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Introduction

Amyotrophic lateral sclerosis (ALS) is a rare disorder, which means that the condition affects
less than five per 10,000 people in the general population (Office of the European Union,
2008). Despite that, it is the most common form of adult onset motor neuron degeneration.
This fatal disease is defined by a combination of upper motor neuron (UMN) and lower motor
neuron (LMN) degeneration. The etiology and physiopathology involved are not fully
understood. Some researchers have suggested that it is caused by multiple susceptibility

genes interacting with a variety of environmental risk factors.

Recently, epidemiological and clinical data has led researchers to propose ALS variability in
terms of incidence, mortality and clinical characteristics between geographic areas and
populations. The evidence is based on original investigations, multiethnic studies and meta-
analyses. However, it is difficult to obtain firm conclusions because most of the scientific
literature available is from Europe and North America and therefore from Caucasian
populations. ALS variability could be associated with different factors, such as environmental
exposures or genetic variants. Nevertheless, these findings may reflect variability between

studies design, differences in case ascertainment and health care access.

Given the importance of this subject, it is crucial to furnish reliable data using standardized
methods in different populations around the globe that might bring new answers to understand

ALS heterogeneity.
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Chapter I. Amyotrophic lateral sclerosis: A general overview

Amyotrophic lateral sclerosis is an incurable, fatal neurodegenerative disease that affects the
motor neuron system. Motor neuron degeneration extends from the cortex to the anterior horns
of the spinal cord (Figure 1). Traditionally, the classic ALS form is characterized by a
combination of upper motor neuron and lower motor neuron signs and symptoms in the same

body regions with subsequent evidence of progression to other regions (Kiernan et al., 2011).
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Figure 1 : Motor neuron system
Source: (Brown and Al-Chalabi, 2017)
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The father of modern neurology, Jean-Martin Charcot, firstly described ALS using the
anatomo-clinical method in the 19th century. The term “amyotrophic lateral sclerosis” denotes
the combination of clinical findings of muscular atrophy and the pathological observation of
bilateral and symmetric sclerosis of the lateral spinal cord columns (Goetz, 2000). Although
much has been learned over the last 150 years since Charcot’s description, much remains to

be done to understand the complexity of this disease.

I.1. Epidemiology: A brief introduction

Amyotrophic lateral sclerosis is the most common adult-onset motor neuron disorder. The
worldwide standardized ALS incidence is 1.68 (95% CI, 1.50 — 1.85) per 100 000 person-years
of follow-up (PYFU) (Marin et al., 2017). The number of ALS prevalent cases worldwide has
been estimated at around 200,000 to 300,000 in recent years (Arthur et al., 2016; Logroscino
et al., 2018b). It appears however, according to new evidence, that ALS displays an
epidemiological variability between geographic areas and populations. This is precisely the
subject that we are going to explore in this dissertation. A detailed description of ALS

epidemiology will be presented in the next chapter.

I.2. Etiology

The majority of ALS cases appears sporadically with no apparent heritability. Sporadic ALS
(SALS) refers to patients with no known family history of the disease. SALS accounts for 90%
to 95% of all ALS cases (Rowland and Shneider, 2001). Familial ALS (fALS) is established in
patients who have at least a family member affected with ALS. fALS is reported to range from

5% in population-based studies to 10% in hospital-based studies (Byrne et al., 2011).

Several genetic variants have been described to play a prominent role in the etiology of ALS,
while the contribution of environmental, occupational and lifestyle factors have been more

difficult to assess. ALS is considered to be a complex disease, multiple genetic polymorphisms
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and environmental factors may eventually lead to motor neuron degeneration (Van Vught et

al., 2005).

1.2.1. Genetics

Since the first gene associated with ALS was identified in the early nineties (Rosen et al.,
1993), more than 30 different genes have been linked to the disease mostly for fALS (Chia et
al., 2018). These mutations affect basically three pathophysiological processes: RNA

metabolism, protein turnover, and axonal transport (Robberecht and Philips, 2013) (Figure 2).
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Figure 2 : Genetic mutations associated with ALS
Source: (Brown and Al-Chalabi, 2017)

A genetic mutation can be identified among 60% to 80% of fALS cases with a predominantly
autosomal dominant pattern of inheritance for several mutations (van Es et al., 2017). The
most common mutation in familial ALS is the hexanucleotide repeat expansion in C9orf72
(40%)), followed by superoxide dismutase 1 (SOD1) (20%), fused in sarcoma (FUS) (1-5%),
and TAR DNA-binding protein (TARDBP) (1-5%) (Renton et al., 2014). The same gene
mutations described in fALS can be found in 10% of sporadic cases. In fact, the repeat
expansion in C9orf72 is also the most frequent gene in sporadic ALS (around 7% in Western

countries) (Majounie et al., 2012). Researchers are beginning to postulate that the genetic
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architectures between familial and sporadic ALS could be similar (van Es et al., 2017). Figure

3 showed the genetic mutation associated with familial and sporadic ALS.

Sporadic ) ! Familial

C9ORF72 /

Figure 3 : Genetic mutation proportions associated with familial and sporadic ALS.
Source: (Renton et al., 2014)

It should be noted that the frequency of genetic variants are variable between different

populations, which we will discuss later.

|.2.2. Potential risk factors

Environmental, occupational and lifestyle factors have been studied extensively as potential
risk factors in ALS. The scientific evidence in this area is not conclusive, although there is
research that supports a potential association between ALS and environmental exposure to
metals (e.g. lead (Kamel et al., 2005), selenium (Vinceti et al., 2010, 1997)), pesticides (e.g.
organochlorine compounds, herbicides and fumigants (Malek et al., 2012)), b-methylamino-L-
alanine (BMAA) (Bradley and Mash, 2009; Delzor et al., 2014), electromagnetic fields (Huss
et al., 2009), and viruses (Douville et al., 2011). Certain occupations have greater risk to
develop ALS including professional athletes (e.g. soccer players (Chio et al., 2005), football
players (Lehman et al., 2012), cross-country skiers (Fang et al., 2016)), military (Weisskopf et
al., 2005), farmers (Chi6 et al., 1991; Furby et al., 2010), and electrical workers (Gawel et al.,
1983; Savitz et al., 1998; Zhou et al., 2012). Researchers have also investigated lifestyle

factors as potential ALS risks, among them we can mention intense physical activity (Gallo et
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al., 2016; Hamidou et al., 2014; Huisman et al., 2013), head trauma (Chen et al., 2007), diet

(Fitzgerald et al., 2014; Veldink et al., 2007), and smoking (Alonso et al., 2010; Armon, 2009).

The assessment of risk factors in ALS is challenging mainly due to the problem of accurately
estimate exposure throughout life and the retrospective designs of the studies. Evidence is still
conflicting. For instance, smoking has been shown to increase the ALS risk in several studies
(Armon, 2009; de Jong et al., 2012; Nelson et al., 2000; Wang et al., 2011), while other studies

have failed to demonstrate this association (Fang et al., 2006).

I.3. Diagnosis

Amyotrophic lateral sclerosis diagnosis relies on El Escorial criteria since its publication in
1994. The initiative to establish standardized criteria on ALS diagnosis was led by the
subcommittee on Motor Neuron Diseases/Amyotrophic Lateral Sclerosis of the World
Federation of Neurology Research Group on Neuromuscular Diseases in order to provide
higher homogeneity in randomized therapeutic trials. El Escorial criteria assess diagnostic
certainty based on the presence of signs of lower motor neuron degeneration and upper motor
neuron degeneration combined with the progressive spread of signs within a region or to other
regions (Brooks, 1994). Signs are evaluated from four body regions: bulbar, cervical, thoracic
and lumbosacral. El Escorial criteria is mainly founded on the clinical judgement of upper and
lower motor neuron involvement. Differential diagnosis is required to exclude other diseases
that might explain the motor neuron degeneration. Four categories are proposed according to
the clinical findings: suspected, possible, probable or definite ALS (table 1). A revised version,
El Escorial revised or Airlie House criteria, was subsequently published in order to include
electromyography (EMG) evidence of acute denervation and exclude suspected cases (Brooks
et al., 2000). In line with these new criteria, patients are categorized as possible, probable

laboratory-supported, probable and definite ALS (table 1).
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Table 1 : Diagnosis criteria for ALS

Diagnosis criteria

El Escorial criteria Definite Clinical presence of UMN and LMN signs in three regions

Probable Clinical presence of UMN and LMN signs in at least two regions

Clinical presence of UMN and LMN signs in one region
Possible or UMN signs in two or more regions
or LMN signs rostral to UMN signs

Suspected LMN signs only in two or more regions
EI. E.SCOHaI reV|_sed_ or Definite Clinical presence of UMN and LMN signs in three regions
Airlie House criteria
Probable Clinical presence of UMN and LMN signs in at least two regions
Probable laboratory- Clinical presence of UMN and LMN signs in one region
supported or UMN signs in one region and LMN signs in at least two

regions defined by EMG criteria.

Clinical presence of UMN and LMN in one region
or UMN signs in two or more regions
or LMN signs rostral to UMN signs
EMG, Electromyography; UMN, upper motor neuron; LMN, lower motor neuron.

Possible

The use of electro-clinical criteria for ALS diagnosis was proposed following a consensus
conference in Awaji Island, Japan with the aim of promoting earlier entry of patients into clinical
trials (de Carvalho et al., 2008). The Awaji criteria recommend that abnormalities required for
the diagnosis of ALS may be derived from either clinical or neurophysiological approach (Costa

et al., 2012).

There is often a long delay before diagnosis is reached, partly because of the insidious onset

of symptoms. The median time to diagnosis is about 10 to 12 months (Marin et al., 2016b).

I.4. Clinical features and phenotypes

The clinical presentation in ALS denotes the motor neuron degeneration course. UMN
symptoms and signs represent the degeneration of the frontal motor neurons located in the
motor strip and their axons, while LMN degeneration in the brainstem and spinal cord

producing muscle denervation (Marin et al., 2018a).

1.4.1. Disease onset

The first clinical manifestation could appear in bulbar, cervical, thoracic or lumbosacral region

with upper or lower motor neuron symptoms and signs. In general, the onset of the disease is
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categorized as either spinal or bulbar depending on the affected muscle territories and related
clinical symptoms. The most common manifestation is asymmetric limb weakness for the

spinal onset and dysarthria or dysphagia for the bulbar onset (Mitchell and Borasio, 2007).

It is unclear which factors are involved in the development of the different types of onset.
Nevertheless, their impact in survival is better understood. Bulbar onset is associated with a

worse prognosis than spinal onset (Chio et al., 2009; Marin et al., 2016a).

[.4.2. Symptoms and signs

ALS symptoms and signs are the clinical expression of motor neuron degeneration.

1.4.2.1. Upper motor neuron symptoms and signs

Upper motor neuron symptoms in the limbs are stiffness, slowness and incoordination of
movement. Spontaneous clonus and spasms could also occur. At the clinical examination,

spasticity and increased reflexes are frequently present.

Upper motor neuron dysfunction in the bulbar region produces dysarthria and dysphagia
accompanied by other symptoms such as jaw stiffness, spontaneous jaw clonus,
laryngospasm, pseudobulbar affect and sialorrhea. Upper motor neuron signs may be present

such as increased jaw reflex, jaw spasticity and slow tongue movement.

1.4.2.2. Lower motor neuron symptoms and signs

Patients with lower motor neuron limb involvement usually show weakness and atrophy
together with cramps and fasciculations. Lower motor neuron signs are similarly identified such

as reduced reflexes, weakness, muscle atrophy and fasciculations.

Lower motor neuron bulbar dysfunction produces dysarthria and dysphagia. Other symptoms

include difficulty to open and close the jaw, and incomplete eye closure. Examination can
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reveal masseter muscular weakness, difficulty maintaining jaw closure, poor palatal elevation,

tongue weakness, muscle atrophy and fasciculations.

1.4.3. Phenotypes

The classic ALS form requires both upper and lower motor neuron degeneration at the same
time. Nevertheless, ALS spectrum includes different clinical phenotypes that are mainly

determined by the degree of UMN and LMN involvement.

Phenotypes will be presented in the next section including classic ALS, bulbar phenotype,
primary lateral sclerosis (PLS), progressive muscular atrophy (PMA), flail arm syndrome (FA),
flail leg syndrome (FL) and ALS-plus syndrome (Figure 4). Primary lateral sclerosis and
progressive muscular atrophy, in a strict sense, are classified as motor neuron disorders
according to the International Classification of Diseases, tenth revision (ICD-10). However,
some authors suggest that they may be ALS variants or represent different patterns of ALS

course (Kim et al., 2009; Swinnen and Robberecht, 2014).

a Spinal b Bulbar c Progressive d  Primary lateral e Flail arm f Flail leg
onset onset muscular atrophy sclerosis syndrome syndrome

BN LMN
H UMN

Figure 4 : ALS phenotypes
Adapted from: (Swinnen and Robberecht, 2014)

1.4.3.1. Classic ALS
The archetypal clinical characteristics of classic ALS are the symptoms and signs of UMN and

LMN involvement with a progressive course until the fatal outcome approximately in 15 to 20

months after diagnosis.
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1.4.3.2. Bulbar phenotype

Patients with a bulbar involvement experience difficulties with speech, mastication and
swallowing. Spinal involvement usually appears after 6 months of the symptoms onset (Chio
et al., 2011b). A related phenotype named progressive bulbar palsy has been also identified.
Progressive bulbar palsy presents a progressive UMN and LMN degeneration with cranial

muscles involvement (Karam et al., 2010).

1.4.3.3. Primary lateral sclerosis

Primary lateral sclerosis (PLS) represents around 5% of all cases of motor neuron disease
(MND) (D’Amico et al., 2013). There is selective involvement of corticospinal and
corticopontine motor neurons (Gordon et al., 2006). The main characteristic is a dominant
upper motor neuron involvement, combined with a slow disease progression and absence of
lower motor neuron findings after at least four years of the onset (Gordon et al.,, 2009).
Evidence showed that approximately one third of PLS patients develop lower motor neuron
signs in the course of the disease (D’Amico et al., 2013; Gordon et al., 2006). A longer survival
has been observed in patients with PLS compared to patients with classic ALS (median

survival 9.88 years vs 2.76 years, p<0.001) (Tartaglia et al., 2007).

1.4.3.4. Progressive muscular atrophy

Progressive muscular atrophy (PMA) denotes a progressive lower motor neuron involvement
accounting for 5% of all MND (Rowland, 2010). Clinical PMA is characterized by evidence of
LMN degeneration including decreased deep tendon reflexes and muscle atrophy (Visser et
al., 2007). Around one third of patients develop an upper motor neuron dysfunction in the
disease course, which can be called lower motor neuron-onset ALS. PMA prognosis is better

than classic ALS (48 months vs 36 months, p = 0.01) (Kim et al., 2009).
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1.4.3.5. Flail arm syndrome

Flail arm (FA) syndrome is mostly described in males by a lower motor neuron involvement
with progressive and predominant proximal weakness and wasting in the upper limbs for at
least 12 months (Wijesekera et al., 2009). FA syndrome affects predominantly the proximal
arm (Couratier et al., 2000; Hu et al., 1998). It is characterized by slow rate of progression to
other body regions leading to a widespread form around 20 months (Chio et al., 2011b).
Symptoms remain confined to the arms for 18 months in 56% of cases, for 24 months in 46%
of cases, and for 36 months in 27% cases (Wijesekera et al., 2009). Prognosis is significantly
better than classic ALS. The median survival of FA syndrome is around 66 months (Wijesekera

et al., 2009).

1.4.3.6. Flail leg syndrome

Flail leg (FL) syndrome patients present a lower motor neuron involvement in the lower limbs
for at least 12 months (Wijesekera et al., 2009). FL syndrome is characterized by a progressive
distal weakness and wasting of the legs that is often asymmetric (Chio et al., 2011b), with a
slow rate of progression. Symptoms were confined to the legs for 18 months in 63% of cases,
for 24 months in 48% of cases, and for 36 months in 28% of cases. Survival is longer in FL

syndrome patients (around 71 months) compared to classic ALS (Wijesekera et al., 2009).

1.4.3.7. ALS-plus syndrome

According to World Federation of Neurology Research Committee, ALS-plus syndrome is
defined by clinical features of other neurological diseases in addition to the phenotype of ALS
(Brooks et al., 2000). ALS-plus syndrome combines signs of upper and lower motor neuron
involvement along with a widespread degeneration including frontotemporal dementia,
autonomic insufficiency, Parkinsonism, and sensory loss. In a cohort study from the US, ALS-
plus syndrome was identified around 14% of cases. Among them, the most common feature
was ocular motility abnormality (84%), followed by extrapyramidal signs (22.7%), autonomic
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dysfunction (5.3%) and cerebellar disorder (1.3%). A statistically significant shorter survival
was observed in ALS-plus patients compared with those without ALS-plus (29.66 months vs

42.50 months, p=0.02) (McCluskey et al., 2014).

I.4.4. Cognitive impairment

It was thought that cognitive functions in patients with ALS were preserved. New evidence has
shown that the disease involves a wide range of cognitive impairment. Almost half of patients
with ALS have some cognitive impairment ranging from mild to severe (Couratier et al., 2017;
Neary et al., 2000). In addition, approximately 10% of cases reach criteria for frontotemporal

dementia diagnosis (Couratier et al., 2017; Ringholz and Greene, 2006).

The cognitive profile of patients with ALS is characterized by deficits in fluency, language,
social cognition, executive functions and verbal memory (Beeldman et al., 2016). Patients with
cognitive involvement could also present personality change, irritability, obsessions, poor
insight, and pervasive deficits in frontal executive tests. These features could go together with
behavioral impairment such as changes to character, social conduct, and executive function

in frontotemporal dementia (Phukan et al., 2007).

1.4.5. Overview of the clinical spectrum in ALS

Despite the fact that classic ALS is well-recognized disorder with specifics clinical features,
several patients exhibit a wide spectrum of clinical expressions. Some patients could have an
exclusive predominance of upper or lower motor neuron signs, while others could present
cognitive and behavioral impairment and multisystem degeneration. Figure 5 represents the
broad clinical expression of ALS concerning motor neuron involvement, cognitive and

behavioral impairment, and multisystem degeneration.
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Figure 5 : ALS clinical spectrum
ALSDi, ALS with behavioral impairment; ALSci, ALS with cognitive impairment; FTD, frontemporal
dementia; LMN, lower motor neuron; MND, motor neuron disease; PLS, primary lateral sclerosis;
PMA, progressive muscular atrophy; UMN, upper motor neuron (in alphabetical order).
Source: (Swinnen and Robberecht, 2014)

I.5. Survival and prognosis

The neurodegeneration in ALS leads to an irreversible fatal outcome usually from respiratory
failure. The median survival time is around 25 to 35 months since onset and around 15 to 20
months since diagnosis (Marin et al., 2016b). Several factors have been associated with

survival including demographic characteristics, clinical features, treatment and management.

I.5.1. Demographic factors

Age: Most of the studies have identified constantly that age is an independent prognostic factor
in ALS. A shorter survival is associated with an increased age (Chio et al., 2002; del Aguila et
al., 2003; Preux et al., 1996). A population-based study found a higher risk of dying for every
5-year increment of age with an adjusted hazard ratio (aHR) of 1.29 (95 % CI 1.17 to 1.43)
(Marin et al.,, 2016a). Another study showed statistically significant differences in median
survival times between patients older than 80 years compared with those below 80 years (7.4
months, 95% CI 4.4 to 10.2 vs. 17.4 months, 95% CI 15.1 to 19.4, p < 0.0001) (Dandaba et

al., 2017).
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1.5.2. Clinical factors

Site of onset: Patients with bulbar onset have a worse prognosis compared to patients with
spinal onset (Chio et al., 2002; del Aguila et al., 2003; Preux et al., 1996; Testa et al., 2004).
This finding has been not completely explained by age or sex differences (Chio et al., 2009;
Tysnes et al.,, 1991). Moreover, prognosis is extremely poor in patients with respiratory

involvement at onset (Couratier et al., 2016; de Carvalho et al., 1996; Shoesmith et al., 2007).

Diagnosis delay: Studies have shown that a longer time from symptoms onset to diagnosis
is associated with a better prognosis (Haverkamp et al., 1995; Thijs et al., 2000). This could
indicates that patients seeking medical attention more rapidly probability have a more

aggressive progression that leads to shorter diagnosis delay (del Aguila et al., 2003).

Rate of disease progression: The rate of disease progression, assess by the Revised ALS
Functional Rating Scale (ALSFRS-R) score, was significantly related to prognosis (Kimura et
al., 2006; Kollewe et al., 2008). ALSFRS-R is a validated rating instrument for monitoring the
progression of disability in patients with ALS (Cedarbaum et al., 1999). ALSFRS-R slope has
also been evaluated as a prognosis predictor (Marin et al., 2016a). ALSFRS-R slope is the
ratio of the difference between the ALSFRS-R score obtained at diagnosis and a presumed

normal score just before symptom onset to the diagnostic delay.

Cognitive impairment: The prognosis appears to be worse in ALS patients with cognitive
impairment. This seems to be related to the impairment severity. For instance, a study found
that mild cognitive impairment was no associated with survival in multivariate analyses (Rippon
et al., 2006), while several studies reported that ALS patients with frontotemporal dementia
(FTD) have significantly shorter survival compared to those without cognitive or behavior
impairment (Crockford et al., 2018; Elamin et al., 2011). This could be due to poor compliance
for health care management such as non-invasive ventilation and percutaneous endoscopic
gastrostomy (Chio et al., 2012). A study showed that patients with ALS-FTD were more likely

to be noncompliant for NPPV compared to patients with classic ALS (relative risk for

Jaime Andres LUNA MENDEZ | These de doctorat | Université de Limoges | 2019 27
Licence CC BY-NC-ND 3.0



noncompliance 2.00, Cl 1.1 to 3.6; p = 0.013) (Olney et al., 2005). Nevertheless, patients with
ALS-FTD had a shorter survival even after NPPV initiation with an adjusted hazard ratio of

2.70 (95 % CI1 1.04 - 4.67, p = 0.04) according to a recent study (Govaarts et al., 2016).

Nutritional status: The nutritional status is a prognostic factor in ALS. A prospective study
showed that patients with malnutrition, assessed by body mass index, presented a higher risk
of dying in the multivariate analysis (relative risk = 7.4, 95% Cl, 1.7 to 32.1, p < 0.01) (Desport
et al., 1999). A higher risk of death was observed in patients with a weight loss from 5% and
over of usual at the time of diagnosis compared to those whose weight remained stable or
dropped by less than 5% (median survival time: 20.6 months (95% CI 12.4 to 29.0) vs 29.0

months (95% CI 21.2 to 38.5) (Marin et al., 2011b)

Respiratory status: Respiratory function is a relevant factor for ALS prognosis. Studies have
described an association between forced vital capacity (FVC%) at time of diagnosis and
survival (Chio et al., 2002; Shoesmith et al., 2007; Stambler et al., 1998). A cohort study found
that median survival for ALS patients with baseline FVC <75% was statistically shorter
compared to patients with baseline FVC >75% (2.91 years vs 4.08years, p < 0.001) (Czaplinski
et al., 2006). Other indicators of respiratory function have been significantly correlated with
survival such as per cent predicted vital capacity (VC%) and sniff nasal inspiratory pressure

(SNIP) (Lyall et al., 2001; Schiffman and Belsh, 1993).

I.5.3. Treatment and management

Riluzole: This neuroprotective drug that blocks glutamatergic neurotransmission in the central
nervous system is the only available disease-modifying therapy for ALS. Evidence from
randomized controlled trials showed a reduced relative risk of dying at 12 months in patients
with riluzole compared to patients with placebo (relative risk = 0.78, 95% CI 0.65 to 0.92) (Miller

et al., 2012).
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ALS centers and multidisciplinary care: Two population-based studies have found that
survival was longer in ALS patients attending a multidisciplinary clinic or tertiary ALS centers
compared to those attending to hospital facilities or general neurology clinic (Chio et al., 2006;
Traynor et al., 2003). The median survival was 7.5 months longer in patients attending an ALS
clinic than for patients in the general neurology cohort (p < 0.0001) (Traynor et al., 2003).
However, another prospective population-based study found no survival differences in patients

attending multidisciplinary clinics (Zoccolella et al., 2007).

A recent study compared survival times between patients with ALS attending to referral centers
and the entire ALS population in the same geographic area (Logroscino et al., 2018a). Four
European ALS registers were considered in the analysis: Ireland (Irish ALS register), ltaly
(Piedmont and Puglia) and France (Limousin). A longer survival was observed in patients
referred to ALS centers ranging from 11% to 15%. This observation could be explained by
differences in age and clinical characteristics of patients (e.g. type of onset) along with a

positive effect of the multidisciplinary care.

1.6. Management

Several key points have been recommended by the European Federation of Neurological
Societies guideline on treatment and management of ALS (EFNS Task Force on Diagnosis

and Management of Amyotrophic Lateral Sclerosis: et al., 2012) including the following points:

¢ Riluzole treatment should be offered as early as possible after diagnosis in patients

with ALS.

e Symptoms should be treated such as sialorrhea, bronchial secretions, pseudobulbar

emotional lability, cramps, spasticity, insomnia, fatigue, depression and anxiety.

e Multidisciplinary care should be available for ALS patients with the following specialists
and health care staff: neurologist, respiratory physician, gastroenterologist,
rehabilitation medicine physician, social worker, occupational therapist, speech
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therapist, respiratory therapist, specialized nurse, physiotherapist, dietitian,

psychologist, dentist and palliative care physician.

o Patient follow-up should be performed every 2—3 months.

e Symptoms or signs of respiratory insufficiency should be checked at each visit and

proper intervention is necessary.

e Patients should be referred to a dietitian as soon as dysphagia appears. Early and

appropriate interventions need to be considered.

e Itis recommended to initiate discussions on palliative care and end-of-life decisions.
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Chapter Il. Epidemiological and clinical variability of amyotrophic lateral
sclerosis

The standardized amyotrophic lateral sclerosis incidence worldwide has been estimated at
1.68 (95% CI, 1.50 — 1.85) per 100,000 PYFU based on population-based studies (Marin et
al., 2017). In the recent decades, studies suggest that ALS presents a broad range of variability
in terms of epidemiological indicators and clinical features between geographic areas and
populations. Improving our understanding of ALS heterogeneity will provide new clues on
potential determinant factors to develop the disease and the different clinical expressions. In
an effort to better understand ALS variability, evidence needs to be addressed in a
comprehensive way, in order to gain more insights of their potential implications and future
directions. Here, we have performed a review to put into perspective epidemiological and

clinical data of ALS.
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Il.1. Research objectives

General objective

- To assess ALS variability in terms of incidence, mortality and clinical characteristics between

geographic areas and populations.

Specific objectives

- To describe ALS variability based on the scientific evidence available concerning

epidemiological and clinical characteristics between geographic areas and populations.

- To describe and compare the clinical characteristics and survival of patients with ALS in

Africa.

- To describe and compare ALS mortality among ethnic groups in Ecuador, a predominant

admixed population from Latin America.
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I1.2. Epidemiological variability of ALS among geographic areas

Over the last decades, the evidence suggests that ALS distribution might not be uniform
around the world. This scientific query has raised interest due to their potential implications. A
heterogeneous pattern worldwide could imply that certain populations are at higher risk to
develop ALS due to environmental or genetic factors. Nevertheless, it is complicated to find
evidence for this issue since epidemiological data are mainly restricted to certain geographic
regions and there are methodological concerns in several studies. In this context, relevant

evidence will be presented to put into perspective ALS variation worldwide.

[1.2.1. Worldwide distribution of ALS

In the nineties, a systematic review provided some clues of the worldwide distribution of motor
neuron disease (Chancellor and Warlow, 1992). The authors described mortality and incidence
of the disease since 1950. A wide variability of epidemiological indicators was observed. The
review considered mainly retrospective studies from Europe. Incidence rates were based on
nine studies that used multiple sources of case ascertainment (Europe n=6, North America
n=2, Asia n=1). The crude retrospective incidence per 100,000/year ranged from 0.6 (95% ClI,
0.5 -0.7) in Sardinia, Italy from 1965 to 1974 (Rosati et al., 1977) to 2.6 (95% CI, 2.1 - 3.2) in
Sweden from 1970 to 1981 (Gunnarsson and Palm, 1984). There was a similar variation in
ALS mortality. Based on 12 mortality studies, the crude mortality rate per 100,000 ranged from
0.4 to 0.6 in Japan between 1952 and 1971 (Kondo and Tsubaki, 1977) and from 1.0 to 2.5
Sweden between 1961 and 1985 (Gunnarsson et al., 1990). Nevertheless, it was difficult to
draw conclusions due to several limitations. The principal limitation was the scarce data outside
Europe, which made it difficult to establish a reliable picture of the worldwide ALS distribution.
At that time, there was no standardized diagnosis criteria for ALS, since the El Escorial criteria
was not launched before 1994 by the World Federation of Neurology Research Group on
Neuromuscular Diseases (Brooks, 1994). Methodological concerns were also expressed such

as case ascertainment exhaustiveness and quality of certain studies.
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A further systematic review based on 37 studies (hospital-based and population-based)
reported ALS incidence and prevalence worldwide (Chio et al., 2013). Once again, most of the
literature available consisted of European studies (Europe n=25, North America n=5, Asia n=6,
South America n=1). The median incidence was 1.90/100,000 PYFU (inter-quartile ranges
(IQR) 1.37 — 2.40) considering all studies. A wide range of prevalence and incidence was
observed between geographical areas. The lower crude incidence were reported in China
(0.3/100,000 person-year) (Fong et al., 1996) and Iran (0.4/100,000 person-year) (Sajjadi et
al., 2010). In Europe, incidence varied from 0.5/100,000 in former Yugoslavia (Alcaz et al.,
1996) to 3.6 in the Faroe Islands (Joensen, 2012). The analysis considering different
geographical regions showed that the median ALS incidence rate was 2.08 (IQR 1.47 — 2.43)
in Europe, 1.80 (IQR 1.75 — 2.02) in North America and 0.46 (IQR 0.38 — 0.53) in Asia.
Researchers estimated that overall median prevalence was 4.48 (IQR 3.03 — 6.70) per 100,000
people. Prevalence also varied between geographic areas with an estimate of 5.40 (IQR 4.06
—7.89) in Europe, 3.40 (IQR 3.15 — 3.65) in North America and 2.01 (IQR 1.48 — 2.54) in Asia.
These findings support the hypothesis of a heterogeneity distribution of ALS. However, the
authors recognized that low incidence rates could also be related to methodological differences
between the studies (e.g. prospective versus retrospective design, one or multiple sources of

case ascertainment).

To further clarify the global ALS incidence, a meta-analysis was performed to control potential
biases and explore potential factors of heterogeneity. The authors included only population-
based studies of newly diagnosed cases using multiple sources of case ascertainment (gold
standard methodology). The age population structure was considered to provide crude and
standardized incidence (Marin et al., 2017). Overall, 44 studies were included covering 45
geographical areas (Europe n = 24, North America n = 10, South America n = 2, Asia n = 5,
Africa n = 1, Oceania n = 1, Hawaii n = 1, and Caribbean n = 1). The pooled crude incidence
per 100,000 PYFU was estimated at 1.75 (95% CI, 1.55 — 1.96). Standardized incidence based

on the US 2010 population was reported for 42 geographical areas (Europe n = 22, North
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America n = 10, South America n = 2, Asia n = 5, African = 1, Oceania n = 1, and Caribbean
n = 1) due to data availability (number of ALS cases by age and sex groups). The pooled
worldwide standardized incidence was 1.68 (95% CI, 1.50 — 1.85) per 100,000 PYFU (Figure
6). A subgroup analysis was performed considering different geographic areas based on
subcontinents’ classifications according to the United Nations Statistics Division (United
Nations, 1999). The meta-analysis showed a homogenous incidence in Europe, North America
and New Zealand with a pooled standardized incidence of 1.81 (95% CI 1.66 — 1.97) per
100,000 PYFU. There were statistically significant differences on ALS standardized incidence
rates between Northern Europe (1.89, 95 Cl, 1.46 — 2.32) and Eastern Asia (0.83, 95% CI 0.42
— 1.24, p=0.001), and Southern Asia (0.73, 95% CI 0.58 — 0.89, p= 0.02). ALS worldwide
distribution is shown in figure 6. A meta-regression was performed to assess the potential
sources of heterogeneity such as study population characteristics (life expectancy after 50
years in men and women and sex ratio of the study population), study design
(prospective/retrospective), diagnosis criteria, period and duration of the study, person-years
of follow up. The subcontinent was identified as a significant source of heterogeneity. This
finding supports the hypothesis of a heterogeneous ALS distribution between geographic

areas.
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Figure 6 : Distribution of ALS worldwide: standardized incidence based on 2010 US population

Source: (Marin et al., 2017)
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The Global Burden of Diseases (GBD) has recently published a systematic analysis to estimate
epidemiological indicators of motor neuron diseases for 195 countries and territories from 1990
to 2016. The study assessed the relationship between age-standardized rates of MND and the
socio-demographic index (SDI), which is a measure of the social development of a country
based on education, income, and fertility (Logroscino et al., 2018b). Age-standardized rates

were based on the GBD reference population (Wang et al., 2017).

The results of this study showed that the worldwide prevalence was 4.5 (95% ClI, 4.1 — 5.0)
per 100,000 people. A heterogeneous geographic distribution was observed with the highest
prevalence in high-income regions, such as North America (20.2, 95% CI 19.0 — 21.5),
Australasia (17.7, 95% CI 16.2 — 19.2) and Western Europe (16.7, 95% CI 15.3 — 18.1). After
age-standardization, the prevalence per 100,000 people remains higher at 16.8 (95% CI 15.8
—17.9) in North America, 14.7 (95% CI 13.5 — 16.1) in Australasia, 12.9 (95% CI 11.7 — 14.1)
in Western Europe. Interestingly, age-standardized prevalence was lower among regions with
high SDI values such as Asia Pacific, southern Latin America, Eastern Europe and central

Europe (Figure 7).
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Figure 7 : Age-standardized prevalence of motor neuron disease worldwide

Source : (Logroscino et al., 2018b)

The GBD study also reported that the worldwide incidence was 0.78 (95% CI 0.71 — 0.86) per

100,000 person-years. The age-standardized incidence per 100,000 person-years was higher
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in Australasia (2.77, 95% CI 2.63 — 2.91), North America (2.30, 95% CI 2.20 — 2.41) and
Western Europe (2.00, 95% CI 1.89 — 2.11). The rates in high-income North America, Western
Europe, and Australasia were higher than expected based on their SDI levels. Conversely,

high SDI Asia Pacific region showed lower rates than expected based on the SDI level.

This study showed that age-standardized rates changed in each SDI level, which suggests
that other factors than sociodemographic development are related to the geographical
heterogeneity of the disease. In addition, GBD study assessed the relationship between
several risk factors and geographical heterogeneity. No statistically significant association was
found. Therefore, heterogeneity was not explained by any risk factors quantified in GBD. These
results all suggest that other factors that have not yet been quantified might be related to the

geographical variability.

Heterogeneity in the occurrence of ALS in different geographic regions could imply that
genetic, ancestral origin and ethnicity of the populations might play a major role in the risk of
developing the disease. This is supported by several ALS studies among different ethnic
groups that repeatedly showed lower incidence, mortality and prevalence in certain
populations (Cronin et al., 2007). In addition to this fact, evidence based on population-based
studies (gold standard methodology) has shown that ALS incidence is homogenous among
European origin populations from Europe, North America and New Zealand (Marin et al.,

2017).

11.2.2. Historical geographic cluster

Geographic variability is a key subject to understand the risk of developing diseases. Important
lessons have been learned from geographic areas with higher incidence of ALS. The most
remarkable example includes the Guam Island located in the Western Pacific. The incidence
of ALS-Parkinsonism dementia complex (ALS-PDC) was between 50 and 100 times higher
than in the rest of the world in the 1950s (Arnold et al., 1953; Koerner, 1952). The highest peak

was observed from 1950 to 1954 with an incidence of 73 per 100,000 PYFU in males and 41
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per 100,000 PYFU in females (Kurland and Mulder, 1954). Incidence progressively declined
in the 1980s (5 per 100,000 PYFU in male and 4 per 100,000 PYFU in female) until reaching
similar incidence rates as other areas of the world (around 1 to 2 per 100,000 PYFU) (Plato et
al., 2003). The higher incidence of ALS localized in a specific geographic area brought several
etiological hypotheses including familial aggregation (however, no definitive inheritance pattern
could be recognized) and environmental exposures. An interesting hypothesis involved the
consumption of a neurotoxin, B-N-methylamino-L-alanine (L-BMAA) (Bradley and Mash, 2009;
Delzor et al., 2014; S. J. Murch et al., 2004). L-BMAA could have been ingested by the local
population, named Chamorro, through multiple dietary sources (cycad flour, flying foxes and
animals that feed on cycad seeds) (Banack et al., 2006; Cox et al., 2003; Susan J. Murch et
al., 2004). It has been suggested that the decrease in the number of cases could be due to
lifestyle modifications in the last decades such as changes in place of residence, elimination
of food supplies associated with toxins, and other exposures (Marin et al., 2018a; Pobocik et

al., 1999).
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11.3. Epidemiological variability of ALS among ethnic populations

Research in the field of genetics identified susceptibility genes for ALS. A certain number of
potential risk variants were found only in certain populations. Angiogenin (ANG) gene was
reported as a susceptibility gene for ALS in the Irish and Scottish populations (Greenway et
al., 2004), although no association was observed in the populations from the USA, England or
Sweden (Greenway et al., 2006). Several haplotypes in the vascular endothelial growth factor
(VEGF) sequence were associated with increased risk of ALS in populations from Sweden,
England and Belgium (Lambrechts et al., 2003). The association was no found in populations
from England (Brockington et al., 2005), Netherlands (Van Vught et al., 2005), USA (Chen et
al., 2006), Italy (Del Bo et al., 2008), Germany (Fernandez-Santiago et al., 2006) and China
(Zhang et al., 2006). These findings led researchers to suggest that ethnic background could

play a role in the disease occurrence (Cronin et al., 2007).

11.3.1. Ancestral background: Epidemiological definitions

Prior to discussing the potential association between the ancestral origin background and ALS,
it is necessary to mention certain definitions on ethnicity and “racial” background. The National
Institutes of Health (NIH) in the USA categorized populations into “race” and ethnicity for
biomedical research. This classification was set for standardized data collection of Federal
statistics according to the Office of Management and Budget, Office of Information and

Regulatory Affairs.

There are five categories for “race”: i) American Indian or Alaska Native, ii) Asian, iii) Black or
African American, iv) Native Hawaiian or Other Pacific Islander, and v) White. There are two
categories for ethnicity: i) Hispanic or Latino and ii) Not Hispanic or Latino. Definitions of each

category are shown in the table 2.

Jaime Andres LUNA MENDEZ | These de doctorat | Université de Limoges | 2019 40
Licence CC BY-NC-ND 3.0



Table 2 : National Institutes of Health (USA) categories for “race” and ethnicity

Categories Definitions

A person having origins in any of the original peoples of North and
“Race” American Indian or Alaska Native South America (including Central America), and who maintains
tribal affiliation or community attachment.
A person having origins in any of the original peoples of the Far

Asian East, Southeast Asia, or the Indian subcontinent.

Black or African American A person having origins in any of the black racial groups of Africa.

A person having origins in any of the original peoples of Hawaii,
Guam, Samoa, or other Pacific Islands.

A person having origins in any of the original peoples of Europe, the
Middle East, or North Africa.

A person of Cuban, Mexican, Puerto Rican, South or Central
American, or other Spanish culture or origin, regardless of race.

Native Hawaiian or Other Pacific Islander
White
Ethnicity Hispanic or Latino

Not Hispanic or Latino Not Available

The federal institutions in the USA considered that these categories should not be interpreted
as being primarily biological or genetic in reference. Instead, it could be understood in terms
of social and cultural characteristics as well as ancestry. Emphasis is placed on the respect
for individual dignity to guide the collection of this information. It is also important to highlight

that this classification is mainly used in the USA.

At this point, the definition of admixed population also needs to be included in our discussion.
Admixed ancestral origin is refer to mixed ancestral origin. Admixture refers to the process in
which individuals from two or more geographically isolated populations with different allele
frequencies mate and form a new mixed or “hybrid” population (Chakraborty, 1986; Redden et

al., 2006).

The terminology used to classify populations is heterogeneous worldwide. As an illustration,
Caucasian is another frequently used term to denote European ancestry origin. The term refers
to a common origin in the distant past in the Caucasus region of Central Europe (Bhopal and
Donaldson, 1998). In the UK, researchers classified cases based on their ancestral origin (e.g.
European or African origin). In some geographic regions such as Latin America, people could
be categorized in ethnic groups based on cultural aspects. The definition of ethnicity is

therefore widely different around the world.

Jaime Andres LUNA MENDEZ | These de doctorat | Université de Limoges | 2019 41
Licence CC BY-NC-ND 3.0



Heterogeneity of definitions raises a real problem for epidemiological comparison.
Furthermore, another important issue that this matter raises is if ethnicity or “race” might
genuinely be a proxy of ancestral origin. These limitations will be addressed in the following

chapters.

11.3.2. Amyotrophic lateral sclerosis among ethnic populations

To return to the issue of ALS among different populations, it is necessary to begin describing
the first systematic review that assessed epidemiological indicators among ethnic populations.
Based on 61 studies, it was postulated a lower risk to develop ALS among African, Asian, and
Hispanic populations compared to Caucasian populations (Cronin et al., 2007). The authors
came to this conclusion by observing two facts: first, a geographic variability of epidemiological
indicators. Second, a heterogeneity in terms of incidence and mortality among ethnic groups.
However, studies in the review were heterogeneous with regard to methodology (e.g.

population-based studies and hospital-based) and case ascertainment.

11.3.2.1. Data from multiethnic populations: ALS incidence

Data from multiethnic populations (mainly form the USA and the United Kingdom) have
provided useful information to examine the variation of ALS epidemiology between ethnic
groups within a given region. New evidence continues to support the hypothesis that

populations of European origin or Caucasians exhibit a higher risk of developing ALS.

A retrospective study in California (USA) provided demographic profiles and incidence
estimates in the San Francisco Bay Area (SFBA) and Los Angeles County (LA) using multiple
sources of case-ascertainment. The results showed different incidence rates among ethnic
groups. These areas were selected for their racial and ethnic diversity (categorizing “race” and
ethnicity according to the NIH definition). The overall age-standardized incidence was 2.01
(95% C1 1.8 — 2.3) in SFBA and 1.17 (95% CI 1.0 — 1.3) in LA. In the San Francisco Bay Area,
a higher age-standardized incidence was observed in whites (2.5, 95% CI 2.2 — 2.9) compared

to blacks (1.52, 95% CI 0.9 — 2.4) and Asians (1.0, 95% CI 0.7 — 1.4). The variation among
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“‘races” was consistent with incidence rates in Los Angeles County (whites (1.40, 95% CI 1.2
— 1.6), blacks (1.03, 95% CI 0.7 — 1.5) and Asians (0.66, 95% CI 0.5 — 0.9). Considering the
ethnic groups in the areas, Hispanics presented a slightly lower standardized incidence
compared to non-Hispanics in the San Francisco Bay Area (Hispanic 1.57 (95% CI 1.0 — 2.3)
vs Non-Hispanic 1.89 (95% CI 1.7 — 2.2)) and Los Angeles County (Hispanic 0.66 (95% CI 0.5

— 0.9) vs Non-Hispanic 1.01 (95% CI 0.9 — 1.2)) (Valle et al., 2015).

Another study was interested in ALS prevalence and incidence between ethnicity and “race”
in three states (Florida, New Jersey and Texas) and eight metropolitan areas (Atlanta,
Baltimore, Chicago, Detroit, Las Vegas, Los Angeles, Philadelphia and San Francisco) of the
USA. The study covered approximately 27% of the USA population. A total of 5,883 cases
were identified (74.8% were white, 9.3% were African-American/black, 3.6% were Asian,
12.0% were of unknown race, and 0.3% were categorized as other race (e.g. American Indian,
Caribbean, and multiple races)). According to ethnicity, most of them were non-Hispanics
(77.5%). The crude incidence rate per 100,000 person-years was 1.79 (95% CI 1.68 — 1.91)
in whites, 0.80 (95% CI 0.64 — 0.95) in African Americans and 0.76 (95% CI 0.53 — 0.99) in
Asians. Differences remains after age standardization with higher incidence in whites (1.48,
95% CI 1.42 — 1.53) compared to African Americans (0.89, 95% CI 0.79 — 0.99) and Asians
(0.78, 95% CI 0.64 — 0.92). Similarly, incidence rates were different between Hispanics (0.84,

95% CI 0.75 - 0.92) and non-Hispanics (1.36, 95% CI 1.31 — 1.41) (Rechtman et al., 2015).

A different population-based study compared ALS incidence rates among people of African
ancestry and European ancestry in London. The age- and sex-standardized incidence was
1.97 (95% CI 1.55 — 2.48) in the European ancestry group and 1.35 (95% CI 0.72 — 2.30) in
the African ancestry group. There was no statistically significant difference in the relative risk
(1.45, 95% CI 0.74 — 2.89) between the European and African groups. However, the results

were limited by a small proportion of cases with African ancestry (Rojas-Garcia et al., 2012).
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To sum up, lower incidence has been reported consistently among Hispanics, Africans, and
Asians populations compared to Caucasians. The differences in rates remain similar after
population standardization. Studies reporting ALS standardized incidence rates among

ethnicity and “race” groups are shown in table 3.

Table 3 : Studies reporting ALS standardized incidence per 100,000 person-years among ethnic and
“race” groups

Standardized

Subcontinent Country Authors Study period Race/ethnic group incidence (95% Cl)
Northern White 249 (2.2-2.9)
America Black 152 (0.9-2.4)
USA (Valle et al Asian 1.00 (0.7 - 1.4)
alle et al.,
San Francisco 2015) 2009 - 2011 ) )
Bay Area Hispanic 157 (1.0-2.3)
Non-Hispanic 1.89(1.7-2.2)
White 1.40 (1.2 — 1.6)
Black 1.03 (0.7 — 1.5)
USA (Valle et al Asian 0.66 (0.5 —0.9)
alle et al.,
Los Angeles 2015) 2009 - 2011 i )
County Hispanic 0.66 (0.5-0.9)
Non-Hispanic 1.01(0.9-1.2)
White 1.48 (1.42-1.53)
African American 0.89 (0.79-0.99)
Rech Asian 0.78 (0.64-0.92)
USA (Ree gg‘l"‘g)et 2009 - 2011
B Non-Hispanics 1.36 (1.31-1.41)
Hispanic 0.84 (0.75-0.92)
o 0.74 (0.00-1.96) m
MG ot a Non-white 0.53 (0.00-1.91) w
USA (Mc 1u9|2986;3 al., 1990 - 1995 overall 2.11 (1.27-2.93) m
1.87 (1.08-2.66) W
. 1.36 (0.96-1.87) m
White 1.25 (0.88-1.72) w
(Annegers et al., ) . . 1.27 (0.41-2.96) m
USA 1091) 1985 - 1988 Hispanic 0.10 (0.00-0.46) w
. . 1.10 (0.48-2.17) m
African American 0.70 (0.28-1.44) w
Eﬁ:ghpe;n UK (Rogs—goalrgl)a et 2002 - 2008 European origin 1.97 (1.55 — 2.48)

African origin 1.35(0.72 - 2.30)

Table 3 has been adapted and updated from: “Current issues in ALS epidemiology: Variation of ALS occurrence between
populations and physical activity as a risk factor” (Luna et al., 2017).
95% Cl: 95% confidence interval; m, men; w, women.

A lower ALS incidence was not only found in studies that compare different ethnic groups but
also in studies carried out in specific ethnic populations. For instance, a study was interested
in determining incidence among American Indians and Alaska Natives (Al/ANs) in the USA.

Using data from the Health Service, researchers found that the age-standardized incidence
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was 0.92 per 100,000 person-years (Gordon et al., 2013). Therefore, the incidence among
American Indians and Alaska Natives seems to be lower than reported for white population

(close to 2/100,000).

11.3.2.2. Data from multiethnic populations: ALS mortality

Another epidemiological indicator used to estimate the occurrence of ALS is the mortality rates.
It could be assumed that all patients diagnosed with the condition will eventually be identified
via the death certificate given the invariable fatal outcome of the disease (Marin et al., 2011a).
Therefore, mortality rates have been used as proxies to provide an estimate of incidence in

ALS.

Studies among ethnic groups have repeatedly shown that ALS mortality was higher in white
populations compared to Hispanic and African-American populations (Leone et al., 1987;

Marin et al., 2011a; McCluskey L, 2004).

A study was performed using multiple-cause mortality files from the National Center for Health
Statistics from 1969 to 1998 in the USA. The authors reported that the age-standardized
mortality per 100,000 person years was 1.96 (95% CI 1.89 — 2.02) for non-Hispanic whites,
0.92 (0.75 — 1.08) for Hispanics and 1.06 (0.94 — 1.18) for African Americans. Hence, mortality
rates among African Americans and Hispanics were approximately 50% lower than rates

among non-Hispanic whites (Noonan et al., 2005).

Another retrospective study on ALS mortality was carried out using the national multiple cause-
of-death from 1979 to 2001 in the USA. A higher mortality rate was observed in whites
compared to blacks or other groups. The relative risk (RR) for blacks (RR = 0.62, 95% CI 0.60
— 0.64) and other groups (RR = 0.42, 95% CI 0.40 — 0.46) was lower than that for whites

(Sejvar et al., 2005).

In the United Kingdom, a study among immigrants showed that ALS mortality rates was lower

among Asian (standardized mortality ratio (SMR) = 37.6%), East African (SMR = 55.5%),
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Caribbean (SMR = 73.6%), and West African (SMR = 76.9%) immigrants to London as
compared to native English from 1979 to 1988 (Elian and Dean, 1993). However, the
denominators of ethnic populations were not known for that time period and ethnicity was

assigned based on the individual’s name.

Variability of mortality rates among ethnic groups and populations could be related to
socioeconomic status or differences in the access to health care or validity of death certificates
information. To address most of these issues, a recent mortality study used an adjusted model
for socioeconomic status, type of health insurance, and birthplace to estimate the ALS mortality
risk in different ethnic groups in the USA. Within this adjusted model, higher rates were
reported among whites compared to other populations (non-Hispanic black, HR 0.61 (95% CI
0.48 — 0.78); Hispanic, HR 0.64 (95% CI 0.46 — 0.88); other races, non-Hispanic, HR 0.52,

(95% CI 0.31 — 0.86)) (Roberts et al., 2016).

If we are interested in ALS studies in geographic areas with admixed populations, we can

highlight that two mortality studies have been conducted in ethnically admixed populations.

In Cuba, a population-based study described ALS mortality rates using multiple-cause
mortality files from the Central Statistics office. The age-adjusted mortality rates were
calculated over a 6-year period by sex, race/ethnicity, age, and geographic region at time of
death. A lower adjusted mortality per 100,000 was observed in the admixed population (0.55,
95% CI 0.4 — 0.72) compared to white population (0.93, 95% CI 0.83 — 1.03) and black
population (0.87, 95% CI 0.62 — 1.17). The differences in rates were statistically significant
between white and admixed populations (rate ratio (RR), white as reference = 0.44, 95% CI
0.33 - 0.59), and black and admixed populations (RR, black as reference = 0.31, 95% CI 0.21
—0.45). There was no significance differences between white and black populations (RR, white

as reference = 0.88; 95% CI 0.64 — 1.2) (Zaldivar et al., 2009).

In Brazil, a retrospective epidemiological study determined ALS mortality rates using death

certificates over 10 years. Overall, 8,942 ALS deaths were reported, of which 73.4% occurred
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in Caucasians, 16.8% in admixed populations, 3.8% in blacks, 0.8% in Asians, and 0.1% in
Indigenous. It was not possible to identify the ethnic population in 5.1% of deaths. The authors
estimated the odds ratios (ORs) among ethnic groups compared to the general population. A
higher risk of dying with ALS was observed in Caucasians (OR = 2.92, 95% CI 2.78 — 3.07).
Conversely, a lower risk was found in admixed (OR = 0.27, 95% CI 0.26 — 0.29), Asians (OR
= 0.05, 95% CI 0.04 — 0.07), Blacks (OR = 0.04, 95% CI 0.03 — 0.04) and Indigenous (OR =

0.02, 95% CI 0.01 — 0.04) (Moura et al., 2016).

The results found in admixed populations from Cuba and Brazil were similar to those in
Hispanic populations in the USA, which represent a proxy of admixed populations. At this time,
the epidemiological evidence supports the hypotheses that Caucasians have an increased risk
of developing ALS compared to other ethnic groups. Further research is needed to clarify this

issue and provide reliable data among different populations.
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I1.4. Clinical variability of ALS

The classic form of ALS is characterized by upper and lower motor neurons degeneration in
an anatomic region with the subsequent progression to other regions (brainstem, cervical,
thoracic, or lumbosacral spinal cord). The progression is irreversible, which leads to death
usually from respiratory failure. The clinical features are not as straightforward as it seems
since new evidence suggests that the clinical presentation is far greater than assumed
previously. ALS presents a broad clinical expression with highly variable range of UMN and
LMN involvement at onset and during the disease course. New findings give us a more insight
into better understanding the complexity of the disease. The ALS conception is changing
nowadays. This is illustrated for example by studies showing that cognitive impairment is more
frequent than expected in patients with ALS (Couratier et al.,, 2017). This means that
neurodegeneration spread beyond the motor neuron system. In the next section, we discuss

the clinical spectrum and clinical variability of ALS.

I1.4.1. Age and site at disease onset

ALS is the most frequent motor neuron disease in adults with a peak incidence among the
sixth and seventh decades of life followed by a sharp decrease (Marin et al., 2018b). Juvenile
forms and early-onset in young-adult have been described. Juvenile ALS is defined by an age
at onset before 25 years (Orban et al., 2007). Young-adults could have an early-onset around

the third or fourth decade of life (Ben Hamida et al., 1990; Sabatelli et al., 2008).

Recent original investigations reported variability of age at onset between geographic areas
(Marin et al., 2016b). A younger age at onset (around 50 to 60 years) were reported in Israel
(Kahana and Zilber, 1984) and Libya (Radhakrishnan et al., 1986). Conversely, age at onset
was particularly homogenous in North America, Europe and New Zealand (around 60 to 65
years). These differences could be related to variations in demographic structures of
populations. For instance, a study showed a positive correlation between mean age at onset

and life expectancy in the general population (r = 0.91, p = 0.01) (Byrne et al., 2013).
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Interestingly, age at onset differences have been also reported among populations in
multiethnic studies. A hospital-based cohort of patients with ALS described a significantly lower
age at onset in African Americans (around 55 years) compared to patients with an European
background (around 61 years), p=0.011 (Kazamel et al., 2013). Selection bias could have
played a major role in the systematic inclusion of young African patients with ALS in this study.
A systematic review interested in the epidemiology of ALS among subjects of African origin
concluded that those patients exhibited a higher proportion of juvenile form and younger age
at onset for classic ALS (Marin et al., 2012). It is still difficult to provide firm conclusions on

variability of age at onset due to the limited data available between different populations.

The spinal onset is the most common form in patients with ALS, while bulbar onset is described
in approximately one third of cases (Marin et al., 2016b; Swinnen and Robberecht, 2014). A
geographic variability of the type of onset has been suggested in recent studies. The proportion
of bulbar onset was broadly variable between geographical areas worldwide. There was also
a significant variation even within continents. In Europe, the pooled estimate of bulbar onset
ALS was 45.4 % (95% CI, 38.1 — 52.8) in Northern Europe, 34.9 % (95% CI, 32.5 — 37.3) in
Western Europe and 34.2 % (95% Cl, 31.3 — 37.3) in Southern Europe. Bulbar onset seems
to be lower in North America (28.6, 95% CI 24.3 — 33.4), East Asia (27.9, 95% CI 18.8 — 39.4),
West Asia (22.0, 95% CI 17.6 — 26.9) and South Asia (26.5, 95% CI 18.1 — 36.4) (Marin et al.,
2016h). These differences remain unexplored. Further clinical studies in different populations

could provide insights to clarify this issue.

11.4.2. Sex ratio

ALS exhibits a slightly predominance of male cases. A male/female sex ratio (SR) of 1.3 has
been reported in Western studies form Europe, North America and New Zealand. In other parts
of the world, differences seems to be greater with a SR around 2 (Radhakrishnan et al., 1986;

Sajjadi et al., 2010; Vazquez et al., 2008).
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A high degree of SR variation was also observed in studies regarding multiethnic populations
in specific geographic areas. A study in Hawaii described a SR of 1.8 for Caucasians, 2.5 for
Japanese and 22.9 for Filipinos (Matsumoto et al., 1972). In a multiethnic Asian population
study, the proportion of males with ALS was different between ethnic groups (51.1% Chinese,
78.6% Malays and 66.7% Indians) (Goh et al., 2011). It remains to be determined whether
these differences on sex distribution are objectively genuine between populations or it could
be explained by differences in terms of the population structure, accessibility to the health
system or reduced case ascertainment in females. Differences in study design (retrospective
VS prospective) and case ascertainment sources (hospital-based vs population-based) could
also be related to this apparent disparity on sex distribution. The impact of these biases has
been clearly illustrated in Western publications, for example, the SR was consistently reported
around 2 before 1990 due to methodological issues (Hgjer-Pedersen et al., 1989; Rosati et al.,
1977). Recent studies in Western countries based on population-based methodology have

revealed a decrease SR closer to 1 (Logroscino et al., 2008; Marin et al., 2016b).

[1.4.3. Familial ALS

Around 5% to 10% of ALS cases are familial (fALS), usually inherited as dominant traits. The
remaining 90% to 95% of cases of ALS are sporadic (Brown and Al-Chalabi, 2017). A meta-
analysis reported a pooled estimate for fALS at 5.1% (95% CI 4.1% to 6.1%) using prospective

population-based registry data (Byrne et al., 2011).

It has been described a variation in the distribution of fALS between geographic areas.
According to another meta-analysis considering 29 population-based studies, the overall
proportion of fALS worldwide was 4.7 % (95 % CI 3.9 — 5.7) (Marin et al., 2016b). The
proportion of familial ALS was higher in certain regions like North Europe (5.2, 95% CI 3.5 —
7.5, p=0.09), Western Europe (5.4, 95% CIl 4.3 — 6.7, p = 0.04) and North America (6.7, 95%
Cl 5.3 — 8.4) compared to Southern Europe (3.3, 95% CI 1.9 — 5.5). Furthermore, a lower

proportion of fALS was observed in Asia (1.2%, 95% CI 0.0 — 6.5, in Hong Kong and 0.6 %,
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95% CI 0.1 — 2.3, in Israel). These findings could imply the existence of a more important

hereditary component in certain populations.

11.4.4. Genetics variants

Directly related to the previous topic, the latest studies point to the fact that the proportion of
genetic variants associated to ALS are displayed differently among geographic areas and

populations.

The hexanucleotide repeat expansion in C9orf72, which is the most frequent known ALS-
associated genetic variant, is highly prevalent in Europe. C9orf72 exhibit a higher frequency in
familial ALS ranging from 27.1% in Spain (Garcia-Redondo et al., 2013) to 46.0% in Finland
(Renton et al., 2011). In sporadic ALS, the repeat expansion ranges from 3.2% in Spain
(Garcia-Redondo et al., 2013) to 21.1% in Finland (Renton et al., 2011). The proportion of
C9orf72 is far lower in Asia. A study of 563 Japanese patients with ALS found the repeat
expansion only in two cases among 552 sporadic ALS cases (0.4%) and none over 11 patients
with familial ALS (0.0%) (Ogaki et al., 2012). In the same manner, C9orf72 was investigated
in 254 Korean patients with ALS, none of the cases presented the repeat expansion (Jang et

al., 2013).

These findings have been supported by a large cross-sectional study that analyzed 4,448
patients with ALS in 17 regions worldwide. The repeat expansion was identified in 7.0% of
white patients with sALS from the USA, Europe, the Middle East, and Australia. In this study,
C9orf72 was identified in 4.1% of black, 8.3% of Hispanic and 0.0% of Native American
patients from the USA. None patient from Asia, India and the Pacific Islands presented the
repeat expansion (Majounie et al., 2012). These findings provide strong evidence that C9orf72
play an important role on ALS in patients with a European ancestral background but it might

not be the case for other populations.
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The frequency of superoxide dismutase 1 (SOD1) mutation in sporadic ALS seems to be
similar in Europe (ranging from 0.4% in Netherlands (van Es et al., 2010) to 3.9% in
Scandinavia (Andersen et al., 1997)) and Asia (ranging from 1.2% in Korea (Kwon et al., 2012)
to 4.2% in Iran (Alavi et al., 2013)). In familial ALS, the SOD1 mutations appears to be more
commonly identified in Asia (around 30%) compared to Europe (around 15%) according to a

recent meta-analysis (Zou et al., 2017).

TARDBP accounts for 1% to 5% of ALS mutations. TARDBP gene has been not found in
patients with ALS across numerous studies in Europe (e.g. Belgium (Gijselinck et al., 2009)
and Finland (Mentula et al., 2012)), North America (Guerreiro et al., 2008) and Asia (e.g. Japan
(Kamada et al., 2009) and Korea (Kwon et al., 2012)). Interestingly, 28.7% of patients with ALS

carried TARDBP mutations in Italy (Sardinia) (Chio et al., 2011a).

FUS mutation similarly represents around 1% to 5% of known ALS-associated genetic
variants. It appears to exhibit a slightly higher predominance in Asian patients (Zou et al.,

2017).

Other variants seem to be more specific in certain populations. For instance, optineurin
mutations (OPTN) was firstly identified in Japanese patients (Maruyama et al., 2010). Studies
from China (Li et al., 2015) and the UK (Johnson et al., 2012) suggest that the OPTN mutations
are more common in Asian patients with ALS. The evidence illustrates once again the major

role of certain mutations in certain populations.

In this sense, it is likely that ALS have a complex heterogeneous genetic architecture that
differs between populations. A recent meta-analysis described the frequencies of C9orf72,
SOD1, TARDBP and FUS mutations in ALS among populations (Zou et al., 2017). An overall
of 111 studies were analyzed considering European and Asian populations. Mutation
proportions were distinctly different between these two populations in familial and sporadic
ALS (I1%: 44-95%, p<0.01). The multivariate meta-regression analyses showed a statistically

significant association between p