss it with your family, 

friends or GP (doctor).  Take time to ask questions – don’t feel rushed and don’t 

feel under pressure to make a quick decision. 

You should clearly understand the risks and benefits of taking part in this study so 

that you can make a decision that is right for you.  

You don't have to take part in this study. If you decide not to take part it 

won’t affect the future medical care of you or your family member. 

You don't have to take part in this study. If you decide not to take part it 

won’t affect your future medical care. 

 

Why is this study being done? 

 

Some people who have Motor Neurone Disease (MND) have trouble with thinking 

and memory, though not all. Our recent research has suggested that there can be 

more neurological, psychological and psychiatric conditions in family members of 

those with MND compared to the general population. This research study is taking 

place to find out if there are genetic factors which might explain this. We would 

also like to study the clinical similarities and differences between patients, controls 

(healthy individuals without MND) and their family members using MRI brain 

scanning. 

 

Who is organising and funding this study? 

 

The study is being done by Prof. Hardiman, consultant neurologist and Dr. Niall 

Pender, Principal Clinical Neuropsychologist and their teams, in association with 

collaborators from Trinity College Dublin. The project is funded through the Irish 

Motor Neurone Disease Association “Ice Bucket Challenge”, Science Foundation 

Ireland and Research Motor Neurone.  

 

Why am I being asked to take part? 

 

You have been asked to participate in this study because your family member has 

MND, and we are comparing family members of people with MND with family 
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members of people who don’t have MND. This is to find out whether we can 

identify differences across families that might provide clues as to why MND affects 

some families and not others. 

 

How will the study be carried out? 

 

The study began in June 2015 and will continue until sufficient information has 

been collected. Information will be collected on approximately 100 patients and 

100 controls (individuals not diagnosed with MND) and their family members. The 

individuals taking part will fill out a questionnaire on their family history, give a 

blood sample, complete an online questionnaire and do some tests of thinking, 

memory and reasoning skills (called neuropsychological tests) at the participant’s 

home and may also undergo an MRI scan and EEG in  St James’s Hospital. 

 

What will happen to me if I agree to take part? 

 

There are a series of different parts to the study which will take place over a 

number of days, at times and dates that are convenient to you. If you agree to 

take part in the study, you will be asked to do the following: 

Complete a questionnaire on your family history. This will take place in your home 

and will take one hour to complete.  

You will also be asked to donate a blood sample (approximately 10 mls/ 3 

teaspoons).  

You will be asked to complete neuropsychological tests on your memory, language 

and thinking (lasting less than 1-2 hours)  

You will be asked to complete an online questionnaire on your thoughts and 

feelings. This will take approximately 30 minutes to complete.   

 

At a later stage in our study, you may be asked to do the following: 

An MRI will also take place in St. James’s Hospital, which will require you to lie still 

for 45 minutes.  

An EEG will take place in St. James’s Hospital, which will involve you wearing a cap 

fitted with electrodes and take approximately 2 hours. 

The study also requires a review of your medical records by a member of the 

clinical team. 
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To allow tracking of the progression of MND we hope to perform three separate 

evaluations separated by 4-month intervals. 

 

 

What are the benefits? 

 

There is no immediate benefit to you or your family in participating in this study. 

However, the information that will be obtained from this study will increase our 

knowledge of MND and may be of benefit to future patients. 

 

 

What are the risks? 

 

The blood sample is usually taken from a vein in the arm. The risks are minor; 

occasionally there can be minimal blood loss, swelling or tenderness at the 

insertion site. 

 

The MRI scanner is a rather small enclosed space and it might cause some 

discomfort to lie still for 45 minutes. Ear plugs will be provided because the 

scanner produces a loud thumping noise. 

 

Many of the participants have already had an MRI, but for those who have not, it 

is possible that the brain scan might identify an unexpected or previously unknown 

disease. It is also possible that some of the neuropsychological tests will reveal the 

presence of an unexpected finding. If this occurs, the new findings will be followed 

up by the clinical team and their GP will also be notified. 

 

What if something goes wrong when I’m taking part in this study? 

 

We do not anticipate that anything will go wrong. However, if at any time you feel 

that your participation in the study is unduly stressful, you are free to discontinue. 

This will not affect in any way the quality of care you or your family members 

receive at Beaumont Hospital. 
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Will it cost me anything to take part? 

 

The study will not cost you anything.  If you wish, we can reimburse your 

reasonable travel costs (up to €40) if you provide us with receipts.    

 

 

 

What will happen to my blood sample? 

 

DNA will be extracted from your blood sample and the samples will be coded. This 

codified information is stored in Trinity College. The code file is stored separately 

to the DNA. Access to your DNA is restricted to Prof. Hardiman and approved 

members of her team. Those analysing your DNA will not be able to identify you.  

The DNA will be used to try to find genes which increase and decrease the risk of 

developing MND.  

The results of any genetic tests will not be made available to any party involved in 

your medical care, other than the research team.   As this work is research based, 

we cannot provide you with the individual results of genetic studies performed on 

your DNA. 

The samples will be stored indefinitely but future tests on your DNA, other than 

those specified, will require separate approval by the Beaumont Hospital Ethics 

(Medical Research) Committee.  

All samples will be destroyed if you decide to withdraw from the study. 

 

Is the study confidential? 

 

All of the information collected from participating individuals will be kept strictly 

confidential. The investigators may request information on your condition from 

your GP and your medical records will be reviewed.  

 

Data will be stored in password-protected encrypted files in Trinity College and the 

neuropsychological test information will be stored securely in the Academic Unit 

of Neurology, Trinity College Dublin. The data can only be accessed by Prof. 

Hardiman and approved members of her team. The data will be codified (each 

individual will be assigned a unique code) so that those analysing the data will not 
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be able to identify you and no personal information will be included in publications 

in the scientific literature or at scientific conferences. 

 

Data generated during the study will be retained indefinitely to allow further 

analysis. It may be used in related studies in the future, subject to approval by the 

Beaumont Hospital Ethics (Medical Research) Committee. 

 

 

Data Protection 

 

We will be using your personal information in our research to help us to 

understand the cause of ALS, and to develop new and more effective treatments. 

The essential data being collected include demographics, neuropsychological, MRI 

and EEG data, and blood samples. 

Your data is being processed in accordance with Article 6(1)(e) Public Interest; and 

Article (9)(2)(j) Scientific Research Purposes of the General Data Protection 

Regulation 2016.   

Members of the project research team, under the approval and supervision of 

Prof. Orla Hardiman, Principal Investigator, will have access to your information. 

Your data in coded form will be shared with other European Motor Neurone 

Disease research groups who are carrying out similar projects and collecting 

similar information.  

Your personal data will be coded using your unique identification number. Paper 

data will be retained for 5 years, until the study has concluded and then 

destroyed. Electronic data will be transferred to the Academic Unit of Neurology 

for analysis. Following completion of the study anonymised electronic data will be 

stored on a secure server in the Academic Unit of Neurology in Trinity College 

Dublin.  

As your data will be coded at the time of testing with a unique identification 

number we do not foresee any situation where a data breach could cause harm. 

The electronic data on computers will also be coded and the key to link your name 

with the number will be kept separately. After completion of the study this key will 

be destroyed. In the unlikely event of a data breach, it will only be possible for 

someone to see your raw test scores which will not be meaningful to an untrained 

third party. 

You have a right to withdraw your consent at any stage during the research study 

without giving a reason and without penalty. You can inform any member of the 

research team of your decision to withdraw at any time and they will 

accommodate your request. 
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You have the right to lodge a complaint with the Data Protection Commissioner 

about this research study if you feel your personal data is being mishandled. 

You have a right to request access to your data and a copy of it, unless your 

request would make it impossible or make it very difficult to conduct the research. 

You have a right to restrict or object to processing, unless your request would 

make it impossible or make it very difficult to conduct the research.  

You have a right to have any inaccurate information about you corrected or 

deleted, unless their request would make it impossible or make it very difficult to 

conduct the research. 

You have a right to have your personal data deleted, unless your request would 

make it impossible or make it very difficult to conduct the research.  

You have a right to data portability, meaning you have a right to move your data 

from one controller to another in a readable format.    

There will be no automated decision making or profiling using your data.  

If automated decision making or profiling were to occur, you have the right to 

object to this if you wish. 

You will be informed if we intend to further process your personal data and you 

will be provided with information on that other purpose.  

You will be informed if we wish to transfer your data to a country outside of the 

EU or an international organisation and will be advised on the safeguards you have 

in place to protect your data. We do not foresee any situation where we will be 

transferring data outside the EU. 

Consent to Future Uses 

 

If you decide to take part in this study you will give your permission for your data 

to be used for this research study. We would like to ask your permission to store 

your data for possible future use in research.  Deciding to consent to future use of 

your data is completely voluntary. If you decide to consent and change your mind, 

you can opt out at any time. You don’t have to give us a reason. If you choose not 

to consent to future research, your regular care will not be affected.   

 

MND is a rare disease and the data you provide in this study is valuable.  Your 

stored data could be included in future research studies to make them bigger and 

more powerful. Your data may be used for future research projects carried out by 

a member of our research team or we may share your data with other 

organisations and researchers.  Future research projects may be related to the 

present study (e.g. other studies that look at thinking and behaviour changes over 
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time in family members of people with MND) or unrelated (e.g. investigating 

thinking and behavioural changes in people with different conditions).  

  

This project has a data controller (Professor Hardiman) to ensure we are looking 

after your data responsibly and using it properly.  If you consent to the use of your 

data in future research studies your data will be assigned a number and will be 

identified only by this number. Data will be stored on a secure server in the 

Academic Unit of Neurology in Trinity College Dublin. Access to your data will be 

restricted to those approved by Professor Hardiman and would only be shared 

with research partners who act in accordance with recognised ethical standards 

for scientific research and who have obtained ethical approval to conduct 

research. The data controller will ensure that your data is completely and 

adequately protected in accordance with the requirements of the data protection 

laws applicable in the EU.  

 

Where can I get further information? 

 

If you have any further questions about the study or if you want to opt out of the 

study, you can rest assured it won't affect the quality of treatment you get in the 

future.   

If you need any further information now or at any time in the future, please 

contact:  

 

Name: Mr. Mark Heverin 

Research Manager to Professor Hardiman 

Address: Academic Unit of Neurology, Biomedical Sciences Institute, Trinity 

College Dublin 

152-160 Pearse Street, Dublin 2  

Phone No (office hours only): 01 896 4376 

Email: mark.heverin@tcd.ie 

 

Name: Dr. Niall Pender 

Principal Clinical Neuropsychologist/Head of Department 

Address: Dept. of Psychology, Beaumont Hospital, Beaumont Rd, Dublin 9 

Phone No (office hours only): 01 809 2414 / 01 809 2223 
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Name: Dr Marie Ryan 
Research Registrar 
Address: Academic Unit of Neurology, 
Biomedical Sciences Institute, Trinity 
College Dublin 
152-160 Pearse Street, Dublin 2 
Phone No: 089 4515488  
Email: ryanm65@tcd.ie 

Name: Emmet Costello 
Research Assistant 
Address: Academic Unit of Neurology, 
Biomedical Sciences Institute, Trinity 
College Dublin 
152-160 Pearse Street, Dublin 2 
Phone No: 089 2018386 
Email: costele2@tcd.ie 
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12.2. Appendix 2: Family member consent form 

 

Family Member Consent Form 

 

Study title: A study of Multiple Effects of Genes Associated with MND 

(Targeting Gene Pleiotropy: ALS Genes and Neuropsychiatric Endophenotypes) 

 

I have read and understood the Information Leaflet about this 

research project.  The information has been fully explained to 

me and I have been able to ask questions, all of which have 

been answered to my satisfaction. 

Yes  No  

I understand that I don’t have to take part in this study and 

that I can opt out at any time.  I understand that I don’t have 

to give a reason for opting out and I understand that opting 

out won’t affect my future medical care. 

Yes  No  

I understand that I can withdraw my biological material at any 

time without any negative repercussions. 

Yes  No  

I understand that my biological material will be disposed of in 

a lawful and respectful way. 

Yes  No  

I am aware of the potential risks of this research study. Yes  No  

I give permission for researchers to look at my medical 

records to get information.  I have been assured that 

information about me will be kept private and confidential. 

Yes  No  

I have been given a copy of the Information Leaflet and this 

completed consent form for my records. 

Yes  No  

I consent to take part in this research study involving genetic 

testing having been fully informed of the risks, benefits and 

alternatives. 

Yes  No  
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I give informed explicit consent to have my data processed as 

part of this research study.  

Yes  No  

I consent to give a DNA sample or samples for this research 

project.  I understand that giving a DNA sample or samples for 

this research is my own decision. 

Yes  No  

I consent to be contacted by researchers as part of this 

research study. 

Yes  No  

 

FUTURE CONTACT     

I consent to be re-contacted by researchers about possible 

future research unrelated to the current study for which I 

may be eligible. 

Yes  No  

 

 

 

STORAGE AND FUTURE USE OF INFORMATION    

RETENTION OF RESEARCH MATERIAL IN THE FUTURE [please choose one or more as 

you see fit] 

OPTION 1: I give permission for my biological material/data to be 

stored for possible future research related to the current study only 

if consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 2:  I give permission for my biological material/data to be 

stored for possible future research related to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  

OPTION 3:  I give permission for my biological material/data to be 

stored for possible future research unrelated to the current study 

only if consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 4:  I give permission for my biological material/data to be 

stored for possible future research unrelated to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  
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OPTION 5: I agree that some future research projects may be carried 

out by researchers working for commercial/pharmaceutical 

companies. 

Yes  No  

OPTION 6: I understand I will not be entitled to a share of any 

profits that may arise from the future use of my material/data or 

products derived from it. 

Yes  No  

DESTRUCTION OF RESEARCH MATERIAL [please choose one or more as you see fit] 

OPTION 1: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research related to the current study only if 

consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 2: I request that my biological material be destroyed but I 

give permission for my data derived from my biological material to 

be stored for possible future research related to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  

OPTION 3: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research unrelated to the current study only if 

consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 4: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research unrelated to the current study without 

further consent being required but only if the research is approved 

by a Research Ethics Committee. 

Yes  No  

OPTION 5:  I request that all biological material/data previously 

collected can no longer be used by researchers and is destroyed. 

Yes  No  

 

  

 |   |  

 

Patient Name (Block Capitals) | Patient Signature | Date 
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--------------------------------------------                 ----------------------------                              ---

----- 

Translator Name (Block Capitals)                  Translator Signature                                

Date 

 

 

---------------------------------------------------         ----------------------------------------------------

----    -------- 

Legal Representative/Guardian Name   Legal Representative/Guardian Signature

 Date 

 

 

To be completed by the Principal Investigator or nominee.  

 

I, the undersigned, have taken the time to fully explain to the above patient the 

nature and purpose of this study in a way that they could understand. I have 

explained the risks involved as well as the possible benefits. I have invited them to 

ask questions on any aspect of the study that concerned them. 

 

 |   |  | 

--------------------------------------------------------------------------------------------------------------

--------------Name (Block Capitals) | Qualifications | Signature | Date 

 

 

3 copies to be made: 1 for patient, 1 for PI and 1 for hospital records. 
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12.3. Appendix 3: Control information leaflet 

 

Control Information Leaflet  

 

Study title:  A study of Multiple Effects of Genes Associated with MND 

 

 

Principal investigator’s name:  Professor Orla Hardiman 

  

Principal investigator’s title: Consultant Neurologist 

  

Telephone number of principal investigator: 01 896 4497 

 

Data Controller’s/joint Controller’s Identity:              Beaumont Hospital (Prof. 

Orla Hardiman)   

 

Data Controller’s/joint Controller’s Contact Details:   01 896-4497 

 

Data Protection Officer’s Identity:  Mr. Mark Graham 

 

Data Protection Officer’s Contact Details:  dpo@beaumont.ie 

 

You are being invited to take part in a clinical research study to be carried out at 

Beaumont Hospital.  
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Before you decide whether or not you wish to take part, you should read the 

information provided below carefully and, if you wish, discuss it with your family, 

friends or GP (doctor).  Take time to ask questions – don’t feel rushed and don’t 

feel under pressure to make a quick decision. 

You should clearly understand the risks and benefits of taking part in this study so 

that you can make a decision that is right for you.  

You don't have to take part in this study. If you decide not to take part it 

won’t affect your future medical care. 

You can change your mind about taking part in the study any time you like.  Even if 

the study has started, you can still opt out.  You don't have to give us a reason.  If 

you do opt out, rest assured it won't affect the quality of treatment you get in the 

future.  

 

Why is this study being done? 

 

Some people who have Motor Neurone Disease (MND) have trouble with thinking 

and memory, though not all. Our recent research has suggested that there can be 

more neurological, psychological and psychiatric conditions in family members of 

those with MND compared to the general population. This research study is taking 

place to find out if there are genetic factors which might explain this. We would 

also like to study the clinical similarities and differences between patients, controls 

(healthy individuals without MND) and their family members using MRI brain 

scanning. 

 

Who is organising and funding this study? 

 

The study is being done by Prof. Hardiman, consultant neurologist and Dr. Niall 

Pender, Principal Clinical Neuropsychologist and their teams, in association with 

collaborators from Trinity College Dublin. The project is funded through the Irish 

Motor Neurone Disease Association “Ice Bucket Challenge” , Science Foundation 

Ireland and Research Motor Neurone.  

 

Why am I being asked to take part? 

 

You have been asked to participate in this study because you do not have MND. 

Healthy individuals are needed for comparative purposes. 
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How will the study be carried out? 

 

The study will began in June 2015 and will continue until sufficient information has 

been collected. Information will be collected on approximately 100 patients and 

100 controls (individuals not diagnosed with MND) and their family members. The 

individuals taking part will fill out a questionnaire on their family history, give a 

blood sample, complete an online questionnaire and do some tests of thinking, 

memory and reasoning skills (called neuropsychological tests) at the participant’s 

home and also undergo an MRI scan and EEG in  St James’s Hospital. 

 

What will happen to me if I agree to take part? 

 

There are a series of different parts to the study which will take place over a 

number of days, at times and dates that are convenient to you. If you agree to 

take part in the study, you will be asked to do the following: 

Complete a questionnaire on your family history. This will take place in your home 

and will take one hour to complete.  

You will also be asked to donate a blood sample (approximately 10 mls/ 3 

teaspoons).  

You will be asked to complete neuropsychological tests on your memory, language 

and thinking (which take about 2 hours).  

You will be asked to complete an online questionnaire on your thoughts and 

feelings. This will take approximately 30 minutes to complete.   

 

At a later stage in our study, you may be asked to do the following: 

An MRI will also take place in St. James’s Hospital, which will require you to lie still 

for 45 minutes.  

An EEG will take place in St. James’s Hospital, which will involve you wearing a cap 

fitted with electrodes and take approximately 2 hours. 

The study also requires a review of your medical records by a member of the 

clinical team. 

 

To allow tracking of the progression of MND we hope to perform three separate 

evaluations separated by 4-month intervals. 
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What are the benefits? 

 

There is no immediate benefit to you or your family in participating in this study. 

However, the information that will be obtained from this study will increase our 

knowledge of MND and may be of benefit to future patients. 

 

 

What are the risks? 

 

The blood sample is usually taken from a vein in the arm. The risks are minor; 

occasionally there can be minimal blood loss, swelling or tenderness at the 

insertion site. 

 

The MRI scanner is a rather small enclosed space and it might cause some 

discomfort to lie still for 45 minutes. Ear plugs will be provided because the 

scanner produces a loud thumping noise. 

 

Many of the participants have already had an MRI, but for those who have not, it 

is possible that the brain scan might identify an unexpected or previously unknown 

disease. It is also possible that some of the neuropsychological tests will reveal the 

presence of an unexpected finding. If this occurs, the new findings will be followed 

up by the clinical team and your GP will also be notified. 

 

What if something goes wrong when I’m taking part in this study? 

 

We do not anticipate that anything will go wrong. However, if at any time you feel 

that your participation in the study is unduly stressful, you are free to discontinue. 

This will not affect in any way the quality of care you receive at Beaumont 

Hospital. 

 

 

Will it cost me anything to take part? 
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The study will not cost you anything.  If you wish, we can reimburse your 

reasonable travel costs (up to €40) if you provide us with receipts.  

 

 

 

What will happen to my blood sample? 

 

DNA will be extracted from your blood sample and the samples will be coded. This 

codified information is stored in Trinity College. The code file is stored separately 

to the DNA. Access to your DNA is restricted to Prof. Hardiman and approved 

members of her team. Those analysing your DNA will not be able to identify you.  

The DNA will be used to try to find genes which increase and decrease the risk of 

developing MND. The results of any genetic tests will not be made available to any 

party involved in your medical care, other than the research team.   As this work is 

research based, we cannot provide you with the individual results of genetic 

studies performed on your DNA. 

The samples will be stored indefinitely but future tests on your DNA, other than 

those specified, will require separate approval by the Beaumont Hospital Ethics 

(Medical Research) Committee.  

All samples will be destroyed if you decide to withdraw from the study. 

 

Is the study confidential? 

 

All of the information collected from participating individuals will be kept strictly 

confidential. The investigators may request information on your condition from 

your GP and your medical records will be reviewed.  

 

Data will be stored in password-protected encrypted files in Trinity College and the 

neuropsychological test information will be stored securely in the Department of 

Psychology, Beaumont Hospital. The data can only be accessed by Prof. Hardiman 

and approved members of her team. The data will be codified (each individual will 

be assigned a unique code) so that those analysing the data will not be able to 

identify you and no personal information will be included in publications in the 

scientific literature or at scientific conferences. 
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Data generated during the study will be retained indefinitely to allow further 

analysis. It may be used in related studies in the future, subject to approval by the 

Beaumont Hospital Ethics (Medical Research) Committee. 

 

 

Data Protection 

 

 

We will be using your personal information in our research to help us to 

understand the cause of ALS, and to develop new and more effective 

treatments. The essential data being collected include demographics, 

neuropsychological and MRI and EEG data, and blood samples. 

 

Your data is being processed in accordance with Article 6(1)(e) Public Interest; and 

Article (9)(2)(j) Scientific Research Purposes of the General Data Protection 

Regulation 2016.   

 

Members of the project research team, under the approval and supervision of 

Prof. Orla Hardiman, Principal Investigator, will have access to your information. 

Your data in coded form will be shared with other European Motor Neurone 

Disease research groups who are carrying out similar projects and collecting 

similar information.  

 

Your personal data will be coded using your unique identification number. Paper 

data will be retained for 5 years, until the study has concluded and then 

destroyed. Electronic data will be transferred to the Academic Unit of Neurology 

for analysis. Following completion of the study anonymised electronic data will be 

stored on a secure server in the Academic Unit of Neurology in Trinity College 

Dublin.  

 

As your data will be coded at the time of testing with a unique identification 

number we do not foresee any situation where a data breach could cause harm. 

The electronic data on computers will also be coded and the key to link your name 

with the number will be kept separately. After completion of the study this key will 

be destroyed. In the unlikely event of a data breach, it will only be possible for 

someone to see your raw test scores which will not be meaningful to an untrained 

third party. 
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You have a right to withdraw your consent at any stage during the research study 

without giving a reason and without penalty. You can inform any member of the 

research team of your decision to withdraw at any time and they will 

accommodate your request. 

 

You have the right to lodge a complaint with the Data Protection Commissioner 

about this research study if you feel your personal data is being mishandled. 

 

You have a right to request access to your data and a copy of it, unless your 

request would make it impossible or make it very difficult to conduct the research. 

 

You have a right to restrict or object to processing, unless your request would 

make it impossible or make it very difficult to conduct the research.  

 

You have a right to have any inaccurate information about you corrected or 

deleted, unless their request would make it impossible or make it very difficult to 

conduct the research. 

You have a right to have your personal data deleted, unless your request would 

make it impossible or make it very difficult to conduct the research.  

You have a right to data portability, meaning you have a right to move your data 

from one controller to another in a readable format.    

There will be no automated decision making or profiling using your data.  

If automated decision making or profiling were to occur, you have the right to 

object to this if you wish. 

You will be informed if we intend to further process your personal data and you 

will be provided with information on that other purpose.  

You will be informed if we wish to transfer your data to a country outside of the 

EU or an international organisation and will be advised on the safeguards you have 

in place to protect your data. We do not foresee any situation where we will be 

transferring data outside the EU. 

 

Consent to Future Uses 

 

If you decide to take part in this study you will give your permission for your data 

to be used for this research study. We would like to ask your permission to store 

your data for possible future use in research.  Deciding to consent to future use of 
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your data is completely voluntary. If you decide to consent and change your mind, 

you can opt out at any time. You don’t have to give us a reason. If you choose not 

to consent to future research, your regular care will not be affected.   

 

MND is a rare disease and the data you provide in this study is valuable.  Your 

stored data could be included in future research studies to make them bigger and 

more powerful. Your data may be used for future research projects carried out by 

a member of our research team or we may share your data with other 

organisations and researchers.  Future research projects may be related to the 

present study (e.g. other studies that look at at thinking and behaviour changes 

over time in family members of people with MND) or unrelated (e.g. investigating 

thinking and behavioural changes in people with different conditions).  

  

This project has a data controller (Professor Hardiman) to ensure we are looking 

after your data responsibly and using it properly.  If you consent to the use of your 

data in future research studies your data will be assigned a number and will be 

identified only by this number. Data will be stored on a secure server in the 

Academic Unit of Neurology in Trinity College Dublin. Access to your data will be 

restricted to those approved by Professor Hardiman and would only be shared 

with research partners who act in accordance with recognised ethical standards 

for scientific research and who have obtained ethical approval to conduct 

research. The data controller will ensure that your data is completely and 

adequately protected in accordance with the requirements of the data protection 

laws applicable in the EU.  

 

Where can I get further information? 

 

If you have any further questions about the study or if you want to opt out of the 

study, you can rest assured it won't affect the quality of treatment you get in the 

future.   

If you need any further information now or at any time in the future, please 

contact:  

 

Name: Mr. Mark Heverin 

Research Manager to Professor Hardiman 

Address: Academic Unit of Neurology, Biomedical Sciences Institute, Trinity 

College Dublin 

152-160 Pearse Street, Dublin 2  
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Phone No (office hours only): 01 896 4376 

Email: mark.heverin@tcd.ie 

 

Name: Dr. Niall Pender 

Principal Clinical Neuropsychologist/Head of Department 

Address: Dept. of Psychology, Beaumont Hospital, Beaumont Rd, Dublin 9 

Phone No (office hours only): 01 809 2414 / 01 809 2223 

 

Name: Emmet Costello 

Research Assistant 

Address: Academic Unit of Neurology, Biomedical Sciences Institute, Trinity 

College Dublin 

152-160 Pearse Street, Dublin 2 

Phone No: 089 2018386 

Email: costele2@tcd.ie 
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12.4. Appendix 4: Control consent form 

CONTROL CONSENT FORM 

 

 

Study title: A study of Multiple Effects of Genes Associated with MND 

 

 

I have read and understood the Information Leaflet about this 

research project.  The information has been fully explained to 

me and I have been able to ask questions, all of which have 

been answered to my satisfaction. 

Yes  No  

I understand that I don’t have to take part in this study and 

that I can opt out at any time.  I understand that I don’t have 

to give a reason for opting out and I understand that opting 

out won’t affect my future medical care. 

Yes  No  

I understand that I can withdraw my biological material at any 

time without any negative repercussions. 

Yes  No  

I understand that my biological material will be disposed of in 

a lawful and respectful way. 

Yes  No  

I am aware of the potential risks of this research study. Yes  No  

I give permission for researchers to look at my medical 

records to get information.  I have been assured that 

information about me will be kept private and confidential. 

Yes  No  

I have been given a copy of the Information Leaflet and this 

completed consent form for my records. 

Yes  No  

I consent to take part in this research study involving genetic 

testing having been fully informed of the risks, benefits and 

alternatives. 

Yes  No  
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I give informed explicit consent to have my data processed as 

part of this research study.  

Yes  No  

I consent to give a DNA sample or samples for this research 

project.  I understand that giving a DNA sample or samples for 

this research is my own decision. 

Yes  No  

I consent to be contacted by researchers as part of this 

research study. 

Yes  No  

 

FUTURE CONTACT     

I consent to be re-contacted by researchers about possible 

future research unrelated to the current study for which I may 

be eligible. 

Yes  No  

 

 

 

 

STORAGE AND FUTURE USE OF INFORMATION    

RETENTION OF RESEARCH MATERIAL IN THE FUTURE [please choose one or more as 

you see fit] 

OPTION 1: I give permission for my biological material/data to be 

stored for possible future research related to the current study only 

if consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 2:  I give permission for my biological material/data to be 

stored for possible future research related to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  

OPTION 3:  I give permission for my biological material/data to be 

stored for possible future research unrelated to the current study 

only if consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 4:  I give permission for my biological material/data to be 

stored for possible future research unrelated to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  
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OPTION 5: I agree that some future research projects may be carried 

out by researchers working for commercial/pharmaceutical 

companies. 

Yes  No  

OPTION 6: I understand I will not be entitled to a share of any profits 

that may arise from the future use of my material/data or products 

derived from it. 

Yes  No  

DESTRUCTION OF RESEARCH MATERIAL [please choose one or more as you see fit] 

OPTION 1: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research related to the current study only if 

consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 2: I request that my biological material be destroyed but I 

give permission for my data derived from my biological material to 

be stored for possible future research related to the current study 

without further consent being required but only if the research is 

approved by a Research Ethics Committee. 

Yes  No  

OPTION 3: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research unrelated to the current study only if 

consent is obtained at the time of the future research and the 

research is approved by a Research Ethics Committee. 

Yes  No  

OPTION 4: I request that my biological material be destroyed but 

give permission for data derived from my biological material to be 

stored for future research unrelated to the current study without 

further consent being required but only if the research is approved 

by a Research Ethics Committee. 

Yes  No  

OPTION 5:  I request that all biological material/data previously 

collected can no longer be used by researchers and is destroyed. 

Yes  No  

  

 |   |  

 

Patient Name (Block Capitals) | Patient Signature | Date 

 

 

--------------------------------------------                 ----------------------------                              ---

----- 
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Translator Name (Block Capitals)                  Translator Signature                                

Date 

 

 

---------------------------------------------------         ----------------------------------------------------

----    -------- 

Legal Representative/Guardian Name   Legal Representative/Guardian Signature

 Date 

 

 

To be completed by the Principal Investigator or nominee.  

 

I, the undersigned, have taken the time to fully explain to the above patient the 

nature and purpose of this study in a way that they could understand. I have 

explained the risks involved as well as the possible benefits. I have invited them to 

ask questions on any aspect of the study that concerned them. 

 

 |   |  | 

--------------------------------------------------------------------------------------------------------------

--------------Name (Block Capitals) | Qualifications | Signature | Date 

 

 

3 copies to be made: 1 for patient, 1 for PI and 1 for hospital records. 
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12.5. Appendix 5: R code used in analysis 

R code provided for ECAS analysis. Other neuropsychological outcomes 

were analysed using a similar code, with the relevant outcome measure in 

place. R code also supplied for PHQ-9 analysis. Analysis of other 

neuropsychiatric traits used similar code, with the relevant outcome variable 

specified.  

 

## Cleaning ecas dataset ## 

ecas_df <- read.delim("ecas_data.txt") 

 

## Get recruited numbers ## 

table(ecas_df$group) 

 

## remove patients from dataframe ## 

ecas_df <- subset(ecas_df, group != "Patient") 

 

## remove under 18's ## 

ecas_df <- subset(ecas_df, age >= 17) 

 

## remove participants with dyslexia ## 

ecas_df <- subset(ecas_df, id != "FH-F034-003") 

ecas_df <- subset(ecas_df, id != "FH-F032-008") 

ecas_df <- subset(ecas_df, id != "FH-F029-001") 

 

## save the cleaned dataset ## 

write.table(ecas_df, "ecas_data_cleaned.txt", sep = "\t") 

 

## load cleaned dataset ## 

ecas_df <- read.delim("ecas_data_cleaned.txt", header = TRUE) 

options(scipen = 999) 

 

##t-tests comparing relatives and controls ## 
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test1 <- t.test(ecas_total ~ group, data = ecas_df) 

test2 <- t.test(ecas_alssp ~ group, data = ecas_df) 

test3 <- t.test(als_nonsp ~ group, data = ecas_df) 

test4 <- t.test(language ~ group, data = ecas_df) 

test5 <- t.test(fluency ~ group, data = ecas_df) 

test6 <- t.test(executive ~ group, data = ecas_df) 

test7 <- t.test(memory ~ group, data = ecas_df) 

test8 <- t.test(visuospatial ~ group, data = ecas_df) 

 

##calculate effect size## 

library(effectsize) 

library(tidyverse) 

library(rstatix) 

library(ggpubr) 

effectsize(test1) 

effectsize(test2) 

effectsize(test3) 

effectsize(test5) 

effectsize(test6) 

effectsize(test7) 

 

ecas_df %>% wilcox_effsize(language ~ group, paired = FALSE, ci = TRUE, conf.level = 0.95, 

ci.type = "perc") 

ecas_df %>% wilcox_effsize(visuospatial ~ group, paired = FALSE, ci = TRUE, conf.level = 0.95, 

ci.type = "perc") 

 

##ECAS total and fluency are significant. Fluency is significant after controlling for multiple 

comparisons## 

## Will run a non-parametric wilcox test to compare results ##  

 

wtest1 <- wilcox.test(ecas_total ~ group, data = ecas_df) 

wtest2 <- wilcox.test(ecas_alssp ~ group, data = ecas_df) 

wtest3 <- wilcox.test(als_nonsp ~ group, data = ecas_df) 

wtest4 <- wilcox.test(language ~ group, data = ecas_df) 

wtest5 <- wilcox.test(fluency ~ group, data = ecas_df) 

wtest6 <- wilcox.test(executive ~ group, data = ecas_df) 

wtest7 <- wilcox.test(memory ~ group, data = ecas_df) 

wtest8 <- wilcox.test(visuospatial ~ group, data = ecas_df) 
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median(ecas_df$ecas_total, na.rm = T) 

 

## Check assumptions to ensure t-test is valid , note welch's t-test does not assume equal variance## 

##check normal distribution using histogram and normality tests# 

library(ggplot2) 

library(pastecs) 

 

#Create subsets of the two groups to explore assumptions## 

relative_ecas <- subset(ecas_df, ecas_df$group == "Relative") 

control_ecas <- subset(ecas_df, ecas_df$group == "Control") 

 

 

by(ecas_df$ecas_total, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$ecas_alssp, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$als_nonsp, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$language, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$fluency, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$executive, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$visuospatial, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

 

## normality tests indicate normality assumption is violated. however, these tests are often 

oversensitive in large sample sizes like this ## 

 

by(ecas_df$ecas_total, ecas_df$group, hist) 

qplot(sample = relative_ecas$ecas_total, stat="qq") 

qplot(sample = control_ecas$ecas_total, stat="qq") 

## Histograms look ok, qqplot indicates some kurtosis## 

 

by(ecas_df$ecas_alssp, ecas_df$group, hist) 

qplot(sample = relative_ecas$ecas_alssp, stat="qq") 

qplot(sample = control_ecas$ecas_alssp, stat="qq") 

## Histograms look ok, qqplot indicates kurtosis## 

 

by(ecas_df$als_nonsp, ecas_df$group, hist) 

qplot(sample = relative_ecas$als_nonsp, stat="qq") 

qplot(sample = control_ecas$als_nonsp, stat="qq") 

## Histograms look ok, qqplot indicates kurtosis## 
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by(ecas_df$language, ecas_df$group, hist) 

qplot(sample = relative_ecas$language, stat="qq") 

qplot(sample = control_ecas$language, stat="qq") 

##Histograms indicate severe deviation from normality, will need to use a non-parametric test## 

 

by(ecas_df$fluency, ecas_df$group, hist) 

qplot(sample = relative_ecas$fluency, stat="qq") 

qplot(sample = control_ecas$fluency, stat="qq") 

##Histograms indicate deviation from normality, will consider non-parametric test## 

 

by(ecas_df$executive, ecas_df$group, hist) 

qplot(sample = relative_ecas$executive, stat="qq") 

qplot(sample = control_ecas$executive, stat="qq") 

#### Histograms look ok, qqplot indicates some kurtosis## 

 

by(ecas_df$memory, ecas_df$group, hist) 

qplot(sample = relative_ecas$memory, stat="qq") 

qplot(sample = control_ecas$memory, stat="qq") 

## Histograms look ok, qqplot indicates significant kurtosis, consider non-parametric## 

 

by(ecas_df$visuospatial, ecas_df$group, hist) 

qplot(sample = relative_ecas$visuospatial, stat="qq") 

qplot(sample = control_ecas$visuospatial, stat="qq") 

##Histograms and qqplots indicate severe deviation from normality, will need to use a non-parametric 

test## 

 

##Overall language and visuospatial definitely violate assumption, will use nonparametric alternatives 

for these two. 

 

##Check assumptions of verbal fluency components## 

by(ecas_df$spoken_vfi_s, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$spoken_words_s, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$spoken_time_s, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$spoken_score_s, ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(as.numeric(ecas_df$spoken_vfi_t), ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(as.numeric(ecas_df$spoken_words_t), ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 
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by(as.numeric(ecas_df$spoken_time_t), ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

by(as.numeric(ecas_df$spoken_score_t), ecas_df$group, stat.desc, basic = FALSE, norm = TRUE) 

## normality tests indicate normality assumption is violated. however, these tests are often 

oversensitive in large sample sizes like this.## 

# 

 

by(ecas_df$spoken_vfi_s, ecas_df$group, hist) 

qplot(sample = relative_ecas$spoken_vfi_s, stat="qq") 

qplot(sample = control_ecas$spoken_vfi_s, stat="qq") 

## Histograms look ok, qqplot indicates kurtosis, consider non-parametric test## 

 

by(ecas_df$spoken_words_s, ecas_df$group, hist) 

qplot(sample = relative_ecas$spoken_words_s, stat="qq") 

qplot(sample = control_ecas$spoken_words_s, stat="qq") 

## Histograms look ok, qqplot is linear## 

 

by(ecas_df$spoken_time_s, ecas_df$group, hist) 

qplot(sample = relative_ecas$spoken_time_s, stat="qq") 

qplot(sample = control_ecas$spoken_time_s, stat="qq") 

## Histograms non-normal, qqplot indicates kurtosis, use non-parametric test## 

 

by(ecas_df$spoken_score_s, ecas_df$group, hist) 

qplot(sample = relative_ecas$spoken_score_s, stat="qq") 

qplot(sample = control_ecas$spoken_score_s, stat="qq") 

## Histograms look ok, qqplot indicates kurtosis, consider non-parametric test## 

 

by(as.numeric(ecas_df$spoken_vfi_t), ecas_df$group, hist) 

qplot(sample = as.numeric(relative_ecas$spoken_vfi_t), stat="qq") 

qplot(sample = as.numeric(control_ecas$spoken_vfi_t), stat="qq") 

## Histogram and qqplot non-normal, use non-parametric test## 

 

by(as.numeric(ecas_df$spoken_words_t), ecas_df$group, hist) 

qplot(sample = as.numeric(relative_ecas$spoken_words_t), stat="qq") 

qplot(sample = as.numeric(control_ecas$spoken_words_t), stat="qq") 

## Histogram and qqplot non-normal, use non-parametric test## 

 

by(as.numeric(ecas_df$spoken_time_t), ecas_df$group, hist) 
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qplot(sample = as.numeric(relative_ecas$spoken_time_t), stat="qq") 

qplot(sample = as.numeric(control_ecas$spoken_time_t), stat="qq") 

## Histograms and qq-plot not normal for controls, use non-parametric test## 

 

by(as.numeric(ecas_df$spoken_score_t), ecas_df$group, hist) 

qplot(sample = as.numeric(relative_ecas$spoken_score_t), stat="qq") 

qplot(sample = as.numeric(control_ecas$spoken_score_t), stat="qq") 

## Histograms look ok, qqplot indicates kurtosis, consider non-parametric test## 

 

##Overall spoken_time_s, spoken_vfi_t, spoken_words_t and spoken_time_t definitely violate 

assumption, will use nonparametric alternatives for these four## 

 

#### Compare Familial and Sporadic ALS with controls #### 

##Test assumptions using levenes test## 

library(car) 

leveneTest(ecas_df$ecas_total, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$ecas_alssp, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$als_nonsp, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$language, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$fluency, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$executive, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$memory, ecas_df$fam_hx, center = median) 

leveneTest(ecas_df$visuospatial, ecas_df$fam_hx, center = median) 

##Levene's test suggest Fluency has unequal variance## 

 

##Run anovas## 

anova1 <- aov(ecas_total ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova2 <- aov(ecas_alssp ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova3 <- aov(als_nonsp ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova4 <- aov(language ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova5 <- aov(fluency ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

kw_test5 <- kruskal.test(fluency ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova6 <- aov(executive ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova7 <- aov(memory ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova8 <- aov(visuospatial ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

 

summary(anova1) 
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summary(anova2) 

summary(anova3) 

summary(anova4) 

summary(anova5) 

summary(kw_test5) 

summary(anova6) 

summary(anova7) 

summary(anova8) 

 

##Check assumptions by plotting 

plot(anova1) # Some kurtosis, residuals normal # 

plot(anova2) # Some kurtosis, residuals normal # 

plot(anova3) # Some kurtosis, residuals normal # 

plot(anova4) # Strong kurtosis, residuals normal # 

plot(anova5) # Strong kurtosis, residuals normal # 

plot(anova6) # Little kurtosis, residuals normal # 

plot(anova7) # Some kurtosis, residuals normal # 

plot(anova8) # Strong kurtosis, residuals normal # 

 

##Overall, assumptions appear to be upheld, could consider K-W test for verbal fluency## 

 

##Conduct post-hoc tests## 

post_hoc1 <- pairwise.t.test(ecas_df$ecas_total, ecas_df$fam_hx2, p.adjust.method =  "BH") 

post_hoc2 <- pairwise.t.test(ecas_df$ecas_alssp, ecas_df$fam_hx2, p.adjust.method =  "BH") 

library(pgirmess) 

post_hoc3 <- kruskalmc(fluency ~ fam_hx2, data = ecas_df) 

 

fluency_plot_2 <- ggplot(ecas_df, aes(fam_hx2, fluency, fill = fam_hx2)) 

fluency_plot_2 + geom_boxplot(size = 1.2) + geom_point() + geom_jitter() +  

  labs(x = "Group", y = "Verbal Fluency") + theme_classic()  

 

 

 

## Compare C9orf72 positive and negative participants## 

t.test(age ~ c9_status_3, data = ecas_df) 

t.test(education ~ c9_status_3, data = ecas_df) 
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c9_test1 <- t.test(ecas_total ~ c9_status_3, data = ecas_df) 

c9_test2 <- t.test(ecas_alssp ~ c9_status_3, data = ecas_df) 

c9_test3 <- t.test(als_nonsp ~ c9_status_3, data = ecas_df) 

c9_test4 <- t.test(language ~ c9_status_3, data = ecas_df) 

wc9_test4 <- wilcox.test(language ~ c9_status_3, data = ecas_df) 

c9_test5 <- t.test(fluency ~ c9_status_3, data = ecas_df) 

wc9_test5 <- wilcox.test(fluency ~ c9_status_3, data = ecas_df) 

c9_test6 <- t.test(executive ~ c9_status_3, data = ecas_df) 

c9_test7 <- t.test(memory ~ c9_status_3, data = ecas_df) 

c9_test8 <- t.test(visuospatial ~ c9_status_3, data = ecas_df) 

wc9_test8 <- wilcox.test(visuospatial ~ c9_status_3, data = ecas_df) 

 

by(ecas_df$ecas_total, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$ecas_alssp, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$als_nonsp, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$language, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$fluency, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$executive, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

by(ecas_df$visuospatial, ecas_df$c9_status_3, stat.desc, basic = FALSE, norm = TRUE) 

 

## normality tests indicate normality assumption is violated. however, these tests are often 

oversensitive in large sample sizes like this.## 

# 

 

c9_pos <- subset(ecas_df, ecas_df$c9_status_3 == "Positive") 

c9_neg <- subset(ecas_df, ecas_df$c9_status_3 == "Negative") 

 

by(ecas_df$ecas_total, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$ecas_total, stat="qq") 

qplot(sample = c9_neg$ecas_total, stat="qq") 

## Histograms look ok, qqplot indicates some kurtosis## 

 

by(ecas_df$ecas_alssp, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$ecas_alssp, stat="qq") 

qplot(sample = c9_neg$ecas_alssp, stat="qq") 

## Histograms look ok, qqplot indicates some kurtosis## 
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by(ecas_df$als_nonsp, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$als_nonsp, stat="qq") 

qplot(sample = c9_neg$als_nonsp, stat="qq") 

## Histograms look ok, qqplot indicates kurtosis## 

 

by(ecas_df$language, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$language, stat="qq") 

qplot(sample = c9_neg$language, stat="qq") 

##Histograms indicate severe deviation from normality, will need to use a non-parametric test## 

 

by(ecas_df$fluency, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$fluency, stat="qq") 

qplot(sample = c9_neg$fluency, stat="qq") 

##Histograms indicate deviation from normality, some kurtosis, will consider non-parametric test## 

 

by(ecas_df$executive, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$executive, stat="qq") 

qplot(sample = c9_neg$executive, stat="qq") 

#### Histograms look ok, qqplot indicates some kurtosis## 

 

by(ecas_df$memory, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$memory, stat="qq") 

qplot(sample = c9_neg$memory, stat="qq") 

## Histograms look ok, qqplot indicates significant kurtosis, consider non-parametric## 

 

by(ecas_df$visuospatial, ecas_df$c9_status_3, hist) 

qplot(sample = c9_pos$visuospatial, stat="qq") 

qplot(sample = c9_neg$visuospatial, stat="qq") 

##Histograms and qqplots indicate severe deviation from normality, will need to use a non-parametric 

test## 

 

##Overall, language and visuospatial definitely violate normality assumption, may also use non-

parametric test for verbal fluency ## 

 

##plot 

library(scales) 

library(ggplot2) 
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library(ggforce) 

library(ggpubr) 

 

my_comparisons2 <- list( c("Control", "Relative")) 

 

fluency_test <- compare_means(fluency ~ group, comparisons = my_comparisons2, method = "t.test", 

data = ecas_df) 

fluency_test <- fluency_test %>% mutate(y.position = c(28)) 

 

fluency_plot <- ggplot(ecas_df, aes(group, fluency, fill = group)) 

fluency_plot + geom_boxplot(width = .3) + geom_jitter(alpha = .25, width = .2) +  

  labs(x = "Group", y = "ECAS Verbal Fluency") + theme_classic() +  

  theme(legend.position = "none") + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), 

        axis.title.y = element_text(vjust = 2, size = 14)) + 

  theme(axis.text = element_text(size = 12), 

      axis.text.x = element_text()) + stat_compare_means(method = "t.test", label.x = 1.25, label.y = 40)  

 

fluency_plot <- ggboxplot(ecas_df, x = "group", y = "fluency", fill = "group", width = .3) + 

stat_pvalue_manual(fluency_test, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "Verbal fluency") + theme_classic() + geom_jitter(alpha = .25, width = .2) + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text())  + theme(legend.position = "none")  

 

##Compare unrestricted and restricted fluency scores## 

vf_test1 <- t.test(spoken_score_s ~ group, data = ecas_df) 

vf_test2 <- t.test(spoken_score_t ~ group, data = ecas_df) 

vf_test3 <- t.test(spoken_vfi_s ~ group, data = ecas_df) 

vf_test4 <- t.test(spoken_words_s ~ group, data = ecas_df) 

vf_test5 <- t.test(spoken_time_s ~ group, data = ecas_df) 

wvf_test5 <- wilcox.test(spoken_time_s ~ group, data = ecas_df) 

vf_test6 <- t.test(as.numeric(spoken_vfi_t) ~ group, data = ecas_df) 

wvf_test6 <- wilcox.test(as.numeric(spoken_vfi_t) ~ group, data = ecas_df) 

vf_test7 <- t.test(as.numeric(spoken_words_t) ~ group, data = ecas_df) 

wvf_test7 <- wilcox.test(as.numeric(spoken_words_t) ~ group, data = ecas_df) 

vf_test8 <- t.test(as.numeric(spoken_time_t) ~ group, data = ecas_df) 
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wvf_test8 <- wilcox.test(as.numeric(spoken_time_t) ~ group, data = ecas_df) 

 

effectsize(vf_test1) 

effectsize(vf_test2) 

effectsize(vf_test3) 

effectsize(vf_test4) 

 

ecas_df %>% wilcox_effsize(spoken_time_s ~ group, paired = FALSE, ci = TRUE, conf.level = 0.95, 

ci.type = "perc") 

ecas_df %>% wilcox_effsize(spoken_vfi_t ~ group, paired = FALSE, ci = TRUE, conf.level = 0.95, 

ci.type = "perc") 

ecas_df %>% wilcox_effsize(spoken_words_t ~ group, paired = FALSE, ci = TRUE, conf.level = 

0.95, ci.type = "perc") 

ecas_df %>% wilcox_effsize(spoken_time_t ~ group, paired = FALSE, ci = TRUE, conf.level = 0.95, 

ci.type = "perc") 

 

## effect size of anovas## 

omega_squared(anova1) 

omega_squared(anova2) 

omega_squared(anova1) 

 

#plot groups 

my_comparisons <- list( c("Control", "FALS"), c("Control", "SALS"), c("FALS", "SALS")) 

 

ecas_ggtest1 <- compare_means(ecas_total ~ fam_hx2, comparisons = my_comparisons, method = 

"t.test", p.adjust.method = "BH", data = ecas_df) 

ecas_ggtest1 <- alssp_ggtest2 %>% mutate(y.position = c(140, 150, 160)) 

 

alssp_ggtest2 <- compare_means(ecas_alssp ~ fam_hx2, comparisons = my_comparisons, method = 

"t.test", p.adjust.method = "BH", data = ecas_df) 

alssp_ggtest2 <- alssp_ggtest2 %>% mutate(y.position = c(105, 110, 115)) 

 

fluency_ggtest3 <- compare_means(ecas_alssp ~ fam_hx2, comparisons = my_comparisons, 

p.adjust.method = "BH", data = ecas_df) 

fluency_ggtest3 <- fluency_ggtest3 %>% mutate(y.position = c(25, 30, 35)) 

fluency_ggtest3 <- scientific(fluency_ggtest3) 

 

ecas_total_plot <- ggboxplot(ecas_df, x = "fam_hx2", y = "ecas_total", fill = "fam_hx2",width = .3) + 

stat_pvalue_manual(ecas_ggtest1, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "ECAS total") + theme_classic() + 
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  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text()) + stat_compare_means(method = "anova", label.x = 2, label.y = 

150) + theme(legend.position = "none")  

 

ecas_alssp_plot2 <- ggboxplot(ecas_df, x = "fam_hx2", y = "ecas_alssp", fill = "fam_hx2", width = .3) 

+ stat_pvalue_manual(alssp_ggtest2, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "ECAS ALS specific") + theme_classic() + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text()) + stat_compare_means(method = "anova", label.x = 2, label.y = 

110) + theme(legend.position = "none")  

 

ecas_alssp_plot3 <- ggboxplot(ecas_df, x = "fam_hx2", y = "fluency", fill = "fam_hx2", width = .3) + 

stat_pvalue_manual(fluency_ggtest3, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "Verbal fluency") + theme_classic() + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text()) + stat_compare_means(method = "kruskal.test", label.x = 2, label.y 

= 28) + theme(legend.position = "none")  

 

 

 

 

R Markdown code 

--- 

title: "ecas analysis" 

author: "Emmet Costello" 

date: "March 10, 2021" 

output: html_document 

--- 

 

```{r setup, include=FALSE} 

knitr::opts_chunk$set(echo = TRUE) 

 

library(tidyverse) 

library(readxl) 
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library(here) 

library(knitr) 

library(kableExtra) 

library(summarytools) 

library(table1) 

library(MatchIt)  

 

ecas_df <-  here::here("ecas_data_cleaned.csv") %>% readr::read_csv() 

relative_ecas <- subset(ecas_df, ecas_df$group == "Relative") 

control_ecas <- subset(ecas_df, ecas_df$group == "Control") 

 

 

``` 

 

```{r, results='asis'} 

table1(~ gender + age + handedness + education + education_level + c9_status_2 + fam_hx2| group, 

data=ecas_df, 

       droplevels=F, overall=T) 

``` 

 

```{r, results='asis'} 

##create t-tests## 

 

test1 <- t.test(ecas_total ~ group, data = ecas_df) 

 

test2 <- t.test(ecas_alssp ~ group, data = ecas_df) 

 

test3 <- t.test(als_nonsp ~ group, data = ecas_df) 

 

test4 <- t.test(language ~ group, data = ecas_df) 

wtest4 <- wilcox.test(language ~ group, data = ecas_df) 

 

test5 <- t.test(fluency ~ group, data = ecas_df) 

 

test6 <- t.test(executive ~ group, data = ecas_df) 

 

test7 <- t.test(memory ~ group, data = ecas_df) 
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test8 <- t.test(visuospatial ~ group, data = ecas_df) 

wtest8 <- wilcox.test(visuospatial ~ group, data = ecas_df) 

 

##round digits to two decimal spaces## 

test1 = format(test1, digits = 3) 

test2 = format(test2, digits = 3) 

test3 = format(test3, digits = 3) 

test4 = format(test4, digits = 3) 

wtest4 = format(wtest4, digits = 3) 

test5 = format(test5, digits = 3) 

test6 = format(test6, digits = 3) 

test7 = format(test7, digits = 3) 

test8 = format(test8, digits = 3) 

wtest8 = format(wtest8, digits = 3) 

 

##make blank table## 

table = matrix(NA, nrow = 8, ncol = 6) 

 

##make column names# 

colnames(table) = c("ECAS score", "Control", "Relative", "t/W", "df", "p") 

 

##add information to table## 

table[1, ] = c("ECAS total", mean(control_ecas$ecas_total, na.rm = T), mean(relative_ecas$ecas_total, 

na.rm = T, digits = 2), test1["statistic"], test1["parameter"], test1["p.value"]) 

 

table[2, ] = c("ALS specific", mean(control_ecas$ecas_alssp, na.rm = T), 

mean(relative_ecas$ecas_alssp, na.rm = T, digits = 2), test2["statistic"], test2["parameter"], 

test2["p.value"]) 

 

table[3, ] = c("ALS non specific", mean(control_ecas$als_nonsp, na.rm = T), 

mean(relative_ecas$als_nonsp, na.rm = T), test3["statistic"], test3["parameter"], test3["p.value"]) 

 

table[4, ] = c("Language", median(control_ecas$language, na.rm = T), 

median(relative_ecas$language, na.rm =T),wtest4["statistic"], NA, wtest4["p.value"]) 

 

table[5, ] = c("Verbal fluency",  mean(control_ecas$fluency, na.rm = T), mean(relative_ecas$fluency, 

na.rm = T), test5["statistic"], test5["parameter"], test5["p.value"]) 
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table[6, ] = c("Executive",  mean(control_ecas$executive, na.rm = T), mean(relative_ecas$executive, 

na.rm = T), test6["statistic"], test6["parameter"], test6["p.value"]) 

 

table[7, ] = c("Memory",  mean(control_ecas$memory, na.rm = T), mean(relative_ecas$memory, 

na.rm = T), test7["statistic"], test7["parameter"], test7["p.value"]) 

 

table[8, ] = c("Visuospatial", median(control_ecas$visuospatial), 

median(relative_ecas$visuospatial),wtest8["statistic"], NA, wtest8["p.value"]) 

 

 

 

 

``` 

 

```{r make a table, results='asis'} 

kable(table, caption = "ECAS performance in Relatives vs Controls") %>% 

  kableExtra::kable_styling(bootstrap_options = "striped", full_width = FALSE) 

 

``` 

 

```{r, results='asis'} 

##Plot a graph of the Verbal fluency scores ##  

library(ggplot2) 

fluency_plot <- ggplot(ecas_df, aes(group, fluency, fill = group)) 

fluency_plot + geom_boxplot(size = 1.2) + geom_point() + geom_jitter() + labs(x = "Group", y = 

"Verbal Fluency") + theme_classic()  

``` 

 

```{r} 

##Compare unrestricted and restricted fluency scores## 

vf_test1 <- t.test(spoken_score_s ~ group, data = ecas_df) 

vf_test2 <- t.test(spoken_score_t ~ group, data = ecas_df) 

 

vf_test3 <- t.test(spoken_vfi_s ~ group, data = ecas_df) 

vf_test4 <- t.test(spoken_words_s ~ group, data = ecas_df) 

vf_test5 <- t.test(spoken_time_s ~ group, data = ecas_df) 

wvf_test5 <- wilcox.test(spoken_time_s ~ group, data = ecas_df) 
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vf_test6 <- t.test(as.numeric(spoken_vfi_t) ~ group, data = ecas_df) 

wvf_test6 <- wilcox.test(as.numeric(spoken_vfi_t) ~ group, data = ecas_df) 

vf_test7 <- t.test(as.numeric(spoken_words_t) ~ group, data = ecas_df) 

wvf_test7 <- wilcox.test(as.numeric(spoken_words_t) ~ group, data = ecas_df) 

vf_test8 <- t.test(as.numeric(spoken_time_t) ~ group, data = ecas_df) 

wvf_test8 <- wilcox.test(as.numeric(spoken_time_t) ~ group, data = ecas_df) 

 

##round digits to two decimal spaces## 

vf_test1 = format(vf_test1, digits = 3) 

vf_test2 = format(vf_test2, digits = 3) 

vf_test3 = format(vf_test3, digits = 3) 

vf_test4 = format(vf_test4, digits = 3) 

vf_test5 = format(vf_test5, digits = 3) 

wvf_test5 = format(wvf_test5, digits = 3) 

vf_test6 = format(vf_test6, digits = 3) 

wvf_test6 = format(wvf_test6, digits = 3) 

vf_test7 = format(vf_test7, digits = 3) 

wvf_test7 = format(wvf_test7, digits = 3) 

vf_test8 = format(vf_test8, digits = 3) 

wvf_test8 = format(wvf_test8, digits = 3) 

##Create table comparing groups## 

##make blank table## 

table2 = matrix(NA, nrow = 8, ncol = 6) 

 

##make column names# 

colnames(table2) = c("Verbal fluency component", "Controls", "Relatives", "t/W", "df", "p") 

##add information to table## 

 

table2[1, ] = c("Verbal fluency score", mean(control_ecas$spoken_score_s, na.rm = T), 

mean(relative_ecas$spoken_score_s, na.rm = T, digits = 2), vf_test1["statistic"], 

vf_test1["parameter"], vf_test1["p.value"]) 

 

table2[2, ] = c("Verbal fluency index (vfi)", mean(control_ecas$spoken_vfi_s, na.rm = T), 

mean(relative_ecas$spoken_vfi_s, na.rm = T, digits = 2), vf_test3["statistic"], vf_test3["parameter"], 

vf_test3["p.value"]) 

 

table2[3, ] = c("Total words", mean(control_ecas$spoken_words_s, na.rm = T), 

mean(relative_ecas$spoken_words_s, na.rm = T), vf_test4["statistic"], vf_test4["parameter"], 

vf_test4["p.value"]) 
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table2[4, ] = c("Time to read words", median(control_ecas$spoken_time_s, na.rm = T), 

median(relative_ecas$spoken_time_s, na.rm =T), wvf_test5["statistic"], NA, vf_test5["p.value"]) 

 

table2[5, ] = c("Verbal fluency score",  mean(as.numeric(control_ecas$spoken_score_t), na.rm = T), 

mean(as.numeric(relative_ecas$spoken_score_t), na.rm = T), vf_test2["statistic"], 

vf_test2["parameter"], vf_test2["p.value"]) 

 

table2[6, ] = c("Verbal fluency index (vfi)",  median(as.numeric(control_ecas$spoken_vfi_t), na.rm = 

T), median(as.numeric(relative_ecas$spoken_vfi_t), na.rm = T), wvf_test6["statistic"], NA, 

wvf_test6["p.value"]) 

 

table2[7, ] = c("Total words",  median(as.numeric(control_ecas$spoken_words_t), na.rm = T), 

median(as.numeric(relative_ecas$spoken_words_t), na.rm = T), wvf_test7["statistic"], NA, 

wvf_test7["p.value"]) 

 

table2[8, ] = c("Time to read words", median(as.numeric(control_ecas$spoken_time_t), na.rm = T), 

median(as.numeric(relative_ecas$spoken_time_t), na.rm = T), wvf_test8["statistic"], NA, 

wvf_test8["p.value"]) 

 

``` 

 

```{r table 2, results='asis'} 

kable(table2, caption = "Components of verbal fluency performance: relatives vs controls") %>% 

  kableExtra::kable_styling(bootstrap_options = "striped", full_width = FALSE) 

 

``` 

 

```{r} 

##Compare Familial and Sporadic Relatives to controls## 

anova1 <- aov(ecas_total ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova2 <- aov(ecas_alssp ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova3 <- aov(als_nonsp ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova4 <- aov(language ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova5 <- aov(fluency ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

kw_test5 <- kruskal.test(fluency ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova6 <- aov(executive ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova7 <- aov(memory ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

anova8 <- aov(visuospatial ~ fam_hx2, data = ecas_df, na.action = na.exclude) 

 

fluency_plot_2 <- ggplot(ecas_df, aes(fam_hx2, fluency, fill = fam_hx2)) 
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fluency_plot_2 + geom_boxplot(size = 1.2) + geom_point() + geom_jitter() +  

  labs(x = "Group", y = "Verbal Fluency") + theme_classic() 

 

post_hoc1 <- pairwise.t.test(ecas_df$ecas_total, ecas_df$fam_hx2, p.adjust.method =  "BH") 

post_hoc2 <- pairwise.t.test(ecas_df$ecas_alssp, ecas_df$fam_hx2, p.adjust.method =  "BH") 

library(pgirmess) 

post_hoc3 <- kruskalmc(fluency ~ fam_hx2, data = ecas_df) 

``` 

  



368 
 

R code for analysis of neuropsychiatric traits 

 

## Load packages and dataset 

library(tidyverse) 

library(readxl) 

library(here) 

library(summarytools) 

library(car) 

library(effectsize) 

library(rstatix) 

library(ggpubr) 

library(pgirmess) 

traits_df <- read_excel("traits_data.xlsx", sheet = "summary") 

 

## Remove patients 

traits_df <- subset(traits_df, group_1 != "Patient") 

traits_df <- subset(traits_df, group_2 != "NA") 

 

## Change age and education to numeric 

traits_df$age <- as.numeric(traits_df$age) 

traits_df$education <- as.numeric(traits_df$education) 

options(scipen = 999) 

 

## Create groups to check assumptions 

 

relative_df <- subset(traits_df, traits_df$group_1 == "Relative") 

control_df <- subset(traits_df, traits_df$group_1 == "Control") 

c9pos_df <- subset(traits_df, c9_status_2 == "Positive") 

c9neg_df <- subset(traits_df, c9_status_2 == "Negative") 

 

## Compare relatives and controls on PHQ-9 score  

phq_test1 <- t.test(phq_total ~ group_1, data = traits_df) 

phq_wtest <- wilcox.test(phq_total ~ group_1, data = traits_df) 

effectsize(phq_test1) 

wilcox_effsize(traits_df, phq_total ~ group_1, paired = FALSE, ci = TRUE) 
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##check assumptions 

by(traits_df$phq_total, traits_df$group_1, hist) #Stong positive skews 

qplot(sample = relative_df$phq_total, stat="qq") #Moderate kurtosis 

qplot(sample = control_df$phq_total, stat="qq") #Moderate kurtosis 

 

## Graph mean differences between relatives and controls  

#Make tibble of adjusted p-values 

stat.test <- tibble::tribble( 

  ~group1, ~group2,   ~p.adj, 

  "Control",     "Relative", .009) 

 

 

phq_plot_1 <- ggboxplot(traits_df, x = "group_1", y = "phq_total", fill = "group_1",width = .4) +  

  stat_pvalue_manual(stat.test, y.position = 18, step.increase = 0.1, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "PHQ-9 total score") + theme_classic() + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text()) + theme(legend.position = "none")  

 

phq_plot_1 + geom_jitter(alpha = .25, width = .2) + geom_violin(aes(fill = group_1), size = 1, alpha = 

.2, adjust = 1.5)  

 

## Run chi-square to compare the categorical PHQ variable  

##create new phq variable for scores >= 10 

traits_df$phq_cat3 <- ifelse(traits_df$phq_total >= 10, c("abnormal"), c("normal")) 

chisq.test(traits_df$group_1, traits_df$phq_cat3) 

 

## Compare FALS, SALS and Controls 

##check homogeneity of variance 

leveneTest(traits_df$phq_total, traits_df$group_2, center = median) #non sig 

 

##Run anova  

phq_anova1 <-aov(phq_total ~ group_2, data = traits_df) 

summary(phq_anova1) 

 

##check assumptions 
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plot(phq_anova1) ## Moderate skew on qq plot 

 

##Run Kruskal Wallis test 

phq_kw1 <- kruskal.test(phq_total ~ group_2, data = traits_df) 

post_hoc1 <- kruskalmc(phq_total ~ group_2, data = traits_df) 

 

##Plot differences 

 

#Make tibble of adjusted p-values 

stat.test <- tibble::tribble( 

  ~group1, ~group2,   ~p.adj, 

  "Control",     "FALS", .05, 

  "Control",     "SALS", .10, 

  "FALS",     "SALS", .10) 

 

phq_plot_2 <- ggboxplot(traits_df, x = "group_2", y = "phq_total", fill = "group_2",width = .4) +  

  stat_pvalue_manual(stat.test, y.position = 18, step.increase = 0.1, label = "p.adj", hide.ns = TRUE) + 

  labs(x = "Group", y = "PHQ-9 total score") + theme_classic() +  

  stat_compare_means(method = "kruskal.test", label.x = 2, label.y = 20) + 

  theme(axis.title.x = element_text(vjust = 0, size = 14), axis.title.y = element_text(vjust = 2, size = 

14)) + 

  theme(axis.text = element_text(size = 12), 

        axis.text.x = element_text()) + theme(legend.position = "none")  

 

phq_plot_2 + geom_jitter(alpha = .25, width = .2) + geom_violin(aes(fill = group_2), size = 1, alpha = 

.2, adjust = 1.5)  

 

##Compare FALS, SALS and controls on PHQ categories 

chisq.test(traits_df$group_2, traits_df$phq_cat3) 

 

##Compare C9+ and C9- relatives on phq score 

c9_phq_test1 <- t.test(phq_total ~ c9_status_2, data = traits_df) 

c9_phq_wtest1 <- wilcox.test(phq_total ~ c9_status_2, data = traits_df) 

 

##Check assumptions  

by(traits_df$phq_total, traits_df$c9_status_2, hist) #Strong positive skew 

qplot(sample = c9pos_df$phq_total, stat="qq") #Moderate kurtosis 
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qplot(sample = c9neg_df$phq_total, stat="qq") #Moderate kurtosis 

 

chisq.test(traits_df$c9_status_2, traits_df$phq_cat3) 

table(traits_df$c9_status_2, traits_df$phq_cat3) 

 

##Run a regression to control for age differences 

model1 <- lm(phq_total ~ age + group_1, traits_df) 

summary(model1) 

plot(model1) 

 

model2 <- lm(phq_total ~ age + group_2, traits_df) 

summary(model2) 

plot(model2) 

 

model3 <- lm(phq_total ~ age + c9_status_2, traits_df) 

summary(model3) 

plot(model3) 
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R code for analysis of differential deficits, i.e., controlling for IQ. 

library(tidyverse) 

library(readxl) 

library(here) 

library(QuantPsyc) 

 

## load cleaned dataset ## 

neuropsych_df <- here::here("neuropsych_cleaned.csv") %>% readr::read_csv() 

relative_neuropsych <- subset(neuropsych_df, neuropsych_df$group == "relative") 

control_neuropsych <- subset(neuropsych_df, neuropsych_df$group == "control") 

c9pos_neuropsych <- subset(neuropsych_df, c9_status_3 == "Positive") 

c9neg_neuropsych <- subset(neuropsych_df, c9_status_3 == "Negative") 

 

#### Run regression model for verbal fluency #### 

model1 <- lm(fas_total_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(fas_total_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 

 

plot(model2) 

 

neuropsych_df$iowa_t 

 

#### Run regression model for CWIT errors#### 

model1 <- lm(cwit_inhibition_errors_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(cwit_inhibition_errors_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 
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plot(model2) 

 

#### Run model for digit span backwards #### 

model1 <- lm(ds_backward_span_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(ds_backward_span_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 

 

plot(model2) 

 

 

#### Run model for IGT trial 5 #### 

model1 <- lm(net_5_t ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(net_5_t ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 

 

plot(model2) 

 

#### Run model for BNT phonemic #### 

model1 <- lm(bnt_spontaneous_semantic_phonetic_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(bnt_spontaneous_semantic_phonetic_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 
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plot(model2) 

 

#### Run model for ravlt immediate #### 

model1 <- lm(ravlt_total_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(ravlt_total_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 

 

plot(model2) 

 

#### Run model for LM delayed #### 

model1 <- lm(lm2_total_ss ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(lm2_total_ss ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 

 

plot(model2) 

 

#### Run model for RCFT delayed#### 

model1 <- lm(rcft_delayed_z ~ wasi_fsiq_2, data = neuropsych_df) 

summary(model1) 

lm.beta(model1) 

 

model2 <- lm(rcft_delayed_z ~ wasi_fsiq_2 + group2, data = neuropsych_df) 

summary(model2) 

lm.beta(model2) 

anova(model1, model2) 
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plot(model2) 

 

 

 

R code for cluster analysis 

 

library(tidyverse) 

library(readxl) 

library(here) 

library(factoextra) 

library(NbClust) 

 

## load cleaned dataset ## 

cluster_df <- here::here("cluster_analysis_2.csv") %>% readr::read_csv() 

cluster_df_2 <- cluster_df[,8:28] 

cluster_df_scale <- scale(cluster_df_2) 

 

cluster_df_2 <- dist(cluster_df_scale) 

 

 

fviz_nbclust(cluster_df_scale, kmeans, method = "silhouette") + labs(subtitle = "silhouette method") 

##Suggests 2 clusters## 

 

NbClust(cluster_df_scale, distance ="euclidean", min.nc=2, max.nc=15, method ="kmeans", 

index="all") 

 

##Different plot 

library(cluster) 

 

set.seed(42) 

km_res <- kmeans(cluster_df_scale, centers = 2, nstart = 100) 

 

sil <- silhouette(km_res$cluster, dist(cluster_df_scale))  

fviz_silhouette(sil) 

 

##Different plot 

fviz_cluster(km_res, na.omit(cluster_df_scale), ellipse.type = "norm") 
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##Recommends 2 as the best number of clusters 

##Run cluster analysis 

km.out <- kmeans(na.omit(cluster_df_scale), centers = 2, nstart = 100) 

print(km.out) 

km.clusters <- km.out$cluster 

 

fviz_cluster(list(data = na.omit(cluster_df_scale), cluster = km.clusters), ellipse.type = "norm", repel = 

TRUE, 

             palette = "Set2", ggtheme = theme_minimal(), geom = "point") 

 

 

##Add the clusters back to the dataset 

cluster_df$cluster <- as.factor(km.out$cluster) 

 

library(GGally) 

library(plotly) 

 

##Plot scores of different clusters ## 

?write_csv 

p <- ggparcoord(data = cluster_df, columns = c(8:28), groupColumn = "cluster", scale = "std") + 

labs(x = "Candidate endophenotype", y = "value (in standard-deviation units)", title = "Clustering") 

ggplotly(p) 

 

write.csv(cluster_df, "cluster_nalysis_3.csv") 

 

#compare clusters## 

table(cluster_df$cluster, cluster_df$c9_status) #no difference 

table(cluster_df$cluster, cluster_df$fam_hx) #no difference 

table(cluster_df$cluster, cluster_df$gender) #no difference 

table(cluster_df$cluster, cluster_df$handedness) #no difference 

chisq.test(cluster_df$cluster, cluster_df$c9_status) 

chisq.test(cluster_df$cluster, cluster_df$handedness) 

chisq.test(cluster_df$cluster, cluster_df$gender) 

 

t.test(age ~ cluster, cluster_df) #no difference 
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t.test(education ~ cluster, cluster_df) #no difference 

 

## Compare scores on endophenotypes ## 

t.test(wasi_fsiq_2 ~ cluster, cluster_df) #Sig difference 

t.test(cwit_inhibition_errors_ss ~ cluster, cluster_df) #Sig difference 

t.test(fas_total_z ~ cluster, cluster_df) #No difference 

t.test(ds_backward_span_z ~ cluster, cluster_df) #No difference 

t.test(rmet_total_z ~ cluster, cluster_df) #No difference 

t.test(bnt_spontaneous_semantic_phonetic_z ~ cluster, cluster_df) 

t.test(ravlt_total_z ~ cluster, cluster_df) 

t.test(rcft_delayed_z ~ cluster, cluster_df) 

 

wilcox.test(phq_total ~ cluster, cluster_df)  

wilcox.test(gad_total ~ cluster, cluster_df)  

wilcox.test(cape_total ~ cluster, cluster_df)  

wilcox.test(ocir_total ~ cluster, cluster_df)  

t.test(aq_ad ~ cluster, cluster_df)  

t.test(das_total ~ cluster, cluster_df) 

wilcox.test(asrs_total ~ cluster, cluster_df) 

t.test(bis_total ~ cluster, cluster_df) 

t.test(tipt_ext ~ cluster, cluster_df)  

t.test(tipi_agree ~ cluster, cluster_df)  

t.test(tipi_consc ~ cluster, cluster_df) 

t.test(tipi_emot_stab ~ cluster, cluster_df) 

t.test(tipi_open ~ cluster, cluster_df) 
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12.6. Appendix 6: Published works from this thesis 
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13. Supplementary information 

Supplemental table 1. Verbal fluency conversion score table for ECAS versions B 

and C. 

 

 

 

 

Supplemental table 2. Correlation between age, education and ECAS performance. 

 Age Education 

 Pearson r/ 

Spearman rho 

p Pearson r/ 

Spearman rho 

p 

ECAS A Total -.15 .23 .06 .65 

 ALS Specific -.12 .31 .07 .55 

 ALS Non-Specific -.13 .28 .003 .98 

ECAS B Total -.02S .91 .27S .05 

 ALS Specific .06 .66 .29 .04 

 ALS Non-Specific -.33 .02 .27 .05 

ECAS C Total -.46 .001 .32 .02 

 ALS Specific -.42 .001 .32 .02 

 ALS Non-Specific -.39 .004 .21 .13 

s – Data non-parametric, Spearman’s rho used  

 

 

 

 

 

 

 

 

ECAS B ECAS C 

Converted 

Score 
Spoken Written Spoken Written 

Unrestricted Restricted Unrestricted Restricted Unrestricted Restricted Unrestricted Restricted 

>= 14.9 >= 25.6 >= 19.1 >= 37.2 >= 13.3 >= 25.3 >= 13.1 >= 31.1 0 

13.2 to 14.9 21.3 to 25.6 15.9 to 19.1 30.8 to 37.2 11.2 to 13.3 20.9 to 25.3 10.9 to 13.1 25.7 to 31.1 2 

10.5  to 13.2 17.0 to 21.3 12.7 to 15.9 24.5 to 30.8 9.1 to 11.2 16.6 to 20.9 8.7 to 10.9 20.4 to 25.7 4 

7.9 to 10.5 12.7 to 17.0 9.4 to 12.6 18.2 to 24.5 7.0 to 9.1 12.2 to 16.6 6.5 to 8.7 15.1 to 20.4 6 

5.3 to 7.9 8.4 to 12.7 6.2 to 9.4 11.8 to 18.2 4.9 to 7.0 7.8 to 12.2 4.2 to 6.5 9.8 to 15.1 8 

2.6 to 5.3 4.1 to 8.4 3.0 to 6.2 5.5 to 11.8 2.8 to 4.9 3.4 to 7.7 2.1 to 4.2 4.4 to 9.8 10 

< 2.6 < 4.12 < 3.0 < 5.5 < 2.8 < 3.4 < 2.1 < 4.4 12 
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Supplemental table 3. Intraclass correlation coefficient and standard error of 

difference of serial ECAS assessment (A-B-C). 

 

 

Supplemental table 4. Abnormality cut-offs for ECAS Version B, based on 

healthy Irish controls who completed ECAS B only. 

Age <65 >=65 

Years of Education <12 >=12 <12 >=12 

ECAS Total 87 103 88 97 

ALS-Specific 66 74 58 74 

      Language 23 24 20 24 

      Verbal Fluency 13 15 17 13 

      Executive 28 31 22 31 

ALS Non-Specific 23 27 21 20 

      Memory 11 16 6 12 

      Visuospatial 10 10 9 10 

 

 

 

 

 

 

   

ECAS  

A - B 

ECAS  

B - C 

ECAS  

A - C 

 rxx1 rxx2 rxx3 SEdiff SEdiff SEdiff 

ALS Specific 
.86 .93 .92 6.63 4.02 4.57 

ALS Non-Specific .76 .85 .81 3.05 2.20 2.62 

ECAS Total .87 .95 .93 7.90 4.29 5.31 

Note. rxx1 is the intraclass correlation coefficient of ECAS-A-B,  rxx2 is the 

intraclass correlation coefficient of ECAS-B-C,  rxx3 is the intraclass correlation 

coefficient of ECAS-A-C, SEdiff is the standard error of the difference. 
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Supplemental table 5. Abnormality cut-offs for ECAS Version C, based on 

healthy Irish controls who completed ECAS C only. 

Age <65 >=65 

Years of Education <12 >=12 <12 >=12 

ECAS Total 98 106 84 80 

ALS-Specific 64 78 62 58 

      Language 24 25 21 19 

      Verbal Fluency 10 14 12 10 

      Executive 30 33 25 23 

ALS Non-Specific 23 25 21 19 

      Memory 13 15 10 10 

      Visuospatial 10 9 10 9 
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Supplementary table 6. Longitudinal sub-model summary of neuropsychological 

performance over time. 
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* Splines not added as they did not improve the fit of the model 

 

 

Supplemental analysis – Joint model specification 

Joint Model Specification 

Joint longitudinal and time-to-event models are composed of two sub-

models, a Cox survival model and a longitudinal mixed effects model. The 

dependence between the two sub-models is captured through the association 

structure. In this case a current value association structure was chosen, which 

assumes the log hazard function of the event at time t is linearly associated 

with the longitudinal sub-model predictor at time t. 

Cox survival model 
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Known risk factors for shorter survival in ALS were included in the Cox 

model, i.e. age, diagnostic delay, site of onset and C9orf72 positive status. 

The Cox survival model is: 

hi(t) = h0(t) × exp (α1 × mi (t) + b1x1
i + b2x2

i + b3x3
i + b4x4

i) 

or 

hi(t) = h0(t) × exp (α1*mi(t) + b1(agei) + b2(diagnostic delayi) + b3(site of 

onseti) + b4 (C9orf72i)) 

where: (t) is survival time, h(t) is the hazard function determined by 

covariates x1, x2, x3, x4.  h0 is the baseline hazard where x1, x2, x3 and x4 equal 0. 

α1 is the association parameter, representing the strength of association 

between the longitudinal outcome measure (i.e. cognitive score) and the 

time-to-event outcome. 

x1 = age, x2 = diagnostic delay, x3 = site of onset, x4 = C9orf72 status. The 

coefficients b1, b2, b3, b4 measure the effect size of each covariate.  

Longitudinal Mixed Effects Model 

Longitudinal mixed effects models were fit for each outcome measure. Time was 

defined by months since baseline assessment. Natural cubic splines with two 

degrees of freedom were added to cater for non-linear trends over time. Age, CR 

and a time by CR interaction were included as fixed effects. Random intercepts and 

random slopes for time were included. The mixed effects equation for each 

outcome measure is: 

y = β0 + β1 x1
i + β2x2

i + β3x3
i + β4x4

i + εi 
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or 

y = β0 + β1 (timei) + β2(agei) + β3(CRi) + β4(CR*time i) + εi 

where x1 = time, x2 = age, x3 = CR, x4 = CR by time interaction, ε = random error. 

Models were evaluated comparing Akaike’s information criterion (AIC), 

Bayesian information criterion (BIC) and log likelihood ratio test. 

 


