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Abstract 

 

ALS is a debilitating neurodegenerative disease characterized by the degeneration of both upper 

and lower motor neurons (Gordon 2013). Recently, it has been found that up to 50% of individuals with 

ALS have evidence of cognitive impairment and approximately 15% meet the diagnostic criteria for 

frontotemporal dementia (FTD). Moreover, the pathology of ALS has been found to be widespread 

(Neumann et al., 2006; Robberecht and Philips, 2013). To this day, traditional clinical examinations have 

been used to assess ALS patients, which have been shown to be subjective. This led us to ask the 

question: could introducing a novel method of assessment (robotics) give us a more objective and 

reproducible approach? Also, could using a different method reveal other impairments caused by ALS 

reflecting the evolving picture of its more widespread pathology?  

In this thesis, we assessed 14 subjects, 12 diagnosed with ALS and 2 diagnosed with PLS. The 

assessment of subjects consisted of two parts: 1) a clinical assessment and 2) a robotic assessment using 

the KINARM Exoskeleton.   We then correlated the performance of subjects on the robotic tasks with 

their clinical examination results.  

The robotic assessment consisted of 8 tasks, divided into 4 categories 1) Motor tasks which 

included Visual guided reaching, and Ball on Bar. 2) Motor-cognitive tasks included Reverse visually 

guided reaching (RVGR), Object hit, and Object hit and avoid. 3) Cognitive tasks included Spatial Span, 

and Trail Making A and B 4) A sensory task, Arm Position Matching.  

The results of this thesis indicate that subjects showed various deficits along a spectrum of 

sensorimotor and cognitive functions, related to various networks in the brain. Some tasks and parameters 

were more commonly impaired such as the Reaction Time and RVGR. Some subjects were more 

impaired in sensorimotor tasks than cognitive tasks and vice versa.  Robotic tasks were shown to be 

objective and accurate; most subjects could tolerate them. Examining a larger cohort of subjects in the 



iii 

 

future could enable us to further observe for patterns of impairment and phenotypes within the ALS 

population. 
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Chapter 1 

Introduction 

1.1 Motivation 

 

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig's disease is a progressive 

neurodegenerative disorder that is universally fatal, with a median survival of 3 years from its onset 

(Gordon, 2013). ALS is the most common motor neuron disease in adults and is characterized by the 

degeneration of upper motor neurons (UMN) located in the cerebral cortex, and lower motor neurons 

(LMN) in the anterior horn of the spinal cord, and brainstem motor nuclei. 

Initially described by Charcot and Joffrey in 1869 (Tsermentseli, Leigh and Goldstein, 2012), 

ALS was considered to be a disease that exclusively affects the motor system. However, a few years later 

Pierre Marie noted another feature for ALS: a childish and gullible personality for some of the patients 

(Tsermentseli, Leigh and Goldstein, 2012).  Recently, evidence has shown that approximately 15% of 

ALS patients have Frontotemporal lobar degeneration (FTLD), especially Frontotemporal dementia 

(FTD) which is the behavioral variant of FTLD and the second most common cause of dementia with 

onset under the age of 60 (Phukan, Pender and Hardiman, 2007; Tsermentseli et al., 2012). FTD causes 

abnormalities of behavior and language. Approximately the same percentage of FTLD patients have ALS 

as well, indicating that ALS and FTLD can form a spectrum of disorders with a common pathological 

process, where around 50% of ALS cases lie somewhere in the middle of the spectrum and have evidence 

for subtler cognitive and/or behavioral dysfunction.  

Neuropathological studies have revealed that the pathological changes of ALS can extend beyond 

motor neurons causing impairment of attention, working memory, verbal fluency, and other frontal 

executive functions (Ringholz et al., 2005; Phukan, Pender and Hardiman, 2007). These impairments are 

a form of less severe cognitive impairment affecting non-demented patients with ALS.  The 
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characteristics of cognitive impairment in ALS have not been delineated yet (Barulli et al., 2015), neither 

is the extent of involvement in the brain beyond the motor and FTD areas. Solid proof that patients with 

mild impairment are in a continuum with patients with FTD is lacking (Phukan, Pender and Hardiman, 

2007). It also hasn’t been determined if patients with mild cognitive impairment but without dementia are 

a different subtype of ALS, rather than a continuum with demented ALS patients and patients without any 

cognitive impairment at all (Phukan, Pender and Hardiman, 2007). Braak et al. (2013) hypothesize that 

neuronal susceptibility to ALS is not restricted to motor neurons and therefore the term ‘motor neuron 

disease’ is no longer reflective of the pathological process of ALS in its entirety. The list goes on to 

include non-motor neurons such as cortically projecting relay neurons of the thalamus, pyramidal cells in 

supragranular layers (II–III) of the neocortex, granule cells of the dentate fascia, and pyramidal cells in 

hippocampal regions CA1–2. However, clinical data gathering remains suboptimal and research is still 

needed to explore the involvement of other neural pathways and areas in the brain that could cause 

functional changes outside the FTLD spectrum.  

There is no ideal reproducible battery of neuropsychological tests for ALS patients. Current 

clinical assessment of known motor deficits can be subjective, offering limited quantitative measures as 

well.  Also, patients often compensate for their motor neuron loss for many years until the deficits 

become significant which is often a late finding. Moreover, current tests don’t take into consideration fine 

motor control, speed of cognitive processing, and peripheral motor reaction time which are very sensitive 

measures of cognitive dysfunction (Phukan, Pender and Hardiman, 2007). Furthermore, the existing 

classification system has impeded the ascertainment and evaluation of cognitive impairment in ALS 

patients. For example, the El Escorial criteria do not require evidence of impaired cognition in their 

classification. ALS patients who are cognitively impaired are classified within a general ALS-plus 

category, without any further sub-classification (Phukan, Pender and Hardiman, 2007; Geser, Lee and 

Trojanowski, 2010). 
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Achieving a sensitive method of assessment both for the motor and cognitive aspects of ALS and 

also being able to better understand the cognitive, motor and sensory effects of ALS is important because 

in addition to being rapidly progressive and fatal, ALS is also associated with serious complications that 

profoundly impact quality of life. For example, pathological laughter or crying happens in up to 50% of 

patients, which can be very disturbing in social situations. A tracheostomy can result in a locked in 

syndrome and eventually death in an intensive care unit (Mitchell and Borasio, 2007).  

My thesis aims to 1) identify what sensorimotor and cognitive functions could be affected by 

ALS (in addition to the ones that are widely recognized at this time), 2) increase our knowledge about the 

disease 3) improve the objectivity of assessment by using robotics to examine our patients, and 4) assess 

how patients can perform and tolerate these tasks. The KINARM Standard Tasks allow us to quantify a 

range of functions ranging from upper limb motor functions, to sensory functions and a number of 

cognitive processes as well. The hypothesis is that subjects may show impairments when performing 

these tasks, the results will be different for different subjects with deficits varying between cognitive and 

sensorimotor tasks, reflecting the heterogeneity of the disease. In addition, most subjects can understand 

and complete the KINARM tasks. Also, KINARM task results will likely correlate with some of the 

traditional clinical examination results. 

 

1.2 What is ALS 

ALS is an age-related neurodegenerative disease characterized by the degeneration of upper 

motor neurons (UMN) and lower motor neurons (LMN) in the brain and spinal cord. (Gordon, 2013). The 

disorder is named for its underlying pathophysiology: “amyotrophy” refers to the atrophy of muscle 

fibers, which are denervated as their corresponding anterior horn cells degenerate. “Lateral sclerosis” 

refers to the changes seen in the lateral columns of the spinal cord as upper motor neuron (UMN) axons in 

these areas degenerate and are replaced by fibrous astrocytes (the process of gliosis).  
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The site of onset of the disease remains unknown. There is no confirmed evidence about it, only 

competing theories that range from ALS beginning focally in the central nervous system (the neo cortex) 

and then spreading relentlessly (Braak et al., 2013), to the opposite with the disease beginning at the 

neuromuscular junction and then spreading in a peripheral to central fashion (Kiernan et al., 2011).  

 Among all the motor neuron diseases, ALS is the most common subtype and is the most 

prevalent motor neuron disease (MND) of adult-onset (Ahn et al., 2011). The incidence rate of 

Amyotrophic lateral sclerosis is 1-2 individuals per 100,000 per year. It is more prevalent in males, with 

most patients being in their fifties or sixties at onset. However, ALS can occur at any age (Robberecht and 

Philips, 2013). Other motor neuron diseases, including primary lateral sclerosis (affects UMNs only) and 

progressive muscular atrophy, (LMNs only) make up only 1-3% and 10% of MND cases, respectively 

(Gordon, 2013).  Moreover, among patients initially misclassified as primary lateral sclerosis due to an 

initial UMN onset, many go on to develop lower motor neuron lesions and eventually meet the criteria for 

the diagnosis of ALS (Robberecht and Philips, 2013). 

Approximately 90% of ALS cases are sporadic. Triggers could be environmental such as tobacco 

use and age (Gordon, 2013). There could also be unidentified genetic factors and other etiologies that lead 

to misfolded protein aggregation, mitochondrial dysfunction, inflammation and apoptosis of both motor 

neurons and glial cells (Gordon, 2013). The remaining 10% of the cases are familial, with a Mendelian 

pattern of inheritance. Forty percent of these cases are associated with the C9ORF72 gene mutation which 

is characterized by a hexanucleotide repeat in the gene and it’s thought to trigger the TDP-43 protein 

accumulation in neurons.   Another 20% of these cases have a mutation in the superoxide dismutase 1 

gene (SOD1). These patients have been found to lack the characteristic TDP 43 protein mutation and are 

relatively less cognitively impaired, suggesting that pathologically, ALS is heterogeneous (Phukan, 

Pender& Hardiman, 2007; Deerlin et al.,2008; Tsermentseli, Leigh and Goldstein, 2012; Gordon, 2013). 

Other rare genetic mutations for the remainder of the familial cases include senataxin (SETX), a 
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DNA/RNA helicase that causes juvenile ALS, alsin (ALS2), dynactin (DCTN1), angiogenin (ANG), and 

synaptobrevin-associated membrane protein B (VAPB) (Deerlin et al., 2008).  

Not only is ALS heterogeneous pathologically, it is also heterogeneous clinically, with different 

clinical presentations even in families with the same gene mutation, and survival time can range anywhere 

from months to years, with a longer survival usually seen in cases with limb-onset, younger age, and a 

better breathing capacity. However, most patients die in less than 3 years from onset of disease due to 

respiratory muscle weakness (Gordon, 2013).  To date, there is no effective treatment for ALS. The only 

available medication that can partially alter the course of ALS is riluzole, an anti-glutamatergic treatment 

that slows deterioration and extends lifetime by merely 2-3 months (Gordon, 2013; Mitchell and Borasio, 

2007). 

 

1.3  Classical ALS features: 

  The simultaneous loss of both upper motor neurons (UMN) which are pyramidal tract neurons in 

the cerebral cortex and lower motor neurons (LMN) which are motor neurons present in the spinal cord 

and brainstem (Ahn et al., 2011) gives ALS its classical features: a combination of both (UMN) and 

(LMN) signs on examination and/or Electromyography (EMG). 

  LMN signs include fasciculation, cramps, muscle atrophy and marked weakness (Gordon, 2013). 

Meanwhile, UMN signs include spasticity, hyperreflexia and modest weakness. UMN lesions also have 

other signs that can be elicited on clinical examination such as the Babinski sign (occurs when the sole of 

the foot is stroked from the heel going upward along the arch and towards big toe resulting in the big toe 

going upward and the rest of the toes fanning outwards), and the Hoffmann sign (occurs when flicking the 

nail of the middle finger results in a reflex flexion of the rest of the fingers and flexion and adduction of 

the thumb). Emotional lability (pseudo bulbar disorder) is also a characteristic sign of UMN degeneration 

(Gordon, 2013). 
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Onset occurs in different body regions, as ALS is a heterogeneous disorder with different 

presentations. UMN and LMNs are differentially affected, and cognitive as well as behavioral 

disturbances vary. For the majority of the patients (60–85%), weakness presents first in the limbs 

(cervical or lumbar onset) which is usually asymmetrical and distal. For the remaining (15–40%), the 

onset is bulbar (Gordon, 2013; Mitchell and Borasio, 2007). Cervical-onset involves the upper-limbs, 

bilateral or unilateral. If the lesion is in the LMN, and the weakness is proximal, symptoms can manifest 

as a difficulty in performing tasks such as combing. If weakness is distal, the patient can have an inability 

to perform activities requiring a pincer grip. Upper motor neuron signs in the upper limbs can also be 

present, so the patient can have both fasciculation (LMN sign) and brisk reflexes (UMN sign) in the same 

arm. If the onset is lumbar, it can present with symptoms and signs in the legs, with lower motor neuron 

lesions presenting as a tendency to trip (foot drop) if weakness is distal or difficulty going up the stairs 

when the weakness is proximal. Bulbar-onset presents generally in older women (Baek and Desai, 2013) 

with dysarthria, emotional lability, and/or dysphagia. Lower motor neuron involvement, or bulbar palsy 

presents with facial and palatal weakness. The upper motor neuron or pseudobulbar palsy is known to 

cause pathological laughing or crying, an exaggerated jaw jerk reflex, and dysarthria (Mitchell and 

Borasio, 2007). 

After onset, the progression of ALS is classically one region at a time, where for example, the left 

arm is first affected, then after a certain period of time, the left leg is affected, then right arm, then right 

leg. Patients may be symptomatically stable for a while before progressing to the next body region (Baek 

and Desai, 2013). This progressive muscle weakness eventually leads to death, usually from respiratory 

failure (Robberecht and Phillips, 2013) or complications of immobility. 

Traditionally ALS is thought to manifest without sensory, extraocular muscle or sphincter 

involvement (Onuf’s nucleus in the ventral horn of S1-S3 is unaffected, which spares bladder function.), 

although some patients have experienced sensory deficits from the involvement of sensory neurons. A 

study by Hammad et al. (2007) has shown abnormal action potential in the sural nerve in 27% of the 
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studied cases. Also, among the motor deficits, there are areas of weakness that are considered to be more 

common among ALS patients. These include thoracic paraspinal, posterior neck, tongue, jaw, first dorsal 

interosseous and tibialis anterior muscle (Baek and Desai, 2013). Sensory deficits including 

proprioception have not been studied widely. 

 

 

1.4 Cognitive impairment 

 Cognitive impairment among ALS patients has been massively underestimated, and thought to be 

found in only the 5-15% of ALS patients who develop FTD (Tsermentseli et al., 2012).  Typically, ALS 

was not thought to be a disease that comes with cognitive impairment. Over the past two decades 

however, evidence from various neuropsychological investigations has proven that cognitive deficits are 

not restricted to only ALS patients diagnosed with FTD. In fact, they are common among non-demented 

ALS patients (Abrahams et al., 1995; Mantovan et al., 2003) and up to 50% of all ALS patients are 

considered to be cognitively impaired when assessed by neuropsychological tests (Gordon, 2013).   It has 

also been found that neuropsychological deficits may be more prominent in patients with pseudobulbar 

palsy, but are not necessarily restricted to that group (Abrahams et al., 1995). 

 Executive functions are higher level mental processes that dominate other cognitive actions. They 

are thought to assist in problem solving, initiating responses, behavioral regulation, motivation, and 

memory (Phukan, Pender and Hardiman, 2007). The most commonly recognized cognitive deficits in 

ALS are due to a dysfunction in the executive system causing problems in verbal fluency and attention 

(Phukan, Pender and Hardiman, 2007; Kiernan et al., 2011).  

 Cognitive decline in ALS also results in personality change, irritability, obsessions, and poor 

insight. In a study done by Mioshi et al. (2014), apathy was present in up to 60% of patients assessed; 

disinhibition and stereotypical behavior were also reported. These changes are consistent with changes 

that occur in FTD which involve character, social conduct, and executive function (Phukan, Pender and 
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Hardiman, 2007). In addition, up to 63% of patients with ALS are irritable, inflexible, and restless. 

Apathy and difficulties with social judgment seem to be more frequent in patients whose ALS has bulbar 

onset than in those whose ALS is non-bulbar (Phukan, Pender and Hardiman, 2007).  

Another study by Ringholz et al (2005) revealed that 50% of its subjects had some type of 

cognitive impairment, reflecting the percentage in the overall ALS population. 30% of the subjects did 

not meet the criteria for dementia, while 20 of the subjects met the criteria for FTD. Here as well, the 

dysfunction involved executive functions, such as attention and concentration. Memory impairment was 

present to a lesser degree, and not as severe at that of Alzheimer’s disease patients.  

The presence of memory deficits in patients with ALS has been controversial. For example, 

Ringholz et al. argue that only mild memory deficits exist in the cognitively impaired. Meanwhile a study 

by Mantovan et al. (2003) proposed that while short-term memory was normal, the deficit was mainly in 

the long term memory. They performed a SPECT study while patients were subjected to Serial Position 

Retrieval of word list. During this process, hypoperfusion was observed in the frontal and temporal areas.  

Memory impairment in ALS seems to be due to an encoding deficit where the patients seem to have an 

inability to generate stable long term memory traces.  It is most likely, an executive component of 

memory, and it arises in the left frontal lobe (Mantovan et al., 2003; Phukan, Pender and Hardiman, 

2007). Furthermore, the study by Mantovan et al. (2003) also revealed that ALS patients who had 

memory deficits showed anosognosia towards their deficit.  The patients described were also not 

demented further highlighting the fact that subtle cognitive deficits may occur in ALS patients without 

dementia. 

The deficits among ALS patients are different from the temporoparietal pattern found in 

Alzheimer’s disease, as ALS patients have had relatively adequate performance on visuospatial, naming 

and memory tests (Evdokimidis et al., 2002). Psychomotor speed has also been considered to be usually 

preserved in ALS. In contrast, cognitive impairment in Alzheimer’s disease can include language, gnosis 

and praxis. This pattern of impairment is only rarely seen among ALS patients (Mantovan et al., 2003). 
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According to Mantovan et al. (2003), the reduced verbal fluency observed in the ALS patients results 

from a higher-order dysfunction, rather than a deficit in linguistic abilities.  Furthermore, according to 

Abrahams et al. (1995), in addition to the abnormal verbal fluency, impairments can include visual 

attention, impaired recall and performance on the Wisconsin Card Sorting Test, and impaired learning 

(verbal and visual). In an earlier study done by them, it was found that the degree of impaired verbal 

fluency was related to the extent of dysfunction of a fronto-thalamo-limbic brain system.  Other rare 

manifestations include depression and anxiety which can occur during any stage of the disease, from time 

of diagnosis to respiratory failure however rates of depression seem to be lower than expected for ALS 

patients (Gordon 2013). 

 The majority of studies have only focused on the overlap between ALS and FTD. Developing 

tests that are specific for cognitive impairment in ALS is crucial because patients with cognitive 

impairment in attention, inhibition, and generation of responses can have a compromised capacity to 

make decisions about their treatment plan which could include end-of-life decisions. It can also decrease 

compliance with therapy. Patients with ALS complicated by FTLD are half as likely to comply with non-

invasive ventilation in comparison to those who are not demented. Thus, behavioural changes in ALS 

have a negative impact on survival rates (Kiernan et al., 2011; Hu et al., 2013; Gordon, 2013).   

 

1.5 Frontal lobe involvement in ALS 

Among the areas of extramotor involvement in ALS, the frontal lobe is the one most consistently 

recognized. It’s been widely accepted that 15% of ALS patients have FTD (Tsermentseli et al., 2011). 

Frontal lobe involvement has been supported repeatedly by neuropsychological tests where patients 

showed an impaired performance in the Wisconsin Card Sorting Test, substandard problem solving skills, 

verbal fluency, and increased latencies with the random movement joystick test (Evdokimidis et al., 

2002). Abnormal verbal fluency reflects damage to frontal or striato-frontal regions that play a role in the 

initiation of responses (Phukan, Pender and Hardiman, 2007). Furthermore, a functional MRI study 
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revealed an impaired activation in the inferior frontal gyrus and Broca’s area when performing verbal 

fluency and naming tasks in cases without aphasia or dementia (Abrahams et al., 2004). In another study, 

Abrahams et al. (2000) also stated that verbal fluency defects in ALS are caused by a higher order 

dysfunction which includes the central executive component of working memory, rather than an 

impairment in the phonological loop which is indicative of abnormalities in the prefrontal cortex 

Furthermore, attention deficits have been demonstrated among ALS patients and they have been 

associated with damage to the frontal lobe (Phukan, Pender and Hardiman, 2007). Also, several imaging 

studies such as PET, SPECT and MRI investigations have revealed neuronal loss extending beyond the 

primary motor cortex with the other affected areas being mainly in the prefrontal cortex (Evdokimidis et 

al., 2002; Mantovan et al., 2003). The tested subjects were not demented in the study by Mantovan et al. 

Mantovan et al. also noted that the frontal dysfunction is responsible for the impaired memory in ALS 

patients due to encoding and retrieval deficits. 

Another study done by Stanton et al. (2007) using fMRI showed that cortical function in ALS is 

abnormal, with increased cortical activation in motor areas in ALS and reduced activation in pre-frontal 

regions. Meanwhile controls and patients with equivalent weakness due to peripheral lesions did not 

exhibit those changes. The study concluded that these changes could indicate cortical adaptation due to 

corticospinal tract damage.   

 

1.6 FTLD 

Frontotemporal lobar degeneration (FTLD) is a leading cause of dementia before the age of 60. 

There are three clinical variants of FTLD: a behavioural variant (bvFTD) and two language variants: 

semantic dementia, and progressive non-fluent aphasia (SD and PNFA respectively). They are 

heterogeneous and have different clinical characteristics and areas of degeneration in the brain. The 

bvFTD is characterized by changes in behaviour and personality. Cortical degeneration is mainly frontal. 

The SD variant is characterized by progressive loss of knowledge about words and objects. The 
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degeneration is anterior temporal. The PNFA variant is characterized by loss of grammar and motor 

speech deficits, along with left perisylvian cortical atrophy (Rabinovici and Miller, 2010). An overlap 

between the three variants of FTLD can occur especially later in the course as the disease spreads to 

involve the frontal and temporal lobes more diffusely (Rabinovici and Miller, 2010). 

A key feature of all FTLD variants regardless of subtype is non-amnestic cognitive impairments. 

These include changes in personality and social behavior, disinhibition, and difficulties in judgement and 

language (Geser, Lee and Trojanowski, 2010; Gordon, 2013).   

Histologically, FTLD can be subclassified into two major categories based on the presence or 

absence of specific inclusion bodies: (i) FTLD with tau inclusions (FTLD-TAU); and (ii) FTLD with tau-

negative, ubiquitin and TDP-43-positive inclusions (FTLD-U). FTLD-U is often referred to as FTLD-

TDP after the discovery of TDP being the major protein in ubiquitinated inclusions in 2006 (Rabinovici 

and Miller, 2010). 

The majority of familial FTLD cases are caused by mutations in the genes encoding microtubule 

associated protein tau (leading to FTLD-TAU) or progranulin (leading to FTLD-TDP) (Braak et al., 

2013). Sex distribution in FTLD varies based on clinical syndrome, with most studies reporting a male 

preponderance in bvFTD, and a number of studies describing a male predominance in SD and a female 

predominance in PNFA. Median survival in FTLD is approximately 6 to11 years post the onset of 

symptoms or 3–4 years after the date of diagnosis (Rabinovici and Miller, 2010). 

Patients with the bvFTD have profound personality and behavior changes, and often display a 

mixture of apathy and disinhibition. For apathy, patients can suffer from loss of interest in personal 

responsibilities, social withdrawal and later on, loss of attention to personal hygiene and sphincter control. 

Patients that develop disinhibition may suffer from socially inappropriate behaviours, including 

confrontation seeking, making hurtful remarks to others, and violation of rules. Patients can lack empathy, 

and have loss of insight into their disease denying it or only having a very shallow recognition of their 

cognitive problem describing it as mild memory or word-finding problems. Most dramatically, patients 
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could have a “change in self” (Rabinovici and Miller, 2010). Cognitive decline is to a lesser extent than 

the behavioural changes, but patients can suffer from poor judgment, and distractibility, loss of planning 

ability and disorganization.  Patients often show deficits on frontal/executive tasks, such as set shifting, 

mental flexibility, response inhibition and abstract reasoning. Attention and working memory may be 

impaired, while episodic memory is variably spared. They can have perseverative errors and 

confabulations during testing. Unlike Alzheimer’s disease, visuospatial function is almost always 

preserved early in the disease. (Rabinovici and Miller, 2010). 

  

1.7 FTLD and ALS 

 FTLD can co-occur with ALS patients. Any clinical subtype is possible, but behavioral variant 

frontotemporal dementia (bvFTD) is the most common subtype (Rabinovici and Miller, 2010).  In fact, 

later on in the course of the disease, approximately half of all bvFTD patients meet criteria for possible or 

probable ALS (Rabinovici and Miller, 2010). Patients with FTLD-ALS can present first with either 

cognitive or motor dysfunction. For the motor presentation, Bulbar-onset motor neuron disease is most 

common, although patients may present with either upper or lower motor neuron signs in any myotomal 

distribution.  It is now recognized that approximately 15% of ALS patients have Frontotemporal dementia 

(FTD) while of the patients with FTLD, 15% also have overt ALS, but among the rest, many more have a 

form of lower motor neuron involvement. This suggests that ALS and FTLD are two ends of a spectrum 

of one disease where around 50% of ALS cases also have evidence for subtler cognitive and/or 

behavioural dysfunction and therefore lie somewhere in the middle of the spectrum (Phukan, Pender and 

Hardiman, 2007; Geser, Lee and Trojanowski, 2010).  

Furthermore, ALS and FTD have a similar median survival (3-4 years from diagnosis) and an 

especially early mortality in FTD when there is presence of motor neuron disease (2.4–4.9 years from 

onset and 1.2–1.4 years from diagnosis), similar to the dismal prognosis of ALS. It has even been 

suggested that all FTLD patients should undergo a neuromuscular evaluation, while all ALS patients 
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should be screened for behavioural and cognitive changes because the association is so strong between 

them (Rabinovici and Miller, 2010). In fact, research by Mioshi et al. (2014) revealed that 

neuropsychiatric symptoms can antecede the motor features of ALS. Moreover, evidence of a common 

underlying pathophysiology for ALS and FTLD, the (C9ORF72) gene mutation further proves this theory 

(Robberecht and Phillips, 2013). Therefore, it is important to develop a sensitive method of assessment 

that will not only assess the motor deficits but also functions of the frontal lobe as well, especially that the 

bvFTD subtype is the most common subtype of FTLD that can co-occur with ALS and therefore 

cognitive deficits may be similar. 

 

1.8 Pathology 

The defining histopathology of ALS and FTLD is the presence of misfolded protein aggregates in 

neurons and glial cells of the central nervous system (CNS), in addition to the loss of motor neurons. 

pTDP-43 was identified as the major component of ubiquitin-positive neuronal inclusions in sporadic 

ALS and the largest subset of frontotemporal lobar degeneration, now referred to as FTLD-TDP. 

 TDP-43 is nuclear protein comprised of 414-amino acids, and is encoded by TARDBP on 

chromosome 1p36.2. (Deerlin et al., 2008). It is a member of the nuclear ribonucleoprotein family of 

proteins (Brettschneider et al., 2013) and was originally identified as a transcriptional repressor that binds 

to the TAR-DNA element of HIV (Deerlin et al., 2008) and because of its molecular weight of 43 kDa, it 

was named TDP-43. Its C-terminal glycine-rich domain has several functions including being part of a 

complex that regulates the splicing of genes, such as the cystic fibrosis transmembrane conductance 

regulator gene (CFTR), and the apolipoprotein AII gene. It is also a transcriptional repressor, and it also 

binds several nuclear ribonucleoproteins involved in the biogenesis of messenger RNA (Deerlin et al., 

2008). 

Not only is TDP-43 present in these inclusions, it is also abnormal. In both ALS and FTLD –TDP 

patients, the TDP-43 has been found to be abnormally phosphorylated (hence, the p in the pTDP-43), 
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ubiquitinated, and frequently cleaved to generate C-terminal fragments. It is thought that this abnormal 

structure of the TDP with a C-terminal prion like domain gives it the ability to propagate itself and spread 

along the CNS in a prion like fashion, amplifying and serving as a template to convert normal proteins 

into more abnormal proteins along the way. This suggests that pTDP-43 could disseminate from a focal 

site of onset in a cell to cell manner. (Brettschneider et al., 2013). This could be reflected by the 

progression of impairments after the patient is diagnosed to include more areas of the body. It has been 

observed that the progression of deficits in ALS is likely to happen in an orderly and sequential process 

for both upper motor neuron and lower motor neuron signs. The role of TDP-43 inclusions in the 

pathogenesis of neurodegenerative diseases is not yet established (Geser, Lee and Trojanowski, 2010).  

 As with the clinical presentation of ALS, the protein inclusions are also heterogeneous. The 

ubiquitin positive andTDP-43 positive inclusions can be seen as neuronal cytoplasmic inclusions (NCIs), 

also as neuronal intranuclear inclusions, they can also cause dystrophic neurites, and glial cytoplasmic 

inclusions as well (Braak et al., 2013).  More importantly, they are negative for tau, α-synuclein, β-

amyloid, neurofilaments and expanded polyglutamines which are also abnormal proteins but they are 

found in other neurodegenerative diseases such as the other FTLD subtype (Tau positive FTLD), 

Parkinson’s disease, and Alzheimer’s disease (Braak et al., 2013). The presence of pTDP-43 as a common 

feature has highlighted the clinical overlap between ALS and FTLD especially FTLD with ubiquitin 

inclusions (the most common FTLD subtype). Ubiquitinated TDP-43 is the major protein in their 

inclusions (Deerlin et al, 2008; Neumann et al., 2006). This classifies them as TDP-43 proteinopathies 

that form a clinicopathological spectrum of a single disorder ranging from ALS to ALS with cognitive 

impairment/dementia and FTLD-TDP (Geser, Lee and Trojanowski 2010; Neumann et al., 2006). 

The accumulation of protein aggregates is now recognized as a characteristic feature of many 

neurodegenerative diseases. ALS and FTLD-U (TDP-43 proteinopathies) could be recognized as a novel 

group of neurodegenerative diseases similar to Alzheimer’s disease, Parkinson’s disease, prion disorders, 
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tauopathies, trinucleotide repeat disorders, and other rare brain amyloidosis (Deerlin et al., 2008). All of 

these disorders have been found to have mutations in the gene that encodes the deposited protein. 

 

1.9 Support for ALS onset in the CNS and its effect on cognitive dysfunction among ALS 

patients 

Several theories exist about the site of onset of ALS with some of them proposing that it begins as 

far as the neuromuscular junction, whereas others are suggesting that it begins in the CNS.  Even though 

there is no confirmed point of onset, a study by Braak et al. (2013) proposed that ALS is a neocortical 

disease.  The theory of anterograde transport through corticofugal axons would provide an explanation for 

the transport of pTDP-43 from pyramidal cells to neurons at distant sites, leading to a systematic spread 

of ALS. This would also lead to pTDP-43being possibly disseminated in a sequential pattern 

(Brettschneider et al., 2013). 

It’s been found that the majority of nerve cells that develop pTDP-43 inclusions are projection 

neurons, except for the large cholinergic local circuit neurons in the striatum.  The pTDP-43 aggregates 

are more concentrated in motor neurons of the cerebral neocortex, lower brainstem and spinal cord. 

However; the list goes on to include non-motor cell types as well  such as large cortically projecting relay 

neurons of the thalamus, pyramidal cells in supragranular layers (II–III) of the neocortex, granule cells of 

the dentate fascia, and pyramidal cells in hippocampal regions CA1–2 (Braak et al., 2013). 

The relative resistance of motor neurons of eye muscles, cranial nerves III, IV and VI to ALS 

pathology could be explained by their lack of neocortical input. Unlike the spinal and bulbar somatomotor 

neurons, oculomotor neurons are only modulated indirectly by cortical processes. These motor nuclei 

receive most of their input from noncortical tracts within the medial longitudinal fascicle (Braak et al., 

2013).  
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Overall, sites that receive corticofugal projections have been shown to be the ones most likely to 

become affected in ALS, which differentiates ALS from other neurodegenerative diseases such as 

Alzheimer disease and Parkinson disease. 

 

1.10 Other areas affected 

Neuropathological changes are not restricted to the motor system. They have also been found in 

other brain structures including the neostriatum (very specific to ALS-FTD, not found in Pick’s disease 

by itself) (Kawashima et al., 2001). Changes have also been found in the substantia nigra to a lesser 

extent but without the overt Parkinsonism features (Horoupian et al., 1984; Al-Sarraj et al., 2002).  Other 

brain regions where inclusions have also been reported include the uncinate process, occipitofrontal 

fasciculus, the superior longitudinal fasciculus, the dentate gyrus, parietal neocortex, anterior cingulate 

gyrus and hippocampus, with the density and distribution being directly proportionate to the degree of 

cognitive impairment (Wilson et al., 2001). The cognitively impaired patients also had ubiquitinated 

protein inclusions in the temporal, occipital and entorhinal cortices, posterior cingulate gyrus, caudate, 

and the putamen (Wilson et al., 2001).   

Tsermentseli et al. argued that cognitive impairments are not restricted to frontotemporal 

dysfunction, but rather a broader network with part of it involving frontotemporal regions and the other 

part is their major connections to posterior areas as well as subcortical and limbic structures. The outcome 

of this wider range of degeneration and its clinical effect on functions such as cognition and behavior in 

ALS remains unknown. 

Other studies have also supported these observations.  A study by Brettschneider et al. (2013), 

examined tissue sections from ALS autopsy cases of varying burdens of pTDP-43 inclusions (cases were 

assigned to different stages depending on how advanced their illness was). Results revealed that cases 

with more advanced pathology showed involvement of the prefrontal neocortex (middle frontal gyrus), 

brainstem reticular formation, precerebellar nuclei, and the red nucleus (classified as stage 2). For stage 3, 
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the pTDP-43 was identified in the gyrus rectus and orbital gyri followed by the post central neocortex and 

striatum. Cases with the greatest involvement of pTDP-43 pathology were classified as stage 4, where 

pTDP-43was identified in the anteromedial temporal lobe, including the hippocampus. Cases with a 

C9orf72 repeat expansion had more severe lesions than non expansion cases, however, the sequential 

spreading pattern was the same among both groups.  Neuronal loss was detected in several regions 

including the superior and middle temporal gyrus, cingulate gyrus, cervical SC, amygdala, hippocampal 

formation, and entorhinal cortex. The number of regions selected in this study was intentionally limited. 

This implies that the pathology could be more wide spread than the areas reported in this study.  

 

1.11 The assessment of ALS patients: 

The diagnosis of ALS is approached through a clinical history of progressive symptoms of UMN 

and LMN lesions combined with a physical examination. Electrodiagnostic studies (including nerve 

conduction studies and needle electromyography) are done to confirm the LMN disease and rule out 

mimicking diseases (Baek and Desai, 2007; Gordon, 2013). A brain and spinal MRI can be done to exclude 

other conditions that affect UMN (Gordon, 2013). 

The El Escorial criteria (Brooks et al., 2000) have been commonly used to standardize the 

diagnosis of ALS. They basically divide ALS patients into 5 diagnostic classifications ranging from 

clinically definite ALS to clinically suspected ALS based on the presence of UMN and LMN signs on 

clinical or laboratory examination. The El Escorial criteria excludes impaired cognition. ALS Patients 

who are cognitively impaired are classified within a general ALS-plus category, but without any further 

subclassification (Gordon, 2013).  

In addition, other scales could be used to quantify elements of the disease and follow progression. 

These include the ALS functioning rating scale revised (ALSFRS-R) (Gordon, Miller, and Moore, 2004), 

the frontal lobe assessment battery (Ahn et al., 2011), and the Montreal cognitive Assessment (MoCA) 

(Nasreddine et al., 2005). Other modes of assessment have been used in studies and include various 
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assessment batteries such as the National Adult Reading Test-Revised the NART-R (an estimate of 

premorbid IQ), the Wechsler Adult Intelligence Scale-Revised (WAIS-R), the Recognition Memory Test, 

the Wechsler Memory Scale-Revised, the Kendrick Object Learning Test, and the Wisconsin Card 

Sorting Test (Abrahams et al., 1995; Ringholz et al., 2005). However, none of the mentioned scales and 

tests are used on a regular basis. 

All the scales mentioned in the last paragraph are used as a screening method for cognitive 

deficits (Hu et al., 2013), and only ask for deficits commonly recognized. In the clinical setting, it can be 

easy to unintentionally overlook cognitive deficits. They could have a subtle presentation and therefore 

can go unnoticed initially in a clinical encounter.  Studies have demonstrated that areas of the brain 

responsible for language can be affected before any naming deficits are clinically evident (Phukan, 

Pender and Hardiman, 2007). In fact, it has been found that disinhibited patients might perform well 

across traditional tests of frontal executive function but have impaired responses when it comes to tests of 

selective attention (Phukan, Pender and Hardiman, 2007). This puts more weight on evaluating patients 

specifically for attention.  

While several questionnaires have been developed to assess cognitive and motor performance in 

patients, they could be labor intensive, unable to be customized for a specific subject group, and even 

have a ceiling effect (as seen with the Chedoke Assessment and the MMSE) (Scott and Dukelow, 2011). 

A ceiling effect is defined as a subject scoring well on an assessment while in reality, she/he has some 

impairments that were not reflected in the assessment score (Scott and Dukelow, 2011; Osborne, 2014).  

ALS is a heterogeneous disorder, with high variance, and to complicate things further, 

progressive weakness can affect any clinical study leading to missing data (Gordon, 2013). Literature is 

pointing to the fact that lesions could be more widespread than originally thought (Tsermentseli, Leigh 

and Goldstein, 2012). Based on the observation that pTDP-43 aggregates are associated with 

neurodegeneration, ALS patients could have deficits in all the areas where protein aggregates were 
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detected, which means there could be many symptoms in the clinical picture other than just motor 

symptoms (Brettschneider et al., 2013).  

 

1.12 The use of robotics 

The use of robotic devices in medicine and research has become increasingly common as they 

have proven their ability to accurately, quantitatively and objectively assess the kinetics of movement and 

the sensorimotor system (Scott and Dukelow, 2011). They also provide additional parameters of 

assessment. Exoskeleton robots have also been used for the purpose of rehabilitation as well (Prange et 

al., 2006; Scott and Dukelow, 2011).  

KINARM is a robotic device controlled by the Dexterit-E data acquisition software (BKIN 

Technologies Ltd, Kingston, ON, Canada). In this thesis, we used the exoskeleton model which consists 

of a system integrated seat with upper arm and shoulder troughs, and a two dimensional virtual screen. 

The troughs support the weight of the upper limb, thus reducing the effects that muscle weakness patients 

could have on motor function. While this device can accurately measure movement speed and timing, 

many other tasks can be performed on this robot, which can be used to measure other functions such as 

maintaining arm posture to an external perturbation (Bourke et al., 2015). KINARM exoskeleton 

technology has not been used to study patients with ALS before.  

 

1.12.1  Functions assessed by the KINARM robot 

1.12.1.1 Motor tasks: 

Visually guided reaching: This task assesses the subject’s visuomotor abilities such as postural 

control, visual reaction time, feedforward and feedback control while the subject reaches to a certain 

target and back to the starting point. Feedforward control refers to the initial phase of initiating a reaching 

movement, while feedback control refers to the following phase of corrective movements. Although these 
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two phases may not be distinguishably separated, having this crude assignment does help in reflecting 

certain impairments (Coderre et al., 2010). These characteristics are quantified by software after the task 

is complete. Coderre et al. (2010) used this task to study impairments in reaching for subjects post-stroke. 

In that study, initial direction error detected impairment in 81% of the left side affected subjects when 

compared to healthy controls. Nine out of the 12 parameters showed good interrater reliability, where the 

interclass correlation between two assessments was > 0.7 with a p value <0.05.  Debert et al. (2012) also 

used this task in a study assessing sensorimotor deficits in subjects who had suffered a traumatic brain 

injury.  

Visually guided reaching can reflect visuomotor skills that are used in different reaching 

movements in daily life. It also reflects the functioning of a large neurological network behind it. This 

task puts many cortical and subcortical regions of the brain to work.  

In order for us to perform a visually guided reaching movement successfully, our brain has to 

combine visual and proprioceptive information to locate both the position of the target and our arm (Scott, 

2004).  This requires the integration of cognitive information into a movement plan (Tippett and Sergio, 

2006). The neural network responsible for making a visually guided reaching movement happen includes 

the frontal, parietal and occipital lobes where the connectivity between frontal and parietal areas is 

essential for planning and performing visually guided movement (Tippett and Sergio, 2006). The 

posterior parietal and premotor motor regions are responsible for the spatial aspects of the task (Scott and 

Dukelow, 2011). The parietal cortex plays a role in linking sensation and action (Kalaska et al., 1997). 

The posterior parietal cortex in particular receives visual, auditory and somatosensory input (Filimon, 

2010). It also projects to the premotor cortex and the frontal eye fields (Matelli and Luppino, 2001). The 

premotor cortex on the other hand contributes to planning and selecting a reaching movement (Kalaska et 

al., 1997; Kaufman et al., 2010) meanwhile the primary motor cortex plays a major role as well as the 

basal ganglia in motor control (Obeso et al.,2002; 2008).  The cerebellum is incorporated in the 

coordination movement (Robinson, 1995). Studies have shown that during unimanual tasks, the right 
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hand has an advantage over the left hand regardless of handedness highlighting the fact that the left 

hemisphere is responsible for motor planning (Hughes, Reissig and Seegelke 2011). However, in a study 

on bimanual tasks, Hughes, Reissig and Seegelke did not find any hemisphere advantages as in the 

unimanual task. 

Reaction time (RT), a function also assessed by the Visually Guided reaching task may simply be 

defined as “the time between a stimulus and a response” (Davis and Fang, 2010).  RT has been perceived 

as a reflection of the cognitive processing speed of response and is one of the viewed categories for motor 

control (Yan, Thomas and Stelmach, 1998).  Reaction times are very situation specific, and can vary 

based on the device, stimulus, or response that was used.  In our study, we have eliminated these 

confounding factors by basing our evaluation on the z-score when results are compared with healthy 

controls, rather than on the measurement of the reaction time itself. There are many factors that can affect 

reaction time including: age, gender, IQ, handedness, fatigue, sleep deprivation, and medications. Light et 

al. (1996) mentioned that it was found that RT was slower among the elderly in comparison with the 

younger age group. With practice, the older age group did improve. However, the variability of RTs was 

not altered for either group. 

 

 Ball on Bar This task provides an assessment of bimanual coordination which is important for 

many activities of everyday life from eating to dressing. It also assesses visuomotor skills as well. This 

task consists of three levels of assessment that increase in difficulty as the task level increases. The task 

was used in a previous study by our lab (Lowrey et al., 2014) to assess post stroke subjects. Impairments 

were identified primarily in: ability to hit the target, a lower movement speed and in bimanual 

coordination. Results correlated with clinical measures such as the Functional Independence Measure 

total score (r=-0.77, p<0.001) and the Chedoke-McMaster Stroke Assessment (r=0.60, p<0.003). 

In addition to the somatomotor cortex, the supplementary motor area has been recognized to have 

a role in the integration of bimanual activities. A study by Janke et al (2000) performed on eight right 
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handed subjects during the completion of unimanual and bimanual tasks found that the supplementary 

motor area was asymmetric during bimanual activities. When the right hand was taking the faster rate the 

left supplemental area showed greater activation than the right. However, when the left hand was 

performing with the faster rate, the right supplementary motor area was not markedly more activated. 

Also activity was more observed during bimanual tasks in comparison to unimanual tasks.  A study by 

Bangert et al. (2010) showed that there are age related changes in bimanual coordination. However, they 

were related to the difficulty of the task and working memory and therefore they may have been requiring 

executive control. 

 

1.12.1.2  Motor-cognitive tasks 

Reverse Visually Guided Reaching: This task is similar to the Visual Guided Reaching except that 

the cursor happens to move in the opposite direction of the subject’s hand, and therefore, the subject 

would have to move away from the target instead of towards it in order for him/her to touch it. It is more 

complex than the VGR in that it requires subjects to use more cognitive resources to inhibit an automatic 

response to move their hand towards the spatial target and generate a movement in the opposite direction 

instead (Hamzei et al., 2002). A version of this task has been used in a study on patients with Alzheimer’s 

disease (Tippett and Sergio, 2006).  

 

Object Hit: This task examines the ability of subjects to perform rapid motor actions with both 

limbs (Tyryshkin et al., 2014). It detects asymmetries in spatial awareness and attention, vision, and the 

overall limb performance. It also assesses rapid visuomotor skills, bi-manual motor planning, and 

decision making. Subjects must hit a total of 300 balls that move towards them with virtual paddles 

attached to their hands. The difficulty of the task increases with time as the speed and number of balls 

increases, and the subject must hit as many as he/she can. In a previous study (Tyryshkin et al., 2014) 
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done on stroke subjects, 87% of left affected and 67% or right affected subjects hit fewer balls than 95% 

of the controls.  

Attentional control can be influenced generally by two sources: current goals (top-down) and the 

present sensory stimuli (bottom-up). Different neural structures are involved in the process of spatial 

attention including cortical areas: the parietal and frontal lobes and subcortical areas: such as the pulvinar 

nucleus of the thalamus, and the superior colliculus. A dorsal frontoparietal network, spanning through 

the intraparietal sulcus and frontal eye field is thought to control spatial attention in regards to 

environmental stimuli. That could be executed through the desynchronization of alpha rhythms in the 

visual cortex when a visual target is anticipated (Capotosto et al., 2009.) A study by Smith et al. (2010) 

suggests that the neural mechanisms supporting spatial attention are mostly similar for both visual and 

auditory aspects. 

Attention is an important process that protects a person from the effects of information overload, 

for example it allows a driver to drive safely by selecting the relevant sensory information only and 

disregarding others and restricting the number of inputs. Spatial attention, one of the varieties of attention 

allows the process of selecting a stimulus based on its spatial location and therefore allowing the region to 

receive further cognitive processing (Vecera and Rizzo, 2003).  

Attentional deficits have been recognized in cases of stroke, and traumatic brain injury. However, 

lesions caused by neurodegenerative disorders such as Alzheimer’s disease, have also been found to cause 

a range of impairments in spatial attention (Vecera and Rizzo, 2003). Unilateral damage to the parietal 

lobe, most commonly the right parietal lobe results in left hemineglect, where patients fail to attend to 

stimuli on the contralesional side, and as a result, may not eat food that’s on the left side of their plate, or 

move their head to the left.  The patients are unaware of their deficits (Vecera and Rizzo, 2003). 

Frontal lobe lesions can also cause spatial neglect, and spatial deficits in both overt and covert 

attention.  Overt attention refers to the production of eye movements, lesions to the superior frontal lobe 

including the frontal eye fields can create deficits among certain types of overt eye movements. It can 
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impair antisaccadic eye movements causing a longer latency than controls. This tells us that the frontal 

eye fields can play an inhibitory role in overt attention by preventing unwanted reflexive eye movements. 

Covert attention refers to attentional orienting not requiring eye movements. Voluntary attentional 

orienting can be impaired in patients with frontal lobe lesions (Vecera and Rizzo, 2003). Meanwhile, the 

destruction of the superior colliculus in the midbrain can result in deficits in of voluntary gaze control 

such as in the condition Progressive supranuclear palsy. In regards to our study population, and how this 

task could relate to them, it is known that unlike Alzheimer’s disease, visuospatial function is almost 

always preserved early in behavioral variant frontotemporal dementia patients (Braak et al., 2013). 

 

Object Hit and Avoid: This task is similar to the Object Hit test, but requires additional cognitive 

processes related to spatial attention, and inhibitory control (Bourke et al., 2016). In this task, subjects 

must hit only certain objects and avoid others (Bourke et al., 2016). In a study done by Bourke et al. 

(2016) where 183 subacute stroke subjects and 309 healthy controls participated in the Object hit and 

avoid task, it was shown that 93% of all stroke subjects hit fewer objects with their affected arm. For 56% 

of the left side affected subjects, and 58% of right side affected subjects, this impaired performance was 

localized to their affected arm only. Subjects who hit fewer objects were also more likely to hit a higher 

proportion of distractors.  

Inhibitory control is the process of suppressing on going or planned motor or cognitive actions 

enabling the adaptation to changing circumstances (Aron et al., 2007; Spierer, Chavan and Manuel, 

2013). A good example of a motor inhibitory control task would be the Go/No Go task (Donders, 1969) 

which is incorporated in the frontal assessment battery, as it assesses direct motor inhibitory control. 

Other tasks such as Flanker, Stroop, or antisaccade involve other components such as attention and 

working memory, and therefore give a more general executive assessment (Spierer, Chavan and Manuel, 

2013). For the Go/No-Go test, the number of errors for the No Go part and the reaction times for the Go 

part are the used measures of inhibition control. The neural structures involved in inhibitory control form 
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a cortico-subcortical network which includes the inferior frontal gyrus, the pre-supplementary motor area, 

and the basal ganglia (Spierer, Chavan and Manuel, 2013).  According to Lillo et al. (2012), patients with 

ALS have displayed inhibitory deficits in a way that is similar to patients with FTD. 

 

1.12.1.3 Cognitive tasks 

Trail Making: This is a cognitive task that is a modified version of a pen and paper version that 

assesses frontal lobe function and task switching (Corrigan and Hinkeldey, 1987). There are two parts to 

the task which the subject completes: Part A (numeric) and Part B (alpha numeric) where the subject 

connects the numbers or numbers alternating with letters as they increase in value. A study was done by 

Sanchez-Cubillo et al. (2009) on 41 subjects in an aim to construct validity of the trail making test. 

Correlations and regression analyses were made between the TMT parts A&B and several other 

neuropsychiatric assessments. Results suggested that TMT-A required visuoperceptual abilities, while 

TMT-B reflected working memory and task switching abilities. 

 

Spatial Span:  The Spatial Span test is “a computerized version of the Corsi Block Tapping Task” 

and it aims to assess the ability of a subject to remember a sequence of squares being illuminated on a 

screen (Teixeira et al., 2011). This is a cognitive task that assesses visuospatial working memory and is 

generally similar to previous computer-based versions of the task (Owen et al., 1990). Working memory 

is a system that involves the temporary storage and processing of information during everyday tasks 

(Logie, 1995). There is more than one component to working memory, including, the central executive, 

the visuo-spatial sketch-pad, which as its name suggests is in charge of the of visuo-spatial material and 

the phonological loop which in turn is in charge of verbal material. (Logie, 1995). Borella et al. (2014) 

showed that visuospatial working memory can be trained. Subjects preserved the gained benefits on a 

follow up study after 8 months. On the other hand, Short term memory also known as immediate memory 

holds a limited amount of information about seven items for a maximum period of 30 seconds. Short term 
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memory allows a person to understand a sentence by being able to remember it until it ends (Colman, 

2015). 

A study by Beigneux, Plaie, Isingrini (2007) used the Corsi Block Tapping Test to examine the 

effect of aging on the storage of visual and spatial working memory. In one of the two experiments of the 

study, young, elderly, and very old subjects carried out both the Visual Patterns Test (measuring visual 

span) and the Corsi Block Tapping test (measuring spatial span). Results revealed that the visual span had 

a greater decline with advancing age than the spatial span. 

 

1.12.1.4 Sensory tasks 

Arm Position Matching: This task assesses deficits in position sense of the upper limb (Dukelow 

et al., 2010), which is a part of the sense of proprioception. Proprioception is a combination of different 

senses including: 1) the position of segments of our limbs and trunk in space 2) the perception of their 

movement 3) the sense of effort 4) the sense of force, and 5) the sense of heaviness (Proske and 

Gandevia, 2012). Proprioceptive receptors can be found in the skin, muscles and joints (Proske and 

Gandevia, 2012). To complete the limb position matching task, the subject uses both cerebral 

hemispheres. The left hemisphere detects proprioceptive information from the right limb after being 

moved by the robot, this information is then relayed to the right cerebral hemisphere which in turn moves 

the left limb and then detects proprioceptive information about the position of the limb (Scott and 

Dukelow, 2011). In a study by Dukelow et al. (2010) which assessed limb position sense in subjects 

following a stroke using the same task, it was found that deficits in limb position sense existed among two 

thirds of left side affected stroke subjects and one third of right side affected subjects. The results also 

demonstrated a good interrater reliability of the robotic technology. 

Proprioception hasn’t been studied widely in ALS except for a study done by Schrader et al. 

(2008) where proprioception in 13 ALS patients was studied by paired-pulse transcranial magnetic 

stimulation (TMS) and muscle vibration (MV). Among the 7 patients not on riluzole, the intracortical 
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inhibition of motor evoked potentials was impaired. Patients on riluzole presented with normal inhibition 

of motor evoked potentials, but this is likely due to the inhibitory effect of riluzole on excitatory 

neurotransmitters. 

 

1.13 Thesis objectives: 

Lastly, the objective of this thesis is to address the following questions: 

1. How will ALS subjects perform on the different behavioural robotic tasks? 

2.  Do impairments vary among the different subjects where some subjects would be more affected 

on the motor tasks than the cognitive tasks and vice versa? 

3. Are there any tasks or parameters that are more commonly affected among the examined ALS 

subjects? 

4. Can any observations be made among our subjects about functional impairments not usually 

assessed for with traditional tests (in addition to the traditionally known findings of ALS) such as 

visuospatial abilities, visual reaction time, limb postural control, feed forward control, feedback 

control, rapid motor selection and arm position matching? Are cognitive deficits detected among 

non-demented ALS subjects?  

5. Do KINARM results correlate with the conventional patient assessment scales and examination? 
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Chapter 2 

Methods 

 

2.1 Participants and place of study 

Fourteen patients were recruited from the neuromuscular clinics at Kingston General, Hotel Dieu 

and Saint Mary’s on the Lake hospitals after the experiment protocol gained the approval of the Queen's 

University Research and Ethics Board. An informed consent was obtained from all the participants prior 

to the assessment. 12/14 subjects had definite or probable ALS according to the El Escorial criteria. .  

Two subjects had PLS (Progressive lateral sclerosis) as they had an upper motor neuron involvement 

only.  

The assessment consisted of two parts: 1) a clinical assessment and 2) robotic assessment using 

the KINARM Exoskeleton. It took place at one of three locations: Kingston General Hospital, Hotel Dieu 

Hospital, or St. Mary’s of the Lake Hospital.  

 

2.2 Clinical assessment 

The clinical assessment included a set of questionnaires, a physical examination, and the 

collection of pertinent patient information 

2.2.1 Questionnaires/scales: 

Six different scales and questionnaires were applied during this assessment, all of which are 

described below: 

I) The ALS functioning rating scale revised (ALSFRS-R): This is a commonly used scale for the 

assessment of ALS patients. It assesses the patient’s ability to perform activities of daily living (ADL) 

and thus is a test of global functioning. In addition to the assessment of limb and bulbar function (found 
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in the original ALSFRS), the revised ALSFRS scale includes three additional questions that assess 

respiratory function, including dyspnea, orthopnea and the need for a ventilator (Gordon, Miller and 

Moore, 2004). The ALSFRS-R scale consists of 12 questions administered to the patient or, if the patient 

cannot communicate effectively, to an informant (Kaufmann et al., 2007). The subject’s performance for 

each question/situation is rated out of four, and therefore the score of this scale ranges from 0-48. 

 

II)The frontal lobe assessment battery: A 6-part assessment, helpful in differentiating between 

Alzheimer’s dementia and frontal dysexecutive phenotype dementia in patients with an MMSE > 24. It 

assesses the patient’s conceptualization ability, mental flexibility, programming ability, sensitivity to 

interference, inhibitory control, and environmental autonomy. The total score is out of 18, and the score 

of 12 is considered to be the cutoff point for differentiating frontal dementia from Alzheimer’s dementia, 

where a score above 12 would point towards Alzheimer’s dementia as the cause of the impairment and 

not FTD where patients would usually get lower scores (Slachevsky et al.,2004).  

Studies have shown that the FAB is a sensitive test for ALS patients (Ahn et al., 2011). Barulli et 

al. (2015) have also used the FAB to assess non-demented ALS patients for executive dysfunction. They 

found that the optimal cutoff point for this purpose would be 16, where at this point they are not looking 

to diagnose FTD or Alzheimer’s dementia, but to detect cognitive impairment among ALS patients. 

 

III) Montreal Cognitive Assessment (MoCA): A screening test that detects mild cognitive impairment. 

It assesses different cognitive aspects including: attention and concentration, executive functions, 

memory, language, visuoconstructional skills, conceptual thinking, calculations, and orientation. 

(Nasreddine et al., 2005). The total score is out of 30 where a score of 26 and above is considered normal. 

The MoCA test has been shown to be superior to the mini mental status exam (MMSE) when 

used for patients with mild cognitive impairment and other disease processes such as stroke, Parkinson's 
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disease, Alzheimer’s disease, and Huntington's disease due to the presence of frontal executive tasks, and 

a more difficult delayed recall component (Osborne et al., 2014). 

 

IV) The modified Edinburgh Handedness Inventory (Oldfield, 1971) was used to determine a 

subject’s handedness (right, left or ambidextrous) prior to the onset of illness based on their responses 

about hand preference if they were to be completing specific tasks. It also asks about their preferred foot 

and eye as well. Scores were given according to the answers, where a score >50 denotes that the subject 

was right handed, a score <-50 denotes that the subject was left handed, and mixed handedness was 

considered if the subject scored between > −50 and <50. 

 

V) Quality of life (QoL) Is a questionnaire that was given to both the patient and caregiver where it 

measures the quality of life from their perspective. This scale contains 16 different questions spanning 

five different domains of quality of life including: material and physical well-being, the ability to 

maintain relationships with other people, the ability to have activities whether they are social, in the 

community, recreational and civic activities. It also asked about independence, and personal development. 

The questions were answered on a 7-point scale ranging from ‘delighted’ to ‘terrible’ (Burckhardt and 

Anderson, 2003). 

 

VI) El Escorial criteria (Brooks et al., 2000) A set of criteria commonly used to classify ALS patients 

based on clinical history and examination, electrophysiological examination, imaging, laboratory testing, 

and pathology exams as needed. We only referred to this scale for the diagnostic classification of the 

recruited subjects.  To diagnose ALS, the presence of the following is required: 1) Signs of lower motor 

neuron (LMN) degeneration on clinical, electrophysiological or pathologic examination, 2) Signs of upper 

motor neuron (UMN) degeneration on clinical examination, and 3) The spread of signs progressively 

within an area or to other areas. All the stated three requirements should be present together, meanwhile 
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in the absence of: evidence of other disease processes that might explain the signs of LMN and/or UMN 

degenerations by electrophysiology or neuroimaging. 

Based on the results of the various exams, patients are classified as either: I) Clinically Definite 

ALS: where clinical evidence alone can diagnose the disease, as UMN and LMN signs are present in 

three regions. II) Clinically Probable ALS: which also requires clinical evidence alone as UMN and 

LMN signs are found in at least two regions with some UMN signs necessarily rostral to the LMN signs. 

III) Clinically Probable - Laboratory-supported ALS: clinical signs of UMN and LMN dysfunction 

are in only one region, or when UMN signs alone are present in one region, and LMN signs defined by 

EMG criteria in at least two limbs, along with the application of neuroimaging and clinical laboratory 

protocols to exclude other causes. IV) Clinically Possible ALS: is defined when clinical signs of UMN 

and LMN dysfunction are found together in only one region, or UMN signs are found alone in two or 

more regions, or LMN signs are found rostral to UMN signs and the diagnosis of Clinically Probable - 

Laboratory-supported ALS cannot be proven. Other diagnoses must be excluded to accept a diagnosis of 

clinically possible ALS. V) Clinically Suspected ALS: it is a pure LMN syndrome, where in the 

diagnosis of ALS is not certain enough to include the patient in a research study. This category is deleted 

from the revised El Escorial Criteria for the Diagnosis of ALS. Clinical examination is repeated every 6 

months for patient follow up (Brooks et al., 2000). 

 

2.2.2 The physical examination  

Included: 1) Hand Dynamometry, 2) A clinical neurological assessment of the upper limb which 

included assessment of tone, reflexes (biceps, triceps, brachioradialis), and power according to the MRC 

scale 3) Visual acuity was assessed with a Snellen eye chart. 4) Purdue peg board (LaFayette Instrument 

Co, LaFayette, IN). 

The Purdue Peg board assesses dexterity for both the left and the right hands (Tiffin and Asher, 

1948). This assessment includes a board with slots and pegs where the subject places as many pegs as 
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possible in the board in 30 seconds with one hand. Although this examines the subject’s fine motor skills, 

it may also reflect the function of the proximal upper limb as well since the subject does use the proximal 

upper extremity to lift the hand and move it to retrieve and insert the pegs. 

For the MRC scores, we have examined shoulder abduction, elbow flexion and elbow extension. 

Each manual motor testing score is out of 5, 0 denotes a flaccid muscle, and 5 denotes full strength. Since 

we made three motor assessments for the upper limb (shoulder abduction, elbow flexion, elbow 

extension), we added the three scores, yielding a total reported score out of 15. 

A pertinent medical history was also taken from the subjects and it included age, sex, and the 

presence of any medical / surgical comorbidities, current medications, and date of diagnosis. Existing 

computed tomography (CT) scans or magnetic resonance imaging (MRI) of the subjects were reviewed 

by their neurologist to exclude any other pathological processes in the brain that could act as a 

confounding factor. 

 

2.3 Robotic assessment: 

Done using the KINARM Exoskeleton system (BKIN Technologies, Kingston, ON), KINARM is 

a robotic device controlled by the Dexterit-E data acquisition software. We chose the bilateral 

exoskeleton model that supports both upper limbs. The setup consists of a modified wheel chair with 

footrests, where participants were seated and their arms were supported by the exoskeleton. The arm 

support includes arm troughs attached to bar linkages designed for support of the arm, forearm and hand. 

The seat height was then adjusted to achieve a shoulder abduction angle of ~80 degrees which in turn 

allowed the shoulder and elbow joints to be aligned and therefore have the arm, forearm and hand all in 

the same horizontal plane. A two dimension virtual screen displayed various tasks which the subject 

controlled by moving his/her arms within in the permitted horizontal plane. In our experiment, we applied 

eight different tasks. Details about these tasks are listed below. 
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Task 1 – Visual Guided Reaching (VGR) 

This task was a reduced version of an 8 centre reaching task (Coderre et al., 2010).  In this task 

there was a white dot that represented the subject’s finger position. The patient was required to move the 

white dot into a red target near the centre of the workspace. When a second peripheral red target 

appeared, the subject was instructed to reach quickly and accurately to that target within 3 seconds. When 

the red target at the centre appeared again, the subject had to reach quickly and accurately back to this 

target. The task protocol that was chosen consisted of 4 reaching targets 10cm from the initial control 

target all diagonal to the frontal and sagittal planes. Subjects performed 5 blocks of trials to each target 

(20 trials total). There were 4 ‘catch’ trials in which there was no destination target, one of which was the 

first trial in the task and another one was the last trial. This task was performed twice, once for the 

subject’s left arm and once more for the subject’s right arm. This task assessed the performance of the 

subject across 12 different parameters (Table 2.1). 
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Table 2.1: The visually guided reaching task parameters, their definitions, and their percentiles 

 

 

Task 2 – Reverse Visual Guided Reaching Task (RVGR) 

This task is similar to the Visual Guided Reaching except that the subject was required to move 

away from the target instead (Tippett and Sergio, 2006). Subjects saw a white dot that moved in the 

opposite direction to their hand movement. The goal was to move the white dot quickly and accurately to 

the red targets. As with the Visual guided reaching task, this task was also performed twice, once for the 

subject’s left arm and once more for the subject’s right arm. The protocol used was the same as the 

Visually Guided reaching task protocol except that the subject had 6 seconds to reach the peripheral target 

instead of 3 seconds. Subject performance was quantified using the same parameters used in VGR (Table 

2.1) with a few additional parameters capturing errors in moving initially in the wrong direction (Table 

2.2). 

Parameter Percentile Definition 

Posture 

speed (m/s)  

> 95% The median value of all trial blocks showing the median hand speed when at rest.  

Reaction 

time (s) 

> 95% The time between illumination of the target and the onset of arm movement. The 

median value of all trials is reported. 

Initial 

direction 

angle 

> 95% The angular deviation would be found if the following two lines were drawn and 

compared: 1) a straight line drawn from the hand position at movement onset to the 

hand position after the initial phase of movement and 2) another straight line is drawn 

from the hand position at movement onset to the destination target. The absolute 

value of this angle is drawn for each trial, then the median of all trials is reported. 

Initial 

distance ratio 

<5% The ratio of the distance the hand travelled during the subject’s initial phase of 

movement to the entire distance travelled by the hand in each trial (between 

movement onset and offset). The median value of all trials is reported. 

Speed 

maxima 

count 

> 95% The number of maxima in hand speed between movement onset and movement offset. 

The mean value of all trials is reported. 

Min max 

speed 

difference 

(m/s) 

> 95% The mean difference between adjacent pairs of adjacent hand speed minima and 

maxima, between the time of Max Speed (defined in table below), and movement 

offset. The mean value of all trials is reported. 

Movement 

time (s) 

> 95% The total time elapsed from movement onset to offset. Median value of all trials is 

reported. 

Path length 

ratio 

> 95% The ratio of the entire distance travelled by the hand in each trial (between movement 

onset and offset) and the distance between movement onset and offset in a straight 

line. The mean value of all trials is reported. 

Max speed 

(m/s) 

<5% The maximum speed between movement onset and offset. The median value of all 

trials is reported. 
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Table 2.2: The additional reverse visually guided reaching task parameters, their definitions, and their 

percentiles 

Parameter Percentile Definition 

Initial direction angle (rad) > 95% The number of times the subject moved the hand feedback away from the 

destination target as part of the first movement. 

Initial speed ratio <5% The ratio of the maximum hand speed during the subject’s initial phase 

of movement to the Max Speed. The mean value of all trials is reported. 

Correction time (s) > 95% The mean amount of time the subject took for each target to correct the 

movement of the hand feedback from subject being the farthest from the 

destination target to being moving towards the destination target, 

calculated as  the amount of time from the destination target turning on 

to the time the subject was the farthest from the destination target. If the 

subject’s initial movement was in the correct direction, meaning toward 

the destination target then the value for that trial is zero.  

 

 

 

Task 3 – Arm Position Matching Task (APM) 

In this task, the robot moved one of the subject’s arms. The subject was required to mirror match 

it with the other arm. Vision of the limbs was blocked to ensure that the only information the subject had 

about the position of the limb was from afferent feedback from the limb. The task protocol that was 

chosen included four targets spaced on a 2x2 grid at 20 cm intervals. There was one trial for each target, 

the same target was never repeated sequentially. The set of four targets was repeated five times (n=20). 

Twelve parameters were used to quantify subject performance (Table 2.3). 
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Table 2.3: The limb position matching task parameters, their definitions, and their percentiles 

Parameter Percentile Definition 

Absolute Error X,   Y, or 

XY 

> 95% The mean absolute distance error across all trials in the X direction, Y 

direction, or both respectively. 

Variability X, Y, or XY > 95% Mean value of the standard deviations of the position of the subject’s 

hand  in the X direction, y direction, or the root mean square of X and 

Y variabilities respectively. 

Contraction/Expansion 

Ratio X, Y, XY 

<2.5, > 

97.5 

Ratio of arm movement by the subject compared to the arm movement 

induced by the robot in the x direction, y direction or both respectively. 

Shift X, Y, XY > 95% Mean difference between the matched position of the arm by the 

subject and the position of the arm moved by the robot where positive 

values are for lateral shifts, negative values for medial shifts in the X 

position, Y position, and the root-mean-square of both respectively. 

 

Each row is describing three different parameters; they all share the same definition and percentile but 

cover different axes: X, Y, or XY. 

 

 

Task 4– Trail Making (TM) 

This version was similar to the standard pen and paper versions, but with additional measurement 

parameters and accuracy. This task had two parts, which the subjects completed: 

Trail making A: As with other tasks, the subject’s hand was represented by a white dot on the 

screen. 25 other targets were also shown on the screen. The patient was required to move from target #1, 

to #2, then #3 and so on. The goal was to go as quickly as possible.  When done correctly, a line 

connected both targets.  

Trail making B: The second form which is the Alpha numeric. Similarly, there were 25 targets but 

this time, they alternated between numbers and letters. In other words, the patient had to move to #1, then 

to the letter A, then #2, then letter B, then #3, then letter C and so on.   

Each Trail Making task started with a practice session of 5 targets and when it was evident that 

the subject had understood the task, he/she then began the full task. Table 2.4 lists the parameters used to 

quantify subject performance. 
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Table 2.4: Trail making task parameters, their percentiles and definitions 

 

Parameter Percentile Definition 

Test time (s) > 95% The total time the subject took to complete the task, from the time when the targets are 

illuminated to the point when the subject touches the last target. 

Time ratio > 95% 2nd Half / 1st Half Time. 

Dwell time (s) > 95% The total amount of time spent with the hand at the targets. 

B/A   > 95% The total time for Trail B / the total time for Trail A. 

 

The parameter B/A is only present in Trail B. 

 

 

Task 5 – Object Hit Task (OH) 

A bimanual task in which patients saw paddles that represented the ends of their fingertips (Tyryshkin et 

al., 2014). Red balls dropped from the top of the screen randomly from one of 10 locations and moved 

towards the subject. Subjects were required to hit as many of the balls as possible away from them with 

the paddles. The balls could be hit with either hand, and the speed and number of balls increased as the 

task progressed.  When a ball was hit, the robot generated a force pulse to give the haptic sensation of ball 

contact. A total of 300 balls were dropped during the entire task. 12 different parameters were used to 

quantify subject performance (Table 2.5). 
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Table 2.5: Object Hit task parameters, their percentiles and definitions 

 

Parameter Percentile Definition 

Total hits <5% The number of objects out of the 300 displayed that were 

successfully hit.  

Hand bias of hits <2.5, > 

97.5 

Indicated which hand was used more often for hitting the balls.  

Miss bias <2.5, > 

97.5 

Measures any bias of misses toward one side of the work space or 

the other across the x axis. This parameter is reported in cm to show 

where in the work space the bias is located.  

Hand transition <2.5, > 

97.5 

Indicates where preferences for using one hand over the other switch 

in the work space. It is calculated out of the mean of the right hand 

and the left hand weighted means of hit distributions.  

Hand selection overlap <5% indicates how effective the subject is at using both hands and 

overlapping them, for example hitting balls in the same area with 

both the right and left hands.  

Median error <5% The percentage of the point of progress out of the entire task when 

the subject made half of his or her errors. 

Hand speed left (m/s) <5% The mean speed of the subject's left hand during the task. 

Hand speed right (m/s) <5% The mean speed of the subject's right hand during the task. 

Hand speed bias <2.5, > 

97.5 

A number from -1 to 1 which indicates the bias in Hand Speed 

between both hands. It is calculated as (RHS - LHS) / (RHS + 

LHS). 

Movement area left hand 

(m^2) 

<5% The area the subject used with the left hand during the task.  

Movement area right hand 

(m^2) 

<5% The area the subject used with the right hand during the task.  

Movement area bias <2.5, > 

97.5 

A number from -1 to 1 which indicates the bias in Movement Area 

between both hands. It is calculated as (RMA - LMA) / (RMA + 

LMA). 

 

 

Task 6 – Object Hit and Avoid Task (OHA) 

Again, this was a bimanual task where the subject saw paddles that represented the ends of 

his/her hand.   At the beginning of the task, a box appeared on the screen displaying two shapes 

representing the targets that the patient was required to hit.  All other shapes were to be avoided, there 

was a total of 6 other distractor shapes. If one of the distracters was hit by the subject the distracter passed 

through the subject’s paddle and no reactive force was felt by the subject, thereby providing immediate 
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and ongoing feedback to the subject that the object was a distracter and not a target. The targets could be 

hit with either hand. The speed and number of targets and distractors increased as the task progressed.     

This task assessed the performance of the subject across 13 different parameters, the same 12 

parameters in the object hit task plus one additional parameter which is described in table 2.6. 

 

Table 2.6: Object Hit and Avoid task additional parameter, its percentile and definition 

Parameter Percentile Definition 

Distractor hits total > 95% The percentage of total distracters dropped the subject hit. 

 

 

Task 7 – Ball on Bar Task (BOB) 

In this task a virtual bar was presented between the subject’s hands (Lowrey et al., 2014). There 

was a white virtual ball sitting on top of the bar and a virtual spring lies between the subject’s hands that 

maintained the bar length. A red target appeared and the patient was required to move the white ball on 

the bar to the red target as quickly and accurately as possible which turned yellow when successfully 

reached.  There were 4 target circles that were presented to the subject, one at a time. There were three 

stages of difficulty each lasting 1 minute. At the first level, the ball was fixed to the center of the bar. At 

level two, the position of the ball was proportional to the angle of the bar so that subjects were required 

keep the ball aligned in the frontal plane. The ball fell off the bar if the tilt angle reached 20°. If the ball 

fell, then a new ball will appear on the bar starting at the next spatial target. At level three, the ball could 

roll on the bar and thus required subjects to stabilize the ball on the bar while still moving the ball to each 

spatial target. The task had 14 parameters (Table 2.7). 
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Table 2.7: Ball on Bar task, levels 1, 2 and 3 with their parameters, percentiles and definitions 

Parameter   Percentile, 

BOB1 

Percentile   

BOB2,3 

Definition 

Targets 

completed 

 <5% <5% The count of targets successfully reached by the ball and held 

without a ball drop. 

Mean movement 

time (s) 

 > 95% > 95% The mean of the time it took from the appearance of a target 

to the first time that target is touched by the ball. 

Mean ball speed 

(m/s) 

 <2.5, > 97.5 <2.5, > 97.5 The mean speed of the ball for a certain level 

Mean right hand 

speed (m/s) 

 <5% <2.5, > 97.5 The mean speed of the right hand maintained for a certain 

level 

Mean left hand 

speed (m/s) 

 <5% <2.5, > 97.5 The mean speed of the left hand maintained for a certain level 

Right hand 

speed maxima 

 > 95% > 95% The count of speed maxima for the right hand for the level 

Left hand speed 

maxima 

 > 95% > 95%  The count of speed maxima for the left hand for the level 

Mean bar angle 

(rad) 

 <2.5, > 97.5 <2.5, > 97.5 The mean angle of the bar for a certain level. 

Stdev bar angle 

(rad) 

 > 95% > 95% The standard deviation angle of the bar for a certain level. 

Bar length 

variability (%) 

 > 95% > 95% The standard deviation of the bar length / mean bar length for 

a certain level. 

Hand speed diff 

(m/s) 

 <2.5, > 97.5 <2.5, > 97.5 (abs(RHS-LHS)) / (sum(RHS + LHS) / 2)   ***(( RHS = 

Right hand speed , LHS = Left hand speed)). 

Hand speed 

peak bias 

 <2.5, > 97.5 <2.5, > 97.5 (DomHSP - NDomHSP) / (DomHSP + NDomHSP)  ***(( 

DomHSP = Dominant hand speed peaks ,NDomHSP = Non-

dominant hand speed peaks)). 

Hand path bias   <2.5, > 97.5 <2.5, > 97.5  (DomHPL - NDomHPL) / (DomHPL + NDomHPL)   

***((DomHPL = Dominant hand path length, NDomHPL = 

Non-dominant hand path length)). 

 

BOB1 = ball on bar level one. BOB 2, 3 = ball on bar levels 2 and 3.  Levels 2 and 3 are grouped together 

because we used the same percentiles for both, whereas we used slightly different percentiles for level 1. 

The definitions on the other hand are the same for all three levels. 
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Task 8 – Spatial Span Task (SS) 

 Twelve squares were displayed in a 3x4 grid, and a sequence of those squares illuminated in 

random order creating a sequence. The subject was then required to move the white light to each of these 

squares in the correct sequence. If the sequence was correct, then the length of the following sequence 

was increased by 1. If the subject made an error or took too long to complete the sequence, then the length 

of the sequence was reduced by 1 square on the next trial. There were 18 trials for this task. The first 2 

trials were practice trials and were therefore not considered for the parameter scores. Five parameters 

were used to quantify subject performance (Table 2.8). 

 

Table 2.8: Spatial span task parameters, their percentiles and definitions 

Parameter Percentile Definition 

Total score <5% Sum of scores from trials 3-18. A trial score is the sequence length that the subject 

successfully remembered or the sequence length - 1 for a trial with at least one 

error. 

Mean score <5% The mean score of the trials 3-18. 

Test time (s) > 95% The total time spent for the entire task. 

Time per target 

(s) 

> 95% The average time spent per target, calculated as : task duration / total number of 

targets presented during task. 

Longest correct 

path 

<5% The longest sequence of selected squares the subject remembered correctly during 

the task. 

 

 

2.4 Data analysis 

 Data for the different parameters were recorded and analyzed using Dexterit-E software (BKIN 

Technologies, Kingston, ON). Percentiles were calculated for each parameter, which were referred to as 

the cutoff points for determining if a subject is impaired. Subjects failed on each parameter when their 

performance fell outside a parameter’s 95% confidence boundaries of controls. For one-tailed parameters, 

the 95 or the 5 percentiles were used. For two-tailed parameters, the 2.5 and 97.5 percentiles were used 

instead. All data were converted into z-scores based on normal distribution, where z>1.645 or <-1.645 
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were the cutoff points for one tailed tasks and z>1.96and<-1.96 were the cut off points for two-tailed 

tasks.  This conversion was done by Dexterit-E software based on the performance of a large cohort of up 

to ~300 healthy controls, dependent on the task. Ages ranged from 20-89 with a median of 54.5.  

Participants were recruited from both Kingston, Ontario and Calgary, Alberta. The influence of age, sex 

and handedness was factored out when required. Linear regressions were used to assess and correct for 

age related changes in each parameter where if the data demonstrated a significant regression fit (F-test, 

p< 0.05), the regression model was subtracted from the original values. 

When assessing the performance of each subject on the entire task, the percentage of 

failed parameters was calculated. The cutoff value for determining if a subject failed the task was 

failing 25% of the parameters. We based this percentage on an observation of the OH task in a 

study by Tyryshkin et al. (2014), where it was found that healthy controls fell outside the 95th 

percentile only when they failed 4 or more parameters.  

Another approach to assessing the overall performance of subjects in each task was through the 

calculation of the Mahalanobis distance (Mahalanobis, 1936). The M-distance was calculated from the 

distribution of z-scores for all parameters of each task. The M- distance measures the distance from mean 

control performance in a multi-dimensional space, while taking into account the correlation between 

parameters. These values were converted back into z space based on performance of a large cohort of 

healthy controls. The cut off value used for the M-distance was the 95th percentile (z>1.645). 

The Pearson product-moment correlation coefficient was used to calculate correlations between 

M-distance scores and the clinical scores.  
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Chapter 3 

Results 

 

3.1 Subject demographics and clinical examination 

Data were collected from 14 participants. The participants’ demographics and scores on a number 

of clinical assessments are summarized in Table 3.1. The majority of our subjects were males. The mean 

age of our subjects was 63.4 years (range51-73 years) which is reflective of the ALS patient population in 

general (Robberecht and Philips, 2013). Eleven out of the 14 subjects were right handed prior to illness 

onset, one was left handed, and two were ambidextrous.  

The majority of our participants (12/14) were diagnosed with either definite or probable ALS. 

Two were diagnosed with PLS (Progressive Lateral Sclerosis), which is also a motor neuron disease, but 

it only affects upper motor neurons. We have included these two subjects in our study because they might 

actually be ALS patients with an initial UMN presentation. Their presence in our study will also give us 

further input on the effect of UMN involvement on the task performance. 

Three out of the 14 subjects scored 12 or below out of 18 in the frontal assessment battery 

suggestive of frontal lobe impairment. Two participants had FAB scores between 12 and 16 (subjects 10 

and 12 scored 15 and 16, respectively) denoting cognitive impairment to a certain extent that is not severe 

enough to qualify as dementia. Combined, 5/14 (35.7%) had an abnormal performance on the FAB. This 

is similar to results in larger studies on ALS. 

 



 

 

44 

Similarly, 6/14 participants 6/14 (42.8%) had abnormal MoCA scores, which is also similar to 

cohorts from larger studies.  Subject performance on the ALSFRS-R varied and ranged from 25 to 41 

with a median of 34.  

Most of the subjects had some weakness in either one or both arms. On the right side for instance, 

10/14 subjects had an MRC sum score for the three examined muscle groups below 15 which indicated 

some weakness in at least one of the three on that side. Also, 9/14 subjects had some weakness in their 

left arm and they all happened to have weakness in the right arm as well. The one subject that wasn’t 

affected on the left side had only mild weakness on the right side (score = 14). Seven of the 10 subjects 

with weakness had different MRC scores for each arm.  

Purdue pegboard results varied. For the left arm, they ranged from 0 to 13.5, the median was 

5.25. Meanwhile for the right arm, scores ranged from 0 to 17 with a median of 4.5. There was no clear 

pattern of left arm or right arm impairment for the majority of the subjects.  In most cases, scores were 

similar for the two arms. No strong connection to handedness was observed. 
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Active arm means the arm the subject is currently using when performing single handed tasks.  

 

Subject 
number 

Age Handedness 
prior to 

diagnosis 

Sex Years 
since 

diagnosis 

Diagnosis ALS Functional 
Rating Scale- 

Revised 

(ALSFRS-R) 

Frontal 
Assessment  

Battery (FAB) 

Montreal 
Cognitive 

assessment 

(MoCA) 

Active 
arm 

MRC sum 
biceps, 

triceps & 

deltoid-right 
(MRC Rt) 

MRC sum 
biceps, 

triceps & 

deltoid-left 
(MRC Lt) 

Purdue 
pegboard -

left (PP Lt) 

Purdue 
pegboard 

-right (PP 

Rt)  

1 51 R M 33 Clinically 
Definite 

ALS 

28 18  30 Right (Rt) 8 8 0 0 

2 64 A M 12 PLS 33 18  26 Right (Rt) 15 15 3.5 4 

3 73 R M 3 Clinically 
Probable 

ALS 

31 9  17 Right (Rt) 15 15 7.5 8 

4 60 R M 2 Clinically 
Definite 

ALS 

25 10 23  Right (Rt) 10 10 0 0 

5 69 R F 1 Clinically 

Definite 
ALS 

41 17  28 Right (Rt) 14 15 11.5 17 

6 73 R M 2 Clinically 

Definite 
ALS 

39 18  28 Right (Rt) 9 13 6 5.5 

7 62 R M 18 months Clinically 

Definite 

ALS 

39 18  27 Right (Rt) 12 12 4 5 

8 60 A M 1 Clinically 

Definite 

ALS 

33 12  24 Left (Lt) 10 12 1.5 0.5 

9 70 R F 1 Clinically 

Definite 

ALS 

37 18  30 Right (Rt) 13 12 13.5 14.5 

10 55 R M 3 Clinically 
Definite 

ALS 

28 15  24 Right (Rt) 10 8 0 0 

11 59 R F 19 months Clinically 
Definite 

ALS 

31 18  27 Right (Rt) 14 13 13.5 8 

12 66 R M 8 PLS 38 16  21 Right (Rt) 15 15 8.5 11 

13 72 L F 1 Clinically 
Probable 

ALS 

37 18  28 Left (Lt) 14 13 8.5 0 

14 53 R M 4 months Clinically 

Definite 
ALS/ FTD 

35 17  24 Right (Rt) 15 15 4.5 0 

Table 3.1: Subject demographics 
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3.2 subject and control example 

Figures 3.1 and 3.2 show the performance of 3 ALS subjects and a healthy control in a number of 

different behavioural tasks on the KINARM exoskeleton. The three ALS subjects (1, 8 and 13) are 

presented because of their varying performance across different tasks, reflecting the heterogeneity of 

ALS. Subject 1 is a 51 year old male, subject 8 is a 60 year old male and subject 13 is a 72 year old 

female. Further subject demographic information is found in Table 3.1. The performance of these subjects 

is contrasted with a healthy male control subject within a similar age range as the ALS subjects. 

In Figure 3.1, the hand paths of the control subject across the different motor tasks were relatively 

straight, with only small corrective movements. In contrast, for the ALS subjects, hand paths tended to be 

highly variable, with many corrective movements. For example, subject 1 had difficulty performing both 

the Visually Guided Reaching (VGR) and Reverse Visually Guided Reaching (RVGR) tasks. The left arm 

was more impaired than the right despite having the same PP and MRC scores for each arm. Hand 

movements were all skewed to directions away from the subject for the left arm. In contrast, subject 8 did 

relatively well on the VGR task but was affected on the RVGR task. A similar pattern was observed for 

the left arm of subject 13. However, the right arm was heavily impaired to the extent that the subject 

could only complete a few very inaccurate movements.  

In Figure 3.2 the control subject’s performance on the Arm Position Matching (APM) task 

showed very minimal contraction of the workspace when the left arm was the active arm, and a modest 

shift for the right active arm. Also, there was no obvious variability of mean hand position across 

different targets. In comparison, it is apparent that subject 13 performed very poorly. With the right arm 

heavily impaired, she was unable to perform the task when the right arm had to be actively used to match 

the position of the left arm.  The performance of subject 1 on the APM task showed modest variability, 

contraction and a shift along the Y axis when assessing the right arm. Subject 8 also had right arm 

impairment, to a higher extent than subject 1. The subject showed variability in arm position in all X, Y, 

and XY directions. The subject also showed more absolute errors for the Y and XY axes than subject 1.  
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The hand and ball traces from the control subject for the BOB task, level 1 were relatively 

straight with minimal corrective movements and little variability. For level 2, the control subject’s arm 

movements were still relatively consistent even though the difficulty of the task increased. In contrast, 

subject 13 had a lot of difficulty performing level 1 of the task as highlighted by the fact that the hand 

paths did not follow the typical diamond pattern necessary to attain the spatial goals. The subject did not 

complete the higher levels of the task due to discomfort.  Subject 1 also displayed substantial impairments 

when performing the task, failing 8 of the 14 parameters at level 1, and 9 of 14 at level 2. Subject 8 

displayed less impairment and variability than subject 1 but still failed on a number of parameters (3 in 

level 1 and 6 in level 2). 
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Figure 3.1 Hand paths for the three most impaired subjects (motor, sensory or cognitive) according to 

tables 3.2 and 3.3 and a control subject performing the Visually Guided Reaching (VGR) task and RVGR 

task, with both the left arm and the right arm. 

“Out” illustrates the subject’s hand path when reaching out for the target and “Back” illustrates the hand 

path when returning to the resting point. Subject 13 was very impaired especially on the right arm to the 

extent that the two tasks could not be completed. 

 



 

 

49 

 

Figure 3.2 Hand paths for the three most impaired subjects (motor, sensory or cognitive) according to 

tables 3.2 and 3.3 and a control subject performing the APM for both arms and the BOB first two levels.  

For the APM task, each tested arm is the passive arm which the robot moved. The position of the hand 

moved by the robot is represented by black dots joined by the solid green lines. The mirror matched hand 

path (e.g. the left arm if the robot was moving the right) is represented on the opposite side of the vertical 

line drawn in the middle. It is shown as the blue square. The ellipses represent trial-to-trial variability 

based on one standard deviation. For the BOB task, the diamond shape on the left (blue) and the diamond 

shape on the right (red) represent the left and right hand paths respectively. The diamond shape in the 

middle (grey) represents the ball path. Again, subject 13 could not complete the tasks due to severe 

impairment more on the right arm than the left. 
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3.3 Overall Task performance 

Table 3.2 displays the percentage of parameters failed by each subject for each of the 8 tasks. The 

task that identified the most subjects as impaired was RVGR.  All subjects failed at least one parameter in 

RVGR. 86% of the subjects were identified as impaired when performing the task with their right arm, 

and 71% were impaired with their left arm. Fifty percent of ALS subjects were impaired in the VGR for 

the right arm. Impairments in the ball on bar task were also common where 57% of subjects were 

identified as impaired at the first level, 64% at the second level, and only 27% at the third level. Subjects 

were less commonly impaired in the cognitive Trail Making task A (29%) and B (43%).  Also, less 

impairments were observed for the APM task with the right (14%) or left arms (21%). 

 

Table 3.2 : Percentage of parameters failed in each task, percentage tasks failed by each subject and 

percentage of subjects failing each task. 

 

 
 

Each column reflects the results for each behavioral task and each row the results for each subject. Failed 

tasks= tasks with at least 25% parameters failed. The last number in each column denotes the percentage 

of subjects failing each task. Subjects unable to perform a task were also identified as impaired in that 

task.  The last number in each row denotes the percentage of tasks in which each subject failed at least 

25% of the parameters to give an overall evaluation of the performance for that subject. Empty cells 

indicate insufficient data was collected for that participant. The darker the shading the higher the 

percentage (of parameters failed or subjects impaired per task or tasks impaired per subject). 

VGR Rt VGR Lt BOB 1 BOB 2 BOB 3 RVGR Rt RVGR Lt OH OHA Trail A Trail B SS APM Rt APM Lt

1 78% 89% 50% 64% 21% 82% 64% 75% 62% 0% 0% 40% 25% 0% 71%

2 22% 11% 36% 36% 14% 18% 9% 33% 31% 67% 0% 40% 0% 0% 43%

3 11% 22% 7% 0% 7% 64% 36% 0% 8% 33% 75% 80% 0% 25% 43%

4 56% 33% 29% 29% 7% 27% 18% 33% 23% 0% 50% 80% 0% 8% 57%

5 0% 11% 0% 0% 14% 45% 64% 0% 0% 0% 0% 0% 0% 0% 14%

6 56% 11% 73% 64% 25% 31% 0% 25% 0% 0% 25% 71%

7 0% 0% 29% 43% 43% 73% 36% 17% 15% 0% 25% 0% 0% 0% 43%

8 56% 44% 21% 43% 14% 91% 73% 25% 23% 67% 75% 60% 42% 8% 71%

9 0% 0% 0% 21% 14% 27% 9% 17% 0% 0% 0% 0% 0% 8% 7%

10 44% 22% 36% 36% 21% 64% 73% 25% 8% 0% 50% 40% 0% 8% 57%

11 0% 0% 0% 43% 29% 9% 9% 8% 0% 0% 0% 0% 0% 0% 14%

12 56% 11% 29% 7% 0% 64% 45% 0% 0% 33% 0% 20% 0% 0% 36%

13 89% 67% 91% 67% 54% 0% 0% 40% 0% 79%

14 11% 11% 0% 0% 21% 82% 73% 0% 0% 0% 0% 40% 8% 0% 21%

43%86% 71% 50% 29% 29%

Sensory % failed 

/subject

29%

Subject 

number

Motor Motor-cognitive Cognitive

% subjects 

failing at 

least 25%  

parameters/  

task

50% 29% 57% 64% 57% 14% 21%
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Table 3.3 Global task scores using Z-M distance scores 

   

 

Empty cells mean that for certain subjects, insufficient usable data was collected to measure a particular 

parameter. The darker the shading the higher the Z- MD score. Numbers in red indicate that Z-MD > 

1.645 and therefore signify impairment. 

 

A second way to assess global performance is based on M-distance scores for each task. The 

RVGR was again the most widely failed task, where 93% of subjects failed the task on the right arm 

whereas 64% failed the task on the left arm. For the Ball on Bar task, the Z-MD task score was provided 

for the sum of all three levels and here, 62% of all subjects failed the task when compared with the 

performance of 95% of controls. Visually Guided Reaching came in third where 57% of all subjects were 

impaired for both the right arm and the left arm. For this task, seven subjects failed on both the right and 

the left arms, whereas 2 subjects failed only on one arm, either the right or left. 

There are no available M-distance scores at this time for the Trail making A, however they were 

available for TM part B. The Trail making B, and again the Arm Position Sense for the right and left side 

were not commonly impaired for many subjects, as the percentages are 21%, 29% and 21% respectively. 

VGR Rt VGR Lt BB RVGR Rt RVGR Lt OH OHA TM B SS APM Rt APM Lt 

1 6.87 9.99 34.43 18.57 -0.24 0.36 2.85 0.58 73%

2 2.65 1.96 1.56 0.69 4.41 4.81 1.00 -1.38 0.44 0.77 45%

3 1.29 0.69 1.62 5.52 2.32 0.23 0.92 3.61 4.45 0.85 1.88 45%

4 3.35 1.80 6.06 2.62 2.14 1.24 3.89 0.25 3.10 0.15 0.44 64%

5 0.10 0.31 0.02 3.54 6.49 0.54 0.11 -0.72 1.27 0.56 0.57 18%

6 5.14 2.02 4.80 4.93 1.51 6.83 -0.08 -0.98 0.48 2.32 64%

7 0.66 0.55 5.10 4.26 0.66 1.97 2.87 -0.57 0.02 0.01 1.14 36%

8 2.01 1.76 7.22 3.98 3.50 2.58 4.59 1.40 4.06 1.23 82%

9 1.12 0.05 0.24 3.25 0.64 2.03 0.97 -2.00 -1.30 0.19 0.57 18%

10 3.49 2.76 6.25 5.75 6.88 1.01 1.28 3.55 -0.38 0.85 1.49 55%

11 0.22 0.16 1.13 8.49 0.85 1.41 0.72 -1.79 -1.42 0.21 1.41 9%

12 3.12 1.06 1.06 4.62 1.61 0.22 0.16 0.02 -0.11 0.06 0.83 18%

13 5.05 58.87 26.86 -0.60 0.65 2.11 11.74 82%

14 0.84 2.18 2.14 10.59 4.76 0.41 0.67 -1.78 -1.26 1.98 0.33 45%

64%

Subject 

number

Motor Motor-cognitive Cognitive

% subjects 

failing task
57% 57% 64% 93% 43% 50% 21% 14% 29% 21%

Sensory % tasks 

failed/ 

subject
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Performance of subjects reported in Tables 3.2 and 3.3 are generally similar for most tasks. The 

percentage of tasks failed per subject in Table 3.2 correlated with the percentage of tasks failed per 

subject in Table 3.3 (r=0.91, p<0.001).  

 

3.4 Performance on task parameters 

In the section above, we took a general approach to quantify how individual subjects performed 

on each task. In the following subsections, we looked at the individual parameter scores for each subject. 

The objective is to identify if subjects tended to fail certain parameters more than others.  

3.4.1 Motor tasks 

1) Visually guided reaching (VGR), left and right arms 

 

Tables 3.4 and 3.5 display subject performance in the VGR for the left and right arms, 

respectively. In general, participants performed differently with the right and left arms, where the left was 

more impaired for some subjects while the right was more impaired for others. The percentage of subjects 

failing each parameter for the right and the left arms was correlated (r= 0.5, p<0.03). Reaction time was 

the most heavily affected parameter where 57% of subjects scored less than controls on the right arm and 

50% scored less on the left. The second most affected parameter was posture speed for the left arm which 

was failed by 43% of subjects. For the right arm it was initial direction error and initial distance ratio 

which were failed by 50% of subjects. Although initial direction error was commonly impaired on the 

right arm, it was only rarely on the left (14%). Relatively few subjects were identified as impaired based 

on maximum speed or Min-max speed difference.  
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Table 3.4 VGR parameter z-scores for each subject, Left arm 

Subject ID 
Posture 

speed  

Reaction 

time  

Initial 

direction 

error  

Initial 

distance 

ratio 

Speed 

maxima 

count 

Min max 

speed 

difference  

Movement 

time  

Path 

length 

ratio 

Max 

speed  

1 n/a 7.84 4.65 -7.18 10.00 2.67 10.60 9.03 -0.83 

2 -0.67 3.72 0.53 -0.94 -0.05 -0.58 1.40 -0.58 -1.12 

3 2.10 2.41 0.56 -1.02 0.44 0.64 -0.84 0.56 0.95 

4 1.65 2.74 0.92 -1.80 -0.82 0.09 0.30 -0.03 -1.05 

5 2.54 0.61 0.18 -0.02 0.02 0.09 -0.37 0.41 0.27 

6 0.89 0.54 1.29 -2.47 -0.03 1.17 1.25 0.04 -1.41 

7 1.33 -0.06 -0.37 -0.19 0.11 0.52 -1.68 0.87 1.42 

8 1.30 2.53 1.07 -1.60 2.13 1.76 0.67 1.92 0.39 

9 0.33 -0.19 0.26 0.30 -0.12 -0.08 0.29 -0.14 -0.55 

10 3.37 2.61 0.87 -1.36 -0.26 0.89 0.00 1.38 -0.57 

11 0.99 -0.66 -0.07 0.84 -1.18 -0.04 -1.48 -0.29 0.91 

12 0.62 0.47 -0.56 -1.38 2.27 0.09 -0.21 0.03 0.18 

13 -0.21 3.59 1.64 -3.47 4.47 0.87 1.70 1.68 -1.45 

14 3.15 1.18 0.49 -1.22 -0.16 1.28 0.04 1.61 -0.63 

percentage 

subjects 

failing 

parameter 

43% 50% 14% 29% 29% 14% 14% 21% 0% 

 

Table 3.5 VGR parameter z-scores for each subject Right arm 

Subject ID 
Posture 

speed  

Reaction 

time  

Initial 

direction 

error  

Initial 

distance 

ratio 

Speed 

maxima 

count 

Min max 

speed 

difference  

Movement 

time  

Path 

length 

ratio 

Max 

speed  

1 2.48 3.86 3.96 -4.88 7.08 1.36 2.91 2.94 -1.24 

2 1.26 4.42 1.87 -1.47 0.30 1.09 1.32 1.36 -0.61 

3 1.61 3.44 -0.13 0.15 -1.14 -0.26 -0.08 -0.66 -0.38 

4 2.43 3.75 1.69 -2.39 -0.24 -0.01 1.12 0.78 -1.86 

5 1.07 0.80 -0.88 0.24 -0.65 0.52 -0.76 0.44 0.42 

6 0.78 0.37 5.27 -4.73 3.44 0.57 2.14 0.16 -2.66 

7 1.32 -0.50 1.57 -0.98 0.56 1.31 -1.30 1.31 0.77 

8 1.14 2.55 2.00 -2.48 0.89 2.97 0.18 2.58 0.87 

9 0.91 -0.52 -1.39 -0.14 1.21 0.03 0.90 0.53 -0.79 

10 3.36 2.71 2.96 -2.82 1.02 1.01 1.22 1.57 -1.13 

11 0.88 -0.95 1.02 -0.22 -0.17 1.16 -0.71 0.79 1.13 

12 0.25 1.70 0.57 -3.30 2.10 -0.78 2.20 -2.38 -2.29 

13 n/a 6.18 17.45 -4.78 10.00 -0.94 11.75 2.39 -2.55 

14 2.48 0.87 1.04 -1.13 -0.68 0.66 -0.25 0.68 0.11 

percentage 

subjects 

failing 

parameter 

36% 57% 50% 50% 29% 7% 29% 21% 29% 

n/a means that for certain subjects, insufficient usable data was collected to measure a particular 

parameter. Red shading denotes a failed parameter 
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2) Ball on Bar (BOB) levels 1-3 

 

Tables 3.6, 3.7 and 3.8 quantify subject performance in the ball on bar task for levels 1, 2 and 3, 

respectively. Only 12 out of the 14 subjects completed this task. Subjects 6 and 13 were not able to 

complete the task for various reasons. Subject 6 was suffering from shortness of breath, was 

uncomfortable in the seat and had suffered from shoulder dislocations before. Subject 13 had arm and 

shoulder pain, and had an IV line in one arm. The first two levels identified more subjects affected by 

ALS than the third level which is the most difficult one.  For level 1, hand speed difference identified 

42% of subjects as impaired. Several other parameters identified a third of subjects as impaired, including 

targets completed, mean movement time, s-dev bar angle, and norm absolute hand speed difference. For 

level 2, (where the ball can move along the bar based on bar angle), both targets completed and mean 

movement time identified 50% of ALS subjects as impaired. Mean right hand speed and norm absolute 

hand speed difference also identified many subjects as impaired (42%). Almost the same subjects who 

have failed in mean right hand speed also failed in mean left hand speed, except for one subject who 

failed on mean right hand speed only.  

For level three, 75% of subjects performed worse than healthy controls on drops/ target. The next 

most affected parameters were targets completed, mean bar angle and norm absolute hand speed which 

were failed by 25% of subjects. Unlike the first two levels, mean right hand speed and mean left hand 

speed were not as heavily affected. 
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Subject 

number 

Targets 

completed 

Mean 
movement 

time  

Mean 
ball 

speed  

Mean 
right hand 

speed  

Mean 
left hand 

speed  

Right hand 
speed 

maxima 

Left hand 
speed 

maxima 

Mean 
bar 

angle  

St dev 
bar 

angle  

Bar 
length 

variability  

Hand 
speed 

diff  

Norm 
absolute hand 

speed diff 

Hand 
speed 

peak bias 

Hand path 

bias 

1 -6.30 4.84 -0.76 -0.87 -0.36 2.65 1.64 -10.00 2.89 0.77 2.34 4.01 1.93 -1.39 

2 -2.77 4.27 -2.78 -2.67 -2.98 -2.37 -1.27 -0.08 -0.26 -0.56 -2.30 -1.08 -2.87 1.28 

3 -0.80 0.83 0.20 0.68 0.38 0.31 -0.04 -0.34 2.61 0.69 1.11 1.31 0.54 1.37 

4 -1.30 1.35 -0.02 1.05 -0.76 -1.80 -0.64 -0.47 3.52 -0.05 2.26 3.27 -2.94 6.48 

5 0.68 -0.24 0.00 0.24 0.08 0.12 0.00 0.80 -0.21 0.52 -0.55 -0.72 0.10 0.89 

7 0.98 -0.66 1.41 1.92 2.08 2.24 2.29 -0.49 -0.58 1.45 3.17 3.30 -0.22 -0.21 

8 -2.81 3.78 -1.71 -2.17 -1.49 -0.71 -0.74 -0.93 1.63 -0.26 -0.70 0.25 -0.05 -1.85 

9 -1.57 1.30 -1.25 -1.00 -1.08 0.23 1.08 -0.78 -0.07 -0.23 -0.06 0.68 -1.64 0.60 

10 -1.73 1.37 0.23 1.15 0.66 -1.41 -1.34 0.25 1.79 -0.81 2.32 2.77 -0.29 2.04 

11 -0.56 0.78 -0.81 -0.59 -0.63 1.27 1.23 -0.41 -2.30 0.88 -1.05 -0.91 -0.06 0.47 

12 -1.61 2.58 -2.17 -2.05 -1.82 -2.30 -1.62 0.27 -0.08 -1.29 -0.95 0.01 -1.81 -0.40 

14 n/a -0.49 0.99 1.17 1.37 1.97 2.41 n/a -0.15 -0.14 1.58 1.32 -1.04 -0.31 

percentage 

subjects 

failing 
parameter 33% 33% 17% 25% 17% 17% 8% 8% 33% 0% 42% 33% 25% 17% 

  

Subject 

number 

Targets 

completed 

Mean 

movement 

time  

Mean ball 

speed  

Mean 

right 

hand 
speed  

Mean left 

hand 

speed  

Right hand 

speed 

maxima 

Left hand 

speed 

maxima 

Mean 

bar 

angle  

Stdev 

bar 

angle  

Bar 

length 

variability  

Hand speed 

diff  

Norm 

absolute hand 

speed diff 

Hand 

speed peak 

bias 

Hand 

path 

bias 

1 -4.51 7.34 -2.26 -2.41 -2.24 2.78 2.72 -0.29 2.44 -0.97 0.30 2.67 -0.06 -0.60 

2 -1.74 2.29 -2.22 -2.17 -2.21 -1.69 -0.71 0.59 -0.41 0.29 -1.98 -0.56 -2.24 0.81 

3 -0.33 0.14 0.54 0.62 1.08 1.11 0.88 -0.38 0.57 0.33 1.19 0.85 0.18 -1.31 

4 -2.69 1.63 0.24 0.07 -0.07 -2.16 -1.60 0.96 2.69 -0.61 1.74 2.20 -1.53 1.14 

5 0.68 -0.53 0.88 0.74 0.79 0.99 0.76 1.09 0.13 0.02 0.54 0.07 0.18 0.32 

7 0.68 -0.77 1.60 2.06 2.10 2.57 1.89 -0.61 -0.45 1.12 3.95 3.42 0.74 0.36 

8 -3.75 4.95 -1.98 -2.37 -2.05 -1.01 -0.92 -3.57 1.38 -0.38 0.12 2.27 -0.32 -1.52 

9 -1.48 1.77 -1.13 -0.83 -0.88 1.83 2.83 -0.49 -0.15 -0.40 -0.62 -0.14 -1.30 0.78 

10 -2.47 1.19 1.78 0.31 0.25 -0.30 -0.39 2.00 1.83 0.07 3.06 3.65 0.03 0.78 

11 -2.23 2.88 -2.27 -1.97 -1.82 1.79 2.06 -0.43 -0.28 0.40 -0.99 0.41 -0.46 -0.44 

12 -1.48 1.83 -1.80 -1.75 -1.73 -1.66 -0.27 -0.27 -0.85 -1.04 -0.66 0.67 -3.00 0.39 

14 n/a n/a 0.36 0.40 0.67 1.56 2.02 -0.77 1.01 -0.31 1.44 1.43 -0.76 -0.61 

percentage 

subjects 

failing 
parameter 

50% 50% 33% 42% 33% 33% 33% 17% 25% 0% 25% 42% 17% 0% 

 

Table 3.6 BOB level 1 parameter z-scores for each subject 

Table 3.7 BOB level 2 parameter z-scores for each subject 
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Subject 

number 

Targets 

completed 
Drops/Targets 

Mean ball 

speed  

Mean 
right 

hand 

speed  

Mean left 

hand 
speed  

Right hand 

speed 
maxima 

Left hand 

speed 
maxima 

Mean 

bar 
angle  

Stdev 

bar 
angle  

Bar 

length 
variability  

Hand 

speed 
diff  

Norm 

absolute hand 
speed diff 

Hand 

speed 
peak bias 

Hand 

path 
bias 

1 -2.57 n/a 3.74 1.36 1.39 -4.11 -3.97 -6.11 -0.49 -1.11 -0.29 -1.98 -0.93 -0.13 

2 -2.57 n/a 0.27 -0.35 -0.39 -3.66 -3.43 0.73 -0.20 -0.52 -0.16 -0.36 -1.24 0.24 

3 -0.12 n/a 1.46 0.76 0.86 -0.67 -0.02 0.01 -1.36 1.12 0.06 -1.17 -1.72 -0.30 

4 -1.45 2.44 1.09 0.76 0.41 -2.52 -2.34 -1.36 1.27 -0.79 1.51 1.29 -0.70 1.64 

5 -1.05 n/a 0.81 0.47 0.39 -0.19 0.18 2.51 -0.90 0.02 -0.65 -1.69 -0.93 0.28 

7 -1.05 1.61 2.04 1.48 2.05 0.96 0.63 -0.25 2.29 1.09 2.56 1.94 0.64 -2.18 

8 -2.57 n/a 0.52 -0.13 -0.14 -2.28 -2.46 -1.01 -0.33 0.14 0.30 0.04 0.63 0.06 

9 -1.05 n/a 0.48 -1.03 -0.93 1.50 1.60 1.31 1.08 1.05 0.76 1.86 -0.23 -0.41 

10 -0.40 1.30 1.46 1.77 1.81 -0.09 -0.09 0.64 1.98 1.55 2.55 1.88 -0.03 -0.14 

11 -1.05 n/a 0.97 -0.67 -0.44 1.65 1.95 -0.90 0.59 1.75 0.32 0.66 -0.62 -0.90 

12 -1.05 1.42 -0.45 -1.37 -1.18 -1.04 0.26 -0.73 -0.38 -0.83 -0.97 -0.13 -3.10 -1.35 

14 -1.47 2.43 1.14 1.01 1.27 -0.41 -0.41 n/a 0.89 0.14 1.73 1.32 -0.03 -0.95 

percentage 
subjects 

failing 

parameter 

25% 75% 17% 0% 8% 8% 8% 25% 17% 8% 17% 25% 8% 8% 

n/a means that the score is not available.  This value is used to indicate that either a particular parameter is not normally distributed or that no 

normative model is defined for the task. Red shading denotes an impaired parameter. 

 

 

Table 3.8 BOB level 3 parameter z-scores for each subject 



 

 

 

57 

3.4.2 Motor- cognitive tasks 

1) Object Hit (OH) 

The performance of our subjects across the different parameters is shown in Table 3.9. The most 

heavily affected parameter is the total hits where 50% of subjects hit fewer balls than 95% of healthy 

controls. The next most affected parameters are the median error, hand speed bias, hand speed right, and 

movement area bias, where 36% of subjects scored less than healthy controls. Miss bias was not affected. 

 

Table 3.9 OH parameter z-scores for each subject 

Subject 
number 

Total 
hits 

Hand 

bias 

of hits 

Miss 
bias 

Hand 
transition 

Hand 

selection 

overlap 

Median 
error 

Hand 

speed 

left  

Hand 

speed 

right  

Hand 

speed 

bias 

Movement 

area left 

hand  

Movement 

area right 

hand  

Movement 
area bias 

1 -5.58 2.16 -0.02 -0.62 -1.72 -3.06 -4.54 -2.13 7.29 -2.50 -2.37 0.35 

2 -4.08 0.71 -0.01 -0.49 -3.13 -2.39 -1.07 -1.93 -1.64 -0.72 -1.25 -0.96 

3 -1.00 0.49 0.70 -1.39 -0.27 -1.10 0.00 0.20 0.56 0.45 0.96 0.60 

4 -2.17 -2.59 -0.18 2.11 1.27 -1.40 -0.10 -1.56 -2.67 0.57 -0.35 -1.34 

5 0.33 1.27 -0.95 0.09 0.32 0.40 0.33 0.84 1.07 0.31 1.15 0.99 

6 -1.97 -0.11 0.32 -0.85 -0.67 -1.27 -2.66 -2.79 -0.11 -0.74 -0.67 0.11 

7 -1.48 -1.86 0.43 1.17 -1.20 0.37 0.36 -1.13 -2.56 0.91 -0.53 -2.07 

8 -3.89 1.08 -0.55 1.87 1.53 -2.44 -0.17 -0.65 -0.68 1.63 -0.41 -2.73 

9 -0.70 -1.76 0.67 1.30 0.27 0.28 0.17 -1.36 -2.67 0.09 -1.51 -2.60 

10 -2.84 -0.94 0.34 0.32 0.35 -1.97 -1.37 -1.75 -0.62 0.44 -0.29 -1.08 

11 0.61 -0.61 0.62 -0.63 0.44 0.93 -0.39 0.13 1.17 -1.51 -0.25 2.10 

12 -0.48 0.23 -0.08 0.12 -1.29 -0.50 -1.24 -1.38 -0.07 -1.30 -1.43 -0.28 

13 -3.61 -10.00 1.26 1.59 -3.15 -2.10 -0.44 -5.67 -12.65 0.50 -4.51 -11.20 

14 -0.93 0.78 -0.80 0.24 1.18 -1.01 -0.49 -0.44 0.17 -0.45 -0.30 0.02 

percentage 

subjects 

failing 

parameter 

50% 21% 0% 7% 21% 36% 14% 36% 36% 7% 14% 36% 

 

2) Object hit and Avoid (OHA)  

Subject performance is displayed in Table 3.10. As in the OH task, the OHA task also had total 

hits as the most affected parameter with 43% of ALS subjects hitting less than healthy controls. 

Movement speed right hand is the second most commonly failed parameter. Again in this task, miss bias 

was not affected. 
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Table 3.10 OHA parameter z-scores for each subject 

Subject 
Total 

hits 

Hand 

bias 

of hits 

Miss 

bias 

Hand 

transition 

Hand 

selection 

overlap 

Median 

error 

Distractor 

hits total 

Hand 

speed 

left  

Hand 

speed 

right  

Hand 

speed 

bias 

Movement 

area left 

hand  

Movement 

area right 

hand  

Movement 

area bias 

1 -5.45 2.31 -0.29 -0.81 -1.59 -3.29 1.45 -3.83 -2.27 3.64 -2.61 -2.65 -0.37 

2 -3.02 -0.72 -0.28 0.55 -3.10 -1.08 0.45 -0.61 -2.47 -3.12 -0.63 -1.25 -1.13 

3 -0.92 0.28 0.47 -0.87 0.59 -1.45 2.46 0.64 1.07 0.68 -0.58 0.28 1.12 

4 -2.62 -1.91 0.05 -0.37 -0.99 -1.48 1.40 -1.02 -2.03 -1.65 -0.08 -1.54 -2.24 

5 -0.23 0.91 -0.28 -0.16 0.52 -0.41 0.48 0.81 1.22 0.65 0.89 0.44 -0.50 

6 -1.44 0.09 -0.34 -2.87 -2.43 0.85 0.23 -1.80 -1.81 0.10 -0.23 -1.06 -1.33 

7 -0.65 -2.63 0.37 1.57 0.59 -0.64 0.17 1.18 -0.75 -2.65 0.55 -0.87 -1.89 

8 -2.71 -0.25 -0.51 0.62 1.84 -2.16 2.00 0.84 0.23 -0.74 0.79 -0.35 -1.46 

9 -0.13 -0.59 0.25 -0.39 -0.76 1.64 -0.18 -0.54 -0.90 -0.49 -0.81 -1.01 0.01 

10 -1.76 -0.72 -0.09 0.73 2.21 -0.92 1.33 -0.08 -0.64 -0.75 -0.16 -0.58 -0.77 

11 0.93 -1.73 1.43 -0.16 -0.66 0.03 -0.58 0.61 0.25 -0.40 0.11 0.35 0.28 

12 -1.01 -0.92 0.27 0.22 0.14 -0.60 0.32 -0.31 -1.14 -1.23 -0.53 -0.45 -0.17 

13 -3.65 -5.03 0.51 0.38 -2.13 -0.77 0.78 -0.68 -4.84 -8.42 0.44 -3.80 -8.35 

14 -1.59 0.87 -0.57 -0.10 0.71 -0.35 0.70 -0.81 -0.10 1.21 -0.85 0.00 0.80 

percentage 

subjects 

failing 

parameter 

43% 21% 0% 7% 29% 14% 14% 14% 36% 29% 7% 14% 14% 

 

3) Reverse Visually Guided Reaching (RVGR), left and right arms 

Tables 3.11 and 3.12 display subject performance across the different parameters of the RVGR 

for the left arm and the right arm, respectively. As mentioned earlier, most subjects are identified as 

impaired on this task.  

For the left arm, at the single parameter level, posture speed captured the highest percentage of 

impaired subjects with 71% of them having higher posture speeds than healthy controls. As in the VGR 

task, 50% of subjects had a longer reaction time than controls. They are the same subjects that had a 

longer reaction time in the VGR task except for subject 13 who was affected in the VGR but not the 

RVGR, and subject 12 who was only affected on one arm in the VGR task, but is affected on both arms 

for the RVGR. 
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For the right arm, posture speed was also the most commonly failed parameter, but at a higher 

percentage than the left arm where 86% of subjects were impaired. Initial direction angle was affected in 

71% of subjects, meanwhile path length ratio, and correction time were affected in 64% of the subjects.  

The least impacted parameter is the max speed, where 21% of subjects were impaired on the 

right, meanwhile no subjects were impaired on the left, which is the same finding as in the VGR task. In 

general, right arm was more impaired in RVGR than the left arm. 

 

Table 3.11 RVGR Left arm parameter z-scores for each subject 

Subject 
number 

Posture 
speed  

Reaction 
time  

Initial 

direction 
angle  

Initial 

speed 
ratio 

Speed 

maxima 
count 

Min max 

speed 
difference  

Movement 
time  

Path 

length 
ratio 

Max 
speed 

Correction 
time  

SD-

Correction 
time  

1 n/a 7.36 7.21 -2.04 9.35 0.40 11.74 5.73 0.02 -1.89 -1.97 

2 -0.07 3.00 0.74 -0.20 0.76 -0.15 1.30 -0.35 -1.02 0.24 1.52 

3 3.11 2.12 1.41 -0.43 0.17 3.00 -1.23 2.44 1.49 1.24 0.28 

4 2.05 1.99 0.91 -0.22 0.23 0.31 1.30 -0.52 -1.57 -1.13 -0.05 

5 4.44 0.80 11.61 -3.01 2.49 1.42 0.73 4.44 0.83 9.48 10.00 

6 3.38 1.14 3.89 -1.84 1.32 0.59 1.84 1.70 -1.10 4.25 3.19 

7 1.51 -0.90 1.91 -1.06 0.88 1.98 -0.91 2.27 1.83 2.23 1.12 

8 0.31 3.41 4.68 -2.83 2.73 1.56 2.50 3.42 0.03 4.28 2.56 

9 2.05 0.56 0.04 -0.09 -0.29 0.52 -0.40 0.29 -0.41 -0.60 -0.58 

10 5.83 2.35 2.49 -2.24 2.25 0.80 1.27 2.62 -0.54 4.49 12.50 

11 2.27 -0.60 0.35 -1.53 0.77 0.42 -0.11 1.09 0.29 0.77 0.35 

12 0.78 3.30 2.74 -1.60 2.57 0.03 2.22 0.62 -1.26 1.95 1.51 

13 21.83 1.31 12.42 n/a n/a n/a 12.42 n/a 1.67 n/a n/a 

14 4.88 1.48 2.99 -1.85 1.69 1.65 0.64 2.55 -0.43 3.33 4.36 

percentage 

subjects 
failing 

parameter 71% 50% 64% 43% 50% 29% 36% 64% 0% 57% 43% 
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Table 3.12 RVGR Right arm parameter z-scores for each subject 

Subject 

number 

Posture 

speed  

Reaction 

time  

Initial 
direction 

angle  

Initial 
speed 

ratio 

Speed 
maxima 

count 

Min max 
speed 

difference  

Movement 

time  

Path 
length 

ratio 

Max 

speed  

Correction 

time  

SD-
Correction 

time  

1 4.09 3.47 4.15 -3.01 6.59 0.29 5.78 4.54 -0.81 2.17 3.24 

2 0.48 3.25 0.65 0.85 1.38 -0.03 2.21 -0.48 -1.31 -1.24 -0.76 

3 4.49 2.29 8.87 -1.41 1.51 2.20 -0.11 3.89 0.96 4.36 10.00 

4 1.39 2.81 0.82 0.41 1.05 1.07 2.34 0.12 -2.03 -1.19 -0.18 

5 4.00 -0.40 5.39 -1.63 0.15 1.15 -0.89 2.19 0.78 3.01 2.66 

6 2.90 1.12 5.99 -2.07 2.27 0.57 2.88 2.44 -1.44 4.24 3.34 

7 1.89 -0.57 8.30 -1.90 1.85 2.68 0.39 2.99 1.26 3.77 2.08 

8 2.57 5.55 5.08 -2.51 3.77 2.32 2.93 5.35 0.07 6.32 8.48 

9 3.67 0.71 2.50 -1.69 1.60 1.07 1.33 1.21 -0.86 0.57 1.28 

10 5.97 1.66 2.56 -0.73 1.77 0.97 0.74 2.63 -0.14 2.32 3.43 

11 8.93 -0.20 0.78 0.64 0.34 0.94 -0.36 0.57 0.52 0.74 0.73 

12 3.41 2.85 1.92 -2.48 4.15 0.46 3.52 1.52 -1.98 1.39 0.97 

13 n/a -10.00 -10.00 n/a n/a n/a -10.00 n/a -10.00 n/a n/a 

14 5.04 1.44 10.48 -2.89 3.54 2.52 4.53 5.29 0.48 7.71 9.54 

percentage 
subjects 

failing 

parameter 86% 50% 71% 50% 57% 36% 50% 64% 21% 64% 64% 

 

 

3.4.3 Cognitive tasks  

1) Trail Making (TM) A and B 

  

Tables 3.13 and 3.14 display subject performance in the TM task for part A and part B, 

respectively. A higher percentage of ALS patients scored in the abnormal range on part B than part A.  

For part A, the most affected parameter was test time where 28% of subjects took a longer time to 

complete the test than healthy controls. The remaining two parameters, time ratio, and dwell time both 

revealed impairments in14% of the subjects. One subject failed both parameters and unlike the other 

failing subjects took less dwell time and time ratio than the controls. 

For part B, which had alphanumeric values, the most affected parameter was time ratio which 

identified 36% of subjects (5 subjects) as impaired. However, 2 out these 5 subjects had a time ratio that 

was less than 95% of the controls and 3 have a time ratio that was higher than 95% of the controls. The 

second most impaired parameters were both test time and B/A where 4 subjects showed an impaired 
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performance in each (28%).  The three most impaired subjects (subject 3,8, 10) who were affected in 3 

parameters out of the 4, all had impairments in both test time and B/A. 

Table 3.13 TM-A parameter z-scores for each subject 

Subject number Test time Time ratio Dwell time 

1 -0.25 -6.56 -10.00 

2 2.47 1.30 2.16 

3 2.11 0.71 0.59 

4 1.42 -0.03 0.79 

5 -1.11 0.14 -0.80 

6 0.96 -0.06 0.35 

7 -0.54 0.02 -0.63 

8 3.15 1.81 0.11 

9 -0.31 0.60 -0.12 

10 0.40 -0.42 -1.70 

11 -0.79 0.43 -0.44 

12 1.70 0.61 1.41 

13 0.94 -0.58 0.57 

14 -0.24 0.33 -0.89 

percentage 

subjects failing 

parameter 

28% 14% 14% 

 

Table 3.14 TM-B parameter z-scores for each subject 

Subject Test time Time ratio Dwell time  B/A 

1 -0.16 -10.00 -1.88 n/a 

2 1.37 -1.26 1.42 -0.75 

3 4.56 2.77 1.52 3.07 

4 2.03 0.47 1.79 1.03 

5 0.06 0.33 0.23 1.19 

6 0.65 2.15 0.14 -0.11 

7 0.62 1.94 0.03 1.29 

8 4.74 -1.06 3.87 2.34 

9 -0.72 -0.16 -0.73 -0.51 

10 2.94 -2.82 -0.25 3.01 

11 -0.58 0.53 -0.49 0.13 

12 0.97 -1.20 1.09 -0.48 

13 -0.54 -0.56 -0.65 -1.62 

14 0.47 0.86 -0.10 0.83 

percentage 

subjects failing 

parameter 

28.57% 35.71% 14.29% 28.57% 

n/a means that for certain subjects, insufficient usable data was collected to measure a particular 

parameter. Red shading signifies a failed parameter. 
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2) Spatial span 

The performance of our subjects is shown in Table 3.15. The most affected parameter is time per 

target where 9/14 subjects (64%) failed. The second most affected parameter is the test time where 5/14 

subjects (36%) scored a longer test time than healthy controls. Longest correct path, mean score and total 

score revealed a lower percentage of impaired subjects. The two subjects who were identified as impaired 

on the longest correct path were also impaired on the total and mean scores. They also had more extreme 

z-scores than the remaining subject who was only impaired on the total and mean scores. 

 

Table 3.15  SS parameter z-scores for each subject 

Subject Total score Mean score Test time Time per target  
Longest correct 

path 

1 0.93 0.93 5.38 3.39 0.09 

2 0.12 0.12 2.41 2.52 0.47 

3 -4.59 -4.59 -3.45 3.42 -3.17 

4 -3.19 -3.19 -1.79 2.74 -2.23 

5 -1.59 -1.59 -1.55 0.68 -0.68 

6 -0.25 -0.25 0.68 1.09 -0.56 

7 0.71 0.71 -0.06 -0.47 0.41 

8 -1.69 -1.69 1.22 3.69 -0.94 

9 -0.16 -0.16 0.57 0.85 -0.65 

10 0.49 0.49 2.76 1.92 0.20 

11 -0.13 -0.13 -0.94 -1.26 0.32 

12 -0.66 -0.66 0.74 1.90 -0.76 

13 1.12 1.12 4.28 3.07 0.70 

14 0.15 0.15 2.51 3.19 0.15 

percentage  

subjects failing 

parameter 

21% 21% 36% 64% 14% 
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3.4.4 Sensory task 

1) Arm position Matching (APM), Left and Right arms 

The performance of subjects on the APM task for the left and right arms is shown in Tables 3.16 

and 3.17, respectively. For the left arm, three parameters identified 15% of the subjects as impaired: 

variability X, variability Y, and shift Y. The subjects that failed on each of these parameters were not the 

same subjects every time, except for one (subject 3) who had failed on both variability X and Y. Four 

other parameters out of the 12 were impaired for only one subject each (8%) and they are variability XY, 

contraction/expansion X, contraction/expansion Y, abs error XY.  

For the right arm, the most affected parameters are variability X and contraction/expansion Y 

which were impaired for two subjects (15%). Several parameters showed impairments for only one 

subject, and three parameters were not impaired for any subject at all which are shift X, shift XY and 

absolute error X. In total, out of the 14 subjects tested, 4 of them failed on one or more parameter, 

however there is no clear pattern of impaired parameters, as each subject showed a different pattern and 

most did not have any impairments in common. Also, over all, the subjects affected in the APM Right are 

not the same subjects affected on APM Left. 
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Subject 

number 
 

Variability 
X 

Variability 
Y 

Variability 
XY 

Contraction 

/expansion 
ratio X 

Contraction/ 

expansion 
ratio Y 

Contraction

/expansion 
ratio XY 

 

Shift 
X 

Shift 
Y 

Shift 
XY 

Abs 

error 
X 

Abs 

error 
Y 

Abs 

error 
XY 

1 1.03 -0.84 0.79 -0.05 -1.57 -0.78 0.64 -0.41 -0.57 -0.04 -0.44 -0.54 

2 0.37 -0.98 0.14 -1.31 -1.12 -1.45 0.14 -1.27 -0.28 0.21 0.99 0.45 

3 3.86 1.68 3.68 1.54 -0.17 1.20 1.52 -1.00 1.01 1.36 0.80 1.32 

4 -0.36 0.38 -0.24 2.13 -0.49 1.19 0.78 0.70 -0.29 -0.26 -0.30 -0.56 

5 -1.10 -1.74 -1.34 0.05 0.57 0.31 0.15 0.75 -1.65 -1.88 -1.67 -2.59 

6 1.89 -0.48 1.61 -0.99 -2.11 -1.61 0.76 -1.55 0.44 0.42 1.73 1.08 

7 -1.96 -0.06 -1.58 1.61 0.48 1.47 -0.10 0.88 -1.21 -2.35 -0.53 -2.11 

8 1.31 0.17 1.15 -0.50 -0.46 -0.60 0.41 1.75 0.06 0.00 1.08 0.31 

9 1.42 1.71 1.55 0.61 1.60 1.14 -1.22 -0.31 0.52 0.63 0.52 0.59 

10 -0.29 1.01 0.02 0.78 -1.20 -0.44 0.19 1.69 -0.03 -0.70 1.32 0.27 

11 -2.23 -2.08 -2.43 0.74 1.64 1.48 -1.27 0.55 0.64 0.60 -0.48 0.28 

12 -0.13 -0.91 -0.32 1.17 0.77 1.18 -0.71 -1.59 0.50 -0.55 1.23 0.09 

14 0.12 0.86 0.27 1.27 0.30 1.24 -0.41 1.00 -0.78 -1.09 0.23 -0.86 

Percent 

subjects 

failing 

parameter 

15% 15% 8% 8% 8% 0.00% 0.00% 15% 0.00% 0.00% 8% 0.00% 

 

 

Table 3.17 APM Right arm parameter z-scores for each subject 

Subject 

number 

Variability 

X 

Variability 

Y 

Variability 

XY 

Contraction/ 

expansion 

ratio X 

Contraction/ 

expansion 

ratio Y 

Contraction/ 

expansion 

ratio XY 

Shift 

X 

Shift 

Y 

Shift 

XY 

Abs 

error 

X 

Abs 

error 

Y 

Abs 

error 

XY 

1 1.68 0.46 1.57 1.67 -2.01 0.08 1.17 2.44 1.01 0.61 1.62 1.04 

2 -0.14 -0.48 -0.26 0.33 0.15 0.28 -0.78 0.65 -0.27 -0.41 -2.22 -1.13 

3 1.46 -0.04 1.30 0.73 0.15 0.63 -1.23 0.09 0.51 0.64 -1.05 0.34 

4 -1.47 -0.31 -1.39 -0.64 -0.65 -0.73 -0.86 -0.54 0.25 -0.10 0.27 -0.19 

5 0.67 0.64 0.71 2.43 0.88 2.23 0.77 -0.36 -0.19 -0.14 -0.03 0.05 

6 0.74 -1.11 0.49 0.53 -0.07 0.26 -0.15 1.40 -1.05 -0.36 -0.28 -0.68 

7 0.15 -0.29 0.04 0.46 0.70 0.64 -0.58 -0.51 -0.19 -0.68 0.24 -0.69 

8 5.03 3.86 5.03 0.83 0.00 0.75 -0.54 -1.56 0.61 1.36 2.26 2.22 

9 -0.16 0.52 -0.01 1.43 -0.01 1.01 0.45 0.07 -1.15 -0.72 -0.38 -0.85 

10 0.40 1.46 0.72 0.03 -1.07 -0.44 -1.12 -0.01 0.47 0.33 0.53 0.30 

11 -0.47 -0.71 -0.62 0.79 -0.55 0.29 0.13 1.20 -1.37 -1.33 -0.60 -1.44 

12 0.63 0.59 0.66 0.97 0.22 0.79 0.93 -0.30 0.06 0.20 -0.27 -0.08 

14 -1.63 0.28 -1.22 -0.73 2.40 0.24 -1.19 -1.14 1.03 0.66 1.17 0.91 

Percent 

subjects 

failing 

parameter 

15% 8% 8% 8% 15% 8% 0% 8% 0% 0% 8% 8% 

 

 

 

Table 3.16 APM Left arm parameter z-scores for each subject 
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3.5 Correlations 

3.5.1 Task Z-MD scores 

The M-distance scores for each task were correlated with the traditional clinical scores for each 

subject. Table 3.18 displays the Pearson correlation coefficient (r) and p value for each of these 

correlations. Few statistically significant correlations were found, including both negative and positive 

correlations which ranged from -0.717 to 0.663. Negative correlation values mean that a lower clinical 

score correlated with a higher M-distance score. The strongest correlations included BOB with PP right 

hand (r= -0.717) and left hand (r= -0.653) while p <0.01 for both.  The two cognitive tasks also correlated 

well with the FAB, where for TMT B, r=-0.678, and for SS, r=0.663, p<0.01 for both correlations.  

 

Table 3.18 Correlations of task M-distance scores with clinical evaluations for each subject 

Task  ALSFRSR p FAB P PP Rt p PP Lt p MRC sum Rt p MRC sum Lt p 

VGR Rt  -0.125 0.335 0.167 0.284 -0.507 0.032 -0.291 0.157 -0.353 0.108 -0.356 0.106 

VGR Lt  -0.365 0.100 0.194 0.253 -0.573 0.016 -0.504 0.033 -0.501 0.034 -0.551 0.021 

BOB  -0.237 0.207 0.068 0.409 -0.717 0.002 -0.653 0.006 -0.579 0.015 -0.401 0.078 

RVGR Rt  -0.130 0.329 0.178 0.271 -0.472 0.044 -0.054 0.428 -0.068 0.409 -0.153 0.301 

RVGR Lt  -0.068 0.409 0.167 0.284 -0.385 0.087 -0.275 0.170 -0.378 0.091 -0.379 0.091 

OH  -0.022 0.471 0.286 0.161 -0.385 0.087 -0.059 0.421 -0.110 0.354 -0.234 0.210 

OHA  -0.055 0.426 0.284 0.162 -0.457 0.050 -0.169 0.282 -0.249 0.195 -0.290 0.157 

TM B  -0.381 0.089 -0.678 0.004 -0.322 0.131 -0.524 0.027 -0.252 0.192 -0.190 0.258 

SS 0.039 0.448 0.663 0.005 -0.423 0.066 -0.162 0.290 -0.143 0.313 -0.372 0.095 

APM Rt  -0.189 0.259 -0.132 0.326 -0.540 0.023 -0.407 0.074 -0.329 0.125 -0.229 0.215 

APM Lt 0.192 0.255 0.160 0.292 -0.261 0.184 0.164 0.288 0.135 0.322 0.053 0.428 

 White columns display the correlation for each task. Grey columns display the p value for each 

correlation. Boxes highlight statistically significant correlations with p <0.05. 
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3.5.2 Parameter Z- scores 

The subject’s performance on each parameter for each task was also correlated with the subject’s 

score on the clinical evaluation including the Purdue pegboard, MRC scores, ALSFRS-R scale and the 

frontal assessment battery.  

Motor Tasks: 

1) Visually guided reaching right arm and left arm  

For the right arm, the highest correlations included posture speed with the ALSFRS-R, r = -0.69, 

p<0.003, and posture speed with PP, r= -0.68, p<0.003. The PP also correlated with reaction time, initial 

distance ratio, and path length ratio. The r value for these correlations was -0.54, 0.57, and -0.598 

respectively, p<0.05 for all three. Initial distance ratio also correlated with MRC score at r=0.57, p<0.017. 

For the left arm, reaction time correlated with the ALSFRS-R, PP, and MRC scores, the strongest 

of them was the Purdue pegboard r = -0.64, p<0.007. Path length ratio correlated with the MRC score 

where r=-0.56, p: 0<017. Other statistically significant correlations for both arms existed but were not as 

strong.  

 

2) Ball on Bar, levels 1, 2, and 3 

For level 1, the strongest statistically significant correlations were found for two parameters: St-

dev bar angle, and norm absolute hand speed difference.  Stdev bar angle correlated with ALSFRS-R, (r = 

-0.65, p<0.01), FAB (r = -0.7, p<0.005), MRC left (r = -0.53, p<0.04), MRC right (r = -0.62, p< 0.02), 

and Purdue pegboard left (r = -0.69, p < 0.007). Norm absolute hand speed diff in turn correlated with 

MRC Lt (r = -0.74, p < 0.003), MRC Rt (r = -0.7, p<0.005), PP Lt (r = -0.66, p< 0.01) and PP Rt (r- 

=0.57, p<0.03). 
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For level 2, one of the parameters with many strong correlations is Stdev bar angle, which 

correlated with ALSFRS-R (r = -0.769, p<0.0017), MRC Lt (r =-0.72, p<0.004), Rt (r= -0.78, p<0.001) 

PP Lt (r= -0.72, p<0.004), Rt (r = -0.69, p<0.004). Norm absolute hand speed diff also correlated with the 

MRC Lt, Rt, PP Lt, Rt at similar correlation and p value strengths. Targets completed also had relatively 

good correlations with ALSFRS-R (r = 0.7, p< 0.005). It also correlated with MRC Lt (r = 0.63, p < 0.01), 

MRC Rt (r = 0.67, p < 0.009), PP Lt (r =0.51, p <0.045), and PP Rt (r =0.67, p<0.008). Other parameters 

correlated with only one clinical assessment each. 

              For level 3, Mean bar angle had the highest number of correlations where it correlated with 

ALSFRS-R, MRC Lt, Rt, and PP Rt, however, correlations were not as strong where they ranged from 

0.53 to 0.63. Examples of strong correlations were for left hand peed maxima and right hand speed 

maxima which correlated with PP LT, where r = 0.76, and 0.69, and p was <0.002 and <0.007 

respectively. They also did correlate with PP right but to a weaker extent (r =0.59 and 0.6 respectively). 

 

Motor Cognitive tasks 

1) Object hit 

 Examples of strong and statistically significant correlations include: median error with PP Lt, 

and PP Rt where r = 0.75, and 0.73 respectively and p<0.001 for both. Another parameter with strong 

correlations is Total Hits, which also correlated with PP Lt, and PP Rt where r = 0.73 and 0.71 

respectively and p<0.002 for both. Other correlations for this parameter and other parameters were not as 

strong. 
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2) Object hit and avoid 

Among the statistically significant correlations, the strongest included total hits and PP Lt and 

RT, where r = 0.7 and 0.69 respectively, and p was <0.003 for both. Another strong correlation was 

Distractor hits total with FAB, where r = -0.79 and p< 0.0004. 

 

3) Reverse visually guided reaching Lt and Rt 

No statistically significant correlations were found for the right arm. For the left arm, four 

statistically significant correlations were found. However, the correlations were not very strong. The 

strongest of them was for the reaction time with Purdue pegboard score for the left arm alone, where r =   

-0.57, p<0.02. The second highest correlation was for correction time and ALSFRS-R, where r = 0.56, 

and p<0.02. The other two correlations were for initial direction angle and PP (r = -0.496, p<0.04), and 

speed maxima count which correlated with MRC for the left arm, where r = -0.47, p<0.046. 

 

Cognitive tasks 

1) Trail making, A and B 

For TM A, three statistically significant correlations were found, one for each parameter. Test 

time correlated with the FAB, where r = -0.57, p<0.016. Time ratio correlated with MRC of the arm the 

subject was using to complete the task. r =0.62, p<0.009. Dwell time also correlated with the MRC, where 

r =0.589, p< 0.01. 

For part B of the trail making task there are four correlations, one for each parameter. Here, test 

time also correlated with the frontal assessment battery, where r = -0.83, p<0.0001. Also, like in part A, 

time ratio correlated with MRC of the active arm, r =0.48, and p< 0.04. For the parameter dwell time, 
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unlike in part A, it did not correlate significantly with the MRC, but it correlated with the FAB instead 

where r = -0.68, and p<0.004. The additional parameter in part B of the trail making task, (B/A) 

correlated with the FAB, r = -0.67. p<0.004. 

 

2) Spatial span 

All five parameters correlated significantly with the FAB. Time per target also correlated 

significantly with PP of the active arm. The highest correlation was that of both the total score and mean 

score with the FAB, r was 0.88, p<0.000015. The second highest correlation was for the longest correct 

path with the FAB, where r was: 0.87, p<0.00003. 

 

Sensory task 

1) Arm position match, Lt and Rt arms 

For the left arm, statistically significant correlations were only found between parameters and two 

clinical scores: the PP Lt arm and the FAB, the highest of which was the Contraction/expansion ratio Y 

with PP, where r was 0.75, and p was <0.002. 

More correlations were found for the right arm, where in addition to correlating with the PP and 

FAB, parameters also correlated with the MRC score for the right arm and the ALSFRS-R as well. The 

highest of these correlations was for the contraction/expansion ratio XY with ALSFRS-R and PP, where r 

= 0.78 and 0.81, and p<0.001 and 0.0004 respectively. Contraction/expansion ratio X also correlated with 

PP where r =0.69 and p<0.006. 
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Chapter 4 

Discussion 

 

The aim of my thesis was to study the different sensory, motor and cognitive functions of a cohort 

of ALS patients using 8 different KINARM tasks that quantified their performance in relation to the arm. 

We assessed subjects for an array of abilities that are not traditionally assessed for including visuospatial 

abilities, visual reaction time, limb postural control, feed forward control, feedback control, rapid motor 

selection and arm position matching. We also correlated the KINARM assessment results with traditional 

assessment results. We found most patients to be impaired in a number of different tasks. There was a 

range of impairments where some subjects showed more deficits in motor tasks whereas others had more 

deficits on the cognitive tasks. 

 

4.1 Clinical cohort  

Twelve of our 14 subjects fell into the first two classifications of El Escorial criteria for ALS, and 

therefore were diagnosed with either definite ALS or probable ALS. Two subjects were diagnosed with 

PLS because they have upper motor neuron involvement only. Most subjects have been diagnosed with 

ALS for a long time.  

 

4.1.1 Clinical examination 

 

In regards to the motor strength of our subjects, as expected, it was observed that most of the 

subjects had some weakness in either one or both arms. Among the affected subjects the weakness was 

asymmetrical for the majority. On the right side for instance, 10/14 subjects had a total added MRC score 

for the three examined muscle groups on that arm below 15 which indicated some weakness in at least 
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one of the three on that side. Also, 9/14 subjects had weakness in their left arm and all of these subjects 

had weakness on the right side as well. The one subject that wasn’t affected on the left side had a score of 

14 on the right side. Seven out of the 10 subjects with weakness had different MRC scores on each side. 

Some were close, others were not. This finding supports the literature that shows how the disease it is not 

always symmetrical (Kinsley and Siddique, 2001). 

Another observation made was that some subjects not affected on the MRC score did seem to be 

affected when they performed the Purdue peg board, which examines the subject’s fine motor skills in 

addition to the function of the proximal upper limb (e.g. subjects 2, 3 and 14). The cause of this 

discrepancy could be that ALS has manifested mostly in the subjects’ fingers/hands which rendered them 

unable to retrieve and insert the pegs in the board.  Meanwhile, we only assessed the MRC scores for the 

proximal muscles of the upper extremity without the distal hand muscles. Another explanation could be 

that the patients had predominantly pyramidal weakness (limb kinetic apraxia).  

Cognitively, 21.4% of our subjects scored 12 or below on the FAB, which is also reflective of the 

disease since it is known that up to 15% of the general ALS population gets diagnosed with FTD 

(Tsermentseli et al., 2012). Meanwhile approximately 30%-50% of the ALS population are somewhat 

cognitively affected but not enough to qualify for an FTD diagnosis and 2 out of 14(14.3%) of our 

subjects had a FAB score between 12 to 16.  Barulli et al. (2015) used the FAB to assess non-demented 

ALS patients for executive dysfunction. They found that the optimal cutoff point for cognitive 

impairment without overt dementia would be 16. 

The reason why we chose the FAB over the Mini Mental Status Exam can be highlighted by a 

study by Slachevsky et al. (2004). They studied the FAB and compared it with the Mini Mental Status 

Exam for its ability to differentiate FTD from Alzheimer’s disease as the cause of dementia. They found 

that the FAB score differed between the two groups, meanwhile the MMSE score did not. The optimal 

cutoff score was found to be 12. According to them, the FAB provides a thorough examination of 

functions of the frontal lobe, while the MMSE has no items of executive function (an area of primary 
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dysfunction in FTD). Instead, the MMSE is heavily weighted on orientation and memory (areas more 

likely to be affected in Alzheimer’s disease). 

Many factors can be related to the likelihood of cognitive dysfunction and achieving a low score 

on the FAB. A study done by Wei et al. (2014) on an ALS population in China using the FAB, found that 

the age of onset and education level could be related to the frontal lobe dysfunction. However, they stated 

that there is no link between frontal lobe dysfunction and ALS progression or survival. This finding in 

particular is controversial as several other articles have stated that frontal lobe dysfunction can have a 

negative impact on a patient’s survival (Hu et al., 2013; Beeldman et al., 2016; Govaarts et al., 2016). 

 

4.2 Task and parameter scores  

Tables 3.2 and 3.3 were constructed to portray the overall performance of the subjects.  There 

were four different task groups: 1) motor 2) motor-cognitive 3) cognitive and 4) sensory. We found that 

impairments varied among the subjects where some were more heavily impaired on the motor tasks, 

whereas others were impaired on the more cognitive tasks. Some subjects were impaired on motor and 

cognitive tasks alike, but regardless, the results are forming a spectrum similar to the picture of the ALS 

population. Some subjects were affected on the sensory task as well. The performance on tasks performed 

by each arm at a time such as the Visual Guided Reaching (VGR), Reverse Visual Guided Reaching 

(RVGR), and Arm Position Match (APM) has shown asymmetrical results that are similar to the clinical 

assessment results as well. Again, these findings are in accordance with ALS being an asymmetrical 

disorder (Kinsley and Siddique, 2001). The subjects do have both limbs involved but to a varying degree. 

For these tasks, it seems that the same parameters were impaired on both sides. However, for the arm that 

was shown to be more affected on clinical examination, there were additional parameters showing 

impairments.   

Failing on a particular parameter does not necessarily mean that the subject must have failed the 

entire task, as each task has many parameters. This increases the likelihood that healthy controls could 
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also fail on one or more of these parameters. To address this issue, we used failing on 25% of all 

parameters or more as a cutoff point to determine if a subject has failed the entire task. We based this 

percentage on the study by Tyryshkin et al. (2014), which was done using the OH task. In their study, it 

was found that healthy controls fell outside the 95th percentile only when they failed on 4 or more 

parameters. Although this approach did provide a solution for us, applying the criteria of 25 % of failed 

parameters to define impairments on all the other tasks is also a compromise. First, different tasks have a 

different number of parameters. Therefore, this percentage could be an overestimation or an 

underestimation. Nevertheless, it is a reasonable rough estimate. Second, two different subjects might fail 

on the same percentage of tasks, however, one of them might have performed very poorly while the other 

had a borderline performance, and we would not be able to differentiate between them based on 

percentages alone. 

Another important point to consider is if a subject has failed only one parameter of the task, but 

the subject performed very poorly and was highly impacted. According to the 25% criteria, the subject 

would pass the task, which makes it insensitive to impairments that involve only a few parameters at a 

time. To address these findings, we used the Z-M distance scores. These scores measure the distance from 

mean control performance in a multi-dimensional space, while taking into account the correlation 

between parameters. This issue also applies to subjects who might not actually be affected although they 

have failed many parameters. This is because for each parameter, their performance was only very mildly 

impaired. The downside to the Z-M distance approach is that the percentage of failed parameters is not 

apparent and therefore, we would not be able to differentiate whether the subject was globally impaired in 

the tasks, or if the impairment was in only a parameter or two. 

 

4.2.1 Motor Impairments  

As expected, ALS subjects often showed difficulties in performing motor tasks. Pure motor tasks 

were considered to be the VGR and the Ball on Bar (BOB). As already described, impairments were 
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commonly bilateral, yet not always symmetric. Subject performance on each of these two tasks is 

described below. 

 

1) Visual Guided Reaching 

The VGR was the third most commonly affected task according to the Z-MD scores where 57% 

of subjects failed on the left arm and also 57% failed on the right arm. Six out of the eight subjects who 

failed the task failed on both arms, although not to the same extent of impairment. This could be due to 

the fact that the disease can affect patients in a segmental pattern (Baek and Desai, 2013). For parameters, 

reaction time was the most affected for both left and right arms, then the posture speed was next for the 

left arm and initial direction error and initial distance ratio for the right arm. 

Reaction time has been considered as a reflection of speed of cognitive processing in the light of 

preparing for a response and has been used in motor control studies (Larish and Stelmach, 1982; Light 

and Spirduso, 1990; Reilly and Spirduso, 1991; Lupinacci, Rikli, Jones, and Rose, 1993; Yan, Thomas 

and Stelmach 1998). Meanwhile, movement velocity would be the actual measure of movement execution 

(Yan, Thomas and Stelmach 1998). Reaction times are very situation specific, and can vary based on the 

device used, stimulus, or response used. In our study, subjects and controls used the same device and task; 

therefore, these factors would not cause us a problem. Among the many factors that can affect reaction 

time are: age, sex, IQ, handedness, fatigue, sleep deprivation, and medications. Fatigue and dementia can 

be commonly present among our subjects, and could be part of the factors that caused them to get a longer 

reaction time than matched healthy controls. Age on the other hand was corrected for using linear 

regressions. Handedness and sex were matched with our controls.  

In addition to assessing reaction time, it is known that the VGR is a test of motor control. Motor 

control in studies has been reflected by various measures such as movement direction and movement 

duration (Baba and Marteniuk, 1983; Coderre et al., 2010; Dukelow et al., 2012). As mentioned above, 

initial direction error and initial distance ratio were the second most commonly affected parameters for 

the right arm among our cohort of ALS patients. More precise, fast and coordinated motor movements 
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can be because of better motor control (Schmidt, 1985), while the slower movements observed in the 

elderly can be caused by poor motor control (Stelmach et al., 1988). A study by Yan, Thomas and 

Stelmach (1998) suggested that the elderly depend more on online corrections when making movements 

as their central planning deteriorates and their arm movements when aiming become slower (Yan, 

Thomas and Stelmach, 1998). This can also influence the results of our ALS cohort. Although the age 

effect has been corrected for, our subjects do potentially have cognitive deficits which could further affect 

their central planning abilities. 

An observation made is that the performance of our subjects on different tasks varied between the 

right and the left arm. However, it was regardless of the theory of hemisphere specialization. Studies have  

shown that during unimanual tasks, the right hand has an advantage over the left hand regardless of 

handedness highlighting the fact that the left hemisphere is responsible for motor planning (Hughes , 

Reissig and Seegelke, 2011) , coordinating limb trajectories and movement direction  (Sainburg and 

Kalakanis, 2000; Bagesteiro and Sainburg,2002; Sainburg, 2002) while the left arm is more skilled in 

position matching(Roy and MacKenzie,1978; Goble, Lewis and Brown, 2006; Goble and Brown, 2007), 

and in some circumstances spatial accuracy (Guiard , Diaz and  Beaubaton,1983;  Lenhard and Hoffmann, 

2007). The hypothesis of hemispheric specialization also includes that the right hemisphere (non-

dominant in right handed individuals) is in charge of limb position stabilization/achievement and online 

corrections which relies on feedback processes. It has been found that damage to one hemisphere affects 

both sides of the body in certain deficits and that damage to each side of the brain creates different 

deficits (Schaefer et al., 2012). The fact that our subjects displayed impairments regardless of the 

hemispheric specialization indicates how the ALS pathology is dispersed and asymmetrical as well.  

 

2) Ball on Bar 

Many subjects performed very poorly on the BOB task, highlighting that bimanual coordination 

is highly affected in this cohort of ALS patients. The importance of the BOB task was that it gives a more 

realistic view of the subject’s ability to perform in his/her life outside the research lab, as many activities 
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of daily living require the use of both hands such as dressing and eating (Lowrey et al., 2014). Although it 

is important to assess limb function individually such as in reaching movements, the assessment of 

bimanual coordination is also essential. In fact, the ALSFRS-R assesses the performance on many of 

these functions, as this can highly impact the quality of life for ALS patients. 

Out of all three levels of the task, subjects performed the worst on level 2, where 64% failed the 

task, next came level 1 where 57% failed the task, whereas only 29% failed level 3. Even though the task 

difficulty is at its highest at level 3, it did not detect impaired subjects as much. That result is possibly due 

to the fact that with the increased task difficulty there was increased control performance variability as 

well, and therefore it was difficult to detect the difference in performance between a control subject and 

an ALS subject based on z-scores. 

On the individual parameter level, the “targets completed” parameter was one of the most 

affected parameters in the first two levels. This is probably due to the longer movement time our subjects 

needed to complete the task. In support for this finding, movement time was also a prominently impaired 

parameter, most likely due to weakness. A possible explanation for the bar being at an angle (which is 

also one of the more commonly failed parameters for level 1) would be that there is a right and left hand 

speed difference. To further strengthen that point, almost the same subjects that had a speed difference 

had the bar at an angle. After looking at the subjects’ performance across the remainder of the parameters, 

it became apparent that the bar angle parameter could be an indicator of the severity of lack of 

coordination. For example, subject 1 who failed on this parameter also happened to be impaired across 

many other parameters. However, the bar angle parameter could also be reflecting the severity of the hand 

speed difference where subjects are aiming to use their better arm as a form of compensation, such as 

subject 10 who did relatively well in terms of movement time, and other parameters but was impaired on 

the “hand speed difference” and “norm absolute hand speed difference” as well.  Hand speed diff (m/s) 

and the Norm absolute hand speed diff are prominently affected throughout the three levels. This is most 
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likely because ALS is an asymmetrical disorder. Although most of our subjects showed weakness in both 

the right and left arms, it was to varying degrees. 

However, when it comes to level three, the number of targets completed is no longer the most 

affected parameter. A possible explanation would be that at a highly difficult level, even healthy controls 

were having difficulty to reach the target.  

 

4.2.2 Cognitive Tasks 

 Many subjects had impairments in different cognitive functions. Cognitively affected ALS 

patients are usually suffering most prominently from executive dysfunction, which happens early in the 

course of cognitive dysfunction (Barulli et al., 2015). Other cognitive functions maybe affected but later 

on in the course of the disease (Barulli et al., 2015). Many of our subjects are at an advanced stage of 

ALS, which contributed to an array of dysfunctions. Also, using a different and more accurate method of 

assessment as we did here with the KINARM helped reveal more impairments among our subjects. The 

performance of our subjects on the two major cognitive tasks is described below.  

 

1) Spatial Span 

According to the Z-M distance scores, only two of the subjects failed on the spatial span task. 

ALS and FTD patients can have mild impairment in working memory, although there are different 

opinions from different studies about that (Ringholz et al., 2005; Phukan, Pender and Hardiman, 2007). 

Immediate memory on the other hand is usually unimpaired in patients with frontal lesions (Chayer and 

Freedman, 2001).  The z- scores however did show that 8 out of the 14 subjects did fail the task. A 

possible explanation that would first come to mind is that it was due to weakness which acted as a 

confounding factor affecting their ability to perform the task, and not that their memory was impaired. 

When looking at their performance on the VGR task, the scores were somewhat related, especially the 

reaction time. On the individual parameters, these 8 subjects mostly had a longer test time or time per 
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target. However, subjects 3 and 4 had a shorter longest correct path than 95% of controls, which could 

raise the possibility that their working memory could be truly affected.  They also happened to be the two 

subjects that were impaired on the Z-MD scores. 

 

2) Trail Making 

TM test is a very common neuropsychological test (Salthouse 2011; Sanchez-Cubillo et al., 

2009). According to Tombaugh (2004), the Trail making assessment (A and B) provides information on 

“visual search, scanning, processing speed, mental flexibility, and executive functions”. TM can also be 

an indicator of functions such as attention, abstraction, mental flexibility, modification and execution of a 

plan of action, and the simultaneous maintenance of two trains of thought (Salthouse, 2011).  Originally, 

it was part of the Army Individual Test Battery (1944). However, most commonly the score is based only 

on the amount of time it took to complete the assessment. In our study, we used several other parameters 

to assess our subjects, which could make it more sensitive to impairments. According to Chan et al. 

(2015), the Trail making test Part B is regarded as one of the most commonly used tests of executive 

function. A study by Stuss et al. (2001) found patients with frontal lobe lesions compared to non-frontal 

lobe lesions and controls to be slower at completing TM B. Our results do indeed point towards the TM B 

being sensitive for frontal lesions as the Z-M distance scores correlated with the FAB scores at -0.678 

with a p value of 0.004. The higher the Z-M distance score is, the farther the subject is from the norm. 

This can also be explained by the fact that Part A and Part B of the Trail making test actually assess 

different neurological functions, where Part A depends on visuoperceptual abilities, while Part B depends 

on working memory and task-switching ability (Sanchez-Cubillo et al., 2009).  

In the regular z-score table, four subjects failed the TM A, while six subjects failed the TM B to 

varying degrees. However, for the Z-M distance table the performance on the TM B was impaired for 

only 3 subjects, which is less than the number of subjects who failed according to the Z-score table. It was 
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observed that these three subjects failed on a higher percentage of parameters, and all had a higher z- 

score for the B/A ratio out of all of the 14 subjects. Test time was also higher.  

The presence of the B/A ratio as a parameter in our study can be helpful, as it was shown that all 

subjects who failed according to the Z-MD scores had a higher z-score for the B/A parameter. It has been 

found that the ratio measure can be a more appropriate index in trials with a small sample size that could 

affect the efficacy a regression analysis (Salthouse, 2011).  It eliminates the influence of speed to a 

greater extent than other derived indices such as the simple difference (Salthouse, 2011). Also, the B/A 

ratio among other indirect scores has been considered in some studies as a specific marker of brain 

damage, and a pure indicator of executive abilities (Sanchez-Cubillo et al., 2009). In fact, our subjects 

who were impaired on the B/A were also impaired on the FAB assessment. 

 On the cognitive assessments, a question we often face is whether these low scores are actual 

cognitive impairments or just motor impairments acting as a confounding factor that is impeding the 

performance of the subjects on tasks. To address this question, we looked at several task scores and 

clinical assessments and not just the one task itself. This gave us an idea about the subject’s the range of 

impairments. If impairments are not high on motor tasks, and the subject failed on a cognitive task, then it 

probably is a true cognitive impairment.  Also, each task has different parameters. Each parameter or 

group of parameters assesses different functions. If motor parameters are not heavily impaired, then again 

it probably is a true cognitive impairment. In our study, the clinical assessment scores were also checked, 

such as the MRC scores, the PP scores and the FAB score and taken into consideration. Also, the 

presence of both Z-M distance scores and regular z-scores provided a way to confirm and compare and 

contrast overall task scores. A good example would be the SS task described above.  
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4.2.3 Motor cognitive tasks 

 

1) Reverse Visual Guided Reaching 

This was the task in which the subjects were most highly impaired. On the Z-M distance score 

table, 93% of subjects were impaired on the right side whereas 64% of subjects were impaired on the left, 

(the same percentage as the BOB which was the second most commonly affected task). More subjects 

were impaired on the RVGR task than the VGR where on the Z-M distance score table, where only 57% 

subjects were impaired on both sides for the VGR.  A possible explanation for this result is that the 

RVGR required more cognitive resources, and 50% of ALS patients in general have some cognitive 

impairments which could be very subtle but when added on to the motor impairments they have, that 

further impacted their performance on this task. In addition, frontal lobe impairment can lead to an 

inability to inhibit initial responses. And since 15% of ALS patients have FTD, it is expected that they 

would have a certain degree of frontal lobe dysfunction, even if it is not full FTD. This is reflected in 

parameters such correction time and initial direction angle. Of the subjects who failed on the RVGR, not 

all subjects necessarily failed on the VGR most likely owing to the cognitive difference between the two 

and therefore, subjects more heavily impacted cognitively would fail the RVGR instead or to a greater 

extent, and vice versa. Although only one of the subjects was affected in the VGR only and not the 

RVGR at all, other subjects failed more heavily on the VGR than the RVGR. 

In support for the importance of cognitive abilities in the RVGR performance, is a study done on 

Alzheimer’s patients by Tippett and Sergio (2006). It was suggested that the poor performance was due to 

impaired ability to plan and carry out that plan after it has been initiated. In our study a motor component 

is also a likely cause added to the factors leading to an impaired performance. As with the study done on 

the Alzheimer’s patients, the presence of visual feedback eliminates or reduces the presence of memory as 

a confounding factor (Tippett and Sergio, 2006). Tippett and Sergio also suggested in their study that 

impairments can be related to the level of cognitive impairment. Our results could be showing us that 
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some subjects could have mild cognitive impairments without FTD, since in the study by Sergio, patients 

with mild Alzheimer’s dementia were impaired on this task. 

 

 

2) Object Hit 

The Object hit task (OH) allows us to assess spatial and attentional skills in an interactive 

environment. This can be more similar to real life situations as the subject has to choose one hand or the 

other to handle certain tasks (Tyryshkin et al., 2014). It also allows us to compare for sensorimotor skills 

for both arms as subjects have to rapidly locate and hit all objects moving in their workspace. 

In summary, 7 out of 14 subjects failed the entire task according to the z--score table, whereas 6 

out of 14 subjects failed based on the Z- M distance scores. Some subjects are impaired on both z- scores 

and Z-M distance scores, whereas others are not. With both methods of assessment combined, a total of 9 

subjects are impaired. 

The most widely affected parameter is the total hits where 50% of subjects scored less than 

controls possibly due to the fact that the subjects were slower at hitting the objects, as six out of the seven 

subjects had either slower right hand speed, (some had less left hand speed as well), or hand speed bias or 

both. A second explanation can be that in addition to bimanual sensorimotor performance, the Object Hit 

task assesses cognitive performance and visuospatial attention as well. The frontal lobe is responsible for 

attention, executive function, planning, and self-awareness (Chayer and Freedman, 2001) and the frontal 

lobe may be affected in ALS patients. Three out of our 14 subjects were demented (scored 12 or below on 

the FAB), and two more subjects were cognitively affected although they were not demented (scored 

above 12 but 16 or less on the FAB) (Barulli et al., 2015). This means they could be suffering from an 

impairment in attention, decision making or planning of movement. Planning of movement includes 

choosing which limb to use for performing the task. Subjects may choose one limb over the other if they 

are unable to use the impaired arm when the task difficulty increases.  
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Hand speed bias and movement area bias were among the second most commonly affected 

parameters (36% of subjects). Different subjects were impaired on each of the two parameters except for 

one subject who was impaired on both. Between the two tasks combined, 9 subjects were affected by a 

form of asymmetry. It was found in a previous study conducted by our lab on stroke subjects (Tyryshkin 

et al., 2014) that asymmetries in motor performance can be a way to assess small, but significant 

impairments in performance. This conclusion could also apply for our observed results.  A final 

observation is that none of our subjects were impaired on the miss bias parameter. This could be 

explained by the fact that ALS can be bilateral. Unlike stroke subjects, many of our subjects (9 out of 14 

on the MRC score) were impaired in both arms even if to varying degrees. 

 

3) Object Hit and Avoid 

This task (OHA) is similar to the Object Hit, but requires more executive function. So, in addition 

to assessing for spatial attention, rapid motor selection and bi-manual motor planning, this task also 

assesses for inhibitory control. In addition to having to detect an object, subjects also need to differentiate 

whether the object is a target or distractor adding to the cognitive processing load which requires using 

sensory feedback when making motor decisions. 

When looking at the Z-MD scores, more subjects were impaired on the OHA than the OH. This is 

similar to the findings on the RVGR vs. the VGR. The possible explanation is that when subjects are 

performing the task that requires more cognitive processing, any mild cognitive impairments get revealed. 

This could also add more weight to their present motor impairments. However, when looking at the 

individual parameters, the most commonly failed parameter is the same as for the OH task, which is total 

hits. The total hits parameter assesses the subject’s ability to make rapid motor actions, regardless of 

whether they hit the correct objects or not. The distractor hits which was the additional parameter for the 

OHA was only failed by two subjects. On a first impression, this might show that disinhibition might 

have not been profound. However, disinhibition could have also manifested by the subjects’ inability to 

inhibit the distractors from capturing their attention, rather than inhibiting the action of hitting the 



 

 

 

83 

distractors. This in turn impacted their performance and caused them to fail on the other parameters to a 

greater extent than the OH task by itself without the distractors. It actually has been shown that lesions in 

the prefrontal area of the brain can result in disinhibition, and can impair the patient’s ability to inhibit the 

capture of attention by irrelevant stimuli, and therefore patients would be easily distracted by irrelevant 

sensory inputs. This finding explains the results we have. This disinhibition was proven in a study by 

Chao and Knight (1995). Another case study by Michael et al. (2006) revealed that, a patient with a right 

frontal operculum lesion, had difficulties controlling interference from both new and old irrelevant stimuli 

even though spatial orienting and prioritizing were intact. It is presumed that the frontal lobe is 

responsible for executive functions and cognitive control functions. Therefore, it would provide goal-

directed control of attention, while minimizing interference by goal-irrelevant stimuli. Furthermore, a 

study by Piquard et al. (2009) showed that FTLD patients suffer from an inability to inhibit irrelevant 

stimuli from capturing their attention. I have not found a study done on ALS subjects specifically, but the 

findings in this study may apply to our ALS subjects since ALS and ALS cognitive findings are in a 

spectrum with FTLD patients (Abrahams et al., 2000; Mantovan et al., 2003).  

The second most commonly impaired parameter again as in the OH is the right hand speed, and it 

could be due to hemispheric specialization. Parameters of spatial and temporal performance such as the 

miss bias, hand transition, and median error were not heavily impacted among the tested ALS subjects. In 

fact, none of the subjects failed in the miss bias parameter. This finding is no surprise since visuospatial 

abilities are usually preserved in ALS (Neary, Snowden, and Mann, 2000). 

According to the z-scores, a lower percentage of subjects failed the task than when the Z-MD 

values were used to assess the performance (29% of subjects failed on the z-score table in comparison to 

50% of the subjects on the Z-MD table). The more heavily impaired subjects however, were detected by 

both the Z-score measures and the Z-MD measures. This difference can be probably due to the fact that 

Z-MD can pick up unusual patterns of performance more easily. 
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4.2.4 Sensory Task 

 

Arm Position Matching 

To our surprise, some subjects were impaired on the APM task. However, it is among the tasks 

with the fewer number of subjects impaired. This finding highlights the fact that the disease is 

predominantly a motor disorder.  Sensory function is not usually considered to be affected in ALS 

although to my knowledge, no studies have been done on limb position matching among ALS patients. 

Also, not many studies have been done on proprioception in ALS except for two studies, a recent one by 

Vaughan et al. (2015) on mice harboring the SOD1 and TDP-43 ALS associated mutation who looked at 

nerve ending abnormalities and another study by Schrader et al. (2008) where proprioception in 13 ALS 

patients was studied by paired-pulse transcranial magnetic stimulation  and muscle vibration which 

revealed an impairment of intracortical inhibition and processing of proprioception among the 

subjects. Also, some studies have found that there could be sensory deficits in ALS patients (Hammad et 

al., 2007; Pugdahl et al., 2007).  

According to the z-score table, 5 out of our 14 subjects were affected on one side for the limb 

position sense task. If there were to be a confounding factor, then that would be limb weakness. Limb 

weakness could potentially affect the assessment because although the passive arm is being tested, the 

subject moves the active arm to indicate where he/she feels that the passive arm is located. So, if the 

active arm is weak and the subject could not move it that does not necessarily mean that the subject does 

not feel the position of the limb. However, the fact that both upper limbs are weak, causing impairments 

in the VGR task bilaterally meanwhile the limb position matching is only impaired in one arm does not 

explain that. 

Another observation for the limb position matching task is the Z-M distance score table. 

According to this evaluation 6 subjects failed the task, meaning even more subjects were impaired in the 

limb position matching sense. These were the same five subjects affected on the z-scores plus one 
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additional subject. Again, these subjects were failing on one arm only as in the z- score evaluation, which 

happened to be the same arm, further confirming the results.  

Since proprioception should be better in the non-dominant hand (Roy and MacKenzie, 1978; 

Goble et al., 2006; Goble and Brown, 2007), it is anticipated that if any subject is affected, it should be 

their dominant arm. However, two out of the five affected subjects were impaired in their non-dominant 

arm instead. (Also, 3 out of the 6 subjects on the Z-MD table were impaired in their non-dominant arm as 

well, one of them to a lesser extent than the dominant). 

Although no specific parameter is characteristically impaired in ALS subjects in particular, it was 

found that variability in general was the most affected parameter regardless of the axis (X, Y, or XY). 

This signifies that the performance of our subjects was inconsistent, which could be due to the 

impairment of the sense of limb position. As with other tasks and clinical assessments, the arm position 

matching task has also revealed that subject impairment is not symmetrical. Subjects affected in the APM 

Rt. were not the same subjects affected in APM Lt. This finding is in accordance with the literature in that 

ALS is not a symmetrical disorder. 

If there is an actual pathological process in ALS causing proprioception deficits, it could be 

hinted in the study by Vaughan et al (2015) on mice harboring the SOD1 and TDP-43 ALS associated 

mutations. It was found that the Ia/II endings proprioceptive nerve endings at the muscle spindles were 

significantly impacted early on in the disease process and before the onset of symptoms. The 

proprioceptive endings at the spinal cord were also affected but later on. Alpha motor neurons were 

affected, but the Ib afferents and gamma motor nerve endings were spared. The Ia/II sensory neurons 

harbored in the muscle spindles and the Alpha motor neurons can be connected both functionally and 

structurally through a monosynaptic connection influencing sensory feedback to the alpha motor neuron. 

On the other hand, proprioceptive deficits could be directly linked to cortical dysfunction. 
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4.3 Correlations: 

One of the objectives of this thesis was to correlate the results of the clinical assessments with 

those of the robotic assessment. z-scores of individual parameters as well as the Z-M distance scores of 

each task were correlated with six clinical assessment scores: the ALSFRS-R, FAB, PP Lt arm, PP Rt 

arm, the 3 added MRC scores for the Lt arm, and for the Rt arm. Statistically significant correlations were 

found, although most of them were moderate correlations. 

For the correlations with the Z-MD scores of each task, the significant correlations were few; 

however, they were logical. For instance, the two motor tasks, VGR and BOB did correlate with motor 

and dexterity assessments: the MRC score and the PP. This was not a surprise as they do assess similar 

functions such as motor control for the VGR. The two cognitive tasks, SS and TM, correlated with the 

FAB which was expected. Although the OH, OHA and the RVGR all have a cognitive component, to our 

surprise, they did not significantly correlate with the FAB. In fact, the OH and OHA did not correlate 

with any clinical assessment at all. This finding may reflect that these tasks could be assessing other 

functions not detected by the FAB or clinical motor examination, and could be an additional source of 

information about the subject’s performance and cognitive function. Thus, it could be an indication that 

they provide a unique assessment. Also, none of the tasks correlated with the ALSFRS-R. Again, an 

explanation could be that they are scoring different functions so they do not necessarily have to correlate, 

as the ALSFRS-R includes functions such as breathing which are not assessed by KINARM tasks.   

Individual parameter correlations allowed us to capture different relations. Strong correlations 

were found. For example, the total test score parameter of the SS task correlated with FAB, where r = 

0.88. The Z-MD score of the same task also correlated with FAB, but r was only 0.66. Although both 

correlations are pointing in the same direction, the higher correlation for the individual parameter 

highlights the added benefit from looking at individual parameters. 

An important benefit of looking at individual parameters is: if an overall task score does not 

correlate with a clinical examination, an individual parameter within the task could still correlate with that 
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same clinical examination. Indeed, that is what we found. This finding applied to the OH, OHA, and 

ALSFRS-R assessments, all of which had no correlations when the Z-MD scores were used. For example, 

for OH, the parameter median error correlated with PP Lt and PP Rt where r = 0.75, and 0.73 respectively 

and p<0.001 for both. Another parameter is Total Hits, which also correlated with PP Lt, and PP Rt where 

r= 0.73 and 0.71 respectively and p< 0.002 for both. The same is for OHA where total hits correlated with 

PP for both arms. Another example would be correction time and ALSFRS-R, where r = 0.56, and p< 

0.02. A possible explanation for this finding is that different parameters within the same task assess 

different functions. For example, for the TM task, the parameter dwell time in part A correlated with the 

MRC score. However, for part B it did not correlate significantly with the MRC, but it correlated with the 

FAB instead where r = -0.68, p< 0.004. This can be an indicator that part B is more specific for cognitive 

functions, a finding that has been suggested by other studies as well. In fact, Stuss et al. (2001) found 

patients with frontal lobe lesions to be slower at completing TM B. 

One observation I would like to point out is correlations that exist between parameters measuring 

the performance on the right arm and clinical assessments for the left arm and vice versa. The most likely 

explanation would be that ALS is bilateral in many of our cases and therefore, if one arm is affected, then 

most likely the other arm would be affected in a similar way as well and therefore would show a 

correlation with the impairment of the first arm. 

 

4.4 Strengths 

These robotic tasks have not been performed on ALS patients before, except for the TM test, and 

we were the first study to compare the performance of ALS patients on robotic tasks with their 

performance on clinical assessments. The robotic assessments in this thesis highlight a complementary 

method of assessing of motor, cognitive and sensory impairments among ALS patients.  The motor 

impairments classically recognized are the UMN and LMN lesion manifestations. Cognitive 

manifestations are not fully delineated among non-demented ALS patients at this time, and sensory 
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impairments are not considered widely as part of the manifestations. The robotic assessments provide us 

with additional information on impairments that ALS patients could have. In addition, the KINARM 

exoskeleton has also reduced weakness as a confounding factor in these assessments by providing support 

to the patient’s arms against gravity.  Moreover, traditional assessments such as the SS and TM tasks 

were administered to patients through the KINARM technology. The added benefit from having 

participants complete them on KINARM Exoskeleton is that it could help us distinguish whether the 

difficulties in performing these cognitive tasks are really due to deficits in higher level executive 

functions, or if a lower-level sensorimotor impairment was present and acting as a confounding factor. 

Also, the KINARM task offers additional assessment parameters that could further increase sensitivity 

and give additional information about the subjects.  

Various types of arm position matching tasks exist. These include 1) contralateral concurring 2) 

ipsilateral 3) contralateral remembered (Adamo, Alexander, and Brown, 2009).  The particular form that 

we used (contralateral concurring) does not have a memory component to it. The other two types of arm 

position matching tasks require additional functions. The ipsilateral type requires memory, the 

contralateral remembered requires both memory and interhemispheric transfer. However, the contralateral 

concurring type only requires interhemispheric transfer (Adamo, Alexander, and Brown, 2009). The fact 

that our task did not rely on memory excluded dementia as a possible confounding factor since it is 

known that 15% of the ALS population suffer from frontotemporal dementia and vice versa. 

 

4.5 Limitations  

The KINARM robot only assesses function in the arm and forearm. Other regions of the body 

were not considered in our assessment. This includes the hands, legs, and bulbar area which is involved in 

speech and swallowing.  This also impacts our ability to correlate task performance to any tool that 

encompasses these other factors. 
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Although we were able to assess arm movement, KINARM only assessed the planar movements 

of our subjects. Many other degrees of arm movement were not assessed, which can result in the 

overlooking of present impairments. Also, although weight support of the arm was listed as a strength, it 

could have also hindered our assessment of subjects at the same time.   

 A point to consider is that our study had only 14 subjects, which restricts our ability to reach firm 

conclusions. Moreover, 2 subjects out of the 14 were not able to complete tasks due to fatigue and 

discomfort. Specifically, subject 6 was suffering from shortness of breath, was uncomfortable in the seat 

and had suffered from shoulder dislocations before. Subject 13 had arm and shoulder pain and had an IV 

line in the arm.  Subject 13 was not able to complete three tasks (BOB, RVGR Rt, and APM Lt), whereas 

subject 6 was not able to complete one task, the BOB. As far as patterns being involved among these two 

participants, it was not evident from their global performance table that certain deficits in other 

parameters could predict or foretell, their ability to complete the failed tasks. There are possible solutions 

that we could use to address this issue for future assessments. We could reduce the overall assessment 

duration by either removing one of the two versions of the tasks that have a cognitive oriented version 

(eg. either OH or OHA). We could also use shorter tasks by reducing overall task time, reduce the number 

of trials such as in the SS task or eliminate task levels as in the BOB where levels one and two only 

would be performed.  

 A weakness of this study is that the sense of movement is not included and contrasted with the 

sense of limb position for the same subjects since it does make a valid theory that it can be affected in 

these subjects since spindles can sense both perceptions, that is if spindles are the ones to blame for the 

loss of position sense. A study by Semrau et al. (2015) used the kinesthetic matching task- which is also 

performed on KINARM- to measure the relationship between visuospatial neglect and kinesthetic deficits 

in individuals who have suffered a stroke. Instead of mirror matching the position of the passive arm 

moved by the robot with the active arm, subjects here mirror matched the speed, direction, and magnitude 

of movement of the passive arm with their active arm (Semrau et al., 2015). 
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Another disadvantage for the APM task is that we used the contralateral concurring form. 

Although it was considered a strength because dementia was reduced as a confounding factor, it was 

however at the expense of introducing the bilateral nature of the disorder, (where the subject could be also 

experiencing proprioceptive impairments in the other arm which will in turn conflict with the assessment 

of the reference arm), and motor weakness as two other confounding factors in exchange for the one 

confounding factor: cognition. Since there is no single comprehensive solution, several alternatives are 

proposed as a potential solution to this problem. First, if patients are not suffering from dementia then it 

would not be necessary to use the contralateral arm position matching task. For these subjects, the 

ipsilateral APM assessment can be used instead for the purpose of eliminating contralateral impairment as 

a confounding factor. Other possible suggestions include having the exoskeleton not only move the 

reference arm for the subject, but the contralateral arm as well, where it is passively moved for the subject 

and the subject would only have to indicate when he/she feels that the contralateral arm is in the correct 

location. This option eliminates weakness as a confounding factor, however it does not address the 

possibility of having proprioceptive deficits in the opposite arm. Another option would be to introduce the 

usage of eye movements, where instead of moving their opposite arm to mirror the location of the 

assessed reference arm, the patients would move their eyes. Obviously this is not the ideal approach, but it 

would be a good option for patients with very advanced ALS since usually Cranial nerves III, IV, and VI 

are usually preserved. It would be important though to keep in mind that ALS patients have been found to 

have impairments in the antisaccade task due to abnormal activation of the dorsolateral prefrontal cortex 

(DLPFC). The DLPFC plays a role in the inhibition of automatic responses (Witiuk et al., 2014). ALS 

patients however, have been found to be compensating for the decreased activation of the DLPFC by 

having an increased activation of the supplementary eye fields and prefrontal eye fields (Witiuk et al., 

2014).  

Another point to consider is the correlations. We had attempted to perform many correlations, 

including Z-MD scores for each task, and z- scores for each individual parameter. We correlated all of 
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these scores with six clinical results which are: the ALSFRS-R, FAB, PP for each arm, and the MRC 

added score for each arm.  This could help us uncover specific relations between tasks, parameters, and 

clinical assessments in an attempt to better understand the significance of a subject’s performance on a 

certain task. However, there is also a certain price to pay for this approach. Since all the calculations left 

us with countless results, the possibility of getting a significant correlation by random chance increases, 

especially that we chose p=<0.05. To decrease these errors, an option would be to use a smaller p value. 

This would make the results more specific; however, it would also make them less sensitive as well.  

 

4.6 Conclusion and future directions 

In conclusion, we found impairments among our cohort of ALS subjects which included a range 

of unassessed functions among the ALS population. These ranged from motor to cognitive to sensory, and 

included skills such as coordination, feedforward control, inhibition, limb position matching, task 

switching and more. Most subjects could handle the robotic assessment even if they were fairly impaired. 

It is important to keep in mind that it is a small cohort that we assessed. So, in order for us to be able to 

identify if there are common patterns of impairment among ALS patients, and if phenotypes exist, we 

need to examine a larger cohort of subjects.  Also, it would be a good idea to follow up on ALS subjects 

to observe changes in performance as the disease progresses. 
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Chapter 5 

Conclusion 

 

In this study, we have demonstrated how ALS subjects were impaired in several areas of 

sensorimotor and cognitive control. We used eight different tasks, each with a different number of 

parameters, to assess numerous functions among our cohort of ALS patients. These functions included 

visuospatial abilities, visual reaction time, limb postural control, feed forward control, feedback control, 

rapid motor selection, arm position matching and more. These functions are usually not assessed during 

the traditional clinical examination; therefore, the robotic tasks can facilitate an increase in the breadth of 

information collected on this disease. They may also allow us to observe for cognitive deficits among 

demented and non-demented ALS subjects. The use of the exoskeleton provided support to the upper limb 

against gravity which in turn effectively reduced the impact of weakness as a confounding factor that can 

affect performance on robotic tasks.  

Each subject had a unique combination of impairments as some subjects were more heavily 

impaired in motor tasks than cognitive tasks, and vice versa. Others were not impaired in a certain aspect 

at all. This suggests that ALS can have different phenotypes, which need to be investigated in further 

studies. The task that captured the highest percentage of subject impairments was the RVGR, which in 

addition to motor impairments, could reflect an impaired ability to plan and carry out that plan after it has 

been initiated (Tippett and Sergio, 2006). It could also reflect their inability to inhibit the initial response 

of going towards the target, a finding that is very characteristic of frontal lobe dysfunction (indicated by 

parameters such as correction time and initial direction angle). On the Z-M distance score table, 93% of 

subjects were impaired on the right side while 64% were impaired on the left. The latter is the same 

percentage as the BOB which was the second most commonly failed task, reflecting deficits in bimanual 
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coordination. To our surprise some subjects were impaired on the sensory arm position matching task as 

well, suggesting proprioceptive dysfunction, which could be directly related to cortical dysfunction. 

More subjects were impaired on the cognitive variants of tasks; in other words, more were 

impaired on the RVGR than the VGR and on the OHA than the OH. A possible explanation for this 

finding is that 50% of ALS patients in general have some cognitive impairment which could be very 

subtle but since they can also have motor impairments, this further impaired performance on the cognitive 

variants of tasks even more. In fact, 3 out of our 14 subjects were demented due to frontal lobe pathology 

(scored 12 or below on the FAB), and two more subjects were cognitively affected although they were not 

demented (scored 16 or less on the FAB but still had a score higher than 12) (Barulli et al., 2015).  It is 

known that the frontal lobe is responsible for attention, executive function, planning, and self-awareness 

(Chayer and Freedman, 2001) and the frontal lobe may be affected in ALS patients since ALS and FTLD 

form a spectrum. 

Subjects also showed impairments in reaction time, upper limb postural control and feedforward 

control. This was detected by the VGR task. Reaction time has been considered as a reflection of speed of 

cognitive processing in the light of preparing for a response (Larish and Stelmach, 1982; Light and 

Spirduso, 1990; Lupinacci et al., 1993; Reilly and Spirduso, 1991; Yan, Thomas and Stelmach, 1998). 

The initial direction error reflects poor motor control but it could also be affected by potential cognitive 

deficits among the subjects which could affect their central planning abilities. 

 Subjects displayed an impaired ability to make rapid motor actions as shown through the most 

commonly impaired parameter for both the OH and OHA tasks: total hits. Distractor hits, the parameter 

that assesses for disinhibition, and the additional parameter for the OHA, was only failed by two subjects. 

Other parameters were more impaired on the OHA than they were on the OH. Disinhibition could have 

still been the cause behind this discrepancy between the OH and the OHA results. This implies that while 

disinhibition might have not caused subjects to hit the distractors, it might have actually made them 
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unable to inhibit the distractors from capturing their attention which would in turn have a negative effect 

on their performance. 

Some subjects likely had impairments in visual search, scanning, processing speed, mental 

flexibility, and executive functions (Tombaugh, 2004), which was evident in their performance on the TM 

task (A and B). The B/A ratio was among the more commonly failed parameters and has been considered 

as a specific marker of brain damage, and executive abilities (Sanchez-Cubillo et al., 2009). 

A few subjects had working memory deficits as only 2/14 subjects failed the SS task on the Z-M 

distance score table. Neuropathological studies have revealed that the pathological changes of ALS can 

cause impairment of attention, working memory, and other frontal executive functions among some of the 

patients (Ringholz et al., 2005; Phukan, Pender and Hardiman, 2007) Visuospatial abilities and 

psychomotor speed have been considered to be usually preserved in ALS (Mantovan et al., 2003). This 

has also been found to be true among our subjects where the Parameters of spatial and temporal 

performance such as hand transition were not heavily impacted, and none of the subjects were impaired in 

the miss bias parameter. 

The robotic assessment of our ALS subjects was well tolerated and captured impairments that are 

not typically associated with ALS or assessed with the traditional examinations. Some of these tasks 

correlated with clinical assessments while others did not, indicating that they are assessing other 

functions. Further assessments could help identify if certain phenotypes exist, which can help target each 

patient’s needs whether sensorimotor or cognitive. 
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