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Abstract 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that is hallmarked by 

unrelenting and progressive wasting and paralysis of voluntary muscles. The classic pathology in 

ALS features neuronal loss, gliosis, and abnormal protein deposition in the upper and lower 

motor neurons (UMN and LMN). Most patients diagnosed with ALS die within five years of 

symptom onset due to respiratory failure. Studies have used magnetic resonance imaging (MRI) 

techniques to capture the neurodegenerative processes in the brain in vivo and have consistently 

shown abnormalities in the motor cortices, corticospinal tract, and frontotemporal regions. 

However, the longitudinal course of cerebral degeneration remains poorly understood. 

Additionally, clinical trials are hampered by a lack of feasible objective biomarkers that can 

monitor the disease and provide a means to mitigate the detrimental effects of the heterogeneity 

of disease in ALS.  

In this dissertation, the overall objectives were to study cerebral degeneration in ALS 

using routinely acquired MR images and texture analysis. Texture analysis is an image 

processing technique that quantifies variations and relationships between voxel intensities in an 

image. Secondly, the longitudinal changes in gray and white matter structures in ALS were 

investigated to study the progressive course of cerebral degeneration in the disease. 

To accomplish these objectives, the dissertation was divided into three experiments. First, 

3-dimensional (3D) texture analysis was applied to T1-weighted MR images of ALS patients and 

controls. Baseline group comparisons identified abnormalities in texture of T1-weighted images 

in the motor cortex, insula, frontal lobe, basal ganglia, parahippocampal regions, and 

corticospinal tract in ALS patients. Furthermore, patients with survival of less than 20 months 
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had greater involvement of frontotemporal regions than patients with longer lengths of survival. 

In the second experiment, the discriminatory accuracy of these texture features from the 

corticospinal tract was evaluated in two independent cohorts. Additionally, the association 

between texture of the corticospinal tract from T1-weighted images and its diffusion metrics 

from diffusion tensor imaging were investigated. Binary logistic regression models using texture 

features of the corticospinal tract were able to discriminate ALS patients from controls. Several 

texture features correlated with diffusion metrics and these features were also significantly 

different along the length of the corticospinal tract, particularly in the regions of the corona 

radiata and internal capsule, between ALS patients and controls. These experiments highlight the 

ability of texture analysis to quantify gray and white matter degeneration using a single T1-

weighted image sequence. In the last experiment, the longitudinal progression of cerebral 

degeneration was investigated. Here, progressive texture abnormalities in the internal capsule in 

ALS patients over four- and eight-month intervals in the absence of clinical UMN decline were 

found. Clinical UMN dysfunction also correlated specifically with texture of the corticospinal 

tract. Longitudinal gray matter progressive changes were characterized by a frontotemporal 

spatial spread, instead of worsening degeneration within the motor structures. Longitudinal 

findings differed between fast and slow progressing ALS subgroups; the slow progressing ALS 

subgroup had greater progressive texture change in the internal capsule than the fast progressing 

ALS subgroup. On the other hand, the fast progressing ALS subgroup had greater progressive 

texture changes in the precentral gyrus. 

In summary, this dissertation has revealed important insights into the longitudinal gray 

and white matter degeneration in the brain in ALS and their relationship to their clinical 

phenotype. Particularly, progressive degeneration along the corticospinal tract occurs over a 



 

 
iv 

short period of time in the absence of clinical UMN decline. Over the same period, the 

longitudinal course of gray matter pathology is characterized by a frontotemporal spatial spread 

instead of progressive degeneration within the motor structures. Texture analysis of T1-weighted 

images successfully recapitulated the known in vivo spatial pathological cerebral characteristics 

of ALS with abnormalities in the motor cortex, frontotemporal regions, and the corticospinal 

tract. Texture-based abnormalities of the corticospinal tract correlated with clinical UMN 

dysfunction, highlighting the importance of this structure as a suitable marker for UMN disease. 

Therefore, texture analysis of T1-weighted images has emerged as a potential objective 

biomarker due to its feasibility in clinical application. Based on the results, it can serve and fulfil 

the roles of multiple types of biomarkers including diagnostic and prognostic markers.
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(B). In panels (A) and (B), regions in red indicate areas of significantly (P < 

0.0005, cluster size > 50) altered autocorrelation in ALS patients compared 

to controls. The color bars show the range of F-values. Images on the right 

show a merged glass-brain representation of the differences in ALS patients 

at T0 and Tmax. Regions in blue indicate significant clusters present only at 

T0, regions in purple indicate significant overlapping clusters present at T0 

and Tmax, and regions in red indicate significant clusters present only at 

Tmax. 

Figure 5 Texture differences in controls, ALS, and ALS subgroups between various 

timepoints in (A) the posterior limb of the internal capsule (PLIC) and (B) 

the precentral gyrus regions of interests. Data is represented as the mean  

95% confidence interval at each point. The numbers inside in the bars in (A) 

represent the sample sizes of each group in the respective analyses. 

Figure 6 Cerebral associations between texture and clinical measures in ALS 

patients. Regions in yellow indicate areas of significant (P < 0.0005, cluster 

size > 50) positive correlations between autocorrelation and (A) ALSFRS-
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R, (B) UMN burden score, (C) average finger tapping score, and (D) 

average foot tapping score. The color bars show the range of T-values. 

ALSFRS-R = ALS functional rate scale-revised; UMN = upper motor 

neuron 

Supplementary 

Figure 1 

Glass brain representations of group differences in texture between controls 

and ALS patients at different statistical thresholds. Red regions indicate 

decreased autocorrelation and blue regions indicate increased 

autocorrelation in ALS patients. At the lowest threshold (A), diffuse gray 

matter regions showed altered autocorrelation, including left frontal white 

matter, bilateral temporal white matter, cingulate gyrus, and thalamic 

region. At the intermediate threshold (B), left lateral precentral gyrus and 

left insular cortex demonstrated differences in autocorrelation between the 

two groups. At the highest statistical threshold (C), differences were found 

in the left medial precentral gyrus. Bilateral pyramidal tracts had increased 

autocorrelation at all statistical thresholds. 

Supplementary 

Figure 2 

Longitudinal changes in texture in ALS between T0, T4, and T8 (P < 0.0005, 

cluster size > 50). (A) Between T0 and T4, autocorrelation decreased in the 

posterior corpus callosum in ALS patients. Autocorrelation did not increase 

between these timepoints. (B) Between T0 and T8, autocorrelation decreased 

in the posterior corpus callosum and at the junction of the lateral ventricles 

and bilateral caudate heads. Autocorrelation also increased in the right 

thalamus. The color bars show the range of T-values. 
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Supplementary 

Figure 3 

Correlations between clinical measures at baseline in ALS patients. 

ALSFRS-R score significantly correlated with (A) UMN burden score (r = -

0.2, P = 0.01), (B) average finger tapping score (r = 0.5, P < 0.001), and (C) 

average foot tapping score (r = 0.4, P < 0.001). UMN burden score 

significantly correlated with (D) average finger tapping score (r = -0.4, P < 

0.001) and (E) average foot tapping score (r = -0.4, P < 0.001). 

Supplementary 

Figure 4 

Clinical measures of all ALS patients at T0, T4, and T8. Data is represented 

as the mean  95% confidence interval at each timepoint. 

Supplementary 

Figure 5 

Associations between texture of the precentral and the posterior limb of the 

internal capsule (PLIC) and clinical measures in ALS patients. Significant 

correlations (P < 0.05) were found between autocorrelation of the precentral 

gyrus and average finger tapping score (C, r = 0.3). Autocorrelation of the 

PLIC correlated significantly with UMN burden score (F, r = 0.2).  
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Chapter 1 Amyotrophic Lateral Sclerosis 

 French neurologist Jean-Martin Charcot coined the term “sclérose latérale 

amyotrophique” (amyotrophic lateral sclerosis) in the 1860s and 1870s in a series of clinical-

pathological correlation studies.1 Charcot noted that some of his patients exhibited signs of 

muscle atrophy and spasticity. At autopsy, he observed atrophy of the cranial and spinal nerve 

roots and degeneration of the lateral spinal cord columns in these patients. By viewing the 

patients’ clinical presentation in light of their post-mortem findings, he associated muscular 

atrophy (amyotrophy) to pathology in the cranial and spinal nerves and spasticity to sclerosis in 

the lateral columns of the spinal cord (lateral sclerosis). Although the division of the motor 

system into upper and lower motor neurons (UMN and LMN) had not yet been made in the 

literature, Charcot effectively recognized ALS as a disease of UMN (spasticity) and concomitant 

LMN (muscle atrophy) dysfunction.1 

 The contemporary understanding of ALS has greatly evolved since its initial 

characterization as a motor neuron disease (MND). Approximately 15% of ALS patients present 

with clinical FTD and upwards of 40% of patients have signs of cognitive impairment on 

detailed examination.2 The disease is thought to be stochastic and focal at onset and its clinical 

progression is underscored by progressive involvement of contiguous body regions.3 

Pathologically, ALS is defined as a transactive response DNA-binding protein 43 (TDP-43) 

proteinopathy in an overwhelming majority of its cases.4, 5 Several genetic causes have now been 

identified including mutations in superoxide dismutase 1 (SOD1), transactive response DNA-

binding protein (TARDBP), fused in sarcoma (FUS), and chromosome 9 open reading frame 72 
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(C9ORF72) genes.6 In this introductory chapter, an overview of ALS pertaining to its 

epidemiology, pathophysiology, and clinical presentation and management will be provided. 

Epidemiology 

The annual incidence rates of ALS in adults from high-quality, prospective European 

population-based registries are established between 2 – 3/100,000 person years.7, 8 Canadian 

population-based studies have reported rates between 1.6 – 2.4/100,000 person years.9 

Substantially higher rates are reported from certain parts of the world, such as the Faroe Islands, 

which may represent a genetic founder effect and homogenous populations.10, 11 The incidence of 

ALS is higher in males than in females by a factor of 1.1 – 1.5, and it is primarily driven by a 

higher incidence of spinal onset ALS in males.7, 8 Across the globe, the mean age of onset for 

ALS is around 62 years, however, disparities exist between studies due to true variations or 

differences in study design.10 For example, in a clinic-based prospective cohort study from 

China, the mean age of symptom onset was 50 years.12 Incident rates increase with age 

irrespective of gender and reach their peak between the sixth and seventh decade of life.8, 10 To 

put this in perspective, the incidence rates of Parkinson’s disease, which is the second most 

common neurodegenerative disorder, are between 8 – 18/100,000 person years.13 The prevalence 

rates of ALS range between 4 – 8/100,000 person years depending on the study.10 

Recent studies suggest that ancestral origin may play a role in the non-uniform world-

wide distribution of ALS. Genetic factors, such as the founder effect, may influence disease 

phenotype at the population-level and increase incidence rates in genetically isolated or 

homogenous populations. This is evident in the Sardinian and Finnish populations where founder 

mutations in the TARDBP and the C9ORF72 genes, respectively, are responsible for one-third of 

all ALS cases and increased rates of comorbid clinical FTD.14-16 In Cuba, persons with equal 
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parts European and African ancestral backgrounds had lower rates of mortality from ALS than 

did persons of primarily either European or African ancestries.17 In the United States, self-

reported ethnic minorities had lower risks of ALS and ALS-linked mortality than white 

participants, even after adjusting for socioeconomic status and type of health insurance, 

suggesting a true race-based difference in the risk of ALS.18 These studies point towards 

underlying genetic or environmental risk factors for ALS that may be prevalent in certain 

populations. 

Etiology and pathophysiology 

Genetic causes 

The first causative factor for ALS was identified with the discovery of mutations in 

SOD1 in individuals with a family history of ALS (familial ALS).19 It has since become evident 

that even in sporadic cases, genetic variations are present in the established genes known to 

cause familial ALS.20 Studies have proposed an oligogenic etiology of ALS with mutations in 

two or more established genes in certain cases.21 Furthermore, ALS is increasingly recognized as 

a disease with complex underlying genetics associated with a polygenic rare variant architecture 

that governs its onset and phenotypic variability.22 Notwithstanding, there are several key genes 

implicated in the genetic etiology of ALS that account for half of all familial cases and 5% of 

sporadic cases.20 These include mutations in SOD1,19 TARDBP,23 FUS,24, 25 and C9ORF7214, 26 

genes. 

SOD1. Most mutations in SOD1 in ALS follow an autosomal dominant pattern of 

inheritance;19 however, a recessive form also exists in Scandinavian populations.27 Mutant SOD1 

is found in almost 20% of familial and 1% of sporadic ALS cases.20 Higher rates of SOD1 
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mutations are observed in Asian countries compared to European countries. Considerable 

phenotypic variability exists between different types of SOD1 mutations. The A4V mutation, 

which is a missense mutation on codon 4, causes an aggressive form of the disease with limited 

UMN involvement and leads to death typically within a year of symptom onset.28 In contrast, the 

D90A mutation is associated with particularly prominent UMN involvement and survival close 

to 10 years.27 SOD1 mutations are not known to cause cognitive or behavioural impairments in 

ALS. 

TARDBP. Pathological TDP-43 was discovered to be a major component of the hallmark 

ubiquitin-positive neuronal inclusions in a majority of ALS and FTD cases.4, 5 These findings led 

to the discovery of mutations in the TARDBP gene, which encodes for TDP-43, that follow an 

autosomal dominant inheritance pattern in familial ALS.23 Despite the high prevalence of TDP-

43-positive inclusions in ALS, mutations in the TARDBP gene account for less than 5% of 

familial and 1% of sporadic cases.20 Phenotypically, mutations in TARDBP are associated with 

increased rates of bulbar and cognitive involvement compared to SOD1 mutations.29 

FUS. FUS mutations, similar to TARDBP mutations, occur in less than 5% of familial 

and 1% of sporadic cases of ALS.20 FUS is also functionally similar to TDP-43 in that it 

regulates RNA metabolism.24, 25 The discovery of mutations in FUS further highlighted the role 

of altered RNA metabolism and processing in the pathogenesis of ALS.30 Neuropathological 

findings of ALS with FUS mutations are positive for FUS cytoplasmic inclusions, but they lack 

the hallmark TDP-43-positive inclusions.31 FUS mutations typically cause an aggressive form of 

ALS with a younger age of onset and shorter survival.29 

C9ORF72. Genetic linkage studies32, 33 and subsequent large-scale genome-wide 

association studies15, 34 identified a gene on chromosome 9p21 that was mutated in sporadic and 
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familial cases of ALS and FTD. This mutation was later identified as a pathogenic repeat 

expansion of the hexanucleotide GGGGCC in the non-coding region of C9ORF72.26 This gene 

defect accounts for upwards of 40% of familial and almost 10% of sporadic ALS cases in certain 

European populations.35  Additionally, the mutant C9ORF72 repeat expansion also genetically 

links ALS and FTD with more than 50% of familial and almost 20% of sporadic ALS-FTD cases 

carrying the pathogenic mutation.36 The pathogenic hexanucleotide expansion in C9ORF72 

follows an autosomal dominant inheritance pattern and is thought to drive neurodegeneration  

through toxic gain of function mechanisms.37 Population-based studies suggest that ALS with the 

C9ORF72 mutation exhibits a phenotype characterized by younger age of onset, presence of 

cognitive and behavioural impairment, and reduced survival.38 

Despite these advances in our understanding of the genetic causes of ALS, the etiology of 

more than 80% of sporadic cases, which constitute 95% of all ALS cases,39 is not known (Figure 

1).  There is, however, a likely misclassification of some true familial ALS cases as sporadic due 

to factors such as low disease penetrance, small family sizes, and misdiagnosis.40 Furthermore, 

as ALS continues to be regarded as a member of a disease spectrum rather than a singular entity, 

2% 1% 1%

7%
5%

84%

Causes of sporadic ALS

SOD1

TARDBP

FUS

C9ORF72

Other genes

Unknown

12%
4%

4%

40%

5%

35%

Causes of familial ALS

SOD1

TARDBP

FUS

C9ORF72
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Figure 1: Genes known to carry causative ALS mutations. Values represent percentages of ALS explain by each gene 

in European populations. Taken from Renton AE, Chiò A, Traynor BJ. State of play in amyotrophic lateral sclerosis 

genetics. Nature neuroscience. 2014 Jan;17(1):17. 
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the definition of familial ALS must also evolve to include related disorders such as FTD and 

other MNDs. 

Environmental risk factors 

 External exposures have been studied as potential risk factors for ALS based on clinical 

observations and anecdotal lines of evidence. It has been reported that individuals who develop 

ALS have a lower body mass index and a greater proclivity to have participated in varsity-level 

sports prior to disease onset.41, 42 This feature is not observed in individuals who develop other 

neurological disorders. Further support is provided by studies that demonstrate a negative 

association between pre-diagnostic body fat and ALS mortality.43 Studies have not, however, 

found a dose-response relationship between levels of physical activity and risk of ALS.44 Instead, 

ALS patients had increased levels of leisure time physical activity than controls. These findings 

point to an increased risk of ALS associated with genetic predispositions or lifestyles that 

promote physical activity rather than with levels of physical activity. However, this has not yet 

been replicated in other studies.45 

 Evidence-based analysis suggests that smoking can be considered an establish risk factor 

for sporadic ALS.46 Prospective population-based studies also provide evidence for a dose-

response relationship between the number of years spent smoking with the risk of ALS.47 

Interestingly, the association between smoking and increased risk of ALS is largely found in 

females.48 This suggests that lifestyle risk factors may interact with biological factors to establish 

the final risk of ALS. 

 Exposure to chemicals and heavy metals have also been investigated as risk factors for 

ALS. Studies have suggested exposure to lead and pesticides leads to increased risk of ALS.49, 50 
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Environmental exposure to a neurotoxin called -N-methylamino-L-alanine (BMAA) has also 

been studied as a potential risk factor for ALS.51 Studies have linked dietary exposure to BMAA 

in certain clusters of ALS patients in Europe.52 Initial evidence for the risk of ALS from BMAA 

exposure was based on the high incidence rates of a rare ALS variant in Guam where there were 

high levels of dietary BMAA.53 However, definitive epidemiological evidence to establish a risk 

of ALS due to BMAA consumption is currently lacking. 

 A gene-time-environment model of neurodegeneration has been proposed for ALS.54 The 

model speculates that the genetic burden for the risk of ALS is established at birth and its onset is 

mitigated by interactions between time (age) and lifetime exposure to environmental factors. 

Within the model, it is possible that certain genetic profiles are sensitive to particular 

environmental exposures.54 However, more studies are needed to further elucidate these 

relationships.  

Pathophysiology 

 The pathophysiology of ALS is complex and closely linked to causative and risk-

conferring genetic variations.55 With the discovery of mutations in TARDBP, FUS, and 

C9ORF72 genes, however, it is clear that certain mechanisms, such as aberrant RNA biology, 

transect multiple pathogenic pathways and play a central role in the overall disease. Regardless 

of the underlying mechanisms, the end result in the pathogenesis of ALS is the degeneration of 

motor neurons and disruption of extra-motor neural networks.56 The mechanisms that confer a 

selective vulnerability to pyramidal motor neurons and disease-resistance to ocular motor 

neurons are the subject of investigation.57 One hypothesis explaining this phenomenon is that 

ALS is a disease of the neocortex with subsequent susceptibility to descending corticofugal 

pathways.58, 59 Nevertheless, findings from basic studies have contributed to the understanding of 
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the cellular biology of ALS. Several major themes in the pathophysiology of ALS have emerged 

that will be reviewed here. 

 Glutamate excitotoxicity. A well-established and one of the earliest proposed 

mechanisms underlying ALS is glutamate excitotoxicity. Glutamate is the primary excitatory 

neurotransmitter in the central nervous system, and its altered metabolism has widespread 

implications in neurodegeneration.60 Glutamate-mediated excitotoxicity in ALS occurs when 

abnormally high levels of glutamate in the synapse induce repetitive neuronal firing causing an 

excessive influx of calcium leading to neuronal death.61 Initial in vivo evidence for this 

mechanism in ALS came from a study measuring excitatory neurotransmitter levels from the 

cerebrospinal fluid (CSF) in patients.62  Patients were found to have an almost threefold increase 

in the CSF concentration of glutamate compared to controls. This finding was replicated in a 

larger study of almost 400 ALS patients that also showed higher CSF glutamate concentrations 

compared to controls and patients with other neurological disorders.63 In vivo measurements of 

glutamate and glutamine (an important precursor for glutamate) with magnetic resonance 

spectroscopy (MRS) also show elevated levels in motor regions in the brain.64, 65 These measures 

correlate with decreased motor function and clinical UMN dysfunction. 

 Astrocytes, which are a type of glial cells, play an important regulatory role by their 

uptake of excess glutamate from the synaptic cleft via the excitatory amino acid transporter-2 

(EAAT2) to prevent repetitive firing of the postsynaptic neuron.61 EAAT2 protein levels are 

markedly reduced in post-mortem motor cortex and spinal cord tissue from ALS patients.66 

Decreased levels of EAAT2 in mice causes elevated extracellular glutamate levels and neuron 

death.67 Furthermore, in the SOD1G93A transgenic mouse model, reduction of EAAT2 expression 

occurs pre-symptomatically68 and its overexpression can delay the onset of motor symptoms.69 
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These studies suggest that glutamate excitotoxicity in ALS is mediated by dysfunctional or loss 

of EAAT2 from astrocytes. 

 Non-cell autonomous mechanisms. The important role of glial cells is highlighted in the 

pathogenesis of ALS by studies of microglia, which mediate neuroinflammatory responses, and 

oligodendrocytes, which are responsible for myelinating axons in the central nervous system. In 

an ALS mouse model, it was demonstrated that by selectively silencing a mutant SOD1 gene in 

microglia, survival is increased.70 This was further corroborated by another study that showed 

prolonged disease duration and survival in SOD1 mutant mice that received microglia from wild-

type mice.71 In humans, post-mortem evidence of activated microglia is associated with clinical 

symptoms of UMN dysfunction72 and executive function impairments.73 Furthermore, a study 

using positron emission tomography (PET) imaging showed first in vivo evidence of widespread 

cerebral microglial activation in patients with ALS.74 Increased microglia activation in the motor 

cortex was also linked to increased clinical UMN burden. These studies suggest that microglia 

are a major contributor to disease progression and are potential targets for future therapies.75 

Oligodendrocytes are vital glial cells that provide structural and functional support to 

neurons. Oligodendrocytes metabolically support axons by supplying them with lactate, which is 

an essential metabolic substrate for axons, through monocarboxylate transporter 1 (MCT1).76 In 

patients with ALS, MCT1 expression in the motor cortex is reduced by more than 50%.76 

Furthermore, patches of demyelination are observed in the motor cortex and in the anterior horn 

gray matter in the spinal cord of ALS patients that is further suggestive of oligodendrocyte 

dysfunction.77 Oligodendrocyte dysfunction is considered an early event in the pathogenesis of 

ALS as morphological changes occur prior to disease onset in mouse models.77, 78 Furthermore, 

selectively removing mutant SOD1 from oligodendrocytes delays disease onset and prolongs 
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survival.77 Knocking down SOD1 from oligodendrocytes in sporadic and familial cases of ALS 

also greatly improves survival of motor neurons. This finding is not observed in cases of 

C9ORF72 mutations, which highlights the importance of patient subgroups in trials involving 

targeted oligodendrocyte therapies.79  

Dysfunctional protein homeostasis. Several lines of evidence suggest that ALS is a 

disease involving aberrant protein homeostasis. From a neuropathological view, the disease is 

hallmarked by abnormal cytoplasmic protein aggregates in neuronal and glial cells in the central 

nervous system.80 These aggregates are immunoreactive for ubiquitin81 and ubiquitin-binding 

protein p62.82 Ubiquitin and p62 are key players in the cellular ubiquitin-proteasome system that 

is responsible for the selective degradation of misfolded, damaged, or otherwise abnormal 

proteins in all eukaryotic cells.83 Their presence in proteinaceous aggregates signals a failure of 

cellular protein turnover that can be a cause or a result in neurodegenerative diseases.84 TDP-43, 

which is localized primarily in the nucleus under normal conditions, is the main component of 

ubiquitinated cytoplasmic inclusions in ALS.4, 5 The ubiquitination of mislocalized TDP-43 is 

thought to be a late event that overburdens the ubiquitin-proteasome system leading to a 

dysfunction of protein degradation pathways.85 Several mutations in sequestosome 186 and 

ubiquilin 287 genes have also been identified in cases of sporadic and familial ALS that further 

suggest the involvement of aberrant protein degradation pathways in the pathogenesis of ALS. 

Additionally, though the function of the C9ORF72 protein in humans is still poorly understood, 

it has recently been shown to be involved in the regulation of autophagy pathways as an effector 

protein in experimental systems.88, 89 

Altered RNA biology. The role of RNA biology in the pathogenesis of ALS was 

highlighted with the discovery of ubiquitinated TDP-43 in cytoplasmic aggregates in neurons 
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and glial cells in a vast majority of ALS cases.4, 5 Soon after, mutations in the genes encoding for 

TDP-43 and FUS were identified as causal factors of ALS, which suggested that abnormalities in 

these proteins can cause neurodegeneration.23-25 TDP-43 is a DNA/RNA binding protein that is 

structurally and functionally analogous to the heterogenous ribonucleoprotein (hnRNP) family of 

proteins.90 It plays a role in stabilizing the mRNA of low molecular weight neurofilament (NFL) 

protein,91 which also forms aggregates in ALS and is a neuropathological feature.92 Reductions 

in NFL mRNA levels are observed in patients that are thought to be related to alterations in 

TDP-43.91, 93, 94 Similar to TDP-43, FUS has an N-terminal RNA-recognition motif and a C-

terminal region where ALS-linked mutations localize almost exclusively.30 TDP-43 and FUS 

bind to thousands of RNA targets in neurons95-97 and dysfunction in these proteins could have 

wide-ranging deleterious effects in normal neuronal function. Indeed, depletion of TDP-43 and 

FUS results in altered splicing of hundreds of pre-mRNAs, some of which are implicated in ALS 

and FTD. Mutations in these RNA-binding proteins can cause motor neuron death due to 

aberrant RNA splicing in the absence of protein aggregation98 and malfunctioning glial cells.99 

Conversely, toxic gain-of-function mechanisms have also been proposed as a cause for neuronal 

degeneration. In mice, overexpression of exogenous FUS with impaired nuclear import resulted 

in an ALS-like phenotype.100 This occurred in the absence of dysfunction of endogenous nuclear 

FUS and indicates that mislocalization and aggregation of the protein can result in the disease 

phenotype. Furthermore, reduced levels of ataxin-2, which is also an RNA-binding protein 

associated with an increased risk of ALS,101 in TARDBP transgenic mice decreases aggregation 

of TDP-43, increases survival, and improves motor function.102 As such, mitigating gain-of-

function mechanisms of TDP-43 in ALS might provide an effective therapeutic strategy. 
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Pathogenic mechanisms of the C9ORF72 mutation. Mutations in the C9ORF72 gene 

account for a majority of the known genetic causes of ALS and ALS-FTD.6  The mutation is a 

repeat expansion of the hexanucleotide GGGGCC in a non-coding region of the gene.14, 26 

Healthy individuals carry less than 25 repeats of the hexanucleotide, whereas pathogenic repeats 

are in the order of 50 or more repeats.14, 26, 103 Though the normal function of the C9ORF72 

protein in humans is not yet fully understood, three main pathological mechanisms of mutant 

C9ORF72 have been studied in the context of ALS-FTD: loss of function, gain of toxic 

functions, and faulty nucleocytoplasmic transport. Mice with C9ORF72 knockdown do not 

undergo motor neuron degeneration or show evidence of classic ALS pathological features.104 

Additionally, reduced C9ORF72 RNA levels in mice do not cause motor or behavioural deficits 

reminiscent of ALS-FTD.105 These findings raise the possibility that defects in C9ORF72 

mediate pathology through gain of toxic function mechanisms rather than loss of functions. 

GGGGCC RNA repeats are known to accumulate in the nucleus of cells of the central nervous 

system in carriers of C9ORF72 mutations.26, 105 These RNA foci sequester RNA-binding 

proteins, such as those from the hnRNP family, in many neurodegenerative disorders and cause 

alterations RNA splicing.106 In ALS-FTD, hnRNP A3 binds to the GGGGCC repeats and is 

thought to disrupt C9ORF72 pre-mRNA transport between the nucleus and cytoplasm.107 This 

implies a toxic gain of function mechanism whereby expanded repeats reduce levels of proteins 

vital to RNA metabolism in neuronal cells. Recent lines of converging evidence also suggest that 

aberrant nucleocytoplasmic trafficking is the final pathway in C9ORF72 mutations. Evidence 

from flies,108, 109 mice,110 yeast,111 and human induced pluripotent stem cells108, 109 models 

demonstrate that GGGGCC repeats interact and sequester proteins directly involved 
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nucleocytoplasmic transport. Moreover, rescuing levels of the affected proteins ameliorates 

neuronal toxicity, therefore, providing a possible therapeutic approach. 

It is clear that the pathogenesis of ALS is multifaceted involving various genetic 

influences, cellular pathways, and environmental variables. The culmination of the pathogenic 

mechanisms is the degeneration of UMNs, primarily the corticospinal and corticobulbar tracts, 

and LMNs in disease-specific cranial nerve nuclei and in the anterior horn of the spinal cord. The 

disease is believed to propagate in the brain through axonal pathways via “prion-like” 

mechanisms, a feature common to several neurodegenerative diseases.112 These biological 

complexities result in vast clinical phenotypic heterogeneity with respect to the degree of UMN 

versus LMN involvement, cognitive and behavioural dysfunction, and neuropathological 

findings. 

Clinical presentation and management 

Motor symptoms at presentation 

 Onset based on body region. Approximately two-thirds of all patients present with limb 

onset ALS. The most common presenting symptom is progressive muscle weakness in an arm or 

leg.113 This can be associated with fasciculations and muscle cramps in the affected limb at 

onset.113 There is a relative concordance between handedness and the laterality of the site of 

onset in the arms.114 In ALS with onset in the upper limbs, 64% patients report first symptoms in 

their dominant limb. Bulbar onset ALS is evident in about 30% of all patients where weakness or 

dysfunction begins in the muscles required for speech articulation, mastication, or swallowing.7 

These patients present with symptoms of dysarthria (for example, slurred speech and hoarse 
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voice) and dysphagia (for example, difficulties with chewing and swallowing). Less than 5% of 

incident ALS cases have a respiratory onset that is characterized by shortness of breath.7 

 Site of symptom onset is influenced by genetic factors. Patients with SOD1 mutations 

rarely present with bulbar onset ALS,115, 116 whereas patients with C9ORF72 mutations have the 

highest rates of bulbar onset ALS.117 TARDBP and SOD1 mutations have near identical limb to 

bulbar onset ALS ratios; however, TARDBP mutations are associated with symptom onset in the 

upper limbs, whereas the SOD1 mutations are associated with symptom onset in the lower 

limbs.29, 118 Patients with FUS mutations have varied sites of onset consistent with sporadic 

ALS.29 These observations are in contrast with the hypothesis that the site of symptom onset is a 

stochastic process in ALS.3  

 Motor neuron level involvement in ALS. In humans, a majority of the UMNs originate 

from the primary motor cortex (precentral gyrus) and the premotor areas in the cortex and their 

projecting axons form the descending corticospinal and corticobulbar tracts (Figure 2). Other 

fibers originate from the parietal areas including the sensory cortex. Corticospinal tracts 

decussate in the lower medulla and provide input to alpha motor neurons in the anterior horn of 

the spinal cord. Corticobulbar tracts project to the cranial nerve motor nuclei in the brainstem. 

LMNs cell bodies are located in the brainstem and anterior horn of the spinal cord and their 

axons directly innervate muscle fibers (Figure 2). In the brainstem, LMNs send out their axons 

via cranial nerves, whereas in the spinal cord, LMNs called alpha motor neurons send out their 

axons via the spinal nerves. Diagnosis of ALS requires the presence of signs of both UMN and 

LMN degeneration.119 UMN signs include hyperreflexia, spasticity, and loss of dexterity and 

LMN signs include hyporeflexia, muscle hypotonia, muscle atrophy, and fasciculations. Around 

20% of ALS patients present with a predominant UMN (p-UMN) phenotype.120 p-UMN ALS is 
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clinically characterized by severe UMN signs such as spastic paraparesis, spastic dysarthria, and 

the presence of pathological reflexes such as the Babinski and Hoffmann signs.121 Evidence of 

mild LMN signs typically begins in the distal upper limbs and later progress to involve proximal 

upper limbs, whereas LMN signs in the lower limbs are evident only in the later stages of the 

disease.120 Conversely, a subgroup of less than 20% of ALS patients presents with progressive 

LMN signs of weakness and muscle atrophy restricted to either upper or lower limbs for at least 
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12 months.7, 122 These variants are termed flail arm and leg syndromes, respectively, and 

predominantly involve proximal muscles of the upper limbs and distal muscles of lower limbs. 

Patients with LMN variants may exhibit hyperreflexia, but do not develop hypertonia in the 

affected limbs over the course of their disease.122 

 SOD1 mutations generally confer an LMN-dominant disease, whereas TARDBP 

mutations result in equal involvement of UMN and LMN dysfunction.29 ALS patients who carry 

Figure 2: Anatomy of the upper and lower motor neurons in 

the central nervous system. Taken from Brown RH, Al-

Chalabi A. Amyotrophic lateral sclerosis. New England 

Journal of Medicine. 2017 Jul 13;377(2):162-72. 
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C9ORF72 mutations display UMN and LMN dysfunctions similar to the typical characterization 

of ALS.117 

Diagnostic criteria, classification, and staging 

 The clinical motor presentation of ALS, as briefly outlined above, is widely heterogenic. 

This variability has implications for research study designs because clinical features of the 

disease are known to impact patient outcomes. Though the diagnosis of ALS in clinical practice 

is relatively clear in the presence of progressive signs of UMN and LMN degeneration, efforts 

are being made to further stratify the disease.123 The original El Escorial criteria was developed 

in 1994 to stratify patients by diagnostic certainty to aid enrollment in clinical trials.124 

According to the criteria, diagnostic certainty was defined by the extent of topographical 

distribution of UMN and LMN signs along four body regions: bulbar, cervical, thoracic, and 

lumbosacral. Diagnostic certainty was classified as suspected ALS, possible ALS, probable ALS, 

and definite ALS based on the number of body regions demonstrating motor neuron dysfunction 

on clinical evaluation.124 These criteria were revised to improve their diagnostic sensitivity.119 

The revision removed “suspected ALS” and added “laboratory-supported probable ALS” as a 

category. The latter was assigned to cases of possible ALS with documented LMN dysfunction 

on electromyography (EMG) studies (Table 1).  

The revised El Escorial criteria have remained the mainstay for defining the inclusion 

criteria for research studies and clinical trials because of their standardized nature.125, 126 These 

criteria do, however, have several weaknesses. Firstly, they do not address the heterogeneity in 

the patient population; for example, there is no distinction between UMN and LMN dominant 

disease, or between limb and bulbar onset ALS. As such, the levels of diagnostic certainty are 

poor prognostic indicators, with the exception of cases of definite ALS that demonstrate worse 
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survival in some studies.127 Secondly, cognitive dysfunction, which impacts around 50% of ALS 

patients,128 is not considered in these criteria. Though the presence or absence of cognitive 

dysfunction may not alter the formal diagnosis of ALS, it may have implications for patient 

stratification in clinical trials to optimize efficacy of novel therapeutics. Clinically, there also 

remains an average delay of one year from the onset of symptoms to diagnosis.129 The Awaji 

criteria for the diagnosis of ALS were proposed in 2008 in an attempt to mitigate to the delay in 

diagnosis and improve diagnostic sensitivity.130 These criteria advocate for the use of EMG in 

the diagnostic workup and equate electrophysiological evidence of LMN dysfunction to clinical 

findings of LMN involvement. Prospective studies have suggested that the Awaji criteria have 

higher diagnostic sensitivity than the El Escorial criteria and can potentially improve enrollment 

in clinical trials.131, 132 

Table 1: Revised El Escorial criteria for ALS. 

Possible ALS 

Laboratory-supported 

probable ALS Probable ALS Definite ALS 

• UMN and LMN signs in 

only one region, or  

• UMN signs alone in two 

or more regions 

• UMN and LMN signs in 

only one region, or  

• UMN signs alone in one 

region 

and 

• Electrophysiological 

evidence of LMN signs in 

at least two regions 

• UMN and LMN signs in at 

least two regions 

• UMN and LMN signs in 

three regions 

Staging systems have been proposed to quantify clinical disease progression. The King’s 

Clinical Staging System categorizes clinical milestones in the natural history of the disease into 

distinct stages (Table 2).133 The first three stages correspond to the incremental functional 

involvement of the four regions used in the El Escorial criteria and the last stage characterizes 

the need for intervention (gastrotomy or non-invasive ventilation). Contrary to the El Escorial 

criteria, however, involvement of a body region is marked by neurogenic weakness in that region 
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and not by the presence of signs of both UMN and LMN dysfunction. This staging system has 

predictable intra- and inter-stage transition times that make it suitable for use in clinical trials as 

an objective marker for disease progression.133, 134 Furthermore, recent studies show that 

cognitive and behavioural deficits increase with later disease stages in ALS.135 This suggests that 

cognitive and behavioural impairments should be an integral part of future staging systems. 

Table 2: King's staging system for ALS. 

Stage 1 Stage 2A Stage 2B Stage 3 Stage 4A Stage 4B 

• Symptom onset 

in one region 

• Diagnosis • Involvement of 

second region 

• Involvement of 

third region 

• Need for 

gastronomy 

• Need for 

respiratory 

support 

Spectrums of amyotrophic lateral sclerosis 

MND spectrum. As previously described, patients with ALS present with variable 

involvement of UMN and LMN dysfunction. At the extremes of the UMN and LMN continuum 

are primary lateral sclerosis (PLS) and progressive muscular atrophy (PMA). PLS is an adult-

onset MND that is characterized by the presence of only UMN findings on clinical exam; on the 

other end, PMA is characterized by the presence of only LMN findings (Figure 3).136 These 

extreme MND entities are rare and constitute to less than 10% of all cases.7 

 PLS typically presents in the fifth decade of life as slow progressing leg spasticity and 

weakness and spastic weakness of the bulbar muscles.137 Patients report stiffness and poor 

coordination as initial symptoms that is reflective of UMN dysfunction. PLS progresses slowly 

over time and reports indicate patients’ survival can extend beyond 10 years, which is markedly 

longer than in patients with ALS.138 A diagnosis of PLS can only be made after four years of 

restricted clinical UMN involvement as some patients who initially present with UMN 

dysfunction develop signs of LMN dysfunction between 3 – 4 years after symptom onset;139 
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however, some patients do develop LMN disease after four years.140 Reports at autopsy, albeit 

few, also show that a remarkable number of PLS patients have neuropathological evidence of 

LMN disease.140 These findings suggest that PLS is on the same disease spectrum as ALS with 

subclinical or very late LMN involvement. 

PMA is clinically diagnosed in the presence of LMN signs and symptoms in the absence 

of UMN dysfunction. A subset of patients can, however, develop UMN signs within two years of 

diagnosis.141 Furthermore, neuroimaging studies have provided evidence of subclinical 

corticospinal tract and extra-motor involvement in PMA.142 These observations suggest that 

PMA is on the same disease spectrum as ALS. This hypothesis is supported by 

neuropathological studies that demonstrate UMN degeneration in over 50% of PMA cases.143, 144  

 The main motivation to distinguish between these variants is their differences in 

prognosis. On average, patients with PLS live the longest, followed by patients with PMA and 

then ALS. This may indicate that biologically, the burden of concomitant UMN and LMN 

disease leads to the poor survival in ALS and isolated UMN or LMN dysfunctions cause less 

Figure 3: Spectrums of motor and extra-motor features in ALS. ALSbi = ALS with behavioural 

impairment; ALSci = ALS with cognitive impairment; PMA = primary muscular atrophy; PLS 

= primary lateral sclerosis; FTD = frontotemporal dementia. Taken from Swinnen B, 

Robberecht W. The phenotypic variability of amyotrophic lateral sclerosis. Nature Reviews 

Neurology. 2014 Nov;10(11):661-70. 
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severe forms of disease. Additionally, this spectrum raises the importance of identifying 

homogeneous patient populations for future studies and clinical trials. 

ALS-FTD spectrum. Approximately 10-15% of patients with ALS meet clinical criteria 

for FTD (ALS-FTD) (Figure 3).2, 128, 145 Mutations in C9ORF72 genetically reaffirm the ALS-

FTD disease spectrum as they account for a remarkable percentage of ALS, FTD, and ALS-FTD 

cases.6 A pathological link between ALS and FTD was established with the discovery of TDP-43 

as the major component of the characteristic inclusions in both ALS and FTD.4, 5 Clinically, FTD 

represents a range of dementias that are characterized by progressive impairments in behaviour, 

executive function, and language caused by frontotemporal lobar degeneration.146 Behavioural-

variant FTD is typified by behavioural disinhibition, apathy, loss of sympathy, and executive 

dysfunction147 and is the most common FTD variant associated with ALS-FTD.148 In large 

population-based studies, 50% of patients with ALS without clinical FTD are also found to have 

some degree of cognitive impairment on formal neuropsychological testing.2, 145 Behavioral 

dysfunction is observed in approximately 30% of patients,149 with apathy being the most 

common impairment.150 Comorbid cognitive dysfunctions in ALS, particularly deficits in 

executive function, are associated with worse motor function decline and survival.145, 151, 152 

Therefore, extra-motor impairments in ALS have significant implications for patient outcomes 

and play an important role in the pathogenesis of the disease. Owing to the pervasiveness, 

heterogeneity, and clinical implications of these extra-motor findings, criteria have been 

developed to characterise mild cognitive and behavioural impairments in ALS without clinical 

dementia.153  

Executive dysfunction is the most common cognitive impairment in ALS.2, 128 Executive 

functions are responsible for mental processes involving inhibitory control, working memory, 
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and cognitive flexibility.154 The most striking and consistent executive deficit in ALS is found in 

tests of verbal fluency.155 Verbal fluency tasks, such as asking participants to respond with words 

that begin with a certain letter in a limited period of time, assess cognitive flexibility associated 

with frontal regions of the brain.156 PET studies157, 158 and functional MRI (fMRI) studies159 have 

localized deficits in verbal fluency in ALS to abnormalities in the dorsolateral prefrontal cortex, 

premotor cortex, and medial prefrontal cortex. There is also increasing evidence of language 

impairment in ALS.155 In particular, it may be at least as prevalent as executive dysfunction in 

non-demented patients with ALS; however, executive dysfunction accounts for almost half of the 

variation in language composite test scores.160 This suggests that language impairments in ALS 

may be a consequence of executive dysfunction. Evidence from neuroimaging studies 

establishing the anatomical substrates of language impairments is currently lacking.  

Social cognition deficits are also being increasingly recognized in patients with ALS. In 

particular, patients exhibit impairments in facial emotion recognition and Theory of Mind.161 

Theory of Mind reflects an individual’s ability to infer the mental states of oneself and others and 

aids in the understanding of social behaviour. These impairments are associated with alterations 

in the long association fibers in the white matter, anterior cingulate gyrus, orbitomedial 

prefrontal cortex, and dorsolateral prefrontal cortex in patients with ALS.162-165 Similar to 

language impairments, however, current evidence suggests that deficits in social cognition are a 

function of executive dysfunction in ALS.166 Notwithstanding, impaired social cognition is a 

hallmark feature of behavioural-variant FTD and its prevalence in ALS along with executive 

dysfunction implicates a cognitive continuum between ALS and behavioural-variant FTD.155 

The high prevalence of cognitive and behavioural impairments in ALS prompted the 

development of the Edinburgh Cognitive and Behavioural ALS Screen (ECAS).167 ECAS is a 
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clinical screening tool used to identify the cognitive and behavioural impairment profile in 

patients without dementia. The cognitive screen assesses ALS-specific domains (executive 

function and fluency, language, and social cognition) and ALS non-specific domains (memory 

and visuospatial functions) using a series of written and verbal tests. The behavioural screen 

involves a caregiver interview to assess five behaviour domains: behavioural disinhibition, 

apathy, loss of sympathy, compulsive behaviours, and altered food preferences. When measured 

with ECAS, the most prevalent deficits occur in the language and executive functions domains in 

patients with ALS.167 Importantly, ECAS has been validated against formal neuropsychological 

evaluation as a screening tool with high sensitivity and specificity to characteristic impairments 

in ALS.168 

Clinical progression and survival 

Clinical progression. ALS is described as focal at onset with maximal UMN and LMN 

signs appearing in the initially involved body region.3 The symptoms then spread outwardly from 

the initial region to contiguous neuroanatomic regions. The phenotypic heterogeneity during the 

disease course is complicated by the differing anatomical features at the UMN and LMN levels: 

UMNs are organized somatotopically along the primary motor cortex mediolaterally over a small 

distance; whereas, LMNs are organized somatotopically along the spinal cord rostrocaudally 

over a larger distance. Furthermore, the spread is considered independent in the two motor 

neuron systems. At the UMN level, disease spreads to ipsilateral body regions followed by 

contralateral regions (Figure 3). Conversely, at the LMN level, disease preferentially spreads to 

the contralateral body region and subsequently to ipsilateral body regions that are further along 

the spinal cord.169-173 
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The progression and severity of ALS is most commonly quantified by the ALS 

Functional Rating Scale-Revised (ALSFRS-R).174 The ALSFRS-R is a series of questions that 

interrogates a patient’s status with respect to four functional domains: bulbar, fine motor, gross 

motor, and respiratory. It is measured out of a maximum score of 48 (12 questions with 4 points 

each) and its decline over the disease course follows a curvilinear trajectory.175 The rate of 

decline is influenced by genetics,176 age and site of onset,175, 177 and motor neuron level 

involvement.121 Some MRI studies demonstrate that the ALSFRS-R score correlates with 

changes in the corticospinal tract,178 whereas other studies have not found this association.179 

This inconsistency is in part due to the insensitivity of the ALSFRS-R to UMN dysfunction. 

Survival and prognostic factors. ALS is largely defined by poor survival rates. The 

median survival from the time of diagnosis is approximately two years and death typically occurs 

between 1 – 4 years; survival rates are 76% and 23% one and five years after diagnosis, 

respectively.45 Only 12% of patients survive for longer than a decade. The end stage of ALS is 

punctuated by weakness in respiratory muscles that causes difficulty with breathing,180 and the 

most common cause of death is respiratory failure.180, 181  

Several prognostic factors for decreased survival in ALS have been identified.127 Older 

age and bulbar onset are most commonly associated with worse survival in population-based 

studies. Respiratory function is clinically very relevant for patient care and is also a good 

prognostic indicator. Forced vital capacity (FVC), a surrogate marker of respiratory status, 

measured at diagnosis strongly predicts survival even after adjusting for age and site of onset in 

clinical populations.182, 183 The rate of disease progression measured at presentation is also 

significantly associated to patients’ prognosis.184 It is defined as the decline in the ALSFRS-R 

score at diagnosis since the onset of symptoms [(patient ALSFRS-R score – 48)/symptom 
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duration]. The rate of disease progression at presentation is typically around 0.6 points per 

month; at longitudinal follow-up, the ALSFRS-R declines at an average rate of 1 point per month 

in large clinical trials.185, 186 The presence of comorbid cognitive and behavioural dysfunction has 

also been the subject of investigation for its impact on survival in ALS. Interestingly, it has been 

found that executive dysfunction, in particular, is predictive of poor survival.152, 187 Behavioral 

impairments are also found to be associated with poor survival.187, 188 Not surprisingly, the 

presence of clinical dementia in the form of FTD also confers a worse survival in ALS. These 

findings suggest that an overall increased pathological burden in the brain is responsible for the 

poor outcomes in ALS. Genetic influences also contribute to altered survival in ALS. Patients 

with mutated C9ORF72 have shorter survival than patients without the mutated gene.38 The A4V 

mutation in the SOD1 gene confers a particularly aggressive form of the disease that is thought to 

be because of LMN involvement.28, 189 In contrast, the D90V mutation in SOD1 leads to an 

indolent form of ALS with a protracted survival of longer than 10 years.27 

Clinical management 

 Despite the recent advances in the understanding of ALS, there is no cure for the disease. 

The primary objective of clinical care remains management of symptoms and maintaining 

quality of life in the face of worsening disability. Currently, only two drugs are approved for 

treating ALS: riluzole and edaravone. Several supportive interventions and therapies are offered 

to patients that revolve around nutritional support and preserving respiratory function.190  

 Riluzole. Riluzole was the first drug approved for the treatment of ALS. Randomized 

clinical trials show that riluzole increases survival by approximately three months.191 The 

mechanisms by which riluzole exerts its effects remain an area of study. One potential pathway 

is by inhibition of presynaptic release of glutamate via a reduction in calcium influx.192 Others 
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have proposed that riluzole promotes uptake of glutamate.193 These lines of evidence suggest that 

riluzole, at least in part, asserts its neuroprotective functions by reducing glutamate excitotoxicity 

in the central nervous system. In vivo evidence in humans for this hypothesis comes from MRS 

studies that show recovery in the levels of N-acetylespartate (NAA), a metabolic marker for 

neuronal integrity, three weeks after administration of riluzole in patients with ALS.194 

 Edaravone. Edaravone was approved for treating ALS in 2017 in the United States of 

America and in the following year in Canada.195 Initially, this drug was developed as an 

antioxidant, neuroprotective agent to reduce free radicals in the brain after an ischemic stroke.196 

Oxidative stress is a pathogenic theme in the mechanisms causing ALS and therefore, edaravone 

is thought to mitigative oxidative injury in vulnerable motor neurons. An early clinical trial has 

demonstrated a marginal reduction in the rate of decline in the ALSFRS-R score over 24 weeks 

compared to placebo groups.126 However, edaravone is not yet widely utilized in clinical practice 

due to several challenges.197 Particularly, edaravone is deemed efficacious in only a restricted 

subset of patients and the treatment regimen is very resource intensive requiring intravenous 

infusions for up to weeks every month. Furthermore, the impacts of this drug on survival are not 

yet known. 

 Multidisciplinary care. Specialized multidisciplinary care is recommended for patients 

with ALS by clinical practice guidelines.198, 199 In multidisciplinary clinics, patients receive care 

from physicians, physical therapists, dietitians, social workers, and nurses. Studies have shown 

that patients who attend multidisciplinary clinics have longer survival by up to 10 months when 

compared to patients who attend general neurological clinics.200, 201 These patients also have a 

higher proclivity to receive riluzole and other supportive treatments such as nutritional and 

respiratory support. It is important to note that patients who attend multidisciplinary clinics are 
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also typically younger than those who do not, potentially reflecting a bias in patient cohorts in 

survival analysis.200, 201 In a well-matched study, patients who attended multidisciplinary clinics 

were found to have better quality of life and mental health.202 

Nutritional support. Declining body weight at diagnosis and during follow-up is 

associated with worse survival in ALS.203 Energy metabolism balance is altered in patients with 

ALS due to reduced food intake caused by dysphagia and resting hypermetabolism.204 As such, 

nutritional support in the form of altered food consistencies and nutritional supplements are 

strongly recommended to maintain body weight.198, 205 Eventually, a percutaneous endoscopic 

gastronomy (PEG) may be needed to provide an alternate access to deliver nutrients in 

progressively worse swallowing dysfunction. Studies have demonstrated that patients using PEG 

have improved body weight profiles compared to patients who refuse the intervention.206 

Furthermore, improved survival by four months was also observed in these patients after six 

months of intervention. 

 Respiratory function preservation. Maintaining respiratory function is vital as most 

deaths in ALS occur due to respiratory dysfunction. Non-invasive ventilation (NIV) methods, 

such as continuous positive airway pressure (CPAP) and bilevel positive airway pressure 

(BiPAP) machines, are recommended in patients with less than 50% FVC.205  In a randomised 

control trial investigating the efficacy of NIV therapies compared to standard of care, NIV 

improved the survival of patients, particularly in patients with better bulbar function who 

experienced an extended median survival by 7 months.207 Additionally, use of NIV methods are 

recommended to improve the quality of life as patients report better sleep quality, improved 

energy and vitality, and decreased depression.205 Invasive methods of ventilation, such as 
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tracheostomy, are recommended if respiratory function is not maintained with NIV or if NIV is 

not tolerated. 

Histopathology 

Macroscopic pathology 

Typical cases of ALS do not have overt macroscopic changes in the brain on post-

mortem evaluation. In cases of ALS-FTD, mild to moderate cortical atrophy in the frontal and 

anterior temporal lobes can be appreciated reflecting the FTLD disease process.208 In cases of 

PLS, marked atrophy of the precentral gyrus is observed.209, 210 Differences in atrophy of the 

precentral gyrus between ALS and PLS are largely reflective of the longer disease duration in 

PLS. The spinal cord in ALS often displays atrophy, or thinning, of the anterior nerve roots that 

supply LMNs to skeletal muscles.80 In clinical practice, the thickness of the anterior nerve root 

can be assessed by comparing it with the thickness of the posterior nerve root, which is 

comprised of afferent sensory fibers and remains unaffected in ALS. No macroscopic 

abnormalities occur in the cerebellum in ALS.  

Microscopic pathology 

Microscopic pathology of the central nervous system is routinely evaluated by staining 

tissue sections (several micrometers thick) with chemicals that are sensitive to various cellular 

structures. Most commonly used chemicals are the hematoxylin and eosin (H&E) stain used to 

evaluate neurons and glia and the Luxol fast blue (LFB) stain used to evaluate myelinated 

structures. Immunohistochemistry (IHC) is used to selectively stain and identify proteins via the 

binding of antibodies to specific antigens. IHC staining can identify cell types and pathological 

protein inclusions. 
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Upper motor neuron pathology. The classic UMN pathology in ALS is characterized by 

loss of layer V pyramidal neurons, particularly Betz cells, in the primary motor cortex.211-213 Betz 

cells are large pyramidal UMNs that send their axons down the descending corticospinal and 

corticobulbar tracts. Other changes in the Betz cells include degeneration of dendrites, 

accumulation of lipofuscin, and reactive astrocytic gliosis around the cell soma.214, 215 Betz cells 

are identified on routine H&E stain and make up less than 10% of the pyramidal tract system.216 

As such, some studies have found no change in the overall number of neurons in the primary 

motor cortex, even in light of in vivo MRS evidence of neuronal loss and metabolic 

dysfunction.217  

Initial reports of reactive astrogliosis were associated with degenerating neurons in the 

primary motor cortex. Astrocytes react to various central nervous system injuries, such as 

ischemia, trauma, and inflammation, with changes in their morphology and in severe cases, with 

glial scar formation.218 In ALS, patchy reactive astrogliosis was first reported in layers II and III 

and occasionally in layers IV and V of the motor cortex when stained with glial fibrillary acidic 

protein (GFAP).219 In this study, neuronal loss was widespread in the motor cortex rather than 

limited to the scattered regions of astrogliosis. Increased reactivity to GFAP is also observed at 

the gray-white matter junction and in the subcortical region of the primary motor cortex in 

ALS.220, 221 

Pathology of the corticospinal tract in the white matter is marked by degeneration of 

myelinated axons. Myelin pallor, or decreased levels of myelin staining due to loss of myelinated 

axons, is observed along the length of the descending UMNs in the centrum semiovale, internal 

capsule, and spinal cord.72, 211, 222 Sections of the cervical cord often exhibit remarkable myelin 

pallor in the lateral descending corticospinal tracts. Activated microglia on CD68 stains are 
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observed in areas of degenerating corticospinal tracts.72, 223 Microglia phagocytose myelin debris 

from degenerating myelinated axons and therefore are expected to be present in areas of 

degenerating white matter.224 Microglia involvement is also implicated in the pathogenesis in 

ALS, and its degree at post-mortem is associated with clinical disease progression and UMN 

burden.72  

Lower motor neuron pathology. LMN pathology in ALS is evaluated from sections of the 

brainstem and the spinal cord. Neuronal cell loss in the hypoglossal nucleus of cranial nerve XII 

and nucleus ambiguus of cranial nerve X is regarded as a cardinal feature of ALS.211 These 

medullary nuclei contain LMNs that serve the motor functions of speech and swallowing. This is 

consistent with evidence of frequent clinical bulbar dysfunction in ALS on formal testing, even 

in cases with no bulbar symptoms.225, 226 Cranial nerves III, IV, and VI, which control muscles of 

eye movement, are rarely involved pathologically and this corroborates the sparring of eye 

movement function in ALS. Loss of alpha motor neurons in the anterior horns of the spinal cord 

is well-documented in ALS.222, 227, 228 On average, patients experience a loss of 10 – 90% of their 

LMNs with the greatest loss in the neuraxis level corresponding to the region of the onset.171 

Studies have also shown a strong association between the number of remaining alpha motor 

neurons and the corresponding body region’s remaining muscle fibers.229 This provides a direct 

relationship between LMN loss and muscle atrophy. Reactive astrogliosis is also evident in the 

anterior horns of the spinal cord at multiple levels.230 Activated microglia are present in the 

anterior horns and their degree of involvement is related to clinical disease progression.72, 231, 232 

Bunina bodies are considered a specific hallmark of LMN pathology in ALS.233 They are 

visualized on H&E staining as small, round inclusions in the cytoplasm and dendrites of 

neurons.234 Bunina bodies are frequently observed in the surviving LMNs in the brainstem and 
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the spinal cord.222 These inclusions, at least in part, are responsible for the clinical manifestations 

of LMN dysfunction since they are not observed in PLS cases.235 Furthermore, they maintain 

their specificity to LMN pathology even in long-duration ALS cases.236 Approximately 60% of 

PMA cases also show evidence of Bunina bodies in their surviving LMNs, whereas in ALS, 

greater than 80% of cases exhibit these inclusions.144, 222 

Proteinaceous inclusions. Ubiquitinated aggregates of aberrant proteins in inclusion 

bodies are a defining pathological feature of neurodegenerative diseases.237 Presence of 

ubiquitinated proteins in pathological inclusion bodies represents a failure of their metabolism 

and degradation pathways. Specific protein inclusions, along with their unique anatomical 

distribution in the central nervous system, are synonymous with certain diseases. For example, 

the presence of pathological alpha-Synuclein in substantia nigra is pathognomonic for 

Parkinson’s disease. 

In ALS, ubiquitin-positive inclusions in LMNs of the brainstem and spinal cord are 

detected with anti-ubiquitin antibodies in IHC analysis.238 Large autopsy studies have suggested 

that they are present in surviving LMNs in 100% of ALS cases.222 Ubiquitin pathology in UMN 

is less consistent; some studies have shown no ubiquitin-positive inclusions in the motor 

cortex,230 whereas others have demonstrated UMN ubiquitin pathology in less than 50% of 

cases.239, 240 In a vast majority of ALS cases, the pathological ubiquitinated protein in these 

cytoplasmic inclusions is TDP-43.4, 5 There is also a loss of normal nuclear TDP-43 staining and 

hyperphosphorylation of pathological cytoplasmic TDP-43. TDP-43 mislocalization from the 

nucleus to the cytoplasm is considered an early event in neurodegeneration.241 Evidence suggests 

that retention of nuclear TDP-43 staining in ALS is associated with a slower disease course.242 In 
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sporadic ALS, pathological TDP-43 immunoreactivity is observed in neuronal and glial 

cytoplasmic inclusions in both UMN and LMN systems.243 

Clinicopathological studies of TDP-43 pathology patterns have provided insight into their 

specificity to clinical phenotypes across the ALS-FTD spectrum. TDP-43 pathology can be used 

to differentiate between ALS and other neurodegenerative processes. In a study of behavioural-

variant FTD, ALS-FTD, Alzheimer’s disease, and neurologic controls, TDP-43 pathology in the 

hypoglossal nucleus identified ALS with a 98% accuracy.244 In contrast, the severity of TDP-43 

pathology in the anterior cingulate gyrus identified behavioural-variant FTD with a 99% 

accuracy. Furthermore, cases of behavioural-variant FTD with positive TDP-43 pathology in the 

hypoglossal nucleus are strongly associated with evidence of possible or probable ALS 

according to clinical criteria.245 TDP-43 pathology in the brain and spinal cord correlates with 

neuronal loss and is presumed to be the antecedent event.246, 247 Additionally, severity of 

neuronal involvement along the spinal cord neuraxis is strongly associated with site of clinical 

onset of disease in spinal ALS.  

 The genetic profile of patients with ALS substantially impacts their pathological 

features.248 In particular, the composition of proteinaceous inclusions in SOD1, FUS, and 

C9ORF72 mutants deviates from the pathology of sporadic ALS as described above. 

Pathological TDP-43 inclusions are remarkably absent in ALS with SOD1 mutations.249, 250 

Interestingly, however, hyaline inclusions with ubiquitin immunoreactivity are still present and 

considered a hallmark for SOD1 mutation pathology. These inclusions are thought to contain 

SOD1 and various chaperone proteins251, 252 and not generally found in sporadic ALS.253 

Furthermore, studies using antibodies that label misfolded SOD1 with specific conformational 

changes have identified misfolded SOD1 in intraneuronal inclusions in SOD1-linked familial 
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ALS, but not in sporadic ALS.254, 255 These findings, however, have been challenged by studies 

demonstrating misfolded SOD1 in sporadic ALS neurons and glia.256 A recent large-scale study 

of non-SOD1 and SOD1-linked familial ALS and sporadic ALS autopsy cases refuted these 

claims by showing evidence of misfolded SOD1 in SOD1-linked familial ALS, but not in other 

cases.257 This suggests that SOD1 misfolding may not be a critical component of sporadic ALS. 

ALS patients with FUS mutations also have marked absence of pathological TDP-43 

inclusions.258, 259 Instead, immunostaining for FUS demonstrates FUS-positive cytoplasmic 

inclusions in UMNs and LMNs.24, 25, 258, 259 Specific FUS mutations have been associated with 

disease severity and pathological patterns. Patients with P525L FUS mutations have an early-

onset, rapid disease course with numerous FUS-positive neuronal cytoplasmic inclusions, 

particularly in the primary motor cortex.260 In contrast, the R521C mutation has a more typical 

ALS phenotype, but with less frequent FUS-positive inclusions in the primary motor cortex and 

a preponderance of involvement basal ganglia structures. Recent studies have also shown that 

FUS-positive inclusions are present in surviving LMNs in sporadic ALS, non-SOD1 familial 

ALS, and ALS-FTD.261 Furthermore, FUS-positive inclusions co-localize with TDP-43, 

ubiquitin, and p62 immunoreactivities in sporadic and familial ALS, except for SOD1-linked 

familial ALS, which has a unique signal on IHC analysis including C9ORF72-positive 

inclusions.261, 262 

 The neuropathology associated with C9ORF72 mutations is distinctive when compared 

with all other cases of ALS.263 With respect to TDP-43 pathology, C9ORF72 expansion mutation 

carriers are indistinguishable from sporadic ALS. They harbour ubiquitinated TDP-43 

cytoplasmic inclusions in neurons and glia in both UMN and LMN with concurrent neuronal loss 

in the respective regions.35, 264 These findings do not differ between C9ORF72-linked ALS and 
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ALS-FTD cases.265 The defining pathological feature of this genetic mutation are ubiquitinated, 

p62-positive neuronal inclusions that are remarkably negative for TDP-43.35, 264, 266 These star-

shaped cytoplasmic inclusions are typically found in the pyramidal cells in the CA4 region of 

hippocampus and in the Purkinje cells of cerebellum. These inclusions contain pathological 

dipeptide-repeat proteins encoded from the C9ORF72 expanded genes.267 The role of these 

proteins in the pathogenesis and clinical expression of the disease is subject of ongoing 

investigations.268 

Extra-motor pathology. Progressive degeneration of both UMN and LMN systems is the 

primary pathological feature of ALS. However, accumulating evidence supports the view that 

pathologically, similar to its clinical expression, ALS is a multisystem disease that affects extra-

motor regions. Central to neuropathological evaluation in sporadic ALS, ubiquitin IHC analysis 

reveals cytoplasmic inclusions in the non-motor frontal areas, temporal lobe, and the subcortical 

gray matter structures of the brain.222, 269 The severity of the extra-motor ubiquitin pathology is 

worse in ALS-FTD disease.269 Systemic studies of TDP-43 pathology in sporadic ALS also 

reveal a multisystem pattern of involvement.270 The motor system is most frequently affected, 

followed by involvement of the basal ganglia, thalamus, cingulate gyrus, frontal lobe, temporal 

lobe, hippocampus, and amygdala (Figure 4). Clinicopathological investigations suggest that 

extra-motor cortical and subcortical TDP-43 pathology is more prevalent in ALS-FTD compared 

to ALS without evidence of clinical dementia.243, 247, 271 The association of greater TDP-43 extra-

motor involvement in ALS-FTD also persists in C9ORF72-linked ALS and ALS-FTD cases.265 

Synaptic loss in the prefrontal cortex is associated with TDP-43 pathology and considered a 

substrate of cognitive decline in ALS.56 Executive dysfunction, the most common form of 

cognitive impairment in ALS, is also associated with greater TDP-43 pathology in the middle 
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frontal gyrus.73 Interestingly, severe striatal TDP-43 pathology is a consistent feature of 

C9ORF72-linked disease.264, 272, 273 However, striatal pathology rarely manifests clinically in 

ALS. Cluster analysis reveals that greater TDP-43 pathology, both in terms of extent and 

severity, is associated with cognitive impairment.272 

Pathological staging 

 Propagation of pathology in characteristic spatial patterns is a hallmark of 

neurodegenerative diseases.112 In ALS, a stereotypical spread of pathological TDP-43 across 

regions of the brain in discrete stages has been proposed to reconcile motor and extra-motor 

pathology.274 Each increasing stage is demarcated by the presence of abnormal intraneuronal 

TDP-43 in unique regions in addition to the pathology in the preceding stages. In the brain, TDP-

43 pathology is thought to spread sequentially through four neuropathological stages. Stage 1 is 

Figure 4: Frequency and heat map of the deposition of 

abnormal TDP-43 in the brain in ALS. Taken from 

Geser F, Brandmeir NJ, Kwong LK, Martinez-Lage 

M, Elman L, McCluskey L, Xie SX, Lee VM, 

Trojanowski JQ. Evidence of multisystem disorder in 

whole-brain map of pathological TDP-43 in 

amyotrophic lateral sclerosis. Archives of neurology. 

2008 May 1;65(5):636-41. 
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characterized by the presence of phosphorylated TDP-43 in the cytoplasm of projection neurons 

in the motor cortex (Betz cells), motor neurons of cranial nerves V, VII, and X – XII, and in 

alpha motor neurons of the anterior horn of the spinal cord. Stage 2 is primarily characterized by 

the involvement of precerebellar brainstem nuclei including the inferior olive, medullary 

reticular formation, and the red nucleus. Clinical motor dysfunction related to cerebellar 

pathology, however, is not observed in ALS. In stage 3, TDP-43 pathology extends to prefrontal 

and temporal neocortical areas. Additional TDP-43 pathology is observed in the caudate, 

putamen, and ventral striatum at this stage. The final stage of TDP-43 is characterized by 

involvement of the hippocampal formation and nearby anteromedial temporal structures. 

 It should be noted that this pathological staging system was derived from an autopsy 

cohort of ALS patients, which by definition precludes a longitudinal analysis. The extent of the 

topographical distribution, and not the degree of TDP-43 pathology, was used to assign cases to 

a given stage. Additionally, increasing stages were not associated with disease duration in this 

study.274 Therefore, though this system offers preliminary evidence of a sequential pattern of 

pathological progression in ALS, it needs to be replicated and validated in future studies. 

Longitudinal data is further required to provide evidence for the in vivo propagation of the TDP-

43 pathology in ALS. 

 Spreading of TDP-43 pathology through these neuropathological stages is believed to 

occur via axonal pathways. Structures involved in stages 1 and 2 are connected by major 

descending tracts from the motor cortex including corticospinal, corticobulbar, and 

corticopontine tracts. Propagation to stage 3 can occur via association tracts connecting the 

precentral gyrus with prefrontal areas275 and the cortico-basal ganglia loop.276 Direct evidence 

for the dissemination of TDP-43 pathology from the motor to the frontal and temporal regions, 
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however, is currently lacking. Studies have aimed to recapitulate the neuropathological stages of 

TDP-43 spread in vivo by evaluating the white matter integrity of tracts that are hypothesized to 

be susceptible at the different stages: corticospinal tract (stage 1), corticorubral and 

corticopontine tracts (stage 2), corticostriatal tracts (stage 3), and perforant tract (stage 4).277, 278 

In cross-sectional analysis, progressively more significant differences between ALS patients and 

controls were found in the diffusion profiles of tracts corresponding to higher disease stages.277 

Additionally, longer disease duration correlated with the higher disease stages according to this 

in vivo imaging-based staging scheme. In a follow-up longitudinal study, 27% of ALS patients 

were observed to increase in their ALS stage as defined by this in vivo scheme; that is, diffusion 

abnormalities were sequentially observed in tracts associated with high disease stages over 

time.278 These studies suggest that patient-level TDP-43 pathology staging is feasible and 

sensitive to longitudinal progression; however, further work is required to validate their clinical 

significance. 
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Chapter 2 Magnetic Resonance Imaging in Amyotrophic Lateral 

Sclerosis 

 As discussed previously, ALS is a complex disease with no objective tests or measures to 

detect and monitor disease progression. There is an urgent need for markers that can be used in 

the clinical management of patients and also aid clinical trials to evaluate novel therapeutics. 

Various markers for ALS have been proposed, including “wet” biomarkers from blood and CSF 

of patients.279 MRI and its various modalities have emerged as leading candidates in providing 

markers for ALS because of their superior neuroanatomical specificity and sensitivity to unique 

disease processes. In particular, T1-weighted imaging and diffusion tensor imaging (DTI) are 

structural MRI techniques that have been widely applied in ALS in efforts to understand the 

pathogenesis of the disease and discover the much-needed markers. MRS and fMRI are other 

MRI modalities that have also made significant contributions. MRS studies have highlighted 

alterations in the metabolic profile of neurons and glia in ALS.280 fMRI studies have been 

particularly useful in providing the neuroanatomical basis of functional impairments in the motor 

and extra-motor domains in ALS.281 

The focus of the work here is on structural MRI and its application in ALS. Markers of 

structural damage can serve as objective measures of disease and its evolution over time, and 

they are ideal candidates for use in clinical trials. MRI-based measures have already proven to be 
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vital markers of pathology in Alzheimer’s disease282 and progress has been made towards 

markers for ALS.283 As such, this chapter will provide an overview of the findings on advanced 

MRI modalities in ALS, their phenotypic manifestations, and their longitudinal evolution. The 

basic principles of structural MRI and its analytical methods will be also presented to prime the 

reader for the forthcoming sections. Later, texture analysis as an MRI-based marker will be 

formally introduced alongside its current neurological applications in the literature.  

Basics of structural magnetic resonance imaging 

T1-weighted MRI 

T1-weighted MRI is most commonly used to study gray matter structures in the brain. 

This imaging technique provides a three-dimensional (3D) image reconstruction of the brain 

where various tissue classes (gray matter, white matter, and CSF) are identifiable based on their 

“contrast”, or voxel intensity. In T1-weighted images, the image contrast is such that CSF 

appears black, gray matter structures appears gray, and white matter appears lighter than gray 

matter (Figure 5). The contrast between tissue classes is a result of the biophysical properties of 

tissues (namely, their spin-lattice and spin-spin relaxation times) and the sensitization of 

acquisition protocols towards those properties.284 Consequently, in the presence of pathological 

processes in disease states, tissue properties vary that lead to alterations in their image intensities. 

Figure 1: T1-weighted (left) and T2-weighted (right) 

magnetic resonance imagines in a healthy person. 
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For example, tumours typically occur as darker regions in the brain on T1-weighted images; 

however, in T2-weighted images that are sensitized to fluid content, a tumour may appear bright 

due to edema in the surrounding tissue.  

In clinical practice, T1-weighted images are used to detect macroscopic structural 

abnormalities that are detectable to the human eye, such as tumours or severe atrophy. In 

research, due to the excellent contrast, T1-weighted images can be segmented into the various 

tissue classes and be used to assess gray matter structures by measuring cortical thickness, 

volume, and density. These measurements can be obtained manually by outlining a region of 

interest (ROI) that is in question for a study. There are a number of freely available software 

packages that can automatically segment structures of the brain from a T1-weighted image with 

sufficiently high resolution. The structures can then be quantified with measurements of surface 

area, shape, volume, or cortical thickness.285-287 This data is used to assess group-level 

differences and correlations with clinical tests and measures. In addition, automated pipelines 

exist that are capable of evaluating gray matter density differences between groups across the 

whole brain in a voxel-by-voxel manner. The most commonly used approach is called voxel-

based morphometry (VBM) that enables an unbiased, whole-brain evaluation of gray matter 

densities and regional atrophy from T1-weighted images.287 For example, a VBM study may find 

reduced gray matter density in the hippocampal region in patients with Alzheimer’s disease 

when compared to controls. Similarly, regional differences in cortical thickness can be evaluated 

at the group-level in whole-brain analysis.285 These methods are advantageous because they 

enable analysis of the whole brain without a priori hypotheses and can investigate the 

neuroanatomical correlates of clinical data obtained from the study participants. 

Diffusion tensor imaging 
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Even though T1-weighted images provide a contrast between gray and white matter 

structures, they are not suitable to analyze white matter structures using the aforementioned 

techniques. In normal anatomy, regions of white matter are composed of nerve fibers that form a 

complex network of pathways connecting different parts of the brain and the spinal cord. On T1-

weighted images, however, this detailed anatomy is not captured as white matter appears as 

homogenous tissue without anatomical variations. To enable analysis of white matter structures, 

neuroimaging studies most commonly use diffusion tensor imaging (DTI). DTI is an MRI 

technique that relies on the Brownian motion of water.288 In an unrestricted environment, water 

molecules can freely diffuse in any direction. In white matter, however, diffusion of water is 

restricted by the presence of fiber bundles and their microstructures.289 Thus, the displacement of 

water molecules in white matter is approximately elliptical in shape, with the greatest diffusion 

occurring along the direction of axons and restricted diffusion in the perpendicular direction due 

to barriers such as axonal membranes, myelin, and other microstructures. Alterations in the 

diffusion profile of water, for example, increased diffusion in the perpendicular direction, can 

therefore mirror pathogenic states, such as the breakdown of axonal membranes. A diffusion 

tensor model is then used to describe these diffusion properties of water within the tissue. This 

model is typically quantified into two summary measures in most neuroimaging studies: 

fractional anisotropy (FA) and mean diffusivity (MD). FA measures the strength of directionality 

in the diffusion of water, whereas MD measures the overall displacement of water due to 

diffusion. In white matter regions, FA is generally high due to preferential diffusion along the 

nerve fibers; in gray matter regions, FA is lower due to absence of organized structures 

restricting the diffusion of water. MD, however, is similar in both gray and white matter regions 

in the adult human brain. Damage to white matter regions typically results in a reduction in FA 
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and an increase in MD. The pattern of alterations in the DTI metrics can sometimes reveal 

additional information regarding the characteristics of degenerative processes;290 however, 

caution must be undertaken in interpreting results as these measures are non-specific .291, 292 

Similar to analyzing gray matter from T1-weighted images, DTI permits ROI and whole-

brain analysis. DTI data can be used to virtually “dissect” specific white matter pathways, or 

tracts, to create 3D ROIs via a method called tractography. The diffusion profile of these tracts 

can then be analyzed between groups in ROI-based analyses. Earlier DTI studies utilized simple 

2D ROIs to study diffusion in disease-relevant regions, such as the internal capsule in ALS.293 

Experimental DTI pipelines also permit whole-brain evaluation via VBM and tract-based spatial 

statistics of FA and MD images. In the later method, voxel-by-voxel analysis of DTI metrics is 

conducted along the major white matter pathways in the brain.294 Irrespective of the analytic 

technique, between-group comparisons of diffusion profiles and correlations between clinical 

variables and DTI metrics are feasible.  

Structural abnormalities in amyotrophic lateral sclerosis 

Primary motor cortex 

Reduced gray matter density in the precentral gyrus is a common finding in whole-brain 

VBM studies comparing ALS patients with controls.295 There are some instances of divergent 

results with studies showing no change in VBM analysis.296, 297 However, variations in VBM 

findings in ALS studies are known to be affected by the choice of image processing pipeline and 

statistical models.298 Disease heterogeneity paired with small study sample sizes is also a 

contributing factor for the varying results. Studies analyzing cortical thickness have 
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demonstrated thinning of the primary motor cortex and largely mirror VBM findings of reduced 

gray matter density in ALS.299-302  

 Involvement of the primary motor cortex has been shown to relate to the functional motor 

involvement in ALS. In particular, in subgroup analyses comparing limb- and bulbar-onset ALS, 

patterns of focal cortical atrophy along the motor homunculus are associated with site of 

symptom onset and severity of motor impairment measured with the ALSFRS-R in 

corresponding body regions301, 303, 304 This is in line with the hypothesis that ALS has a focal 

onset of disease and is mediated, at least in part, by cortical degenerative processes. Few studies 

have assessed the involvement of the primary motor cortex in relation to the degree of clinical 

UMN involvement. Patients with p-UMN phenotypes, including patients with PLS, consistently 

show worse atrophy in the motor cortex compared to patients presenting with classic ALS 

symptoms.301, 304, 305 Therefore, cortical thinning in the motor regions of the brain, potentially due 

to the loss of UMNs, is reflective of clinical UMN dysfunction in ALS and related disorders. 

Degeneration of the primary motor cortex and its role in survival in ALS, however, is not fully 

understood. No direct association between survival and cortical thickness of the precentral gyrus 

was found in one study.301 In another study, the cortical thickness of the right precentral gyrus 

was found to significantly correlate with survival only in univariate analysis and not in 

multivariate analysis.306 

 The diagnostic utility of using cortical thickness of the primary motor cortex as a measure 

to detect ALS has been evaluated in a few studies. Initial reports suggest that a cortical thickness 

of less than 2.42 mm in the precentral gyrus can different patients with ALS from controls with 

82% specificity and 84% sensitivity.300 A follow-up study that included ALS-mimicking 

disorders, such as multifocal motor neuropathy and spinobulbar muscular atrophy, found that 
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cortical thickness had a 76% specificity and 72% sensitivity in differentiating ALS from ALS 

mimics and controls.301 Though promising, these studies need to be replicated in different 

datasets with patients that are earlier in their disease stage for further validation. 

Corticospinal tract and corpus callosum 

DTI studies have consistently reported a pathological change in DTI metrics, particularly 

with reduced FA, of the corticospinal tract in ALS in comparison to controls.293, 307-309 This 

observation is thought to reflect degerenation and overall loss of descending white matter fibers 

in ALS.310 Furthermore, abnormal DTI findings in the corticospinal tract are evident in ROI,293, 

308 tractography,142, 309 and TBSS studies,311-313 suggesting the robustness of this finding. A study 

recently proposed evaluating the pathological TDP-43 stages in vivo in ALS using DTI.277 In the 

proposed scheme, presence of DTI abnormalities in the corticospinal tract, corticorubral and 

corticopontine tracts, corticostriatal tract, and the perforant tract corresponds to stages 1 – 4 of 

TDP-43 pathology, respectively. The study also found that later stages were associated with 

lower ALSFRS-R scores.  

 Clinically, abnormal diffusion profile of the corticospinal tract is most often found to 

associate with disease progression rate in ALS.307, 312, 314 This correlation is most prominent in 

the internal capsule where decreasing FA values correlate with faster disease progression 

rates.314 Clinical UMN dysfunction has also shown to associate with the diffusion profile of the 

corticospinal tract; two studies demonstrated that worsening of DTI metrics correlate with 

increased UMN burden on clinical exam.315, 316 Decreasing ALSFRS-R scores have positively 

correlated with FA of the corticospinal tract in some studies,313 whereas in other studies, no 

correlation is observed.307, 317 This possibly reflects the lack of specificity of the ALSFRS-R 
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score as a measure of UMN dysfunction in ALS. Interestingly, FA of the corticospinal tract 

demonstrates a weaker association to survival compared to ALSFRS-R score in univariate and 

multivariate analyses.318 It could be hypothesized that UMN dysfunction, when measured with 

DTI, does not substantially contribute to overall survival. On the other hand, overall disability 

measured by the ALSFRS-R score, which is predominantly affected by LMN disease, plays a 

more important role in predicting survival. Several studies have investigated the involvement of 

the corticospinal tract with DTI in patients with PMA and LMN phenotypes. Subclinical 

reductions in FA of the corticospinal tract are evident patients with PMA in unbiased, whole-

brain analysis when compared to controls.319-321 These findings are congruent with pathological 

findings of UMN degeneration in PMA patients with no history of clinical UMN dysfunction.143, 

144 Compared with ALS patients, patients with PLS have lower FA along the entire corticospinal 

tract, suggestive of a more severe form of UMN disease.312, 322 These findings, however, are not 

consistent as studies have shown PLS patients have disease restricted to the rostral parts of the 

corticospinal tract.323 

 The diagnostic accuracy of DTI in ALS was evaluated in two meta-analysis studies. 

Based on group-level statistics, the pooled sensitivity and specificity of using FA to distinguish 

between ALS and controls was 65% and 67%, respectively, using data from 30 published 

studies.324 This is corroborated by an individual patient data meta-analysis that demonstrated 

68% sensitivity and 73% specificity.325 Therefore, further work is needed to improve the utility 

of DTI in the diagnostic workup of ALS.  

Decreased FA in the corpus callosum is also reported as a consistent DTI feature in 

patients with ALS.326, 327 Specifically, the greatest severity of damage occurs in the region of the 

corpus callosum where interhemispheric fibers connecting the motor regions of the brain pass 
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through. The significance of degenerating callosal fibers is not yet established; however, some 

studies suggest that it is related to the failure of inhibitory circuitry in the brain in ALS.328, 329 It 

has also been suggested that the topography corpus callosum damage mirrors the cortical 

degeneration patterns in ALS and other MNDs.330 Neuropathological studies have demonstrated 

degenerative changes in corpus callosum with increased gliosis.331, 332 However, more studies are 

needed to clearly elucidate the role of the corpus callosum in the pathogenesis of ALS. 

Frontal and temporal lobe involvement 

Extra-motor features in ALS are well-recognized in clinical and post-mortem 

investigations. Likewise, extra-motor structural abnormalities in the form of decreased gray 

matter density and cortical thinning of the frontal and temporal lobes is evident in classical ALS 

without clinical dementia.301, 303, 333-336 The frontotemporal pattern of cortical atrophy is worse in 

clinically defined ALS-FTD compared to controls and ALS.337-339 Similarly, DTI studies have 

provided convincing evidence of widespread degeneration of frontal and temporal pathways 

across the ALS spectrum.179, 307, 333, 334, 340, 341 These results are in line with the concept that ALS 

is a multisystem disorder. 

 Studies over the last five years have increasingly sought to delineate the cognitive and 

behavioural manifestations of frontotemporal degeneration in ALS. Studies assessing language 

deficits in ALS using syntactic comprehension and semantic knowledge tasks have found their 

performance to correlate with atrophy in the anterior temporal regions and insula342-344 and 

associated degeneration of the white matter tracts.345 Patients with semantic-variant primary 

progressive aphasia, a subtype of FTD with severe language impairments,346 also exhibit the 

same pattern of temporal lobe degeneration.347 Indeed, language functions in humans, 



 

 
47 

particularly syntactic comprehension, are performed by complex circuitry involving the temporal 

lobes and Broca’s area.348  

Executive dysfunctions in ALS, on the other hand, are primarily associated with 

degenerative processes in the frontal regions of the brain. Impaired verbal fluency has been 

shown to correlate with decreased gray matter density in the dorsolateral prefrontal region.316 

Scores from the frontal assessment battery, a set of tests to executive functioning, correlate with 

atrophy in the orbitofrontal gyrus.349 A multimodal study evaluating structural correlates of 

cognitive and behavioural impairment found that white matter integrity measured with DTI 

metrics is the major contributing factor towards extra-motor dysfunction in ALS.350 In particular, 

altered DTI metrics of the major association fibers such as the cingulum and superior 

longitudinal fasciculus were found to be associated with executive dysfunction. Fluency deficits 

have also demonstrated strong correlations with inferior longitudinal fasciculus, inferior fronto-

occipital fasciculus, and superior longitudinal fasciculus in ALS.351, 352 

 Apathy, which is a hallmark behavioural dysfunction in ALS, is consistently associated 

with degeneration of the cingulate in ALS. Studies have shown that increased apathy is 

associated with decreased FA of the anterior cingulum bundle.353 In another study, various 

behavioural dysfunction phenotypes including apathy and disinhibition in ALS were associated 

with thinning of the orbitofrontal and cingulate cortex.354 Lack of emotional empathy, a substrate 

of impaired social cognition, is also associated with worse gray matter density in the anterior 

cingulate cortex.163 Cingulate gyrus and its white matter fibers are limbic structures in the human 

brain. Limbic structures are important modulators of emotions and memory.355 Hippocampus, 

which is another limbic structure, also exhibits atrophy in formal volumetric analyses in ALS.356, 
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357 Although memory loss is not a hallmark feature, approximately 25% of ALS patients exhibit 

impaired immediate and delayed recall that is associated with hippocampal volume loss.297 

Progressive structural changes in amyotrophic lateral sclerosis 

Literature considerations 

The progressive structural changes in the brain in ALS are poorly understood. This is 

partly due to scarcity of longitudinal studies and small study sample sizes. To date, there have 

been 33 published reports that have aimed at evaluating longitudinal structural changes in ALS 

(Table 3). More than half of these studies had less than 20 patients that were followed 

longitudinally and only seven studies reported results with 30 or more patients. This is 

problematic because given the complexity and heterogeneity of ALS, it is difficult to interpret 

results and draw meaningful conclusions from studies with small sample sizes. Furthermore, 

cerebral structural changes are well-documented in healthy aging over the adult lifespan.358 The 

majority of longitudinal studies in ALS do not include control participants and therefore fail to 

account for changes that occur as part of the normal ageing processes. 

It is important to investigate both gray and white matter structures to fully understand the 

scope of longitudinal change in ALS. Currently, only eight published reports have studied both 

gray and white matter structures simultaneously using a multimodal MRI approach.305, 316, 359-364 

A majority of the longitudinal studies have focused on alterations in DTI metrics, with some 

limited to the corticospinal tract. Studies with lengthy multimodal MRI protocols and clinical 

evaluations are difficult for patients because of fatigue and functional motor impairments,  
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Table 1: Longitudinal DTI and T1-weighted imaging studies in ALS. 

Authors 

Year of 

publication 

MRI 

modality 

Patients with 

follow-up, n 

Length of 

follow-up Main longitudinal findings 

Jacob et al.365 2003 DTI 3 9 months 14% reduced anisotropic diffusion in the internal capsule 

Sage et al.366 2007 DTI 7 5 – 11 months No significant reductions in the FA of the corticospinal tract 

Blain et al.315 2007 DTI 11 6 – 12 months No significant reductions in the FA of ROIs along the corticospinal tract 

Mitsumoto et al.367 2007 DTI 30 6 – 15 months No significant reductions in the FA of the internal capsule 

Nickerson et al.368 2009 DTI 2 3 – 12 months Qualitative decline in the FA of the internal capsule 

Avants et al.369 2009 T1 4 5.3 months Atrophy in the premotor cortex, motor cortex, and parietal lobes in ALS-FTD 

Agosta et al.370 2009 DTI 17 6 – 12 months No significant reductions in the FA of the corticospinal tract 

Agosta et al.371 2009 T1 16 6 – 12 months Atrophy in the premotor cortex and basal ganglia. Fast progressing ALS 

showed greater atrophy in the motor and extra-motor regions 

van der Graaf et al.142 2011 DTI 16 6 months Reduced FA along the corticospinal tract, corpus callosum. Extra-motor 

reductions in FA more prominent in bulbar-ALS 

Zhang et al.372 2011 DTI 17 8.1 months Reduced FA in the corticospinal tract and the corpus callosum 

Senda et al.363 2011 DTI, T1 17 6 months Reduced gray matter density in frontal and temporal regions. Reduced FA in 

the corticospinal tract and frontal lobe regions 

Keil et al.373 2012 DTI 15 6 months Reduced FA in the cerebral peduncles and the temporoparietal region 

Menke et al.314 2012 DTI 19 5 – 7 months Increased axial diffusivity in the internal capsule  

Verstrate et al.300 2012 T1 20 3 – 10 months  No significant cortical thinning observed in whole-brain analysis  

Kwan et al.305 2013 DTI, T1 9 1.3 years Reduced cortical thickness of the precentral gyrus on ROI-based analysis. No 

significant reduction in the FA of the corticospinal tract 

Schuster et al.374 2014 T1 51 3 – 15 months Reduced cortical thickness in the frontal and temporal lobes in classic ALS. 

Cortical thinning of the precentral gyrus observed in LMN variants 

Menke et al.316 2014 DTI, T1 27 16 months Reduced gray matter density in the motor regions, frontotemporal regions, 

and deep gray nuclei. Increased MD in the corpus callosum and increased 

axial diffusivity in the corticospinal tract ROI 

Verstraete et al.375 2014 DTI 24 3 – 12 months Expanding network of reduced FA in white matter tracts 

Westeneng et al.376 2015 T1 39 5.5 months Decreased volume of the hippocampus and increased ventricular volume 

Steinbach et al.377 2015 DTI 16 3 months Increased connectivity between the hippocampus and the visual cortex 

Walhout et al.301 2015 T1 39 3 – 12 months  Reduced cortical thickness in the temporal lobe 

Cardenas-Blanco et al.360 2016 DTI, T1 34 6 months No significant reduction in the cortical thickness or gray matter density. 

Reduced FA of the corticospinal tract in ROI-based analysis 

Floeter et al.378 2016 T1 11 5.7 months No significant reduction in the cortical thickness of C9+ patients 

Baldaranov et al. 2017 DTI 6 26 months 0.2 – 5.6% annual reduction in FA of the corticospinal tract 
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de Albuquerque et al.361 2017 DTI, T1 27 8 months No significant reduction in the cortical thickness or gray matter density. 

Increased MD in the corpus callosum 

Wirth et al.379 2018 T1 4 3 – 39 months Variability in the longitudinal course of the cortical thickness of the 

precentral gyrus at the individual level 

Bede et al.359 2018 DTI, T1 32 4, 8 months Reduced gray matter density in the insula, hippocampus, precentral gyrus, 

and the cerebellum after four months. Progressive reductions in the 

frontotemporal regions after eight months. Reduced FA in the corticospinal 

tract and the corpus callosum after eight months. 

Stampfli et al.380 2018 DTI 17 5.6 months Reduced fiber density in the corticospinal tract, corpus callosum, and extra-

motor region 

Kassubek et al.278 2018 DTI 67 9 months Decline in the FA of the corticospinal tract and frontal white matter pathways 

Floeter et al.381 2018 DTI 11 6.4 months Spreading of reduced FA in the frontoparietal regions; greater reductions in 

FA observed in C9+ ALS-FTD 

Menke et al.362 2018 DTI, T1 13 24 months Reduced gray matter density in frontotemporal regions, deep gray nuclei, and 

the precentral gyrus. Reduced FA in the corticospinal tract, corpus callosum, 

and frontal fibers 

Shen et al.364 2018 DTI, T1 10 6 months Reduced gray matter density of the precentral gyrus and thalamus. No 

significant change in DTI metrics 

Alruwaili et al.382 2019 DTI 23 6 months No significant change in DTI metrics  

MRI = magnetic resonance imaging; DTI = diffusion tensor imaging; FA = fractional anisotropy; MD = mean diffusivity; ROI = region of interest; ALS-FTD = amyotrophic 

lateral sclerosis-frontotemporal dementia; LMN = lower motor neuron; C9+ = C9ORF72 mutation
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particularly in the later stages of their disease. This is a potential source of selection bias as only 

the phenotypes with less severe disability may be included in such studies. 

Changes in gray matter 

Progressive gray matter density reductions in the primary motor cortex have been 

observed in ALS in VBM studies.316, 359, 362-364 These changes are typically observed between 6 – 

12 months after the initial assessment. A study of 32 patients demonstrated that reductions are 

detectable even after four months and continue to progress at the eight-month mark.359 The 

decline in ALSFRS-R over time in these studies does not correlate with gray matter density 

reductions. Interestingly, only two of the eight studies that evaluated cortical thickness of the 

primary motor cortex in ALS demonstrated statistically significant declines over time.305, 359 In 

the first study, the mean follow-up time was greater than 12 months for nine patients, and in the 

second study, cortical thinning was only observed at the eight-month follow-up and not at the 

four-month follow-up. It is therefore conceivable that degenerative processes in ALS do not 

result in rapid cortical atrophy of the primary motor cortex, but rather lead to subtle alterations in 

the gray matter density that progress to overt atrophy. Indeed, time to the follow-up scan has 

been shown to correlate with the degree of cortical thinning in the percental gyrus.305 

Progressive extra-motor gray matter damage in ALS has shown variable results. Some 

studies have demonstrated widespread gray matter changes encompassing the frontal, temporal, 

and parietal lobes, deep gray nuclei, and the cerebellum.316, 359, 363 On the other hand, studies 

have also demonstrated a lack of progressive change in the extra-motor gray matter regions.360, 

361 In one study, patients were stratified based on their longitudinal motor functional decline 

measured by the ALSFRS-R score.371 Patients that progressed rapidly exhibited more prominent 
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extra-motor change in the frontotemporal cortical regions over time after an average of nine 

months. This dichotomy in the extra-motor degeneration pattern is also evident in cross-sectional 

studies.341 This suggests that the motor and frontotemporal cerebral degeneration is linked via 

network pathways and as such, increased motor impairment is accompanied by progressive 

frontotemporal atrophy. Furthermore, this points to the need for patient stratification to better 

understand the nature of progressive degenerative changes. There is some evidence that suggests 

that deep gray nuclei and cerebellum are also involved in progressive changes in ALS.316, 362-364, 

371 A study found progressive reduction in the volume of the thalamus over six months in 

participants with a C9ORF72 gene mutation.378 Another study found declining, but not 

statistically significant, volumes of deep gray structures including the caudate and putamen after 

a mean follow-up of 5.5 months.376 Decreased gray matter density was observed in the caudate 

and thalamus after at least six months of follow-up in 27 patients with ALS.316 Decreased 

volumes of deep gray structures, including structures of the limbic system, have been found to 

associate with poor survival and cognitive dysfunction.357, 376 

Changes in white matter 

Initial longitudinal DTI studies demonstrated no significant progressive changes in the 

cerebral white matter in ALS.315, 366, 367, 370 These early studies were limited by sample sizes as 

some of them followed less than 10 patients over time.365, 366, 368 Furthermore, longitudinal DTI 

assessments were limited to ROI-based approaches, primarily in the internal capsule.315, 367, 368 

This method precludes assessment along the length of the corticospinal tract and other white 

matter pathways that are affected in ALS.  
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Since the early studies, many reports have demonstrated longitudinal changes in the 

white matter in ALS. A study detected progressive decreases in FA along the corticospinal tract 

6 months after the initial scan.142 In particular, subcortical white matter and regions of the 

cerebral peduncles and internal capsule were affected in limb- (n = 7) and bulbar-onset ALS (n = 

9). Similarly, a three time-point study identified decreased FA in the corticospinal tract after 

eight months and failed to do so after four months.359 This suggests that progressive damage to 

the core white matter pathology is slow in ALS and perhaps well-established by the time of 

symptomatic disease. Clinical burden of UMN dysfunction also shows limited variability with 

progression of the disease, which correlates with corticospinal tract involvement.316 The rate of 

decline in the FA of the corticospinal tract correlated with the rate of decline in the ALSFRS-R 

score;278 however, this is not a consistent finding between studies.361 Progressive damage to the 

corticospinal tract after 6 – 8 months, albeit relatively small in magnitude, has since been shown 

in many longitudinal DTI studies.278, 314, 316, 359, 360, 362, 363, 372, 373 Similar progressive damage to 

the body and the genu regions of corpus callosum has also been reported in some studies.142, 316, 

359, 361, 362, 372, 380 

Relatively limited extra-motor white matter changes have been noted in longitudinal DTI 

studies. A study where 27 ALS patients were examined at least six months apart found 

progressive alterations in DTI metrics only in the regions of the corticospinal tract and the corpus 

callosum on whole-brain analysis.316 Similar findings were found in another study that follow 32 

patients with ALS over three time-points, four months apart.359 In this study, no changes in white 

matter were observed at the second time-point; however, at the third time point at eight months, 

progressive decreases were observed in the central white matter regions pathways. Some studies 

have observed changes in the frontal and temporal lobes and a progressive failure of expanding 
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extra-motor white matter networks in ALS over time.363, 373, 375 Recently, a longitudinal analysis 

in 67 patients with ALS demonstrated that 30% of the patients show an increase in the disease 

stage after six months according to the in vivo DTI staging scheme described earlier278. Rate of 

decline of the ALSFRS-R scores was also shown to correlate with rate of decreased in FA in 

stage-related white matter tracts. This suggests that white matter pathology slowly spreads to 

involve extra-motor regions. Alterations in white matter pathways in the dorsolateral prefrontal 

cortex and the inferior frontal gyrus have been noted in bulbar- and not in limb-onset ALS.142 

Furthermore, a study found that the expansive white matter pathology is related to patients that 

are positive for C9ORF72 mutations and patients with ALS-FTD.381  

Thus far, only six studies have investigated gray and white matter changes together in 

whole-brain analysis.316, 359, 361-364 Based on these studies, it is believed that progressive structural 

damage to gray matter structures is prevalent even in symptomatic patients diagnosed with ALS. 

On the other hand, the core white matter pathology may already be established by the time 

patients are examined and exhibit very slow progression over time. This is corroborated by 

evidence of limited or no decline in the DTI measurements of the corticospinal tract even when 

there is a rapid deterioration in the functional status of patients.305, 360 Two studies completed for 

sample size calculations for future longitudinal experiments. In one study, the number of patients 

with ALS needed to detect a treatment effect of 25% change in the rate of ALSFRS-R decline at 

80% power and an alpha level of 0.05 was 94; in comparison, to detect the same effect in the FA 

of the corticospinal tract, 567 patients would have been needed.360 In another study with 11 

follow-up ALS patients, power calculations demonstrated that 46 patients would be needed to 

detect a longitudinal effect with 80% power at 95% alpha level.315 
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Alterations in cerebral metabolism and activity in amyotrophic 

lateral sclerosis 

Abnormalities in cerebral metabolites 

 MRS is the preferred modality for probing the complex neurochemical milieu of the 

central nervous system. MRS techniques can quantify the concentration of various metabolites 

that are relevant to, or are involved in, the neuronal and gliotic structure and function. In contrast 

to structural MRI where protons of water molecules are of interest, MRS targets protons in other 

molecules, or metabolites. The most commonly studied metabolite in ALS is N-acetylaspartate 

(NAA).280 NAA is highly specific to neurons with complex and wide-ranging roles in the 

nervous system, some of which include neuronal transport, neuronal peptide synthesis, and 

energy metabolism in the mitochondria.383 Due to its widespread implications, levels of NAA are 

frequently regarded as markers for general “neuronal health”. The absolute concentration of 

NAA in a particular region is dependent on both biological (cell type, compartments) and 

technical aspects such as acquisition parameters and post-processing techniques. As such, it is 

common practice to report NAA as a fraction of reference metabolites unaffected by disease 

states, such as creatine (Cr) or choline (Cho). 

 Within the motor cortex, levels of NAA are consistently found to be decreased in 

ALS.384-386 Decreasing levels of NAA have also shown to associate with greater clinical UMN 

dysfunction on neurological exam387-389 and slowed finger tapping speed.367, 386 Importantly, 

decreased in NAA/Cho ratio in the motor cortex in ALS patients was associated with shorter 

survival in the first study that investigated neurochemical correlates of survival in this disease.390 

These findings directly implicate degeneration of the cortical UMN system to the clinical 
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phenotype of the disease. Similarly, NAA ratios from the corticospinal tract are known to decline 

in ALS when compared to controls in the centrum semiovale and the internal capsule.391, 392 

Longitudinal MRS studies in ALS remain scarce, though some reports have demonstrated 

progressive decline in NAA in the motor cortex.384, 385, 393. These studies suffer from small 

sample sizes for longitudinal analyses. In one study with 30 ALS patients with a follow-up 

assessment at 3 months, there was a non-statistically significant decline in NAA/Cr.367 One 

study, however, found a subclinical increase in NAA/Cr in the motor cortex of ALS patient one 

day after administration of Riluzole, an anti-glutamatergic drug.394 This finding is thought to 

further provide evidence for the glutamate excitotoxicity hypothesis and also suggests that 

subclinical cerebral changes are detectable in short time intervals. This was corroborated by a 

follow-up study that demonstrated sustained increases in NAA/Cr after 3 weeks in ALS patients 

receiving Riluzole treatment.194 Given the modest survival benefit from Riluzole, the relevance 

of glutamate excitotoxicity to the overall survival in patients is questionable. However, it is clear 

that NAA is a dynamic marker that is sensitive to progressive cerebral changes. 

 Reduced NAA levels are also evident in extra-motor regions in ALS. Reports have shown 

declining NAA in the dorsolateral and medial prefrontal cortices, cingulate gyrus, and basal 

ganglia structures.395-398 One study found abnormal NAA levels in the prefrontal cortex in ALS 

patients without clinical evidence of cognitive decline, providing further supporting the ALS-

FTD spectrum.398 In addition, lower NAA/Cr from the dorsolateral prefrontal cortex correlates 

with poorer performance in executive function tasks in ALS patients.395, 396 Regions of the brain 

that are not affected in ALS, such as the parietal and occipital lobes, are spared from 

abnormalities in metabolite levels on MRS.395, 396, 399 Taken together, these studies provide 

convincing evidence of neurochemical imbalances in the frontotemporal and deep brain 
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structures in ALS. Whether or not these are primary or secondary insults, however, is not yet 

understood.  

 Other metabolites including myo-inositol (mI), glutamate (Glu), and more recently 

gamma aminobutyric acid (GABA) have also been the subject of investigations in ALS. mI is 

believed to be sensitive to astrocytic proliferation, or astrocytosis, as evidenced by studies in 

multiple sclerosis,400 schizophrenia,401 and brain tumours.402 In ALS, mI levels correlate 

positively with glial activation on PET imaging when measured by a radiotracer for a glial 

protein.403 Although mI has not been as extensively studied as NAA in ALS, studies have shown 

an increase in its levels in the motor cortex.64, 399, 404 These findings are in line with evidence of 

gliosis on PET imaging74 and histology.232 MRS studies of glutamate and GABA have reported 

conflicting results thus far. It should be noted that measuring these metabolites requires 

specialized acquisition sequences at high (3) or ultra-high field (7 tesla) magnetic field strength 

scanners. The paucity of this technology further renders studies to selection bias and small 

sample sizes. There are reports of decreased,399 normal,386 and increased405 levels of glutamate in 

the motor cortex in ALS. Abnormalities in GABA, the primary inhibitory neurotransmitter in the 

brain, are of interest because there is evidence to suggest impaired inhibitory function in the 

motor cortex in ALS.406 MRS studies, however, have not yet convincingly demonstrated 

alterations in GABA as some report reduced,407 while others report normal408 levels. 

Interestingly, however, a study using a ligand for GABA receptors in PET imaging found 

decreased uptake in regions of motor and prefrontal cortices.409 It is likely that the discrepancies 

are contributed in large part by the diversity in acquisition and processing methodology of MRS 

data. More studies are needed to further the understanding of these important neurotransmitters 

in ALS. 
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 A number of studies have also sought to combine MRS with other modalities to improve 

diagnostic ability of neuroimaging techniques to discriminate ALS patients from controls. 

Studies suggest that the combination of MRS and structural MRI techniques increase the 

diagnostic accuracy when compared to using either of the techniques in isolation. A study 

measuring FA of the corticospinal tract and NAA, mI, and GABA from the motor cortex found 

that a model combining all measures had a 93% sensitivity and 85% specificity in discriminating 

ALS patients from controls.410 In comparison, using FA alone had 86% sensitivity and 70% 

specificity. Similarly, other studies have demonstrated a 14 – 33% improvement in diagnostic 

accuracy when NAA levels from the motor cortex are combined with signal intensity changes on 

structural images.411, 412 Despite the early success in experimental studies, the feasibility of 

multimodal techniques in a clinical setting still remains poor and hinders their widespread 

application. 

Insights from functional magnetic resonance imaging 

 fMRI studies have provided a unique perspective into the abnormalities in cerebral 

activity in ALS. fMRI relies on the blood oxygenation level-dependent (BOLD) signal in the 

brain. The BOLD signal is nested in the assumption that local neuronal firing, or activity, 

increases metabolic demands that causes a parallel increase in local blood flow. This shift in 

local cerebral hemodynamics increases the concentration of oxygenated hemoglobin to supply 

increased oxygen demands relative to deoxygenated hemoglobin, two molecules with different 

magnetic susceptibilities. This relative shift in the local abundance of oxygenated and 

deoxygenated hemoglobin species leads to a “BOLD response” that is detected by fMRI.413 One 

of the earliest studies that demonstrated changes in cerebral blood flow in ALS, however, 

utilized PET imaging.414 This study made two critical observations in ALS patients: (1) reduced 
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blood flow at rest in cortical regions associated with motor function is suggestive of absolute 

neuronal loss and (2) widened area of increased cortical blood flow in response to a simple motor 

task compared to controls is representative of cortical reorganization or compensation for the 

loss of motor neurons. These findings were further substantiated by evidence from fMRI studies. 

Two broad categories of fMRI studies exist: task-based and resting-state. Task-based 

fMRI paradigms measure BOLD signal changes in response to a motor or cognitive task. Simple 

motor tasks, such as finger flexion and extension and button pressing, demonstrate cerebral 

activation in contralateral motor cortices in both ALS patients and controls.415, 416 This represents 

the normal function of the human motor system; the left side of the motor homunculus 

(precentral gyrus) controls movements on the right side of the body and vice versa. In ALS 

patients, however, the recruitment of a greater cerebral cortex area, particularly of the premotor 

area, in response to the motor task is noted to be a consistent finding similar to the earlier PET 

studies.415-418 Studies have also attempted to replicate these findings while controlling for limb 

weakness by designing movement imagination and action observation tasks. Similar to motor 

execution tasks, these studies demonstrate wider area of cortical recruitment in ALS patients 

compared to controls in response to movement imagination and action observation.418-420 These 

findings are considered to reflect the failing inhibitory cortical drive in ALS as the neuronal 

activity spreads unchecked to neighbouring cortical regions. Another leading hypothesis is that 

the greater recruitment of cortical regions represents a compensatory mechanism secondary to 

motor neuron loss.421 Further evidence supporting these hypotheses comes from studies utilizing 

DTI and fMRI techniques in unison. Within regions of decreased structural integrity, increased 

functional connectivity was noted in ALS patients compared to controls.422 Importantly, this 

finding correlated positively with disease progression rate, which suggests that altered cerebral 
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activity may not represent a mere secondary phenomenon, but rather an active disease process 

related to the loss of inhibitory function. 

Beside motor tasks, alterations in cerebral activity in response to cognitive tasks have 

also been studied in ALS. In one study, ALS patients demonstrated increased cerebral activation 

compared to controls in response to a Stroop effect, a measure of executive function, in the 

regions of the left middle and superior temporal gyri and the left anterior cingulate gyrus.423 

Similarly, another study reported increased cerebral activation in ALS patients compared to 

controls during social cognition and executive function tasks.424 Increased activity in the 

prefrontal cortex has also been observed in ALS patients in response to an emotional regulation 

task, a component of social cognition.425 In this study, the authors observed increased activation 

of the dorsal lateral prefrontal cortex and the anterior cingulate cortex in ALS patients in 

response to an emotional stimulus. It should be noted that there are studies that have also 

observed decreased activation during executive function159 and social cognition tasks.426 It is 

possible that these studies are capturing various timepoints in the disease pathophysiology where 

there are both successful and failed compensatory processes taking place over time. Longitudinal 

studies with sufficiently large sample sizes are therefore warranted to untangle the progression of 

cerebral activity in ALS with respect to specific cognitive domains.  

More recently, resting-state fMRI study designs have become increasingly prevalent in 

ALS and other neurodegenerative disease. These studies investigate the spontaneous BOLD 

signal alterations in the absence of external stimuli, or during a “resting state”. Pioneering fMRI 

studies identified neural networks in which spatially distinct cerebral regions demonstrated 

consistent correlations of spontaneous and intrinsic activity at rest.427 The most well-studied 

network is the default mode network (DMN).428 The DMN is a set of brain regions that are more 
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active at rest than during attention-demanding tasks. This network includes the ventral medial 

prefrontal, dorsal medial prefrontal cortex, posterior cingulate gyrus including the precuneus, and 

lateral parietal cortex.428 Another commonly studied network in ALS is the sensorimotor 

network. It should be noted that resting-state fMRI studies are often difficult to compare to one 

another because of their methodological differences. These methodical approaches can be 

characterized into two broad categories: data-driven and hypothesis-driven. Data-driven 

approaches rely on complex algorithms to parse out nonoverlapping brain networks 

automatically. Hypothesis-driven approaches, on the other hand, rely on a priori hypotheses and 

anatomical knowledge to define ROIs for signal analyses. 

Early studies with resting-state fMRI demonstrated reduced activity in the DMN and the 

sensorimotor networks in ALS patients compared to controls.429, 430 These findings are 

substantiated by studies that demonstrate an interhemispheric disconnect and overall decreased 

motor cortex activity in ALS at rest.431 Importantly, this decline in cerebral activity was found to 

correlate with a decline in the limb function measured by the ALSFRS-R. On the contrary, other 

studies have also demonstrated increased functional activity in the motor cortex422, 432 and in 

temporal and parietal regions.433 Associations between increasing white matter damage and 

increased functional activity have also been observed.422, 433 These studies proport that with 

progressive structural damage in the brain in ALS, more regions of the brain are recruited as a 

compensatory mechanism to maintain function. This also lends indirect support to the hypothesis 

of loss of inhibitory neurons in the disease. A recent study attempted to reconcile these 

differences and found no differences in the DMN between ALS patients and controls, but it 

showed a positive correlation between DMN connectivity and disease progression rate.434 
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Longitudinal resting-state fMRI studies are therefore needed to further explore the alterations in 

cerebral activity in ALS.  

Texture analysis 

Introduction to image texture 

 Texture analysis is an umbrella term that describes a range of techniques that can 

quantify intensity patterns and relationships between pixels in an image. It was first conceived as 

a method to perform pattern recognition in photographs taken from high-altitudes.435 Over the 

last two decades, an increasing number of medical imaging studies have implemented texture 

analysis techniques for the classification and characterization of pathology. A cursory search in 

PubMed of terms “texture analysis” and “MRI” and “CT” (computed tomography) yields more 

than 1000 results from the last five years. In the following paragraphs, the discussion will focus 

on the application of texture analysis to structural MRI studies of the brain; however, it should be 

noted that texture analysis is utilized across the spectrum of medical imaging modalities 

including ultrasound imaging.436 The aim of using texture analysis is usually to explore subtle 

changes in intensity and patterns in an image to enable the characterization of pathology with 

greater detail, or in some cases, to allow the detection of disease processes from seemingly 

normal images. To accomplish this, the following general steps are needed in a study: pre-

processing, texture feature extraction, and texture feature selection. 

Pre-processing. This step includes the standard procedures of quality assurance, image 

intensity bias correction, and image processing that are common to most structural MRI studies. 

For texture analysis, a further step of quantization of gray-levels is implemented. This scales 

images from their full dynamic range of thousands of gray-levels to between 8 – 64 gray-levels. 
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The purpose of quantization is to reduce redundancies in the image and computing time for later 

steps. It has been shown that larger dynamic ranges are not required for optimal sensitivity and 

specificity in the performance of texture analysis.437 These findings are also supported by results 

from unpublished experiments performed locally. 

Texture feature extraction. Texture analysis characterizes an image by calculating, or 

extracting, “texture features”. The term “texture” in everyday language refers to tactile features. 

For example, a surface can be “rough” or “smooth” depending on its topographical profile. In 

MRI, “texture” refers to the variations in the distribution and relationships of gray-levels in an 

image. Texture of an image can similarly be regarded as “homogeneous”, “heterogenous”, 

“bright”, or “dark” in lay terms depending on the degree of variation in the pixel intensities in 

local regions. Similar to estimating FA and MD from DTI to characterize the diffusion of water 

in regions of the brain, texture features provide an objective means of characterizing regions 

based on their intensity patterns and variations.  

There are numerous approaches to extracting texture features including run-length matrix 

and wavelet transform.438 A common method used in medical imaging, and one that is 

implemented in this dissertation, is to extract texture features from a gray-level co-occurrence 

matrix (GLCM).435 This is a second-order statistical technique of quantifying texture. A GLCM 

is constructed by tabulating the frequency of co-occurring pixel intensity combinations in an 

image. It is defined as an 𝑁 ×𝑁 matrix where 𝑁 is the total number of gray levels in the image. 

Each cell in the GLCM (𝑖, 𝑗) contains the number of times the gray level 𝑖 co-occurs with the 

gray level 𝑗 in a particular direction over a specific distance. Values in each cell are then 

normalized by dividing them by the sum of all co-occurrences in the matrix. Figure 6 provides a 

schematic guide to the construction of a single GLCM from a hypothetical ROI in a T1-weighted 
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image. GLCMs can be computed for pixel distance, d = 1, …, n and direction, θ = 0°, ± 45°, ± 

90°, ± 135°, and ± 180°. Several texture features can then be calculated from each combination 

of d and θ. Table 4 provides the derivation of commonly utilized texture features in 

neuroimaging literature from the GLCM method. Detailed mathematical steps are beyond the 

scope of this dissertation as the focus here is on the application of this texture analysis approach 

in ALS. For more technical details, the reader is referred to previously published literature.435, 439, 

440 

Figure 2: Schematic representation of the creation of a gray level co-occurrence matrix (GLCM) in a neighborhood of pixels in 

an image. Each cell in the GLCM matrix represents the number of times a certain pixel combination (i,j) co-occurs in a 

particular direction. In this example, the GLCM is evaluated for θ = 0° (left-right direction). Values are then normalized in the 

GLCM by dividing them by the sum of all co-occurrences in the GLCM. Texture feature autocorrelation is then calculated from 

the normalized GLCM in every direction in each orthogonal plane (i.e. in three dimensions) to produce an autocorrelation map 

for each T1W image. Autocorrelation is a texture feature calculated from GLCM. Areas of increased autocorrelation 

(hyperintensity on the maps) represent regions where there is an increased probability of co-occurrence of gray levels. Taken 

from Ishaque A, Mah D, Seres P, Luk C, Eurich D, Johnston W, Yang YH, Kalra S. Evaluating the cerebral correlates of survival 

in amyotrophic lateral sclerosis. Annals of clinical and translational neurology. 2018 Nov;5(11):1350-61. 
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Texture feature selection. The next step is to select a texture feature, or a subset of texture 

features, to characterize an image or an ROI. This is undertaken to avoid overfitting and limiting 

high rates of false-positives in subsequent classification or discriminatory analyses. This can be 

accomplished with either an a priori, or data-driven approach. Data-driven approaches include 

principal component analysis441 and Fisher coefficients;442 these are automatic methods that 

require large sample sizes that outnumber the number of texture features being investigated. A 

priori methods include removing redundant texture features based on their degree of 

intercorrelation or selecting texture features based on prior results. A priori approaches 

consequently are at an increased risk of bias. There is currently no consensus on the optimal 

method of texture feature selection, and it is largely study-specific. 

Table 2: Formula for commonly used GLCM-based texture features. p(i,j) in these equations is the (i,j)-th entry in the normalized 

GLCM 

Texture feature Formula Description 

Autocorrelation 

∑∑(𝑖𝑗)𝑝(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

 

Measurement of fineness and coarseness of texture, related to 

the linear dependency of gray levels in a neighbourhood 

Contrast 

∑∑(𝑖 − 𝑗)2𝑝(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

 

Measurement of the amount of gray level variation in a 

neighbourhood 

Energy 

∑∑𝑝(𝑖, 𝑗)2
𝑁

𝑗=1

𝑁

𝑖=1

 

Measurement of the uniformity in the gray level distribution of 

a neighbourhood 

Entropy 

−∑∑𝑝(𝑖, 𝑗)

𝑁

𝑗=1

log[𝑝(𝑖, 𝑗)]

𝑁

𝑖=1

 

Measurement of the degree of disorder in the gray level 

distribution of a neighbourhood 

Texture analysis in neuroimaging 

The application of GLCM and other approaches of texture analysis to structural imaging 

techniques is predicated on the assumption that pathological processes in the brain cause subtle 

stereotypic alterations in pixel/voxel intensities and their relationships. When a patient suspected 

of suffering from a neurological condition undergoes an MRI evaluation, structural images (T1-, 
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T2-, and fluid-attenuated inversion recovery weighted) are generally acquired to rule out gross 

anatomical abnormalities that can explain the patient’s symptomatology. Barring detecting 

congenital deformations, lesions, and marked global atrophy, clinical MRI sequences do not 

serve diagnostic or prognostic purposes for neurodegenerative disorders (Figure 7). A large body 

of research, however, now suggests that texture features can detect subtle signal changes in the 

brain in routine structural images that can be used for classification and prognostication 

purposes. 

One of the pioneering studies of texture analysis in neuroimaging sought to evaluate the 

value of MRI texture features as a diagnostic marker for Alzheimer’s disease.443 The authors 

used GLCM texture features extracted from T1-weighted images of the brain to classify patients 

with Alzheimer’s disease from a group of normal subjects using linear discriminant analysis. The 

results demonstrated that texture features correctly classified 91% of the subjects.443 Recent ROI-

Figure 3: MRI scans of a healthy control and an ALS patient. No obvious structural differences are present 

between the images of these two subjects, making diagnosing ALS with clinical MRI assessment impossible. FLAIR 

= fluid-attenuated inversion recovery 
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based studies have demonstrated altered texture signature in the medial temporal lobe in 

Alzheimer’s disease.444 Furthermore, altered GLCM-based textures from the ROIs containing the 

hippocampus and entorhinal cortex, regions known to be affected in the early stages of the 

disease,445 correlated with worsening cognition in these patients.444, 446 Other studies have also 

demonstrated similar texture abnormalities on T1-weighted images in the corpus callosum and 

thalamus in this disease.446, 447 These studies point to the presence of altered texture-based signals 

on structural images of patients with Alzheimer’s disease. A major question in the Alzheimer’s 

disease literature revolves around the accurate prediction of patients developing the disease from 

mild cognitive impairment (MCI). To address this, studies have simultaneously investigated 

volumetric and texture measures of hippocampus to predict which patients with MCI progress to 

develop Alzheimer’s disease.448, 449 These studies successfully detected early texture changes in 

patients with MCI that who eventually progressed to having Alzheimer’s disease. Importantly, 

these studies found that texture of the hippocampus outperformed its volume measurements at 

baseline in predicting the future progression.448, 449 It was postulated that texture features are 

sensitive to intensity variations caused by early pathological processes, such as protein 

accumulation, preceding overt atrophy that is detected by volume changes. 

Similarly, texture analysis using the GLCM method has been applied to multiple sclerosis 

in ROI-based studies.450 Initial work focusing on in vivo texture alterations in the spinal cord of 

multiple sclerosis patients revealed significant differences when compared to normal controls.451 

Importantly, texture differences were detected between controls and relapsing-remitting multiple 

sclerosis patients prior to detectable atrophic changes in the spinal cord. In a longitudinal study 

of relapsing-remitting multiple sclerosis, texture abnormalities, particularly increased 

heterogeneity, were increased in new lesions, which then recovered over a course of eight 
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months.452 On the other hand, texture was noted to be stable in normal appearing white matter 

and gradually worsening in chronic lesions. These findings suggest that texture features not only 

can capture static differences, but are also capable of monitoring changes over time. Due to the 

mathematical and often abstract nature of texture features, it is difficult to rationalize the 

underlying pathological forces that manifest as abnormalities in texture. Animal models of 

multiple sclerosis have suggested that increases in texture heterogeneity and coarse texture in 

structural images correspond to inflammatory and demyelinating pathology.453, 454 This is 

supported by an ex vivo study of human post-mortem brain tissue that showed that MRI texture 

heterogeneity is closely associated with myelin density, followed by the degree of inflammation 

on histological analysis.455 These studies provide early support of specific MRI texture-

neuropathological correlations that can inform future studies. 

Prior to the work presented in this dissertation, there had been two studies that 

investigated texture abnormalities in ALS on structure MRI using 2D manually drawn ROI.456, 

457 In the first study, the authors used texture analysis to study changes in deep structures of the 

brain (caudate nucleus, putamen, thalamus, and cerebral peduncles) on T1-weighted images in 

ALS patients. Texture was significantly altered in bilateral thalami and right caudate nucleus in 

ALS patients compared to controls.456 The second study was conducted by the author of this 

dissertation to investigate the texture changes in ALS from T2-weighted images. Texture 

features were quantified from a coronal slice encompassing the motor structures (motor cortex, 

corticospinal tract).457 Texture features were different between ALS patients and healthy controls 

and correlated with measures of clinical upper motor neuron dysfunction and functional 

disability. Additionally, the classification accuracy of texture features and visual assessment of 
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the T2-weighted images by expert reviewers was tested. A model combining texture features 

with visual assessment showed the best performance in discriminating ALS patients from 

controls. This study thus provided initial support for the use of texture analysis in a clinical 

setting. However, due to the 2D quantification of texture features from a large section of the 

images, the study lacked spatial sensitivity. 

Studies using GLCM-based texture analysis to analyze structure MRI thus far have been 

restricted to ROI-based approaches. Using this approach, texture features are quantified into 

numerical values from discrete regions of the brain for statistical analyses. This has several 

limitations: (1) inability to perform unbiased whole-brain analyses, (2) requirement of an a priori 

Figure 4: Schematic diagram demonstrating the three-dimensional adaptation of the GLCM 

technique. At each voxel, texture features are calculated in each of the three orthogonal planes 

and subsequently averaged to produce a texture value at the voxel. Taken from Maani R, Yang 

YH, Kalra S. Voxel-based texture analysis of the brain. PloS one. 2015;10(3).  
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hypothesis regarding the anatomical region to be investigated, and (3) inability to visualize 

texture features. To mitigate these issues, Maani et al.440 developed a tool to generate 3D “texture 

maps” of GLCM texture features. These maps are created in the three orthogonal planes and 

allow for novel visualization and statistical analysis of texture features in a voxel-by-voxel 

manner, similar to VBM. In brief, this method generates a GLCM for each voxel in each of the 

three planes (axial, coronal, and sagittal). The texture value in each plane is averaged from all 

eight directions over a particular voxel distance. The final texture feature value at the particular 

voxel is the average of texture in the three planes. This is illustrated in Figure 8. Figure 9 

provides an example of texture maps generated from a T1-weighted image. The original study 

validated this approach to texture analysis on T1-weighted images with artificially-created 

lesions and from patients with Alzheimer’s disease.440 This technique of 3D texture analysis has 

since been further used in the study of Alzheimer’s disease where it has successfully 

recapitulated its classic pathological findings.440, 448 These studies showed texture abnormalities 

in the regions of bilateral hippocampus, amygdala, and inferior parietal lobe in patients with 

Alzheimer’s disease compared to healthy controls on T1-weighted images. 

Figure 5: Three-dimensional maps of commonly used GLCM-based texture features extracted from a T1-weighted image of a 

healthy control. 
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This novel technique was applied to ALS in a pilot study of 19 patients with ALS and 20 

healthy controls.439 T1-weighted images were acquired from all participants and subsequent 

whole-brain voxel-wise texture analysis was performed to assess group differences. The results 

revealed texture changes in the regions of the internal capsule and precentral gyrus.439 These 

regions demonstrated upwards of 90% sensitivity and specificity in distinguishing participants 

with ALS from controls. Importantly, correlations with symptom duration and UMN dysfunction 

were also seen with texture of the internal capsule.439 Thus, this proof-of-concept study 

uncovered the hallmark pathological gray and white matter features of ALS using an unbiased, 

whole-brain approach of texture analysis of T1-weighted images. 
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Rationale, Aims, and Hypotheses of the Dissertation 

 ALS is a neurodegenerative disease with a very poor prognosis. As detailed in the 

previous sections, the disease is complicated by its vast heterogeneity in etiology, pathogenic 

mechanisms, and clinical presentation. Most patients die from the illness within five years of 

symptom onset due to respiratory failure. There currently is no cure for the disease and clinical 

management is aimed at supportive therapies to improve quality of life. The only two 

medications currently available – Riluzole and Edaravone – provide only modest improvements 

to survival rates, which are in the order of two to three months. 

 The present lack of treatment options is not for a lack of testing new therapeutics in 

clinical trials. At the time of writing, there were 68 clinical trials actively recruiting for ALS 

around the globe according to the clinicaltrials.gov registry. Despite these efforts, however, 

patients continue to succumb to the relentless course of the disease. The biggest challenge facing 

clinical trials is the lack of objective measures that can be used as primary endpoints or to stratify 

patients into homogenous subgroups. The most commonly used primary endpoint is the 

ALSFRS-R score that subjectively assesses a patient’s functional status.125, 395, 458 Importantly, 

this measure is not specific to either UMN or LMN pathology. The ALSFRS-R also does not 

evaluate cognitive processes, which are affected to varying degrees in almost half of all patients 

with ALS. This tool also does not capture the complexity in the 3D progression of the disease 

throughout the central nervous system. Due to these reasons, it is possible that some medications 

fail clinical trials due to the nonspecific nature of the endpoints being used. Another challenge is 

that clinical trials adhere to the El Escorial criteria for inclusion of patients into their studies. As 

detailed above, UMN signs and symptoms are often masked by severe LMN dysfunction and 

some patients do not meet the criteria until they have reached advanced stages of the disease. As 
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such, these patients may miss their window of therapeutic opportunity and not respond to 

potential treatments. 

 An objective biomarker is therefore needed to mitigate these issues and pave the way 

towards better treatment and a cure for ALS. This potential biomarker can improve diagnostics 

in cases of unclear UMN dysfunction, potentially ameliorating the diagnostic delay. 

Furthermore, such a tool should also be sensitive to the longitudinal progression of the disease, 

both in its severity and spatial distribution. To this end, neuroimaging techniques are considered 

strong candidates to provide the much-needed biomarker.283, 459 Neuroimaging allows in-depth 

investigations of the structure, function, and neurochemistry of the central nervous system. As 

detailed previously, several neuroimaging techniques including T1- and T2-weigted images, 

DTI, fMRI, and MRS have been extensively studied in ALS as potential biomarkers. However, 

no single MRI modality has so far emerged as being able provide a comprehensive measure and 

assessment of the in vivo cerebral pathology in ALS. T1- and T2-weighted images are limited by 

their inability to evaluate white matter changes with current analytical methods. FA of the 

corticospinal tracts shows only modest diagnostic capabilities. MRS studies are technically 

challenging to perform and are not yet widely accessible. Furthermore, sufficient longitudinal 

neuroimaging studies with large enough sample sizes to account for the heterogeneity in ALS 

have not been conducted to answer the questions regarding the progressive pathology of the 

disease. 

 3D texture analysis is a possible source of biomarkers that are sensitive to the pathology 

in ALS. It has so far been applied to a small dataset of T1-weight images where it detected both 

gray and white matter alterations in ALS with a high classification accuracy in characterizing 

patients with ALS and healthy controls. This 3D application was significant because it revealed 
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in an unbiased manner the core pathological characteristics of the disease from routine T1-

weighted images. A foreseeable advantage to this technique is its ability to detect the disease 

process in the brain in a comprehensive manner from a single MRI modality. This has 

implications for clinical applications as it may enable objective diagnostic and monitoring 

capabilities for ALS through routine MRI assessments instead of requiring advanced or 

multimodal techniques. More work is needed to replicate these initial findings, delineate the 

biological underpinnings, and assess texture features’ ability to monitor disease progression. 

 The rationale for this dissertation is thus born out of (1) the urgent need for an objective 

biomarker for ALS and (2) the limited understanding in the longitudinal progression of the 

disease. Texture analysis may be able to provide answers to these pressing questions. Therefore, 

this dissertation will seek to study ALS through texture analysis of T1-weighted images. To this 

end, the dissertation was designed with several overarching aims: 

Aim 1: to apply 3D texture analysis in a large sample of patients with ALS. This aim will 

serve to confirm the findings of the pioneering study in independent, larger T1-weighted image 

datasets and rule out the possibility of false positive and spurious results. Furthermore, 

accomplishing this aim will provide evidence either for or against the sensitivity of 3D texture 

analysis towards the widespread cerebral degeneration seen in ALS. It is evident that ALS 

harbours pathology in the frontotemporal areas of the brain, and it will be investigated whether 

texture features are able to detect these changes in addition to the degenerative processes of the 

motor system. 

Aim 2: to examine the clinical validity of texture features in the context of ALS. It is 

important to examine whether abnormalities in a biomarker are associated with clinically 

meaningful outcomes. It is imperative for a diagnostic biomarker for ALS to be sensitive to 
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subclinical pathology to enable earlier diagnosis of the disease and stratify patients in clinical 

trials appropriately. Additionally, the neuroanatomical correlates of survival of ALS are poorly 

understood. Population-based and clinical-cohort studies have provided initial insight into the 

possible risk factors of poor prognosis; however, direct associations between prognosis and brain 

structure remain yet to be elucidated. Thus, this aim will seek to evaluate whether abnormalities 

in MRI-based texture in patients with ALS are associated with diagnostic accuracy, clinical 

UMN dysfunction, and survival. 

Aim 3: to examine the longitudinal progression of disease in ALS. The longitudinal 

pattern of the disease course in ALS is controversial. As stated above, there is no consensus 

regarding the disease progression in gray or white matter. The dissertation will seek to monitor 

patients with ALS over time with texture analysis of their T1-weighted images. This will allow 

the study of whole-brain pathology in an unbiased manner. Furthermore, the utility of texture 

features in monitoring longitudinal disease progression will be assessed and compared with 

clinical measures. 

To accomplish these aims, a series of experiments will be performed using local datasets 

and data from the Canadian ALS Neuroimaging Consortium (CALNSIC). CALSNIC is a 

national initiative aimed at increasing the research capacity for ALS studies. It operates at 

research centres in Canada and the United States of America and enrolls patients with ALS and 

related disorders. In addition to MRI assessments, participants undergo clinical phenotyping with 

neurological exams and cognitive evaluations. These data were made available for the 

experiments in this dissertation.  

It is hypothesized that (1) abnormalities in texture of T1-weighted images will be 

detected in the motor and the frontotemporal regions in ALS; (2) texture of the motor regions of 
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the brain, including the precentral gyrus and the corticospinal tract, will be associated with 

clinical UMN dysfunction; (3) texture abnormalities of the corticospinal tract are associated with 

changes in its diffusion measures (4) the presence of pathology in frontotemporal regions will be 

associated with worse survival in ALS; and (5) longitudinal progression in ALS will be marked 

by worsening of the spatial burden in gray matter and progressive degeneration of the 

corticospinal tract.
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Chapter 3 Evaluating the Cerebral Correlates of Survival in 

Amyotrophic Lateral Sclerosis 

* As published in Ishaque A, Mah D, Seres P, Luk C, Eurich D, Johnston W, Yang YH, Kalra S. Evaluating the 

cerebral correlates of survival in amyotrophic lateral sclerosis. Annals of clinical and translational neurology. 2018 

Nov;5(11):1350-61. 

Abstract 

Objective: To evaluate cerebral degenerative changes in ALS and their correlates with survival 

using 3D texture analysis.  

Methods: A total of 157 participants were included in this analysis from four neuroimaging 

studies. Voxel-wise texture analysis on T1-weighted brain magnetic resonance images (MRIs) 

was conducted between patients and controls. Patients were divided into long- and short-

survivors using the median survival of the cohort. Neuroanatomical differences between the two 

survival groups were also investigated.  

Results: Whole-brain analysis revealed significant changes in image texture (FDR p < 0.05) 

bilaterally in the motor cortex, corticospinal tract (CST), insula, basal ganglia, hippocampus, and 

frontal regions including subcortical white matter. The texture of the CST correlated (p < 0.05) 

with finger- and foot-tapping rate, measures of upper motor neuron function. Patients with a 

survival below the media of 19.5 months demonstrated texture change (FDR p < 0.05) in the 

motor cortex, CST, basal ganglia, and the hippocampus, a distribution which corresponds to 

stage 4 of the distribution TDP-43 pathology in ALS. Patients with longer survival exhibited 

texture changes restricted to motor regions, including the motor cortex and the CST. 
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Interpretation: Widespread gray and white matter pathology is evident in ALS, as revealed by 

texture analysis of conventional T1-weighted MRI. Length of survival in patients with ALS is 

associated with the spatial extent of cerebral degeneration. 
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Introduction 

 Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that is characterized 

by progressive motor decline. It is accompanied by cognitive impairment in up to 50% of 

patients1. Clinical diagnosis requires concurrent evidence of upper and lower motor neuron 

(UMN and LMN) signs on physical examination. Patients have a median survival of 26 months 

from diagnosis, with considerable variability in longevity amongst individuals2. Marked clinical 

heterogeneity poses significant challenges to development of therapies in this disease with no 

curative treatment.  

The identification of prognostic factors is vital for the evaluation of novel therapeutics, as 

they could assist in the selection of more homogeneous patient sub-types for clinical trials3. 

Older age, shorter time to diagnosis, bulbar onset, as well as the presence of comorbid cognitive 

deficits, particularly executive dysfunction, are regarded as negative prognostic factors in ALS3-

5. 

 Magnetic resonance imaging (MRI) is considered the leading tool for biomarker 

discovery in ALS6. Imaging studies have corroborated the pathological elements of 

neurodegeneration in ALS in vivo. Namely, degeneration of the motor (motor cortex and 

corticospinal tract (CST))7-9 and extra-motor (frontotemporal)7, 10 regions. Few studies have 

emerged that examine the role of neuroimaging in the prognostication of ALS11-13. These studies 

have associated degeneration of motor regions as predictive of survival; however, the 

implications of extra-motor degeneration have not yet been explored. 

 Despite the contributions of neuroimaging studies towards the understanding of ALS, the 

clinical purpose of MRI is limited to ruling out ALS-mimics. The pathological processes in the 
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gray and white matter—neuronal loss14, 15, protein inclusions16, gliosis14, 17, and demyelination17, 

18—cause unique alterations in the MRI signal intensity; however, these changes are inaccurately 

measured by current analytical methods19, 20.  

 Texture analysis of MR images has been utilized to detect and characterize cerebral 

changes on routine MRI scans21. It is a quantitative approach that can detect subtle local signal 

intensity and pattern variations in an image. In focal cortical dysplasia, texture analysis 

techniques have demonstrated superior classification accuracy when compared to visual 

inspection22. Studies in multiple sclerosis have identified the pathological correlates of altered 

texture on T2-weighted (T2W) MRI23. In an initial study of 19 patients, a 3-dimensional (3D) 

texture analysis approach localized changes in the CST and the motor cortex from T1W images 

in ALS24.  

The objectives of this work are two-fold: (1) to evaluate the spatial distribution of 

cerebral degeneration in a large cohort of patients with ALS as reflected by changes in texture of 

T1W images, and (2) to investigate the neuroanatomical correlates of survival with texture. 

Based on the previous literature, it was hypothesized that (1) texture analysis will detect motor 

and extra-motor pathology, and (2) it will demonstrate differences in the spatial distribution of 

cerebral degeneration between long- and short-surviving patients. The successful application of 

texture analysis in ALS could aid in detecting pathological changes on conventional MRI and 

provide prognostic indicators with clinical relevance. 
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Methods 

Participants 

 Participants were recruited from the University of Alberta between 2003 and 2018 as part 

of four different prospective MRI studies (herein referred to as Study 1, 2, 3, and 4). Patients 

with ALS were recruited for these studies from a multidisciplinary ALS clinic if they had no 

history of other neurological or psychiatric disorders. Healthy controls with no neurological or 

psychiatric disorders were also recruited in each of the four studies. All participants provided 

informed written consent prior to their involvement in their respective studies, which were 

approved by the local research ethics review board. 

 Patients had UMN and LMN signs on clinical examination and met criteria for possible, 

probable lab-supported, probable, or definite ALS according to the El Escorial criteria25. Patients 

with frontotemporal dementia (FTD), or those with a family history of ALS were also included. 

All patients underwent neurological assessments according to their specific study protocol. For 

the present work, UMN examination data was included for analysis. Patients from Study 2, 3, 

and 4 had performed finger- and foot-tapping tests as a measure of their UMN function. Finger- 

and foot-tapping rates were calculated by averaging the total number of taps in 10 seconds over 

two trials. Scores from the left and right side were averaged to give a single score for each 

patient’s finger- and foot-tapping rate. Patient’s functional disability was measured using the 

ALS functional rating scale-revised (ALSFRS-R). The scale ranges from 0 to 48, with lower 

scores reflecting greater disability. Two patients were assessed using the ALSFRS (range 0 – 

40), an older version that does not assess respiratory symptoms. Symptom duration was recorded 

as the date from their reported onset of symptoms to the date of their MRI scan. Disease 

progression rate was calculated by (48 – patient ALSFRS-R score)/symptom duration for every 
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patient. For the two patients with ALSFRS scores, disease progression rate was calculated as (40 

– patient ALSFRS score)/symptom duration. 

MRI protocols 

 Participants in Study 1 and 2 were scanned in a Siemens 1.5 T scanner, and participants 

in Study 3 and 4 were scanned on a Siemens 3 T and a Varian 4.7 T scanner, respectively. T1W 

images for all participants were acquired with a 3D magnetization-prepared rapid gradient-echo 

sequence. The images in Study 1, 3, and 4 were acquired axially and images for Study 2 were 

acquired coronally (Table 1).  

Image processing and texture analysis 

 Image processing and subsequent voxel-wise analyses were conducted in Statistical 

Parametric Mapping 12 version 6685 (SPM12; 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and Computational Anatomy Toolbox 12.1 

(CAT12; http://dbm.neuro.uni-jena.de/cat12/). T1W images were first assessed for quality 

assurance, which included a visual check for subject motion and scanner artifacts. They were 

then aligned along the anterior and posterior commissures to ensure anatomical alignment across 

participants for 3D texture analysis and image registration procedures. Images were corrected for 

non-uniformity intensity bias and segmented into gray and white matter in their native space. 

The gray and white matter segments were combined to create a custom whole-brain mask for 

each participant. T1W images were normalized using a high-dimensional approach26 to the 

Montreal Neurological Institute (MNI) template provided by CAT12—the forward deformation 

fields were saved for later transformations into the standard space. Normalized gray matter 
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segments were smoothed with a 6 mm full-width at half maximum (FWHM) Gaussian kernel for 

statistical analyses. 

 Texture analysis was performed using the gray level co-occurrence matrix (GLCM) 

method, a second-order statistical approach for extracting texture features21, 27. Methodological 

details regarding the 3D adaptation of GLCM to generate 3D texture maps from T1W images are 

provided elsewhere28. Briefly, the GLCM was defined for each voxel and its adjacent voxels 

(referred to as the reference voxel and its neighbourhood) in all three orthogonal planes for a 

T1W image. A GLCM is an N × N matrix, where N is the total number of gray levels in an 

image. To reduce computation time, T1W images were scaled down to 8 gray levels. Each cell in 

the GLCM (i,j) specifies the number of times gray level i co-occurs with gray level j over a 

distance d and in a particular direction θ within the neighbourhood. In this study, a distance of 

one and four directions—0°, 45°, 90°, and 135°—were considered for the construction of the 

GLCMs. The GLCMs for all four directions were summed and normalized to represent the 

probability of co-occurrence between gray levels in the neighbourhood. This was carried out in 

the axial, coronal, and sagittal planes to generate three GLCMs per voxel. A texture feature could 

then be calculated from the GLCMs and averaged over the three planes to compute a single 3D 

texture value for each voxel. Figure 1 illustrates a schematic representation of the creation of the 

GLCM. 

 In this work, whole-brain autocorrelation maps were computed from the GLCMs of T1W 

images. The texture feature autocorrelation has been shown to be sensitive to cerebral 

degeneration in ALS and in Alzheimer’s disease using 3D texture analysis24, 28. It can be best 

understood as a measure of the linear dependency in the gray level, or as being sensitive to 

repetitive patterns in pairs of gray levels in a local neighbourhood; the higher the autocorrelation 
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value, the higher the likelihood that a pair of gray levels will co-occur. Autocorrelation is 

calculated as follows: 

𝐴𝑢𝑡𝑜𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 = ∑∑(𝑖𝑗)𝑝(𝑖, 𝑗)

𝑁

𝑗=1

𝑁

𝑖=1

 

where p(i,j) is the probability of co-occurrence between gray levels i and j in a neighbourhood. 

The texture maps were normalized to the MNI template by applying the forward deformation 

fields obtained earlier and smoothed with a 6 mm FWHM Gaussian kernel for statistical 

analyses.  

Statistical analysis 

 All statistical tests were conducted in MedCalc Statistical Software version 18.2.1 

(MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org). One-way analysis of 

variance (ANOVA) was used to ensure participant demographic characteristics did not differ 

between the MRI studies. Demographic differences between patients and controls were assessed 

with independent samples t-tests and χ2 tests. Statistical significance was defined at p < 0.05. 

Whole-brain voxel-wise analyses were performed in SPM12 for the normalized and smoothed 

texture maps. Statistical significance was defined as p < 0.05 after correcting for multiple 

comparisons with the false discovery rate (FDR) method with a cluster size of 10 voxels. A 

second-level full factorial model was designed to examine whole-brain voxel-wise differences in 

autocorrelation between patients and controls while controlling for age, sex, and MRI protocol. 

Autocorrelation values from significant clusters in the motor regions were extracted and 

correlated with finger- and foot-tapping scores. Partial correlations were used to control for MRI 

protocol and statistical significance was defined at p < 0.05. Voxel-based morphometric (VBM) 
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analysis of gray matter density was also conducted for comparison with texture analysis. A 

threshold mask of 0.2 was applied to the gray matter segments to exclude noise and other tissue 

classes from the analysis. The full factorial model additionally controlled for total intracranial 

volume to control for differences in head sizes29. 

 Patients were dichotomized at their median survival into long- and short-surviving 

patients. The two groups’ texture maps were directly compared using a second-level full factorial 

model while controlling for age and MRI protocol. Additional models compared autocorrelation 

in long-surviving patients with controls and short-surviving patients with controls. Patients’ five-

year survival analysis using Cox proportional-hazards regression models was conducted in 

MedCalc. Univariate and stepwise multivariate models were carried out with age, sex, site of 

onset, ALSFRS-R score, symptom duration, and disease progression rate as covariates. Survival 

was defined as the time from the T1W scan to death. Patients were censored if they were alive at 

the time of the analysis or lost to follow-up.  

Results 

Demographics  

A total of 157 participants (patients = 83, controls = 74) with T1W images were included 

in this study. Patients’ mean age, symptom duration, ALSFRS-R score, and progression rate did 

not differ between the 4 MRI studies. Patients’ mean age (58.7 ± 10.8 years) did not differ 

significantly from controls’ mean age (55.8 ± 11.3 years). There were 50 male and 33 female 

patients, and 31 male and 43 controls (χ2 p < 0.05). 76.8% of the patients had limb onset and 

23.2% of the patients had bulbar onset. One patient did not have information regarding their site 

of onset. Three patients had concomitant FTD on clinical examination. The mean ALSFRS-R 
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score was 38.7 ± 5.6. Two patients completed the ALSFRS and had scores of 29 and 25. The 

mean and median symptom duration were 22.9 ± 15.4 months and 17.3 months (range 2 – 86 

months), respectively. The mean and median disease progression rates were 0.67 ± 1.08 and 0.41 

(range 0.07 – 9.09), respectively.  

Texture differences between patients and controls 

 Significant regional differences in autocorrelation were observed in the whole-brain 

voxel-wise analysis (FDR p < 0.05). Autocorrelation was decreased in patients in bilateral motor 

cortex, insula, prefrontal cortex, bilateral hippocampus, thalamus, caudate, cingulate gyrus, and 

subcortical frontal regions (Figure 2A, Supplementary Figure 1). Autocorrelation was increased 

in the CST in patients bilaterally (Figure 2B, Supplementary Figure 1). No other regions of 

increased autocorrelation were observed. An F-test was conducted to ensure that these voxel-

wise group differences were not biased by an interaction effect caused by the different MRI 

studies. No interaction effect was found between the main effect of group and the main effect of 

studies on autocorrelation (FDR p < 0.05). Additionally, supplementary whole-brain voxel-wise 

analyses were repeated separately for studies that acquired images at different resolutions to 

ensure the heterogeneity in voxel sizes did not impact the results. Study 1 and 2 were analyzed 

separately and Study 3 and 4 were pooled together because their images were acquired at 1 x 1 x 

1 mm3 (Table 1). The results are reported in Supplementary Figure 2. 

Correlation between UMN function and texture 

 Autocorrelation values were extracted from patients in Study 2, 3, and 4 from the 

significant clusters of between-group differences in the motor cortex and the CST region. Finger-

tapping scores were available for 55 patients and foot-tapping scores were available for 53 
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patients. Significant correlations (p < 0.05) were found between autocorrelation values from the 

CST and finger- (r = -0.28) and foot-tapping scores (r = -0.31) (Figure 3). No significant 

correlations were found between autocorrelation values from the motor cortex and either tapping 

scores. 

Gray matter density differences between patients and controls 

 Significant reductions in gray matter density were detected in patients in the whole-brain 

VBM analysis. Gray matter density was decreased bilaterally in the motor cortex, gyrus rectus, 

and frontal gyri (Figure 4). The thalamus, cingulate gyrus, and the insula also demonstrated 

reductions in gray matter density (Figure 4).  

Regional gray matter density reductions did not completely overlap changes in 

autocorrelation. Notably, gray matter density was not reduced in the hippocampi of patients, 

even at lower statistical thresholds (uncorrected p < 0.001). Changes in the lateral motor cortex 

were evident in gray matter density and autocorrelation values; however, only autocorrelation 

demonstrated reductions in the medial motor cortex region. Furthermore, gray matter density was 

reduced largely in the anterior subsection of the insula, whereas autocorrelation was reduced 

more extensively in its anterior and posterior subsections.  

Survival analysis 

 One patient had missing survival information and was excluded from this analysis (n = 

82). The mean time from MRI scan to outcome did not differ significantly between MRI studies. 

At the time this analysis was performed, 64 patients had died, and 18 patients were censored (17 

alive and one lost to follow-up). The median survival was 19.5 months, which was used to 

dichotomize patients into long- and short-survivors (Table 2). Long-survivors had a mean 
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survival of 40.3 ± 24.6 months, whereas short-survivors had a mean survival of 11.9 ± 5.1 

months. Short-survivors were significantly older (62.0 ± 10.3 years) than long-survivors (55.2 ± 

10.3 years) at the time of the MRI scan. The two groups did not differ on any other demographic 

detail. 

 Relative to controls, the two groups of patients demonstrated significant differences in 

autocorrelation (FDR p < 0.05). Long-survivors displayed bilateral decreases in the motor cortex 

and increases in the region of the CST in comparison with controls (Figure 5A). Small 

significant clusters of decreased autocorrelation values were observed in the frontal regions. No 

differences were noted in the hippocampi, insula, or basal ganglia. 

 Short-survivors had significantly decreased autocorrelation values in bilateral motor 

cortex and frontal regions. In contrast to the long-survivor group, reductions were also found in 

the insula right hippocampus, and thalamus (Figure 5B). Comparable to the long-survivor group, 

autocorrelation was significantly increased in the CST in short-survivors, although this was 

reported at a lower statistical threshold (uncorrected p < 0.001). A direct comparison between 

long- and short-survivors did not reveal significant regional differences in autocorrelation. 

 Patients’ age, sex, site of onset, ALSFRS-R score, symptom duration, and progression 

rate were evaluated as predictors of five-year survival in univariate and multivariate models. 

Univariate analysis revealed age (HR = 1.04, 95% confidence interval (CI) = 1.01 – 1.06, p = 

0.01) and symptom duration (HR = 0.98, 95% CI = 0.97 – 1.00, p = 0.03) as significant 

predictors of survival. The multivariate model also selected older age (HR = 1.05, 95% CI = 1.02 

– 1.08, p < 0.01) and shorter symptom duration (HR = 0.98, 95% CI = 0.96 – 0.99, p < 0.01) as 

significant predictors when all the variables were entered in the model and selected with the 

stepwise method. 
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Discussion 

 In this work, an unbiased whole-brain texture analysis approach was used to study 

cerebral degeneration in ALS and its impact on survival. Confirming the first hypothesis, both 

gray and white matter structures of motor and extra-motor regions demonstrated texture 

differences between patients and controls. Affected gray matter regions closely mirrored the 

neuroanatomical pattern of pathological TDP-43 inclusions in ALS16 and the involvement of the 

CST resembled the hallmark pathology of the disease17. Secondly, shorter survival was 

associated with changes in the extra-motor regions, particularly the basal ganglia and 

hippocampus. This suggests that survival is potentially mediated by the spatial burden of 

pathology in ALS. These findings are further discussed below. 

Texture analysis and pathology of ALS 

 Autocorrelation was found to be altered in patients in the motor (motor cortex and CST) 

and extra-motor regions (frontal, temporal, and subcortical structures). This is in accordance with 

the view that ALS is a multisystem neurodegenerative disease. Loss of pyramidal neurons in 

layer V of the motor cortex14, 15 and ubiquitin-reactive cytoplasmic inclusions in the frontal and 

temporal regions are consistent pathological features of the disease16, 18. In addition, ALS is 

regarded as a disorder on the larger ALS-FTD spectrum with the identification of the 

pathological TDP-43 inclusions as the unifying disease protein30. Subsequent in vivo MRI 

studies have found similar pathological involvement of gray and white matter structures in the 

frontal and temporal regions7, 9.  

 Autocorrelation was decreased in the motor cortex, frontal regions, basal ganglia 

structures, and the hippocampus. This spatial pattern is in alignment with the progressive TDP-
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43 pathology in ALS16. Interestingly, VBM analysis did not detect change in the hippocampus at 

an identical statistical threshold, consistent with previous VBM studies 7, 10. Ubiquitin-positive 

inclusions have been documented on histology in the granular cell layer of the hippocampus in 

ALS31. This feature is not only seen in cases of ALS with clinical dementia, but also in patients 

without clinical evidence of dementia32, 33. Furthermore, TDP-43 inclusions in the hippocampus 

are characterized as the final pathological stage of the disease16. It could be hypothesized that 

texture analysis is detecting imaging correlates of TDP-43 inclusions in the gray matter that 

precede atrophic changes that are eventually detectable by VBM analysis. Indeed, in a recent 

longitudinal study, patients had demonstrable hippocampal atrophy at two-year follow-up34. This 

view is further supported from studies in Alzheimer’s disease that suggest that texture analysis is 

a marker for pre-atrophy amyloid beta plaque accumulation in the hippocampus because of its 

sensitivity to the subtle pathological variation in the MRI signal caused by the inclusions35. 

The CST demonstrated pronounced increases in autocorrelation in patients along with 

correlations with UMN function. Pathological demyelination and gliosis of the CST in ALS have 

been well documented in autopsy14, 17, 18 and in in vivo MRI studies8. It is postulated that T1W 

hyperintensity, otherwise known as T1-shortening, along the CST may be due to the pathological 

changes including the presence of lipid-laden macrophages and accumulation of intra-axonal 

neurofilaments36. The involvement of the corpus callosum is also a frequent finding in diffusion 

tensor imaging (DTI) studies and is proposed to be characteristic of Wallerian-type 

degeneration37; however, systematic neuropathological evaluations of the corpus callosum are 

lacking to support that view. Few autopsy reports have provided initial support for gliosis, but 

not a demyelinating pathology in the corpus callosum38, 39. Phosphorylated TDP-43 inclusions, 

which are considered a hallmark pathological feature of ALS16, are also reportedly absent in the 
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corpus callosum40. The corpus callosum did not exhibit any degenerative changes with texture 

analysis in this study. The contributions of the pathological mechanisms towards the increase in 

autocorrelation in the CST, but not in the corpus callosum cannot be concluded from this work. It 

can be speculated that autocorrelation is detecting a specific pathology of the CST, which is not 

present extensively in the corpus callosum; however, MRI-histological studies are needed to 

investigate the relationship between textures and the underlying pathological processes. One 

such study in multiple sclerosis demonstrated that heterogeneity in MRI texture was predictive 

predominantly of demyelinating pathology, followed by axonal injury, and inflammation41. 

Neuroanatomical correlates of survival in ALS 

 Survival analysis showed that shorter survival is associated with greater gray matter 

degeneration. Compared to patients with longer survival, those with shorter survival additionally 

had degenerative changes in the insula, subcortical frontal white matter, thalamus, and 

hippocampus. Dysfunction of the insula has been implicated as a contributing factor to verbal-

fluency deficits42, which typify the overall executive dysfunction in ALS43. Systematic 

investigations of the sub-cortical structures have also revealed the involvement of the thalamus 

and the hippocampus, including its relation to memory-deficits, in ALS44-46. Thus, the extra-

motor changes in short-survivors potentially reflect the extra-motor phenotype of the disease. 

Indeed, there is a growing body of evidence that suggests that the presence of comorbid FTD, or 

executive dysfunction in the absence of other cognitive deficits, are predictors of poor survival in 

ALS4, 5.  

Recently, Brettschneider et al. proposed a neuropathological staging system in ALS 

based on the sequential spatial burden of intraneuronal phosphorylated TDP-43 inclusions16. 

Lowest burden of TDP-43 pathology was characterized by inclusions in the motor cortex (stage 
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1), followed by inclusions in the prefrontal neocortex, precerebellar nuclei, and red nuclei (stage 

2)16. Later stages included TDP-43 inclusions in the striatum (stage 3) and the hippocampi (stage 

4)16. It is noteworthy that based on this staging scheme, short-survivors demonstrated regions 

from all four stages of the disease, including the hippocampus, whereas long-survivors did not 

demonstrate late-stage structures. Patients in stage 4 also have been shown to have memory 

deficits associated with hippocampus and perforant pathway degeneration47, 48. These results 

strongly suggest that survival is associated with the spatial burden of the cerebral degeneration in 

ALS. Initial support for this comes from a large autopsy study that demonstrated that ALS cases 

with temporal lobe involvement, specifically in the hippocampus, had significantly reduced 

survival and invariant UMN involvement compared to cases with only UMN involvement18. 

Pending replication and further validation of these findings, future clinical trials evaluating novel 

therapeutics in ALS should consider prospectively subgrouping patients into short and long 

disease course patients based on the involvement of extra-motor structures using texture analysis. 

Age and symptom duration were associated with shorter survival in this study, which is 

in accordance with the current literature3. There are only three studies in the literature that have 

investigated in vivo cerebral degeneration as a predictor of survival in ALS11-13. The first study 

testing this utilized magnetic resonance spectroscopy of the motor cortex and found N-

acetylaspartate/choline ratio, a marker for neuronal loss, to be a significant predictor of survival 

(HR = 0.24, 95% CI = 0.08 – 0.72, p = 0.01)11. The second investigated white matter 

involvement with DTI and identified fractional anisotropy of the CST as a significant predictor 

of survival (HR = 0.94, 95% CI = 0.89 – 1.00, p = 0.06)12; however, this study had a small 

number of patients (n = 24) and more than 50% of them were censored at the time of analysis12. 

Finally, the third study evaluated MRI measures of cortical and white matter motor structures 
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along with clinical indices including age and ALSFRS-R to predict 18-month survival13. The 

study demonstrated that the combination of MRI measures and clinical indices had better 

predictive accuracy (79.15%) than using clinical indices alone (66.67%); however, the results 

were not replicated in an independent, albeit small, validation sample13. In this work, no overt 

differences in the degree of motor region involvement between the two survival groups were 

found and short-survivors displayed more widespread degeneration when compared to controls. 

Previous studies have not evaluated the influence of extra-motor degeneration on survival in 

ALS. Incorporating extra-motor regions and multimodal data likely would improve the accuracy 

of survival models.  

Summary and study limitations 

Results here suggest that the spatial extent of cerebral involvement is an important 

prognostic factor, with involvement of extra-motor regions leading to a worse outcome. This 

conclusion was achieved with the largest study to date in ALS that investigated in vivo 

neuroanatomical correlates of survival. The findings reported in this work indicate that 3D 

texture analysis of T1W images is efficacious in detecting pathological cerebral changes in ALS. 

This is an important step towards the development of cerebral markers of the disease. Texture 

features could play a role in detecting varying neurobiological processes that can lead to the 

identification of patient subtypes in vivo; a biomarker with this property could play a critical role 

in patient selection in clinical trials. 

There are limitations to this study. First, this was an analysis utilizing a large 

heterogenous dataset. Although the potential effect of MRI protocols on autocorrelation was 

statistically controlled for and no demographic differences in the patient and control populations 

from the different studies were found, future studies should be performed on homogenously 
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acquired data. Conversely, however, the heterogeneity of the data in light of the results also 

supports the clinical relevance and the robustness of texture analysis. Second, as the clinical 

datasets were not uniform between studies, correlations with clinical measures including 

cognitive assessments could not be performed. Lastly, though the regional group differences in 

autocorrelation between patients and controls and patients of long and short survivorship are in 

accordance with the current understanding of the pathology in ALS, little is understood about the 

histopathological basis of these findings. Future studies should further validate texture analysis 

in ALS with clinical and cognitive assessments and histological studies. 
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Table 3: Participants’ characteristics and T1W scan protocols. 

Study Patients 

(M/F) 

Mean age 

(years) 

Controls 

(M/F) 

Mean age 

(years) 

TR 

(ms) 

TE 

(ms) 

Voxel size 

(mm3) 

B0 

(T) 

1 27 (19/8) 61.2 13 (5/8) 53.6 1600 3.8 1 x 1 x 1.5 1.5 

2 19 (10/9) 57.7 23 (11/12) 55.6 1600 3.8 1 x 1.5 x 1 1.5 

3 20 (11/9) 57.6 16 (7/9) 57.0 2300 3.4 1 x 1 x 1 3.0 

4 17 (10/7) 57.1 22 (8/14) 56.6 508 4.5 1 x 1 x 1 4.7 

MRI = magnetic resonance imaging, M = male, F = female, TR = repetition time, TE = echo 

time, ms = milliseconds, mm = millimeters, B0 = magnetic field strength 
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Table 4: Patients’ survival and clinical characteristics. Patients were dichotomized at the median 

survival of 19.5 months. Survival data was not available for one patient and was therefore 

excluded from the analysis. Where applicable, data is presented as mean ± standard deviation. 

The p value is presented for group tests between long- and short-survivors. 

 All patients Long-survivors Short-survivors p value 

Outcome     

Deceased 78.0% (64) 70.7% (29) 85.4% (35)  

Censored 22.0% (18) 29.3% (12) 14.6% (6)  

Survival (months) 26.1 ± 22.5 40.3 ± 24.6 11.9 ± 5.1 < 0.01a 

Age (years) 58.6 ± 10.8 55.2 ± 10.3 62.0 ± 10.3 < 0.01a 

Sex (M/F) 50/32 27/14 23/18 0.37b 

Site of onset (limb/bulbar) 62/19 32/9 30/10 0.75b 

ALSFRS-R 38.7 ± 5.6 39.6 ± 6.2 37.8 ± 4.9 0.17a 

Symptom duration (months) 23.1 ± 15.4 25.1 ± 18.8 21.0 ± 10.9 0.24a 

Disease progression rate 0.67 ± 1.1 0.55 ± 0.68 0.78 ± 1.39 0.34a 

M = male, F = female, ALSFRS-R = ALS functional rate scale-revised, a = independent samples 

t-test, b = Chi-squared test  
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Figure 1: Schematic representation of the creation of a gray level co-occurrence matrix (GLCM) 

in a neighbourhood of pixels in an image. Each cell in the GLCM matrix represents the number 

of times a certain pixel combination (i,j) co-occurs in a particular direction. In this example, the 

GLCM is evaluated for θ = 0° (left-right direction). Values are then normalized in the GLCM by 

dividing them by the sum of all co-occurrences in the GLCM. Texture autocorrelation is then 

calculated from the normalized GLCM in every direction in each orthogonal plane (i.e. in 3 

dimensions) to produce an autocorrelation map for each T1W image. Areas of increased 

autocorrelation (hyperintensity on the maps) represent regions where there is an increased 

probability of co-occurrence of gray levels. 
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Figure 2: Significant differences in autocorrelation between patients and controls (FDR p < 

0.05, cluster size > 10). Results are overlaid on the MNI template in neurological convention. 

Areas of the motor cortex, insula, thalamus, caudate, subcortical white matter, and hippocampus 

bilaterally had decreased autocorrelation in patients (A). However, autocorrelation was increased 

along the CST in patients (B). The color bars show the range of T values. 
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Figure 3: Clinical correlations in patients: autocorrelation in the CST varied with and finger- (A) 

and foot-tapping rates (B). 



 

 
107 

 

Figure 4: Voxel based morphometry revealed bilaterally decreased gray matter density in the 

motor cortex, insula, and thalamus in patients (FDR p < 0.05, cluster size > 10). Results are 

overlaid on the MNI template in neurological convention. The color bars show the range of T 

values. 
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Figure 5: Differences in the texture feature autocorrelation between long-survivors and controls 

(A, B) and short-survivors and controls (C, D). Panels A and C show the areas of decreased 

autocorrelation and panels B and D show areas of increased autocorrelation (FDR p < 0.05, 

cluster size > 10). Results are overlaid on the MNI template in neurological convention. The 

color bars show the range of T values. The comparison between short-survivors and controls for 

significant increases in autocorrelation (D) did not survive FDR correction and is reported at an 

uncorrected p < 0.001 with a cluster threshold of 10 voxels. 
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Supplementary Figure 1: Autocorrelation values extracted from the regions of significant 

differences in the pooled analysis from patients and controls in studies at different resolutions. 

Study 1 images were acquired at 1 x 1 x 1.5 mm3 and Study 2 images were acquired at 1 x 1.5 x 

1 mm3. Study 3 and 4 were pooled together because their images were acquired at 1 x 1 x 1 mm3. 

The graph on the top shows autocorrelation values from regions where it was significantly 

decreased in patients on whole-brain analysis. The regions included the motor cortex, insula, 

hippocampus, and subcortical frontal white matter. The graph below shows autocorrelation 

values from regions where it was significantly increased in patients on whole-brain analysis. The 

regions included only the corticospinal tract. The raw data presented here is not corrected for age 

and gender and is segregated by the study. 
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Study 1 

     

Study 2 

     

Study 3 and 4 

     

MNI coordinate y = -22 z = 30 z = 42 y = -20 y = -18 

Supplementary Figure 2: Significant differences in autocorrelation between patients and controls (p < 0.001, cluster size > 10) in 

separate studies at different resolutions. Study 1 images were acquired at 1 x 1 x 1.5 mm3 and Study 2 images were acquired at 1 x 1.5 

x 1 mm3. Study 3 and 4 were pooled together because their images were acquired at 1 x 1 x 1 mm3. Areas in red are regions where 

autocorrelation was significantly decreased in patients and areas in blue are regions where autocorrelation was significantly increased 

in patients. 
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Chapter 4 Corticospinal Tract Degeneration in ALS Unmasked in 

T1‐weighted Images Using Texture Analysis 

* As published in Ishaque, A., Mah, D., Seres, P., Luk, C., Johnston, W., Chenji, S., Beaulieu, C., Yang, Y.H. and 

Kalra, S., 2019. Corticospinal tract degeneration in ALS unmasked in T1‐weighted images using texture 

analysis. Human brain mapping, 40(4), pp.1174-1183. 

Abstract 

The purpose of this study was to investigate whether textures computed from T1-

weighted (T1W) images of the corticospinal tract (CST) in amyotrophic lateral sclerosis (ALS) 

are associated with degenerative changes evaluated by diffusion tensor imaging (DTI). Nineteen 

patients with ALS and 14 controls were prospectively recruited and underwent T1W and 

diffusion-weighted magnetic resonance imaging. 3D texture maps were computed from T1W 

images and correlated with the DTI metrics within the CST. Significantly correlated textures 

were selected and compared within the CST for group differences between patients and controls 

using voxel-wise analysis. Textures were correlated with the patients’ clinical upper motor 

neuron (UMN) signs and their diagnostic accuracy was evaluated. Voxel-wise analysis of 

textures and their diagnostic performance were then assessed in an independent cohort with 26 

patients and 13 controls. Results showed that textures autocorrelation, energy, and inverse 

difference normalized significantly correlated with DTI metrics (p < 0.05) and these textures 

were selected for further analyses. The textures demonstrated significant voxel-wise differences 

between patients and controls in the centrum semiovale and the posterior limb of the internal 

capsule bilaterally (p < 0.05). Autocorrelation and energy significantly correlated with UMN 

burden in patients (p < 0.05) and classified patients and controls with 97% accuracy (100% 
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sensitivity, 92.9% specificity). In the independent cohort, the selected textures demonstrated 

similar regional differences between patients and controls and classified participants with 94.9% 

accuracy. These results provide evidence that T1-based textures are associated with degenerative 

changes in the CST. 
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Introduction 

 Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of the human motor 

system involving upper and lower motor neurons (UMN and LMN). There are no curative 

options and patients have a median survival of 26 months from the time of diagnosis (Pupillo, 

Messina, Logroscino, & Beghi, 2014). Clinical diagnosis of ALS is made in the presence of 

UMN and LMN physical exam findings and can be supported by electromyographic evaluation 

of subclinical LMN dysfunction (Brooks, Miller, Swash, & Munsat, 2000). Clinical magnetic 

resonance imaging (MRI) studies are used to rule out other diagnoses and do not provide an 

objective assessment of UMN dysfunction. On average, there is a delay of nine to 16 months in 

reaching the diagnosis due to the inadequate sensitivity of clinical examination (Kraemer, 

Buerger, & Berlit, 2010).  

Classic white matter pathology of ALS is characterized by the degeneration of the 

corticospinal tract (CST). Intensity variations within the CST have been demonstrated in 

conventional MRI sequences such as T1-weighted (T1W) and fluid-attenuated inversion 

recovery (FLAIR), but with subjective visual evaluation and low diagnostic performance (Bowen 

et al., 2000; Hecht et al., 2001). Recent attempts have also been made to improve the detection of 

pathological white matter intensity changes in T1W images using voxel-based intensitometry 

(VBI) (Hartung et al., 2014). Regional cortical thinning on T1W images is a well-characterized 

feature in ALS. Reductions in cortical thickness are observed in motor (precentral gyrus) and 

extra-motor (frontotemporal) regions of the brain and are correlated with disease progression and 

functional disability (Agosta et al., 2012; Bede et al., 2013; Verstraete et al., 2012). The 

pathological correlates of these in vivo MRI findings, however, have not yet been established. 



 

 
114 

Diffusion tensor imaging (DTI) is an MRI modality that is used to study the microstructural 

changes in the central nervous system (Beaulieu, 2002). In vivo DTI studies have demonstrated 

altered water diffusion in the CST suggestive of microstructural pathology (Ciccarelli et al., 

2006; Ciccarelli et al., 2009; Cosottini et al., 2005; Sarica et al., 2017). Advanced MRI 

modalities, such DTI, however, are not included routinely in clinical MRI studies and pose 

feasibility challenges including heterogeneity in sequences, long scan times, and availability on 

clinical scanners. Therefore, there is a need for an objective marker that is sensitive to the 

pathological UMN changes in ALS and that can be used clinically to mitigate delays in diagnosis 

and monitor disease progression. 

 Texture analysis is a statistical method of quantifying gray-level intensity and patterns in 

an image that the human eye cannot detect. Studies have applied texture analysis in conventional 

MR images to characterize and diagnose various neurological diseases including brain tumours 

and Alzheimer’s disease (Kickingereder et al., 2016; Sørensen et al., 2017). A novel 3D voxel-

wise texture analysis method also revealed the spatial pattern of pathology involving the medial 

temporal lobes in Alzheimer’s disease in a hypothesis-free study (Maani, Yang, & Kalra, 2015). 

In ALS, texture changes have been observed in the CST and the deep gray nuclei (Albuquerque 

et al., 2016; Maani, Yang, Emery, & Kalra, 2016). However, the pathological substrates that 

underlie texture changes have not yet been investigated. 

The purpose of this study was to investigate whether textures of the CST quantified from 

T1W images are associated with in vivo surrogates of white matter degeneration in ALS. It was 

hypothesized that MRI textures of the CST from T1W images will correlate with DTI metrics of 

CST degeneration and the clinical UMN burden in patients. Furthermore, the diagnostic utility of 

T1-based textures in ALS in two independent cohorts was also evaluated for replicability.  
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Materials and methods 

Experiments were first conducted in patients with ALS and controls from a primary 

cohort to establish a set of textures from T1W images that correlate with DTI metrics. These 

textures were subsequently tested for voxel-wise texture differences in the CST between patients 

and controls and evaluated for their diagnostic performance in the primary cohort and in an 

independent cohort for validation. A summary of the analytical steps of texture analysis in this 

study are presented in supplementary Figure E1. 

Study participants 

 Patients with ALS were prospectively recruited from a multidisciplinary ALS clinic at the 

University of Alberta. Patients were required to have an El Escorial designation of clinically 

possible ALS and, as such, had UMN signs in at least one anatomical region (Brooks et al., 

2000). Patients with co-morbid frontotemporal dementia (FTD) and familial ALS were also 

eligible. Patients were excluded if they were older than 80 years of age, or if they had a history 

of co-morbid neurological conditions including, but not limited to, multiple sclerosis, stroke, and 

brain trauma. Healthy control participants without neurological, or psychiatric disorders were 

recruited. Participants were excluded if they could not tolerate the duration of the MRI scan, or if 

they had contraindications to having an MRI such as a cardiac pacemaker. All participants 

provided informed written consent prior to participating in the study, which was approved by the 

local research ethics review board.  

Nineteen patients and 14 controls were enrolled through the Canadian ALS 

Neuroimaging Consortium (CALSNIC) into the primary cohort. One patient presented with co-

morbid FTD and there were no cases of familial ALS. Patients underwent a neurological exam to 



 

 
116 

assess the extent of clinical UMN involvement in the limbs and bulbar region. An UMN burden 

score with a maximum score of 12 was calculated. The presence of spasticity and hyperreflexia 

in the upper and lower limbs, including the Babinski sign and clonus in each foot, were assessed 

for a maximum possible score of 6 from each side of the body. Twenty-six patients and 13 

controls were enrolled into the independent cohort. Disability was quantified with the ALS 

functional rating scale-revised (ALSFRS-R). Neurological exam data and the ALSFRS-R scores 

were collected on the same day as the MRI, or from the last clinical visit if it was within four 

weeks of the MRI scan. A summary of the participants’ characteristics is provided in Table 1.  

MRI parameters 

 Participants in the primary cohort were scanned on a Siemens Prisma 3 T scanner. T1W 

images were acquired axially with a 3D magnetization-prepared rapid gradient-echo (MPRAGE) 

sequence (slice thickness = 1 mm, voxel size = 1 x 1 x 1 mm3, TR = 2300 ms, TE = 3.4 s, flip 

angle = 9°, number of slices = 176). Diffusion-weighted (DW) images were acquired axially 

using a 2D spin-echo, single-shot echo planar imaging (EPI) pulse sequence (slice thickness = 2 

mm, voxel size = 2 x 2 x 2 mm3, TR = 10000 ms, TE = 90 ms, flip angle 90°, number of slices = 

70, b0 images = 5, diffusion gradient directions = 30, b-value = 1000 s/mm2).  

 Participants in the independent cohort were scanned on a Siemens Sonata 1.5 T scanner. 

T1W images were acquired axially with a 3D MPRAGE sequence (slice thickness = 1.5 mm, 

voxel size = 1 x 1 x 1.5 mm3, TR = 1600 ms, TE = 3.8 s. flip angle = 15°, number of slices = 

128). 
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T1W image analysis 

T1W images were processed in Statistical Parametric Mapping 8 (SPM8 revision 5236) 

(www.fil.ion.ucl.ac.uk/spm/software/spm8/) running on MATLAB 2014b and were corrected for 

non-uniformity intensity bias. Gray and white matter were segmented and saved as a unified 

brain mask for each participant. T1W images were normalized to the Montreal Neurological 

Institute 152 (MNI152) template using Diffeomorphic Anatomical Registration using 

Exponentiated Lie algebra (DARTEL) (Ashburner, 2007) and the forward and inverse 

deformation fields were saved for later transformations of texture maps into MNI space for 

voxel-wise analysis. Gray and white matter images were smoothed with a 6 mm Gaussian kernel 

for voxel-wise analysis. 

 Texture analysis was performed on the bias-corrected T1W images in each participants’ 

native space. 3D orthogonal texture maps were computed for each participant from their 

respective brain mask in SPM8 using a recently described method (Maani et al., 2015). The 

texture maps were computed using gray-level co-occurrence matrix (GLCM), a second-order 

statistical method of examining textures (Haralick & Shanmugam, 1973). A GLCM was defined 

for each voxel and its adjacent voxels (referred to as the reference voxel and its neighbourhood) 

in all three orthogonal planes for a T1W image. A GLCM is an N × N matrix, where N is the 

total number of gray levels in an image. To reduce computation time, T1W images were scaled 

down to 16 gray levels. Each cell in the GLCM (i,j) specifies the number of times gray level i co-

occurs with gray level j over a distance d and in a particular direction θ within the 

neighbourhood. In this study, a distance of one pixel and four directions (0°, 45°, 90°, and 135°) 

adjacent to the central pixel were considered for the construction of the GLCMs. Eight directions 

(0°, ±45°, ±90°, ±135°and 180°) can be considered in a GLCM; however, because of the 
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symmetry found in the matrix across the diagonal, opposite directions (for example 0° and 180°) 

are redundant and were combined. The GLCMs for all four directions were summed and 

normalized to represent the probability of co-occurrence between gray levels in the 

neighbourhood. This was carried out in the axial, coronal, and sagittal planes to generate three 

GLCMs per voxel. A texture feature could then be calculated from the GLCMs and averaged 

over the three planes to compute a single 3D texture value for each voxel. The following 18 

texture feature maps were then computed from the GLCM: autocorrelation, contrast, 

correlation, cluster prominence, cluster shade, dissimilarity, energy, entropy, homogeneity, 

maximum probability, sum of squares, sum average, sum variance, sum entropy, difference 

variance, difference entropy, information measure of correlation, and inverse difference 

normalized. See (Maani et al., 2015) for a full technical description and details regarding this 

method. Subsequent analyses of the CST were carried out within an atlas-based CST mask as 

described in the later sections. 

DTI analysis 

DW images were processed in ExploreDTI version 4.8.6 and were corrected for temporal 

signal drift, Gibbs ringing artifacts, motion, eddy current-induced geometric distortions, and EPI 

distortions (Leemans, Jeurissen, Sijbers, & Jones, 2009; Perrone et al., 2015; Vos et al., 2017). 

EPI distortions were corrected through non-rigid registration of each participant’s DWI data to 

their respective T1W image. Fractional anisotropy (FA), axial diffusivity (AD), and radial 

diffusivity (RD) maps were computed from the preprocessed DWI data.  

 Streamline tractography was performed with the following parameters: FA threshold = 

0.2, fiber length range = 50 mm – 500 mm, and angle threshold = 30° using a deterministic 

approach (Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000). Regions of interests (ROIs) for 
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the CST were developed on the MNI152 template. Bilateral “AND” operators in the cerebral 

peduncles and the precentral gyri were used to extract the CST. Contaminating corticopontine 

tracts and commissural tracts were excluded by placing “NOT” operators in the cerebellum, 

medial lemniscus, and corpus callosum that were obtained from the MNI structural atlas 

(Collins, Holmes, Peters, & Evans, 1995; Mazziotta et al., 2001) and the International 

Consortium of Brain Mapping DTI-81 atlas (Hua et al., 2008). The ROIs were reversed 

transformed to each participant’s native space using their respective inverse deformation fields. 

The resultant CSTs were segmented between the “AND” ROIs in each participant for anatomical 

consistency. 

Segmented CSTs were resampled to 45 equidistant points for along-tract analysis (Colby 

et al., 2012). Each unilateral CST bundle was averaged in cross-section along its trajectory at 

each point. FA, AD, and RD values were computed from the 45 points along the single tract 

trajectories. 

Statistical analysis 

 Statistical analyses were performed using IBM SPSS for Windows, Version 24.0. Highly 

correlated textures within the CST were removed to reduce computational load and redundancy. 

Specifically, a bilateral 3D CST mask was created for each participant by reverse transforming 

the CST mask from the Jülich histological atlas (Eickhoff et al., 2005) at 25% threshold. Texture 

values were averaged from the mask and Pearson’s r was calculated between every pair of 

textures. One texture was removed from each pair if Pearson’s r ≥ 0.90.  

Textures were validated for sensitivity to white matter properties of the CST by 

correlating them with DTI metrics of the CST. Each participant’s CST mask from the atlas was 
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overlaid on their FA, AD, and RD maps to obtain averaged DTI metrics. Pearson’s r was 

calculated between each texture and DTI metric pair and textures were selected for further 

analysis if a significant correlation was observed. Statistical significance was accepted at p < 

0.05 corrected for multiple comparisons using the false discovery rate method (FDR), or at 

uncorrected p < 0.05 if the results did not reach significance after multiple comparison 

correction. The selected texture feature maps were transformed to the MNI space by applying the 

participants’ respective forward deformation field and smoothed with a 6 mm Gaussian kernel 

for voxel-wise analyses. Texture maps are inherently slightly blurry when calculated. Therefore, 

to avoid washing out texture details, a Gaussian kernel less than 8 mm, which is typically used in 

voxel-wise studies, was used here. 

Voxel-wise two-sample t-tests were conducted for the microstructural-sensitive textures 

between the two groups. Age was included as a covariate in all analyses. CST ROI from the atlas 

was used to create an explicit a priori mask in the MNI space. Significance was set at FDR p < 

0.05, or uncorrected p < 0.01. A cluster size threshold of five or more voxels was set to report 

significant regions. Texture values from the significant clusters in each hemisphere were 

averaged for all patients and correlated with their contralateral UMN score using Spearman’s 

rank correlation with a statistical significance of FDR p < 0.05. The reported textures from the 

CST were entered in a binary logistic regression model. The model was evaluated for diagnostic 

performance using receiver operating characteristic (ROC) curve analysis. Whole-brain voxel-

based morphometry (VBM) analyses with two-sample t-tests to evaluate morphologic changes in 

gray and white matter were also conducted. Age was included as a covariate in both analyses. 

Statistical significance was accepted at FDR p < 0.05, or uncorrected p < 0.001 with a cluster 

size threshold of 20 or more. 
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Along-tract analysis of DTI metrics was performed on unilateral CSTs. Between-group 

differences in FA, AD, and RD were investigated individually by performing multivariate 

analyses of covariance with the DTI metric value at each location (45 values along the tract) as a 

dependent variable, group assignment (patients versus controls) as an independent variable, and 

age as a covariate. To identify the location along the CST responsible for significant between-

group differences, comparisons were conducted using two-tailed Student’s t-tests at each 

location adjusted for age with a statistical significance of FDR p < 0.05. Voxel-wise analysis and 

the predictive model from the primary cohort were applied to the independent cohort to assess 

for reproducibility of results. 

Results 

Correlation of DTI metrics with MRI textures 

Ten textures remained after removing redundancies. Of the 10 textures, three 

demonstrated significant correlations with DTI metrics in the CST (Figure 1): autocorrelation 

correlated with AD (r = -0.613) (FDR p < 0.05) and RD (r = -0.556) (FDR p < 0.05); energy 

correlated with FA (r = 0.416) (uncorrected p < 0.05); and inverse difference normalized 

correlated with FA (r = 0.510) (FDR p < 0.05), AD (r = -0.492) (FDR p < 0.05), and RD (r = -

0.675) (FDR p < 0.05). 

Between-group texture differences in CST 

Voxel-wise analysis revealed significant between-group texture changes in the CST. 

Specifically, autocorrelation was increased in patients (uncorrected p < 0.01), whereas energy 

and inverse difference normalized were decreased in patients (FDR p < 0.05) (Figure 2). Left 

posterior limb of the internal capsule and bilateral centrum semiovale demonstrated differences 
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in all three textures. Energy and inverse difference normalized demonstrated greater involvement 

of the left CST and bilateral posterior limbs of the internal capsule. Detailed regional analysis is 

reported in Table E1. 

Association of textures in CST with clinical UMN burden 

 Significant correlations were found between textures in the CST from each hemisphere 

and the contralateral UMN burden score. Autocorrelation (r = 0.407) (FDR p < 0.05) and energy 

(r = -0.382) (FDR p < 0.05) correlated with the contralateral UMN burden score, whereas 

inverse difference normalized did not demonstrate a significant correlation (Figure 3). 

Diagnostic performance of texture analysis 

Textures autocorrelation, energy, and inverse difference normalized were entered in a 

regression model (predicted value = autocorrelation*0.81 + energy*(-0.22) + inverse difference 

normalized*(-3.36) + 599.47) and demonstrated 100% sensitivity, 92.9% specificity, and an 

overall classification accuracy of 97.0%. ROC curve analysis revealed an area under the ROC 

curve (AUC) of 0.985 (Figure 4). 

Between-group VBM analyses 

Gray matter VBM analysis revealed significant changes in the motor cortex bilaterally 

(uncorrected p < 0.001). Additional regional differences were observed in the temporal regions 

bilaterally and the left insula (Figure E2). White matter VBM analysis revealed significant 

subcortical changes in the right postcentral and precentral region, left parietal regions 

(uncorrected p < 0.001) (Figure E1). No significant differences were observed along the CST. 

Detailed regional analysis is reported in Table E2. 
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Along-tract diffusion analysis 

One patient’s left CST was excluded from along-tract analysis because tractography did 

not yield any tracts. Significant between-group differences were demonstrated in bilateral CST 

FA (left: F = 14.0, df = 1, p < 0.05; right: F = 12.6, df = 1, p < 0.05) and RD (left: F = 17.8, df = 

1, p < 0.05; right: F = 14.4, df = 1, p < 0.05). No significant between-group difference was 

detected in AD. Along-tract analysis revealed FA was significantly decreased in patients in the 

CST bilaterally in the posterior limb of the internal capsule and the centrum semiovale. RD was 

significantly increased in patients along most of the length of the left CST, and in the posterior 

limb of the internal capsule and centrum semiovale regions of the right CST (Figure 5).  

Independent cohort 

 Voxel-wise analyses in the independent cohort revealed significant between-group 

differences of the T1-based textures similar to the primary cohort: autocorrelation was increased 

in patients (FDR p < 0.05) and energy and inverse difference normalized were decreased in 

patients (FDR p < 0.05) (Figure 6). Common areas of change in all three textures were the 

bilateral posterior limbs of the internal capsule and bilateral centrum semiovale. Energy and 

inverse difference normalized were also different in the cerebral peduncles bilaterally. Detailed 

regional analysis is reported in Table E3. Figure 7 shows a representative autocorrelation map 

and the corresponding T1-weighted image from a control and a patient from this cohort. 

Application of the regression model derived from the primary cohort with the same weights 

achieved an overall classification accuracy of 94.9% with 92.3% sensitivity, 100% specificity, 

and an AUC of 0.991 (Figure 4). 
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Discussion 

In this study, it was shown that texture features of the CST in T1W-images correlate with 

DTI indices, have discriminatory power in identifying ALS patients from controls, and correlate 

with clinical measures of UMN dysfunction. This suggests that degeneration of the CST in ALS 

can be evaluated using texture analysis of T1W-images. 

Textures from T1W-images correctly classified patients and controls with 97.0% (100% 

sensitivity, 92.9% specificity) and 94.9% (92.3% sensitivity, 100% specificity) accuracy in two 

independent cohorts. This strong discriminatory ability of texture analysis in ALS was observed 

in a previous study that obtained 95% sensitivity and 90% specificity using textures from the 

CST in T1W images (Maani et al., 2016). Significant correlations were found between the 

textures and the UMN burden score indicating that changes detected in vivo by texture analysis 

of T1W images are associated with the underlying pathology of ALS. 

T1-based textures of the CST significantly correlated with DTI metrics. Animal models 

show that FA, AD, and RD are mediated by microstructural factors and processes such as axonal 

membranes, axonal damage, and myelin damage, respectively (Beaulieu, 2002; Song et al., 

2005). This suggests that texture changes from T1W images are sensitive to the characteristic 

white matter damage of the CST in ALS. The correlation between T1-based textures and DTI 

metrics has been previously reported, although its biological implications have not been explored 

(Holli et al., 2010). Current analytical methods for T1W images, including VBM, are not 

sensitive to subtle intensity changes in white matter that may be mediated by altered 

microstructural properties. This was corroborated by our results (Figure E2). VBI is a contrast-

enhancement technique designed to overcome the current limitations of T1W VBM in evaluating 

white matter changes. A recent study using VBI in ALS demonstrated widespread white matter 



 

 
125 

changes on T1W images, including along the CST (Hartung et al., 2014). This shows that 

pathological variations do exist on T1W images that are not detected with current VBM 

methods. Therefore, texture analysis can potentially enable white matter analysis from T1W 

images that reflect pathological alterations.  

Textures also demonstrated differences between patients and controls in the centrum 

semiovale and the posterior limb of the internal capsule. Along-tract analysis of DTI metrics also 

showed similar regions that were affected in patients compared to controls. Furthermore, FA and 

RD were altered in patients, whereas AD showed no change. This pattern of change in DTI 

metrics of the CST has been previously reported in ALS (Blain et al., 2011; Cosottini et al., 

2005). Evidence suggests that it is characteristic of Wallerian axonal degeneration involving 

gliosis and increases in extracellular matrix (Beaulieu, 2002; Pierpaoli et al., 2001). Further 

evidence from combined MRI-histopathology experiments suggests that T1 signal alterations in 

ALS are contributed, at least in part, by neuronal loss, myelin dysfunction, and astrocytosis 

(Meadowcroft et al., 2015). Studies in multiple sclerosis have demonstrated that texture analysis 

of T2W images is sensitive to the in vivo pathological acute inflammatory processes that occur in 

white matter lesions (Zhang, Zhu, Mitchell, Costello, & Metz, 2009). Zhang et al. (2009) 

reported that local coarse texture measured using the polar Stockwell transform technique from 

T2W images increases in acute inflammatory lesions during gadolinium enhancement. They also 

showed that pre-lesion normal appearing white matter (NAWM) had similar texture to NAWM 

(Zhang et al., 2009). Ex-vivo MRI-pathology studies have further demonstrated that textures 

from MRI are directly related to tissue pathology. Higher texture heterogeneity was noted in 

T2W ex-vivo MRI in regions of increasing burden of pathology in multiple sclerosis 

characterized by NAWM, diffusively abnormal white matter, and lesion (Zhang et al., 2013). 
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Furthermore, Zhang et al. (2013) showed that the degree of texture heterogeneity in T2W images 

predicted the extent of pathological demyelination in histological analysis. Taken together, the 

findings of this study and the literature indicate that texture analysis in T1W images is likely 

detecting a substrate of pathological changes of the CST in ALS; however, MRI-histopathology 

validation studies are needed in to verify this claim. This is important because T1W images are 

routinely acquired in the diagnostic workup of suspected patients to rule out gross structural 

abnormalities without any role in detecting disease pathology. With texture analysis, clinically 

acquired T1W images may be able to provide objective evidence of UMN involvement during 

the diagnostic workup. 

Recent studies have proposed multimodal MRI as a means of increasing diagnostic yield 

over the use of a single imaging modality. A study combining DTI and MR spectroscopy 

reported 93% sensitivity and 85% specificity in discriminating patients from controls (Foerster et 

al., 2014). In another multimodal study, an 86% sensitivity and 78% accuracy was achieved in 

discriminating patients and controls using DTI metrics and gray matter densities from T1W 

images (Schuster, Hardiman, & Bede, 2016). Therefore, although studies support the diagnostic 

utility of multimodal MRI in ALS, texture analysis on T1W images alone has high diagnostic 

performance and with greater clinical feasibility since it does not require advanced MRI 

sequences with long acquisition times that may not be available on all scanners.  

T1W images from the primary cohort were acquired from a 3 T scanner, whereas the 

independent cohort was scanned in a 1.5 T scanner. This has two important implications. First, 

texture analysis can be applied clinically without requiring high-field MRI scanners. Second, the 

use of a common predictive model between the two cohorts highlights the robustness of texture 

analysis considering different MRI scanner vendors and acquisition parameters were used, an 
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issue commonly present in multicentre studies and clinical trials. Additionally, although ALS is 

pathologically characterized by UMN and LMN degeneration, it has substantial phenotypic 

heterogeneity and potential biomarkers must demonstrate diagnostic value across disease 

phenotypes. In this study, texture analysis demonstrated high diagnostic performance in 

distinguishing groups of heterogeneous patients from controls in two independent cohorts. 

Altogether, these results signify the clinical applicability and the utility of the use of textures 

analysis in ALS. 

The study has several limitations. First, it consisted of two relatively small cohorts. 

Although the diagnostic performance of textures was replicated in an independent cohort, the 

observations made in this study need to be replicated in studies with larger sample sizes 

including age- and gender-matched controls. Second, patients in this study comprised of only 

those with an established diagnosis of ALS. Further studies should investigate the performance 

of texture analysis in discriminating ALS-mimics and in identifying early-onset patients in whom 

a diagnosis is uncertain. 

In conclusion, this study demonstrates the utility of texture analysis in T1W images in 

detecting degeneration of the CST in ALS. It also provides clinical validity of texture-based 

assessment of the CST in ALS given the clinical correlations and high discriminatory 

performance in independent cohorts. This study supports further analysis of textures from T1W 

images as MRI-based biomarkers for UMN involvement in ALS.  
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Table 5: Participant characteristics of ALS patients and healthy controls. 

 Primary cohort  Replication cohort 

Characteristic ALS patients Healthy 

controls 

 ALS patients Healthy 

controls 

Number of participants 19 14  26 13 

Gender (n)      

     Male 11 6  18 5 

     Female 8 8  8 8 

Age (years)      

     Mean ± SD 57.26 ± 10.11 56.93 ± 8.75  61.47 ± 9.22 53.62 ± 10.71 

     Range 37—74 37—67  42—77 28—65 

Onset (n)      

     Bulbar 4 -  9 - 

     Limb 15 -  17 - 

El Escorial clinical diagnosis 

category (n) 

     

     Definite ALS 3 -  9 - 

     Probable ALS 10 -  13 - 

     Probable ALS – 

Laboratory-supported 

0 -  4 - 

     Possible ALS 6 -  0 - 

ALSFRS-R (score)      

     Mean ± SD 41.00 ± 4.28 -  36.54 ± 4.93 - 

     Range 32—47 -  27—45 - 

Symptom duration (months)      

     Mean ± SD 21.68 ± 14.26 -  19.58 ± 9.02 - 
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     Range 9—60 -  2—38 - 

SD = standard deviation; n = sample size 
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Figure 1: Correlations were observed between DTI metrics of the CST and the texture features 

autocorrelation, energy, and inverse difference normalized in the primary cohort. AD = axial 

diffusivity, RD = radial diffusivity, FA = fractional anisotropy, FDR = false discovery rate 

correction 
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Figure 2: Differences were present in textures in T1W images within the CST between patients 

and controls in the primary cohort overlaid on a sample T1W image. FDR = false discovery rate 

correction, L = left, R = right 



 

 
139 

 

Figure 3: Correlations were observed between textures autocorrelation and energy and the 

contralateral UMN score among patients in the primary cohort. UMN = upper motor neuron, 

FDR = false discovery rate correction 
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Figure 4: ROC curves for the regression models incorporating autocorrelation, energy, and 

inverse difference normalized in the primary cohort (left) and the independent cohort (right). The 

area under the curve (AUC) was 0.985 in the primary cohort (100% sensitivity and 92.9% 

specificity) and 0.991 in the independent cohort (92.3% sensitivity and 100% specificity) using 

the predictive model generated from the primary cohort. 
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Figure 5: Along-tract analysis of FA (top) and RD (bottom) in the left and the right CST for 

participants in the primary cohort. A sample corticospinal tract constructed from tractography is 

superimposed on a sample T1W image to provide anatomical reference to the CST profiles. The 

x-axes represent the diffusion metric and the y-axes represent the position along the tract. Filled 

circles indicate points along the tract where the diffusion metric is significantly different in 

patients compared to controls. Reductions in FA in patients are localized mostly to the internal 

capsule, whereas RD is increased along most of the left CST and internal capsule and centrum 

semiovale of the right CST. CST = corticospinal tract, FA = fractional anisotropy, RD = radial 

diffusivity, FDR = false discover rate correction
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Figure 6: Differences in textures from T1W images within the CST between patients and 

controls in the independent cohort overlaid on a sample T1W image. FDR = false discovery rate 

correction, L = left, R = right 
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Figure 7: Representative 3D texture map for autocorrelation (top row) and the corresponding 

T1W image (bottom row) from a control (left) and a patient (right) in the independent cohort. In 

the control participant, the CST is homogenously hypointense on an autocorrelation map. In a 

patient, however, the CST appears to be more heterogenous with hyperintense areas in the 

centrum semiovale and in posterior limb of the internal capsule. The T1W image, in comparison 

to the texture map, shows no overt differences between the control and patient. 
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Table E1: Table shows the cluster size, T values, and the MNI coordinates of the all significant 

regions reported in Figure 2. 

Textures from the 

primary cohort 

Cluster size 

(voxels) White matter structure T 

 Peak MNI coordinate 

x y z 

Autocorrelation 218 Left centrum semiovale -4.00  -19.5 -24 42 

 242 Right centrum semiovale -3.95  27 -18 36 

 63 Left posterior limb of the 

internal capsule 

-2.97  -19.5 -16.5 0 

  Left posterior limb of the 

internal capsule 

-2.78  -21 -16.5 -10.5 

  Left corona radiata -2.66  -24 -18 18 

Energy 193 Right centrum semiovale 4.78  27 -18 37.5 

 148 Left posterior limb of the 

internal capsule 

4.73  -19.5 -16.5 6 

 16 Left centrum semiovale 3.79  -7.5 -25.5 64.5 

 56 Left corona radiata 3.69  -25.5 -19.5 25.5 

 54 Right posterior limb of the 

internal capsule 

3.60  21 -16.5 9 

  Right posterior limb of the 

internal capsule 

3.23  24 -16.5 1.5 

 50 Left centrum semiovale 3.55  -22.5 -21 40.5 

Inverse difference 

normalized 

241 Right centrum semiovale 4.81  27 -18 37.5 

 473 Left posterior limb of the 

internal capsule 

4.65  -19.5 -16.5 6 

  Left corona radiata 4.06  -24 -21 21 

  Left centrum semiovale 3.43  -22.5 -21 40.5 
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 63 Right centrum semiovale 3.90  49.5 -4.5 36 

 23 Left cerebral peduncle 3.83  -9 -13.5 -19.5 

 165 Right posterior limb of the 

internal capsule 

3.61  21 -16.5 9 

  Right posterior limb of the 

internal capsule 

3.42  24 -16.5 1.5 

  Right posterior limb of the 

internal capsule 

3.41  24 -16.5 19.5 

 8 Left centrum semiovale 3.33  -9 -27 63 
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Table E2: Table shows the cluster size, T values, and the MNI coordinates of the all significant 

regions reported in Figure E1. 

Tissue class 

Cluster size 

(voxels) Structure T 

 Peak MNI coordinate 

x y z 

Gray matter 119 Right postcentral gyrus 5.64  60 -31 34 

 632 Left occipital lobe 4.84  -45 -67 0 

  Left occipital lobe 4.39  -36 -70 4 

  Left occipital lobe 4.31  -51 -69 6 

 211 Paracentral lobule 4.82  3 -15 49 

  Right medial frontal gyrus 4.65  6 -7 60 

 213 Left precentral gyrus 4.52  -53 -13 28 

 59 Left middle temporal gyrus 4.45  -41 0 -39 

 22 Left postcentral gyrus 4.40  -59 -40 45 

 31 Right middle temporal gyrus 4.12  56 -49 -14 

 135 Left thalamus 4.11  -18 -24 9 

 92 Right superior temporal gyrus 4.00  62 -42 6 

  Right superior temporal gyrus 3.96  69 -42 1 

 59 Left precentral gyrus 3.97  -62 -3 19 

 109 Left insula 3.91  -30 20 -5 

  Left insula 3.86  -38 15 -3 

 31 Paracentral lobule 3.86  -2 -16 64 

 26 Right thalamus 3.62  12 -16 13 

 24 Right precentral gyrus 3.61  63 -25 46 

White matter 197 Right subcortical precentral 

gyrus 

4.64  12 -13 49 

 157 Left subcortical parietal lobe 4.31  -47 -51 36 
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 149 Right subcortical postcentral 

gyrus 

4.03  47 -33 40 

  Right subcortical postcentral 

gyrus 

3.25  56 -39 48 

 105 Left subcortical postcentral 

gyrus 

3.74  -47 -39 36 

  Left subcortical temporoparietal 

junction 

3.53  -45 -39 22 

 70 Left subcortical occipital lobe 3.48  -11 -88 9 

  Left subcortical occipital lobe 3.41  -3 -85 10 

 32 Left subcortical temporal gyrus 3.47  -36 -39 13 
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Table E3: Table shows the cluster size, T values, and the MNI coordinates of the all significant 

regions reported in Figure 6. 

Textures from the 

independent 

cohort 

Cluster size 

(voxels) White matter structure T 

 Peak MNI coordinate 

x y z 

Autocorrelation 230 Right cerebral peduncle -5.43  16.5 -18 -9 

  Right posterior limb of the 

internal capsule 

-5.00  21 -15 3 

 133 Left posterior limb of the 

internal capsule 

-4.76  -19.5 -16.5 1.5 

 49 Left centrum semiovale -3.98  -28.5 -19.5 52.5 

 64 Left centrum semiovale -3.92  -19.5 -22.5 45 

 77 Right centrum semiovale -3.83  22.5 -21 42 

 6 Right centrum semiovale -3.57  13.5 -22.5 60 

 26 Right corona radiata -3.43  28.5 -15 21 

Energy 748 Right posterior limb of the 

internal capsule 

5.07  22.5 -15 4.5 

  Right cerebral peduncle 5.01  18 -15 -15 

  Right corona radiata 3.35  28.5 -12 19.5 

 425 Left cerebral peduncle 4.88  -16.5 -16.5 -16.5 

  Left posterior limb of the 

internal capsule 

4.18  -19.5 -16.5 3 

  Left corona radiata 3.99  -22.5 -18 18 

 456 Left centrum semiovale 4.44  -31.5 -18 49.5 

  Left centrum semiovale 3.59  -19.5 -22.5 45 

  Left centrum semiovale 3.23  -25.5 -22.5 58.5 
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 488 Right centrum semiovale 4.21  21 -21 42 

  Right centrum semiovale 3.90  34.5 -10.5 46.5 

  Right centrum semiovale 3.57  28.5 -22.5 60 

 11 Left centrum semiovale 3.79  -7.5 -24 57 

 19 Left centrum semiovale 3.29  -40.5 -10.5 34.5 

 6 Right centrum semiovale 2.74  45 -6 31.5 

Inverse difference 

normalized 

424 Right posterior limb of the 

internal capsule 

4.39  22.5 -16.5 3 

  Right cerebral peduncle 3.62  18 -16.5 -7.5 

  Right corona radiata 3.26  28.5 -13.5 21 

 185 Left centrum semiovale 3.82  -40.5 -9 34.5 

  Left centrum semiovale 3.62  -31.5 -15 48 

  Left centrum semiovale 3.31  -19.5 -22.5 45 

 127 Right centrum semiovale 3.78  22.5 -21 42 

 33 Left centrum semiovale 3.57  -10.5 -31.5 72 

 186 Left posterior limb of the 

internal capsule 

3.56  -19.5 -16.5 3 

  Left corona radiata  3.52  -24 -18 18 

 72 Left cerebral peduncle 3.44  -15 -16.5 -12 

 46 Right centrum semiovale 3.15  33 -12 37.5 

 12 Right centrum semiovale 2.94  45 -4.5 30 



 

 
150 

 

Figure E1: Flow chart depicting a summary of the analytical steps involved in texture analysis. 

Steps: 1) 22 textures were calculated, 2) redundant textures were removed, 3) white matter-

sensitive textures were identified by correlating the unique textures to DTI metrics, 4) white 

matter-sensitive textures were used for voxel-wise analysis in both the primary and the 

independent cohorts, 5) texture values from the primary cohort were used to generate a binary 

regression model, and 6) used to evaluate the diagnostic performance of the white matter-

sensitive textures in both cohorts. 
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Figure E2: Gray (top) and white (bottom) matter VBM analyses for participants in the primary 

cohort. Significant differences at p < 0.001 with a cluster size threshold of 20 or more voxels 

were found. The results did not survive multiple comparison correction with FDR. VBM results 

are overlaid on a sample T1W image in neurological orientation. Detailed results are provided in 

Table E2. FDR = false discovery rate
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Chapter 5 Distinct Patterns of Progressive Gray and White matter 

Degeneration in Amyotrophic Lateral Sclerosis 

Abstract 

Progressive cerebral degeneration in amyotrophic lateral sclerosis (ALS) remains poorly 

understood as most studies are performed in cross-sectional cohorts. Comprehensive 

investigation of gray and white matter structures requires multimodal image analysis that 

hampers their feasibility due to their long acquisition and processing times. Here, three-

dimensional (3D) texture analysis was used to study the longitudinal gray and white matter 

degeneration in ALS from routine T1-weighted magnetic resonance imaging (MRI). 

Furthermore, progressive changes between slow and fast progressing patients were also 

evaluated. Participants were recruited from six centres as part of the Canadian ALS 

Neuroimaging Consortium (CALSNIC) and underwent clinical assessments and MRI at baseline 

(T0), four (T4) and eight (T8) month time intervals. Functional impairment and clinical upper 

motor neuron (UMN) dysfunction were evaluated for ALS patients. 3D maps of the texture 

feature autocorrelation, which quantifies the linear dependency and repetitive patterns in pairs of 

gray levels, were computed from T1-weighted images for voxel-wise and region of interest 

(ROI) analyses. Two-hundred and fifty-six participants (119 controls and 137 ALS patients) 

were included in this study and 81 controls and 84 ALS patients returned for at least one follow-

up. At baseline, texture changes in ALS patients were detected in the motor cortex, corticospinal 

tract, insular cortex, and bilateral frontal and temporal white matter. Clinical UMN dysfunction 

correlated specifically with texture of the corticospinal tract in the voxel-wise analysis, whereas 

functional impairment was associated with texture in multiple cerebral structures. ALS patients 
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had greater texture changes in the frontal and temporal structures at Tmax (last follow-up visit) 

than at T0. Direct comparison of texture maps at T0 and Tmax in ALS patients showed progressive 

texture alterations in the temporal white matter, insula, and internal capsule. Within the internal 

capsule ROI, autocorrelation increased by 0.05  0.02 (mean  standard error) units/month (P = 

0.003) in ALS patients. The slow progressing ALS subgroup had greater progressive texture 

change in the internal capsule than the fast progressing ALS subgroup. On the other hand, the 

fast progressing ALS subgroup had greater progressive texture changes in the precentral gyrus. 

These findings suggest that the characteristic longitudinal gray matter pathology in ALS is the 

progressive involvement of the frontotemporal regions rather than a worsening pathology within 

the motor cortex. Furthermore, subclinical degeneration of the pyramidal tracts is detectable at 

four months with texture analysis.
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Introduction 

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative disease 

with a median survival of 26 months after diagnosis (Pupillo et al., 2014). Its sporadic form 

typically affects adults between the ages of 60 and 70 years and is characterized by progressive 

weakness of muscles in the limbs and difficulties with speech and swallowing (Brown and Al-

Chalabi, 2017). Frontotemporal dementia (FTD) is present in approximately 10% of patients at 

the time of diagnosis, with up to 50% of patients demonstrating cognitive and behavioural 

deficits on detailed neuropsychometric testing (Phukan et al., 2012). Frontotemporal 

involvement in ALS is further substantiated by studies demonstrating widespread cortical 

thinning (Agosta et al., 2012; d'Ambrosio et al., 2014), reductions in gray matter density (Menke 

et al., 2014), and underlying white matter degeneration (Cirillo et al., 2012; Kasper et al., 2014).  

Though the cross-sectional cerebral neuroimaging signature of ALS is well-understood as 

degeneration of the upper motor neuron (UMN) system (including the motor cortex and 

descending pyramidal tracts) with variable frontotemporal involvement, the progressive 

degeneration in ALS remains poorly understood. Initial longitudinal studies were limited by 

small sample sizes (n < 20) and a majority of studies have either investigated only gray matter 

with T1-weighted images (Schuster et al., 2014b; Walhout et al., 2015; Floeter et al., 2016), or 

white matter with diffusion tensor imaging (DTI) (van der Graaff et al., 2011; Floeter et al., 

2018; Kassubek et al., 2018). However, more comprehensive analyses are required in a disease 

where both gray and white matter structures are affected. Thus far, only four studies have 

included more than 20 ALS patients with a multimodal MRI protocol to study whole-brain 

progressive changes (Menke et al., 2014; Cardenas-Blanco et al., 2016; de Albuquerque et al., 

2017; Bede and Hardiman, 2018). Two of these studies demonstrated progressive changes in the 
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corticospinal tract and found no change in gray matter after 6 to 8 months (Cardenas-Blanco et 

al., 2016; de Albuquerque et al., 2017). In contrast, widespread gray matter degeneration was 

reported with limited white matter involvement in the other two studies (Menke et al., 2014; 

Bede and Hardiman, 2018).  

Texture analysis is a computational image processing technique that quantifies variations 

and relationships between voxel intensities in an image, which are difficult to detect by 

qualitative visual inspection and may not be detectable by common image analysis methods in 

the field, such as voxel-based morphometry (VBM) and cortical thickness measurements. 

Autocorrelation is a texture feature that is calculated using the gray-level co-occurrence matrix 

(GLCM), a second-order texture analysis method (Haralick et al., 1973). It is sensitive to the 

fineness or coarseness of texture, and it increases with the degree of coarseness. Two-

dimensional (2D) texture analysis methods have been utilized extensively in other neurological 

conditions such as brain tumours, stroke, epilepsy, and multiple sclerosis to detect and classify 

lesions (Kassner and Thornhill, 2010). Our group developed a 3D extension of GLCM to enable 

whole-brain voxel-wise analysis of texture features (Maani et al., 2015). With this technique, we 

showed that autocorrelation calculated from T1-weighted images is decreased in ALS compared 

to controls in regions of the motor cortex, frontal lobe, and temporal lobe, and increased in the 

posterior limb of the internal capsule (PLIC) (Maani et al., 2016; Ishaque et al., 2018a). This 

pattern of cerebral change is in agreement with previously published structural imaging studies 

in ALS (Li et al., 2012; Shen et al., 2016). Furthermore, alterations in autocorrelation in the 

corticospinal tract on T1-weighted images in ALS are related to abnormalities observed with 

DTI metrics (Ishaque et al., 2018b). Texture-based abnormalities in T1-weighted images can 

therefore successfully recapitulate the known gray and white matter pathology in ALS. 
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A comprehensive evaluation of progressive cerebral degeneration in ALS is critical to 

further the understanding of the pathophysiology of the disease. As such, the primary objectives 

of this study were to (1) examine the cerebral changes in patients with ALS over an eight-month 

period with texture analysis of T1-weighted images, and (2) to evaluate whether the progressive 

changes are different between slow and fast progressing patients. Patterns of longitudinal change 

and the relationships between functional disability, extent of UMN involvement, and texture 

were also assessed as secondary objectives. The study design included whole-brain and region-

of-interest (ROI)-based approaches to investigate the changes in texture. We hypothesized that 

(1) texture alterations in T1-weighted images are present in gray and white matter and associated 

with the known pathology and clinical impairment in ALS; (2) progressive cerebral degeneration 

is evident as texture alterations over time; and (3) progressive cerebral changes in fast 

progressing patients are greater than the changes in slow progressing patients. To test our 

hypotheses, we conducted the study in a large, multicentre cohort of ALS patients and controls. 

Materials and methods 

Participants 

Participants for this study were prospectively recruited from six different ALS clinics as 

part of the Canadian ALS Neuroimaging Consortium (CALSNIC), a multicentre research 

platform for biomarker studies (Kalra et al., 2019). The CALSNIC research protocol consists of 

clinical assessments and MRI scans at baseline (T0), four (T4) and eight months (T8); data from 

all available timepoints were used. Tmax is the defined as the last follow-up visit attended by the 

participant. Patients were included in this study if they had signs of UMN and lower motor 

neuron (LMN) dysfunction in at least one body region on neurological examination. Patients 

with a family history of ALS and/or FTD, a causative genetic mutation, or comorbid FTD were 
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not excluded. Control participants with no known neurological or psychiatric disorders were 

recruited from each site. Institutional ethics approvals were obtained from all recruiting centres 

and participants provided free and informed written consent prior to their involvement. 

Clinical assessment 

 Patient functional disability was assessed at all timepoints using the ALS Functional 

Rating Scale-Revised (ALSFRS-R). ALSFRS-R is a 48-point questionnaire that quantifies 

patient overall disability related to limb, bulbar, and respiratory function with lower scores 

representing increased disability (Cedarbaum et al., 1999). Symptom duration was calculated as 

the time in months from symptom onset to the day the ALSFRS-R was administered. Disease 

progression rate was quantified as (48 – ALSFRS-R score)/symptom duration. Patients 

underwent a clinical neurological examination of their muscle tone and reflexes at all timepoints 

by neurologists specializing in ALS. Based on the clinical exam, each patient was assigned a 

UMN burden score out of 16 where higher scores indicate increased dysfunction; the calculation 

of the score is provided in Supplementary Table 1. Incomplete neurological exams were 

excluded from analyses. Bilateral finger and foot tapping scores were measured for each 

participant at all timepoints. Participants were instructed to tap their finger and foot as fast as 

possible over a one-minute period for two trials. The final finger and foot tapping scores were 

calculated as the means of their bilateral scores over the two trials. Tapping scores of 0 were 

excluded from analyses. 
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Magnetic resonance imaging 

3D T1-weighted images were acquired at 1 mm isotropic resolution at all timepoints on 3 

T MRI systems as part of the larger CALSNIC MRI protocol (Kalra et al., 2019). Supplementary 

Table 2 details the MRI acquisition parameters at each of the six recruiting centres. 

Image processing 

 Image processing and analyses were carried out in Statistical Parametric Mapping 12 

(SPM12) (https://www.fil.ion.ucl.ac.uk/spm/) and the Computational Anatomy Toolbox 12 

(http://www.neuro.uni-jena.de/cat/) software. All T1-weighted images were aligned along the 

anterior commissure-poster commissure line for optimal image processing and texture analysis. 

These were then processed using the CAT12 “Segment Data” pipeline where they underwent 

bias field correction, segmentation into gray and white matter tissue classes, and normalization to 

the supplied Montreal Neurological Institute (MNI) template using the Diffeomorphic Anatomic 

Registration Through Exponentiated Lie algebra approach at default settings (Ashburner, 2007). 

Deformation field maps for the native-to-standard space image transformation were saved for 

each participant and their individual timepoints. 

 The 3D GLCM texture analysis was performed using a toolbox developed for SPM 

(Maani et al., 2015). Whole-brain maps for autocorrelation were calculated from the bias-

corrected T1-weighted volume images in their native space. Autocorrelation quantifies the linear 

dependency and repetitive patterns in pairs of gray levels in a local neighborhood of voxels in an 

image. Further technical details describing its calculation have been published previously (Maani 

et al., 2015; Ishaque et al., 2018a). The saved deformation field map for each T1-weighted image 

was applied to its respective autocorrelation map to transform the map to the MNI space. The 
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transformed autocorrelation maps were smoothed with a 6 mm full-width at half-maximum 

Gaussian kernel prior to voxel-wise analyses. 

 The voxel-wise analyses allowed investigations of whole-brain group comparisons and 

clinical correlations in an unbiased manner. Combined with texture analysis of T1-weighted 

images, this approach enabled the assessments of both gray and white matter structures without a 

priori hypotheses. In addition, ROI-based analyses of the motor structures were also performed 

to probe their specific clinical correlations and to quantify their longitudinal progression in ALS. 

The ROI-based analyses also served a secondary purpose of verifying the results of voxel-wise 

analyses. Mean autocorrelation values from the precentral gyrus and the PLIC were extracted. 

The mask for the bilateral precentral gyrus was obtained from the Harvard-Oxford cortical 

structural atlas at a 25% threshold and the mask for the PLIC was obtained from the John 

Hopkins University white matter label atlas (Mori et al., 2008). These masks were applied to the 

unsmoothed autocorrelation maps in the MNI space and their mean autocorrelation value for 

each region was calculated. This was done for data from all time points.  

Statistical analysis 

 Quantitative demographic, clinical, and ROI data were analyzed in MedCalc Statistical 

Software version 19.1.3 (MedCalc Software bvba, Ostend, Belgium; https://www.medcalc.org; 

2019). Results are presented as mean  standard deviation unless otherwise stated. Between-

group differences were assessed with independent samples t-tests, χ2 tests, and analysis of 

covariance where appropriate. Pearson correlation coefficient, r, was used to test for associations 

among clinical variables and autocorrelation. Corrections for multiple comparisons were not 

employed because the testing of individual clinical associations was hypothesis-driven. Patients 

were classified as “slow progressing” if their disease progression rate was lower than the patient 

https://www.medcalc.org/
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group’s median rate, or as “fast progressing” if it was higher. Statistical significance was defined 

at P < 0.05. 

Voxel-wise analyses were conducted in SPM12. Full-factorial models were used to assess 

between-group, whole-brain differences in autocorrelation. The models included “group” as the 

variable of interest and age as a covariate. Site was not included as a factor because 

autocorrelation had previously been shown to have high intra- and inter-site reliability in voxel-

wise and ROI-based analyses in an intraclass correlation coefficient study (Ta et al., 2019). As 

an added measure, the main voxel-wise group analysis was also performed with and without a 

correctional factor for site (data not shown). The results from both of these models were nearly 

identical, and thus, site was omitted as a factor for all analyses in favor of simplicity. A T-

contrast was used to establish the directionality of change in autocorrelation (increased or 

decreased) in ALS compared to controls. F-contrasts were subsequently used to test for the 

absolute changes in autocorrelation between groups. The following clinical measures were tested 

as variables of interest at T0: (1) ALSFRS-R score, (2) UMN burden score, (3) average finger 

tapping score, and (4) average foot tapping score. Whole-brain voxel-wise paired t-tests were 

conducted in patients to compare their autocorrelation maps at the different timepoints. 

Regression models were used to assess for whole-brain associations between autocorrelation and 

clinical variables in ALS patients. Significant clusters were identified at P < 0.0005 with a 

minimum cluster size of at least 50 voxels for all voxel-wise analyses (Sheng et al., 2015; Chen 

et al., 2018). 

Linear mixed-effects models were used to assess the longitudinal progression of clinical 

measures and autocorrelation in the ROIs in ALS patients. The time interval from T0 in months 

was used as the fixed effect. The model intercept and the time interval were used as the random 
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effects. Longitudinal change in autocorrelation was additionally investigated in the ALS 

subgroups and controls. The interaction between group assignment and monthly decline in 

autocorrelation was also tested between ALS and controls, and slow and fast progressing ALS. 

All linear mixed-effect models were analyzed in SPSS (IBM Corp. Released 2016. IBM SPSS 

Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp.). Statistical significance was 

defined at P < 0.05. 

Results 

Study sample characteristics 

 A total of 256 participants (119 controls and 137 ALS patients) met the inclusion criteria 

for this study (Table 1). The mean age of ALS patients was higher than controls (P = 0.02), and 

there were proportionally more males than females in the ALS group than in the control group (P 

= 0.04). The mean ALSFRS-R score was 37.8  5.7 (n = 134), UMN burden was 5.4  2.9 (n = 

125), and finger and foot tapping scores were 43.3  13.2 (n = 94) and 29.0  12.2 (n = 80), 

respectively. The median disease progression rate for ALS patients was 0.4 (range 0.02 – 2.1) 

and this was used to divide the patients into slow and fast progressing ALS subgroups. 

Participants in these two subgroups had no differences in their mean age and gender distribution 

(P = 0.4 and 0.5, respectively; Supplementary Table 3). Participants in the fast progressing ALS 

subgroup had a higher mean UMN burden score (P = 0.002) and a greater proportion of patients 

with bulbar-onset ALS (P = 0.004). Further clinical and demographic details for ALS subgroups 

are provided in Supplementary Table 3. 

 Eighty-one controls and 84 ALS patients returned for at least one follow-up MRI scan. 

Fifty-seven controls had follow-up scans at T4 and T8, and 49 ALS patients returned for follow-
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up scans at both timepoints. A total of 528 MRI datasets from ALS patients and controls were 

therefore included in this study (T0 = 257, T4 = 159, T8 = 112). At the time of analysis, not all 

participants had reached their T4 and/or T8 assessments and therefore an attrition rate was not 

determined. The mean time from T0 to Tmax was 243.9  74.6 days and 212.8  68.2 days for 

controls and ALS patients, respectively. There were no differences in the mean age and gender 

distribution between ALS patients who returned for a follow-up and those who did not (P = 0.8 

and 0.4, respectively). The mean UMN burden score at baseline also did not differ between these 

two groups (P = 0.7). ALS patients who returned for a follow-up had a higher mean ALSFRS-R 

score at T0 (39.0  4.8) compared to those who did not return (35.6  6.5; P < 0.001); however, 

there was no significant difference between the two groups’ disease progression rates (0.4  0.4 

versus 0.5  0.4, respectively; P = 0.1). Of the 110 patients with limb-onset ALS at baseline, 74 

(67.2%) returned for at least one follow-up MRI scan. In contrast, 10 of the 27 (37.0%) patients 

with bulbar-onset ALS returned for a follow-up (P = 0.004). 

Group differences in texture at baseline 

 In whole-brain group comparison, ALS patients had decreased autocorrelation compared 

to controls in bilateral precentral gyri, subcortical white matter, left supplementary motor area, 

left frontal middle and superior gyri, bilateral frontal white matter, bilateral insular cortex, and 

bilateral temporal white matter (Fig. 1). Autocorrelation was increased in ALS patients along 

bilateral pyramidal tracts in regions between the corona radiata and the cerebral peduncles (Fig. 

1). Significant clusters in bilateral pyramidal tracts and medial precentral gyrus were present 

even after the application of progressively restrictive statistical thresholds of P < 0.00005, 

0.000005, and 0.0000005 (Supplementary Fig. 1). Clusters in the left insular cortex and thalamic 
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region appeared at P < 0.000005, followed by clusters in the temporal lobe at the lowest 

statistical threshold of P < 0.00005. 

Compared to controls, the slow progressing ALS group had alterations in autocorrelation 

in bilateral precentral gyri, left middle frontal gyrus, bilateral frontal white matter, left insular 

cortex, and bilateral pyramidal tracts (Fig. 2A). In contrast, the fast progressing ALS group had 

fewer regions of altered autocorrelation in the frontal cortex, but a greater involvement of 

bilateral pyramidal tracts, temporal white matter, and parahippocampal regions (Fig. 2B). There 

were no significant differences between the subgroups when compared directly (P > 0.001).  

In the ROI-based analysis, autocorrelation was decreased in ALS patients in the bilateral 

precentral gyrus (estimated marginal mean  standard error: 42.4 ± 0.2) compared to controls 

(43.1 ± 0.2) when covaried with age (P = 0.004). Similarly, in the PLIC ROI, autocorrelation 

was significantly (P < 0.001) increased in ALS patients (82.9 ± 0.2) compared to controls (81.2 ± 

0.2). No significant difference was present in autocorrelation between the subgroups in the 

precentral gyrus (slow progressing ALS: 42.3 ± 0.3 and fast progressing ALS: 42.6 ± 0.3; P = 

0.3) or in the PLIC (slow progressing ALS: 82.6 ± 0.3 and fast progressing ALS: 83.2 ± 0.3; P = 

0.1). 

Longitudinal changes in texture 

In the whole-brain paired t-test comparing ALS patients at T0 and Tmax (n = 84), 

autocorrelation was significantly decreased at Tmax in the posterior corpus callosum, left insular 

cortex, left temporal white matter, and along the junction of lateral ventricles and bilateral 

caudate heads compared to T0 (Fig. 3A). Additionally, autocorrelation was significantly 

increased in the left internal capsule and right thalamus at Tmax (Fig. 3A). In the slow progressing 
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ALS subgroup with at least one follow-up (n = 44), autocorrelation was significantly decreased 

in the posterior corpus callosum and significantly increased in the left internal capsule at Tmax 

compared to T0. (Fig. 3B). In contrast, autocorrelation was significantly decreased in the 

posterior corpus callosum, left insular cortex, and at the junction of lateral ventricles and bilateral 

caudate heads in fast progressing ALS (n = 40) at Tmax compared to T0 (Fig. 3C). No areas were 

significantly increased in this ALS subgroup. No whole-brain differences were found with paired 

t-test between controls at T0 and Tmax. 

Progressive changes between all three timepoints were assessed with whole-brain paired 

t-tests in the subset of ALS patients who returned for all timepoints (n = 49). Between T0 and T4, 

autocorrelation was significantly decreased in the posterior corpus callosum (Supplementary Fig. 

2A). Between T0 and T8, autocorrelation was significantly decreased in the posterior corpus 

callosum and along the junction of lateral ventricles and bilateral caudate heads (Supplementary 

Fig. 2B). Autocorrelation was also significantly increased in the right thalamus in this 

comparison.  

Longitudinal changes in texture in ALS were also assessed with group analyses between 

ALS patients and controls at T0 and Tmax. At T0, ALS patients had alterations in autocorrelation 

in the precentral gyrus, bilateral pyramidal tracts, and left insular cortex compared to controls 

when covaried with age (Fig. 4A). At Tmax, in addition to the changes observed at T0, these ALS 

patients had further alterations in autocorrelation in the frontal lobe white matter, bilateral 

temporal lobe white matter hippocampus, and thalamus compared to controls (Fig. 4B). 

Furthermore, there was an increase in the size of the significant clusters at Tmax compared to T0.  

 Linear mixed models were used to investigate the longitudinal evolution of 

autocorrelation in the precentral gyrus and PLIC ROIs. Controls demonstrated no significant 
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longitudinal change in autocorrelation in either the precentral gyrus (P = 0.7) or the PLIC (P = 

0.5). In ALS patients, there was no significant decline in autocorrelation within the precentral 

gyrus ROI over time [0.005  0.009 (standard error) unit/month, P = 0.4). Autocorrelation in the 

PLIC increased significantly at a rate of 0.05  0.02 (standard error) unit/month (P = 0.003). 

When compared directly, the rate of change in autocorrelation over time was significantly 

different between ALS patients and controls in the PLIC (P = 0.008), but not in the precentral 

gyrus (P = 0.9).  

 In the fast progressing ALS subgroup, there was a trend towards a significant monthly 

decline in autocorrelation in the precentral gyrus of 0.03  0.01 unit (P = 0.08). In the slow 

progressing ALS subgroup, there was no significant change over time in autocorrelation in the 

precentral gyrus (0.007  0.01 unit/month, P = 0.5). There was a trend towards a significant 

difference between fast and slow progressing ALS in their rates of change in autocorrelation in 

the precentral gyrus (P = 0.09). In slow progressing ALS, there was a significant increase of 0.06 

 0.02 unit/month (P = 0.02) in the PLIC. The rate of change increase in autocorrelation (0.05  

0.03 unit) did not reach significance (P = 0.08) in fast progressing ALS. When compared 

directly, there was no significant difference between the two subgroups in their rates of change in 

autocorrelation over time in the PLIC (P = 0.6). Fig. 5 shows the change in autocorrelation in the 

precentral gyrus and the PLIC between all timepoints in controls, ALS patients, and ALS 

subgroups. 

Clinical measures: correlations and longitudinal changes 

 ALSFRS-R scores correlated with UMN burden scores (r = -0.2, P = 0.01), and finger (r 

= 0.5, P < 0.001) and foot tapping scores (r = 0.4, P < 0.001; Supplementary Fig. 3). UMN 
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burden scores correlated with finger (r = -0.4, P < 0.001) and foot tapping scores (r = -0.4, P < 

0.001; Supplementary Fig. 3). The longitudinal decline in clinical measures was assessed by 

linear mixed-effect models. An average monthly decline of 0.5  0.06 (standard error) points was 

observed in the ALSFRS-R score (P < 0.001; Supplementary Fig. 4). UMN burden scores did 

not demonstrate a significant longitudinal monthly change (0.2  0.03, P = 0.6). Finger (0.6   

0.2, P < 0.001) and foot tapping scores (0.5  0.1, P = 0.001) also demonstrated significant 

monthly declines in ALS patients (Supplementary Fig. 4). 

Clinical measures: associations with texture 

In whole-brain analysis, the ALSFRS-R displayed widespread positive correlations with 

autocorrelation in the white matter regions of the frontal lobe, right insula, right precentral gyrus, 

left postcentral gyrus, bilateral hippocampal and parahippocampal regions, and in the pons of the 

brainstem (Fig. 6A). Positive correlations between UMN burden score and autocorrelation 

localized along the bilateral pyramidal tracts in the corona radiata and the internal capsule (Fig. 

6B). Additional associations with UMN burden were seen in bilateral caudate head. Finger 

tapping positively correlated with autocorrelation in ALS patients in the frontal lobe white 

matter, right middle precentral gyrus, left supplementary motor lobule, and bilateral posterior 

cingulate gyrus (Fig. 6C). Foot tapping scores demonstrated positive correlations in the frontal 

lobe white matter and bilateral posterior cingulate gyrus (Fig. 6D). 

Autocorrelation from the precentral gyrus ROI significantly correlated with the average 

finger tapping score (r = 0.3, P = 0.003). Autocorrelation from the PLIC significantly correlated 

with UMN burden score (r = 0.3, P = 0.002; Supplementary Fig. 5). There were no other 

significant correlations between autocorrelation and clinical measures. 
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Discussion 

 In this study, we set out to investigate progressive cerebral degeneration in ALS with 

texture analysis of T1-weighted images in a large, multicentre cohort. We first showed that 

texture-based abnormalities in gray and white matter at baseline were spatially congruent with 

the cerebral pathology of ALS. Importantly, texture alterations in the pyramidal tract were also 

found to be highly specific for clinical UMN dysfunction. This was in contrast to ALSFRS-R 

and finger and foot tapping scores that showed diffuse associations to gray and white matter 

structures. Furthermore, longitudinal analyses revealed that gray matter progression was 

characterized by spread of pathology towards the frontotemporal regions. We observed 

progressive changes in the pyramidal tracts after only four months. This is a novel observation 

and of importance as clinical UMN dysfunction did not progress over this time. Lastly, we 

showed that progressive cerebral degeneration in ALS was predicated upon the disease 

progression rate at baseline. Taken together, these findings also strongly suggest that texture 

analysis of T1-weighted images is a sensitive marker for longitudinal mapping of disease-related 

cerebral degeneration in ALS.  

Progression of cerebral degeneration in ALS 

 Though the mechanisms by which progressive cerebral pathology in ALS is disseminated 

are far from clear, propagation of misfolded proteins via a “prion-like” mechanism is a leading 

hypothesis (Polymenidou and Cleveland, 2011). Pathological proteins TDP-43 and SOD1 in 

ALS form seeding aggregates (Watanabe et al., 2001; Johnson et al., 2009) that are believed to 

propagate via axonal pathways between connected regions leading to a stereotyped spread of 

disease in the brain (Jucker and Walker, 2013). The four stages of TDP-43 pathology 

demonstrate a frontotemporal pattern of dissemination with involvement of prefrontal structures 
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in stage 3 and temporal structures in stage 4 (Brettschneider et al., 2013). Therefore, it is 

reasonable to hypothesize that longitudinal degeneration in ALS should demonstrate a 

progressive involvement of frontotemporal structures. In our study, greater texture abnormalities 

were noted in the frontotemporal and insular regions at follow-up. Atrophic changes in the insula 

have shown associations with impaired cognitive flexibility in ALS (Evans et al., 2015), and 

abnormal TDP-43 deposition in the insula is observed in 26 – 49% of patients (Cykowski et al., 

2017). Interestingly, we did not find longitudinal change in the precentral gyrus to be different 

between ALS patients and controls in ROI-based analysis. Indeed, studies investigating 

longitudinal cortical thickness have demonstrated thinning of the frontal and temporal cortices 

with sparing of the precentral gyrus (Verstraete et al., 2012; Schuster et al., 2014a; Walhout et 

al., 2015). This has clinical implications as we previously demonstrated that patients with a 

shorter survival have greater texture abnormalities in the frontotemporal and insular regions with 

relatively comparable degeneration of motor cortex compared to patients with a longer survival 

(Ishaque et al., 2018a). Taken together, these findings suggest that further degeneration within 

the motor cortex in ALS is limited after a critical level of damage is reached. As such, targeted 

therapies may play a disease-modifying role if they can halt the disseminative pathology within 

the gray matter. Future studies should monitor gray matter changes in ALS by assessing the 

involvement of extra-motor frontal and temporal structures in a staged manner over time, akin to 

the proposed DTI-based staging system (Kassubek et al., 2014; Kassubek et al., 2018).  

 Pathology of the pyramidal tracts in ALS is believed to be well-established by the time of 

diagnosis with limited subsequent longitudinal progression (Menke et al., 2014; Bede and 

Hardiman, 2018). In particular, a recent study found no change in the pyramidal tracts after four 

months with DTI analysis (Bede and Hardiman, 2018). In the current study, however, 
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progressive degeneration of the pyramidal tracts was detected at four months. Strikingly, we did 

not detect concurrent progressive decline in clinical UMN dysfunction, which is also in 

agreement with previously published data (Menke et al., 2014). This suggests that texture 

abnormalities within the pyramidal tracts can monitor subclinical UMN dysfunction and 

importantly, provide a much-needed marker for ALS. A formal comparison is needed to 

ascertain whether or not alterations in texture are more sensitive than DTI in detecting 

longitudinal degenerative changes.  

We also noted abnormalities in texture in the corpus callosum in ALS patients over time. 

Corpus callosum degeneration is a key component of the cross-sectional DTI signature in ALS 

(Filippini et al., 2010). Longitudinal changes in the corpus callosum have also been noted in 

other studies (van der Graaff et al., 2011; Zhang et al., 2011; Menke et al., 2014; Bede and 

Hardiman, 2018). Histologically, inflammatory markers are increased in the corpus callosum 

with accompanying loss of myelinated axons (Sugiyama et al., 2013; Cardenas et al., 2017), 

although its role in the pathophysiology of the disease is yet to be elucidated. 

 In attempting to delineate the relationship between cerebral degeneration and the disease 

progression rate, patients with fast progressing ALS had greater longitudinal texture alterations 

in the precentral gyrus compared to patients with slow progressing ALS; however, at baseline, 

texture abnormalities were similar in both subgroups in this region. Pathology in the motor 

cortex likely approaches its maximal state, especially in patients with slower disease progression 

rates, by the time patients are enrolled in clinical studies. In support of this, several studies show 

correlations between disease progression rate and extra-motor frontotemporal regions in whole-

brain cortical thickness analyses (Verstraete et al., 2012; d'Ambrosio et al., 2014; Walhout et al., 

2015). It can be postulated from these observations that a faster disease progression rate 
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implicates a more rapid and greater involvement of the frontotemporal regions. Conversely in the 

PLIC, patients with slow progressing ALS had greater longitudinal texture change whereas 

patients with fast progressing ALS had greater abnormalities at baseline. The pyramidal tracts 

may play a more direct role in regulating disease progression rates with faster rates being 

associated with greater degeneration at baseline (Menke et al., 2012). This is further 

substantiated by our observation of greater clinical UMN dysfunction in the fast progressing 

ALS subgroup at baseline. To the best of our knowledge, no other study has formally 

investigated the impact of disease progression rate on the progressive degeneration of gray and 

white matter structures in ALS. It should be noted that even though some of these findings did 

not satisfy strict statistical significance thresholds, they are of clinical significance and warrant 

further investigation. If patients with slower disease progression rates do indeed continue to 

experience progressive pyramidal tract degeneration, this may be an interventional window for 

future therapies.  

Texture of T1-weighted images as a marker for cerebral degeneration in 

ALS 

 The most consistent texture abnormalities in ALS are in the motor cortex and in the 

regions of the pyramidal tracts. Loss of Betz cells (Lawyer and Netsky, 1953; Nihei et al., 1993), 

astrocytic gliosis (Kamo et al., 1987; Murayama et al., 1991), and aberrant TDP-43 deposition 

(Brettschneider et al., 2013) are considered the core pathological features in the motor cortex in 

ALS. Decreased autocorrelation in the motor cortex in patients is likely related to some 

aggregate of these abnormalities. The derivation of autocorrelation is a function of voxel 

intensities and the likelihood of co-occurring intensities in an image. Indeed, histological 

associations, particularly with markers of gliosis, using quantitative ex vivo MRI have shown that 
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these pathological features impact T1 relaxation times in ALS (Meadowcroft et al., 2015). 

Recent studies have also suggested that T2 shortening in the motor cortex is caused by increased 

iron accumulation in the microglia (Kwan et al., 2012). Reduced gray matter density (Shen et al., 

2016) and cortical thinning (Agosta et al., 2012) are well-known neuroimaging correlates of 

ALS. It is reasonable to attribute decreased autocorrelation simply to cortical atrophy. However, 

we showed previously that reduced autocorrelation values in the cortex only partially overlap 

with reduced gray matter densities and also expand to other disease-related regions (Ishaque et 

al., 2018a). Texture abnormalities could provide insight into events preceding the later stages of 

degeneration such as cortical thinning. 

 Within the pyramidal tracts, loss of myelinated axons and altered myelin sheath 

morphology are classic pathologic findings in ALS (Lawyer and Netsky, 1953; Smith, 1960). 

Findings of myelin pallor on Luxol fast blue stains, suggesting myelin loss, are variable and are 

often present only in cases of marked UMN loss. A study investigating in vivo myelin content 

with myelin water fraction found that there were no abnormalities in ALS patients compared to 

controls (Kolind et al., 2013). Instead, the authors found increased intra- and extracellular water 

content that is potentially associated with edema secondary to neuroinflammatory processes. 

This is in concordance with evidence of widespread cerebral microglial activation in ALS found 

in neuroimaging (Turner et al., 2004) and histological studies (Kawamata et al., 1992). 

Additionally, mild qualitative hyperintensities on T1-weighted images (Kato et al., 1997) and 

increased T2 relaxation times and quantitative proton density in ALS (Ding et al., 2011) are 

thought to be caused by axonal damage leading to an increase in unbound water. Taken together, 

we postulate that the increase in autocorrelation observed in the pyramidal tracts in ALS is 

caused by neuroinflammatory processes involved in the breakdown of myelin content and axonal 
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loss secondary to cortical neuronal degeneration instead of primary insults to myelin content. 

Indeed, texture abnormalities in the pyramidal tracts in ALS also correlate with abnormalities in 

DTI measures that suggest a secondary axonal degeneration process (Ishaque et al., 2018b). This 

is in contrast with multiple sclerosis where increased texture heterogeneity in lesions and 

diffusely abnormal white matter was found to be more sensitive to myelin loss compared to 

axonal injury and inflammation (Zhang et al., 2013). It is therefore imperative that future studies 

disentangle the multifaceted causes of texture alterations in ALS with direct correlations to 

histological data to further understand the pathophysiology of the disease. 

 Clinical-radiological associations have been sought extensively in ALS (Verstraete et al., 

2015). The near-exclusive correlation between pyramidal tract changes and UMN burden in this 

study suggests that the degeneration of this pathway is primarily responsible for the clinical 

presentation of UMN dysfunction. This was similarly observed in a previous DTI study (Menke 

et al., 2014). In contrast, the widespread cerebral correlations of ALSFRS-R underscore its poor 

specificity for UMN function. Studies have shown correlations between ALSFRS-R limb and 

bulbar sub-scores and the respective gray matter regions in the motor homunculus (Bede et al., 

2013; Walhout et al., 2015). Abnormalities in ALSFRS-R sub-scores also correlate with the 

region of symptom onset (Rooney et al., 2017). The region of symptom onset in ALS is believed 

to experience the maximal UMN and LMN degeneration (Ravits, 2014). Therefore, ALSFRS-R 

correlations along the motor homunculus are likely related to an interplay between concurrent 

UMN and LMN pathology. Finger and foot tapping scores have been used as surrogates for 

UMN dysfunction in ALS studies (Kent-Braun et al., 1998; Mitsumoto et al., 2007). Here, we 

found these scores to correlate with clinical UMN dysfunction and as such demonstrate their 

sensitivity to it; however, they did not show specificity to motor cortex or pyramidal tract 
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degeneration in whole-brain correlations. Functional MRI studies have demonstrated reduced 

cortical activity in the prefrontal cortices during voluntary movement tasks in ALS patients 

(Stanton et al., 2007; Cosottini et al., 2012). This is in line with our finding of frontal lobe 

associations of finger and foot tapping scores and suggest that motor weakness related to 

volitional tasks in ALS is associated with failures and compensations in larger networks and not 

isolated dysfunctions in the UMN system. 

Technical considerations and limitations 

We have successfully shown here that 3D texture analysis of T1-weighted images enables 

the assessment of gray and white matter structures for degenerative changes. These changes are 

associated with clinical dysfunction and can offer insight into the pathophysiology of disease and 

serve as markers in clinical trials. This technique represents an advancement for neuroimaging 

studies as it can interrogate both gray and white matter without requiring multimodal MRI 

protocols that are often challenging for patients with debilitating diseases. Texture features may 

therefore be considered robust markers for cerebral degeneration that can be rapidly 

implemented in clinical trials as they only require a T1-weighted image. Future studies must 

investigate the neuropathological underpinnings for texture features and associations with other 

relevant MRI modalities (Ishaque et al., 2018b). 

 We included longitudinal data from controls to ensure the observed findings were not due 

to healthy ageing, or an artifact of texture analysis. A limitation of this study, however, is that 

since CALSNIC is actively acquiring data, longer duration and complete follow-up data were not 

available for all patients and controls. A future study with a larger dataset should aim to replicate 

the current findings. Furthermore, we did not apply image intensity normalization techniques in 

this study to account for multicentre data from different MRI systems. It is possible that some of 
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the observed results were affected by MRI system-specific differences. However, given the 

relevant clinical correlations, similar results to previous studies, and inclusion of control data 

from all recruiting sites, that is an unlikely possibility. Additionally, autocorrelation has 

demonstrated high intra- and inter-site reliability in traveling control datasets (Ta et al., 2019). 

Nevertheless, it would be worthwhile to optimize texture analysis pipelines to account for 

possible subtle image intensity variations due to MRI system differences. 

 In conclusion, we provide evidence for progressive degeneration of white matter in the 

PLIC in ALS over four- and eight-month intervals in the absence of clinical UMN decline. The 

longitudinal course of gray matter pathology is characterized by a frontotemporal spatial spread, 

instead of progressive degeneration within the motor structures. Furthermore, these progressive 

patterns are influenced by the disease progression rate. This suggests the presence of disease-

specific cerebral network vulnerabilities and differential involvement of gray and white matter 

degeneration in contrast to a simple gradient. Indeed, future studies should look to further parse 

the factors influencing the longitudinal degeneration in ALS, such as site of symptom onset and 

cognitive involvement. 
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Table 1: Baseline characteristics of study participants. Data is represented as mean  standard 

deviation, or median (range) if data did not follow a normal distribution (Shapiro-Wilk test, P < 

0.05). Significant between-group differences (P < 0.05) are highlighted in bold. 

 Controls ALS P value 

n 119 137  

Age (years) 55.8  10.4 59.1  10.5 0.01a 

Gender, male/female 58/61 85/52 0.03b 

Site of symptom onset, 

limb/bulbar 

- 110/27  

ALSFRS-R - 39 (20 – 47)  

Symptom duration (months) - 23.4 (5.7 – 151.7)  

Disease progression rate - 0.4 (0.02 – 2.1)  

UMN burden score - 5 (1 – 12)  

Average finger tapping score 59.0  12.2 43.3  13.2 < 0.001a 

Average foot tapping score 43.4  8.5 29.0  12.2 < 0.001a 

UMN = upper motor neuron; ALSFRS-R = amyotrophic lateral sclerosis functional rating scale-

revised; disease progression rate = (48 – ALSFRS-R)/symptom duration; a = independent 

samples t-test; b = chi-squared test 
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Figure 1: Texture differences between ALS patients and controls at T0. Regions in red indicate 

areas of significantly (P < 0.0005, cluster size > 50) decreased autocorrelation in ALS patients 

and regions in blue indicate areas of significantly increased autocorrelation. The color bar on the 

bottom right shows the range of T-values for the contrast controls > ALS patients. 
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Figure 2: Texture differences between ALS subgroups of slow and fast progressing patients 

compared to controls at T0. In panel (A), regions in red indicate areas of significantly (P < 

0.0005, cluster size > 50) altered autocorrelation in slow progressing ALS patients compared to 

controls. In panel (B), regions in red indicate areas of significantly altered autocorrelation in fast 

progressing ALS patients compared to controls. The color bars show the range of F-values. 
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Figure 3: Longitudinal changes in texture in (A) ALS patients and (B) slow and (C) fast 

progressing subgroups from T0 to Tmax evaluated using paired t-tests (P < 0.0005, cluster size > 

50). (A) In all ALS patients, autocorrelation decreased longitudinally (red) in the posterior 

corpus callosum, left insular cortex, and at the junction of lateral ventricles and bilateral caudate 

heads. Autocorrelation increased (blue) in the left internal capsule and right thalamus. (P < 

0.0005, cluster size > 50). (B) In slow progressing ALS, autocorrelation decreased in the 

posterior corpus callosum and increased in the left internal capsule. (C) In fast progressing ALS, 

autocorrelation decreased in the posterior corpus callosum and left insular cortex. 

Autocorrelation was not increased in this subgroup. The color bars show the range of T-values. 
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Figure 4: Texture differences between ALS compared to controls at T0 (A) and Tmax (B). In 

panels (A) and (B), regions in red indicate areas of significantly (P < 0.0005, cluster size > 50) 

altered autocorrelation in ALS patients compared to controls. The color bars show the range of 

F-values. Images on the right show a merged glass-brain representation of the differences in ALS 

patients at T0 and Tmax. Regions in blue indicate significant clusters present only at T0, regions in 

purple indicate significant overlapping clusters present at T0 and Tmax, and regions in red indicate 

significant clusters present only at Tmax. 
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Figure 5: Texture differences in controls, ALS, and ALS subgroups between various timepoints 

in (A) the posterior limb of the internal capsule (PLIC) and (B) the precentral gyrus regions of 

interests. Data is represented as the mean  95% confidence interval at each point. The numbers 

inside in the bars in (A) represent the sample sizes of each group in the respective analyses. 
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Figure 6: Cerebral associations between texture and clinical measures in ALS patients. Regions 

in yellow indicate areas of significant (P < 0.0005, cluster size > 50) positive correlations 

between autocorrelation and (A) ALSFRS-R, (B) UMN burden score, (C) average finger tapping 

score, and (D) average foot tapping score. The color bars show the range of T-values. ALSFRS-

R = ALS functional rate scale-revised; UMN = upper motor neuron 
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Supplementary Table 1: Calculation of the upper motor neuron burden score. Muscle tone and 

limb reflexes were tested bilaterally in arms and legs. The score associated with the presence of 

the clinical sign is provided in parentheses.  

Clinical exam Neurological sign and score 

Muscle tone (x4) Hypertonia (1) 

Reflexes  

     Jaw reflex Hyperreflexia (1), clonus (2) 

     Limb reflexes (x4) Hyperreflexia (1), clonus (2) 

Babinski reflex (x2) Positive (1) 

Total UMN burden score 16 

UMN = upper motor neuron
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Supplementary Table 2: MRI acquisition parameters for 3D T1-weighted scans (all 1 mm isotropic) at the six centres included in this 

study. Most centres implemented two different protocols as part of the Canadian ALS Neuroimaging Consortium. 

Centres 

University of British 

Columbia University of Calgary University of Alberta 

 Protocol 1 Protocol 1 Protocol 2 Protocol 1 Protocol 2 

n (controls/patients) 10/9 9/9 11/7 19/17 26/21 

Scanner vendor Philips General Electric General Electric Siemens Siemens 

Head coil channels 8 12 32 20 64 

Acquisition matrix 240 x 240 256 x 256 224 x 256 256 x 256 232 x 256 

Field of view (mm2) 240 x 240  256 x 256 256 x 256 256 x 256 232 x 256 

Slice thickness (mm) 1 1  1  1  1 

Orientation Axial Axial Sagittal Axial Sagittal 

Number of slices 150 176 176 176 176 

Repetition time (ms) 7.9 7.4 8.1 2300 1700 

Echo time (ms) 3.5 3.1 3.2 3.4 2.2 

Inversion time (ms) 950 400 400 900 880 

Flip angle (°) 8 11 16 9 10 

Centres University of Toronto McGill University Laval University 

 Protocol 1 Protocol 2 Protocol 1 Protocol 2 Protocol 1 

n (controls/patients) 11/23 8/20 6/12 10/8 9/11 
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Scanner vendor General Electric Siemens Siemens Siemens Philips 

Head coil channels 8 64 32 64 8 

Acquisition matrix 256 x 256 232 x 256 256 x 256 232 x 256 256 x 256 

Field of view (mm2) 256 x 256 232 x 256 256 x 256 232 x 256 256 x 256 

Slice thickness (mm) 1  1 1  1  1  

Orientation Axial Sagittal Axial Sagittal Sagittal 

Number of slices 176 176 176 176 176 

Repetition time (ms) 7.7 1700 2300 1700 7.1 

Echo time (ms) 2.9 2.2 3.4 2.2 3.4 

Inversion time (ms) 400 880 900 880 950 

Flip angle (°) 11 10 9 10 10 
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Supplementary Table 3: Characteristics of slow and fast progressing ALS patients at baseline. 

Data is represented as mean  standard deviation. Significant between-group differences (P < 

0.05) are highlighted in bold. 

 Slow progressing ALS Fast progressing ALS P value 

n 67 67  

Age (years) 59.7  11.1 58.2  9.2 0.4a 

Gender, male/female 44/23 40/27 0.5b 

Site of symptom onset, 

limb/bulbar 

61/6 47/19 0.004b 

ALSFRS-R 40.0  4.9 35.5  5.7 < 0.001a 

Symptom duration (months) 45.2  28.8 19.5  11.2 < 0.001a 

Disease progression rate 0.2  0.09 0.7  0.4 < 0.001a 

UMN burden score 4.6  2.5  6.3  3.0 0.002a 

Finger tapping score 46.6  12.2 40.6  13.8 0.03a 

Foot tapping score 31.2  11.7 26.9  12.6 0.1a 

UMN = upper motor neuron; LMN = lower motor neuron; ALSFRS-R = amyotrophic lateral 

sclerosis functional rating scale-revised; disease progression rate = (48 – ALSFRS-R)/symptom 

duration;  T0-max = time interval between baseline and last follow-up MRI; a = independent 

samples t-test; b = chi-squared test 
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Supplementary Figure 1: Glass brain representations of group differences in texture between 

controls and ALS patients at different statistical thresholds. Red regions indicate decreased 

autocorrelation and blue regions indicate increased autocorrelation in ALS patients. At the 

lowest threshold (A), diffuse gray matter regions showed altered autocorrelation, including left 

frontal white matter, bilateral temporal white matter, cingulate gyrus, and thalamic region. At the 

intermediate threshold (B), left lateral precentral gyrus and left insular cortex demonstrated 

differences in autocorrelation between the two groups. At the highest statistical threshold (C), 

differences were found in the left medial precentral gyrus. Bilateral pyramidal tracts had 

increased autocorrelation at all statistical thresholds. 
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Supplementary Figure 2: Longitudinal changes in texture in ALS between T0, T4, and T8 (P < 

0.0005, cluster size > 50). (A) Between T0 and T4, autocorrelation decreased in the posterior 

corpus callosum in ALS patients. Autocorrelation did not increase between these timepoints. (B) 

Between T0 and T8, autocorrelation decreased in the posterior corpus callosum and at the 

junction of the lateral ventricles and bilateral caudate heads. Autocorrelation also increased in the 

right thalamus. The color bars show the range of T-values.
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Supplementary Figure 3: Correlations between clinical measures at baseline in ALS patients. 

ALSFRS-R score significantly correlated with (A) UMN burden score (r = -0.2, P = 0.01), (B) 

average finger tapping score (r = 0.5, P < 0.001), and (C) average foot tapping score (r = 0.4, P < 

0.001). UMN burden score significantly correlated with (D) average finger tapping score (r = -

0.4, P < 0.001) and (E) average foot tapping score (r = -0.4, P < 0.001). 
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Supplementary Figure 4: Clinical measures of all ALS patients at T0, T4, and T8. Data is 

represented as the mean  95% confidence interval at each timepoint. 
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Supplementary Figure 5: Associations between texture of the precentral and the posterior limb 

of the internal capsule (PLIC) and clinical measures in ALS patients. Significant correlations (P 
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< 0.05) were found between autocorrelation of the precentral gyrus and average finger tapping 

score (C, r = 0.3). Autocorrelation of the PLIC correlated significantly with UMN burden score 

(F, r = 0.2).  
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Discussion and Conclusion 

Each experimental chapter has detailed Discussion and Conclusion sections. Here, the 

overarching contributions to the understanding of the ALS pathology from a neuroimaging point-

of-view will be discussed with respect to the aims and hypotheses initially outlined in this 

dissertation. The potential of texture analysis as a source of non-invasive biomarkers for ALS 

will be described and at the end, limitations of this dissertation and future directions will be 

presented. 

Neuroimaging and the pathology of amyotrophic lateral sclerosis 

 The neuroimaging literature in ALS has provided ample evidence of degenerative 

changes in the motor cortex, frontotemporal regions, and variably in the deep gray nuclei. These 

changes range from cortical thinning, volume reductions, and altered metabolism and function. 

In the white matter, the core signature of disruptions in the corticospinal tract and corpus 

callosum microarchitecture is also recognised along with disruptions in the frontotemporal 

networks. These abnormalities in gray and white matter region are confirmed with the study of 

T1-weighted images using the novel 3D texture analysis technique. Abnormalities in the texture 

feature autocorrelation were present in the motor cortex and frontotemporal regions in ALS 

patients. Furthermore, a strong signal of texture alteration in the corticospinal tract was 

consistently observed. It is worth highlighting that texture abnormalities in the corpus callosum, 

namely with texture feature autocorrelation, were not detected in the cross-section analyses. This 

is at odds with DTI studies that suggest that changes in the diffusion profile of this white matter 

structure are part of its characteristic neuroimaging signature. A possible explanation for this 

discrepancy is that different texture features are variably sensitive to different microarchitectural 
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and pathologic features on MRI. The pyramidal tract in humans is comprised of small- (1 – 4 

µm) and large-diameter (up to 20 µm) axons of varying axonal densities as they descend through 

the cerebrum.460 These tracts have increased extracellular water and thicker myelin sheaths that 

cause their uniquely hyperintense signal on T2-weighted images compared to adjacent 

structures.461 In ALS, large calibre motor neurons, the Betz cells, are preferentially affected and 

small diameter axons are spared. The corpus callosum, on the other hand, is largely composed of 

densely packed smaller diameter axons (< 5 µm).462 The increase in autocorrelation along the 

descending pyramidal tracts may reflect the increase in extracellular water content secondary to 

the loss of large-diameter axons. In the corpus callosum, this phenomenon may be diminished 

due to the higher axonal density. Detailed histological and morphological evaluations of the 

fibers of the corpus callosum in ALS, however, are currently lacking to further substantiate this 

claim. The experiments in this work primarily focused on the texture feature autocorrelation and 

it is entirely possible that other texture features exhibit different behaviours in response to the 

pathology in ALS. Nevertheless, these findings suggest that subtle variations on routine T1-

weighted images are present and can serve as biomarkers for detection of the disease. 

Furthermore, unique texture alterations on routine MRI modalities such as T1- and T2-weighted 

and FLAIR images may provide further pathological insights as they are each sensitive to unique 

microscopic properties of tissue. 

 Several clinical associations were also established in this work. First, an association 

between extra-motor involvement and worse survival was demonstrated in ALS patients. These 

findings are further strengthened by a recent study.463 This MRS study found that the ratio of 

NAA/mI from the prefrontal cortex contributed to the prediction of survival after a two-year 

period. These findings place the ALS-FTD spectrum in spotlight for discussions of disease-
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modifying therapies. Consideration should be given to drugs that can limit the spread of 

pathology within the brain in ALS and not just to protect the motor regions from progressive 

degeneration. It follows that clinical trials should not only evaluate motor function-related 

endpoints, but also assess frontotemporal involvement over the course of their experiments. A 

shift in the approach to designing future clinical trials with respect to primary endpoints is 

therefore recommended. In addition, patients with an established ALS-FTD syndrome may 

benefit from a different therapeutic approach and should not be grouped together in clinic trials 

with patients with only motor findings. Secondly, the ALSFRS-R score was found to associate 

with widespread cortical regions. This is in accordance with the view that the ALSFRS-R, 

though sensitive to longitudinal decline in ALS, does not represent specificity to a brain structure 

or function. The ALSFRS-R may instead represent global cerebral disease burden along with 

LMN dysfunction, and therefore it should be not used as a surrogate measure for UMN 

dysfunction in ALS. On the other hand, clinical evaluation of UMN burden was found to closely 

associate with abnormal texture along the corticospinal tract. This suggests that the clinical UMN 

dysfunction observed in ALS is largely a function of disruptions in the pyramidal tracts. The 

location a of insult along the motor cortex is more closely associated with the clinical phenotype 

as it pertains to limb- versus bulbar-onset phenotypes. This is in accordance with the theory of a 

focal disease onset in ALS and is supported by neuroimaging findings of focal damage to the 

motor cortex that mirror the clinical motor phenotype. 

 The longitudinal experiment results suggest that the pathology in ALS spreads across the 

gray matter in an anterolateral direction from the motor cortex. Progressive degenerative changes 

within the motor cortex are limited once the disease is established clinically. Longitudinal 

cortical degeneration in ALS thus can be characterized as the sequential involvement of cortical 
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structures that are connected via axonal pathways. Future studies should consider quantifying the 

rate and pattern of spatial spread of disease across the cortex. For example, the proposed 

pathological stages of abnormal TDP-43 deposition could represent an in vivo stepwise 

involvement of cortical structures. This, along with the association between survival and 

frontotemporal involvement, suggests that drugs that can prevent the spread of pathology in the 

brain may have a neuroprotective role in ALS. In contrast, progressive texture abnormalities 

within the corticospinal tract suggest that degenerative processes continue to take place over time 

in the descending pyramidal tracts. The observed dichotomy in the degeneration pattern of gray 

and white matter structures in ALS is a novel finding that has implications for future studies. 

These findings lend support to the hypothesis that ALS is a disease mediated by corticofugal 

axons. In this view, the continued degeneration of the pyramidal tracts could mirror the 

increasing cortical pathological burden. On the other hand, one can argue that the lack of 

progressive changes within the motor cortex in light of degenerating pyramidal tracts support the 

“dying-back” hypothesis where the failure of the UMN system is triggered by LMNs. However, 

the inevitable cortical spread is not yet accounted for with this point-of-view. Neuroimaging 

studies have the potential to answer these important questions and further disentangle the 

pathophysiology of the ALS. Future studies show focus on pre-symptomatic, or early-diagnosis 

ALS patients to monitor the longitudinal progression of the disease. 

Texture analysis and its potential role as a biomarker 

 This work represents the first comprehensive use of 3D texture analysis to uncover 

abnormalities in routine MRI scans in a neurodegenerative disorder. In clinical settings, T1-

weighted images are acquired to exclude other causes of the signs and symptoms of ALS and 

serve no diagnostic purpose for patients. Here, it was demonstrated that T1-weighted images 
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harbour subtle pathological abnormalities that texture features accurately detected, notably in 

region of the pyramidal tracts. DTI has been the MRI modality of choice to characterize white 

matter alterations in ALS and other diseases of the central nervous system because of its 

remarkable sensitivity for microstructural alterations. However, DTI techniques have not yet 

made inroads towards clinical use for neurodegenerative disease. Texture features as biomarkers 

have unique advantages because they can be quantified from routine MRI modalities and do not 

require advanced acquisition and processing techniques to detect pathogenic changes. T1-

weighted images are a part of routine neuroimaging work-up for ALS and therefore present an 

opportunity for earlier diagnoses with texture analysis. This highlights the practicality of texture 

analysis in providing biomarkers that can clearly improve the diagnostics of ALS, and provide a 

tool to monitor patients’ progression. 

A notable characteristic of neurodegenerative disorders is the presence of pathological 

processes that precede overt atrophy measurable on MRI. These processes include aberrant 

protein deposition, immune-mediated responses such as gliosis, and metabolic alterations. 

Volume loss and cortical thinning are frequently used as biomarkers from T1-weighted images in 

ALS. These features represent the end-stage manifestation of degeneration and cannot be used to 

detect the earlier stages of the disease where volume loss has not yet taken place. Alterations in 

texture features, however, are sensitive to signal changes in gray matter independent of volume 

or thickness measurements. As such, texture features may serve as biomarkers of early-stage 

ALS. This hypothetical approach of identifying the pathological cascade at various stages of a 

disease using biomarkers has been utilized in Alzheimer’s disease.282 In light of this approach, 

abnormalities in texture features can mark the antecedent events in the pathological cascade of 
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ALS. Thus, texture analysis is not only a source of early biomarkers for ALS, but may also be 

sensitive to early pathological events that can improve the understanding of its pathophysiology.  

Lastly, this work highlights the usefulness of texture analysis in monitoring longitudinal 

changes in ALS. For a biomarker to be implemented in any clinical trial, it should be sensitive in 

detecting the natural history of a disease and the response to a therapeutic intervention. The lack 

of such a biomarker is one of the biggest challenges facing the development of treatment drugs 

for ALS. Here, texture features detected progressive abnormalities at four- and eight-months 

follow-up in the absence of measurable clinical decline. This is significant because it underscores 

the ability of texture features to detect subclinical cerebral changes in a short time interval. 

Clinical trials can use therefore texture-based biomarkers to study anatomically-specific cerebral 

responses to various treatments. This information can be used to provide precision therapeutic 

options to patients. In addition, the shorter time interval needed to detect these changes offers a 

financial advantage to clinical trials.  

Limitations and future directions 

This work is limited by the lack of histological data. Despite demonstrating clinical 

validation, the biological underpinnings of texture features remain poorly understood. 

Neuropathological associations are required to identify texture features’ sensitivity to specific 

degenerative processes in ALS. As stated above, it is possible that different texture features have 

variable correlations towards different pathological processes in which case using a combination 

of texture features would prove to be the better approach in detecting and monitoring the disease. 

It should be pointed out, however, that post-mortem studies were being conducted for this 

purpose during the time of this work; however, these were not included in this dissertation due to 

time constraints. Another limitation is the lack of cerebral associations with neuropsychometric 
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data. Texture abnormalities detected in the frontotemporal regions in ALS in cross-sectional and 

longitudinal analyses should be assessed for associations with cognitive and behavioural 

function. This is important given the multisystem nature of the disease and to further clinically 

validate the extra-motor findings of texture analysis. This work is also limited by the lack an 

incidence-based patient cohort. MRI studies of clinic-based populations, on average, represent 

patients that are less functionally impaired; there is a selection bias towards patients that are able 

to tolerate MRI assessments and cooperative with an extensive battery of clinical and cognitive 

tests. As such, to obtain a wider and a more representative spectrum of the disease, an incidence-

based cohort of ALS patients should be sought.  

Future work should aim to study texture features at an individual level. This dissertation 

provided support for texture analysis as a source of biomarkers at the group level; however, 

validation studies at the individual level are needed before texture features can be implemented 

in clinical practice and clinical trials. Additionally, work should be done to understand the 

pathological cascade of ALS and its temporal characteristics, including MRI studies of pre-

symptomatic, or early-diagnosis patients. Doing so will optimize the use of biomarkers for 

patients in specific stages of the disease and reveal windows of therapeutic opportunity. 
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