Environmental and lifestyle factors
increasing ALS susceptibility

Anne Elise Visser

Environmental and lifestyle factors increasing ALS susceptibility
Leefstijl en omgevingsfactoren die bepalend zijn voor het risico op ALS

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de
Universiteit Utrecht
op gezag van de
rector magnificus, prof. dr. H.R.B.M. Kummeling,
ingevolge het besluit van het college voor promoties
in het openbaar te verdedigen op
dinsdag 2 april 2019 des ochtends te 10.30 uur

Utrecht, Universiteit Utrecht, Faculteit Geneeskunde
Thesis, with a summary in Dutch
Proefschrift Universiteit Utrecht met een samenvatting in het Nederlands
Cover design		
Layout and design		
Printing			

door

Jos de Moel
Isabel de Waard, persoonlijkproefschrift.nl
Ridderprint BV | www.ridderprint.nl

ISBN 978-94-6375-296-1
© 2019 Anne Visser
All rights reserved. No part of this publication may be reproduced or transmitted in any form or by
any means, electronic or mechanical, including photocopy, recording or any information storage
or retrieval system, without the prior written permission of the author.
Funding of the studies described in this thesis was provided by The Netherlands ALS Foundation,
European Community’s Health Seventh Framework Programme (FP7/2007-2013) [grant agreements no. 259867] and The Netherlands Organization for Health Research and Development (Vici
Scheme, JPND (STRENGTH)).

Anne Elise Visser
geboren op 28 juni 1988
te Hoorn

Promotoren:
Prof. dr. L.H. van den Berg
Prof. dr. ir. R.C.H. Vermeulen

CONTENTS
CHAPTER 1

Introduction

6

PART I – Questions from daily practice
Copromotor:

CHAPTER 2

No association between Borrelia burgdorferi antibodies and
amyotrophic lateral sclerosis in a case–control study

16

CHAPTER 3

No association between gluten sensitivity and amyotrophic
lateral sclerosis

26

Dr. S.M. Peters

PART II – Exogenous factors and ALS
CHAPTER 4

Critical issues in ALS case-control studies: the case of the
Euro-MOTOR study

44

CHAPTER 5

A multicentre, population-based, case-control study of
particulates, combustion products and amyotrophic lateral
sclerosis risk

62

PART III – The theory on fitness and ALS
CHAPTER 6

Exploring the fitness hypothesis in ALS: a population-based,
case-control study of parental cause of death and lifespan

80

CHAPTER 7

Multicentre, cross-cultural, population-based, case-control study
of physical activity as risk factor for amyotrophic lateral sclerosis

102

CHAPTER 8

Euro-MOTOR: a multicentre, population-based, case-control study
of pre-existing medical conditions as risk factors for ALS

120

CHAPTER 9

General discussion

146

ADDENDUM

Nederlandse samenvatting
(Dutch summary)

160

Dankwoord
(Acknowledgements)

170

List of publications

174

About the author

178

CHAPTER 1
INTRODUCTION

6

Chapter 1

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal, heterogeneous neurodegenerative disorder

PROSPECTIVE ALS STUDY NETHERLANDS AND EURO-MOTOR STUDY

characterized by degeneration of the motor neurons in the brain and spinal cord, not only

The Prospective ALS study Netherlands (PAN) was initiated in 2006 by the ALS Center the

resulting in motor but also in extra-motor symptoms. Core clinical symptoms present

Netherlands and is a population-based, case-control study. The study aims, by means

on average at the age of 65 years and include weakness in limbs and bulbar muscles.

of questionnaires, to register data on environmental and lifestyle risk factors from all

Patients develop respiratory failure leading to death, on average 3-4 years after onset.

Dutch patients with ALS and related disorders, such as primary lateral sclerosis and

As yet there is no curative treatment available and the only established pharmacological

progressive spinal muscular atrophy, and from control subjects. The Netherlands is

treatment is riluzole, which increases survival up to three months. In 2017, another drug

a densely populated country where healthcare is accessible to all inhabitants and all

was approved in the United States, edaravone. However, edaravone was tested on a well-

residents are registered with a general practitioner. This promotes accurate acquisition

defined group of early ALS patients and is not yet approved by the European authorities.

of population-based cases and controls. Patients are continuously enrolled through

In order to find a more effective (most probably targeted) treatment, we must gain better

multiple sources: neurologists, the Dutch Neuromuscular Patient Association and

understanding of the disease mechanisms.

rehabilitation physicians. In addition, participants can be registered via a website (http://

1,2

www.alsonderzoek.nl/). Controls are acquired through the general practitioner of the
It has been hypothesized that different mechanisms underlie neurodegeneration in

participating patient, who is asked to select subjects from his register in alphabetical

different patients and that a multistep model , in which each step leads towards a

order starting at the surname of the patient. Spouses or blood relatives of the patients

distinct pathophysiological process, is well consistent with the many features of ALS.

are not eligible to prevent overmatching. Patients and controls are matched for age (±

These features include the phenotypic variability and the extent in which patients

5 years), gender and residential area to obtain a representative sample of the source

develop extra-motor symptoms such as cognitive or behavioral abnormalities (50% of

population.6

3

patients), the age of onset and the prognosis, but also the observation that the same
genetic mutation or variant can lead to distinct clinical phenotypes (pleiotropy).2-4 The

In 2011, the PAN became part of the Euro-MOTOR study undertaken by the Euro-MOTOR

latter is best illustrated by the fact that the most common mutation, the C9orf72 repeat

consortium. Incident cases (18 years and older) representing patients with definite,

expansion, cannot only result in either ALS or frontotemporal dementia (FTD), but also

(laboratory-supported) probable or possible ALS, according to the revised El Escorial

in a combination of both symptomatologies, and is linked to Parkinsonism, Huntington

Criteria7, were matched to controls based on age, gender and residency. The study

phenocopies, Alzheimer’s disease, corticobasal degeneration, schizophrenia and bipolar

consists of a written survey carried out in three European countries: the Netherlands,

disorder. This pleiotropy holds true for both patients with a family member with ALS or

Ireland and Italy (in particular Apulia, Lombardy and Piedmont & Valle d’Aosta Italian

FTD (familial form of ALS, 20% of the cases2), as well as for the sporadic form of ALS. An

regions).8

2

oligogenic model could explain pleiotropy: a combination of gene mutations or variants
may be needed to express the disease. The genetic contribution to sporadic ALS is

PART I – QUESTIONS FROM DAILY PRACTICE

estimated at 61%.5 This leaves room for environmental factors, which could be additional

A relatively frequently asked question of patients is whether an infection with Borrelia

triggers or interactors under the assumption of a multistep model.3

burgdorferi could play a role in their disease. Borrelia burgdorferi is the bacteria that can
cause Lyme disease if people are infected after a tick bite. Previous studies provide a low

The lifetime risk of 1:350 for men and 1:400 for women makes ALS a relatively common

level of evidence for the hypothesized link between Lyme disease and ALS and there are

neurodegenerative disorder. However, with an incidence of 2-3 cases per 100.000

clinics that perform routine serological testing for Borrelia burgdorferi antibodies as part

individuals per year, ALS is sufficiently rare to aim for a population-based case-control

of the diagnostic workup for ALS.9-14 The aim of Chapter 2 is to make evidence-based

approach as study design, with multiple sources of case ascertainment in order to include

recommendations regarding testing for Borrelia burgdorferi antibodies in the diagnostic

the entire phenotypic spectrum and reduce the risk of bias, such as referral bias.

workup for ALS after exploring the evidence for an association between these antibodies

1,2

and ALS using data from the PAN.
8

9

1

Chapter 1

Introduction
cardiovascular risk profile26,27 and were found to be more physically active in leisure

Another frequently asked question is whether patients would benefit from a gluten-free

time compared to controls28.

diet. Recent studies have proposed a potential link between celiac disease and ALS,
and suggest that sensitivity to gluten may occur in a subgroup of patients, who may

As a start, we aimed to determine whether this ‘fitness’ and ALS susceptibility have a

then benefit from a gluten-free diet.15,16 In Chapter 3, therefore, we combined PAN data

shared underlying genetic profile29. In Chapter 6 we explored parental causes of death

on gluten-related antibodies with medical history and dietary information and large-

and their survival using the PAN case-control study. We hypothesized that parents

scale genetic data from genome-wide association studies on celiac disease and ALS, to

of patients die less frequently of cardiovascular diseases and have a longer lifespan

examine the evidence for the role of gluten sensitivity or celiac disease in ALS etiology.

compared to parents of controls.

PART II – EXOGENOUS FACTORS AND ALS

Physical activity is a long discussed risk factor in ALS, with conflicting results.30 The

Chapter 4 describes the study design and methods of the Euro-MOTOR study and the

previous conflicting results may be due to differences in study design and methods, as

characteristics of its cohort. This population-based case-control study was initiated with

discussed previously. Therefore, the aim of Chapter 7 was to investigate the association

the aim to investigate several environmental risk factors. To date, only smoking has been

between physical activity and ALS in the Euro-MOTOR cohort.

considered an established risk factor. Failure to identify more environmental risk factors
17

can be explained by several problems: the heterogeneity of the disease, the relative rarity

Another aspect of the ‘fitness theory’ comes from previous studies that describe an

of ALS making it difficult to collect a sufficiently large study group, and methodological

inverse association between vascular risk factors and ALS, such as cardiovascular

limitations (i.e. poor representativeness of the study population or incorrect and/or

disease27, non-insulin dependent diabetes mellitus 31-33 and hyperlipidemia34. Leading

varying definitions of exposures and possible confounding factors). These issues were

on from this studies, in Chapter 8 we investigated the medical history of ALS patients

tried to overcome by including ALS patients who were diagnosed according to the revised

for antecedent disorders using the Euro-MOTOR cohort, in order to gain knowledge on

El Escorial Criteria, using a harmonized and validated protocol.

shared mechanisms.

Of the possible environmental risk factors, the occupational history has been studied
extensively18,19. An association with ALS has been reported for, amongst others, farmers20,
veterinarians19,21, fire fighters22, flight attendants23, and truck/bus drivers21,24. Exposure
to particulates and combustion products (silica, asbestos, organic dust, animal contact,
endotoxins, polycyclic aromatic hydrocarbons, diesel motor exhaust) could hypothetically
link these occupations with ALS. Job-exposure matrices provide an objective and agentspecific method for exposure assessment in population-based case-control studies.
In Chapter 5 we aimed to investigate previously suggested associations between ALS
and occupational exposure to particulates and combustion products based on full job
histories and using job-exposure matrices using the Euro-MOTOR data.
PART III – THE THEORY ON FITNESS AND ALS
One of the theories regarding the etiology of ALS is that patients with ALS are
(premorbidly) fitter: they are phenotypically physically fitter25 , have a favorable

10

11
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Chapter 2

Borrelia burgdorferi antibodies and amyotrophic lateral sclerosis

ABSTRACT

INTRODUCTION

BACKGROUND

Previous studies, mostly case reports and uncontrolled studies, provide a low level

Previous studies, mostly case reports and uncontrolled studies, provide a low level

of evidence for the hypothesized link between Lyme disease and amyotrophic lateral

of evidence for the hypothesized link between Lyme disease and amyotrophic lateral

sclerosis (ALS) and suggest that Lyme disease may be a treatable mimic of ALS.1-8

sclerosis (ALS). In order to make evidence-based recommendations regarding testing

Guidelines for Lyme disease recommend only testing in cases of symptoms compatible

for Borrelia burgdorferi antibodies in the diagnostic workup for ALS, the objective of this

with Lyme disease (rash, headache, stiff neck, photosensitivity, fever, facial weakness,

study was to explore the evidence for an association between these antibodies and ALS

eye movement abnormalities, dermatomal pain or sensory loss).9,10 There are, however,

in a case-control design including age-, gender- and residency-matched controls.

still clinics that perform routine serological testing for Borrelia burgdorferi antibodies
as part of the diagnostic workup for ALS.3,10 Additionally, information from websites

METHODS

may play a role in influencing testing decisions.3,10 Hospital-based studies have shown

491 ALS patients were matched to 982 controls. IgG titers against B. burgdorferi were

that Lyme disease was rare in patients with ALS.10 In order to make evidence-based

determined by an enzyme-linked immunosorbent assay (ELISA), and in case of positivity

recommendations regarding testing for Borrelia burgdorferi antibodies in the diagnostic

or borderline results, a Western blot was performed. Conditional logistic regression

workup for ALS, the objective of this study was to explore the evidence for an association

and Fisher’s exact tests were used to compare the antibody titers or positivity between

between these antibodies and ALS in a case-control design including age-, gender- and

patients and controls.

residency-matched controls.

RESULTS

METHODS

No difference in seroprevalence of Borrelia was found between patients (4.1%)
and controls (5.9%). Clinical characteristics and survival were comparable between

We included 491 patients with definite, (laboratory-supported) probable, or possible

seropositive and seronegative patients. Moreover, spinal onset patients were not more

ALS diagnosed at the outpatient clinic for motor neuron diseases between January 2006

frequently seropositive compared to bulbar onset patients (p=0.47), nor were patients

and December 2012.11 For diagnostic purposes, blood samples were collected. Samples

with a short diagnostic delay of less than six months compared to controls (p=0.69). None

from 982 controls were obtained through the Prospective ALS study Netherlands,

of the 20 patients with a diagnostic delay of less than three months tested positive for

initiated in 2006 with the aim of identifying environmental and life-style risk factors for

IgM antibodies, suggestive of a recent infection.

ALS.12 Since prevalence of antibodies against B. burgdorferi varies between geographic
locations, we matched controls to patients not only based on age and gender, but also on

CONCLUSION

residency within 25 kilometres. Compliant with the Dutch guidelines, two-tiered testing

This large case-control study provides evidence for a lack of association between B.

was performed. IgG titers against B. burgdorferi were determined by an enzyme-linked

burgdorferi antibodies and ALS, and therefore does not support the inclusion of routine

immunosorbent assay (Enzygnost Lyme link VlsE/IgG, Siemens Healthcare Diagnostics

testing for these antibodies in the diagnostic workup in patients with classical ALS.

GmbH, Eschborn). In case of serum positivity or borderline results, a Western blot was
performed (RecomLine Borrelia IgG, Mikrogen, Neuried) with a cut-off for positivity as
recommended by the manufacturer.
Using R version 3.1.1 conditional logistic regression was used to compare the antibody
titers or positivity between patients and controls based on the enzyme-linked
immunosorbent assay.13 Western blot results were compared with the Fisher’s exact

18

19

2

0.16

<0.0005

written informed consent to participate in the Prospective ALS study Netherlands, a study

0.05

p**

analyses were repeated excluding patients with a C9orf72 mutation.14 All controls gave

0.76

test. An interaction term was used to examine possible gender differences. Additionally,

0.67
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0.28
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(4.0)
18
20

6

2

(4.1)

0.17

(11.7)

(5-4989)

53

(5-4989)

6

(14.1)
64
(14.3)
70
Possible

0.60

(29.4)
133

0.97

(34.2)
155

(29.1)
143
Laboratory-supported probable

(34.0)
167
Probable

(11.8)

(22.3)
101
(22.6)
111
Definite

58

(33.1)
150
(34.4)
169

(0.12-8.31)

<0.0005

(0.12-8.31)

(20.5-91.3)
66.2
(20.5-91.3)

0.77

the seropositivity between patients with a short diagnostic delay of less than six months

65.9

compared to patients with a bulbar onset (4.7% vs. 3.0%, p=0.47; data not shown). Also,

Time from onset/inclusion to blood test, y,
median (range)

patients (table S2.1). Patients with a spinal onset were not more frequently seropositive

293

Seropositive patients had the same clinical characteristics and survival as seronegative

(59.7)

Patients (n=491)

(interaction term p=0.84).

Age at diagnosis, y, median (range)

of patients without a C9orf72 mutation (table 2.1B), nor between men and women

64.9

seroprevalence of Borrelia was found between patients and controls, nor in the subgroup

(19.5-90.5)

Characteristics of the patients and controls were similar (table 2.1A). No difference in

0.77

(19.5-90.5)
65.1

(60.5)

0.12

RESULTS

274

investigation.

0.99

for informed consent from the included patients as it is a retrospective medical file

Patients (n=453)*

board of the University Medical Center Utrecht.12 This review board gave dispensation

p

without follow-up on disease status of controls, approved by the institutional review

20

EIA, enzyme-linked immunosorbent assay
a
Age at onset for patients; age at inclusion for controls
* Subgroup of patients without a C9orf72 mutation
** Compared to controls

(5.9)
58

(10.9)

(5-10110)

(0.02-7.05)

(20.2-87.6)
63.5

0.21

(59.5)
584

Positive IgG blot, n (%)

and ALS.1-3,16

107

designs consistent with our found lack of association between Lyme related antibodies

5

between B. burgdorferi antibodies and ALS, but there are previous studies with different

Positive or borderline IgG EIA, n (%)

the Netherlands.15 This is the first case-control study to examine the hypothesized link

IgG EIA, U/ml, median (range)

in ALS patients is comparable to the seroprevalence known in the normal population of

B) Serological

to differ between ALS patients and healthy controls. In fact, the prevalence rate of 4.1%

El Escorial criteria, n (%)

In this case-control study we did not find the seroprevalence of Borrelia IgG antibodies

Bulbar onset, n (%)

DISCUSSION

Age, y, median (range)

symptoms or signs suggestive of Lyme disease.

a

patients, they showed typical ALS characteristics with deterioration over time and no

Table 2.1 Characteristics of the study population

Looking more closely at the medical records of the 20 seropositive (IgG Western blot)

Male gender, n (%)

of the IgM isotype, suggestive of a recent infection.

A) Clinical

patients with a time to diagnosis of less than three months tested positive for antibodies

Controls (n=982)

and controls was comparable (4.7% vs. 5.9%, p=0.69; data not shown). None of the 20

21
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In this study we took advantage of the availability of a large set of healthy controls
from an ongoing population-based study aimed at identifying environmental, lifestyle
and genetic risk factors for ALS. This enabled matching of controls also with regard to
residency of patients. One limitation of our study may be the referral population of ALS
patients. However, the clinical characteristics are in line with the characteristics of the
population-based cohort in the Netherlands (table S2.2). A lack of association is further
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Borrelia burgdorferi antibodies and amyotrophic lateral sclerosis

SUPPLEMENTARY MATERIAL
Table S2.1 Baseline characteristics of the seropositive and seronegative patients
Seropositive patients
(n=20)

Seronegative patients
(n=471)

p

Male gender, n (%)

13

(65.0)

280

(59.4)

0.58

Age at onset, y, median (range)

69.9

(26.1-81.8)

64.6

(19.5-71.0)

0.59

Bulbar onset, n (%)

5

(25.0)

164

(39.5)

0.39

Survival*, y, median (range)

2.18

(0.49-5.27)

2.14

(0.41-9.59)

0.98

El Escorial criteria, n (%)

0.95

Definite

4

(20.0)

107

(22.7)

Probable

8

(40.0)

159

(33.8)

Laboratory-supported
probable

6

(30.0)

137

(29.1)

Possible

2

(10.0)

68

(14.4)

2

* As determined using a Cox proportional hazard model
Table S2.2 Patient characteristics
Referral cohort

Dutch ALS
population*

Patients (n=491)

Patients (n=2630)

p

Male gender, n (%)

293

(59.7)

1525

(58.0)

0.52

Age at onset, y, median (range)

64.9

(19.5-90.5)

64.4

(19.5-90.7)

0.76

Age at diagnosis, y, median (range)

65.9

(20.5-91.3)

65.3

(20.5-91.3)

0.83

Bulbar onset, n (%)

169

(34.4)

798

(34.3)

>0.99

El Escorial criteria, n (%)

<0.05

Definite

111

(22.6)

470

(20.5)

Probable

167

(34.0)

913

(39.8)

Laboratory-supported probable

143

(29.1)

421

(18.3)

Possible

70

(14.3)

492

(21.4)

* Patients recruited as part of the ongoing Prospective ALS study Netherlands
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ABSTRACT

INTRODUCTION

To examine evidence for a role of gluten sensitivity (GS) or celiac disease (CD) in ALS

Recent studies have proposed a potential link between celiac disease (CD) and ALS1,2,

etiology, we included participants from a population-based case-control study in the

and suggest that sensitivity to gluten (GS) may occur in a subgroup of patients, who may

Netherlands between January 2006 and December 2015. We compared levels and

then benefit from a gluten-free diet (GFD).2 The efficacy of GFD in seropositive patients

seroprevalence of IgA antibodies to tissue transglutaminase 6 (TG6) in 359 ALS patients

is currently being investigated.3

and 359 controls, and to transglutaminase 2 (TG2) and endomysium (EMA) in 199 ALS
patients and 199 controls. Questionnaire data on 1,829 ALS patients and 3,920 controls

These epidemiological observations suggest that CD and ALS may share (genetic)

were examined for CD or gluten-free diets (GFD). Genetic correlation and HLA allele

susceptibility factors. CD has a clear genetic component (heritability ~80%4), and genome-

frequencies were analyzed using two genome-wide association studies: one on ALS

wide association studies (GWAS) have revealed >40 common-variant loci associated with

(12,577 cases, 23,475 controls), and one on CD (4,533 cases, 10,750 controls). We found

CD; the strongest associated with the human leukocyte antigen (HLA) genes, which lie in

one patient with TG6, TG2 and EMA antibodies who had typical ALS and no symptoms of

the major histocompatibility complex (MHC).5 In contrast, in ALS, which has a heritability

GS. TG6 antibody concentrations and positivity, CD prevalence and adherence to a GFD

of ~65%6, GWAS revealed a total of 7 loci.7 Despite these distinct architectures, overlap

were similar in patients and controls (p > 0.66) and in these patients, disease progression

between immune-regulated and neurological disease is not unheard of: CD can present

was compatible with typical ALS. CD and ALS were not found to be genetically correlated

with neurological symptoms8-13, and frontotemporal dementia, which has several risk loci

(p > 0.37). CD-associated HLA allele frequencies were similar in patients and controls (p >

that overlap with those of ALS14, shows an additional risk variant in the MHC.15

0.28). In conclusion, we found no serological evidence for involvement of gluten-related
antibodies in ALS etiology. Nor did we observe an association between CD and ALS in

If CD and ALS are causally related, one can expect a significant overlap in genetic

medical history or genetic data, indicating that there is no evidence in our data for an

architectures; methods to estimate this overlap are currently available.16,17 The association

association between the two diseases. Hence, a role for a GFD in the ALS treatment

between GS or CD and ALS may have implications for our understanding of a pathogenic

seems unlikely.

mechanism, as well as for future ALS treatment options. In this study, therefore, we
combined population-based case-control data on gluten-related antibodies with medical
history and dietary information, and large-scale genetic data from GWAS on CD and ALS,
to examine the evidence for the role of GS or CD in ALS etiology.

METHODS
STUDY POPULATION
All participants in the serological and questionnaire studies were included in the
Prospective ALS study Netherlands (PAN) between 1 January 2006 and 31 December
2015.18 Patients were diagnosed according to the revised El Escorial criteria.19 The
population-based design of the PAN study was ensured by inclusion of patients through
multiple sources: neurologists, rehabilitation physicians, the Dutch neuromuscular
Patient Association and our ALS website. Age- (± 5 years) and gender-matched controls
were included through the general practitioner of the participating patient. In the
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Netherlands, every resident is registered at a general practitioner, which make the

for continuous characteristics; the Chi-square for categorical characteristics (or Fisher’s

sample representative of the general population.

exact test as appropriate); and the Cox proportional hazard model for survival.

For genetic correlation analyses, we used data from a GWAS of ALS, which included

MEDICAL HISTORY AND GLUTEN-FREE DIET

12,577 sporadic ALS cases and 23,475 unaffected controls, and a GWAS of CD, which

We examined a structured questionnaire collected from 1,829 population-based ALS

included 4,533 patients and 10,750 controls. Both studies comprised cohorts from

patients and 3,920 matched controls to collect medical histories.18 For patients, we

Europe and the United States.7,20

analyzed data referring to the period before symptom onset. In addition, in the 199item food frequency questionnaire, participants were asked about their adherence to

Separately, ALS cases and population-matched controls are being collected worldwide

a specific diet.22 For patients, this was defined as the 1-month period before symptom

as part of Project MinE. A subset of these samples is drawn from the neuromuscular

onset. All questionnaires were checked for missing data or inconsistencies, and

clinic at the University Medical Center Utrecht and controls are selected from the PAN

participants were contacted by telephone to complete or correct the data. The survival

study to match cases by geography, age and gender. Data collected on the samples

status of patients was obtained by checking the municipal population register and/or

include disease status and genotyping on the Illumina 2.5M array. As part of the Project

contacting the general practitioner every 3 months. Proportions of participants with CD

MinE, samples and variants have undergone quality control (detailed description in

or a GFD were compared using the Fisher’s exact test because of the small numbers.
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supplementary material S3.1).

7

GENETIC CORRELATION USING LD SCORE REGRESSION
SEROLOGICAL TESTING

Correlations in genetic architectures between two traits can provide insight into potential

In 359 population-based patients and 359 matched controls, we measured TG6 antibody

overlapping etiology between diseases and may help disentangle shared potential causal

concentrations using the ELISA IgA kit (Zedira, Darmstadt, Germany). TG6 positivity was

mechanisms.17 To estimate the genome-wide genetic correlation between ALS and CD,

calculated using the mean of the control group (17.33 U/mL) plus 2 standard deviations

we used Linkage Disequilibrium Score Regression (LDSC). In short, LDSC considers the

(2 * 19.59 U/mL), and was set at 56.51 U/mL. In a subset of 199 patients and 199 controls,

fact that, for polygenic traits, the association signal at a single-nucleotide polymorphism

antibodies to TG2 were measured using the ELiA Celikey IgA kit (Phadia AB, Uppsala,

(SNP) will also capture information for SNPs nearby in linkage disequilibrium. This

Sweden). Serum samples containing a TG2 antibody titer of more than 10 U/mL were

relationship between linkage disequilibrium and association signal can also be used to

considered positive, as recommended by the manufacturer. In the same subset, we

test for relationships between two traits at all SNPs across the genome. A GWAS of ALS

determined the prevalence of IgA class endomysial antibodies (EMA) using indirect

had been performed using a linear mixed model (LMM) implemented in the Genome-

immunofluorescence (Biognost, Heule, Belgium). Total IgA was measured, and a serum

Wide Complex Trait Analysis (GCTA) software7,23, from which the summary statistics for

IgA concentration below 0.05 g/L was regarded as IgA deficiency. Gluten-associated

1,217,311 SNPs were available.7 Summary statistics for 499,513 SNPs from the CD GWAS

antibodies were compared between groups using Student’s t-test for antibody

were obtained via personal communication with the authors. Details of the statistical

concentrations and the Chi-square test for comparison of the seroprevalence, or Fisher’s

LDSC analysis are provided in the supplementary material S3.2.

exact test in case of cell counts below five. Due to low numbers, we were unable to test
for interaction with gender using an interaction term in a logistic model; instead, we

GENETIC CORRELATION USING GENETIC RISK SCORES

stratified according to gender. We compared antibody levels and positivity between

We constructed a genetic risk score from associated CD SNPs, to see if such a score

bulbar and spinal patients, and antibody measures in patients with a time to diagnosis

could help predict ALS disease status. We downloaded all SNPs associated by GWAS to

within the first quartile (representing patients with a rapid disease course) with controls.

CD at p < 1x10 -6 from the NHGRI GWAS Database24; data downloaded included SNP rsID,

Clinical characteristics between groups were compared using the Mann-Whitney U test

chromosome, position, risk allele, p-value, and reported odds ratio from the GWAS. A
total of 31 SNPs had complete information. For duplicate SNPs, we kept the SNP results
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from the study with the largest sample size. We extracted the genotypes for these

ALS. Furthermore, routine blood tests were normal, indicated no anemia, and magnetic

SNPs from 2,833 unrelated Dutch samples (1,823 cases and 1,010 controls) that had

resonance imaging (MRI) revealed no white matter lesions.

been genotyped on the Illumina 2.5M array as part of Project MinE. A total of 21 SNPs
were found in the genotyping data. We LD-pruned the SNPs (r2 <0.05) to ensure that

Table 3.1 Baseline characteristics

all SNPs represented independent associations to CD; LD pruning removed 2 SNPs.
We used the genotypes for the remaining 19 SNPs to construct a genetic risk score
by weighting the genotypes by the odds ratio reported in the CD GWAS and summing

Serological cohort

Population-based cohort

Patients
(N = 359)

Controls
(N = 359)

Patients
(N = 1,829) b

Controls
(N = 3,920)

across all weighted genotypes (performed in Plink). We used logistic regression to test

Male, N (%)

231

(64.3)

217

(60.4)

1096

(59.9)

2334

(59.5)

for association between ALS disease status and CD-based genetic risk score, correcting

Age, y, median (range) a

64.6

(23.587.8)

63.9

(20.483.9)

62.8

(23.187.9)

63.8

(17.591.9)

Age at diagnosis, y, median
(range)

65.5

(23.888.7)

64.2

(23.888.9)

Bulbar onset, N (%)

122

(34.0)

574

(32.2)

for ten principal components and gender.
HLA ASSOCIATION TESTING
The same 2,833 unrelated Dutch samples from Project MinE were used to perform

El Escorial criteria, N (%)

imputation of the MHC. MHC genotypes (build hg19, chromosome 6, positions 24,092,021-

Definite

72

(20.1)

323

(18.4)

38,892,022) for these samples were extracted from genotypes generated using the

Probable

127

(35.4)

724

(41.3)

Illumina 2.5M genotyping array. Details on sample quality checks and imputation of the

Laboratory-supported
probable

105

(29.2)

324

(18.5)

Possible

55

(15.3)

383

(21.8)

MHC genotypes are provided in the supplementary material S3.3. When imputation
was complete, we performed QC, removing any sample with > 2.5 alleles at any HLA
allele (supplementary material S3.3). We used the resulting genotype dosages in 1,786
ALS cases and 999 controls to perform association testing between ALS status and

3

Age at onset for patients; age at inclusion for controls
Missing data in patients: age 54 (3.0%); age at diagnosis 17 (0.9%); site of onset 49 (2.7%); El Escorial
criteria 75 (4.1%) of patients. No missing data in controls or in the serological cohort.
a

b

four CD-associated HLA alleles: HLA-DQA1*0501, HLA-DQB1*0201, HLA-DQB1*0202,
and HLA-DQB1*0302. We adjusted for ten principal components and gender. The fifth

Patients and controls had comparable TG6 antibody concentrations (Student’s t-test

HLA allele of interest, HLA-DQA1*0505, could not be tested as it was absent from the

p = 0.66, table 3.2) and positivity for TG6 antibodies (11 patients (3.1%) and 12 controls

SNP2HLA imputation reference panel.

(3.3%), Chi-square test p > 0.99). Stratifying by gender did not reveal a difference in
antibody concentrations or prevalence (Student’s/Fisher’s test all p > 0.48, data not

RESULTS

shown). Clinical characteristics of the 11 seropositive patients were similar to those of the
348 seronegative patients (table 3.3). Eighty-one patients with a short time to diagnosis

SEROLOGICAL TESTING

(defined as <6 months and used as a surrogate variable for a rapid disease course) had

We tested TG6 antibody levels in 359 patients and 359 controls, matched for baseline

TG6 antibody levels similar to controls (mean (SD): 21.16 (31.56) vs. 17.33 (19.59), Student’s

characteristics (table 3.1). The subgroup of 199 patients and 199 controls with measured

p = 0.30). Two of the 81 patients (2.5%) tested positive for TG6 antibodies (Fisher’s p >

TG2 antibody and EMA levels were also characteristic-matched (data not shown). None

0.99; data not shown). Similarly, bulbar and spinal patients had comparable TG6 antibody

of the patients was IgA-deficient. TG2 positivity (>10 U/mL) was found in one patient and

levels (mean (SD): 17.53 (27.37) vs. 18.30 (20.20), Student’s p = 0.79) and positivity (n (%):

zero controls. This patient was also the only participant who tested positive for EMA, and

3 (2.5%) vs. 8 (3.4%), Fisher’s p = 0.76; data not shown).

was one of the eleven patients with positive antibodies to TG6. Despite having TG2, EMA
and TG6 antibodies, this patient had clinical characteristics (probable ALS, bulbar onset
at the age of 66 years) and a survival (1.33 years from onset) compatible with typical
32
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Table 3.2 Serological results

a

Table 3.4 Patient characteristics of the five patients on a gluten-free diet
Patients (N = 359)

Controls (N = 359)

p value

TG6 IgA, U/mL, mean (SD)

18.1

(22.9)

17.3

(19.6)

0.66

Positive TG6 IgA, N (%) a

11

(3.1)

12

(3.3)

>0.99

Cutoff is 56.51 U/mL.

Table 3.3 Patient characteristics of seropositive and seronegative TG6 patients

Patient

Gender

Site of
onset

Age at onset,
y

Age at
diagnosis, y

EEC

Survivala,
y

1.

Female

Spinal

64.3

64.9

LSP

4.1

2.

Female

Spinal

55.2

56.1

Probable

3.3

3.

Male

Spinal

61.2

63.2

Definite

4.1

4.

Male

Spinal

49.4

49.8

LSP

3.5

5.

Female

Bulbar

64.7

65.1

Probable

1.6

Seropositive
(N = 11)

Seronegative
(N = 348)

p value

Male, N (%)

8

(72.7)

223

(64.1)

0.79

Age, y, median (range)

63.1

(45.1-73.5)

64.8

(23.5-87.8)

0.37

Age at diagnosis, y, median (range)

64.0

(47.1- 82.5)

65.6

(23.8-88.7)

0.53

GENETIC CORRELATION BETWEEN ALS AND CD

Bulbar onset, N (%)

3

(27.3)

119

(34.2)

0.76

We applied LDSC analysis using summary-level results from a GWAS of ALS (12,577

Survival, y, median (range)

2.32

(1.17-6.10)

2.32

(0.41-6.76)

0.63

cases and 23,475 controls) and of CD (4,533 CD cases and 10,750 controls). The genetic

0.54

correlation between ALS and CD was 0.06 (standard error = 0.07; p = 0.37), indicating that,

El Escorial criteria, N (%)

All patients were deceased.
EEC El Escorial criteria, LSP laboratory-supported probable
a

Definite

3

(27.3)

69

(19.8)

genome-wide, there was no evidence for genetic correlation between the traits. While

Probable

5

(45.5)

122

(35.1)

Laboratory-supported probable

1

(9.1)

104

(29.9)

LDSC looks for trait correlation, genetic risk scores can be used to test for association

Possible

2

(18.2)

53

(15.2)

between two traits at specific loci. We tested a genetic risk score based on CD loci in the
Dutch Project MinE samples, including 1,823 ALS cases and 1,010 matched controls. The
score was not associated with ALS disease status (p = 0.47).

MEDICAL HISTORY AND GLUTEN-FREE DIET
Questionnaire-derived data of 1,829 ALS patients and 3,920 controls showed they

ASSOCIATION TESTING AT HLA ALLELES

had similar characteristics (table 3.1). According to the data, 3 of 1,829 ALS patients

We performed HLA imputation and association analysis in the same Project MinE Dutch

(0.16%) and 4 of 3,920 controls (0.10%) had been diagnosed with CD (Fisher’s p = 0.69).

ALS patients and controls. After additional QC of the data, we found no association at

1,470 of these 1,829 patients and 3,683 of the 3,920 controls filled in a food frequency

any of the four HLA alleles associated with CD in 1,786 ALS cases and 999 controls (all

questionnaire; in addition to the 3 patients and 4 controls with a medical history of CD,

p > 0.28, table 3.5).

we identified 2 more patients (n = 5 in total; 0.3%) and 8 controls (n = 12 in total; 0.3%)
who were following a GFD prior to disease onset (Fisher’s p > 0.99). Table 3.4 shows the

Table 3.5 HLA allele frequencies

clinical characteristics and disease course of the 5 patients who adhered to a GFD. On

Dutch ALS patients
(N = 1,786)

Controls (N = 999)

p value

HLA-DQA1*0501, %

25.9

27.1

0.28

HLA-DQB1*0201, %

14.4

15.6

0.34

HLA-DQB1*0202, %

7.2

6.6

0.61

HLA-DQB1*0302, %

10.0

9.4

0.44

average, their survival after disease onset was 3.3 years, consistent with standard ALS
disease progression.
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DISCUSSION
The CD prevalence of 0.10-0.16%, as reported by questionnaires in our study, is lower
In this study we combined serological, epidemiological and genetic data to examine

than that of the European population (around 1%).8 We expect, however, this bias to be

whether GS or CD is associated with ALS risk. Although we cannot rule out CD in our

non-differential between patients and controls, i.e. not related to the presence of disease.

patient with gluten-related antibodies without performing a small intestine biopsy

In addition, we did not see a difference between patients and controls who are on a

(gold standard ), CD is highly unlikely since blood tests did not indicate anemia , brain

GFD as reported in the food-frequency questionnaire, a finding in line with a nationwide

MRI did not show white matter changes

, and the patient had typical ALS symptoms

record-linkage study by Ludvigsson et al., in which the number of ALS diagnoses during

and disease course. Moreover, whereas our patient experienced speech difficulties,

follow-up among individuals diagnosed with CD via small intestinal biopsy, was similar

previous case reports do not describe bulbar symptoms in gluten-related ALS mimic

to the number of ALS diagnoses in the general Swedish population.28 Using the same

syndromes.

Furthermore, combining two large GWAS revealed no genetic correlation

study design as Ludvigsson et al., Turner et al. found higher than expected numbers of

between CD and ALS, either genome-wide or through a targeted approach. HLA alleles

ALS patients among groups of individuals with various autoimmune diseases, one of

in the MHC shown to be associated with CD showed no association with ALS disease

which was CD.1 This finding contradicts the study by Seelen et al. in which no prevalence

status. In addition, we found no difference in concentrations or positivity of gluten-

difference of autoimmune diseases was found between cases and controls.29

9

8,9

10-12

10-13

related TG6 antibody between patients and controls. Patients with antibodies to TG6
or CD/GFD have characteristics compatible with ALS and patients on a GFD did not

CD is triggered upon exposure to gluten. In this study, we chose to investigate IgA class

demonstrate prolonged survival time (average survival: 3.3 years). In short, across this

antibodies specifically, as gluten-related serology tests for TG2 and EMA are usually

myriad of analyses, we found no evidence for association or overlap between GS or CD

IgA-based and the previous study on TG6 antibodies in relation to ALS showed IgA,

and ALS, and no evidence that initiation of a GFD in ALS patients would be beneficial.

as opposed to IgG class antibodies, to be relevant.2,9 Based on positive associations
published in case reports, a previous study suggested including serological tests for GS

TG6 has been relatively recently added to the list of gluten-related antibodies and,

or CD in the diagnostic workup for ALS.10 The results of our study reveal that there is

since then, has been described in patients with idiopathic cerebellar ataxia, myelopathy

no indication for initiating a GFD in patients who have positive antibody tests for TG6,

secondary to malabsorption, autoimmune neuropathy and ALS.

Using the same

TG2 or EMA and typical ALS without features of CD, such as anemia or MRI white matter

ELISA kit for TG6 antibodies as in this study, a previous study in Israeli-descent samples

changes. The diet can be burdensome and limit quality of life30,31, a heavy price to pay for

showed 15.3% of the 150 referred patients and 4.3% of the 115 controls to have elevated

a patient with a fatal disease. Moreover, a phase 2 trial demonstrated the benefits of a

levels of antibodies to TG6.2 In a larger study, we found that 3.1% of 359 patients and 3.3%

high-calorie diet in ALS patients32, something that might be difficult to achieve with a GFD.

2,25,26

of 359 controls had elevated levels of antibodies to TG6. The TG6 antibody concentrations
of the Israeli controls (21.0 U/mL) and the Dutch controls (17.3 U/mL) were similar, but

In the present relatively large case-control study, we found no serological evidence

cut-off scores for positivity differed: 42 U/mL in the study by Gadoth et al. and 56.51 U/

for involvement of gluten-related antibodies in ALS etiology. We did not observe an

mL in our study. This could explain the slightly lower frequency of controls with elevated

association between CD and ALS in either medical history or genetic data analysis.

TG6 antibodies in our study. On the other hand, the TG6 antibody concentrations in

These findings indicate that, in our data, there is no evidence for a causal relationship

patients in the Israel-based study (29.3 U/mL) seem to be higher compared to those in

between GS or CD and ALS, and, therefore, it is unlikely that there is a role for a GFD in

this study (18.1 U/mL). One similarity between the two studies is the prevalence of the

the treatment of ALS.

2

2

CD-associated HLA risk alleles, which were not different between patients and controls.
Thus, although the prevalence of CD in Israel does not seem to be higher than in Europe27,
it might be that GS, as measured by the presence of TG6 antibodies, occurs in a subgroup
of Israeli ALS patients and not in patients of Dutch/European origin.
36
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SUPPLEMENTARY MATERIAL S3.1
We constrained the heritability intercept of ALS to 1 because the ALS GWAS was
QUALITY CONTROL OF THE PROJECT MINE SAMPLES AND VARIANTS

performed using an LMM and with this method, population stratification and inflation

Samples included in Project MinE underwent whole-genome sequencing, genotyping on

of test statistics is minimal. Since CD was analyzed using a regular logistic regression,

the Illumina 2.5M, and methylation data collection. Samples underwent QC based on

inflation of test statistics due to population substructures could not be rejected.

the whole-genome sequencing data.

Therefore, we left the heritability intercept for CD free.

Samples were checked for the following metrics (with exclusion criteria in parentheses):

REFERENCE

total depth (no exclusion necessary), transition/transversion ratio (>2.09), concordance
with genotype data (<95%), phenotype/genotype sex concordance (discordant samples
are removed), overall missingness (>5%), inbreeding (>3 standard deviations from the
distribution), relatedness (duplicates are removed; related samples with kinship >

1.

Bulik-Sullivan BK, Loh PR, Finucane HK, et al (2015) LD score regression distinguishes
confounding from polygenicity in Genome-Wide Association Studies. Nat Genet
47(3):291-295.

0.0625 are dropped for analyses requiring independent samples), total single nucleotide
variants (> 4M), total indels (>900k), total singletons (>6 standard deviations from cohort

SUPPLEMENTARY MATERIAL S3.3

3

distribution), and ratio of heterozygotes to homozygous non-reference genotypes (>3).
IMPUTATION OF AND ASSOCIATION TESTING IN THE MHC
Variants are checked for the following metrics (with exclusion criteria in parentheses):

We performed imputation of the MHC in Dutch-ancestry samples genotyped on the

depth of coverage (<1.5x/sample or >34.8x/sample), differential missingness (p < 10 ),

Illumina 2.5M array as part of Project MinE. Only samples that passed quality control of

Hardy-Weinberg equilibrium violations (p < 10 ), missingness (>5%), and overall “PASSing

the whole-genome sequencing data were considered for analysis. Before performing

rate” (according to Illumina genotype calling pipeline which is performed on a sample-

imputation, we carried out quality control on the genotyping data. We selected out

level basis, <70% considering all samples).

all SNPs within the MHC (defined as position 24,092,021 to position 38,892,022 on

-3

-3

chromosome 6, build hg19).

SUPPLEMENTARY MATERIAL S3.2

Samples with > 10% missingness across the MHC were dropped. SNPs out of HardyWeinberg equilibrium (p < 1 x 10 -6), with significant differential missingness between

DETAILED DESCRIPTION OF THE LD SCORE REGRESSION (LDSC) ANALYSIS TO

cases and controls (p < 1 x 10 -6), overall missingness > 1%, or with frequency < 1% were

ESTIMATE GENETIC CORRELATION BETWEEN ALS AND CD

removed. This left 3,614 SNPs for imputation. We then imputed the MHC using the

Genetic correlation between ALS and CD was calculated using LDSC regression software

SNP2HLA pipeline.1 In short, the pipeline uses a reference panel generated by the Type I

v1.0.0 which measures genetic correlation between traits accounting for confounding

Diabetes Genetics Consortium (T1DGC) and is comprised of SNPs, amino acids, and HLA

biases, such as linkage disequilibrium, cryptic relatedness and population stratification.

types collected in 5,225 samples. SNP2HLA uses BEAGLE and the T1DGC reference panel

We used pre-calculated LD scores and regression-weighted LD scores for 1,293,150 SNPs

to impute amino acids and HLA types into samples genotyped on commercial arrays.

1

using the European samples of the 1000 Genome project (https://data.broadinstitute.
org/alkesgroup/LDSCORE/eur_w_ld_chr.tar.bz2 and https://data.broadinstitute.org/

When the imputation is complete, it results in a ‘dosage’ for every sample at every SNP,

alkesgroup/LDSCORE/w_hm3.snplist.bz2 access date: 9 November 2016). After merging

amino acid and HLA allele. The dosage is a continuous number between 0 and 2. At

the summary statistics from the ALS and CD GWAS, summary-level statistics were

each HLA allele, we tested the total sum of alleles carried by an individual at that allele.

available from both traits for 488,242 valid alleles and included in the LDSC analysis.

Samples with > 2.5 alleles (introduced by imprecision in the imputation) were removed
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from the analysis; a total of 48 samples were failed, leaving 1,786 ALS cases and 999
controls. We checked the imputation quality (r2) of all of the CD-associated alleles being
tested. All alleles had an r2 > 0.9, indicating high-quality imputation at these alleles. We
performed association testing at these alleles using a logistic regression implemented
in Plink, adjusting for the top ten principal components and gender.
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ABSTRACT

INTRODUCTION

BACKGROUND

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative disease of unknown

Political and sociocultural differences between countries can affect the outcome of

aetiology for which no definite risk factors have been identified with certainty, with the

clinical and epidemiological studies in ALS. Cross-national studies represent the ideal

notable exception of genetic factors.1 Identification of environmental risk factors of ALS

process by which risk factors can be assessed using the same methodology in different

can be achieved using various observational designs, such as cohort studies and case-

geographical areas.

control studies. Although cohort studies may be preferred, they are limited in power
due to the low incidence of ALS and the long and unknown interval between exposure

METHODS

and disease onset due to misclassification of the disease. For this reason, case-control

A survey of three European countries (the Netherlands, Ireland and Italy) has been

studies remain the most informative study design in ALS research.

conducted in which incident ALS patients and matched controls were recruited in a
population-based study based on age, gender and area of residency, under the Euro-

The failure to identify potentially modifiable risk factors can be explained by several

MOTOR programme of research.

factors: firstly, the heterogeneity of the disease; secondly, the relative rarity of ALS,
making it difficult to collect a large enough number of patients to reach adequate study

FINDINGS

power; and thirdly, the methodological limitations of many published reports, including

We have identified strengths and limitations during the trajectory of the Euro-MOTOR

poor representativeness of the source population, small sample size, incorrect and/or

study, from the research design to data analysis. We have analysed the implications of

varying definitions of exposures and inadequate control of confounders.2

factors including cross-national differences in healthcare systems, sample size, types of
matching, the definition of exposures and statistical analysis.

Studies of non-representative samples of patients are likely to confound results and to
prevent comparisons across different populations. Small samples are unlikely to provide

CONCLUSION

precise estimates of the risks and increase heterogeneity in published results. The use

Addressing critical methodological aspects of the design of the Euro-MOTOR project

of subjective (often unmeasurable) definitions of exposures prevents correct estimates

minimises bias and will facilitate scientific assessment of the independent role of well-

of the risks and comparisons across studies.

defined exposures.
Accordingly, there is a clear need for large studies using a standardised protocol. An
international multicentre study offers a unique opportunity to examine several risk
factors at the same time and with the same methodology in different geographical areas,
while aiming to obtain a truly representative sample of ALS patients in a population
based design. This approach also explores the possibility that the same risk factor may
not have the same effect in different populations. Another possibility is that different
populations may exhibit subtle differences in phenotypical characteristics.3 All of these
issues have been addressed in a case-control study by the Euro-MOTOR consortium,
which has collected clinical and biological variables in a large sample of patients with
ALS and representative controls across Europe, using a population-based design to
investigate the aetiology and mechanisms of the disease. Our previous experience with
the investigation of the role of traumatic events 4 and physical exercise5 was helpful
46
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to identify the weaknesses of a case-control study and served to improve the study
design with particular reference to sample size and criteria used for data collection.
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Table 4.1 Annual incidences and comparison of characteristics between local registries and casecontrol study by cohort.

This provided sufficient power to investigate research hypotheses regarding previous

The
Netherlands

disputed environmental risk factors for ALS.
The purpose of this report is to describe the study design and methods, highlighting the

Apulia

Lombardy

Piedmont
& Valle
d’Aosta

Registry ALS populationa

strengths and limitations of the basic structure of the project.
AIMS OF EURO-MOTOR PROJECT
The main objective of Euro-MOTOR is to discover new causative and disease-modifying
pathways to pave the way for novel therapies. The epidemiological component of
Euro-MOTOR is a pooled case-control study, which consists of a paper and pencil
survey through face-to-face interviews undertaken in three European countries (the

Annual incidence per
100,000 person-year

2.8

2.0

1.6

2.1

2.9

Male:female ratio

1.5

1.4

1.6

1.3

1.2

Age at onset

63.0
(median)

66.0
(median)

64.6
(median)

63.6
(mean)

64.8
(mean)

Bulbar site onset (%)

30

35.3

21

35.2

37.5

Case-control study ALS population

Netherlands, Ireland and Italy), where incident ALS patients and matched controls were
recruited in a population-based design based on age, gender and area of residency. Core
demographic and ALS-related clinical data were collected by trained investigators. The
information was obtained from the patient/control or, for cognitively impaired individuals,
from an informed caregiver. The data were entered into a centralized online database,

Ireland

a

Male:female ratio

1.5

1.5

1.3

1.2

1.2

Age at onset

64.1
(median)

64.4
(median)

62.6
(median)

63.6
(mean)

64.2
(mean)

Bulbar site onset (%)

35.4

23.7

26.5

29.6

37.0
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Data acquired from published studies.6-10

along with biological samples collected to investigate genetic and biochemical profiles
of cases and controls. We recruited ALS cases and controls between February 2011 and

The underlying populations have intrinsic differences in terms of education and clinical

January 2014.

characteristics of the disease at enrolment. Since the classification of education in Italy
did not take into account the attendance to primary and secondary school separately, a

REPRESENTATIVENESS OF THE STUDY POPULATION

national reform occurred during the 1960s, and to make education comparable across

In the participating population-based registers, several sources are periodically

countries, the six categories were aggregated into two: low level (none, grade school,

interrogated to ensure full case ascertainment. These include neurologists,

high school and technical or trade school) and high level (university and graduate school).

neurophysiologists, and pulmonologists with interest in ALS, riluzole pharmacy records,

Comparing education across all participants (table 4.2), the majority of subjects reported

lay association archives, general practitioners’ records, and administrative sources

low educational levels (International Standard Classification of Education (ISCED) 0-4)

(hospital discharge records, disability lists, etc.). The validity of these sources has been

(77.1%). The educational levels were highest in the Netherlands and lowest in Italy.

documented in published reports.6-10 In addition, when comparing the study sample
with the original ALS population from each country, no relevant differences in the main
demographic and clinical indicators were detected, with the exception of patients with
bulbar site disease from the Irish cohort (23.7% vs. 35.3% in the registry; table 4.1).

48
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50

Education was classified into two levels, following the International Standard classification of Education (ISCED): low level (ISCED 0-4) and high level (ISCED 5-8);
Statistics on education of population between 15-75 years old residing in the three countries were obtained from:
http://ec.europa.eu/eurostat/web/education-and-training/data/main-tables

45,626
(100.0)
12,506 3,248
(100.0) (100.0)
4,449
(100.0)
1,534
(100.0)
788
(100.0)
Total

1,880
(100.0)

2,668
(100.0)

177
349
(100.0) (100.0)

526
569
686
(100.0) (100.0) (100.0)

1,255
(100.0)

2,915
(100.0)

6,355
(13.9)
1,102
(33.9)
3,563
(28.5)
1,019
(22.9)
742
(25.5)
277
(18.1)
177
(14.1)
134
(19.5)
43
(7.6)
105
(20.0)
76
(21.8)
29
(16.4)
737
(27.6)
205
(26.0)
High
level

532
(28.3)

39,271
(86.1)
2,146
(66.1)
8,943
(71.5)
3,430
(77.1)
1,257
(81.9)
273
(78.2)
583
(74.0)
Low
level

1,348
(71.7)

1,931
(72.4)

148
(83.6)

421
(80.0)

526
(92.4)

552
(80.5)

1,078
(85.9)

controls
cases
total
controls
cases

controls

total

cases

total

cases

controls

Total
Italy
Ireland
The Netherlands

2,173
(74.5)

NL

IRE

ITA

Critical issues in ALS case-control studies

total

EUROSTAT STATISTICS
2014
EUROMOTOR CASE-CONTROL STUDY

Table 4.2 Frequency distributions of level of educational attainment by country in the case-control study and in the official EUROSTAT statistics on
education, 2014.

Chapter 4

Descriptive statistics stratified by country revealed that significant differences between
cases and controls in the two educational levels were detected only in Italy (p<0.001). The
better educational level of controls is generally consistent across countries and is to be
expected, as educated healthy individuals are more likely to participate in epidemiologic
studies.
DISEASE PHENOTYPE
The site of ALS onset of patients was mainly spinal (65%), followed by bulbar (33%) and
thoracic-respiratory (3%). Bulbar onset ALS is usually considered to account for up to one
third of cases. However, the proportion varies across populations.2 In the present study,
significant differences across countries were detected (p<0.01), especially in Ireland
where bulbar onset patients (24%) were fewer than in Italy (32%) and the Netherlands
(35%) (table 4.3). These differences are partly explained by the interval between onset
of symptoms and diagnostic assessment (medians were 9.2 (IQR=9) months in the
Netherlands, 9.8 (IQR=9) in Italy and 11.4 (IQR=9.5) in Ireland). In this regard, patients with
bulbar onset – who have a worse prognosis than patients with spinal onset – are more
likely to have declined participation in the Irish cohort due to the severity of their illness.
Table 4.3 Frequency distributions of site of onset and El-Escorial categories by country.
NL

IRE

ITA

Total

N

%

N

%

N

%

N

%

Bulbar

275

35.3

42

23.7

188

32.2

505

32.8

Spinal

476

61.2

132

74.6

385

65.9

993

64.5

Thoracic/respiratory

27

3.5

3

1.7

11

1.9

41

2.7

Total

778

100.0

177

100.0

584

100.0

1,539

100.0

Missing

13

Site of onset

0

5
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El Escorial criteria
Definite ALS

144

18.7

88

52.4

155

26.5

387

25.4

Possible ALS

116

15.1

32

19.0

148

25.3

296

19.4

Probable ALS

316

41.2

48

28.6

202

34.5

566

37.3

Probable ALS (lab.
supported)

192

25.0

0

0.0

80

13.7

272

17.9

Total

768

100.0

168

100.0

585

100.0

1,521

100.0

Missing

23

9

4

36

Total

791

177

589

1,557
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With reference to the El Escorial classification, almost half of the cases were classified

represented by local area (i.e., distance in kilometers and urban/rural setting), and the

as probable ALS at diagnosis (45%), of whom 18% were laboratory-supported, but

case-control ratio was slightly greater than 1:1. Cases in the Netherlands were frequency

frequency distributions of El Escorial categories were significantly different across

matched using general practitioners’ registries, in order to select a representative

countries (p<0.001). In Ireland, the term laboratory-supported probable ALS was

population list by age (±5 years), sex and location (based on general practitioners’ area),

infrequently applied whereas 52% of cases fulfilled the clinical criteria for definite ALS

to achieve a 1:2 case-control ratio.

at the time of categorisation. This compared to 19% in the Netherlands and 27% in Italy.
These differences cannot be explained by discordance in the diagnosis of ALS among

ENVIRONMENTAL EXPOSURES

local investigators because inter-rater agreement was satisfactory (K=0.83; p<0.0001),

Environmental epidemiology attempts to characterize the health effects of known

as measured by the Kendall (K) Coefficient of Concordance, a non-parametric statistic

environmental exposures. The quality of exposure measurement will determine the

assessing agreement among raters and ranging from 0 (no agreement) to 1 (complete

validity of the results. A crude binary variable is necessary, but is not sufficient to

agreement). The agreement was tested among nine raters (from the Euro-MOTOR

determine a dose-response relationship and therefore ordinal categories are needed

consortium) on 52 patients with ALS or other clinical conditions. ALS patients were

to increase the sensitivity of the study. It is important to distinguish between exposure

classified according to the revised El Escorial classification.11 These differences most

setting, a complex mixture, and a single agent. Exposure to environmental agents

likely reflect differences in methods of case ascertainment, subtle differences in the

can be assessed using different instruments, including interviews, structured diaries,

timing and method of assignment of diagnostic category (e.g. assignment at a specialist

measurements in external media, measurements of concentrations in human tissues,

clinic, or by chart review or at the time of clinical evaluation): differences in practice with

and markers of physiologic effects. Several methods for assessment of exposure are

respect to when patients receive a definitive diagnosis of ALS (in Ireland this frequently

available. These include, among others, Job Exposure Matrices ( JEMs), a system linking

takes place at the time of evaluation at the specialist clinic, rather than at the time of

occupations to profiles of environmental exposures by providing (semi-)quantitative

first encounter with a neurologist).

assessments of exogenous exposures for each occupation. JEMs are dependent on quality
of job history and assignment at job level and may result in exposure misclassification

MATCHING

for an individual subject. In addition, occupational studies using job classifications may

In a case-control study, matching is done on one or more variables. Matching may

have large within-category variability. Moreover, there may also be some intra-individual

be performed on an individual basis (individual matching) or for groups of subjects

variability. Other exposure measures may have even greater limitations: concentrations

(frequency matching). Individual matching implies the identification of one or more

in tissues may reflect primarily or exclusively recent exposure; use of concentrations in

controls matched to each case for the values of the matching factor. Frequency matching

external media may result in misclassification for individuals; markers of physiological

involves the selection of an entire stratum of reference subjects with value(s) of the

effects may be non-specific.

matching factor(s) equal to the value(s) of the stratum of the index case. Matching can
be justified by the need to adjust for variables known to be potential confounders

Research on environmental exposures for ALS has produced a large number of studies,

and provide more efficient stratified analyses. However, matching on factors that do

although findings are conflicting. A significant excess of deaths for ALS has been

not affect the risk of disease but with effects on exposure may bias the results of the

reported in soccer players.12,13 A history of repeated (head) injuries has been reported

study. In the Euro-MOTOR study, both individual and frequency matching were used in

more frequently by ALS patients than by individuals with other clinical conditions.4

different countries. Matching variables included age, sex and area of residency. Italy and

An association between exercise and ALS has also been suggested5,14 and dietary

Ireland adopted individual matching while the Netherlands adopted frequency matching

supplements, including branched-chain amino acids, have been also implicated15. Recent

approach. Irish cases were matched a priori by age (±5 years), sex and location (general

reviews have also concluded that smoking should be considered a risk factor for sporadic

practitioner practice when possible, otherwise local area), with a 1:2 case-control ratio.

ALS.16,17 Industrial and agricultural chemicals, such as pesticides, solvents and heavy

The same criterion was followed by the three Italian centers, but location was here

metals, have also been reported as risk factors of ALS, but inconsistency of findings

52
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and the poor methodological quality of most studies in this field, in particular regarding

(OR) of 2, with a 1% level of exposure in the controls and a 2% level of exposure in the

exposure assessment, has limited the potential to establish a causal relationship with

cases. Our preliminary results indicated that, with these numbers, the exposures we

ALS.

investigated can be evaluated with sufficient statistical power.

Based on existing preliminary data, number of environmental exposures have been

The population considered in the analyses (4,479) was represented by 1,557 cases

considered in the Euro-MOTOR study (supplementary material S4.1). We aimed to

and 2,922 controls. The distribution of ALS cases and controls included from the three

minimize recall bias using a very detailed questionnaire that included focused questions

countries and five cohorts is given in table 4.4.

18

on the history of selected exposures (i.e. occupations, sports, hobbies, traumatic events,
places of residence, familial diseases, drug intake, smoking and alcohol habits).

Table 4.4 Distributions of cases and controls by country and cohort.

DEFINITION AND CLASSIFICATION OF EXPOSURES
Each exposure was defined using conventional definitions or, where not available, using

Source
population
(million)

Cases

Controls

Total

N

%

N

%

N

%

Ratio

pragmatic definitions that were accepted by consensus among the principal investigators.

The Netherlands

16.0

791

50.8%

1,880

64.3%

2671

59.6%

1:2.4

Where possible, a given exposure was graded to capture a gradient. Definitions and

Ireland

4.5

177

11.4%

349

11.9%

526

11.7%

1:2

Italy

13.6

589

37.8%

693

23.7%

1282

28.6% 1:1.2

Apulia

4.1

141

9.1%

213

7.3%

354

7.9%

1:1.5

Lombardy

5.0

186

11.9%

190

6.5%

376

8.4%

1:1

Piedmont &Valle
d’Aosta

4.5

262

16.8%

290

9.9%

552

12.3%

1:1.1

Total

34.1

1,557

100.0

2,922

100.0

4,479

100.0

1:1.9

classifications are available as supplementary material S4.1. Two neuro-psychological
tests were also used to identify cognitive impairment: the Frontal Assessment Battery
and the Verbal Fluency Index, administered to both cases and controls.
GENETIC CLASSIFICATION
A hexanucleotide (G4C2) repeat expansion in the noncoding region of the C9orf72 gene
genetically links amyotrophic lateral sclerosis to frontotemporal dementia (FTD) and is
the most frequent genetic cause of both diseases.19 Therefore, a total of 1,251 (80%)

STATISTICAL ANALYSIS

patients underwent a genetic analysis to identify the presence of the GGGGCC repeat

The statistical analysis of data collected from case-control studies is performed under the

expansion in the first intron of the C9orf72 gene, according to the methodology described

conventional assumptions of independence and identical exposure in patients with and

elsewhere.20,21

without the disease of interest. Generalized logistic regressions models were used with
additional use of splines to investigate continuous exposures, and stratification/mixed-

POPULATION AT RISK

models/forest plots to investigate variation by country. To account for the matching

The total population at risk in the Euro-MOTOR project was 34.1 million, distributed

conditions, models were at least corrected for age and sex before addition of further

over three countries and five cohorts: the Netherlands, 16 million; Ireland, 4.5 million;

covariates.22 Therefore, any stratification that was finer than the original matching criteria

Italy, 13.6 million (Piedmont and Valle d’Aosta, 4.5 million; Lombardy, 5 million; Apulia,

was potentially biased and such fine stratification was avoided.

4.1 million) (table 4.4). With this information, and considering country-specific annual
incidence rates, as shown in table 4.1, a conservative estimate of the number of patients

The primary aim for each risk factor is to identify an overall exposure response curve,

with ALS to be recruited was 838, but only 626 per year (or 1.84 per 100,000 per year)

while the secondary aim is to identify a temporal relationship between the exposure

should be considered assuming that approximately 75% of patients would agree to

time to the given risk factor and development of the disease. It is also important to

participate. The Euro-MOTOR study enrolled 519 cases per year (83% of total cases

compare different exposure (induction) periods. Analysis of exposures at different times

estimated) and 1.9 controls per case, achieving a power of 76% to detect an Odds Ratio

was carried out in the case-control study. All exposures were truncated at three years
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before dates of survey, a threshold below which all intervals between dates of onset and

patients. It is also possible that the disease presents with different phenotypes as shown

dates of survey, up to the third quartile and of all cohorts, were amounted (figure 4.1).

when comparing published reports from different countries.23

This operation was performed for both cases and controls, because failure to adjust
cases and controls for timing and extent would introduce a systematic bias.

In the present study, all exposures have been defined according to standard and/or
objective definitions. The use of exposures with the same definition in a large multi-

Figure 4.1 The plot shows the number of years between the date of onset and the date of survey
for ALS cases by cohort. Over 95% of all patients participate within three years.

institutional cohort is advantageous, within the limits of a retrospective design, as several
factors (and combinations of factors) have been assessed using the same methodology.
Some exposures (e.g. the occupations) are inherently poor surrogate markers of individual
risk factors, even if models quantifying dose-response relationships are available and
have been used in the project. In this regard, the duration of the induction periods and
the intervals between the end of the exposures and the onset of symptoms may be used
to provide quantitative measures of exposure.
In this complex scenario, exposures were compared within differing strata of cases and
controls and differing regression models, in order to test the consistency of the results
on all variables and relevant variable combinations.

4

Our study design is limited by different socio-cultural, economic and institutional systems
among the three countries, which could play an important role in defining, systematizing
and interpreting both questionnaires and results. Additionally, the level of education
varies across countries and on average controls are better educated than the cases.
For these reasons, we can conclude that the results are generalizable to populations
having similar characteristics to those participating in this study. Sensitivity analyses are,
however, necessary to verify the consistency of the study findings even though some
effects on the dimension of the risk can still be present.

CONCLUSIONS
DISCUSSION
The etiology of ALS is still unknown. The research on genetic factors has moved forward
A case-control design is the best compromise to reconcile the low incidence of ALS in a

but, apart from smoking, no definite environmental risk factors have been defined yet.

population at risk and the time lapse between any given exposure and the onset of the
disease. Our study is population-based and the ALS sample largely reflects the origin

Identifying and studying environmental and lifestyle factors can improve our knowledge

populations in each country. Our data suggest that comparison of patients from different

of the ALS etiology, but methodological limitations can confound analyses. The

countries has the potential to introduce bias including the time lapse between onset

representativeness and comprehensiveness of population-based registers in the

of symptoms and enrolment of patients, and variance in the methods used to classify

Netherlands, Ireland and Italy represent a great opportunity for studying exposures
and incidence of ALS on a large scale, stratified by cohort, phenotype and genetic
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mutation. This cross-national study has identified methodological challenges that must
be recognized and addressed to minimize bias and assess the independent role of welldefined exposures.
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SUPPLEMENTARY MATERIAL S4.1
The following definitions and classifications have been considered in the Euro-MOTOR
case-control study:
--

Ancestry: Country of origin of parents and grandparents;

--

Residential history: current and previous addresses, specifying age and years lived
at each location;

--

Smoking: current and previous smoking habits (cigarettes, cigars and pipe, including
start and stop periods, number of units per day);

--

Alcohol: current and previous drinking habits (start and stop periods, number of
glasses per week of alcohol, in general and specifically for red wine because of its
potential antioxidant effect);

--

Reproductive history: menstrual cycles (regular vs. irregular, with number of days
per cycle, start and end years, pregnancy and number of live births, months of
breastfeeding for each child, current use of hormonal contraceptives, with type and
periods), age of hysterectomy and oophorectomy (if done);

--

Medical history: cancer (specifying type, year of diagnosis and treatment), diabetes,
hypercholesterolemia and hypertension (both with related drugs), cardiac diseases
(with treatments and surgical interventions), transient ischemic attacks, stroke,
vaccinations;

--

Occupations: occupations and activities, with name of company, city, hours per
week, start and end year, ISCO-68 and ISCO-88 coding and METs score. The section
includes also military services, armed forces and place of deployment;

--

Physical activities: yes/no, with hours per week, start and end year of practiced sports
(before and after age 18) and hobbies;

--

Trauma and injuries: yes/no, with type, age, circumstances, severity and localization of
any injury requiring medical care and/or causing transient or permanent functional
impairment;

--

Use of drugs: intake of oral and intramuscular sport drugs (with age of start and
stop), anti-anxiety, anti-depressant and anti-psychotic drugs. These drugs and
drug categories were selected based on previous reports investigating possible
associations;

--

Family medical history: diseases (ALS, polyneuropathy, primary lateral sclerosis,
progressive muscular atrophy, Parkinson’s disease, dementia, other specified), dates
of birth and (cause of) death of parents, grandparents, brothers, sisters, uncles and
aunts and other third degree relatives (e.g. cousins).
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ABSTRACT

INTRODUCTION

OBJECTIVE

The aetiology of the fatal neurodegenerative disease, amyotrophic lateral sclerosis (ALS),

To investigate whether exposure to particulates and combustion products may explain

is still largely unknown, but best described as the interplay of genetic and environmental

the association between certain occupations and amyotrophic lateral sclerosis (ALS) risk

factors.1,2 Regarding environmental factors, occupational history has been studied

in a large, multicentre, population-based, case-control study, based on full job histories,

extensively3; an association with ALS has been reported for farmers4, veterinarians3,5, fire

using job-exposure matrices, with detailed information on possible confounders.

fighters6, flight attendants7, and truck drivers8. Exposure to particulates (silica, asbestos,
animal contact, endotoxin exposure) and combustion products (polycyclic aromatic

METHODS

hydrocarbons, diesel motor exhaust) could hypothetically link these occupations with

Population-based ALS patients and controls were recruited from five registries in

ALS.

the Netherlands, Ireland and Italy. Demographics and data regarding educational
level, smoking, alcohol habits and lifetime occupational history were obtained using

However, not all studies have reported positive associations for either the occupation

a validated questionnaire. Using job-exposure matrices, we assessed occupational

or the proposed underlying exposure.9-13 This may, in part, be due to methodological

exposure to silica, asbestos, organic dust, contact with animals or fresh animal products,

differences between these studies, such as study design or data collection; use of a

endotoxins, polycyclic aromatic hydrocarbons and diesel motor exhaust. Multivariate

single occupation to estimate exposure (e.g. the longest or last-held job) instead of full

logistic regression models adjusting for confounding factors were used to determine

occupational histories; exploration of a single exposure instead of combined exposures;

the association between these exposures and ALS risk.

self-reported occupational exposures; or inferences about the underlying exposures
when testing for association with occupational groups. In contrast, job-exposure matrices

RESULTS

( JEMs) provide an objective and agent-specific method for exposure assessment on

We included 1557 patients and 2922 controls. Associations were positive for all seven

lifetime occupational histories in case-control studies.

occupational exposures (odds ratios (ORs) ranging from 1.13 to 1.73 for high versus never
exposed), and significant on the continuous scale for silica, organic dust and diesel motor

We aim to investigate previously suggested associations between ALS and occupational

exhaust (P values for trend ≤ 0.03). Additional analyses, adding an exposure (one at a

exposure to particulates and combustion products, based on full job histories and

time) to the model in the single exposure analysis, revealed a stable OR for silica. We

using JEMs in a large, multicentre, population-based, case-control study with detailed

found similar results when patients with a C9orf72 mutation were excluded.

information on possible confounders.

CONCLUSION

METHODS

In a large, multicentre study, using harmonized methodology to objectively quantify
occupational exposure to particulates and combustion products, we found an association

STUDY POPULATION

between ALS risk and exposure to silica, independent of the other occupational

All participants were recruited as part of a case-control study undertaken by the Euro-

exposures studied.

MOTOR consortium between 2011 and 2014. Population-based cases representing
patients with definite, (laboratory-supported) probable or possible ALS according to
the revised El Escorial Criteria14, were matched to controls based on age, gender and
residency. The study was carried out in three European countries, over five regions:
the Netherlands, Ireland and Apulia, Lombardy and Piedmont & Valle d’Aosta in Italy.
The overall aim and a more extensive description of this project has been provided
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elsewhere.15 All participants gave written informed consent. Ethical approval was

where k represents a job from the lifetime occupational history and n the total number

obtained from all five institutional review boards.

of jobs reported for the entire working career. Estimated cumulative exposure was
consequently categorized into low and high exposure derived by the median of exposed

DATA COLLECTION

controls. Military service or periods spent as a homemaker were excluded because of

Using the same structured questionnaire, all five centres collected demographic

difficulties quantifying these activities. Because of considerable uncertainty about the

characteristics of participants and data on their educational level, smoking and alcohol

exposure estimates before the Second World War, in the main analyses, we only included

drinking habits and lifetime occupational history. In order to allow comparability between

jobs starting after 1945 (>99% of all jobs).

cohorts, the highest educational degree obtained was categorized into ISCED 0-4 and
ISCED 5-8, according to the International Standard Classification of Education 2011.16

STATISTICAL ANALYSIS

Data on age were collected at the start and cessation of smoking and alcohol drinking.

We used a multivariate logistic regression model to investigate the association between

Smoking and alcohol status was categorized as never, former or current. Detailed data

ALS risk and the occupational exposures, adjusting for age at survey, gender, education,

were gathered on the lifetime job history of participants: they were asked to recall all

smoking, alcohol and cohort. All variables were calculated up to three years before survey

their jobs and to describe all job-related activities performed, including the start and

date for both patients and controls to remove exposures that may have occurred after

stop years and hours per week. Job titles were coded into the International Standard

ALS onset.

Classification of Occupations (ISCO), version 1968.

17

We performed several additional analyses. First, when an occupational exposure showed
In Ireland and Italy, using the questionnaire as a guide, face-to-face interviews were

a possible exposure-response association with ALS risk in the analysis of cumulative

held to gather the data. In the Netherlands, participants filled in the questionnaire

exposure, we analysed this exposure while mutually adjusting for the other exposures.

themselves. Participants were contacted by telephone to complete or correct the data

Second, we performed a jack-knife analysis subsequently excluding one of the cohorts

where necessary. Clinical data were collected from patients’ medical records.

to investigate whether the results were not particularly driven by one cohort. Third, we
tested whether the association between ever/never exposure to the seven exposures

CLASSIFICATION OF OCCUPATIONAL EXPOSURES

and ALS risk was different for men and women using an interaction term, and used the

Occupational exposures were estimated to: silica (respirable crystalline silica) and

likelihood ratio test to compare the models with and without the interaction term. Fourth,

asbestos; organic dusts in general and specifically animal contact (contact with animals or

since C9orf72 repeat expansions are the most common genetic abnormality in ALS,

fresh animal products) and endotoxin; and polycyclic aromatic hydrocarbons (PAH) and

and patients with this mutation may represent a subgroup with different lifestyle and

diesel motor exhaust (DME). Estimations were performed using the general population

environmental factors, we excluded cases with a C9orf72 repeat expansion, determined

DOM-JEM.

by methods described previously.21,22 Fifth, to explore the effect of educational level

18-20

The DOM-JEM is based on the five-digit ISCO 1968 coding , providing an
17

exposure estimate (none, low, high) to each individual job code.

on the association between the occupational exposures and risk of ALS, we matched
one patient to one control based on age, gender, centre and educational level. In these

The exposure intensity scores of none, low and high were arbitrarily assigned values of

‘matched’ analyses, all exposures were calculated up to onset of the disease of the

0, 1 and 4 to reflect the log-normal (multiplicative) nature of occupational exposure

patient for both the patient and the matching control, and we adjusted for smoking

concentrations. The cumulative exposure scores per participant were calculated as

and alcohol. Sixth, we separately analysed the first and last job performed, and used

follows:

an interaction term between the exposure intensity score and a newly created variable
𝑛𝑛

(exposure intensity score𝑘𝑘 x duration in years𝑘𝑘 x hours per week 𝑘𝑘 )
∑
40

𝑘𝑘=1

66

𝑛𝑛

∑(MET score𝑘𝑘 x duration in years𝑘𝑘 x hours per week 𝑘𝑘 )

𝑘𝑘=1

indicating the first/last performed job, to test whether late exposure (as expressed by the
last performed job) or early exposure (as expressed by the first performed job) exerted
greater influence on ALS risk. If a person had more than one first/last job, the job with
67
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the highest occupational exposure concentrations was used. Lastly, we investigated

for organic dust and DME decreased significantly (>5% drop in OR) after adjustment for

whether the occupational exposures were associated with the phenotype of ALS. Using

silica (data not shown).

bulbar or spinal site of onset as dependent variable in a multivariate model with the same
confounders as previously described, we determined if the association between ever/

ADDITIONAL ANALYSES

never exposure to the seven exposures and ALS was different for bulbar or spinal onset

Except for low exposure in the Irish cohort, patients from all five cohorts were more

patients. Additionally, we formally tested whether the occupational exposures modified

frequently exposed to silica than controls (table 5.3). This difference in exposure was

the age at onset in patients using an interaction term between age at survey (for patients

most obvious in the Lombardy region: 5-10% of patients were exposed vs. less than 1%

this is highly correlated with age at onset) and ever/never exposure.

of controls. Excluding the Lombardy cohort from the analysis, the association between
silica and ALS risk remained (figure 5.2). Men and women had the same increased risk

RESULTS

of ALS with the various types of exposures (all P values for interaction >0.11; data not
shown). When we excluded 199 patients with a C9orf72 repeat expansion, the effect of

STUDY POPULATION AND CONFOUNDERS

exposure to silica on the risk of ALS remained the same: low vs. background exposure

We included 1557 population-based cases and 2922 age, gender and geography-matched

OR 1.73 (95% confidence interval (CI) 1.27 to 2.34) and high vs. background exposure

controls between 2011 and 2014 across three countries (table 5.1). Compared to cases,

OR 1.69 (95% CI 1.24 to 2.28; table 5.4). The effect was in the same direction, although

more controls completed higher levels of education. After exclusion of occupations

somewhat stronger, when matching one patient to one control based on age, gender,

starting before 1945, military occupations (28.7% patients and 29.7% controls performed

cohort and education: low vs. background exposure OR 2.24 (95% CI 1.50 to 3.35) and

at least one military job during their career), occupations with incomplete data (missing

high vs. background exposure OR 2.13 (95% CI 1.42 to 3.20; table 5.4). We found positive

hours per week, start or stop year), or participants with missing data, 1252 patients and

associations between all exposures and ALS risk for both the first- and the last-held job,

2590 controls with available occupational information remained.

with significant associations for silica and the highest category of organic dusts and
endotoxin. This was confirmed by all seven insignificant interaction terms (all P values

SINGLE OCCUPATIONAL EXPOSURE ANALYSES

for interaction >0.41; data not shown).

Most cases and controls (>50%) had only been exposed to background levels (‘never’;
table 5.2). Compared to controls, cases were more frequently ever exposed, i.e. to

PHENOTYPE

either low or high-levels of all exposures. The risk of ALS was positively associated

We did not find any suggestion that the occupational exposures were associated with

with all exposures, and statistically significant for high level exposures to silica, organic

a different site of onset, i.e. bulbar and spinal patients were equally exposed (data not

dust, endotoxin, and PAH. For silica and DME, statistical significant associations were

shown). Regarding the age at onset, we found a younger age at survey (for patients this

observed for low levels of exposure. Treating the exposures as continuous predictors in

was highly correlated with age at onset) for patients exposed (mean of 63.5 years) to

the multivariate model resulted in significant linear associations for silica, organic dust

asbestos when compared with patients who were non-exposed (mean of 64.9 years).

and DME (table 5.2).

This was not found for any of the other six occupational exposures.

COMBINED EXPOSURE ANALYSES
Since silica, organic dust and DME were significantly associated with ALS risk in both
the categorical and continuous exposure analyses, we analysed these further by
subsequently adding one of the other exposures to the model. Only the odds ratio (OR)
for silica remained significantly associated with ALS risk (figure 5.1). In contrast, the ORs
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ISCED = International Standard Classification of Education; NA = not applicable.
a
Missings in C9orf72: 4 (2.3%) in Ireland, 57 (7.2%) in the Netherlands, 139 (98.6%) in Apulia, 106 (57.0%) in Lombardy, 0 (0%) in Piedmont & Valle d’Aosta

32.4
36.8
34.3
32.7
57.1
37.8
8.3
13.9
16.9
Never

18.6

6.3

61.3
56.4

6.8
3.0

62.7
59.6

7.6
2.4

40.5
54.3

7.9
4.0

87.7
78.1

8.0
5.9
10.5

75.4
72.7

Former

44.0
Never

Current

36.6
Former

Alcohol, %

34.6

49.8
52.4

28.7
34.4

47.6
44.0

36.3
26.7

52.4
44.3

33.6
52.6

33.6
32.6

45.9

21.0
22.1
13.8
21.5
11.2
19.4
Current

Smoking, %

48.6

18.0
19.8

8.8
NA
9.7
9.2

40.2

8.8

18.9

15.6

84.1
93.7
63.6
90.7
90.1
92.4
71.7
78.2
83.6
ISCED 0-4

C9orf72 repeat
expansiona, %

26.0
21.8
Education, %

65.1 (11.5)
Age at survey, mean
(SD), year

74.0

15.9
6.3
36.4
9.3
9.9
7.6
28.3

64.0 (9.6)
64.2 (10.3)
65.4 (11.0)
23.7
Bulbar site of onset, %

16.4

64.2 (11.7)
65.8 (10.8)
65.5 (11.1)
65.3 (10.6)
63.8 (11.7)
63.9 (10.8)

Table 5.2 Cumulative occupational exposures and ALS risk

ISCED 5-8

52.8
37.0

52.7
53.2

29.6

53.8
53.1

26.5

57.4
59.9

35.3

60.4
59.9
Male gender, %

60.5

290

Control
Patient

262
190

Control
Patient

186
213

Control
Patient

141
1880

Control
Patient

791
349

Control
Patient

177

Lombardy
Apulia
The Netherlands
Ireland

Table 5.1 Baseline characteristics
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n

Piedmont & Valle
d’Aosta
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Exposure
Silica

Asbestos

Organic
dust

Animal
contact

Endotoxin

PAH

DME

Cumulative
exposurea

Patients
(n=1252),
n (%)

Controls
(n=2590),
n (%)

ORb

Never

1147 (85.7)

2410 (91.2)

Ref.

≤ 21.9

96 (7.2)

116 (4.4)

> 21.9

96 (7.2)

Never

1085 (81.0)

≤ 15.0
> 15.0

95% CI

P
value

1.67

1.23-2.25

0.0008

116 (4.4)

1.73

1.28-2.33

0.0003

2228 (84.3)

Ref.

127 (9.5)

209 (7.9)

1.22

0.95-1.56

0.12

127 (9.5)

205 (7.8)

1.16

0.90-1.51

0.25

800 (59.7)

1755 (66.4)

≤ 17.0

241 (18.0)

444 (16.8)

1.14

0.94-1.38

0.18

> 17.0

298 (22.3)

443 (16.8)

1.33

1.11-1.59

0.002

1228 (91.7)

2457 (93.0)

≤ 29.3

59 (4.4)

93 (3.5)

1.16

0.81-1.64

0.40

> 29.3

52 (3.9)

92 (3.5)

1.13

0.78-1.61

0.52

Never

976 (72.9)

2085 (78.9)

Ref.

≤ 12.0

175 (13.1)

282 (10.7)

1.22

0.98-1.51

0.08

> 12.0

188 (14.0)

275 (10.4)

1.36

1.10-1.68

0.005

Never

1129 (84.3)

2340 (88.6)

Ref.

≤ 8.6

91 (6.8)

151 (5.7)

1.12

0.84-1.49

0.45

> 8.6

119 (8.9)

151 (5.7)

1.47

1.12-1.92

0.005

Never

1019 (76.1)

2131 (80.7)

Ref.

≤ 22.0

170 (12.7)

256 (9.7)

1.40

1.12-1.75

0.003

> 22.0

150 (11.2)

255 (9.7)

1.21

0.96-1.53

0.11

Never

Never

P value
for
trendc
0.01

0.68

0.03

Ref.

0.72

Ref.

0.13

5

0.24

0.03

PAH = polycyclic aromatic hydrocarbon; DME = diesel motor exhaust; OR = odds ratio; CI = confidence
interval
a
Low and high exposure based on control median: ≤ median = low and > median = high; never
exposed indicates background exposure, expressed in unit-years.
b
Logistic regression, adjusted for age, gender, education, smoking, alcohol and cohort, background
exposure as reference category
c
P value for trend on a continuous scale.
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Figure 5.1 Bi-pollutant models for silica with each of the other occupational exposures.

Particulates, combustion products and amyotrophic lateral sclerosis
Figure 5.2 The main model for silica and subsequently excluding one of the cohorts.

5

The first row per exposure shows the OR with 95% CI of low vs. background exposure, the second
row shows this for high vs. background exposure.
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The first row per exposure shows the OR with 95% CI of low vs. background exposure, the second
row shows this for high vs. background exposure.
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Never
≤ 8.00
> 8.00
Never
≤ 17.00 13.7
> 17.00 28.1
Never
≤ 51.00 10.3
> 51.00 8.9
Never
≤ 18.00 13.0
> 18.00 13.7

84.3
7.9
7.8
66.4
16.8
16.7†
93.0
3.6
3.4
78.9
10.7#
10.4 #

10.5
8.5

Organic dust, % Never 59.7
18.7
21.5

Animal contact,
Never 91.7
%
Low
3.5
4.8

Never 72.9
13.7
13.4

Never 84.3
> 6.00
Never
≤ 24.25 13.7
> 24.25 15.8

5.6 #
80.7
9.7†
9.7

8.1

Never 76.1
13.1
10.8

High

Low

High
70.5

14.4

6.8

≤ 6.00

78.8

Never

5.8

Low

88.6

73.3

80.8

58.2

15.8

8.2

76.0

7.5

High

Low

High

High

Low

High

Low

Never 81.0

Never

77.0

≤ 13.50 17.9
> 13.50 18.8
Never

18.5
18.5
85.9

≤ 19.05 11.6
> 19.05 10.5

12.8
12.8

77.9

Never

74.4

5.9

> 8.12

6.0

88.1

11.0

11.7

6.7#

≤ 8.12

Never

85.6
7.7

> 9.00

≤ 9.00

9.9

11.5

Never

78.6

77.3

> 28.00 2.3

≤ 28.00 3.3

94.4

7.0

7.0

Never

62.9

63.3

> 13.55 8.6

≤ 13.55 8.7

11.5

11.5

> 17.50 5.9

4.8 #
82.7

≤ 17.50 5.6

5.1

9.5

9.5

81.0

5.5

5.5

88.9

10.9

11.0

78.0

3.3

3.3

93.4

16.9

17.1

66.0

7.8

7.8

84.5

4.1

4.2
84.7

62.2

93.7

66.7

86.5

75.7
> 31.25 11.7

≤ 31.25 12.6

Never

> 20.50 6.3

≤ 20.50 7.2

Never

> 31.60 12.6

≤ 31.60 20.7

Never

> 23.00 4.5

≤ 23.00 1.8

Never

> 50.77 23.4

≤ 50.77 14.4

Never

> 33.30 4.5

≤ 33.30 10.8

Never

> 57.38 13.5

≤ 57.38 12.6

9.7

9.7

80.6

1.9 #

1.9 #

96.1

8.7

8.7†

82.5

1.9

2.4

95.6

13.6 #

13.6

72.8

5.3

5.8

88.8

9.7

9.7
82.7

67.9

89.3

78.0

85.7

81.0
> 25.75 7.7

≤ 25.75 11.3

Never

> 52.12 1.2

≤ 52.12 13.1

Never

> 10.88 13.7

≤ 10.88 8.3

Never

> 4.50 9.5

≤ 4.50 1.2

Never

> 19.00 19.0

≤ 19.00 13.1

Never

> 39.00 2.4

≤ 39.00 14.9

Never

> 31.95 4.8

≤ 31.95 10.1
> 11.44 9.6

≤ 17.38 13.2
> 17.38 10.0

> 25.00 25.6

> 12.12 6.0

> 12.20 20.0

71.6

Never

≤ 12.20 19.6

16.0

Never

≤ 12.12 2.4

8.4

Never

≤ 25.00 29.6

75.6

Never

Never
≤ 7.50
> 7.50
Never

≤ 22.75 18.0
> 22.75 10.4

0.6 #
93.3
3.7†
3.0
76.2
12.2
11.6
98.2
1.2
0.6 #
95.1
2.4
2.4†
96.3
1.8 #
1.8
91.5
4.3 #
4.3 #

60.4

91.6

44.8

76.8

≤ 11.44 6.0

0.6 #

10.2

10.6 #

79.2

9.9 #

10.2

79.9

13.8 #

13.8

72.4

3.2

3.2

93.6

18.7#

18.7†

62.5

8.5

8.5

83.0

3.5 #

3.5

Lombardy
Piedmont & Valle d’Aosta
P
C
CE
P
C
CE
P
C
(n=107) (n=200)
(n=156) (n=144)
(n=244) (n=278)
73.9
80.6
Never 85.1
98.8
Never 84.4
92.9

CE = cumulative exposure; P = patients; C = controls; PAH = polycyclic aromatic hydrocarbon; DME = diesel motor exhaust
Significant findings in bold with # P value <0.05 and † P value <0.005 in fixed effects meta regression for the pooled analyses (total study population) and in
logistic regression for the separate cohorts, adjusted for age, gender, education, smoking and alcohol, background exposure as reference category
a
Low and high exposure in total study population based on control median: ≤ median = low and > median = high; never exposed indicates background
exposure

DME, %

PAH, %

Endotoxin, %

Asbestos, %

12.3

> 8.00

4.3†

3.4

≤ 8.00

4.5 #

High

Low
7.8

Total study population
Ireland
The Netherlands
Apulia
CEa
P
C
CE
P
C
CE
P
C
CE
(n=1252) (n=2590)
(n=140) (n=305)
(n=605) (n=1663)
Never 85.7
91.2
Never 84.2
90.1
Never
88.6
91.7
Never
6.6

Silica, %

Exposure

Table 5.3 Cumulative occupational exposures and ALS risk with different categories across cohorts
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Table 5.4 Overview of the additional analyses on cumulative occupational exposures and ALS risk

Silica

Asbestos

Animal
contact

PAH

DME

Analysis excluding C9orf72 patients
Posthoc matched analysis

Cumulative
OR
exposurea
Cumulative
OR
exposurea

95% CI
P
value
95% CI
P value

Never
Ref.
Never
Ref.

≤ 21.9
1.73
1.27-2.34
0.0004 ≤ 23.5
2.24
1.50-3.35
<0.0005

> 21.9
1.69
1.24-2.28
0.0008 > 23.5
2.13
1.42-3.20
<0.0005

Never
Ref.
Never
Ref.

≤ 15.0
1.24
0.96-1.60
0.10
≤ 16.5
1.33
0.98-1.81
0.07

> 15.0
1.21
0.92-1.56
0.16
> 16.5
1.14
0.83-1.57
0.43

Never
Ref.
Never
Ref.

≤ 17.0
1.12
0.92-1.36
0.27
≤ 20.0
1.31
1.03-1.66
0.03

> 17.0
1.33
1.10-1.60
0.003
> 20.0
1.56
1.23-1.99
<0.0005

Never
Ref.
Never
Ref.

≤ 29.3
1.22
0.85-1.73
0.28
≤ 41.2
1.39
0.92-2.09
0.12

> 29.3
1.23
0.85-1.76
0.28
> 41.2
0.94
0.58-1.51
0.79

Endotoxin Never
Ref.
Never
Ref.

≤ 12.0
1.23
0.98-1.54
0.07
≤ 13.8
1.18
0.89-1.55
0.25

> 12.0
1.33
1.07-1.65
0.01
> 13.8
1.70
1.28-2.27
<0.0005

Never
Ref.
Never
Ref.

≤ 8.6
1.10
0.82-1.48
0.51
≤ 10.0
1.12
0.80-1.57
0.51

> 8.6
1.57
1.20-2.07
0.001
> 10.0
1.36
0.96-1.91
0.08

Never
Ref.
Never
Ref.

≤ 22.0
1.46
1.16-1.83
0.001
≤ 26.2
1.35
1.03-1.75
0.03

> 22.0
1.24
0.97-1.57
0.08
> 26.2
1.04
0.77-1.39
0.82

5

PAH = polycyclic aromatic hydrocarbon; DME = diesel motor exhaust; OR = odds ratio; CI = confidence
interval
a
Low and high exposure in total study population based on control median: ≤ median = low and >
median = high; never exposed indicates background exposure

DISCUSSION

In this large, multicentre, population-based, case-control study, we found an association

between occupational exposure to particulates and combustion products and the risk

of ALS. However, this association appeared only noteworthy for exposure to silica,

independent of important confounders, such as age, gender, education, smoking and

alcohol, gathered using a validated and methodologically harmonized questionnaire,
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and after adjustment for the other occupational exposures. The exposure-response

main analyses we pooled all controls in order to create low and high exposure groups.

trend seen for silica, i.e. increasing ORs with higher level of exposure, together with the

Therefore, in order to rule out possible aggregation bias, we additionally performed

significant linear association, strengthens the robustness of our results.

a meta-regression analysis confirming the association with silica exposure (table 5.3).
We included 86% of patients and 90% of controls after exclusion due to incomplete

To the best of our knowledge, this is the first study describing the association between

data, occupations starting before 1945 or military occupations. It would have been

silica and risk of ALS. There are studies, however, that describe associations with

interesting to include military activities, as some military personnel are probably highly

occupations in which silica could play a role: a recent nested case-control study with

exposed to some of the studied constituents during training and operations. We had

prospectively collected data on 1826 cases and 182,6000 controls showed higher odds

to exclude these occupations because the exposures could easily be misclassified due

of ALS for male construction workers, adjusted for socioeconomic status, residential

to the diversity of job activities that can be performed within the military service. We

location and marital status.

A finding consistent with results from two other case-

excluded the same percentage of activities in patients and controls (~ 29%). Moreover, a

In a prospective study using ALS mortality data, on the other hand,

well-recognized limitation of using JEMs is that every person performing the same job is

the authors did not find an association with occupations in which silica exposure could

assigned an equal exposure (intensity), but not every person performs the same tasks

play a role, possibly due to limited power.13

in the same way.25 However, this probably does not lead to differential misclassification.

control studies.

11,24

23

With regard to silica exposure, compared to case-by-case expert assessment, the DOMRather than studying occupational groups without information on potential underlying

JEM has shown good performance in a multicentre study on lung cancer.18

risk factors, we were able to study a large group of population-based patients and
controls with respect to the specific elements to which they were exposed to. Moreover,

Silica exists in numerous forms in nature; of which inhaled crystalline silica is studied

we had information on several occupational exposures, which made it possible to correct

most frequently regarding its toxic effects. The toxicity most likely depends on particle

for another exposure in a bi-pollutant model. In this study, participants were essentially

size, with the respirable fraction that reaches the alveoli of the lungs being the fraction of

blinded for the hypothesis being tested; the questionnaire contained questions on many

interest with respect to health effects.26 As an element of particulate matter, silica could

other exogenous factors. However, recall bias cannot be completely ruled out as it is

reach the brain by translocation through the systemic circulation following deposition

a commonly held belief in the general public that occupational exposures can lead to

in the pulmonary region after inhalation. Particulate matter has been hypothesized

neurodegenerative disease and therefore patients may be more likely to have thought

to be neurotoxic, mainly through potentially increased oxidative stress and increased

through and recalled details that may not have seemed important to controls.

activation of brain microglia, the primary regulators of neuroinflammation.27 One should
note, however, that this is based on indirect inferences since silica has never been

The observed effect of silica would seem to be driven by the Lombardy region (table

specifically studied as an ALS risk factor. If future studies confirm our findings, it would

5.3), but this region accounts for only 10% of the total study population and when

be interesting to perform gene/silica interaction studies. Assuming oxidative stress and

subsequently excluding one cohort as a sensitivity analysis, the ORs remain stable

neuroinflammation are the pathogenic mechanisms, interaction with mutations in the

(figure 5.2). This regional variation cannot be explained by differential recall or systemic

gene encoding Cu/Zn superoxide dismutase (SOD1) could be of added value. Especially

measurement bias (face-to-face interviews in Ireland and Italy and self-administered

since this mutation is common in Italy, but rare in Ireland and the Netherlands.28-30

questionnaires in the Netherlands), as occupational exposures were objectively assessed
by the application of JEMs. The difference in educational level between cases and controls

This is the first study to explore the association between particulates and combustion

was most prominent in the Lombardy region (table 5.1). The regional variation, however,

products and ALS risk using JEMs. In this large, multicentre, population-based,

was not explained by selection bias on educational level since the effect sizes become

case-control study using full job histories, we found a positive association between

even stronger after one-to-one matching of patients and controls for education (table

occupational silica exposure and the risk of ALS.

5.4). The median levels of exposure differed between cohorts (table 5.3), while in the
76
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ABSTRACT

INTRODUCTION

OBJECTIVE

Amyotrophic lateral sclerosis (ALS) is a devastating disease characterised by motor

To investigate the theory of premorbid fitness in amyotrophic lateral sclerosis (ALS), we

neuron degeneration, leading to progressive weakness and death, on average within

studied whether a common genetic profile for physical or cardiovascular fitness was

three years after symptom onset. It is believed that sporadic ALS (approximately 90-95%

manifest in progenitors leading to less cardiovascular death and a longer lifespan in

of all cases) is the result of the interplay between multiple exogenous and genetic

parents of patients with ALS compared to parents of controls.

factors.1,2

METHODS

Environmental and lifestyle risk factors have been suggested, including physical

Patient and disease characteristics, levels of physical activity, parental cause and age of

activity. We have previously shown that leisure time physical activity is associated with

death were obtained using a structured questionnaire from a population-based, case-

an increased ALS risk.3 The lack of association with occupational physical activity and

control study of ALS in the Netherlands. Logistic regression was used for the analyses of

absence of a dose–response relationship in this study supports the hypothesis that

parental cause of death and levels of physical activity. Cox proportional hazard models

not increased physical activity per se but rather a genetic profile or lifestyle promoting

were applied to study the association between parental survival and ALS, or specific

physical fitness increases ALS susceptibility.4 This is also indicated by a cohort study of

patient subgroups. All models were adjusted for age at inclusion, level of education, body

684,459 men in Sweden, in which they found phenotypic physical fitness to be a risk

mass index, diabetes, hypercholesterolaemia and hypertension.

factor for death from ALS at a relatively early age.5 The hypothesis that patients with ALS
who are pre-morbidly physically fitter is further supported by a favourable cardiovascular

RESULTS

risk.6,7

487 patients and 1,092 controls were included. Parents of patients died less frequently
from a cardiovascular disease compared to parents of controls (OR=0.78, p=0.009).

If unambiguous evidence emerges that factors associated with physical or just

Their survival, however, was neither significantly longer nor shorter. Neither rates of

cardiovascular fitness are important, future focused fundamental research may provide a

cardiovascular causes of death, nor survival of parents was related to the extent to which

worthwhile path to unravelling the ALS pathophysiology. We hypothesise that a common

patients were physically active in leisure time (all p>0.05).

genetic profile for these traits will also manifest in progenitors, thus leading to less
cardiovascular death and a longer lifespan in parents of patients with ALS compared

CONCLUSION

to parents of controls. In this large population-based, case-control study, we explored

Exploring the fitness hypothesis in the pathogenesis of ALS, our findings provide evidence

parental causes of death and survival in patients with ALS and in matched controls, or

for a shared mechanism underlying a favourable cardiovascular fitness profile and ALS

in subsets of participants with specific characteristics.

susceptibility.

METHODS
STUDY DESIGN AND PARTICIPANTS
The Prospective ALS study Netherlands (PAN) is a population-based, case-control study
aiming, by means of questionnaires, to register data on environmental and lifestyle risk
factors as well as record an extensive family history from all patients with ALS and related
disorders in the Netherlands, and from control subjects. The Netherlands is a densely
populated country where healthcare is accessible to all inhabitants and all residents are
82
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registered with a general practitioner. This promotes accurate acquisition of population-

perished in events such as a traffic accident or war (severe trauma) and those who died

based cases and controls. Patients are continuously enrolled through multiple sources:

after minor trauma at an already vulnerable age.10

neurologists, the Dutch Neuromuscular Patient Association and rehabilitation physicians.
In addition, participants can be registered via a website (http://www.alsonderzoek.nl/).

Data on lifetime physical activity was gathered by asking for the description of the activity

Controls are acquired through the general practitioner of the participating patient,

participated in, duration per week, and the year of initiation and stop year. All reported

who is asked to select subjects from his register in alphabetical order starting at the

sports and hobbies were objectively quantified using the internationally accepted

surname of the patient. Spouses or blood relatives of the patients are not eligible to

Compendium of Physical Activities, assigning Metabolic Equivalent of Task (MET) scores

prevent overmatching. Patients and controls are matched for age (± 5 years), gender

to the leisure time activities. A more extensive description of this classification has been

and residential area.8

reported previously.3

We included matched patients and controls who completed the questionnaire between

For the analyses of subsets of participants, patients were categorised as ‘sporadic ALS’,

May 1 , 2010 and April 21 , 2014. Patients were diagnosed with possible, probable –

‘familial ALS’, and ‘with C9orf72 repeat expansion’. ‘Familial ALS’ was defined as those with

laboratory supported, probable or definite ALS according to the revised El Escorial

a first, second or third degree family member with ALS, or with a repeat expansion in the

criteria. We excluded subjects if one of their parents died of ALS. All participants gave

C9orf72 gene. In patients we determined the C9orf72 repeat expansion by performing a

written informed consent and the study was approved by the Medical Ethical Committee.

repeat-primed PCR as described in previous studies.11,12

DATA COLLECTION

STATISTICAL ANALYSIS

Using a structured questionnaire, data on demographic information, parental year of

Multivariate logistic regression was used to compare causes of death between parents

birth, parental cause and age of death, body mass index (BMI), (year of) diagnosis of

of patients and parents of controls, and in particular to analyse whether parents of

diabetes, hypercholesterolaemia and hypertension were collected for this study from all

patients were less likely to die of cardiovascular diseases. We chose to adjust all models

participants. The questionnaire was designed to collect data on a variety of risk factors;

for age at time of inclusion, educational level, BMI, diabetes, hypercholesterolaemia and

participants were unaware of the hypotheses being tested in order to reduce recall

hypertension. In the subset analyses of ‘familial ALS’ and ‘C9orf72 repeat expansion’

bias. All questionnaires were checked thoroughly by two persons for missing data or

patients, we restricted the model adjustment to age at time of inclusion and educational

inconsistencies, and participants were approached by telephone to complete or correct

level, because of the smaller sample sizes. Age of subjects was included because

the data. After patients had given informed consent, medical records were obtained

we assume that older subjects will have parents who were born earlier in the 20 th

for clinical information. The survival status of patients was derived from the municipal

century. As life expectancy changed during the previous century, this might influence

population register or by contacting the general practitioner on a 3-monthly basis, or

both the cause of death and the average lifespan. Moreover, it has been previously

both. Data were coded to ensure blinding.

hypothesised that the age at onset might be influenced by (prenatal) environmental

st

st

9

factors, such as dietary habits or exposure to smoking in utero, which could result in
Highest level of education was categorised into four groups: 1) No education or

both an increased ALS risk and a reduced parental life expectancy.13 Educational level

elementary school, 2) Lower secondary school or technical school, 3) Higher secondary

was included because we feel it serves as a good proxy for socioeconomic status of

school, and 4) Higher professional education or university. Parental cause of death

subjects and their direct environment, assuming this covers confounding factors such

was classified into the following categories based on expert opinion: cardiovascular

as the subjects’ alcohol use, smoking habits and body mass index. Educational level is

diseases, neurodegenerative diseases, psychiatric disorders, cancer, infectious diseases,

associated with morbidity, mortality and life expectancy in parents.14,15 A diagnosis of

autoimmune diseases, surgery, trauma, severe trauma, old age, other and unknown.

diabetes, hypercholesterolaemia and/or hypertension was adjusted to the period before

A distinction between trauma and severe trauma was made to distinguish those who

symptom onset for patients and study inclusion for controls. The same model was used
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to determine the association between leisure time physical activity and cardiovascular

Exploring the fitness hypothesis in ALS
Table 6.1 Baseline characteristics of sporadic ALS patients and controls

death.
A multivariate Cox proportional hazard model was used to study the association between
parental survival and ALS. This model was also used to determine the association of
parental age with patient and disease characteristics, and with levels of physical activity.
In order to relate patient survival to parental age, only deceased patients were included in

Patients (n = 487)

Controls (n = 1,092)

Male, n (%)

307

(63.0)

643

(58.9)

Age at onset, y, median (range)

64.6

(23.5 - 86.6)

Age at diagnosis, y, median (range)

65.6

(23.8 - 86.9)

Age at time of inclusion, y, median (range)

66.0

(23.8 - 87.2)

64.4

(17.6 - 86.2)

Level of education, n (%)

the model. With regard to disease characteristics and physical activity, survival and MET

No education or elementary school

37

(7.6)

69

(6.3)

scores were categorised into quartiles. All survival analyses were stratified for fathers

Lower secondary school or technical school

286

(58.7)

590

(54.0)

and mothers in order to include subjects for whom information on only one parent

Higher secondary school

32

(6.6)

116

(10.6)

Higher professional education or university

132

(27.1)

317

(29.0)

was available. In the stratified analysis, subjects whose parent died following severe
trauma were excluded. Censoring age was calculated based on the parental year of birth,

El Escorial criteria, n (%)

using July 1st of the corresponding year. As censoring date we used the date of study

Definite

82

(16.8)

inclusion. Again, we adjusted for age at time of inclusion, educational level, BMI, diabetes,

Probable

191

(39.2)

hypercholesterolaemia and hypertension in the analyses of ‘sporadic ALS’ patients and

Probable - laboratory supported

139

(28.5)

Possible

63

(12.9)

Unknown

12

(2.5)

Bulbar

168

(34.5)

Spinal

310

(63.7)

Unknown

9

(1.8)

BMI, kg/m2, mean (sd)

24.9

(3.7)

26.1

(3.8)

Diabetes, n (%)

28

(6.4)

82

(8.3)

Hypercholesterolaemia, n (%)

134

(31.8)

330

(33.9)

Hypertension, n (%)

161

(38.1)

338

(35.0)

age at time of inclusion and educational level in the survival analyses of the ‘familial ALS’
and ‘C9orf72 repeat expansion’ patients. The level of significance was set at p<0.05.
Data were analysed using IBM SPSS Statistics V.20.0 and graphs were produced using
R version 3.1.0.

RESULTS
Between May 1, 2010 and April 21, 2014 we included 754 ALS patients in the Prospective
ALS study Netherlands, of which 568 ALS patients returned the questionnaire (response

Site of onset, n (%)

6

rate 75.3%). Baseline characteristics were comparable between the two groups
(supplementary table S6.1). After excluding 14 patients whose parent died of ALS, a

died from a cardiovascular disease was similar in patients and controls. The rates of a

total of 1,579 subjects (487 apparent sporadic patients and 1,092 controls) were found

cardiovascular cause of death, as well as the age at death from a cardiovascular disease,

eligible for inclusion. Data were available on both parents of 475 patients. In 12 patients,

were comparable between parents of patients who were least (lower 25th percentile), and

data were only completed for one parent (1 father and 11 mothers). Data were available

parents of patients who were most (upper 25th percentile) physically active in leisure time

on both parents of 1,054 controls. In 38 controls, data were only completed for one

(26.3% and 24.6%; 74.0 and 72.5 years; supplementary table S6.2).

parent (2 fathers and 36 mothers). Table 6.1 represents the baseline characteristics for
both groups.

We also found that parents of sporadic ALS patients (4.0%) more often die from diseases
categorised as ‘other’ when compared to parents of controls (2.3%) (OR (95% CI) = 2.09

Cardiovascular disease was significantly less frequently the cause of death in parents

(1.27-3.40), p=0.003), without a difference in survival. This category includes a variety of

of sporadic ALS patients compared to parents of controls (31.2% versus 35.8%; odds

diseases of the kidneys, liver or lungs.

ratio (OR) (95% CI) = 0.78 (0.64-0.94), p=0.009) (table 6.2). The survival of parents who
86

87

(43.7 105.3)
81.3
(17.4)
374

83
(2.3)
41

(34 - 95)

(52 - 95)

(29 - 81)
46
(1.3)
23

81.5
(1.0)
18

(65 - 105)

(34 - 97)
79
(5.3)
94

88
(19.2)
340

(38- 98)

(68 - 90)

(0.6)
10

81

74
(0.3)
5

(24 - 96)
79
(4.7)
84

(37 - 75)
48
(0.3)
6

(29 - 101)
72
(25.0)
443

80
(4.1)
73

(43 - 94)

(26 - 98)
(35.8)
635

78
(82.6)
1,772

(74.0 years) and controls (75.0 years).

(%)

mothers of patients (82.0 years) and controls (82.0 years), as well as in fathers of patients

n

Median age, y
(range)

alive at the time the questionnaire was filled in. The median age at death was similar in

76.5

25.0% of the controls) than fathers (8.8% of the patients, 9.7% of the controls) were

(24 - 105)

table 6.3. Due to a longer life expectancy in women, more mothers (20.6% of the patients,

88

(51.8 - 107.2)
81.2
142
Persons censoredd

(14.8)

(29 - 92)
(4.0)
33
Other

b

72

(32 - 86)

(74 - 92)

17
Severe trauma

63

83.5

(2.1)

6
Trauma

(0.7)

(70 - 101)

(37 - 98)
76.5

88

52
Unknown

(6.3)

170
Old age

(20.7)

(60 - 81)

(72 - 87)
82

70

4
Surgery

(0.5)

4
Autoimmune

(0.5)

(47 - 63)

(33 - 98)
70

54.5

33
Infectious

(4.0)

4
Psychiatric

(0.5)

(57 - 92)

(26 - 96)
72

78

206

(25.1)

35

(4.3)

(34 - 94)
75
(31.2)

Cancer

HRmothers = 0.97, p=0.84) (supplementary table S6.4).

Neurodegenerative

least active and those who were most active in leisure time (HR fathers = 1.33, p=0.07;

256

p=0.35). No difference was found in parental survival between patients who were

Cardiovascular

until death of patients and survival of parents (HRfathers = 1.02, p=0.93; HRmothers = 1.21,

Cause of death

p=0.29; HRmothers = 1.11, p=0.39), nor was there an association between disease duration

78

No association was found between site of onset and parental survival (HRfathers = 0.89,

(85.2)

(95% CI 0.72-1.58, p=0.73) for fathers, and 1.46 (95% CI 0.98-2.16, p=0.06) for mothers.

820

p=0.17) for mothers; for parents of C9orf72 patients compared to controls were 1.07

Persons deceased

to controls were 1.08 (95% CI 0.79-1.46, p=0.64) for fathers, and 1.25 (95% CI 0.91-1.73,

Median age, y
(range)

to the survival of parents of controls. The HRs for parents of familial patients compared

(%)

expansion (14.3% having at least one family member with ALS): their survival was similar

n

(61.8% with a C9orf72 repeat expansion), and parents of 35 patients with a C9orf72 repeat

Controls

CI 0.90-1.17, p=0.66) for mothers. The same holds for parents of 55 familial ALS patients

Patients

inclusion and education, were 1.04 (95% CI 0.92-1.17, p=0.55) for fathers, and 1.03 (95%

Table 6.2 Cause of death in parents of 487 sporadic ALS patients and 1,092 controls

of sporadic ALS patients and controls. The hazard ratios (HR), adjusted for age at time of

(26 - 101)

Figure 6.1 displays the Kaplan-Meier survival curves, showing a similar survival for parents

ORs are adjusted for age at time of inclusion, education, body mass index, diabetes, hypercholesterolaemia and hypertension. b Other includes mainly diseases
of the kidneys, liver or lungs. c p<0.05, bootstrap resampling (1,000 random samples) to correct for possible non-normality: mean difference in parental age
between patients and controls for category of death ‘cardiovascular’: 0.62 years (95% CI -1.05 - 2.38); for category of death ‘severe trauma’: -8.14 years (95% CI
-1.98 - 17.05); for category of death ‘other’: 4.24 years (95% CI -3.26 - 11.67). d Censoring age was calculated based on the parental year of birth, calculating from
July 1st of the corresponding year. As censoring date, we used the date of study inclusion.

2.09

2.30

0.82

1.24

1.07

1.00

2.35

0.91

1.94

1.01

when alive, age at moment of filling in the questionnaire (censoring age) is provided in

0.88

ORa

0.78

An overview of the number of deceased and censored parents and the age at death or,

6

a

0.003c
1.27 - 3.40

0.68

0.01c
1.17 – 4.46

0.86 - 1.79

0.86 - 1.34

0.27 - 3.09

0.57 - 9.08

0.59- 1.39

0.49 - 6.97

0.82 - 1.24

of patients with a C9orf72 repeat expansion (supplementary table S6.3).

0.56 - 1.35

95% CI

without a difference in the parental age at death. A similar trend was also seen in parents

0.64 - 0.94

multiple sclerosis and 2.7% Huntington’s disease) (OR (95% CI) = 2.77 (1.33-5.76), p=0.01),

0.29 – 2.02

0.25

0.52

>0.99

0.21

0.68

0.31

p

(all dementia) than parents of controls (67.6% dementia, 27% Parkinson’s disease, 2.7%

0.009c

Parents of familial ALS patients were more likely to die from neurodegenerative diseases

0.96

Exploring the fitness hypothesis in ALS

0.56
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DISCUSSION

Table 6.3 Overview parental age at death
Fathers

Mothers

Patients

Controls

Patients

Controls

Persons deceased, n (%)

434

(91.2)

954

(90.3)

386

(79.4)

818

(75.0)

Persons censoreda, n (%)

42

(8.8)

102

(9.7)

100

(20.6)

272

(25.0)

Age at death, y, median
(range)

74.0

(26.0 101.0)

75.0

(24.0 101.0)

82.0

(29.0 101.0)

82.0

(26.0 105.0)

81.2

(56.8 107.2)

80.1

(43.7 105.3)

81.1

(51.8 101.9)

82.2

(44.7 100.0)

Age at censoring, y, median
(range)

Censoring age was calculated based on the parental year of birth, calculating from July 1st of the
corresponding year. As censoring date, we used the date of study inclusion.
a

In this extensive population-based, case-control study, we found that parents of patients
died significantly less often from a cardiovascular disease than parents of controls. A
relation between cardiovascular fitness and being more physically active could not be
shown in our study, as neither parental cardiovascular death nor survival was related
to the extent to which patients are physically active. As the heritability of cardiovascular
diseases is relatively high16 , our results strengthen the concept that a favourable
cardiovascular fitness profile is associated with developing ALS. These findings are in
line with previous studies showing a lower rate of hospital admissions for coronary heart
disease7, less frequent use of medication for hypertension or congestive heart failure17,
and a lower frequency of a history of a myocardial infarction or cardiac arrhythmia6

Figure 6.1 Kaplan-Meier parental survival estimates according to disease status

among ALS patients compared to the general population or to controls, and a lower rate
of stroke and myocardial infarction in relatives of ALS patients compared to relatives
of controls18. Moreover, the prevalence of cardiovascular risk factors, such as diabetes
mellitus, hyperlipidaemia and overweight19, is significantly lower in ALS patients compared
to controls.6,20-23 The lower cardiovascular death rate did not result in a longer survival
in parents of patients. More obvious, the second most common cause of death, cancer,
shortened the parental lifespan. The rates between patients and controls, however,
were not different. This is in keeping with most previous papers reporting no association
between cancer and ALS.24-27
Three possible mechanisms describing the relation of a cardiovascular and physical fitness
profile to ALS risk are summarised in figure 6.2. The persistent finding of a favourable
cardiovascular profile in ALS patients could be the result of a genetic predisposition for
increased physical fitness leading to more physical activity, which may increase the risk of
ALS and decrease the risk of cardiovascular disease (figure 6.2A). As outlined above, this
hypothesis could not be supported by our data. Alternatively, patients may have a genetic
predisposition for being cardiovascularly fit as well as an increased risk of ALS; a better
cardiovascular profile reduces the rate of cardiovascular diseases and may increase
physical activity, and in parallel, individuals may develop ALS (figure 6.2B). A direct causal
link between a beneficial cardiovascular profile and developing ALS is difficult to imagine.

Stratified survival analyses for (A) fathers, and (B) mothers of apparent sporadic, or familial ALS
patients, or patients with a C9orf72 repeat expansion. Familial ALS is defined as having a first,
second or third degree family member with ALS or having a C9orf72 repeat expansion, or both.

So, in addition to the hypothesis described in figure 6.2B, we propose another hypothesis
that incorporates an independent role for cardiovascular fitness and ALS risk (figure
6.2C): a genetic predisposition, possibly in combination with exogenous risk factors (such
as physical activity), could induce (or reduce) activation of a specific (disease) pathway, for
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example metabolism, leading to an increased risk of ALS and a beneficial cardiovascular

Exploring the fitness hypothesis in ALS
Figure 6.2 Our proposed concept shift in the pathogenic mechanisms of ALS

risk profile. A role for hypermetabolism in developing ALS has been reported previously
in a number of human and animal studies, in sporadic and in familial disease. 28-33 It
may be worth noting that the prevalence rates of a cardiovascular cause of death are
comparable between parents of sporadic ALS patients, parents of familial ALS patients,
and parents of patients with a C9orf72 repeat expansion (supplementary table S6.3),
suggesting similar pathways. A combined analysis of genetic studies on physical fitness
and ALS might help to further elucidate this fitness hypothesis.
We had the advantage of studying a population-based cohort with information on several
confounders, such as educational level, cardiovascular risk factors, lifetime physical
activities and C9orf72 genotype. Moreover, in 96.8% of the subjects, information on both
parents was available. The fact that there were subjects with one living and one deceased
parent at the time of study participation prevented us from combining both parents
into a single survival analysis; this would have increased statistical power. However, not
even a trend towards longer life expectancy is noticeable when looking at the median
ages of fathers and mothers in all stratified analyses. Using questionnaire data, we were
dependent on the information provided by the participants; we were unable to check
the parental cause of death by death certificates in case this was missing. However,
both patients and controls were contacted when data was incomplete or incorrect and
the percentages of parents with an ‘unknown’ cause of death were similar in patients
and controls. Since we did not have data on the leisure time activities for parents, we
were limited to the use of physical activity levels of the participants, as opposed to their
parents. Socioeconomic status could have been an important modifier of the association

From (A) a genetically determined fitness profile, by means of increased physical activity, increases
the risk of ALS and decreases the risk of cardiovascular diseases and risk factors; via (B) where both
increased ALS risk and cardiovascular fitness are the result of a common genetic predisposition;
towards (C) where an increased ALS risk, and fewer cardiovascular risk factors are the result of a
specific pathway, modified by genetic predisposition, possibly in combination with exogenous risk
factors (such as physical activity).

between parental causes of death or survival and ALS. Using highest educational
level as indicator for socioeconomic status, we entered an interaction term between

In this study, we specifically looked at cause of death in parents, and did not have

cardiovascular cause of death and educational level, or disease status and educational

information on parental comorbidities. Thus, we did not aim to replicate our previous

level in the survival analysis. In these models, no significant interaction was found. Thus,

finding of a mildly increased risk of dementia among parents and siblings of patients,

in both high and low educated patients, parents were less likely to die of a cardiovascular

which was found in one of our earlier population-based cohorts. Although this study did

disease.

find a decreased risk of cardiovascular disease among parents and siblings of patients,
supporting our data.18
In summary, exploring the fitness hypothesis in the pathogenesis of ALS, our findings
provide evidence for a shared mechanism underlying a favourable cardiovascular fitness
profile and ALS susceptibility.
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SUPPLEMENTARY MATERIAL
Supplementary table S6.1 Baseline characteristics of the enrolled sporadic and non-enrolled ALS
patients

Male, n (%)
Age at onset, y, median (range)
Age at diagnosis, y, median (range)
Age at time of inclusion, y, median (range)

Enrolled
patients
(n = 487)

Non-enrolled
patients
(n = 186)

P*

307

(63.0)

103

(55.4)

0.08

64.6

(23.5 86.6)

62.6

(24.6 80.7)

0.03

65.6

(23.8 86.9)

66.8

(35.8 84.3)

0.07

66.0

(23.8 87.2)

63.7

(25.1 84.2)

0.04

Level of education, n (%)

0.89

No education or elementary school

37

(7.6)

14

(9.5)

Lower secondary school or technical school

286

(58.7)

84

(56.8)

Higher secondary school

32

(6.6)

9

(6.6)

Higher professional education or university

132

(27.1)

41

(27.7)

Definite

82

(16.8)

32

(17.2)

Probable

191

(39.2)

77

(41.4)

Probable - laboratory supported

139

(28.5)

34

(18.3)

Possible

63

(12.9)

31

(16.7)

Suspected

0

(0)

5

(2.7)

Unknown

12

(2.5)

7

(3.8)

Bulbar

168

(34.5)

70

(37.6)

Spinal

310

(63.7)

113

(60.8)

Unknown

9

(1.8)

3

(1.6)

El Escorial criteria, n (%)

<0.005

Site of onset, n (%)

6

0.51

* Chi-square test used for categorical variables (Fisher’s exact test in case of cell counts below five),
Student’s t-test used for continuous variables.
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Supplementary table S6.2 Leisure time physical activity in patients and cardiovascular death among
parents

Other
Cause of death

MET
scores

98
n
(%)

Q1
≤312.00
(30.0 127 (24.5) 78.0 98.0)

Q2
312.00 903.00
(26.0 132 (25.5) 80.0 96.0)
57
(24.2)
74.0
(56.0 94.0)

Q3
903.00 1961.00
(42.0 81.0 99.0)
59
(25.0) 78.0
(49.0 93.0)
0.58 0.93 1.48
0.76

Q4
(36.0 >1961.00 139 (24.9) 80.0 101.0)
58
(24.6)
(42.0 93.0)
0.55 0.88 1.41
0.60

130 (25.1)
Cardiovascular

Median age, y
(range) a
n
(%)
Median age, y
OR b
(range) a
95%
CI
p

62
(26.3)
74.0
(34.0 93.0)
ref.
ref.
ref.

0.55 0.88 1.40
0.58

72.5

Abbreviations: Q = quartile, corresponding MET scores based on subjects for whom data on their
fathers or mothers, or both, were available.
a
Bootstrap resampling (1,000 random samples): mean difference between Q1 and Q4 in parental age
for category of death ‘other’: 0.77 years (95% CI -2.37 - 3.78); for category of death ‘cardiovascular’:
-1.70 years (95% CI -6.28 - 2.67). b ORs adjusted for age at time of inclusion, education, body mass
index, diabetes, hypercholesterolaemia and hypertension.

5
0
1
9
10
1
2
1

Infectious
Autoimmune
Surgery
Old age
Unknown
Trauma
Severe trauma

Persons censorede

23

(1.2)

0

Psychiatric

Other

22

Cancer

c

(2.3)

9

(21.1)

(1.2)

(11.6)

(10.5)

(1.2)

(0)

(5.8)

(0)

(25.6)

(10.5)

26

(30.2)

(78.9)

(%)

Neurodegenerative

86

n

76.8

NA

46.5

NA

77

88

NA

NA

59

NA

75.5

78

73.5

76

(63.3 - 95.2)

(36 - 57)

(60 - 91)

(79 - 100)

(40 - 86)

(53 - 89)

(71 - 85)

(44 - 92)

(36 - 100)

Median age, y (range)

Familial ALS patientsa

Cardiovascular

Cause of death

Persons deceased

A

(17.4)

(2.3)

41
374

(1.3)

(0.6)

10

(1.0)

(0.3)

5

23

(4.7)

84

18

(0.3)

6

(5.3)

(25.0)

443

(19.2)

(4.1)

73

94

(35.8)

635

340

(82.6)

(%)
1,772

n

Controls

81.3

83

46

81.5

79

88

81

74

79

48

72

80

76.5

78

(43.7 105.3)

(34 - 95)

(29 - 81)

(52 - 95)

(34 - 97)

(65 - 105)

(38 - 98)

(68 - 90)

(24 - 96)

(37 - 75)

(29 - 101)

(43 - 94)

(26 - 98)

(24 - 105)

Median age, y
(range)

0.53

1.76

1.24

2.34

0.50

2.27

NA

1.32

NA

0.99

2.77

0.77

ORb

0.07 - 3.93

0.41 - 7.62

0.16 - 9.44

1.16 - 4.73

0.25 - 1.02

0.28 - 18.16

0.52 - 3.37

0.60 - 1.63

1.33 - 5.76

0.48 - 1.23

95% CI

0.54

0.45

0.84

0.02d

0.06

0.44

0.56

0.86

0.01d

0.27

p

Supplementary table S6.3 Cause of death in parents of (A) 55 familial ALS patients, (B) 35 patients with a C9orf72 repeat expansion, and parents of 1,092
controls
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99

100
0
1
5
6
1
2
1

Autoimmune
Surgery
Old age
Unknown
Trauma
Severe trauma

(21.7)

(1.9)

(11.1)

(9.3)

(1.9)

(0)

(3.7)

(0)

(31.5)

77.8

NA

46.5

NA

76.5

88

NA

NA

66.5

NA

73

76

72.5

74.5

(63.3 - 92.5)

(36 – 57)

(60 - 84)

(79 - 95)

(59 - 74)

(53 - 89)

(71 - 85)

(44 - 82)

(36 - 95)

Median age, y (range)

374

41

23

18

94

340

10

5

84

6

443

73

635

1,772

n

Controls

(17.4)

(2.3)

(1.3)

(1.0)

(5.3)

(19.2)

(0.6)

(0.3)

(4.7)

(0.3)

(25.0)

(4.1)

(35.8)

(82.6)

(%)

(34 - 95)
(43.7 105.3)

83
81.3

(29 - 81)

(52 - 95)

81.5
46

(34 - 97)

(65 - 105)

(38 - 98)

(68 - 90)

(24 - 96)

(37 - 75)

(29 - 101)

79

88

81

74

79

48

72

(43 - 94)

(26 - 98)

76.5
80

(24 - 105)

78

Median age, y
(range)

0.85

3.00

2.01

2.47

0.47

3.86

NA

0.81

NA

1.26

2.37

0.62

ORb

0.11 - 6.34

0.68 - 13.22

0.26 - 15.51

1.01 - 6.00

0.19 - 1.20

0.47 - 31.59

0.19 - 3.40

0.70 - 2.27

0.91 - 6.15

0.33 - 1.14

95% CI

0.88

0.15

0.52

0.05

0.12

0.21

0.77

0.45

0.08

0.12

p

Abbreviations: NA = not applicable.
a
Familial ALS defined as having a first, second or third degree family member with ALS or having a C9orf72 repeat expansion, or both. b ORs are adjusted for
age at time of inclusion and education. c Other includes mainly diseases of the kidneys, liver or lungs. d p<0.05, bootstrap resampling (1,000 random samples)
to correct for possible non-normality: mean difference in parental age between patients and controls for category of death ‘neurodegenerative’: 1.35 years (95%
CI -2.82 - 5.46); for category of death ‘unknown’: -0.98 years (95% CI -6.76 - 5.75). e Censoring age was calculated based on the parental year of birth, calculating
from July 1st of the corresponding year. As censoring date, we used the date of study inclusion.

Persons censorede

15

(1.9)

2

Infectious

Other

0

Psychiatric

c

(3.7)

17

Cancer

(9.3)

5

Neurodegenerative

(25.9)

(78.3)

(%)

14

54

n

Patients with C9orf72 repeat expansion

Cardiovascular

Cause of death

Persons deceased

B
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Supplementary table S6.4 Determinants of parental survival

Site of onset

Fathers

Mothers

Survivalb

Fathers

Mothers

Leisure time physical activity, MET scoresb

Fathers

Mothers

Category
n
HR a
95% CI
p
Median
age, yc

Bulbar
162
ref.
ref.
ref.
74.6

Spinal
295
0.89
0.72 - 1.10
0.29
76.9

Bulbar
168
ref.
ref.
ref.
83.4

Spinal
306
1.11
0.88 - 1.40
0.39
85.1

≤1.63 years
69
ref.
ref.
ref.
73.9

>2.89 years
75
1.02
0.69 - 1.50
0.93
74.7

≤1.64 years
72
ref.
ref.
ref.
83.4

>2.90 years
74
1.21
0.81 - 1.81
0.35
81.3

≤369.50
108
ref.
ref.
ref.
76.4

369.50 - 931.00
105
1.03
0.76 - 1.39
0.87
77.6

931.00 - 1898.10
106
0.89
0.66 - 1.21
0.46
77.8

>1898.10
108
1.33
0.98 - 1.81
0.07
74.0

≤343.00
110
ref.
ref.
ref.
83.4

343.00 - 928.00
112
1.16
0.84 - 1.60
0.37
83.4

928.00 - 1920.60
111
0.90
0.65 - 1.25
0.53
85.1

>1920.60
111
0.97
0.71 - 1.33
0.84
85.7

6

a

HRs adjusted for age at time of inclusion, education, body mass index, diabetes,
hypercholesterolaemia and hypertension. b Lowest quartile used as reference category, corresponding
survival of patients and MET scores based on subjects for whom data on their fathers or mothers were
available. c Estimated median age using life tables.
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ABSTRACT

INTRODUCTION

OBJECTIVE

Ever since American baseball player, Lou Gehrig, and later many other professional

To investigate the association between physical activity (PA) and amyotrophic lateral

athletes developed amyotrophic lateral sclerosis (ALS), physical activity (PA) has been

sclerosis (ALS) in population-based case-control studies in three European countries,

hypothesised as a risk factor for this fatal neurodegenerative disease.1 Numerous

using a validated and harmonised questionnaire.

studies have reported on the association between PA and ALS with conflicting results,
describing PA as either increasing or decreasing the risk of developing ALS.2 It is important

METHODS

to elucidate the direction of this association, since this could support pathophysiological

Incident ALS patients and controls were recruited from five population-based registers

mechanisms underlying ALS, such as oxidative stress and glutamate excitotoxicity or

in The Netherlands, Ireland and Italy. Demographic and data regarding educational

glial activation and altered levels of anti-apoptotic proteins or neurotrophic factors.3,4

level, smoking, alcohol habits and lifetime PA levels in both leisure and work time were
gathered by questionnaire, and quantified using metabolic equivalent of task scores.

The previous conflicting results may be due to differences in study design and methods.2

Logistic regression models adjusting for PA-related factors were used to determine

These include various types of PA quantification, no specification of activities to allow a

the association between PA and ALS risk, and forest plots were used to visualise

distinction to be made between leisure or job-related activities, hospital-based cohorts

heterogeneity between regions.

or case studies without (matched) controls, or different ways of considering confounding
PA-related factors such as smoking and alcohol. Moreover, PA may only be a risk factor

RESULTS

in certain populations, depending on their genetic background or environmental or

1557 patients and 2922 controls were included. We found a linear association between

lifestyle factors, and may (partly) explain the observed phenotypic heterogeneity

ALS and PA in leisure time (odds ratio (OR) 1.07, p=0.01) and occupational activities (OR

between populations.5

1.06, p<0.0005), and all activities combined (OR 1.06, p<0.0005), with some heterogeneity
between regions: the most evident association was seen in the Irish and Italian cohorts.

We, therefore, investigated the association between PA and ALS, in a multicentre

After adjustment for other occupational exposures or exclusion of patients with a C9orf72

and cross-cultural setting, in ongoing population-based case-control studies in The

mutation, the ORs remained similar.

Netherlands, Ireland and Italy, using a validated and methodologically harmonised
questionnaire.

CONCLUSION
We provide new class I evidence for a positive association between PA and risk of ALS

METHODS

in a large multicentre study using harmonised methodology to objectively quantify PA
levels, with some suggestions for population differences.

STUDY POPULATION
Participants were recruited as part of a case-control study undertaken by the EuroMOTOR consortium (FP7/2007–2013; grant agreements no. 259867) initiated in February
2011 and concluded in February 2014. Incident cases (18 years and older) representing
patients with definite, (laboratory-supported) probable or possible ALS, according to
the revised El Escorial Criteria6, were matched to controls based on age, gender and
residency. Controls were identified and enrolled by local general practitioners during
routine visits. The study consists of a written survey carried out in three European
countries: The Netherlands, Ireland and Italy (in particular Apulia, Lombardy and
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Piedmont & Valle d’Aosta Italian regions). The aim and a more extensive description
of this project are presented elsewhere.7 The relevant institutional review boards gave
ethical approval and all participants gave written informed consent.

𝑛𝑛

(exposureofintensity
scoreexpenditure
perstandard
week 𝑘𝑘 ) resting
𝑘𝑘 x duration in
𝑘𝑘 x hours
(MET), an ∑
expression
the energy
asyears
a ratio
of the
40
−1
metabolic rate
𝑘𝑘=1 (sitting quietly). A MET score of 1.0 is defined as 1 kcal ´ kg body weight
´ h−1. The lifetime scores per participant were calculated as follows:
𝑛𝑛

DATA COLLECTION
The same structured questionnaire was used by the different study centres (Dublin,

∑(MET score𝑘𝑘 x duration in years𝑘𝑘 x hours per week 𝑘𝑘 )

𝑘𝑘=1

Utrecht, Bari, Milan and Turin) to collect demographic characteristics of participants

where k represents an activity from the lifetime PA history. Because of the magnitude of

and data on their educational level, smoking and alcohol history and lifetime physical

the lifetime score, it was divided by 1000. Military service, for which specific tasks were

activities. Highest educational level completed was categorised into ISCED 0-4 and ISCED

not available, or periods spent as a homemaker were excluded because of difficulties

5-8 according to the International Standard Classification of Education 2011 in order

quantifying these activities.

8

to allow comparability between countries. Detailed data were collected on age at the
start and cessation of smoking and alcohol drinking. Smoking and alcohol status were

STATISTICAL ANALYSIS

categorised as never, former or current. Additionally, participants were asked to state

All exposures were calculated up to three years prior to survey participation for both

the numbers of cigarettes smoked daily. Lifetime cigarette-smoking was expressed in

cases and controls. Logistic regression for lifetime MET scores for the different categories

pack-years (number of packs of cigarettes, years spent smoking, defining a pack as 20

of activities, i.e. leisure time (sport and hobbies), occupational and all combined, was used

cigarettes and including periods of light and heavy smoking).

to determine the association between PA and risk of ALS. We adjusted for confounding
variables age, gender, education, smoking and alcohol (current, former, never) and the

Participants were asked to recall all their jobs and to describe the various work activities

five regions. We visualised possible heterogeneity between regions using forest plots. For

they had to perform. They were also asked to list all their leisure time activities, consisting

the category of occupation-related activities, we also created a model adjusting for never/

of sports and hobbies, and to state the number of years and how many hours per week

ever occupational exposure to: mineral dusts, asbestos and silica, organic dusts, animal

each activity had been performed.

contacts and endotoxin, pesticides, herbicides, insecticides and fungicides, gasses and
fumes, diesel motor exhaust and polycyclic aromatic hydrocarbons, metals, chromium

In Ireland and Italy, face-to-face interviews were held to gather the data. In The

and nickel, solvents, aromatic solvents and chlorinated solvents, extremely low-

Netherlands, due to feasibility reasons, participants filled in the questionnaire on

frequency magnetic fields, electric shocks and benzene. These exposures were assessed

paper. Participants were approached by telephone to complete or clarify the data. In

through job exposure matrices ( JEMs) and methodologically described elsewhere, with

cognitively impaired individuals, the data was obtained by an informed caregiver (1.6% of

the exception of the JEM for benzene, which has been newly developed by RCHV.10-13

all participants). In addition to the above-mentioned topics, the questionnaire contained

Restricted cubic spline regression models were used to study how the dose-response

questions on several other exogenous factors. Participants were, therefore, blinded to

relationship between PA and ALS could best be described.

the specific hypotheses being tested. Clinical data were collected through the patients’
medical records.

Several sensitivity analyses were performed. First, we tested whether the association
between PA and ALS was different for men and women using an interaction term, and

CLASSIFICATION OF PHYSICAL ACTIVITIES

used the likelihood ratio test to compare the models with and without the interaction

In an attempt to quantify the cumulative lifetime physical activity level of participants

term. Second, since C9orf72 repeat expansions are the most common genetic abnormality

objectively, all reported activities were scored and coded based on the Compendium of

in ALS, and patients with this mutation may represent a subgroup with different lifestyle

Physical Activities. The Compendium provides a coding scheme that links specific

and environmental factors, we performed a separate analysis excluding ALS patients

activities performed in various settings with their respective metabolic equivalent of task

with a C9orf72 repeat expansion, determined by methods described elsewhere.14,15 Third,

9
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to explore the effect of educational level on the association between PA and risk of ALS,

combined (OR 1.06, 95% CI 1.04-1.09, p<0.001). In addition, excluding smoking and

we matched one patient to one control based on age, gender, region and educational

alcohol from the model, we found similar effects: leisure time OR 1.05, 95% CI 1.00-1.10,

level, ending up with 1487 matched pairs. In these ‘matched’ analyses, all exposures were

p=0.06, occupational activities OR 1.06, 95% CI 1.03-1.09, p<0.001, all activities combined

calculated up to onset (of the patient) for both the patient and the matching control. The

OR 1.06, 95% CI 1.03-1.09, p<0.001. As shown in figure 7.1, the ORs from the different

models were adjusted for smoking and alcohol (current, former, never). Fourth, above-

regions point consistently in the same direction, but results are heterogeneous: an effect

mentioned models were based on complete case analyses, but we also multiply imputed

of PA increasing the risk of developing ALS is most evident in the Irish and Italian cohorts

the raw data of all physical activity-related data in the ‘original’ dataset, such as hours

and less in the Dutch cohort. Adding other occupational exposures to the model for

per week, start and stop year, as well as the confounding variables using multivariate

occupational activities left the risk estimates relatively unchanged (OR 1.04, 95% CI 1.00-

imputation by chained equations and used Rubin’s rules to combine the estimates.16,17

1.07, p=0.05). The association between PA and ALS was found to be linear: the more

Lastly, we investigated whether PA modifies the phenotype of ALS. Using bulbar or spinal

active a person has been, the higher their risk of having ALS (figure 7.2).

site of onset as dependent variable in a multivariate model with the same confounders as
previously described, we determined if the association between PA and ALS is different

SENSITIVITY ANALYSES

for bulbar and spinal patients. Additionally, we formally tested whether PA is associated

We found no effect modification by gender as indicated by the absence of model

with age at onset in patients using an interaction term between age of survey (for patients

improvements when an interaction term between PA and gender was included (p values

this is highly correlated with age at onset) and the lifetime MET scores. To calculate the

for the different categories of PA >0.05; data not shown). Excluding C9orf72 patients, we

MET scores for this specific analysis, we used the previously described formula without

found similar effect sizes for leisure time activities (OR 1.07, 95% CI 1.02-1.13, p=0.01),

the activity duration (in years), because the duration of participation in an activity could

occupations (OR 1.06, 95% CI 1.03-1.09, p<0.001) and for all activities combined (OR 1.07,

be influenced when PA results in a younger age at onset. The level of significance was set

95% CI 1.04-1.10, p<0.001). Maximal adjustment for educational differences between

at p<0.05 and hypothesis tests were 2-sided. The analyses were performed in R with the

patients and controls using the one-to-one matched model resulted in a minimal increase

stats and psych package for the descriptive statistics, the lmtest package for the main

in ORs for leisure time (OR 1.11, 95% CI 1.04-1.18, p=0.002), occupational activities (OR

analyses and the survival package for the ‘matched’ analyses.

1.08, 95% CI 1.03-1.12, p<0.001), and all activities combined (OR 1.07, 95% CI 1.03-1.12,
p=0.001; table 7.2). Moreover, after imputation, the ORs remained similar for leisure time

RESULTS

activities (OR 1.03, 95% CI 1.00-1.06), occupations (OR 1.06, 95% CI 1.03-1.08) and the
activities combined (OR 1.04, 95% CI 1.02-1.06). PA did not influence the ALS phenotype

BASELINE CHARACTERISTICS AND CONFOUNDING FACTORS

as expressed by the site of onset or age at onset (data not shown).

In total, 1557 patients and 2922 controls were included. Baseline characteristics of the
study population per region can be found in table 7.1. Since PA of military activities

DISCUSSION

were difficult to quantify, these were not included in the MET calculation in the 28.7%
of patients and 29.7% of controls who were engaged in active military service (χ2 test:

In this large, multicentre, population-based case-control study, we found a linear

p=0.51). Compared to controls, patients were more often smokers, they also smoked

association between lifetime physical activity and the risk of ALS. The increase of ALS

more (in pack-years) and drank less alcohol (table 7.1).

risk associated with PA was independent of important confounders, such as age, gender,
education, smoking and alcohol, gathered using a validated and methodologically

PHYSICAL ACTIVITY AND ALS RISK

harmonised questionnaire.

Table 7.2 shows that lifetime PA was found to increase ALS risk in the complete case
dataset, for leisure time (sports and hobbies; odds ratio (OR) 1.07, 95% CI 1.02-1.12,
p=0.01), occupational activities (OR 1.06, 95% CI 1.03-1.09, p<0.001) and for all activities
108
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110
64.2
(10.3)

65.1
(11.5)

Age at survey, y

15.1

19.0

Apulia
Patient
22.1
33.6
44.3
15.3
(25.4)

54.3
7.9
37.8

0.46
(0.98)
4.28
(4.33)
4.87
(4.30)

The Netherlands
Control
13.8
52.6
33.6
11.1
(15.1)

87.7
4.0
8.3

1.34
(1.47)
3.21
(2.53)
4.57
(3.01)

Patient

Ireland
Patient

13.5
(22.0)

44.0
15.6
(25.8)

Never
Pack-years

10.5
16.9

Former
Never

3.93
(3.02)
5.28
(3.68)

4.67
(3.90)
6.23
(4.51)

Occupational activities
All activitiesc

4.64
(3.34)

3.22
(2.52)

1.39
(1.99)

13.9

8.0

78.1

13.0
(16.8)

32.6

45.9

21.5

9.9

3.32
(3.18)

2.88
(2.96)

0.37
(0.83)

57.1

2.4

40.5

14.5
(22.9)

52.4

26.7

21.0

Control

90.1

4.43
(3.39)

3.52
(2.88)

0.81
(1.41)

32.7

7.6

59.6

13.9
(19.0)

44.0

36.3

19.8

Patient

Lombardy

8.8

90.7

9.3

Control

3.16
(2.57)

2.32
(1.85)

0.75
(1.62)

34.3

3.0

62.7

10.2
(18.6)

47.6

34.4

18.0

Control

63.6

36.4

65.5
(11.1)

53.2

190

84.1

15.9

64.2
(11.7)

52.8

290

Control

5.05
(2.85)

4.03
(2.58)

1.01
(1.20)

36.8

6.8

56.4

12.0
(18.9)

52.4

28.7

18.9

Patient

4.41
(2.81)

3.37
(2.33)

0.98
(1.32)

32.4

6.3

61.3

11.5
(18.4)

49.8

34.6

15.6

Control

Piedmont & Valle
d’Aosta

8.8

93.7

6.3

27.5

17.2

28.6

26.7

65.8
(10.8)

65.3
(10.8)

64.2
(10.8)

37.0

52.7

262

Patient

Piedmont & Valle
d’Aosta

Abbreviations: ISCED = International Standard Classification of Education; NA = not applicable.
Values are expressed as mean ± SD when appropriate.
a
Missings in C9orf72: 4 (2.3%) in Ireland, 57 (7.2%) in the Netherlands, 139 (98.6%) in Apulia, 106 (57.0%) in Lombardy, 0 (0%) in Piedmont & Valle d’Aosta
b
Leisure time activities: combination of sports and hobbies
c
All activities: combination of sports, hobbies and occupations

1.35
(1.50)

1.82
(2.29)

18.6

5.9

75.4

Leisure time activitiesb

Lifetime MET scores

72.7

Current

Alcohol, %

48.6

36.6

40.2

19.4
Former

11.2

Control

Current

Smoking, %

NA

92.4

9.7

7.6

9.2

74.0

71.7

20.0

28.3
28.3

17.3

2.2

C9orf72 repeat expansion , %

26.0

41.6

83.6

21.1

65.3
(10.6)

36.2

16.4
78.2

63.8
(11.7)

33.3

63.9
(10.8)

64.6
(10.6)

63.3
(10.8)

ISCED 0-4

64.0
(9.6)

63.6
(10.6)

53.8

61.8
(10.8)

ISCED 5-8

Education, %

Possible

25.0

0

Laboratory supported
probable

41.1

28.6

18.8

52.4

Probable

21.8

65.4
(11.0)

Definite

a

63.9
(10.4)

64.6
(11.5)

Age at diagnosis, y

El Escorial, %

62.8
(10.4)

63.4
(11.5)

Age at onset, y

Patient
186
29.6

53.1

213

Control

Lombardy

26.5

57.4

59.9

35.3

60.4

23.7

60.5

59.9

Bulbar site of onset, %

141

Male gender, %

Patient

1880

791

Control

349

Patient

Control

Patient
177

n

Apulia

The Netherlands

Ireland

Table 7.1 Baseline characteristics
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Figure 7.1 Forest plots for physical activity and risk of ALS

Table 7.2 Odds ratios for lifetime physical activities
Main analysesa

a
b

One-to-one matched analysesb

OR (95% CI)

p Value

OR (95% CI)

p Value

Leisure time activities

1.07 (1.02-1.12)

0.01

1.11 (1.04-1.18)

0.002

Occupational activities

1.06 (1.03-1.09)

<0.001

1.08 (1.03-1.12)

<0.001

All activities

1.06 (1.04-1.09)

<0.001

1.07 (1.03-1.12)

0.001

Main analyses adjusted for age, gender, education, smoking, alcohol and region
One-to-one match on age, gender, education and region, adjusted for smoking and alcohol

Through this multicentre collaboration and by examining different categories of PA (leisure
time or occupational), we were able to gain greater insight into population heterogeneity
and specific categories of activities as possible explanations for the conflicting earlier
reported results. We found the association between PA and ALS to be most evident
in the Irish and Italian cohorts. Although the forest plots showed some heterogeneity
between the five regions, the patterns among the different categories of activities were
divergent. This observation makes heterogeneity due to a systematic measurement bias,
such as face-to-face interviews in Ireland and Italy and self-administered questionnaires
in the Netherlands, unlikely.
The effect of occupational PA on ALS is similar after correction for other occupational
exposures and also leisure time activities increase the risk of having ALS. These findings

7

indicate that PA is not simply a proxy for exposures that increase the risk of ALS in active
jobs, e.g. exposure to pesticides when performing heavy work as a farmer. However,
unaccounted confounding by medical events (trauma) or diet18-20 cannot be ruled out,
nor some metabolic or energy deficit that is activity induced, which might render motor
neurons susceptible.
We found a linear association between PA and ALS risk supporting the hypothesis that
vigorous PA increases the risk of ALS most significantly. This is in line with reports that
describe a higher prevalence of ALS patients among (former) professional athletes.21-26
Previous studies, showing a positive association between leisure time or occupational
PA and ALS risk or mortality,21,27-30 mostly found associations with strenuous activities
only21,29-31. In our multicentre, cross-cultural, population-based study including 1557 ALS
patients and 2922 controls, however, we also found a significant increase in ALS risk for
persons who exercise recreationally (moderate activity).

112

Forest plot showing centre-specific ORs and 95% CIs for physical activity and ALS, adjusted for age,
gender, education, smoking, alcohol and centre. (A) Leisure time activities: combination of sports
and hobbies (B) Occupations (C) All activities: combination of sports, hobbies and occupations.
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effect modifier in that study: those who were not physically active, but did experience

Figure 7.2 Spline regression curve

traumatic injuries, were at risk of developing ALS. As history of trauma has been
associated with an increased risk of ALS in some studies37, a possible role of trauma as
a risk factor cannot be entirely excluded. However, adjusting for ever having experienced
a traumatic injury in our study, did not change the odds ratios for PA (data not shown).
This could be investigated further in prospective studies not tainted by recall bias.
Strengths of our study are the relatively large sample size of clinically confirmed patients
and population-based controls, availability of the C9orf72 genotype in most patients,
the use of the same definitions of exposures, and the harmonised methods for data
collection across centres.
The increased risk associated with physical activity found in our study may suggest
that this is not a major factor in the pathogenesis of ALS. An odds ratio of 1.06 for all
activities combined can be translated in a 26% increase in risk when comparing a person
who is more active than average (as defined by the 75th percentile) and a person who is
less active than average (as defined by the 25th percentile). PA may have a larger effect
in presently unidentified, potentially genetically enriched, subgroups of patients. The
The risk of amyotrophic lateral sclerosis (OR) associated with a certain lifetime MET score of
all activities combined (in the complete case dataset) using a lifetime MET score of zero as the
reference.

odds ratios are consistent between sensitivity analyses, which we performed to study

We could only speculate on the mechanism by which PA leads to ALS. As is becoming

case analyses and the analyses with the imputed data suggests that the missings are

increasingly recognized, ALS is a disorder of the brain (neocortex), and more specifically

not merely dependent on how active a person has been. And although we had missing

of cortical networks.

the effect of educational level, C9orf72 genotype or missing data on the association
between PA and ALS risk. The fact that we found similar effect sizes in the complete

The hypothesis about the role of cortical mechanisms underlying

data on C9orf72 for 41.6% of the Italian patients (missings per region/centre: 98.6%

the association between PA and ALS is clinically supported by the finding of concordance

in Apulia/Bari, 57.0% in Lombardy/Milan, 0% in Piedmont & Valle d’Aosta/Turin), the

between hand dominance (relatively greater use than the other hand) and upper limb

ORs did not change for the Irish (2.3% missing) and Dutch (7.2% missing) cohort after

onset.

exclusion of patients with a C9orf72 repeat expansion (data not shown). The genetic

32,33

34

background may differ between the five cohorts studied, e.g. mutations in the gene
Our findings are at variance with recent analyses within a large European cohort study, for

encoding Cu/Zn superoxide dismutase (SOD1) are common in Italy but rare in Ireland

which a weakly inverse association between total PA and ALS mortality was reported.

35

and the Netherlands.38-40 Differences in the effect of gene-environment interaction due

Also in a previous case-control study, including 652 patients and 1166 controls, without

to variable genetic background of the five regions could explain the heterogeneity of

overlap of included participants with this study, done in five European countries (Italy,

results between the five regions in our study.

Ireland, United Kingdom, France and Serbia),36 an inverse correlation was found between
leisure time PA and ALS. Data were not only adjusted for age, education, smoking, alcohol

A limitation of this study could be a possible influence of recall bias on the results, which

and centre as in the current study, but also for traumatic events. The difference could,

might explain the variance in the results when compared with previous studies. However,

at least in part, be explained by the adverse effects of trauma. Traumatic injury acted as

to minimise the role of recall bias, patients were kept unaware of the objectives of the
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study. For example, instead of asking participants directly how active they have been in
leisure time or occupational activities, recall bias was reduced by using the Compendium
of Physical Activities to quantify PA objectively. Another limitation could be the presence
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ABSTRACT

INTRODUCTION

BACKGROUND

The aetiology of amyotrophic lateral sclerosis (ALS) is largely unknown. ALS is a

Associations between prior medical conditions and the risk of amyotrophic lateral

progressive neurodegenerative disease leading to death within three to five years after

sclerosis (ALS) have been reported repeatedly. Investigating the medical history of ALS

symptom onset. To find ways to prevent or cure this neurodegenerative disease, we

patients may help gaining more insight into the underlying pathogenic mechanisms. We

have to gain more insight into the underlying pathogenic mechanisms. Investigating the

performed a pooled analysis of case-control studies from three European countries,

medical history of ALS patients for pre-existing disorders might lead to knowledge on

exploring associations between pre-existing medical conditions and ALS.

shared mechanisms.

METHODS

Several studies reported on the association between prior medical conditions and the risk

Self-reported lifetime medical conditions were collected for ALS cases and controls

of ALS. Physical trauma of any type1, 2 or to the head specifically2-4 have been associated

via questionnaires. Per category of medical condition (trauma, cancer, cholesterol,

with an increased risk of ALS in some studies, but not in all.5-7 A recent study showed

blood pressure, diabetes mellitus, and cardiovascular diseases) we conducted logistic

that ALS patients were less often diagnosed with any cancer compared with the general

regression analyses, adjusted for age, sex, education, smoking, alcohol, physical activity,

population,8 but most studies on comorbid cancer reported no such associations.3, 9-13

and cohort. We estimated odds ratios (OR) and 95% confidence intervals (CI).

For specific cancers, decreased risk of ALS was described in association with preceding
lung cancer 8 and prostate cancer 9, while increased risks have been suggested after

RESULTS

melanoma,9, 14, 15, and tongue9, salivary and testicular cancers.8

The study population comprised of 1557 ALS cases and 2922 population-based controls,
with complete data on covariates for 1020 and 2095 subjects, respectively. Cases had

For comorbid cardiovascular disease, results have been conflicting. In a study from

more often used cholesterol lowering medication in the past (OR 1.81, 95% CI 1.14-2.84),

Denmark, moderately increased risks of ALS were reported for cardiovascular disease

but cases used such medication less often in the years before diagnosis (OR 0.51, 95%

overall, with the strongest effects for atherosclerosis and ischemic heart disease.16 In a

CI 0.35-0.72). A similar pattern was observed for antihypertensive medication. Traumatic

Dutch case-control study no effect for cardiovascular diseases as a group was found,

injuries to the head (OR 1.32, 95% CI 1.02-1.71) and chest (OR 1.88, 95% CI 1.20-2.93) were

while a decreased risk of ALS was observed for hypercholesterolemia specifically.3

associated with increased risk of ALS. Although based on relatively small numbers, cases

Lower ALS risk was associated with coronary heart disease in a cohort from the United

reported more often preceding colorectal, haematopoietic and lung cancers, as well as

Kingdom.17 A history of diabetes was also found to be associated with a lower risk of

melanoma. Male cases less often reported preceding prostate cancer than male controls.

ALS.18, 19

CONCLUSION

Previously described mechanisms in relation to comorbid conditions and ALS are

Overall, observed associations between pre-existing medical conditions and ALS were

oxidative stress with impact on mitochondrial function following trauma; apoptosis

heterogeneous across cohorts. The opposite associations for previous versus recent

in tumour growth; inflammation and excitotoxicity increasing the metabolic demands

cholesterol lowering and antihypertensive medication use were remarkable and warrant

of neurons and microglia following trauma or in diabetes; and protection against a

further investigation.

hypermetabolic state in case of cardiovascular risk factors, such as hyperlipidaemia
and diabetes.1, 13, 20, 21
We performed a pooled analysis of case-control studies from three European countries
to investigate the association between pre-existing medical conditions and ALS, with a
focus on trauma, cancer, and cardiovascular diseases and risk factors.
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METHODS

cancer. Additionally, we asked whether participants had ever been treated for elevated
cholesterol, high blood pressure, or cancer. Regarding trauma, participants were asked

STUDY POPULATION

to specify the type, site, severity and circumstance of the injury and the age at injury.

All participants were recruited as part of ALS case-control studies undertaken by the
Euro-MOTOR consortium. We matched incident cases, representing patients with

STATISTICAL ANALYSIS

definite, (laboratory-supported) probable or possible ALS according to the revised El

Medical conditions and medication use up to three years prior to survey were included.

Escorial Criteria,

to controls based on age, sex and residency. The study population

We chose the three-year cut-off to exclude any conditions that occurred after disease

comprised of 4479 participants: 1557 ALS cases (diagnosed between February 2010 and

onset. Per category of medical condition (trauma, cancer, cholesterol, blood pressure,

2015) and 2922 population-based controls. The study was carried out in the Netherlands,

diabetes, and cardiovascular diseases) we conducted logistic regression analyses on the

Ireland and three centres in Italy (Apulia; Lombardy; Piedmont & Val d’Aosta). A more

complete case datasets. In a multivariate model we adjusted for important confounders:

extensive description of the Euro-MOTOR project has been provided elsewhere. Ethical

age, sex, education, smoking, alcohol, physical activity, and cohort. We evaluated possible

approval was provided by the institutional review boards and all participants gave written

effect modification with an interaction term between the medical conditions and the

informed consent.

cohorts.

DATA COLLECTION

Several sensitivity analyses were performed. First, we performed a separate analysis

The same structured questionnaire was used by the different cohorts to collect

excluding ALS cases with a known C9orf72 repeat expansion, determined by methods

demographic characteristics of participants and data on their educational level, smoking

described elsewhere.27, 28 C9orf72 repeat expansions are the most common genetic

and alcohol habits, lifetime physical activities and medical history. Face-to-face interviews

abnormality in ALS, and cases with this mutation represent a subgroup with possibly

were held in Ireland and Italy. In the Netherlands, participants themselves filled out

different lifestyle and environmental factors. Second, we matched one patient to

the questionnaire. If information on the questionnaire was missing or inconsistent,

one control based on age, sex, cohort and educational level, to explore the possible

participants were contacted by telephone to complete or adjust the data where

residual confounding effect of educational level on the observed associations. In these

necessary. In addition to the above-mentioned topics, the questionnaire also covered

individually matched analyses, all risk factors were calculated up to disease onset of

several other factors; hence the participants were blinded to the hypothesis being tested.

the patient for both the patient and the matching control. These models were adjusted

22

23

for smoking, alcohol and physical activity. Lastly, we investigated whether pre-existing
Highest completed educational level was categorised according to the International

medical conditions may modify the phenotype of ALS. Using bulbar or spinal site of onset

Standard Classification of Education 2011 in order to allow comparability between

as dependent variable in a multivariate model with the same covariates as previously

countries.

The ages at start and cessation of smoking and alcohol drinking were

described, we determined whether the association between pre-existing medical

collected. Smoking and alcohol status were then categorised as never, former or current

conditions and ALS was different by onset site. Additionally, we formally tested whether

at three years before the survey date. Lifetime physical activity was scored based on all

a pre-existing medical condition was associated with age at onset in cases using an

leisure time and occupational activities reported by each individual and expressed as a

interaction term between age of survey (for cases this is highly correlated with age at

metabolic equivalent of task (MET).

onset) and the condition of interest. All analyses were carried out with R v3.3.1.29

24

25, 26

In the medical history we asked for the year of diagnosis (if any) of diabetes mellitus,
raised cholesterol, high blood pressure, cardiovascular disease (including angina
pectoris, heart attack, narrowing of the carotid arteries, transient ischemic attack, stroke,
bypass or angioplasty operations) and cancer. For cancer, we also asked for the type of
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Age at onset,
y, mean (sd)

71.7

6.3

27.5

17.2

26.7

28.6

15.9

64.2
(11.7)
65.8
(10.8)
65.5
(11.1)

65.3
(10.8)

64.2
(10.8)

37.0

52.8
52.7
53.2
53.8
53.1
57.4
60.4
58.4

59.9

60.5

59.9

290
262

Case
Case

Bulbar site of onset, %

Table 8.1 Characteristics

we observed a decreased risk (OR 0.51, 95% CI 0.26-0.95).

Case

(OR 12.6, 95% CI 2.11-240) and melanoma (OR 3.78, 95% CI 1.14-14.7). For prostate cancer

Ireland

2.03, 95% CI 1.10-3.73), haematopoietic cancer (OR 6.45, 95% CI 2.18-23.6), lung cancer

Total population

relatively small, but we found increased risks of ALS with preceding colorectal cancer (OR

58.0

to the percentage of controls (table 8.3). The numbers for the various cancer types were

Male sex, %

The percentage of ALS cases with any cancer reported in their medical history was similar

190

Control

association was negative in the Piedmont & Val d’Aosta cohort.

Control

association for ‘other circumstances’ was most prominent in the Irish cohort, while the

791

The Netherlands

significant interaction between circumstance of injury and cohort (p<0.001). The positive

Case

a variety of injury circumstances, including falls and accidents at home. There was a

Control

more often involved in traumatic injuries due to ‘other’ circumstances, which is again

349

Apulia

than controls had an ‘other’ type of injury, representing a variety of injuries. Cases were

Control

concussion, contusion, fracture, strain and sprain were reported, but slightly more cases

Case

Control

1.20-2.93) were associated with an increased risk of ALS. Overall, the same rates of

186

occurred. Traumas to the head (OR 1.32, 95% CI 1.02-1.71) or chest (OR 1.88, 95% CI

Case

as were the number and severity of the injuries and the age at which the first injury

213

(table 8.2). Rates of traumatic injuries were comparable between cases and controls,

141

Lombardy

Data on traumatic injuries were complete for 812 cases (52.2%) and 1642 controls (56.2%)

177

available for 1020 (65.5%) cases and 2095 (71.7%) controls.

2922

as well as information on the important confounders. Complete data on covariates were

1557

Baseline characteristics of the study population per cohort are presented in table 8.1,

N

Piedmont
& Val d’Aosta

RESULTS

Control

Pre-existing medical conditions and amyotrophic lateral sclerosis

1880

Chapter 8
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128
39.5

Never

22.6

Never
4.43
(3.06)

17.0

4.3

78.7

39.3

46.3

6.00
(4.27)

16.9

10.5

72.7

44.0

36.6

Ireland

32.6
78.1
8.0
13.9
4.58
(3.35)

48.6
75.4
5.9
18.6
5.29
(3.51)

Case, n (%)
812 (52.2)

118 (25.1)
99 (21.1)

2
3+

202 (43.0)
180 (38.3)
88 (18.7)

Mild
Moderate
Severe

Worst injury
reported c

253 (53.8)

1

Number of
injuries reported c

At least one
470 (57.9)
traumatic injury c

Complete data

163 (17.4)

409 (43.7)

364 (38.9)

158 (16.9)

231 (24.7)

547 (58.4)

936 (57.0)

Control, n (%)
1642 (56.2)

Total study population

1.53
(0.86-2.74)

1.38 (0.72-2.63)
1.54 (0.61-3.76)
2.23 (0.80-6.02)

1.03
(0.85-1.24)

0.95 (0.77-1.18)
1.08 (0.81-1.42)
1.24 (0.91-1.69)

1.19 (0.87-1.62)

0.77 (0.10-3.78)

0.99 (0.78-1.25) 1.86 (0.89-3.89)

1.00 (0.79-1.26) 1.42 (0.73-2.76)

OR (95% CI) b

4.51
(3.00)

8.3

4.0

87.7

33.6

52.6

OR (95% CI) b

Ireland

45.9

The Netherlands
40.2

Table 8.2 Prevalence of traumatic injuries and the risk of ALS a

MET score, mean (sd)

4.81
(3.46)

8.1

Former
Physical activity

69.4

Current

Alcohol, %

39.8

Former

Total population

3.48
(3.18)

57.1

2.4

40.5

52.4

26.7

0.78
(0.54-1.12)
0.73
(0.53-1.00)
1.15
(0.78-1.67)

1.17
(0.53-2.53)
4.00
(0.93-19.2)

0.82
(0.61-1.10)
0.73
(0.49-1.07)
1.06
(0.69-1.61)

1.54
(0.53-4.17)
1.35
(0.51-3.47)
0.87
(0.17-3.53)

-

1.32
(0.65-2.62)

OR (95% CI)

Apulia

4.41
(3.33)

32.7

7.6

59.6

44.0

36.3

3.13
(2.44)

34.3

3.0

62.7

47.6

34.4

0.87
(0.40-1.89)
1.05
(0.44-2.56)
1.33
(0.40-4.97)

0.84
(0.42-1.67)
1.44
(0.49-4.53)
1.60
(0.41-7.05)

0.99
(0.53-1.87)

OR (95% CI)

Lombardy

Lombardy

0.83
(0.64-1.08)

OR (95% CI)

The
Netherlands

4.77
(4.26)

37.8

7.9

54.3

44.3

33.6

Apulia

4.47
(2.84)

32.4

6.3

61.3

49.8

34.6

1.26
(0.78-2.06)
1.41
(0.79-2.55)
1.00
(0.41-2.42)

1.02
(0.61-1.69)
1.68
(0.93-3.08)
1.53
(0.82-2.90)

1.28
(0.82-2.01)

Piedmont
& Val
d’Aosta
OR (95% CI)

5.08
(2.83)

36.8

6.8

56.4

52.4

28.7

Piedmont
& Val d’Aosta
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130
273 (32.4)
46 (5.5)
7 (0.8)
315 (37.4)
48 (5.7)

Arm
Chest
Abdomen
Leg
Spine

83 (9.7)

Contusion

363 (43.1)
80 (9.5)
40 (4.8)
187 (22.2)

Sprain
Strain
Other

Case, n (%)
Fracture

128 (15.2)
254 (30.2)
217 (25.8)
166 (19.7)
77 (9.1)

Work
Leisure (other
than sport)
Sport
Traffic
Other

Circumstance of
injury#^ c,d

137 (8.8)

180 (11.5)

91 (5.8)

706 (45.2)

18 (1.2)

55 (3.5)

436 (27.9)

257 (16.4)

104 (6.7)

268 (17.2)

530 (33.9)

456 (29.2)

205 (13.1)

329 (21.1)

94 (6.0)

177 (11.3)

646 (41.3)

Control, n (%)

Total study population

89 (10.6)

Concussion

Type of injury^ c,d

153 (18.2)

Head

135 (8.2)

801 (48.8)

Control, n (%)

1.70 (0.93-3.16)

0.93 (0.76-1.13)

1.62 (0.79-3.30)

1.16 (0.93-1.44)

1.51 (0.78-2.91)

OR (95% CI) b

Ireland

2.88 (0.35-19.4)

2.37 (1.09-10.1)

1.89 (0.89-4.03)

1.66 (1.17-2.33)

15.0 (4.70-59.5)

1.22 (0.94-1.57) 3.25 (1.42-7.53)

0.97 (0.77-1.21)

1.02 (0.82-1.27) 0.76 (0.36-1.56)

0.97 (0.73-1.29) 0.96 (0.36-2.43)

1.32 (1.03-1.68)

1.00 (0.66-1.50) 2.89 (0.82-9.08)

0.91 (0.66-1.25) 1.41 (0.49-3.80)

1.00 (0.82-1.23) 1.32 (0.71-2.48)

OR (95% CI) b

1.13 (0.82-1.57)

1.20 (0.88-1.62) 3.97 (1.59-10.1)

0.93 (0.62-1.38) 2.78 (0.79-9.66)

0.92 (0.75-1.13)

0.85 (0.32-2.03) 0.28 (0.01-1.59)

1.88 (1.20-2.93) 3.95 (0.99-17.5)

3.06 (1.39-6.77)

1.32 (1.02-1.71)

1.48 (1.09-2.01) 1.03 (0.38-2.62)

OR (95% CI) b

OR (95% CI) b

Ireland

3.27
(0.24-79.0)
0.30
(0.02-1.94)

Apulia

0.87
(0.59-1.27)
0.80
(0.50-1.27)

The
Netherlands

1.28
(0.61-2.62)

1.80
(0.07-48.9)
12.7
(1.61-269)

0.34
(0.06-1.43)
1.54
(0.67-3.47)
0.77
(0.10-4.25)
0.59
(0.08-2.78)
11.8
(2.23-96.1)

0.87
(0.65-1.16)
0.59
(0.36-0.93)
0.70
(0.39-1.19)
0.93
(0.68-1.27)

0.74
(0.48-1.12)
0.80
(0.58-1.11)
0.75
(0.56-1.01)
1.01
(0.71-1.43)
1.10
(0.68-1.74)
b

-

OR (95% CI)

OR (95% CI)

0.65
(0.23-1.84)
0.85
(0.38-1.89)
1.29
(0.50-3.42)
0.94
(0.22-4.70)
1.68
(0.60-5.13)

1.15
(0.58-2.29)
1.25
(0.38-4.19)
0.97
(0.15-6.94)
0.93
(0.30-3.06)

OR (95% CI)

Lombardy

0.40
(0.07-2.23)
0.61
(0.16-2.44)

0.82
(0.39-1.73)
0.49
(0.09-2.61)

-

1.22
(0.51-2.83)
0.40
(0.02-2.77)

1.61
(0.45-6.80)
1.11
(0.50-2.47)
4.21
(0.51-92.4)
-

3.92
(0.84-21.3)
1.44
(0.54-3.67)

0.69
(0.34-1.38)
2.70
(0.95-8.73)

-

1.00
(0.44-2.22)
2.66
(0.77-9.06)

0.77
(0.59-1.01)
1.21
(0.75-1.91)

OR (95% CI)

Lombardy

1.00
(0.71-2.35)
0.88
(0.64-1.20)
1.35
(0.76-2.35)
2.27
(0.55-8.84)
0.69
(0.52-0.91)
0.91
(0.50-1.59)

OR (95% CI)

Apulia

OR (95% CI)

The
Netherlands

Injuries that occurred at least 3 years before study participation
All odds ratios adjusted for cohort, age, sex, education, smoking, alcohol and total physical activity.
c
‘None’ is used as reference group
d
A traumatic injury can involve more than one site, type and circumstance of injury
# Significant interaction with cohort (p<0.05)
^ Significant interaction with sex (p<0.05)
a

106 (13.1)

55 years or over
Site of trauma^ c,d

364 (44.8)

Below 55 years

Age at first
injury c

Case, n (%)

Total study population

1.75
(0.96-3.21)
1.69
(1.05-2.71)
1.45
(0.81-2.60)
1.50
(0.90-2.53)
0.19
(0.03-0.76)

1.17
(0.74-1.84)
1.97
(1.02-3.86)
1.28
(0.47-3.41)
2.26
(1.25-4.12)

Piedmont
& Val
d’Aosta
OR (95% CI)

1.76
(0.79-4.01)
2.37
(1.26-4.57)

1.63
(0.89-3.02)
1.72
(1.07-2.80)
2.47
(0.94-7.06)
1.71
(0.05-55.0)
1.43
(0.89-2.30)
0.86
(0.41-1.81)

1.11
(0.69-1.79)
1.98
(1.03-3.89)

Piedmont
& Val
d’Aosta
OR (95% CI)
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132
28 (1.3)

24 (2.4)
11 (1.1)

Radiotherapy

26 (1.3)

21 (2.2)

7 (0.4)

6 (0.6)
8 (0.9)
13 (1.4)
13 (1.4)
6 (0.6)

Lungd
Melanoma
Non-melanoma
skin cancer
Prostate

0 (0)
0 (0)

Testes
Unknown
primary

1 (0.1)

6 (0.3)

4 (0.2)

34 (1.7)

4 (0.2)

1 (0.1)

5 (0.3)

4 (0.2)

NA

NA
NA
NA

2.21 (0.08-60.0)
0.46 (0.09-1.65)
0.61 (0.03-4.47)

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

1.63 (0.91-2.92)
0.70 (0.42-1.15)
0.90 (0.42-1.82)

1.91 (0.59-5.97)
NA
1.36 (0.77-2.36)
2.03 (1.10 -3.73)
1.90 (0.57-6.31)
0.84 (0.32-1.94)
6.45 (2.18-23.6)
1.53 (0.42-5.65)

12.6 (2.11-240)
3.78 (1.14-14.7)
0.94 (0.46-1.79)
0.51 (0.26-0.95)
2.25 (0.68-7.12)
2.14 (0.41-9.92)

NA

NA

NA

1.84 (0.51-6.33)

0.94 (0.68-1.28)

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

1.26 (0.53-2.72)

0.79 (0.35-1.62)

1.97 (0.76-4.87)

1.06 (0.69-1.59)

1.02 (0.68-1.48)

0.68 (0.22-1.89)

1.01 (0.76-1.33)

OR (95% CI)

OR (95% CI) b

The
Netherlands

OR (95% CI) b

Ireland

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.58 (0.03-5.17)

1.14 (0.15-5.91)

0.27 (0.04-1.04)

1.01 (0.33-2.79)

OR (95% CI)

Apulia

b

a

Cancer diagnoses occurring at least 3 years before study participation, benign tumours were not classified as cancers.
Odds ratios adjusted for age, sex, education, smoking, alcohol and total physical activity scores
c
Participants could have had more than one tumour.
d
Tobacco-related cancers (for which there is sufficient evidence31)
NA = not applicable

3 (0.3)

Soft tissue

Renal

52 (2.7)

5 (0.5)

Head and neckd

d

13 (1.4)

Haematopoietic

22 (1.1)

7 (0.8)

Gynaecologyd

6 (0.3)

6 (0.6)

Gastrointestinal
tract, otherd

Colorectal
d

35 (1.8)

25 (2.6)

Breast

0 (0)

1 (0.1)

Brain

7 (0.4)

6 (0.6)

Bladderd

Tumour subgroup,
n (%) c

Other

59 (2.8)

25 (2.5)

27 (1.3)

68 (6.7)

148 (7.1)

178
(8.5)

Chemotherapy

89 (8.8)

2087
(71.4)

1011
(64.9)

Surgery

Treatment, n (%)

Any cancer, n (%)

Cancer

No missing data

Control

Case

Total study population

Table 8.3 Prevalence of cancer and the risk of ALS a

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.08 (0.00-0.55)

0.10 (0.00-1.01)

0.15 (0.04-0.49)

0.24 (0.08-0.69)

OR (95% CI)

Lombardy

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

0.72 (0.03-18.6)

1.15 (0.43-3.12)

2.01 (0.75-5.94)

1.24 (0.64-2.43)

1.62 (0.88-3.05)

OR (95% CI)

Piedmont
& Val d’Aosta
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NA
NA
NA

NA
NA

1.01
(0.56-1.80)

0.84
(0.62-1.13)

1.62
(0.84-3.02)

NA

0.81
(0.55-1.19)
0.55
(0.30-1.01)

NA
NA

NA
NA
NA

NA

OR (95%
CI)

NA
NA

NA
NA

NA

1.08
(0.84-1.39)

Diabetes was equally common among cases (5.8%) and controls (6.6%; table 8.4).

1.03
(0.99-1.07)

and OR 1.44 (95% CI 0.77-2.60) for previous use.

0.99
(0.73-1.33)

The
Netherlands

previous use were not statistically significant: OR 0.74 (95% CI 0.56-0.96) for current use

2.18
(1.32-3.56)

For antihypertensive medication the same pattern was observed, albeit the results of

NA

Apulia

three years prior to study participation (truncation date) (OR 0.51, 95% CI 0.36-0.72).

0.70
(0.48-0.997)

the past (OR 1.81, 95% CI 1.14-2.84), while fewer cases were still using such medication

0.58
(0.32-1.06)

dates for the Italian cohorts. More cases had used cholesterol-lowering medication in

1.86
(0.97-3.59)

from the Netherlands and Ireland were analysed, due to largely missing start and end

1.01
(0.78-1.33)

Irish and Dutch cohorts (on average 30% in both groups). For medication use, only data

OR (95%
CI)

was more common in the Italian (on average 40% of cases and controls) than in the

OR (95%
CI)

27.6%, respectively) and hypertension (35.2% and 33.2%, respectively). Hypertension

OR (95% CI)

Similar proportions of cases and controls reported hypercholesterolemia (29.6% and

1.36
(0.93-2.00)

Pre-existing medical conditions and amyotrophic lateral sclerosis
Piedmont
Lombardy & Val
d’Aosta
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0.75
(0.41-1.33)

0.29
(0.13-0.62)

0.68
(0.03-5.19)

0.94
(0.79-1.12)

0.74
(0.56-0.96)

1.44
(0.77-2.60)

679 (33.2)

312 (20.6)

8

17 (3.3)
Previous use, n (%)

33 (2.2)

83 (16.0)
Current use, n (%)

Medication (excl. Italy)

Hypertension, n (%)

Blood pressure

346 (35.2)

1.05
(0.91-1.19)
1.03
(0.996-1.07)
7.3 (6.7)
8.8 (7.8)
Duration in yearsd, mean (sd)

0.17
(0.07-0.39)
0.76
(0.57-1.01)
288 (19.4)
80 (15.9)
Ever use, n (%)

0.71
(0.21-2.15)
1.81
(1.14-2.84)
52 (3.4)
35 (6.7)
Previous use, n (%) #

0.06
(0.01-0.21)
0.51
(0.36-0.72)
236 (15.6)
45 (8.7)
Medication (excl. Italy)

Current use, n (%) #

0.56
(0.31-0.99)
0.99
(0.82-1.18)
561 (27.6)
Cholesterol

Hypercholesterolemia, n (%) #^

291 (29.6)

OR (95% CI)c
OR (95% CI)c

on educational level showed similar results.

Case

studied pre-existing medical conditions (data not shown). Individually matched analyses

Ireland

was the phenotype (as expressed by the age and site of onset) modified by any of the

Total study populationb

Sensitivity analyses showed no change in rates when excluding C9orf72 carriers, nor

Table 8.4 Prevalence of cardiovascular risk factors and diseases and the risk of ALS a

bypass was associated with an increased risk, but based on small numbers.

Control

Cardiovascular disease rates overall were comparable between cases and controls. Leg

135

136
37 (3.7)
24 (2.5)
17 (1.7)
6 (0.6)

Heart attack, n (%)
Heart angioplasty, n (%)
Heart bypass, n (%)
Leg angioplasty, n (%)

0.96
(0.28-2.81)

1.40
(0.75-2.57)
1.68
(0.51-5.28)
2.55
(0.68-9.21)
1.69
(0.05-54.5)
2.10
(0.41-10.5)
NA

0.75
(0.54-1.04)

0.97
(0.80-1.17)
0.78
(0.50-1.19)
1.01
(0.65-1.54)
1.35
(0.78-2.29)
1.61
(0.82-3.14)
1.41
(0.43-4.53)

137 (6.6)

465 (22.3)

7 (0.4)

22 (1.1)

39 (2.0)

70 (3.4)

5 (0.5)
24 (2.4)
50 (5.0)
6 (0.6)

Leg bypass, n (%)
Carotid stenosis, n (%)
Transient ischemic attack, n (%)
Stroke, n (%)

Case

18 (0.9)

70 (3.4)

59 (2.9)

2 (0.1)

Control

OR (95% CI)c
NA
0.34
(0.02-2.20)
0.62
(0.03-4.50)
NA

OR (95% CI)c
5.14
(1.05-36.9)
0.69
(0.41-1.14)
1.28
(0.86-1.89)
0.65
(0.23-1.62)

Ireland

0.87
(0.69-1.01)

0.998
(0.97-1.02)

9.3 (10.0)

85 (4.1)

0.33
(0.14-0.69)

0.84
(0.65-1.09)

345 (23.4)

0.65
(0.15-2.07)

1.48
(0.84-2.53)

0.65
(0.26-1.40)

NA

NA

NA

1.81
(0.29-10.8)

2.38
(0.09-62.1)

OR (95%
CI)

Apulia

The
Netherlands
OR (95% CI)

NA

0.50
(0.02-7.09)

0.60
(0.02-7.25)

0.38
(0.04-2.58)

0.35
(0.05-1.74)

0.73
(0.33-1.50)

0.50
(0.16-1.35)

NA

NA

OR (95%
CI)

Apulia

1.23
(0.24-5.34)

1.65
(0.56-4.35)

1.82
(0.92-3.47)

0.93
(0.50-1.64)

0.78
(0.42-1.37)

1.00
(0.76-1.29)

0.68
(0.39-1.12)

1.01
(0.98-1.03)

0.95
(0.72-1.25)

OR (95% CI)

The
Netherlands

1.17
(0.05-30.2)

1.10
(0.25-4.83)

0.79
(0.22-2.61)

0.99
(0.35-2.78)

0.57
(0.20-1.47)

0.86
(0.55-1.33)

1.05
(0.54-2.02)

NA

NA

OR (95%
CI)

1.92
(0.17-44.2)

0.24
(0.04-1.06)

0.15
(0.02-0.80)

NA

OR (95%
CI)

NA

1.86
(0.94-3.79)

1.09
(0.45-2.63)

NA

OR (95%
CI)

Piedmont
Lombardy & Val
d’Aosta

0.16
(0.01-4.53)

NA

0.28
(0.03-2.67)

0.55
(0.14-2.36)

0.78
(0.06-18.3)

0.56
(0.27-1.17)

0.37
(0.11-1.18)

NA

NA

OR (95%
CI)

Piedmont
Lombardy & Val
d’Aosta

Events that occurred at least 3 years before study participation, except for ever heart problems, physicians’ consultation, angina pectoris, carotid stenosis,
transient ischemic attack (year of event was not questioned)
b
Complete data: cholesterol – 984 (63.2%) cases, 2033 (69.6%) controls; blood pressure – 982 (63.1%) cases, 2046 (70.0%) controls; diabetes – 1017 (65.3%)
cases, 2087 (69.8%) controls; cardiovascular disease (heart disease) – 1012 (65.0%) cases, 2081 (71.2%) controls; cardiovascular disease (heart/leg bypass/
angioplasty) – 978 (62.8%) cases, 1986 (68.0%) controls; cardiovascular disease (carotid stenosis/transient ischemic attack/stroke) – 999 (64.2%) cases, 2066
(70.7%) controls.
c
All odds ratios adjusted for cohort, age, sex, education, smoking, alcohol and total physical activity scores.
d
In the group of persons that ever used medication
# Significant interaction with cohort (p<0.05)
^ Significant interaction with sex (p<0.05)
a

32 (3.2)

Angina pectoris, n (%)

OR (95% CI)c

OR (95% CI)c

Ireland

Control

Total study populationb

221 (21.8)

Ever heart problems, n (%)

Cardiovascular disease

Diabetes mellitus, n (%)

59 (5.8)

9.3 (7.4)

Duration in yearsd, mean (sd)

Diabetes

100 (20.6)

Ever use, n (%)

Case

Total study populationb
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DISCUSSION

Furthermore, we found a positive association with haematopoietic cancers (all in
adulthood), which had been suggested previously based on case reports.30 For lung

In this multicentre population-based case-control study, we found higher risks of ALS for

cancer, a previous study reported a negative association,8 while we observed the opposite.

preceding traumatic injuries to the head or chest, for colorectal, haematopoietic and lung

Given the associations with smoking for both conditions, a positive association would

cancers, and melanoma. We observed lower risks for preceding prostate cancer, and no

be expected. For the cancer types for which there is sufficient evidence that smoking

associations were observed with other cancers, trauma overall, cardiovascular diseases

is a causal factor (i.e. bladder, colorectal, other gastrointestinal tract, gynaecological,

or diabetes. With regards to cholesterol lowering and antihypertensive medication, ALS

head and neck, lung, and renal cancers31), we overall observe positive associations with

cases more often had used and then ceased using such medication, while recent use

ALS. The negative association between ALS and preceding prostate cancer has been

was more prevalent among controls.

reported before. Freedman et al. (2013) found a reduced ALS mortality among prostate
cancer survivors, with a standardised mortality rate of 0.68 (95% CI 0.76-0.96).9 Insulin-

Trauma has been suggested as a risk factor for ALS, but results have been inconsistent.1-6

like growth factor 1 (IGF-1) was suggested to play a role since IGF-1 has neuroprotective

Positive associations were largely found in studies that did not take into account sufficient

properties,32 but is also associated with the risk of prostate cancer.33

lag time. Peters et al (2013) and Seals et al (2015) clearly showed the occurrence of reverse
causation when traumas close to the diagnosis of ALS were considered.2, 7 Overall, we

We did not observe a statistically significant association between ALS and diabetes, but

found no evidence of an increased risk of ALS due to traumatic injuries. For head trauma

our findings (OR 0.75, 95% CI 0.54-1.04) were in the same direction as the previously

we observed an increased risk, which is consistent with previous findings.

However, only

reported lower risk of ALS for a history of diabetes.18, 19 The suggested association

the Irish cohort showed a significant association and in the Dutch cohort an OR of 1.00

between a beneficial cardiovascular profile and ALS34, 35 was not supported by our data.

was found. The observed association with trauma to the chest has not been reported

On the contrary, we observed increased risks for previous use of cholesterol lowering

before. We observed a signal for ‘other circumstances of injuries’, which included falls

and antihypertensive medication (i.e. for those who had been using such medication,

and other accidents at home. We censored the pre-existing medical conditions to three

but ceased more than three years before survey). The use of such medication closer

years before the survey date to exclude conditions occurred after the (latent) onset of

to the date of diagnosis, however, was associated with a decreased risk of ALS. We

ALS, but for some patients there might still have been early symptoms leading to more

previously reported significantly decreased risks for ALS for the use of cholesterol

such injuries. When changing the censor data to 10 years before survey, however, the

lowering medication in the Netherlands, with ORs of 0.45 and 0.6, when comparing

figures remained the same (data not shown), disproving reverse causality.

ever versus never medication.3, 35 Such analyses on ever medication use in the Euro-

2-4

MOTOR population, ignoring when medication was ceased, also resulted in a comparable
The study by Seals and colleagues further concluded that the age at first trauma could

decreased risk of ALS (OR 0.79, 95% CI 0.61-1.01).

explain the discrepancies, since they only observed an association when the first trauma
occurred before the age of 55 years.2 Our data, however, did not support this observation;

The contrasting observations for previous versus current use may indicate reverse

the risk was higher for the first trauma after the age of 55 (OR 1.48, 95% CI 1.09-2.01).

causality, since stopping cholesterol lowering and antihypertensive medication may
be the result from changes due to (latent) disease characteristics. Changes in body

We observed no association between reported cancer overall and the risk of ALS, which

weight and lifestyle factors have been described in ALS patients many years before the

is in line with most previous studies that investigated this association.

The previously

actual date of symptom onset,36 which may have reduced the need to retain using such

reported positive association with preceding melanoma14, 15 was also apparent in our

medication. Moreover, people who are using cholesterol-lowering medication are often

data. Shared features of both conditions have been suggested as possible explanations,

anxious about side effects, such as myopathy, muscle spasms and aches. Hypothetically,

i.e. embryonic lineage of neurons and melanocytes in neural crest cells, as well as the

patients could experience complaints of imbalance due to incipient ALS with a dropped

role of metabotropic glutamate receptors in both motor neurons and melanocytes.

foot as subclinical presenting symptom. One of the differential diagnostic possibilities

3, 9-13
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of imbalance is an iatrogenic low blood pressure, especially in elderly patients using an

notable differences across cohorts. The reported alcohol consumption, for example.

antihypertensive agent. When an early stage ALS patient presents to a doctor with such

When looking at the control subjects, the percentage never drinkers varied from 8.3%

symptoms, one of the first steps may be to cease medication.

in the Netherlands to 57.1% in the Apulia region (table 8.1). Furthermore, dates on
medication use were largely missing for the Italian cohorts, hampering including these

We collected detailed medical histories from both cases and controls. The main limitation

subjects in the analyses on timing of medication. Such differences between cohorts may

of our study was that we based our analyses on self-reported injuries, diseases and

explain the observed heterogeneity.

medication use; hence recall bias may have affected our results if cases were more likely
to report previous medical conditions than controls. Medical history was however not

In conclusion, ALS appeared to be positively associated with preceding head and chest

the only information that was collected, and the specific research questions were not

trauma, colorectal, haematopoietic and lung cancers, and melanoma in our population.

known to the study participants. Furthermore, we also found some conditions that were

A negative association was observed for preceding prostate cancer. The previously

more frequently reported by controls, such as prostate cancer, so misclassification is

suggested association between a beneficial cardiovascular profile and ALS was not

unlikely to be differential.

supported by our data. The opposite associations for previous versus recent cholesterol
lowering medication use were remarkable and possibly point towards pre-symptomatic

We collected data from subjects across five centres in three European countries, resulting

changes in ALS patients. Heterogeneity in results was substantial and warrants further

in a large sample size of 1557 clinically confirmed ALS cases and 2922 population-based

investigation into pre-existing medical conditions as risk factors for ALS in different

controls. We conducted our analyses on the complete case datasets (varying from 52.2%

populations.

to 71.4% of the total population), which may have been biased. However, characteristics
from the complete sets appeared to be similar to those from the total study population
(data not shown), indicating that these subsets were representative samples. Despite
the large sample size in our pooled analysis, however, we still lacked power due to the
low numbers for specific medical conditions. Furthermore, caution is warranted in
interpreting the observed associations, particularly taking into account the possibility
of chance findings due to the many conditions tested.

8

Through the lifestyle components in the questionnaires, we were able to adjust for
behavioural confounders, such as smoking, alcohol consumption and physical activity.
Unfortunately, we were not able to take premorbid body-mass index (BMI) into account,
since this was missing for a major part of the study population. We knew BMI closer to
diagnosis, but this may be influenced by disease, rather than the other way around.
There was considerable heterogeneity across cohorts in observed associations,
which warrants caution in interpretation. Such heterogeneity may be the result of real
differences, due to different genetic make-up. However, heterogeneity may also arise
from (cultural) differences in medical policy and practice, or in the way of responding
to the questions on medical conditions and lifestyle factors. Although all participating
centres used the same protocol to recruit subjects and to collect data, there were some
140
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General discussion

In this thesis, I aimed to determine risk factors that increase ALS susceptibility by using

tests is the highest after 6-8 weeks12, the shortest diagnostic delay in our study was

data from large population-based, case-control studies.

6.2 weeks. In the unlikely case where we would have overlooked a patient who had
actually been infected, the numbers still would not have been significantly different

In the Netherlands, we have been conducting the Prospective ALS study Netherlands

between cases and controls. Testing every ALS patient for Lyme disease would result in a

(PAN) since 2006, for which we gather questionnaire data on lifestyle, occupational and

substantial number of false positive results, which is mainly the case for the IgM antibody

medical histories, as well as blood samples (DNA, serum) from participating subjects.

response due to cross reactivity with other infection/autoimmune diseases. Moreover,

With this data, we were able to study the role of an infection with Borrelia burgdorferi and

even if treated, the antibody response persists and finding an antibody response does

the association with gluten sensitivity as autoimmune disease in ALS disease etiology

not mean there is evidence for an active infection.12 Although it is unequivocal that other

from different angles.

diseases in the diagnostic process of ALS have to be excluded, it is as important that
patients are adequately and honestly informed.13

The clinical heterogeneity of ALS has been described as complex, and even more so is its
etiology.1,2 ALS patients, or at least a subgroup, seem to have a favorable ‘fitness profile’:

Epidemiological studies suggesting a link between celiac disease – with gluten sensitivity

they have a lower body mass index 3, seem to be in better cardiovascular health4,5 and

as underlying mechanism – and ALS14,15 are supported by a study in mice showing that

are said to be more physically active . Hypothesizing a common genetic predisposition,

gluten related antibody (transglutaminase 6) immunoreactivity is specifically observed in

we studied this ‘fitness theory’ from a new perspective, i.e. in progenitors of cases and

the ventral horn of the spinal cord16. As celiac disease is treatable, this finding could give

controls. With the multicenter extension of the PAN, the Euro-MOTOR study, in which

patients hope. Therefore, it is important to investigate this link thoroughly. In chapter

Ireland and Italy participated in addition to the Netherlands, we could internally (using a

3 we investigated this from different perspectives: epidemiologically using questionnaire

new subset of the Dutch data) and externally validate the previously found association

data, biologically using serum samples and genetically using genome-wide association

between components of the ‘fitness theory’ (prior medical conditions

and physical

study data. None of these perspectives showed an association between gluten sensitivity

activity ) and ALS risk. Furthermore, we had a large population-based sample to study

and ALS. Therefore, the role of a gluten-free diet in the treatment of ALS seems unlikely.

the relatively undiscovered association with occupational exposures to particulates and

Since a small prospective, randomized, double-blind, placebo-controlled trial showed

combustion products. In this chapter, I will discuss the main findings of this thesis along

an increased ALS survival in patients on a hypercaloric diet compared with an isocaloric

the conclusions of these studies.

diet17, a gluten-free diet could maybe even have a detrimental effect if this were to result

6

4,5

6

in a hypo- to isocaloric diet. However, a sufficiently powered phase III trial on dietary
PART I – QUESTIONS FROM DAILY PRACTICE

advice is lacking and whether the calories are best composed from carbohydrates or

When infected with the causative agent of Lyme disease, Borrelia burgdorferi, the nervous

fat is still a matter of debate.18

system is affected in 10-15% of patients.7 Although the classical clinical manifestations
are cranial neuritis and/or radiculitis, sometimes in combination with meningitis, Lyme

The described lack of associations does not mean that an infection with B. burgdorferi or

disease has been described to result in a wide variety of neurologic sequelae of which

gluten sensitivity cannot mimic ALS. Although sparse, a few reported cases do seem to

ALS was suggested to be one. In this thesis, we report a lack of association between B.

have mimicked ALS.19-22 Clinicians therefore have to be aware of odd clues in history or

burgdorferi antibodies and ALS (chapter 2). Not only is this in agreement with a previous

examination that can point towards an alternative diagnosis, such as diarrhea, anemia,

study that found no increased rate of serologic detection of B. burgdorferi antibodies

ataxia, tremor, severe weight loss, no bulbar signs or young age.

7-9

in the serum of patients with ALS10, but also with epidemiological and clinical reports
that contradict an association: different incidence rates of Lyme disease do not result

PART II – EXOGENOUS FACTORS AND ALS

in dissimilarities in ALS incidence between countries and the characteristic erythema

With the population-based approach of our study (chapter 4) we aimed to include

migrans is rarely found in ALS patients . Even though the sensitivity of the serological

cases comprising the complete phenotypic spectrum and not only younger patients, or

11
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patients with a better prognosis or motivation, as studies including specifically patients

cohorts (16% in male, 23% in female and 4% in male and 15% in female participants

from tertiary referral centers are prone to.

respectively), but this is not fully explained by cultural differences as the percentages are

23-25

This is needed to reduce biases that could

confound risk or prognostic estimates.

also higher compared to other Italian population-based cohorts (4% - 22%).29,34 Regarding
inclusion period and age our Italian subjects differ from the participants in the EPIC

ALS is a relatively rare disease and it may take a long time of follow-up before the disease

cohort 29, in which subjects were included between 1992 and 1998, aged on average in

initiates. Therefore, cohort studies are less feasible because large cohorts are needed

their early 50s and not from the Apulia or Lombardy region, but not so much from the

to include a sufficient number of cases, resulting in high costs and a time-consuming

participants in the EAGLE study32. Although we used a harmonized questionnaire, the

nature. These studies are more prone to ascertainment bias as the diagnosis mostly

difference may be explained by selection bias, a different interpretation of the question

relies on death certificates. This could result in missing cases, less certainty about the

or different strategy in questioning of the subjects. However, not only in Italy face-to-

diagnosis and no information on the phenotypic subtype. On the other hand, in cohort

face interviews were held, this was also the method of data collection in Ireland, in

studies data regarding the sequence of events can be gathered and the possibility of

which percentages of ‘never’ drinkers were found that are comparable to another Irish

recall bias is excluded, something that is the disadvantage of case-control designs.

population-based cohort.27

26

However, the questionnaire used in our study contains an extensive list of topics, hereby
not directly referring to one subject. Moreover, leisure or occupational activities were

Studying occupational exposure to particulates and combustions products, silica showed

questioned as objectively as possible by asking for an overview of lifetime activities and

an increased ALS risk (chapter 5). Subjects exposed to silica, through inhalation in the

not only for the last one performed, and furthermore because we asked for a history

form of respirable crystalline silica, are workers who cut, grind, crush, or drill silica-

of the subjects’ occupations, which can be remembered more easily than what they

containing materials such as concrete, masonry, tile, and rock.36 Exposure to silica can

were exposed to. In case-control studies it is also important to include a large number

lead to particle-related lung disease, but the biological mechanism behind silica exposure

of subjects in order to have enough power. This can be accomplished by pooling data

leading to central nervous system disease is largely unknown. It is unlikely that the found

from different countries, in which examining the magnitude and direction of effects

effect is biased by the high educational level of controls, since the effect remains in the

between countries is of added value as it tells us something about the generalizability

post-hoc matched analysis and other exposures – mostly blue-collar occupation-related –

of the results. It is only when the subjects in the cohort and data are collected according

do not show a significant association. Given the novelty of the association between silica

to the same protocol that the information on generalizability from these multicenter

and ALS risk, this association must be interpreted with some caution and be replicated

studies can be regarded as reliable.

in other studies.

Critically examining our study cohort in the light of other country-specific, population-

PART III – THE THEORY ON FITNESS AND ALS

based cohorts27-34, some observations can be made (table 9.1). First of all, compared to

‘Fitness’ is a broad term. In this thesis we have studied fitness by the definition of a

other cohorts, controls in Lombardy were more often highly educated. This could be

favorable cardiovascular health and physical activity. We shifted from the idea that

caused by selection bias, e.g. included controls were not representative of the general

physical activity would directly increase the ALS risk, driven by the observation that many

population, or better educated persons have a greater tendency to participate.

The

ALS patients had been athletes, towards the theory that, genetically determined, patients

difference diminished when we post-hoc matched the patients to controls on education

are premorbidly fitter, making them more eager to have a physically active lifestyle.37 In

to avoid biased estimates (table 9.2). In keeping with this, more Italian women were

chapter 6 we showed that parents of patients died less frequently from a cardiovascular

unemployed than Irish or Dutch women, which may be a cultural difference. Another

disease, although they do not have a longer lifespan than parents of controls. A finding

issue we noticed, is the high proportion of ‘never drinkers’ in the Italian cohorts, especially

independent of the extent to which patients had been physically active in leisure time.

in Apulia (41% in male and 76% in female participants). This was not accounted for in

This led us to propose a new theory: an increased ALS risk and fewer cardiovascular risk

the post-hoc matching. These figures are high compared to these of the Irish and Dutch

factors are the result of a specific pathway, modified by genetic predisposition, possibly

35

9

in combination with exogenous risk factors (such as physical activity).
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50%
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57%
14%
4%

92%

75%

59%
71%

42%
58%

31%
21%
27%
21%
17%

96%
41%

45%
13%
15%

0%
24%

4%
81%

76%

18%

11%

41%

4%

8%

55%

92%

25%

5%

41%

24%

4%

21% (m/f)
9%

36%

28%
40%

98%
33%
12%

99%

2%

21% (m/f)
19%

EPIC 27-29/
NLCS 30

1%

30%

70%

The
Netherlands

48%

3%

50%

20%

22%

57%

85%

15%

30%

70%

77%

3%

20%

16%

45%

39%

99%

1%

42%

58%

Lombardy

49%

5%

46%

16%

20%

64%

92%

8%

15%

85%

73%

7%

20%

15%

48%

37%

100%

0%

16%

84%

Piedmont and
Valle d’Aosta

81%
19%

High

15%

High

Low

85%

Low

Ireland

* m/f: percentage not split by male/female.

Education, %

Females

Education, %

Males*

20% (m/f)

20% (m/f)

TILDA 25,26

22%

78%

29%

71%

The Netherlands

21% (m/f)
9%

21% (m/f)
19%

EPIC 27-29/
NLCS 30

5%

95%

9%

91%

Apulia

9%

91%

14%

86%

Lombardy

6%

94%

3%

97%

Piedmont and
Valle d’Aosta

Table 9.2 Educational level of the post-hoc matched Euro-MOTOR study cohort compared to other population-based cohorts

* m/f: percentage not split by male/female.

Alcohol, %

Smoking, %

Employed, %

Education, %

Females

Alcohol, %

Smoking, %

Employed, %

Education, %

Males*

Table 9.1 Characteristics of the Euro-MOTOR study cohort compared to other population-based cohorts

14% (m/f)

14% (m/f)

EPIC 27-29/
Eagle31,32

80%

7%

22%
12%

26%
21%

20%
22%

54%
57%

14%
(m/f)

4%

29%
26%

43%
49%

28%
25%

14%
(m/f)

EPIC 2729
/
Eagle31,32
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Next to epidemiological studies providing evidence for a favorable cardiovascular health

common in controls. The former finding – previous use – is most pronounced in the

associated with ALS risk

, there is also some biological support: a recent population-

Dutch cohort and appears at variance with findings from a previous Dutch study4, but

based case-control study showed lower concentrations of serum retinol-binding

the definitions for premorbid use were different between studies. Our findings could

protein 4, a biomarker of insulin dependence, in ALS cases compared to controls . This

implicate that the hypothesis of a favorable cardiovascular health does not hold. To

association was independent of possible confounding factors such as body mass index,

complicate matters a bit more: a recent genetic study using large scale genome-wide

educational level, smoking, work intensity and self-reported diabetes.

association study data showed a causal relationship between low density lipoprotein

4,38-42

43

and ALS.52 Thus maybe patients were protected from getting ALS when they were using
We previously showed an increased ALS risk with higher levels of leisure time physical

cholesterol-lowering medication (previous use), while the risk increased when they

activity in a Dutch population-based case-control study undertaken between 2006 and

stopped using this (no current use). However, comparing the percentages between

2010. In chapter 7 we described a positive association between physical activity and ALS

previous and current use, we found that the current use of these medications was higher

risk in our Euro-MOTOR cohort – included between 2011 and 2014 – using harmonized

for both patients and controls – as one would expect with increasing age – but the

methodology to objectively quantify physical levels, albeit with some suggestions for

difference is larger for controls. This observation could suggest that overall, patients

population differences. Although chapter 7 showed a positive association for both

less frequently are in need of this type of medication. Alternatively, our findings could

leisure time and occupational activities in the pooled analyses, in the Dutch population

reflect incipient disease. Preliminary results in 143 Dutch ALS patients carrying a C9orf72

the effect was more pronounced for the leisure time activities. With this study, we were

mutation, 1328 non-carrying patients and 1328 population-based controls show that

therefore able to validate the previous finding of an association with leisure time activity

the curve of body mass index of ALS patients over time deflects on average eight years

internally using a new subset of the Dutch cohort. Unfortunately, we have to remark that

prior to disease onset (unpublished data, presented at the international symposium

premorbid body mass index was not included as confounding factor as there was a lot

on ALS/MND 2018). If our results regarding previous and current use of cholesterol-

of missing data on this parameter. The aforementioned theory, in which the increased

lowering or antihypertensive medication were to be a result of incipient disease and this

ALS risk is the result of a specific pathway of genetic predisposition in combination

would have something to do with a decreasing body mass index, incipient disease (in the

with physical activity as exogenous risk factor, could still hold. The ‘at risk’ genotypes

form of a favorable cardiovascular profile) would start years before the first neurological

comprise these genes that convey angiogenic and neurotrophic properties, such as

symptoms are present. The suggests that the so-called ‘threshold’ – when some genetic

vascular endothelial growth factor. This gene is known to be upregulated or to have an

and environmental/lifestyle factors have accumulated after which disease initiates, in

altered expression in response to physical activity.

Oxidative stress and glutamate

accordance with the theory of a multistep process53 – will be reached relatively early

excitotoxicity are both pathological processes due to an imbalance in normal metabolism

in in life. It is difficult to grasp why there would be a long pre-symptomatic phase and

and are proposed pathophysiological mechanisms underlying ALS.

The latter is

thereafter a sudden rapid decline (on average 3-4 years) once the neurological symptoms

supported by the modest survival benefit of riluzole, a glutamate release inhibitor.49,50

appear. We have to remark is that all medical conditions were self-reported and not

These pathological processes may be compounded in susceptible patients who, due

validated by checking hospital charges. Therefore, recall bias cannot be excluded.

6

44

45,46

47,48

to their genetic makeup, are unable to mount the normal physiological responses
to exercise. This theory could explain the differences in phenotype or risk between

SUGGESTIONS FOR FUTURE STUDIES

populations as the prevalence of genetic risk genes varies between populations, even

In diseases that are relatively rare, heterogeneous in their presentation and complex

within the same continent.

in their etiology, such as ALS, (international) collaborations with well-defined study

51

protocols need to continue to grow into large population-based ALS registers. Patients
With regards to cardiovascular risk factors (chapter 8), previous use of cholesterol-

are included through multiple sources and matched to population-based controls, at

lowering and antihypertensive medication seemed more common in ALS patients than

least on age and gender. This approach increases not only study power, it also provides

in controls, while current use (i.e. three years prior to study participation) was more

the opportunity to study atypical phenotypes, such as a young age of onset, very slow
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progression, purely upper or lower motor neuron signs, or specific genotypes. Some

recent study found a three-step process for C9orf72, a two-step process for SOD1 and a

biases in these population-based registers cannot be eliminated completely, such as

four-step process for TARBP-mutated patients.56 The fact that the overall ALS heritability

selection bias, which could result in the underestimation of fast progressors or missing

is estimated at 61% based on concordance of monozygotic twin pairs, of which 20% is

elderly patients with ALS but without a definitive diagnosis. Furthermore, in the phase

attributable to common genetic variation, means not only large consortia are needed to

of data collection, attention has to be paid to possible recall bias and especially when

look for rare genetic variants, but also that environmental/lifestyle factors significantly

studying medical history. Recall bias can be omitted by collecting premorbid information

contribute to disease risk. Building these multistep models for the aforementioned risk

through registration data (e.g. hospital registers with International Classification of

factors, it would be interesting to calculate the number of steps needed to initiate disease

Disease codes in the case of a subjects’ medical history), or by a different study design,

in patients who smoke, drink no alcohol, perform high levels of physical activity or have a

such as prospective cohorts. In the latter, data from all subjects is collected at baseline,

low body mass index. This would provide insight into how relevant the risk factors are to

i.e. prior to disease onset. Drawbacks to the prospective cohort study design are the

disease risk and clues towards the pathophysiological mechanism involved. All with the

reliance on death certificates or disease codes for case definition, the need for large

ultimate goal to discover new treatment strategies and ideally to formulate preventive

cohorts and information on confounding factors that are collected upon recruitment,

programs.

lacking data on ‘lifetime’ exposures (i.e. missing data on period between baseline and
disease onset). Putting an effort into meticulously planning the study design prior to the
start and analyzing the first study results early to detect ‘start-up bias’, will minimize their
effect on result estimates and provides the necessary caution in data interpretation.
However, unlike in genome-wide analyses, in which a hypothesis-generating approach
can be chosen, environmental/lifestyle factor studies will always be performed on a
subset of hypothesized risk factors.
In addition to studying environmental/lifestyle or genetic factors separately, we have to
aim for interaction studies. Highly penetrant causal variants such as SOD1, TARBP, FUS and
C9orf72 have been found in familial ALS studies of which the latter is also identified in socalled sporadic ALS cases.54 The distinction between familial and sporadic ALS remains
difficult however55, amongst others because incident patients may not be aware of their

9

family history or do not recognize the overlap with other neurodegenerative diseases.
Thus, performing interaction studies, ideally using the large, international, populationbased registers, we should start with these common variants and frequently studied
risk factors such as smoking, alcohol, physical activity and body mass index. In the last
decade, several other common genetic risk loci have been identified.54 If the ALS registers
are large enough and the subjects are well phenotyped and genotyped, we could extend
the interaction studies by incorporating these newer risk loci.
Previously it was shown that ALS is a multistep process in which, on average, six steps
are needed to develop disease.53 Hypothesizing that the number of steps might vary
between subgroups of ALS patients, hereby explaining (in part) the heterogeneity, a
156
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– te kunnen waarborgen: onder andere via neurologen in den lande, revalidatieartsen,
huisartsen en de website www.als-centrum.nl. Via de huisarts van de patiënt worden

INTRODUCTIE

meerdere, willekeurige controlepersonen benaderd. Zij zijn op geslacht en leeftijd

Amyotrofische laterale sclerose (ALS) is een fatale neurodegeneratieve aandoening

met elkaar gematcht en omdat ze dezelfde huisarts delen, is ook de leefomgeving op

met een heterogene presentatie, waarbij motorische zenuwcellen in de hersenen, de

elkaar afgestemd. Dit alles met als doel bias, met als gevolg verkeerde risicoschattingen,

hersenstam en het ruggenmerg ten gronde gaan (Hoofdstuk 1). Dit geeft niet alleen

te voorkomen. Bij toezegging van deelname krijgen de deelnemers vragenlijsten

motorische, maar ook niet-motorische symptomen. De ziekte presenteert zich gemiddeld

toegestuurd en wordt er bloed afgenomen.

op het 65

ste

levensjaar met zwakte in de ledematen, moeite met spreken of slikken en,

minder frequent, met ademhalingsproblemen. Uiteindelijk ontwikkelen patiënten zwakte

DEEL I – VRAGEN UIT DE DAGELIJKSE PRAKTIJK

van de ademhalingsspieren, leidend tot overlijden, gemiddeld drie tot vier jaar na de

Eerdere case reports en studies zonder controlegroep tonen een associatie tussen de

eerste symptomen. Er is op dit moment geen genezende behandeling. Om het ultieme

ziekte van Lyme en amyotrofische laterale sclerose, maar deze studies hebben een laag

doel te kunnen bereiken, genezing van de ziekte, moeten we eerst beter inzicht hebben

bewijsniveau. In Hoofdstuk 2 hebben we met data uit de PAN onderzocht of een infectie

in het ziektemechanisme.

met Borrelia burgdorferi is geassocieerd met het ALS-risico. Middels onderzoek naar
antistoffen in het serum van 491 ALS-patiënten en 982 gematchte controlepersonen

Er zijn aanwijzingen dat een ‘multistep-model’, waarin iedere ‘stap’ (genetisch,

toonden we aan dat positiviteit voor deze antistoffen in beide groepen even vaak

omgevingsfactoren of leefstijl) tot een ander pathofysiologisch proces leidt, de

voorkomt. Gezien het ontbreken van een associatie bevelen wij het routinematig bepalen

verschillende vormen kan verklaren waarin het neurodegeneratieve proces tot uiting

van deze antistoffen in het diagnostisch proces niet aan. Het testen van iedere patiënt zou

komt. Als voorbeelden van deze verschillende vormen zijn te noemen: de fenotypische

resulteren in een aanzienlijke hoeveelheid vals-positieve uitslagen, doordat er sprake kan

variabiliteit, de mate waarin patiënten niet-motorische symptomen (cognitief/

zijn van kruisreactiviteit door andere infecties of auto-immuunaandoeningen. Bovendien

gedragsveranderingen) ontwikkelen, de brede range qua leeftijd van eerste symptomen

is seropositiviteit geen bewijs voor een actieve infectie, want zelfs na behandeling blijft

en de variabiliteit in de prognose. Daarnaast weten we dat één genetische variant tot

een antistofreactie aanwezig. Dit kan de diagnosestelling vertragen en onzekerheid

verschillende fenotypes kan leiden: de meest voorkomende mutatie bij ALS, de C9orf72

geven.

repeat-expansie, kan ook leiden tot frontotemporale dementie of een mengbeeld van
beide. Deze mutatie komt zowel voor bij zogenoemde ‘familiaire’ (20% van alle patiënten)

Eerdere studies toonden een link tussen coeliakie en ALS en suggereren dat

als bij ‘sporadische’ ALS-patiënten. De indeling in ‘familiair’ versus ‘sporadisch’ lijkt dan

glutensensitiviteit een rol kan spelen bij een subgroep van de ALS-patiënten, waarbij een

ook een simplificatie. De genetische contributie voor de laatstgenoemde groep op basis

glutenvrij dieet dan baat zou hebben. In het bijzonder zou dit gaan om immuunreactiviteit

van tweelingstudies is geschat op 61%. Ofwel: omgevings-/leefstijlfactoren spelen ook

op basis van anti-weefseltransglutaminase 6 (TG6), voornamelijk beschreven bij ataxie

een grote rol in de etiologie.

en in muisstudies gevonden in de voorhoorn van het ruggenmerg. In Hoofdstuk 3
gebruikten we data uit de PAN om het vóórkomen van glutengerelateerde antistoffen

Bij 1 op de 350 mannen en 1 op de 400 vrouwen wordt ooit tijdens het leven de

te bepalen in 359 ALS-patiënten en 359 gematchte controlepersonen, alsmede de

diagnose ALS gesteld. Dit maakt ALS een relatief veelvoorkomende neurodegeneratieve

vragenlijsten van 1829 ALS-patiënten en 3920 controlepersonen om het percentage

aandoening. De incidentie daarentegen is twee tot drie per 100.000 individuen per jaar,

gerapporteerde coeliakie of glutenvrij dieet te kunnen vergelijken. Daarnaast

waardoor ALS zodanig zeldzaam is dat de beste en meest haalbare studieopzet een

onderzochten we de genetische correlatie tussen coeliakie en ALS middels data van

population-based, case-control study is. De Prospectieve ALS-studie Nederland (PAN) is in

genoomwijde associatiestudies naar deze aandoeningen. De TG6-concentraties

2006 van start gegaan. Patiënten worden op meerdere manieren geïncludeerd om het

en het percentage coeliakie of glutenvrij dieet waren hetzelfde voor patiënten of

populatie-brede aspect – niet alleen inclusie van patiënten met een betere prognose

controlepersonen. Tevens werd er geen genetische correlatie gevonden. Gezien het
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ontbreken van een serologische, epidemiologische of genetische associatie achten wij

dieseluitlaatgassen, zouden de associatie tussen deze beroepen en het ALS-risico kunnen

het onwaarschijnlijk dat een glutenvrij dieet in de ALS-behandeling van toegevoegde

verklaren. In Hoofdstuk 5 gebruikten we matrices waarbij blootstellingen worden

waarde zou zijn. Er zijn aanwijzingen dat een hypercalorisch dieet een betere overleving

toegekend aan bepaalde beroepen uit de volledige beroepsgeschiedenis om in het Euro-

geeft. Als een glutenvrij dieet zou resulteren in een iso- of zelfs hypocalorisch dieet,

MOTOR-cohort (Hoofdstuk 4) te onderzoeken of de eerdergenoemde blootstellingen

dan zou een dergelijk dieet zelfs een negatief effect kunnen hebben bij ALS-patiënten.

geassocieerd zijn met het ALS-risico. Hoewel we voor alle zeven beroepsblootstellingen
een positieve associatie met het ALS-risico vonden, was alleen die voor silica onafhankelijk

Hoewel er geen associaties werden gevonden voor een infectie met B. burgdorferi of

van mogelijke confounders zoals de andere beroepsblootstellingen, geslacht, leeftijd,

glutensensitiviteit, sluit dit niet uit dat deze aandoeningen een ALS-mimic kunnen zijn.

opleiding, roken, alcohol of studiecentrum. Ook wanneer patiënten met een C9orf72-

Clinici moeten daarom altijd bedacht zijn op afwijkende gegevens tijdens de anamnese

mutatie geëxcludeerd werden, bleef dit risico onveranderd. Wij hebben de inhaleerbare

of bij het onderzoek die in de richting van een alternatieve diagnose kunnen wijzen, zoals

vorm van silica onderzocht waaraan werknemers worden blootgesteld die silicahoudend

diarree, anemie, ataxie, tremoren, ernstig gewichtsverlies, in het geheel geen bulbaire

materiaal, zoals beton, metselwerk, tegels en gesteente, bewerken. Silica kan tot

symptomen of een jonge leeftijd.

longziekte leiden en het brein bereiken nadat het door de circulatie is opgenomen.
Dit zou mede afhankelijk zijn van de partikelgrootte, maar het exacte mechanisme is

DEEL II – EXOGENE RISICOFACTOREN

onbekend. Gezien de associatie nieuw is beschreven, verdient het aanbeveling deze

In 2011 is de PAN onderdeel geworden van een internationale samenwerking met Ierland

resultaten te valideren.

en Italië, genaamd de Euro-MOTOR-studie. Het doel van deze studie was om risicofactoren
te onderzoeken in een groot cohort waarbij mogelijke populatieverschillen gedetecteerd

DEEL III – DE FITNESSHYPOTHESE

kunnen worden. In Hoofdstuk 4 worden de studieopzet en karakteristieken van het

Een langer bestaande theorie met betrekking tot de etiologie van ALS is, dat patiënten

Euro-MOTOR-cohort besproken. Populatiebreed includeerden we 1557 ALS-patiënten en

premorbide fitter zijn in vergelijking met controlepersonen, zowel fysiek, qua

2922 geslacht-, leeftijd- en leefomgeving-gematchte controlepersonen. Patiënten werden

cardiovasculaire risicofactoren als wat betreft de mate van fysieke inspanning. Beide

gediagnosticeerd middels de vastgestelde El Escorial-criteria en data met betrekking tot

fenotypes – ‘fitheid’ en ALS – zouden als verklaring eenzelfde genetisch profiel kunnen

demografie, risicofactoren, en mogelijke confounders werden verkregen door gebruik

hebben. In Hoofdstuk 6 werd een genetische component onderzocht door te kijken

te maken van geharmoniseerde en gevalideerde studieprotocollen. Als belangrijkste

naar de oorzaak en leeftijd van overlijden bij ouders van 487 ALS-patiënten en 1092

bevinding werd opgemerkt dat controlepersonen over het algemeen beter opgeleid

gematchte controlepersonen geïncludeerd in de PAN. Vergeleken met ouders van

zijn. Om bias hierdoor te vermijden, werd afgesproken om elke mogelijke risicofactor

controlepersonen, overleden ouders van patiënten minder vaak aan een cardiovasculaire

als sensitiviteitsanalyse tevens in het cohort te onderzoeken, waarbij iedere patiënt

oorzaak, onafhankelijk van de leeftijd, het opleidingsniveau of body mass index (BMI),

niet alleen aan een controlepersoon werd gematcht op basis van geslacht, leeftijd en

of het voorkomen van diabetes mellitus, hypercholesterolemie of hypertensie bij

leefomgeving, maar ook op basis van opleidingsniveau. Hiermee rekening houdend

desbetreffende patiënt of controlepersoon. Dit resulteerde echter niet in verschillende

gebruikten we de data om beroepsblootstellingen, fysieke inspanning en premorbide

leeftijden van overlijden. De oorzaak of leeftijd van overlijden bleek niet afhankelijk van

gezondheid als risicofactoren te onderzoeken.

de mate waarin patiënten fysiek actief waren geweest in hun vrije tijd. Deze bevindingen
voegen bewijs toe aan de bestaande theorie dat er een gedeeld mechanisme is voor

Beroepsgroepen waarbij het risico op ALS groter zou zijn, zijn vaak bestudeerd. Eerder

cardiovasculaire ‘fitheid’ alsmede ALS-ontvankelijkheid, maar vormen ook de basis

werd onder andere een associatie gevonden met boeren, dierenartsen, werken bij

van een nieuwe hypothese: het verhoogde ALS-risico en de weinige cardiovasculaire

de brandweer, vliegtuigpersoneel, vrachtwagen- of buschauffeurs. Blootstelling aan

risicofactoren zijn het resultaat van een specifiek proces waarbij genetische predispositie

stofdeeltjes of verbrandingsproducten, zoals silica, asbest, organische fijnstof waaronder

betrokken is, mogelijk in combinatie met exogene risicofactoren, bijvoorbeeld fysieke

contact met dieren of endotoxinen, polycyclische aromatische koolwaterstoffen en

inspanning.
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genetische studie een causale relatie tussen low density-lipoproteïne en ALS. In dat kader

Fysieke inspanning is een veelbesproken onderwerp in de literatuur over ALS, waarbij

zouden onze bevindingen dan betekenen, dat patiënten beschermd waren toen zij in

tegenstrijdige resultaten zijn gevonden. De tegenstrijdigheden zouden kunnen komen

het verleden cholesterolverlagers gebruikten, maar dit beschermende effect wegviel

door de verschillen in studiedesign en methode, met onder andere verschillende

toen zij hiermee stopten. Als alternatief zou je kunnen denken dat het een fenomeen is

manieren van kwantificatie van de mate van fysieke inspanning, het ontbreken van

verdacht voor subklinische ziekte. Er zijn echter aanwijzingen dat het BMI van patiënten

onderscheid tussen inspanning in de vrije tijd versus beroepsgerelateerde inspanning,

al ongeveer acht jaar vóór de neurologische symptomen daalt. Als het stoppen van de

of ontbrekende data over confounders in de analyse. In Hoofdstuk 7 beschreven we

cholesterolverlager iets te maken heeft met deze daling in BMI – en dus een weergave

het onderzoek naar fysieke inspanning en ALS in het Euro-MOTOR-cohort (Hoofdstuk

zou zijn van subklinische ziekte – dan zou dit subklinische proces al jaren vóór de eerste

4). Fysieke inspanning gedurende het leven tot aan het moment van deelname werd

neurologische symptomen zijn ingezet. Uitgaande van het ‘multistep-model’ zou de grens

gekwantificeerd met gevalideerde scores die aan een activiteit kunnen worden toegekend

waarna het ziekteproces zich inzet, op relatief jonge leeftijd zijn bereikt. Het is nog wat

(metabolic equivalent of task-scores). Deze scores werden vermenigvuldigd met het aantal

lastig te bevatten waarom er sprake zou zijn van een lange presymptomatische fase en

jaar en het aantal uur per week dat iemand hieraan deelgenomen heeft en daarna

daarna een plotseling snelle achteruitgang wanneer de neurologische symptomen zich

ingedeeld in verschillende categorieën: in de vrije tijd, tijdens het professionele leven

eenmaal voordoen. Er moet worden aangemerkt dat de bestudeerde aandoeningen

en beide tezamen. Er werd een lineaire associatie gevonden tussen fysieke inspanning

door de patiënt zelf waren gerapporteerd en dus niet zijn gevalideerd door middel van

in de vrije tijd, tijdens beroepsmatige werkzaamheden en beide tezamen, en het ALS-

ziekenhuisdossiers. Recall bias kan daarom niet worden uitgesloten.

risico. Deze associatie is het meest uitgesproken in het Ierse en het Italiaanse cohort en
onafhankelijk van geslacht, leeftijd, opleidingsniveau, roken, alcohol of studiecentrum.

AANBEVELINGEN VOOR TOEKOMSTIGE STUDIES

Ook na correctie voor beroepsblootstellingen (Hoofdstuk 5) of exclusie van patiënten

Gezien ALS relatief zeldzaam is, heterogeen in presentatie en complex qua etiologie, zullen

met een C9orf72-mutatie bleven de resultaten onveranderd. Concluderend voegen we

(internationale) samenwerkingsverbanden met vooraf opgestelde studieprotocollen

met deze studie nieuw bewijs van goed niveau toe aan de bestaande literatuur over

moeten uitgroeien tot grote populatie-brede ALS-registers. Dit vergroot de studiepower

fysieke inspanning en het ALS-risico.

en biedt de gelegenheid atypische fenotypes te bestuderen. Bias kan nooit volledig
worden geëlimineerd, maar wanneer dergelijke studies goed worden gepland en de

Ten slotte beschrijft eerder onderzoek dat patiënten fitter zouden zijn dan

eerste analyses vroegtijdig worden bestudeerd om start-up bias te ondervangen, kan

controlepersonen wat betreft cardiovasculaire risicofactoren: zij zouden minder

het effect hiervan op de resultaten tot het minimum worden teruggebracht en de data

vaak cardiovasculaire aandoeningen hebben, minder niet-insulineafhankelijke

met de nodige voorzichtigheid worden geïnterpreteerd.

9

diabetes mellitus en minder vaak hyperlipidemie. In Hoofdstuk 8 beschrijven we het
onderzoek naar het vóórkomen van premorbide aandoeningen bij ALS-patiënten en

Naast het apart van elkaar bestuderen van omgevings- of leefstijlfactoren en genetische

controlepersonen uit het Euro-MOTOR-cohort (Hoofdstuk 4). Als belangrijkste bevinding

studies zal de focus ook op interactiestudies mogen komen te liggen. Te beginnen bij de

zagen we een positieve associatie met hoofdtrauma, zelfs tien jaar voor deelname en

veelvoorkomende genetische varianten in SOD1, TARBP, FUS en C9orf72 en de frequent

opnieuw onafhankelijk van geslacht, leeftijd, opleidingsniveau, roken, alcohol, fysieke

bestudeerde risicofactoren als roken, alcoholgebruik, fysieke inspanning en BMI. Als

inspanning (Hoofdstuk 7) en studiecentrum. Ook vonden we dat patiënten in het

bovengenoemde ALS-registers groot genoeg zijn, dan kunnen deze interactiestudies

verleden frequenter cholesterolverlagers of antihypertensiva gebruikten in vergelijking

worden uitgebreid met nieuwe, minder frequent voorkomende genetische risico-loci.

met controlepersonen en drie jaar voor deelname werd het omgekeerde gevonden. Ook
deze bevindingen waren onafhankelijk van de eerdergenoemde, mogelijke confounders.

Een eerdere studie beschreef dat er gemiddeld zes stappen nodig zijn in het ‘multistep-

Dit zou kunnen impliceren dat de hypothese ten aanzien van een gunstig cardiovasculair

model’ om ALS te ontwikkelen. Recent werd gevonden dat dit een driestappenmodel

risicoprofiel niet opgaat. Om het nog ingewikkelder te maken, toonde een recente

betreft bij patiënten met een mutatie in het C9orf72-gen, twee stappen bij een mutatie
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in het SOD1-gen, en vier stappen bij een mutatie in het TARBP-gen. Dergelijke modellen
zouden ook kunnen worden berekend voor patiënten die roken, geen alcohol drinken,
veel fysieke inspanning leveren of een lage BMI hebben. Dit zou inzicht kunnen geven in
de relevantie van deze risicofactoren en de betrokken pathofysiologische mechanismen.
Dit alles met als ultiem doel het ontdekken van nieuwe behandelstrategieën voor ALS
en – idealiter – het ontwikkelen van preventieve programma’s.
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