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Abstract

Background A noticeable change of the male-to-female sex ratio (SR) has been observed in Amyotrophic Lateral Sclerosis
(ALS) leading to an apparent regression of SR with time (SR close to 1:1).

Objective To provide a global SR estimate and investigate its relation with respect to population age.

Methods A systematic review and meta-analysis was conducted including only population-based studies with a high-quality
methodology in European ancestral origin population. Male-to-female SR was estimated by three different measures: SR
number, SR crude incidence and SR standardized incidence. Standard and dose—response meta-analyses were performed to
assess the pooled SR measures (irrespective of population age) and the evolution of the SR measures with respect to popula-
tion age, respectively. Potential sources of heterogeneity were investigated via meta-regression.

Results Overall, 3254 articles were retrieved in the literature search. Thirty-nine studies stratified by time periods were
included. The overall pooled male-to-female ratio was 1.28 (95% CI 1.23-1.32) for SR number, 1.33 (95% CI 1.29-1.38)
for SR crude incidence and 1.35 (95% CI 1.31-1.40) for SR standardized incidence. The SR number with respect to popula-
tion age reveals a progressive reduction of SR at increasing age, while the SR crude incidence in relation to age displays a
U-shaped curve.

Conclusions The number and the incidence of ALS cases were consistently higher in males than females. Dose—response
meta-analysis showed that SR measures change with respect to population age. Further original research is needed to clarify
if our findings are reproducible in other populations.
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Background

Amyotrophic Lateral Sclerosis (ALS) is a rare neurodegen-
erative disorder, whose male-to-female sex ratio (SR) is a
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the SR over time. Studies published before 1990, mostly
non population-based, reported SR of 2:1 while more
recent European or US population-based studies described
a SR that is now approaching 1:1 [1-3]. Chio et al. based
on the 20-year period of the PARALS register, showed
that the adjusted male-to-female rate ratio decreased from
1.27:1 (1995-2004) to 1.17:1 (2005-2014) [4].

The regression of SR with time could be related to the
design of the studies that were examined: (1) non-popula-
tion-based studies in oldest time-periods (vs population-
based in recent investigations), (2) type of design (pro-
spective vs retrospective), (3) diagnostic criteria. A better
ascertainment of female ALS cases in more recent times
cannot be excluded [1-3]. Nevertheless, such evolution
(if confirmed) could also be explained by a real increase
of ALS incidence for female as compared to male. This
latter might be related to a progressive change in the sex
prevalence of exposure to some risk factors (e.g., smok-
ing habits, occupation). The effect of the ageing of the
populations and longer life expectancy in female could be
also implicated.

The evolution of SR with age in a given population is
another unclear matter in ALS. Some reports indicated a
progressive increase of SR with age, but to date this issue
was overlooked.

A systematic approach focusing on population-based
studies is mandatory to get closer to the real pattern (a reli-
able illustration of observable characteristics of a group)
of SR in ALS. Such an approach would need to rely on:
(1) reports from homogeneous populations in terms of
ancestral origin, to control any variability of SR related
to ethnicity [5], (2) reports with high and homogeneous
standards for case ascertainment (hence including only
population-based studies). In this context, we performed
a systematic review and meta-analysis of ALS sex ratio
in European ancestral origin population. The aim was to
provide a global SR estimate and investigate the evolu-
tion of SR with respect to population age along with the
exploration of possible sources of heterogeneity (such as
the time period).

Methods

This meta-analysis is undertaken within the framework of
a global epidemiological investigation of ALS. Additional
methodological details have been described elsewhere
[5-7]. We followed the recommendations of the guideline
for Meta-analysis Of Observational Studies in Epidemiol-
ogy (MOOSE) [8] and The Role of Systematic Reviews and
Meta-Analyses of Incidence and Prevalence Studies in Neu-
roepidemiology [9].
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Definitions

Motor neuron disease (MND) was investigated which
includes ALS and ALS subtypes: Progressive Bulbar Palsy
(PBP), Progressive Muscular Atrophy (PMA), and Pri-
mary Lateral Sclerosis (PLS) [10]. Population-based stud-
ies with high-quality design were determined by the use
of multiple sources of case ascertainment within defined
geographical and time boundaries of well-defined popu-
lations [11]. Ancestral origin was defined as a group of
individuals, who are more or less isolated geographically
or culturally, who share a common genetic pool, whose
allele frequencies at some loci differ from those of the
other populations [12]. Subcontinent was used as a proxy
for ancestral origin. Subcontinent classification was based
on the United Nations Statistics Division [13].

Search strategy

We searched in Medline and Embase (until June 2016)
without language limitations. Key-words are described in
Table e-1. Hand searching was also performed. All refer-
ences identified were imported into Endnote X7 and dupli-
cates were deleted.

Inclusion criteria

We included population-based studies of newly diagnosed
ALS cases with a neurological confirmation using multi-
ple sources to ensure the highest level of completeness
for case ascertainment. Given that ancestral origin could
play a role in ALS variability, we only included studies of
European population using subcontinent as a proxy (Sub-
continents: Europe, Northern America, Australia and New
Zealand) to control any variability of SR related to ances-
tral origin. Therefore, studies of non-European populations
were excluded from the analysis.

The starting date of our investigation was 1969. As a
result, for the only study that started before this date (with
a long follow-up, 1925-1998) [14], we considered only the
period 1969-1998. For studies with a follow-up period
longer than 15 years, authors or their collaborators were
contacted to obtain ALS patients distribution by age and
sex for intermediate periods lasting around 10 years as a
maximum. For studies presenting two different periods in
the same geographic area, we considered both periods.
This has enabled us to assess time-trend evolution of SR
in given areas.
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Data extraction

A checklist was used to assess the basic principles of
descriptive epidemiology of the included articles. We
recorded the following data: authors, year of publication,
period, location, design, sources of case ascertainment,
diagnostic criteria, number of patients (male, female),
study population (male, female, age structure), number
of cases and the number of person years at follow-up
(PYFU) within each age group and sex. For each enrolled
ALS case, the individual follow-up was defined (within
each age group and sex) as the time between the entry in
the age interval and one of the following events (which-
ever occurred first): ALS diagnosis, end of the age-inter-
val, censoring (e.g., loss to follow-up). Authors or their
collaborators were contacted to obtain updated data and/
or additional information, if necessary. When more than
one publication was available for the same geographic
area at different periods, data was gathered separately.
Life expectancies at 50 years for male and female were
retrieved from the demographic yearbook published by
the United Nations at the mid-point of the study period
for each geographical area [15].

Statistical analysis

Male-to-female SR was estimated with three different
measures:

i. SR number: the ratio of the number of male cases by
number of female cases, which is the most common
way to report sex ratio in the ALS literature.

ii. SR crude incidence: the ratio of the ALS crude inci-
dence rate in males by the ALS crude incidence rate
in females. Incidence rates were defined as the number
of ALS cases divided by the number of PYFU.

iii. SR standardized incidence: the ratio of the standard-
ized incidence rate in males by the standardized inci-
dence rate in females. Standardized incidence rates
were defined as the number of ALS cases divided by
the number of PYFU, weighted by the population age
structure under-surveillance. Direct standardization
was performed using the 2010 US population.

The assessment of pooled SR measures (irrespective
of population age) and the assessment of the evolution
of the SR measures with respect to population age were
performed by standard and dose-response meta-analyses,
separately. These two analyses are detailed in the follow-
ing subsections.

Meta-analysis of the SR measures

To determine the overall and subcontinent-specific pooled
estimates of each SR measure, a standard meta-analysis was
performed following a two-step process.

First step: for each included study, a Poisson regression
model was fitted to investigate the study-specific associa-
tion between the number of cases (or incidence rates accord-
ingly) and sex. The natural logarithm of males-to-females
SR was straightforwardly assessed by looking at the esti-
mated regression coefficient for sex. Second step: all the
SRs (estimated in all studies) were pooled in a standard
meta-analysis.

The presence of between-study heterogeneity was
assessed by the Cochran’s Q-test (as well as the correspond-
ing I* measure) and was declared if its p value was lower
than 0.10 and, at the same time, I? was greater than 25%
[16]. A fixed-effect or a random-effect model was performed
according to the absence or the presence of significant het-
erogeneity, respectively [17]. The analysis was repeated
for each SR measure, overall and within each subcontinent
(strata variable), separately. Forest plots of the study-specific
SR estimates (converted in their original scale), as well as
the pooled SR estimates, were shown.

Meta-regression was also performed, in presence of sig-
nificant heterogeneity, to investigate potential sources of
heterogeneity with respect to a number of key study char-
acteristics (i.e., study-level covariates), using random effect
models. As recommended by the Cochrane guidelines [18],
meta-regression was performed for all included studies and
within subcontinents, which included at least ten studies.

Assessment of the evolution of pooled SR measures
with respect to population age

To determine the overall and subcontinent-specific evo-
lution of each SR measure with respect to the population
age, a dose-response meta-analysis was performed follow-
ing a similar two-step process. The term “dose-response”
has become increasingly common in recent years and was
merely used herein for describing the change, defined as a
mathematical function, of any endpoint (e.g., SR measures)
with respect to a quantitative independent variable (i.e., a
“dose”), which was represented by the population age.
First step: For each included study, a Poisson regres-
sion model was fitted to investigate the study-specific rela-
tionship between the number of cases (or incidence rates
accordingly) and the population age (defined as a continu-
ous variable), in males and females, respectively. At this
time, each model included: age, sex and age-by-sex inter-
action term as covariates so that the evolution of the SR
measures can be straightforwardly assessed by looking at
the estimated regression coefficients for those covariates,
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which represent changes in the natural logarithm of SR for
each yearly increase of population age, sex and for the differ-
ential slope of the yearly increase between sex, respectively.
Second step: all the regression estimates were pooled in a
multivariate meta-analysis.

The presence of between-study heterogeneity of the coef-
ficient estimates was assessed by the multivariate Cochran’s
QO-test (along with ) and a fixed-effect or a random-effect
model was performed for each SR measure as appropri-
ate. Moreover, the estimated pooled relationship between
SR measures with respect to different population age was
graphically depicted with a plot of the “meta-analyzed”
curve along with its gray band denoting a 95% confidence
interval. Also, in this case, a meta-regression was eventually
performed in presence of significant heterogeneity using ran-
dom effect models. Further details about statistical methods
can be found in the supplemental material (Appendix e-1).

Two-sided p values < 0.05 were considered statistically
significant. Analyses were performed using SAS®, version
9.4 (SAS Institute, Cary, NC) and the computing environ-
ment R (R Development Core Team 2008, version 3.6.3,
package: metafor).

Results
Included studies

Overall, 3254 articles were retrieved in the literature search.
After removing all duplicates, the title and abstract were
considered of 291 full-text articles. A comprehensive exami-
nation of the full texts was performed to identify 44 popula-
tion-based studies of ALS incidence using multiple sources
of case ascertainment. We excluded ten studies because they
were conducted outside the geographic area of interest and
another two studies due to a lack of available sex-stratified
data (from Lancashire and Nova Scotia). Authors provided
supplementary and updated information on ALS incidence
from South East—England, Emilia Romagna—Italy, and
Countryside—Ireland (replacing data for one study). Data
were stratified in seven studies, which were carried out in
the same area at different time periods (South East—Eng-
land, Countryside—Faroe Island, Countryside—Ireland,
Swabia—Germany, Emilia Romagna—Italy, Olmsted
county—US and Canterbury—New Zealand). One period
was excluded due to poor data quality (Faroe Island, 1998—
2009) and another because case ascertainment was only con-
ducted in a geographic segment of the original area (South
East England, 2007-2013). The PRISMA flowchart is shown
in Figure e-1. A total of 39 population-based investigations
stratified by time periods were included in the analysis [con-
sisting of 32 published articles, 3 investigations from per-
sonal data and 4 stratified time periods (3 published studies
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and 1 personal data)]. Characteristics of the included studies
are described in Table e-2.

Geographical coverage

Of the 39 population-based studies on populations of Euro-
pean origin, 27 were in Europe (12 in Northern Europe, 5
in Western Europe, 10 in Southern Europe), 10 in Northern
America (Canada and the USA), and 2 in New Zealand.

Meta-analysis of the male-to-female SR measures

Forest plots with study-specific and pooled SR estimates
from meta-analyses were performed for all studies and
within each subcontinent, as shown in Fig. 1. The number
and the incidence of ALS cases were consistently higher
in males than females, both in the study population and
within the subcontinents (Northern Europe, Western Europe,
Southern Europe, Northern America, Australia and New
Zealand). The overall pooled male-to-female SR number
was 1.28 (95% CI 1.23-1.32) (Fig. 1a). When we took into
account the time at which the ALS occurred (i.e., PYFU) for
each sex, the overall pooled SR crude incidence was 1.33
(95% CI 1.29-1.38) (Fig. 1b) while, when we considered
the PYFU for each sex and controlled the age distribution of
the population, the overall pooled SR standardized incidence
was 1.35 (95% CI 1.31-1.40) (Fig. 1¢).

No significant heterogeneity was detected for all stud-
ies and within each subcontinent for SR number (Table 1a).
As shown in Table 1b and c, no significant heterogeneity
was detected for all studies in SR crude incidence and SR
standardized incidence, while there was statistically signifi-
cant heterogeneity in Northern Europe for both SR crude
incidence (Cochran’s Q, p=0.076 and I?=39.8%, Table 1b)
and SR standardized incidence (Cochran’s Q, p=0.031 and
I>=48.3%, Table Ic). Meta-regression was conducted to
explore the sources of heterogeneity. We found that the
overall between-study heterogeneity in Northern Europe
was explained in part (i.e., reduced) by GPS coordinates
(R*=43.6%) for SR crude incidence (Table e-3a), while it
was almost totally explained by the time period of the study
(R>=92.7%) for SR standardized incidence (Table e-3b).

Evolution of pooled male-to-female SR measures
with respect to population age

Dose-response meta-analyses were performed to assess the
relationship of ALS incidence between SR measures at dif-
ferent population ages. The observed number of cases and
the crude incidence rates per 100 000 PYFU in males and
females related to population age values were reported, for
each original study, along with the estimated curves by sub-
continents: (a) Northern Europe, (b) Southern Europe, (c)
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Study name (year) Sub-Continent Estimate [95% Cl]
Hudson (1986 America North —_— 1.33[0.94, 1.88
Annegerspg 1) America North —_— 1.1110.74, 1.65
McGuire ( 996% America North —_— 1.18 [0.91, 1.52
Sorenson (2002) yr:1969-1983 America North - 0.73[0.34, 1.60
Sorenson (2002) yr:1984-1998 America North .4210.68, 2.97
Jordan (2014) America North — .16 [0.97, 1.39
Freer (2 15)5 America North . —— .35[1.19, 1.53
ordan 6201 ) America North —_— .1510.83, 1.60
Valle (2015) LAC America North —_— .27 [1.02, 1.58
Valle (2015) SFBA America North L —— 44[1.14,1.82
orsgren urope Nor —_— . .77, 1.
Forsg 1983 Europ th 1.080.77, 1.53
Murros (1983) Europe North - 0.7110.37, 1.39
Gunnarson (1984) Europe North —_— 1.4210.92, 2.17.
Hojer-Pedersen (1989) Europe North —_— 1.35[1.01, 1.81
Gross—Paé’u 1998) Europe North . —_— - - 2.201[1.19, 4.05]
Forbes (200: )I Europe North Do—— .1911.07, 1.34
Abhinay (2007) Europe North —_— .2310.88, 1.71
Imam (2010 Europe North . —_—y .76 [1.36, 2.29
Joensen (2012) yr:1987-1997 Europe North = .1310.43, 2.92
Al Chalabi (2018) yr:1995-2001 Europe North Co—— .3911.10, 1.75]
Hardiman (2018) yr:1996-2005 Europe North o—— .26[1.10, 1.44
Hardiman (2018) yr:2006-2016 Europe North : —— .33[1.19, 1.49
Logroscino_ (2005) Europe South D — .65[1.16, 2.36
Begh|§200 ) Europe South Lo—— .31[1.10, 1.56:
Chio (2009 Europe South oo—l— .20 [1.07, 1.34
Ragonese (2012) Europe Soutl —_— 421[0.95,2.13
Drigo (2013) Europe South —_— .0210.80, 1.29
rad,as,(2013% Europe South —_— .22 [0.93, 1.59
Pugliatti (2013) Europe South : [ —— 2.07 [1.33, 3.22
Mandriolt (12014) yr:2009-2011 Europe South —_— .17[0.95, 1.44
Scialo (2016 Europe South —_— .101[0.88, 1.38;
Mandrioli (2018) yr:2012-2016 Europe South —— .22[1.04,1.44
Huisman (2011 Europe West . —— 47 [1.31, 1.65]
arin 20(I4 ) Euroge West IS — .29 [1.02, 1.63
Uenal (2014 Europe West —_— .20[1.00, 1.44
Wolf (2014) Europe West —_— .091[0.78, 1.50:
Rosenbohm (2017) Europe West Lo—a— 311[1.14,1.51
Murphy (2008) yr:1985-1995 Australia and New-Zealand —_— 1.1210.76, 1.65
Murphy (2008) yr:1996-2006 Australia and New-Zealand —_—— 1.27[0.91, 1.77
Overall : - 1.28 [1.23, 1.32]
America North : - 1.27 [1.18,1.37]
Europe North : - 1.29[1.22,1.37]
Europe South L - 1.22[1.15,1.31]
Europe West . - 1.34[1.24, 1.44]
Australia and New Zealand ———— 1.21[0.94, 1.55]

0.25 0.50 1.00 1.50 2.00 250 3.00

M:F SRn
Study name (year) Sub-Continent Estimate [95% CI]
Hudson (1986 America North _—_— 1.35[0.95, 1.92
Annegerspg 1) America North —_— 1.1210.75, 1.67.
McGuire 996& America North —_— 1.2010.93, 1.55
Sorenson (2002) yr:1969-1983 America North = 0.81[0.37, 1.76
Sorenson (2002) yr:1984-1998 America North 1.50[0.72, 3.14]
Jordan, (3014) America North —— 1.2311.03, 1.46
Freer (2 15)5 America North . —— 1.4111.24, 1.60:
lordan 6201 ) America North —_—_— 1.28 [0.92, 1.78]
Valle %2 15} LAC America North C— 1.31[1.05, 1.62
Valle (2015) SFBA America North : —_— 1.48[1.17,1.87]
Forsgren g1983) Europe North —_— 1.05[0.75, 1.49
Murros (1983) Europe North 9 0.74[0.38, 1.43
Gunnarson (1984) Europe North —_— 1.41[0.92, 2.16;]
Hojer-Pedersen (1989) Europe North —_— 1.35[1.01, 1.81
Gross—-Pa ui199 ) Europe North : —_— 2.5511.39, 4.69
Forbes (200: Europe North Lo—E— 1.27 [1.14, 1.42
AbhlnavéZOO ) Europe North —_— 1.31[0.94, 1.84]
Imam (2 1(%) Europe North : —_— 1.86 [1.44, 2.42
oensen (2012) yr:1987-1997 Europe North 0 0.9110.35, 2.36]
Al Chalabi §2018\$ yr:1995-2001 Europe North . —_— 1.4911.18, 1.87
Hard!mans 018} yr:1996-2005 Europe North D o—— 1.27 [1.11, 1.46]
Hardiman (2018) yr:2006-2016 Europe North : —— 1.35[1.21,1.51
Logroscino_(2005) Europe South —_— 1.75[1.23, 2.49
Beghi (2007) Europe South . —— 1.38[1.16, 1.64
Chio (2009 Europe South Lo—— 1.28[1.14, 1.42
agonese (2012) Europe South —_— 1.54 11.03, 2.30
Drigo (2013) Europe South —_— 1.1910.94, 1.52
radas ,(2013% Europe South —_— 1.2710.97, 1.66
Pugliatti (2013) Europe South —_— = 2.14[1.38, 3.34]
Mandriol (12014) yr:2009-2011 Europe South — 1.2411.00, 1.53
Scialo (2016 Europe South — 1.2210.97, 1.53
Mandrioli (2018) yr:2012-2016 Europe South — 1.30 [1.10, 1.53
Huisman (2011 Europe West —— 1.801[1.34, 1.68
arin 20(14 ) Europe West —_— 1.381(1.09, 1.75]
Uenal (2014 Europe West —_— 1.23 [1.03, 1.48]
Wolf (2014) Europe West —_— 1.1210.81, 1.56
Rosenbohm (2017) Europe West . —— 1.35[1.17, 1.55]
Murphy }2008] yr:1985-1995 Australia and New-Zealand —_— 1.17 [0.79, 1.71
Murphy (2008) yr:1996-2006 Australia and New-Zealand _— 1.33[0.96, 1.85
Overall > 1.33[1.29, 1.38]
America North - 1.32[1.23,1.43]
Europe North - 1.33[1.26, 1.41]
Europe South - 1.31[1.23, 1.40]
Europe West - 1.38[1.28, 1.48]
Australia and New Zealand ———— 1.26 [0.98, 1.62]
0.25 0.50 1.00 1.50 200 250 3.00
M:F SRci

Fig. 1 Forest plots and pooled estimates of: a SR number (SRn), b SR crude incidence (SRci), ¢ SR standardized incidence (SRsi)
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Cc

Study name (year) Sub-Continent

Estimate [95% CI]

Hudson (1986 America North

i —— 1.3110.92, 1.86

Annegers{19 1) America North —_— 1.2010.80, 1.78
McGuire ( 996% America North —_— 1.13[0.88, 1.47
orenson (2002) yr:1969-1983 America North 0.89[0.41, 1.93
Sorenson (2002) yr:1984-1998 America North 1.4710.70, 3.08
ordan (2014) America North — 1.25[1.05, 1.49
Freer (2015% America North —— 1.39[1.23, 1.57.
Jordan (2015) America North —_— 1.3210.95, 1.83
Valle (2015) LAC America North —_— 1.32[1.06, 1.64
Valle (2015) SFBA America North — 1.46 [1.16, 1.85
Forsgren (1983) Europe North —_— 0.99[0.70, 1.39
urros (1983) Europe North 0.87 [0.45, 1.68
Gunnarson (1984) Europe North —_— 1.30[0.85, 2.00
Hojer-Pedersen (1989) Europe North —_— 1.40[1.05, 1.88
Gross—Pa6u£199 ) Europe North [ — 2.97[1.61,547
Forbes (200: )I Europe North —— 1.40[1.25, 1.57
Abhinay (2007) Europe North [ 1.3410.96, 1.87
Imam (2 1?} Europe North —_— 1.88[1.45, 2.44
Joensen (2012) yr:1987-1997 Europe North 0.91[0.35, 2.36
Al Chalabi &201 yr:1995-2001 Europe North —_— 1.5311.22, 1.92
Hardiman (2018) yr:1996-2005 Europe North —— 1.28 [1.11, 1.47
Hardiman (2018) yr:2006-2016 Europe North —— 1.28[1.14,1.43
Logroscino_ (2005) Europe South : —_— 1.80[1.26, 2.57
Begh|£200 ) Europe South . — 1.53[1.29, 1.83
Chio (2009 Europe South —— 1.311[1.17, 1.47
Ragonese (2012) Europe South —_— 1.54[1.03, 2.31
Drigo (2013) Europe South —_— 1.29[1.01, 1.64
Pradas (2013 Europe South —_— 1.30[0.99, 1.70
Pugliatti (2013) Europe South —_— 2.1411.37, 3.33
Mandriolt (12014) yr:2009-2011 Europe South —_— 1.28[1.03, 1.58
Scialo (2016 Europe South — 1.2310.98, 1.54:
Mandrioli (2018) yr:2012-2016 Europe South — 1.32[1.12, 1.55
Huisman (2011 Europe West —— 1.46[1.30, 1.64
Marin 20(14 ) Euroge West —_— 1.3411.06, 1.70
Uenal (2014 Europe West —_— 1.27 [1.06, 1.52
Wolf (2014) Europe West —_— 1.1510.83, 1.59
Rosenbohm (2017) Europe West —— 1.36 [1.18, 1.57'
Murphy (2008) yr:1985-1995 Australia and New-Zealand —_— 1.22[0.83, 1.80
Murphy (2008) yr:1996-2006 Australia and New-Zealand —_—— 1.27[0.91, 1.76
Overall > 1.35[1.31, 1.40]
America North - 1.32[1.22,1.42]
Europe North — 1.37 [1.26, 1.49]
Europe South - 1.36 [1.28, 1.45]
Europe West - 1.37[1.28, 1.48]
Australia and New Zealand ——— 1.25[0.97, 1.60]

0.25

Fig. 1 (continued)

Western Europe, (d) Northern America, and (e) New Zea-
land, in Figure e-2 and Figure e-3, respectively. The good-
ness of fit measures (R?) calculated from Poisson models are
shown in Table e-4.

As shown in Tables 2a and b, significant heterogeneity
was detected in New Zealand for both SR number (mul-
tivariate Cochran’s Q, p=0.014 and >’=71.7%) and SR
crude incidence (multivariate Cochran’s Q, p=0.065 and
I?=58.5%), respectively. However, heterogeneity could not
be explored due to the very small number of included studies
(N =2) for that subcontinent.

Sex ratio related to population age

A closer look at the estimated “meta-analyzed” curves of
pooled male-to-female SR number with respect to popu-
lation age reveals a progressive reduction of SR number at
increasing age. As shown in Fig. 2, the overall pattern was
characterized by a higher SR number for younger ages fol-
lowed by a progressive slow steady decrease which continued
in the oldest old (resulting in an SR number inversion). At the
peak age (60 s or 70 s), the SR number ranged from 1.20 to
1.36. A similar pattern was found within each subcontinent,
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although the SR number inversion in the oldest age was not
found in Western Europe and Northern America. Unlike the
SR number, the male-to-female crude incidence rate ratio in
relation to age displayed a U-shaped curve (Fig. 3). The pattern
exhibited a higher SR crude incidence for younger ages with
a steady decrease until the peak age of incidence (60-70 s, SR
crude incidence = 1.44) followed by a subsequent progressive
increase in older age. Therefore, a high SR crude incidence
for both the youngest and the oldest ages with an inflexion at
the peak age of incidence was found. A similar pattern was
observed within each subcontinent (Fig. 3).

These findings were consistent after performing all sta-
tistical analyses having excluded the two studies from New
Zealand. Table e-5 shows the pooled estimates of SR number
and SR crude incidence by age categories along with their
95% Cl in all studies and within subcontinents.

Discussion

This meta-analysis provides a global assessment of ALS
male-to-female SR measures and their relationship with
different ages in European ancestral origin populations. A
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Table 1 Results from standard meta-analysis of male-to-female sex ratio measures performed for all studies and within each subcontinent

Heterogeneity statistics In (M:F)
Cochran Q-test P p-value (Q-test) Estimate (SE)* p-value

a. SR number

Overall—all studies (N=39) 43.864 13.4% 0.237 0.244 (0.017) 3.9%107%
Subcontinent

America North (N=10) 6.128 0.0% 0.727 0.239 (0.038) 3.9%1071°

Europe North (N=12) 15.569 29.3% 0.158 0.255 (0.030) 2.2x107"7

Europe South (N=10) 12.722 29.3% 0.176 0.202 (0.033) 5.7x1071°

Europe West (N=5) 5.656 29.3% 0.226 0.291 (0.038) 1.0x 1071

Australia and New Zealand (N=2) 0.227 0.0% 0.634 0.187 (0.128) 1.4x107!
b. SR crude incidence

Overall—all studies (N=39) 40.114 5.3% 0.377 0.288 (0.017) 6.8x107%
Subcontinent

America North (N=10) 5.458 0.0% 0.793 0.281 (0.038) 2.0x10713

Europe North (N=12) 18.264 39.8% 0.076 0.288 (0.030) 1.1x1072!

Europe South (N=10) 9.783 8.0% 0.368 0.271 (0.033) 1.0x 10716

Europe West (N=35) 5.052 20.8% 0.282 0.321 (0.038) 1.5%x107"7

Australia and New Zealand (N=2) 0.265 0.0% 0.607 0.230 (0.128) 7.2%1072
¢.SR standardized incidence

Overall—all studies (N=39) 40.402 5.9% 0.365 0.301 (0.017) 1.1x107°
Subcontinent

America North (N=10) 4.374 0.0% 0.885 0.277 (0.038) 43x107"

Europe North (N=12) 21.261 48.3% 0.031 0.314 (0.044) 9.1x107"3

Europe South (N=10) 10.632 15.4% 0.302 0.308 (0.033) 3.7x1072!

Europe West (N=5) 3.103 0.0% 0.541 0.317 (0.038) 40x107"7

Australia and New Zealand (N=2) 0.019 0.0% 0.890 0.223 (0.128) 8.2x1072

M:F male: female, [n natural logarithm, SE standard error

*Estimates from fixed or random-effects meta-analysis (the latter is performed when Cochran Q-test p-value <0.10 and I>> 25%)

higher number and incidence of male cases compared to
female cases was consistently described in SR estimates.
Dose-response meta-analyses show the specific relationship
between SR measures and population age. All results were
consistent within the subcontinents (Northern Europe, West-
ern Europe, Southern Europe, Northern America, Australia
and New Zealand).

Male-to-female SR is a subject that has drawn attention in
recent years [19, 20] due to an apparent increase of incident
female cases which led to a regression of SR over time (SR
close to 1). It was suggested that this is related, at least in
part, to lifestyle or exposure changes in the last decades.
Methodological issues, improvement of case ascertainment
in females and changes in the age structure of the population
along with longer life expectancy were also proposed. Here,
we conducted several meta-analyses including original stud-
ies with a high-standard methodology to perform a statistical
synthesis of SR estimates. Statistical synthesis of findings
allows the degree of conflict to be formally assessed, and
reasons for different results to be explored and quantified
[21]. For instance, we have found that the between-study

heterogeneity was explained by the time period for SR stand-
ardized incidence in Northern Europe.

The higher number and incidence of male cases than
female cases was consistent in all SR measures (SR number,
SR crude incidence and SR standardized incidence). The
relationship of male-to-female SR with respect to the popu-
lation age highlights the importance of taking into account
the population at risk. The SR number showed a progres-
sive increase in female cases at increasing age (Fig. 2). This
was in contrast with SR crude incidence where SR remains
higher in younger age and older age (Fig. 3). This differ-
ence might be due to the far higher PYFU in the oldest old
females than the oldest old males. Therefore, the adjusted
data for the underlying population structure allowed us to
control for the relative increase in the proportion of females
in the elderly population.

The findings from the SR crude incidence could be con-
sidered a more reliable description of the male-to-female
SR because incidence rates include follow-up times and
implicitly account for the fact that females achieve higher
survival than males. The SR crude incidence clearly shows
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Table 2 Results from multivariate dose—response meta-analysis of male-to-female sex ratio measures relationship with respect to the population
age, performed for all studies and within each subcontinent

Multivariate heterogeneity statistics® Intercept’ Linear change” Quadratic change®
Cochran Q I p-value (Q-test) Estimate (SE)* p-value Estimate (SE)* p-value  Estimate (SE)*  p-value
a. SR number
Overall—all 111.258 1.0% 0.555 1.614 (0.311) 2.0x107 =0.029 (0.010) 2.2x107  0.0001 (0.0001)8.2x 107>
studies
(N=39)
Overall—all 98.437 1.0% 0.734 1.639 (0.313) 1.6x1077 —0.030(0.010) 2.0x10  0.0001 (0.0001)8.0x 107
studies
without
Australia and
New Zealand
(N=37)
Subcontinent
America North ~ 12.906 1.0% 0.990 2.230 (0.528) 2.4x1075  —0.053(0.016) 1.0x10™  0.0003 (0.0001)7.1x 1073
(N=10)
Europe North 36.606 9.9% 0.305 1.057 (0.615) 8.6x1072 —0.006(0.019) 7.6x10" —0.0001 5.6x107!
(N=12) (0.0001)
Europe South 28.754 6.1% 0.373 0.822 (0.661) 2.1x10™"  —0.005(0.020) 8.2x10" —0.0001 6.8%x107!
(N=10) (0.0002)
Europe West 7.747 1.0% 0.805 2.117 (0.791) 7.5%107  —0.047 (0.025) 6.0x1072  0.0003 (0.0002) 1.5% 10!
(N=5)
Australia and 10.608 71.7% 0.014 -5.306 (9.805) 5.9%x 107! 0.172 (0.320) 5.9%x107" —0.0013 6.0x107!
New Zealand (0.0025)
N=2)
b. SR crude incidence
Overall—all 109.431 1.0% 0.604 2.050 (0.301) 1.0x10™"" —0.052(0.009) 1.9x10°  0.0004 (0.0001)1.2x 1078
studies
(N=39)
Overall—all 100.374 1.0% 0.687 2.061 (0.304) 1.2x10™""  —0.053 (0.009) 2.3x10%  0.0004 (0.0001)1.8x 1078
studies
without
Australia and
New Zealand
(N=37)
Subcontinent
America North  15.269 1.0% 0.966 2.446 (0.528) 3.7x107° -0.064 (0.016) 5.8x107  0.0005 (0.0001)5.4% 107>
(N=10)
Europe North 38.265 13.8% 0.243 1.743 (0.587) 3.0x107 —0.038 (0.019) 4.0x102  0.0003 (0.0001) 6.4 107>
(N=12)
Europe South 29.217 7.6% 0.351 1.069 (0.630) 9.0x1072 —0.023 (0.020) 2.4x10"  0.0002 (0.0001)1.8x 10!
(N=10)
Europe West 7.738 1.0% 0.805 3.112 (0.765) 4.8x107 —0.090 (0.024) 1.6x10™*  0.0007 (0.0002)8.2x 107
(N=5)
Australia and 7.222 58.5% 0.065 —3.132(7.824) 6.9x107! 0.099 (0.255) 7.0x107"  —0.0007 7.3%107!
New Zealand (0.0020)
N=2)

SE standard error

*Estimates from fixed or random-effects dose-response meta-analysis (the latter is performed when the multivariate Cochran Q-test
p-value <0.10 and I*>25%);

Mean level of the natural logarithm of the male-to-female SR measure at the origin (i.e., when age =0);
"Linear mean change of each SR measure at each year of population age;
$Quadratic mean change of each SR measure at each year of population age;

“"3These parameters correspond to the estimates of B;, f; and P coefficients defined into the equation (IT) reported in the manuscript (supple-
mentary material)

#Testing the presence of between-studies heterogeneity of all regression coefficients’ estimates (i.e., testing the heterogeneity of the full models)

@ Springer



Journal of Neurology (2021) 268:2973-2984

2981

All
o
oo\
0 - \
\
N~ -
g ©7
[
w
= < o
o) -
~ -
o -
T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
Age
America North
o T
o -
0 -
~ -
g © ]
w o -
w
= < o
o -
~ -
o -
] ] ] ] ] ] ] ] ] ] ] Ll
0 10 20 30 40 50 60 70 80 920 100 110
Age
Europe South
O
O -
o o \
\
~ - \
=4 - \
x © .
0 [A N
et N
= ~ - ~
o -
~ -
O -

All wo Oceania

o 4
\
o -
\
o -
N~ -
§ ©7
[Z 2
w
s <« o
) -
~ -
o -
T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
Age
Europe North
S
A
29
o - \
~ -
C -
I ©
2 [Tl
w
= < o
o -
~ -
o 4
] ] ] ] ] ] ] ] ] ] ] Ll
0 10 20 30 40 50 60 70 80 90 100 110
Age
Europe West
o 4 \)
\
o) -
o -
~ -
= -
I ©
0 [To
L
S < -
o« -
~ -
O -

Fig.2 Dose-response meta-analysis of male-to-female SR number with respect to population age, overall (with and without the inclusion of

New Zealand) and by subcontinent

that accounting for individual PYFU, the male to female
ratios was characterized by a U-shape.

The relationship between male-to-female SR number
and population age might explain the change of SR over
time: several decades ago, the age at diagnosis was around
60 s (corresponding a SR around 1.4) while nowadays
mean age is closer to 70 s (corresponding a SR closer to
1). In that respect, we cannot exclude the possibility that a
change in age at diagnosis could be explained by a change
in life expectancy in the corresponding time. If the rela-
tionship between SR number and population age is similar
across populations, it could also explain (at least in part)

the differences in SR reported in other parts of the world.
Population-based studies have reported a SR number around
2 in Northern Africa [22] and South Asia [23], where age
at diagnosis was around 50 s. However, it is difficult to
draw conclusions given the limited quality data in several
subcontinents and the potential role of ancestral origin and
environmental exposure in ALS heterogeneity. Methodologi-
cal issues cannot be excluded. It remains to be determined
whether these differences in sex distribution are genuine in
other populations or they could be explained by differences
in terms of population structure, accessibility to the health
system, or reduced case ascertainment in females. Further

@ Springer
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Fig.3 Dose-response meta-analysis of male-to-female SR crude incidence with respect to population age, overall (with and without the inclu-

sion of New Zealand) and by subcontinent

original studies with high standard methodology are needed
in areas poorly represented in the literature to clarify this
important issue.

Studies have suggested there may be differences in male-
to-female SR among ALS subtypes. For instance, male-to-
female SR was 1:2 for PLS [24], 2:1 for PMA, 4:1 for flail-
arm-syndrome and 1:1 for flail-leg-syndrome [25]. However,
these studies were conducted in referral centres that are
known to drive a selection bias [26] and there was a lim-
ited number of cases included. Only one population-based
study reported a male predominance of PLS cases (male-to-
female SR =1.45) [27]. Therefore, it very difficult to draw

@ Springer

conclusions on SR in ALS subtypes given the limited quality
data. Further studies are needed, mainly population-based
studies.

It remains to explore the influence of genetics and envi-
ronmental factors in the predominance of incident male
cases and the relationship between SR and population
age. Sex differences in ALS might be linked to unequal
exposures or different responses to risk factors [28]. For
instance, case—control studies have shown that the risk of
developing ALS appeared to be greater in female smokers
than in male smokers [29, 30]. Although this association
remains controversial, this suggests that males and females
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could experience different effects from the same exposure
[28]. The relation between age, sex, and genetic suscepti-
bility is another interesting subject to investigate. The role
of ancestral origin also needs to be considered. A recent
population-based study described the association of clini-
cal characteristics and phenotypes with age and sex. The
authors suggested a possible link between the pathologic
process and a differential susceptibility determined by age,
sex, and genetics [31]. These relations could have impor-
tant implications to improve our understanding of ALS.
The strengths of this work rely on several points. First,
we included only population-based studies using multiple
sources for case ascertainment (high-quality methodology).
Second, we obtained updated and verified data by contact-
ing the authors or their collaborators when necessary. Third,
the dose-response meta-analysis was performed following
a strong analytical approach which let to assess the nonlin-
ear relationship between ALS measures and population age
within each study (first step) and then to meta-analyze find-
ings among studies in a multivariate fashion (second step).
Last, we investigated the sources of heterogeneity using sev-
eral study-level covariates including time period. Some limi-
tations need to be discussed. First, we used a geographical
approach as a proxy of ancestral origin. We recognize that
it is difficult to argue about the homogeneity of populations
within a given subcontinent. However, it is a useful initial
approach to address ethnicity given the lack of stratified data
by ancestral origin populations in the literature. Second, we
included only studies of European ancestral origin popula-
tions in an effort to control variability related to ethnicity.
In that respect, our findings cannot be generalized to other
populations. Last, although we investigated potential sources
of heterogeneity, meta-regression does not allow us to specu-
late about the presence of any cause-effect relationship.

Conclusion

This meta-analysis found that the number and the inci-
dence of ALS cases were consistently higher in males
than females in the European ancestral origin population.
Dose-response meta-analysis showed that SR measures
change with respect to population age. All the elements
combined allow us to improve our understanding of SR
measures. It is necessary to explore the influence of other
factors (e.g., ancestral origin, environmental factors) on
age and sex. Further original research is needed to clarify
if our findings are similar in other populations.
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tary material available at https://doi.org/10.1007/s00415-021-10464-2.
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