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Abstract
Objective
To establish whether amyotrophic lateral sclerosis (ALS) is a multistep process in South
Korean and Japanese populations when compared to Australian cohorts.

Methods
We generated incident data by age and sex for Japanese (collected between April 2009 and
March 2010) and South Korean patients with ALS (collected between January 2011 and
December 2015). Mortality rates were provided for Australian patients with ALS (collected
between 2007 and 2016). We regressed the log of age-specific incidence against the log of age
with least squares regression for each ALS population.

Results
We identified 11,834 cases of ALS from the 3 populations, including 6,524 Australian, 2,264
Japanese, and 3,049 South Korean ALS cases. We established a linear relation between the log
incidence and log age in the 3 populations: Australia r2 = 0.99, Japan r2 = 0.99, South Korea r2

= 0.99. The estimate slopes were similar across the 3 populations, being 5.4 (95% confidence
interval [CI], 4.8–5.5) in Japanese, 5.4 (95%CI, 5.2–5.7) in Australian, and 4.4 (95%CI, 4.2–4.8)
in South Korean patients.

Conclusions
The linear relationship between log age and log incidence is consistent with a multistage model
of disease, with slope estimated suggesting that 6 steps were required in Japanese and Australian
patients with ALS while 5 steps were needed in South Korean patients. Identification of these
steps could identify novel therapeutic strategies.
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The pathophysiologic mechanisms underlying the development
of amyotrophic lateral sclerosis (ALS) remain to be fully clari-
fied, although there are indications that the degenerative process
is the consequence of a complex interaction between genetic
and environmental factors, leading to dysfunction of critical
molecular pathways.1,2 More than 20 different genes have been
linked to ALS causality,3 with approximately 20% of ALS heri-
tability attributed to common genetic variations.4 Environ-
mental factors have also been implicated in ALS pathogenesis.5

Although exposure to individual environmental factors is weakly
causal, cumulative exposure is likely to exceed the disease-onset
threshold leading to development of ALS.6 Separately, epige-
netic modifications are increasingly recognized as an important
mechanism in ALS pathogenesis,7 potentially providing a link
between genetic predisposition and cumulative environmental
exposure.

A multistep process, requiring exposure to 6 factors, was
identified as a likely pathogenic model for sporadic ALS in
a large European cohort.8 A mathematical modeling approach,
adapted from cancer studies,9,10 demonstrated a linear re-
lationship between the natural log incidence and log age, in-
dicating that sporadic ALS was a multistep process.8

Subsequently, a multistep process was reported in an Australian
ALS cohort (of predominant European background),

indicating that 6 steps were required for ALS development.11 A
reduced number of steps were reported for patients with fa-
milial ALS, being 2 steps for SOD1 gene mutations, 3 for
c9orf72, and 4 for TARDBP mutations,12 indicating that while
genetic factors strongly predispose to development of ALS,
nongenetic factors also appear to be important.

Geographic differences in ALS incidence have been docu-
mented, with incidence being highest in the European
(Caucasian) and lowest in southeast Asian patients.13 The
origin of these geographic differences remains a matter of
debate, being ascribed to variations in genetic and environ-
mental factors as well as life expectancy.13 Furthermore, it
could be argued that a greater number of steps are required
to develop ALS in the Asian population, thereby leading to
lower incidence rates. Establishing a multistep model in the
South Korean and Japanese ALS population, particularly the
number of required steps, could be of pathophysiologic
importance. Consequently, the present study employed
a mathematical modeling approach in a group of Japanese
and South Korean patients with ALS to determine whether
ALS was a multistep process and whether the number of
steps required for disease development was different when
compared with the Australian patients with ALS, who are
largely of European ancestry.

Glossary
ALS = amyotrophic lateral sclerosis; CI = confidence interval; ICD-10 = International Classification of Diseases–10; IRB =
institutional review board; PACTALS = Pan-Asian Consortium for Treatment and Research in ALS.
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Methods
This study stemmed from an international collaboration made
possible by the recent establishment of the Pan-Asian Con-
sortium for Treatment and Research in ALS (PACTALS).14

Incident data by age and sex were provided for the Japanese
(collected between April 2009 and March 2010)15 and South
Korean ALS cohorts (January 2011 and December 2015).16

The Japanese patients with ALS were diagnosed according to
the revised El Escorial criteria (definite, probable, or possible)17

and the South Korean patients with ALS were diagnosed with
sporadic ALS according to the Korean Classification of Disease
6, which is based on the ICD-10.16 Crude mortality rates were
provided by the Australian Institute of Health and Welfare
(from 2007 to 2016, ICD-1012.20) and used as a measure of
incident rates. The data used for the Australian ALS cohort
have been previously reported in part,11 although the age at
onset windows were shortened (30–80 years of age, compared
to 30–85 years), divided into 10-year epochs (as opposed to
5-year epochs), and reanalyzed with respect to age at onset
using a recently developed predictive model.18

The Armitage and Doll methodology,9 recently adapted for
ALS,8,12 was utilized to determine whether ALS was a multi-
step process in the 3 different populations. In this model, the
plot of natural log of ALS incidence vs the natural log age will
be linear in a multistep process.8 The gradient of the linear
regression will be n−1, where n reflects the number of steps
required to develop ALS. The older age groups (>85 years)
have to be excluded from this analysis as the linear relation-
ship does not hold true at these ages.

Statistical analysis
The incident rates were provided for age groups 20–80+ years
for the Japanese and South Korean patients with ALS, while
crude mortality rates (deaths per 100,000) were provided for
age groups 15–85 years in the Australian cohort. The data were
divided into 10-year age groups with extreme age groups
(<30 and >80 years) excluded in order to reduce the chance of
measurement errors.8 In order to estimate the age at disease
onset in the Australian ALS cohort, a recently developed pre-
dictive model for ALS was used to estimate the median survival
and consequently age at disease onset.18 The crude mortality
rates were used as a reflection of incidence rates for ALS. The
natural log of ALS incidence was subsequently plotted against
the log of age using linear regression. Regression analysis was
unweighted such that the slope was not biased towards the older
age groups. The slope was calculated for the total cohort, as well
as male and female patients with ALS, from the 3 different
cohorts. All data are expressed as mean ± SD. The 95% confi-
dence intervals (CIs) were calculated for the slope estimates.

Standard protocol approvals, registrations,
and patient consents
Deidentified data were provided by the Australian Institute of
Health andWelfare, which conformedwith requirements of the
Privacy Act 1998 and Australian Institute ofHealth andWelfare

Act 1987. Individual consent is not required for use of these
data, which have been previously published in part.11 Addi-
tional deidentified data were incorporated from the Australian
Motor Neurone Disease Registry, for which patients provided
written informed consent.19 Deidentified data were obtained
on Japanese patients with ALS from all prefectural offices.15

The study was approved by the institutional review board
(IRB) of the National Institute of Public Health, Japan
(NIPHTRN# 12009). Korean data were derived from the
National Health Insurance Database, which includes in-
formation on the insured population’s sociodemographic
characteristics, income-based insurance contributions, medical
treatment records, long-term care insurance information for
elderly patients, and rates of cancer and rare incurable diseases.
Deidentified data on mortality and incidence on patients with
ALS were collected from Statistics Korea, and ethics approval
was obtained from the local IRB (HYUH IRB 2013-08-022,
HYU-16-123-1). Some data on the South Korean patient co-
hort were previously published in part.16

Data availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
In total, data were provided on 11,834 cases of ALS from 3
PACTALS sites (Australia, Japan, and South Korea).14 Spe-
cifically, data were collected for 2,263 Japanese and 3,049 South
Korean patients with ALS, with results compared to 6,524
Australian (nonindigenous) patients. The aged standard-
ized incident rates were highest in the Australian patients
(2.9, 2.5–3.4), followed by the Japanese patients with ALS
(2.3, 2.2–2.4), and were lowest in the South Korean ALS co-
hort (0.88, 0.81–0.95). Male:female ratio was highest in the
South Korean patients (1.6:1), followed by the Japanese (1.5:
1) andAustralian (1.3:1) patients with ALS. The crude incident
rates peaked at ages 70–79 years for all 3 populations.

The relationship between the log incidence and log age was
linear in all 3 cohorts. The r2 values were 0.99 in the 3 pop-
ulations (figure 1). This finding is in keeping with previous
studies conducted in the European ALS populations,8,12 and is
consistent with a multistep process. Of further relevance, the-
slope (n−1) of the linear curve was 5.4 (95% CI, 4.8–5.5) in
the Japanese patients with ALS, 5.4 (95% CI, 5.2–5.7) in the
Australian, and 4.4 (95% CI, 4.2–4.8) in the South Korean
cohorts (figure 1).

There was a subtle sex difference between the slope estimates
across the 3 ALS populations. In the Japanese cohort, the slope
for male patients with ALS (5.6; 95% CI, 5.2–6.0) was higher
when compared to female patients (4.9; 95%CI, 4.3–5.0), while
the converse was evident in the Australian patients with ALS
(male 5.0; 95%CI, 4.7–5.4; female 5.5; 95%CI, 5.0–6.0). In the
South Korean patients with ALS, the slope for male and female
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patients was similar (male 4.5, 95%CI, 4.2–4.8; female 4.6, 95%
CI, 4.1–5.2). Importantly, a linear relationship between log in-
cidence and log age was evident in both sexes across the 3
populations, with r2 values being virtually identical (Australian
patients with ALS, 0.99 for male patients and 0.98 for female
patients; Japanese patients with ALS, 0.98 for male and female
patients; South Korean patients with ALS, 0.98 for male and
0.99 for female patients; figure 2). Taken together, these find-
ings underscore the notion that ALS is a multistep process
irrespective of sex.

Discussion
The present study has established a linear relationship between
the log incidence and log age at onset across 3 ethnically diverse
populations, suggesting that ALS is a multistep process irre-
spective of ethnic background and in keeping with previous
studies.8,11,12 The slope estimates were 5 for the Australian and
Japanese ALS cohorts, thereby suggesting a 6-step process,
while in the South Korean patients with ALS the slope estimate
was 4, indicating a 5-step process. At a pathophysiologic level,

Figure 1 Slope estimates calculated by expressing the log incidence vs log age at death

Slope estimates calculated by expressing the log in-
cidence vs log age were (A) 5.4 in Australian patients
with amyotrophic lateral sclerosis (ALS), (B) 5.4 in
Japanese patients with ALS, and (C) 4.4 in South Ko-
rean patients with ALS. The 95% confidence intervals
are highlighted by the gray lines.
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the present study implies a similarity of mechanisms across the
3 populations withmultiple steps required to develop ALS. The
implications of the modeling study for the understanding of
ALS pathogenesis is discussed further.

Pathophysiologic mechanisms underlying ALS
The pathophysiologic mechanisms underlying the de-
velopment of ALS remain to be elucidated, although a complex
interaction among genetic, epigenetic, and environmental fac-
tors seems likely.1,2,7 In keeping with the established com-
plexity of ALS pathogenesis, a multistep process requiring 6
steps was reported in Caucasian patients8 and reaffirmed in
a recent Australian study.11 The present study provides addi-
tional evidence for a multistep process in ALS by establishing
a consistency of slope estimates across diverse ethnic pop-
ulations, reassuring the veracity of the statistical methodology.
The current study design was not identical to previous studies
in that 10-year epochs were used and the population age span
was contracted (30–79 years). Irrespective of these differences,
a strong linear relationship between log incidence and log age
along with comparable slope estimate values was established
across the 3 populations, providing additional evidence for
a multistep process in ALS.

Establishing ALS as a multistep process in diverse ethnic
populations has profound implications for the understanding of
its pathogenesis. A multistep process would provide an elegant
explanation for the notion that the seeds for developing ALS
occur during the neonatal period.6,20 The mechanism by which
neonatal events trigger the development of ALS later in life
remains hypothetical, although there is precedence with other
neurobiological diseases.21 During embryogenesis, synchro-
nized and complex neuronal activity evolves with brain de-
velopment, which is essential for neurogenesis, development
of neuronal circuitry, cell migration and differentiation,
programmed cell death, as well establishment of axonal

connections.21 Neonatal insults, such as hypoxia or in-
flammation, result in permanent dysfunction of cortical archi-
tecture and physiology.22–24 Deleterious effects are particularly
exerted on the GABAergic circuits, resulting in disordered
cortical excitatory/inhibitory balance, which is crucial for nor-
mal brain functioning.25 While epidemiologic studies have not
as yet linked neonatal insults with ALS, well-established con-
ditions such as autism spectrum disorder, schizophrenia, and
depression are associated with perinatal insults.21 Investigating
the role of neonatal and other factors in ALS development, as
part of a multistep model, may prove challenging. Longitudinal
assessment of cortical excitability (using neurophysiologic
techniques such as transcranial magnetic stimulation), along
with in-depth clinical phenotyping, genomic, proteomic, and
environmental exposure profiling, could be undertaken on
children born to parents with ALS, as well as the patients with
ALS, with appropriate ethical considerations. These findings
should be ultimately linked to pathologic findings on post-
mortem studies. Such an approach may uncover the precise
sequence of steps involved in ALS onset, resulting in a clearer
understanding of disease pathogenesis.

Phenotypic expression with seemingly critical genetic ALS
mutations in later stages of life, as well as variability of phe-
notypic expression, may also be explained by a multistep pro-
cess.26 Exposure to critical events during the neonatal period or
inheritance of specific ALS genetic mutations could represent
an initial step for development of ALS. Importantly, neonatal or
genetic factors could contribute to more than one step,
explaining the variability in the ALS phenotype. Underscoring
this notion is the effect of genetic mutations on the number of
steps required for ALS development.12 Notably, mutations in
the superoxide dismuate-1 (SOD1) gene require 2 additional
steps to express the phenotype, while 3 steps are needed for
C9orf72 expansions and 4 for TARDBPmutations, contrasting
with sporadic ALS.12 Unraveling the dynamics governing the

Figure 2 Subtle differences in slope estimates were evident across the 3 amyotrophic lateral sclerosis (ALS) cohorts

Whereas 6 steps were modeled for male Aus-
tralian patients and 7 steps were evident in fe-
male patients, the converse was observed in the
Japanese patients with ALS (7 steps for male
patients and 6 steps for female patients). In the
South Korean patients with ALS, the slope esti-
mates for male and female patients with ALS
were similar. Irrespective of the subtle sex dif-
ferences in slope estimates, the strong linear
relationship was maintained, indicating that ALS
was a multistep process across the different
ethnic populations. Circles, men; squares,
women.
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multistep process could be critical for enhancing the un-
derstanding of ALS pathogenesis as well as developing novel
therapeutic targets.

Interaction between genetic and neonatal factors with envi-
ronmental influences appears to be important in ALS patho-
physiology.6 A prolonged preclinical phase has been proposed
in ALS6 during which there seem to be critical interactions
among genetic, neonatal, and environmental factors.27 Along
these lines, it has been shown that prolonged exposure to en-
vironmental toxins, along with excessive physical activity
and dietary changes, have been associated with ALS
development.26,28 In isolation, these factors may be insufficient
to trigger ALS, although sustained exposure and interactions
with genetic and molecular processes in a multistep process
may trigger ALS development.

Geographic differences in ALS incidence have been well
established, with ALS being more prevalent in Caucasian than
Asian populations,13 an observation upheld in the present
study. The etiology of these geographic differences remains to
be resolved, although may relate to genetic, neonatal, and en-
vironmental factors. While Japanese and South Korean pop-
ulations have common ancestors, dating back to;3,000–3,600
years ago, subtle genetic variations have been reported and
ascribed to geographical isolation and segregation.29 The
Northern European andMediterranean European populations,
which comprise the majority of the Australian ALS cohort,
exhibit distinct genotype clusters when compared to Japanese
and Korean populations.30 Consequently, it could also be ar-
gued that subtle genetic differences could affect the pathogenic
processes underlying ALS development across different ethnic
groups, with Japanese and South Korean patients being more
resistant to developing ALS. While subtle differences in slope
estimates were evident, with 5 steps modeled for the South
Korean patients, the strong linear relationship between log age
and log incidence across the 3 populations suggests that ALS is
a multistep process irrespective of ethnic origins. The differ-
ences in slope estimates could relate to subtle differences in the
definition of ALS across the 3 populations. As such, the geo-
graphic differences may relate to the level of epigenetic and
environmental factor exposure, with the South Korean patients
being exposed to less frequent or different insults. The present
study did not find any meaningful differences in ALS on the
basis of race, and in fact a difference between cohorts of similar
ethnicity was noted (Japanese vs South Korean).

Interestingly, genetic studies conducted on Korean and Japa-
nese patients with ALS have disclosed a greater frequency of
SOD1 and FUS mutations when compared to European ALS
cohorts, while C9orf72 hexanucleotide expansions are either
absent or extremely infrequent.31–34 In addition, other patho-
genic ALS genes (including TARDBP, VCP, OPTN, ANG, and
TBK1) have been infrequently detected in the Korean and
Japanese ALS population.31–34 Consequently, genetic diversity
may affect the causes of familial ALS between the Caucasian
and the Korean/Japanese populations. Future studies should

assess whether a multistep model is evident in Korean and
Japanese patients with familial ALS, and determine whether the
number of steps are congruent to that reported in Caucasian
familial ALS cohorts.12

The present study established ALS as a multistep process in
Australian (European ancestry), Korean, and Japanese patients
with ALS. Five steps were required in the South Korean
patients with ALS while 6 steps were needed in the Australian
and Japanese patients for disease onset. Our findings are con-
gruent with previous European studies,8,28 underscoring the
veracity of a multistep process in ALS. Identification of the
pathogenic steps will enhance the understating of ALS and
ultimately lead to development of effective therapies.
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