Smoking and Risk for Amyotrophic Lateral
Sclerosis: Analysis of the EPIC Cohort

Valentina Gallo, MD, MSc,"? H. Bas Bueno-de-Mesquita, MD, MPH, PhD,? Roel Vermeulen, PhD,*?
Peter M. Andersen, MD, DMSc,® Andreas Kyrozis, MD, PhD,” Jakob Linseisen, PhD,® Rudolph Kaaks, PhD,®
Naomi E. Allen, DPhil,” Andrew W. Roddam, DPhil,” Hendriek C. Boshuizen, PhD,’

Petra H. Pecters, MD, PhD,” Domenico Palli, MD,'® Amalia Mattiello, MD,"" Sabina Sieri, PhD,'”
Rosario Tumino, MD,'® Juan-Manuel Jiménez-Martin, BSc,'* Marfa Jos¢ Tormo Diaz, MD,'>'®
Laudina Rodriguez Suarez, MD, MPH,'” Antonia Trichopoulou, MD,'® Antonio Agudo, MD, MSc, PhD,"”
Larraitz Arriola, MD, MSc,” Aurelio Barricante-Gurrea, MD,'®?! Sheila Bingham, PhD,*

Kay-Tee Khaw, MBBChir,”* Jonas Manjer, MD, PhD,** Bjérn Lindkvist, MD, PhD,*> Kim Overvad, PhD,**
Flemming W. Bach, MD,”” Anne Tjenneland, MD, PhD,”® Anja Olsen, MSc, PhD,”®
Manuela M. Bergmann, PhD,? Heiner Boeing, PhD,*” Francoise Clavel-Chapelon, PhD,*°
Eiliv Lund, MD, PhD,’" Géran Hallmans, MD, PhD,** Lefkos Middleton, MD, FRCP,?

Paolo Vineis, MD, MPH, FFPH,' and Elio Riboli, MD, MSc, MPH'

Objective: Cigarette smoking has been reported as “probable” risk factor for Amyotrophic Lateral Sclerosis (ALS), a poorly
understood disease in terms of actiology. The extensive longitudinal data of the European Prospective Investigation into Cancer
and Nutrition (EPIC) were used to evaluate age-specific mortality rates from ALS and the role of cigarette smoking on the risk
of dying from ALS.

Methods: A total of 517,890 healthy subjects were included, resulting in 4,591,325 person-years. ALS cases were ascertained
through death certificates. Cox hazard models were built to investigate the role of smoking on the risk of ALS, using packs/years
and smoking duration to study dose-response.

Results: A total of 118 subjects died from ALS, resulting in a crude mortality rate of 2.69 per 100,000/year. Current smokers
at recruitment had an almost two-fold increased risk of dying from ALS compared to never smokers (HR = 1.89, 95% C.I.
1.14-3.14), while former smokers at the time of enrolment had a 50% increased risk (HR = 1.48, 95% C.I. 0.94-2.32). The
number of years spent smoking increased the risk of ALS (p for trend = 0.002). Those who smoked more than 33 years had
more than a two-fold increased risk of ALS compared with never smokers (HR = 2.16, 95% C.I. 1.33-3.53). Conversely, the
number of years since quitting smoking was associated with a decreased risk of ALS compared with continuing smoking.
Interpretation: These results strongly support the hypothesis of a role of cigarette smoking in actiology of ALS. We hypothesize
that this could occur through lipid peroxidation via formaldehyde exposure.
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Amyotrophic lateral sclerosis (ALS) is a relentlessly pro-
gressive motor disease characterized by degeneration of
the upper and lower motor neurons, leading to death
in a median time of 3 years from disease onset, mainly
because of complications of respiratory muscle weak-
ness." ALS is sporadic in most patients, with reports of
autosomal dominant inheritance in 5 to 10% of cases.
About one quarter of familial cases are due to muta-
tions of the copper-zinc superoxide dismutase (SOD1)
gene.” Causative SODI mutations are “gain of func-
tion,” conferring toxicity to abnormal forms of the en-
coded protein.’

The incidence of ALS is of 1 to 3 per 100,000, and
the prevalence is of 3 to 5 per 100,000 worldwide,'
with rare endemic foci reported in Guam, Papua New
Guinea, and Kii peninsula in Japan. A major challenge
in the study of causal association between putative risk
factors and ALS is the rarity of the disease, which lim-
its the use of cohort studies, the best study design for
causal inference.

Cigarette smoking is the only risk factor that has
been classified as “probable” in an evidence-based re-
view of the literature of ALS risk factors.* This was
based on two class I studies™® (ie, “cohort studies with
parallel controls or case-control studies where bias or
confounding may account for the findings about the
risk factor in question, but not to an extent that would
invalidate the findings completely”), because data
coming from large cohort studies were not available at
the time. Subsequently, an increased risk for ALS death
associated with smoking was shown in a case—control
study conducted in Utrecht, the Netherlands” and in
women in a large cohort study conducted in the
United States.® Conversely, no association with either
cigarette smoking or snuff dipping was found in a co-
hort of Swedish construction workers.” Evidence on
the role of cigarette smoking in ALS is still sparse and
difficult to compare.”™

Smoke from cigarettes contains a number of toxi-
cants, many of which induce oxidative stress in the or-
ganism. Exhaled cigarette smoke has also been shown
to contain formaldehyde, a substance generated from
saccharides used as tobacco ingredients.'® A recent pre-
liminary report has shown association of occupational
exposure to formaldehyde with increased ALS morta-
lity."" Paraoxonases (PONSs) are esterase enzymes with
antioxidative properties that can be inhibited by ciga-
rette smoking.'> Some polymorphisms associated with
loss of function of PONs were found to be associated
with ALS onset.'”

The European Prospective Investigation into Cancer
and Nutrition (EPIC) is a large cohort study, involving
more than half a million subjects across 10 European
countries, with a median follow-up time of 10 years.'*
Originally designed for investigating cancer outcomes,
EPIC is suitable for investigating other chronic diseases

as well. At baseline, information on dietary habits and
lifestyle risk factors (such as smoking patterns) were
collected and are now available for analysis.

In this study, we investigated the following factors:
(1) age-specific mortality rates from ALS in the EPIC
cohort, and (2) the role of cigarette smoking on the
risk for dying of ALS.

Subjects and Methods

Population
The 517,890 eligible healthy subjects were aged 35 to 70
years and recruited from the general population residing in a
given geographical area in a period ranging from 1991 to
2001, in 23 centers across 10 European countries'” as part of
a large multicenter investigation on cancer and nutrition. Ex-
ceptions were the French cohort (based on women members
of the health insurance for state school), the Ragusa, Sicily
cohort (based on blood donors and their spouse), and most
of the Oxford cohort (based on Vf:getarians).14 At recruit-
ment, information on lifestyle and dietary habits was col-
lected through standardized questionnaires. Follow-up for
mortality and specific causes of death is conducted through
linkage with death registries at regional and national levels;
to date, the follow-up is virtually complcte.14

All subjects were included in this analysis. Follow-up time
was censored according to the proportion of reported causes
of death: during each 6-month period, follow-up was cen-
sored when the cause of death was known for less than 80%
of deaths, by center. This resulted in censoring follow-up
time between December 2001 and December 2005, generat-
ing a total of 4,591,325 person-years.

Exposure Assessment

Data on smoking habits were collected at recruitment in the
study, through a lifestyle questionnaire. All subjects were
asked for the following information: (1) smoking status at
recruitment (never, former, or current smoker) and (for most
EPIC centers) number of cigarettes per day smoked at re-
cruitment and at the ages of 20, 30, 40, and 50 (ever smok-
ers only); and (2) when they started smoking (ever smokers
only), and when they quit smoking (former smokers only).

Case Ascertainment

ALS cases were defined as those subjects for whom “motor
neuron disease” (G12.2 according to ICD-10 [International
Classification of Diseases Tenth Revision] classification) was
reported as an immediate, antecedent, or underlying cause of

death.

Statistical Analysis

Mortality rates per 100,000 person-years in 5-year age bands
were computed. For the follow-up time taken into consider-
ation, an exit date was calculated as the date of death, of last
contact, or of loss to follow-up. Single-subject follow-up
time was calculated as the time elapsed between date of re-
cruitment and exit date. For each age band, the contribution
of years of follow-up of all participants entering the follow-
ing 5-year follow-up period was added up. Number of ALS
fatalities per age band was calculated, and age-specific mor-
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tality rates (per 100,000 person-years) were reported accord-
ingly.

For the rest of the analysis, 12,411 subjects (2.4% of the
entire cohort) with missing information on smoking status at
recruitment were excluded (including 2 ALS cases). Demo-
graphic characteristics of the entire cohort excluding ALS
deaths and of the subjects who died of ALS were analyzed by
sex; differences between all ALS cases and the rest of the
cohort were tested with X test for categorical variables and #
test for continuous variables. In particular, age at recruitment
in the study, highest school title obtained, marital status, and
employment were analyzed as potential confounders.

Smoking habits were analyzed for men and women sepa-
rately among ALS cases and the rest of the cohort. Number
of years spent smoking was calculated as age at recruitment
(for current smokers) or age when quit smoking (for former
smokers) minus age when started smoking. Similarly, time
since quit smoking was calculated as age at recruitment mi-
nus the age when quit smoking for former smokers only. An
estimation of a lifetime average number of cigarettes per day
smoked was calculated as follows: for four age periods (<30,
30-39, 40-49, and =50 years), the mean number of ciga-
rettes smoked per day was calculated based on the question-
naire information. Similarly, for each period, the number of
years spent smoking was calculated taking into account age
at initiation, age at cessation, and age at recruitment. The
lifetime mean number of cigarettes per day smoked was ob-
tained by averaging the four periods. A cumulative lifetime
smoking load was calculated for lifedime packs per years
smoked (lifetime mean number of cigarettes smoked per
day X years spent smoking), defining a pack as containing
20 cigarettes. Proportion for categorical variables, means, and
standard deviations for the continuous variables were calcu-
lated, and differences tested as described earlier.

Cox hazard models, with age as main time variable, were
developed to investigate the role of smoking in the risk for
dying of ALS. With the sample size available, the analysis
had 85% power to detect as significant a hazard ratio
(HR) = 1.4 for risk factors having a 35% prevalence rate, or
a HR = 1.6 with a prevalence rate of 20%, for a 5% type |
error probability. The crude HR estimates were derived from
a model in which the main exposure variable has been in-
serted together with sex, stratified by age and center of re-
cruitment. The adjusted HR estimates derive from models in
which other covariates (school level, marital status, employ-
ment status) were added in a stepwise fashion and the good-
ness of fit of each model compared with the previous
through a likelihood ratio test (allowance being made for
» < 0.05), and stratified for age and center of recruitment.
Given that cigarette smoking patterns among men and
women changed greatly from the 40s to the 90s (with a pro-
gressive increase of women among smokers), all Cox models
were repeated using calendar time as main time variable and
were stratified by age at recruitment.

Duration of smoking for former and current smokers was
divided in quartiles of distribution, and these compared us-
ing never smokers as reference. Crude and adjusted HR es-
timates were calculated accordingly; duration was also intro-
duced as continuous variable in the model to calculate a p
value for trend. Similarly, time since quitting smoking in
quartiles of distribution for former smokers only, taking as
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reference category the current smokers, was investigated in
crude and adjusted Cox models. Number of packs per years
smoked during lifetime was calculated for ever smokers and
divided into quintiles of distribution. The quintiles were
compared with never smokers as reference category, and a p
value for trend across categories was calculated. These defi-
nitions of smoking patterns were postulated a priori, and
their classification was aimed at maximizing the power for
the analysis.

Results

A total of 517,890 subjects, followed up for a median
period of 10 years, were considered for the analysis,
resulting in 4,591,325 person-years; during this period,
a total of 118 ALS-related deaths were identified. For
110 subjects (93.2%), ALS was coded as the underly-
ing cause of death, for 7 subjects (5.9%) as the imme-
diate (or direct) cause of death, and for 1 subject
(0.8%) as the antecedent cause of death. Furthermore,
ALS was recorded as “other cause of death” in four
subjects who died of cardiac surgery (ICD-10: Y-831),
a cerebrovascular event (I-64), chronic obstructive pul-
monary disease (J-449), and Hodgkin’s lymphoma (C-
859); and it was found to be recorded in death records
(without specification of the role) in four additional
cases of death caused by pulmonary embolism after
lower limbs phlebitis (1-269, 1-803), viral infection (B-
338), dementia (F-03), and sequelae of poliomyelitis
(B-91). These last eight subjects were not included in
the analysis because ALS diagnosis was considered to
be unreliable.

Age-specific mortality rates per 100,000 subjects
were calculated among the entire EPIC population, re-
sulting in a crude mortality rate of 2.69 per 100,000
person-years. Figure 1 shows age- and sex-specific
crude mortality rates of ALS, with a steep increase in
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Fig 1. Age-specific mortality rates (in 5-year age bands, per
100,000 person-years) of amyotrophic lateral sclerosis (ALS) in
the European Prospective Investigation into Cancer and Nutri-
tion (EPIC) population for men (squares) and women (cir-
cles). The table lists mortality rate, number of ALS cases, and
person-years (pyrs) per each 5-year age band for men (m) and
women (w).



the incidence with increasing age, in particular, after
the age of 70, and a subsequent decline in the eldest
(=85 years old). However, the reduced number of
person-years available in this latter group does not al-
low a solid estimation of the age-specific incidence rate.
Age-adjusted ALS incidence rate obtained after direct
standardization on the World Standard Population
truncated to 35 to 75 age groups is 2.28 per 100,000
person-years.

In the analysis of smoking habits, a total of 505,479
subjects (97.6% of the original cohort, comprising 116
ALS cases) were included (for a total 4,492,031
person-years), allowing for missing data on smoking
habits at recruitment. The models including smoking
duration included 492,630 subjects (97.5% of the sam-
ple), and the model including the amount of cigarettes
smoked included 431,984 subjects (85.5% of the sam-
ple) allowing for missing values. Overall, the propor-
tion of missing data is low and unlikely to substantially
bias the results. Subjects who died of ALS during the
follow-up period were, on average, 10 years older then
the rest of the cohort at recruitment (59.8 vs 51.0
years; p << 0.001) (Table 1). ALS cases were more
likely to have no or primary education when compared
with the rest of the cohort (p = 0.007) (see Table 1);
also, there was a greater proportion of widows among
the ALS cases, but these differences could be partly ex-
plained by the older age at recruitment (see Table 1).
Finally, only 41% of ALS cases were employed at re-
cruitment compared with 67% of the rest of the cohort
(p < 0.001) (see Table 1).

At recruitment, only 49 (42%) ALS cases declared to
be never smokers compared with 50% of the rest of
the cohort; this difference was larger among men: 23%
of men who died of ALS were never smokers compared
with 33% in the rest of the cohort (see Table 1). ALS
cases spent, on average, 7 more years smoking than the
rest of the cohort (31.2 vs 24.0 years; p < 0.001). This
difference was significant both in men (33.2 vs 26.5
years; p = 0.003) and in women (29.9 vs 22.4 years;
p = 0.005). There was no significant difference be-
tween the mean number of cigarettes per day smoked
at recruitment between ALS cases and the rest of the
cohort (12.6 vs 14.7 cigarettes/day; p = 0.495), or sig-
nificant difference between the estimated lifetime mean
number of cigarettes per day smoked by ALS cases
(13.6; standard deviation, 8.9) and by the rest of the
cohort (13.3; standard deviation, 8.4) (p = 0.805).
Time since quitting smoking was not significanty dif-
ferent between ALS cases and the rest of the cohort
among former smokers (p = 0.113) (see Table 1).

The proportional hazard assumption was verified
and holds true. Smoking status, as recorded at recruit-
ment, was significantly associated with the risk for dy-
ing of ALS during follow-up: current smokers at re-
cruitment in the study had an almost twofold increased

risk for dying of ALS compared with never smokers
(HR, 1.89; 95% confidence interval [CI], 1.14-3.14;
p = 0.014), whereas former smokers had a roughly
50% increased risk (HR, 1.48; 95% CI, 0.94-3.32;
p = 0.089) compared with never smokers (Table 2).
When analyzed separately, the direction of the associ-
ation was preserved in both men and women, although
running short of statistical significance caused by the
reduction in power. The number of years spent smok-
ing increased the risk for dying of ALS (p for trend =
0.002) in both crude and adjusted models. Those who
smoked more than 33 years had a more than twofold
increased risk for dying of ALS compared with never
smokers (HR, 2.16; 95% CI, 1.32-3.54; p = 0.002).
This association was confirmed when considering men
(p for trend = 0.059) and women (p for trend =
0.015) separately despite the reduction in power (see
Table 3 online and Fig 2). Also, this estimate did not
change substantially when the estimated lifetime mean
number of cigarettes per day smoked was added in the
model, suggesting a stronger effect of smoking duration
than of dose in increasing the risk for ALS. This is also
confirmed by the fact that a measure of lifetime smok-
ing load (which takes into consideration both duration
and amount of smoking) runs short of statistical sig-
nificance in relation to ALS mortality (p for trend
across quintiles = 0.118), although it is significant
among women (p for trend = 0.046) (see Table 3 on-
line). Conversely, the number of years since quitting
smoking, in quartiles of distribution, was associated
with decreased risk for dying of ALS compared with
those who were still smoking at the moment of recruit-
ment. Despite small numbers, a borderline significant
trend of risk reduction with an increasing number of
years since quitting smoking was evident in men (p for
trend = 0.067) but not in women, resulting in a non-
significant association in the entire cohort. However, a
trend toward a reduced risk with an increasing number
of years since quitting smoking is suggested (p for
trend = 0.125), which would be coherent with a
model of risk reduction after the exposure cessation
(see Table 2 and Fig 2). Cox models analyses using
calendar time as main time variable did not change es-
timates and level of significance (result not shown).

A sensitivity analysis conducted after including those
eight subjects for whom ALS was reported among
“other” or “unspecified causes of death” showed in-
creased power. The p value for linear trend with time
since quitting smoking is of borderline statistical signif-
icance (p = 0.005), as well as the p value for pack-
years (p = 0.032).

Discussion

These results suggest that smoking is likely to be a risk
factor for ALS. The clear and significant dose—response
relation between number of years spent smoking and

381



Table 1. Demographic Characteristics and Smoking Habits of the Sample
Characteristics ALS (N = 116) EPIC Cohort* (N = 505,355) ALS EPIC Cohort* p"
Male Female Male Female All All
Subjects Subjects Subjects Subjects (N =116) (N = 505,355)
(n = 40) (n=76) (n=149,277) (o = 356,078)
Mean age at 59.2 (8.1) 60.1 (8.2) 52.0 (10.2) 50.6 (9.9) 59.8 (8.1) 51.0 (10.0) <0.001
recruitment (SD), yr
Smoking status at
recruitment, n (%)
Never smoker 9 (22.5) 40 (52.6) 49,522 (33.2) 201,695 (56.6) 49 (42.2) 251,217 (49.7) 0.181
Former smoker 17 (42.5) 23 (30.3) 55,508 (37.2) 83,027 (23.3) 40 (34.5) 138,535 (27.4)
Current smoker 14 (35.0) 13 (17.1) 44,247 (29.6) 71,356 (20.4) 27 (23.3) 115,603 (22.9)
Mean years spent 33.2 (15.0)  29.4 (12.6) 26.5 (12.5) 22.4(11.8) 31.2(13.8) 24.0 (12.2) <0.001
smoking (SD)=¢
Mean cigarettes/day 13.0 (8.8) 13.8 (7.6) 17.4 (10.9) 13.3(7.9) 12.6 (7.9) 14.7 (9.3) 0.495
at recruitment (SD)<¢
Mean cigarettes/day 15.6 (9.5) 12.0 (8.3) 16.3 (9.4) 11.2 (6.9) 13.6 (8.9) 13.3 (8.4) 0.805
lifetime (SD)*"
Time since quit 15.9 (15.7)  19.4(10.2) 15.7 (10.7) 15.0 (10.1) 17.9 (12.8) 15.3 (10.3) 0.113
smoking (SD), yr®
School level, n (%)
None/Primary 21 (52.5) 31 (40.8) 50,807 (34.0) 102,512 (28.8) 52 (44.5) 153,319 (30.3) 0.007
Technical 7 (17.5) 13 (17.1) 36,475 (24.4) 77,342 (21.7) 20 (17.2) 113,817 (22.5)
Secondary 3(7.5) 17 (22.4) 19,293 (12.9) 82,389 (23.1) 20 (17.2) 101,682 (20.1)
University 8 (20.0) 10 (13.2) 39,132 (26.2) 80,130 (22.5) 18 (15.5) 119,261 (23.6)
Unknown 1(2.5) 5 (6.6) 3,571 (2.4) 13,705 (3.9) 6(5.2) 17,276 (3.4)
Marital status, n (%)"
Single 0 (0.0) 7 (11.1) 11,327 (10.8) 32,190 (11.1) 7 (7.4) 43,517 (11.0) 0.030
Married 25 (78.1) 47 (74.6) 84,559 (80.8) 226,835 (78.0) 80 (75.8) 311,394 (78.7)
Separated/divorced 4(12.5) 3 (4.8) 6,934 (6.6) 18,349 (6.3) 7 (7.4) 25,283 (6.4)
Widowed 3 (9.4) 6 (9.5) 1,878 (1.8) 13,538 (4.7) 9(9.5) 15,416 (3.9)
Employment, n (%)*
Employed at 20 (58.8) 19 (30.7) 97,341 (73.7) 207,862 (64.3) 39 (40.6) 305,203 (67.0) <0.001
recruitment
“Excluding amyotrophic lateral sclerosis (ALS) cases.
by value for x? test for discrete variables, and for # test against the Hy: difference of means = 0 for continuous variables, in both cases
comparing subjects who died of ALS with the rest of the cohort.
For ever smokers only (n = 254,213).
“Data missing for 12,849 (5.1%) subjects.
“Data missing for 10,350 (9.0%) subjects.
‘Data missing for 85,905 (16.6%) subjects.
&For former smokers only (n = 138,580), data missing for 5,774 (4.2%) subjects.
"Missing values for 109,766 subjects (21.7%).
'Missing values for 49,802 subjects (9.9%).
EPIC = European Prospective Investigation into Cancer and Nutrition; SD = standard deviation.

the risk for ALS contributes to strengthen the infer-
ence. This is further supported by a statistically non-
significant but inverse trend with increasing years since
quitting smoking; the lack of significance might be, at
least partly, caused by reduced power after exclusion of
never smokers from this model. Conversely, the
amount of cigarette smoke exposure appears to play a
less important role on the risk for ALS when compared
with length of exposure. Similar patterns have been de-
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scribed for the effect of smoking on other chronic dis-
cases such as lung cancer: The number of years spent
smoking is, in fact, more predictive than any other
smoking pattern on development of lung cancer (in-
cluding lifetime number of cigarettes smoked).'>'®
The time trends observed in our study, that is, an
increased risk with increasing years spent smoking and
a decreased risk with increasing years after quitting
smoking, are suggestive of a causal role of smoking in



Table 2. Crude and Adjusted Hazard Ratio of Dying of Amyotrophic Lateral Sclerosis According to Number of
Years Spent in Smoking and Lifetime Amount of Cigarettes Smoked for the Entire European Prospective
Investigation into Cancer and Nutrition Population

Characteristics ALS Person- Crude 95% CI  p Adjusted 95% CI  p
Cases Years HR* HR®
Smoking status at recruitment®
Never smokers 49 2,270,062 Reference — — Reference — —
Former smokers 40 1,217,080 1.43 0.92-2.24 0.114 1.48 0.94-2.32 0.089
Current smokers 27 1,004,850 1.89 1.14-3.13 0.013 1.89 1.14-3.14 0.014
Time spent smoking?
Never smokers 49 2,270,062  Reference — — Reference — —
<14 yr 8 482,267 1.16 0.54-2.50 0.695 1.21 0.56-2.61 0.622
14-23 yr 10 533,265 1.27 0.63-2.56 0.504 1.32 0.65-2.66 0.438
24-32 yr 13 527,415 1.55 0.82-2.93 0.177 1.59 0.84-3.01 0.155
=33 yr 33 562,295 2.16 1.33-3.53 0.002 2.16 1.32-3.54 0.002
Trend 0.002 0.002
Time since quit smoking®
Current smokers 27 1,004,850 Reference — — Reference — —
<6 yr 8 278,803 0.93 0.42-2.06 0.856 0.94 0.43-2.09 0.888
6-13 yr 10 290,228 0.93 0.44-1.95 0.852 0.94 0.45-1.97 0.865
14-22 yr 9 305,832 0.63 0.29-1.38 0.251 0.64 0.29-1.41 0.273
>22 yr 12 291,937 0.58 0.28-1.19 0.137 0.60 0.29-1.24 0.167
Trend 0.101 0.125
Packs/years smoked"
Never smokers 49 2,270,062  Reference — — Reference — —
<5 packs/yr 305,098 1.06 0.41-2.76 0.898 1.13 0.43-2.93 0.804
5-10 packs/yr 311,767 1.65 0.74-3.66 0.218 1.70 0.76-3.76 0.194
11-18 packs/yr 296,881 1.19 0.45-3.12 0.724 1.22 0.46-3.20 0.689
19-27 pack/yr 10 312,492 1.88 0.89-3.94 0.097 1.87 0.89-3.94 0.099
=28 packs/yr 12 314,902 1.54 0.74-3.24 0.251 1.51 0.72-3.19 0.279
0.104 0.118

ALS = amyotrophic lateral sclerosis; HR = hazard ratio; CI = confidence interval.

*HR stratified by centre of recruitment.

HR adjusted by sex, education level and stratified by age and centre of recruitment.

“HR calculated on 505,479 subjects (116 ALS cases), allowing for missing values on smoking status at recruitment (2.4% of the
cohort).

9HR calculated on a total of 492,630 subjects (113 ALS cascs), allowing for missing values on smoking duration (quartile cut-off for
men <17; 17-26; 27-35; =36; quartile cut-off for women <13; 13-22; 23-30; =22).

‘HR calculated on ever smokers only (248,439 subjects, 66 ALS cases) (quartile cut-off for men <7; 7-13; 14-21; =22; quartile cut-off
for women <G6; 6-13; 14-21; =22).

HR calculated on a total of 431,984 (89 ALS cases), allowing for missing values on amount of cigarettes smoked, assuming that 1 pack
contains 20 cigarettes (quintile cut-off for men <8; 9-15; 16-24; 25-34; =35; quintile cut-off for women <4; 5-8; 9-14; 15-22; =23).

ALS. A probable reason why the association with time
since quitting smoking does not reach statistical signif-
icance is the relatively small number of subjects in the
former smoker category. This category may also poten-
tially suffer from some degree of misclassification, be-
cause some subjects classified as current smokers at re-
cruitment (thus included in the reference category)

could have quit during the follow-up period. At odds
with the results coming from the Cancer Prevention
7 .
study,” our data suggest that the effect of smoking on
the risk for dying of ALS is the same in both sexes,
because the interaction term with sex was not signifi-
cant, and the estimates were consistent between men
and women. School level was strongly associated with
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Fig 2. Adjusted hazard ratio (HR) and relative 95% confi-
dence interval of dying of amyotrophic lateral sclerosis (ALS)
according to the number of years spent smoking (using never
smokers as reference) (left) and the number of years since quit-
ting smoking (using current smokers at recruitment as refer-

ence) (right).

the risk for dying of ALS even after adjusting for both
smoking status at recruitment and duration of smoking
(results not shown). This observation, which was also
reported by others,®'” might represent the effect of
some residual confounding from smoking and/or an-
other environmental factor, distributed unevenly across
social strata, which might modify the individual risk
for development of the disease. However, the small
changes in the estimates of the HR of dying of ALS
being a smoker once adjusted by education (shown in
Table 2) suggests only a small confounding effect of
education on the association between smoking and
ALS. These figures contribute to orientate the research
toward the study of other environmental risk factors
for ALS in addition to cigarette smoking.

Age-specific incidence rates of ALS in this study are
comparable with those found in other European stud-
ies”"®1” except for a delayed decrease in incidence, after
the age of 79 rather than after age 75, as was observed
previously. This might be because of the fact that the
mortality rates were plotted instead of the incidence
rates. Although, in absolute terms, mortality is a good
approximation for incidence; given the almost invariable
100% fatality rate of the disease, the median disease du-
ration of about 3 years can shift the age-specific rates
calculated over 5-year age bands. Also, if younger sub-
jects tend to have a longer survival time, their mortality
will shift the mortality peak toward older ages.

Main limitations of this study are the small sample
size of subjects who died of ALS, the assessment of ex-
posures up to the time of recruitment, and the assess-
ment of the outcome through death certificates only.
Exposure assessment performed at recruitment only
would not allow recording changes in the exposure sta-
tus, thus biasing any association toward the null. Death
certificates have been shown to be generally accurate re-
garding the diagnosis of ALS: previous studies con-
ducted in the United States” confirmed that virtually all
deaths coded with 335.2 (motor neuron disease, accord-
ing to ICD-9) and G12.2 (motor neuron disease, ac-
cording to ICD-10) were actually diagnosed as ALS
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(98.3%) or bulbar palsy (1.19%). Similarly, another study
conducted in Europe on the validity of hospital dis-
charge diagnosis for ALS reported a sensitivity of 91.6%
and a specificity of 99.9% for the ICD-9 code.”® Death
certificates were also found to be adequate in describing
ALS mortality in a study in Iraly.”'

At least four recognizable factors have contributed to
improved ascertainment of ALS over the past 20 years:
(1) increased public awareness of the disease, (2) in-
creased awareness by the aging population that progres-
sive weakness is not a normal part of aging, (3) increased
number of neurologists; and (4) increased availability of
electrodiagnostic and radiological diagnostic techniques.'
Referral bias contribution to case ascertainment is esti-
mated to be low: ALS is a progressive disabling neuro-
logical disease that warrants typically specialized evalua-
tion at some stage of disease progression; general
practitioners and other physicians tend to refer patients
with such relentlessly paralytic conditions to specialists;
for neurologists, the diagnosis of ALS in its advanced
stage is usually straightforward. Also, residual confound-
ing from unmeasured factors cannot be completely ruled
out, in particular that caused by occupational exposure
to toxicants. Although the sample size is limited, the
prospective collection of data adds value to our results,
which are free from recall bias.

Formaldehyde exposure was recently proposed as sig-
nificantly associated with ALS, with a dose-response
relation with increasing years of exposure''; these re-
sults appear consistent with these findings. It was pre-
viously observed that pyramidal cells are vulnerable to
formaldehyde exposure in newborn rats,”>*> and that
aldehydes may potentially play a role in B-amyloid ag-
gregation related to Alzheimer’s disease pathology.”
Exposure to formaldehyde induces oxidative stress
mainly via lipid peroxidation in the brain.”>*® Lipid
peroxidation has also recently been implicated in ALS
causative mechanisms: the PONs PON1, PON2, and
PONS3 are esterase enzymes with antioxidant properties
preventing low-density lipoprotein from peroxidation;
some polymorphisms with a loss of function of PONs
were described as associated with ALS.'**” Also, the
activity of PONGs is inhibited by cigarette smoking.'>?®

In conclusion, the consistency of our observations
strongly supports the hypothesis of cigarette smoking
in the cause of ALS. This effect might be exerted
through oxidative stress and lipid peroxidation (per-
haps, at least partly, induced by formaldehyde expo-
sure). This is also strongly supported by the significant
linear dose—response relation of risk for ALS with years
of exposure to tobacco smoke.
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