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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• ALS is the most common neurodegen-
erative disease affecting motor neurons.

• ALS mortality showed a rising trend 
over time for both sexes.

• High mortality clusters were identified 
in the North and Northeast regions of 
Spain.

• Low altitude and agricultural land may 
influence ALS distribution.
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A B S T R A C T

Introduction: Amyotrophic lateral sclerosis (ALS) is the most common neurodegenerative disease affecting motor 
neurons. Currently, ALS is conceived as the result of the interaction between genetics, environmental factors, and 
aging. This study analyzed the spatial and temporal patterns of ALS in Spain, delving into the potential re-
lationships between altitude, land cover, and this disease.
Methodology: ALS death data were collected over a 19-year period, including information on sex, age and mu-
nicipality of residence. The standardized mortality rate was calculated for each municipality of residencia, and 
Anselin's local Moran's I statistic was used to identify clusters of high and low incidence. Altitude data were 
sourced from the Copernicus Land Monitoring Services, while land cover data came from CORINE satellite im-
ages and national agricultural statistics.
Results: The average annual incidence of ALS deaths among adults was 2.5 per 100,000 people. Higher mortality 
rates were noted in males (2.8) than in females (2.3), with both sexes exhibiting a rising mortality trend in a 
temporal analysis. Cluster analysis revealed that high mortality areas were mostly located in the North and 
Northeast of the country. Municipalities in these clusters had significantly lower median altitudes and larger 
areas of Permanently Irrigated Arable Land and Broad-Leaved Forest.
Conclusion: This study provides new evidence about the increase in ALS cases in European countries during the 
last decades, reporting for the first time altitude and certain agricultural land uses as potential geographic de-
terminants of the disease.

1. Introduction

Amyotrophic Lateral Sclerosis (ALS) is the most common neurode-
generative disease affecting motor neurons (MNs). The annual incidence 
of ALS worldwide ranges from 0.6 to 3.8 cases per 100,000 inhabitants, 
with Europe reporting the highest incidence (2.1–3.8 cases/100,000) 
(Feldman et al., 2022; Riva et al., 2024). Despite differences in incidence 
across various regions, numerous authors have reported a global in-
crease in disease incidence over the past decade, predicting that it will 
continue rising in the coming decades (Arthur et al., 2016). Specifically, 
in Cantabria (a small Spanish province in the Cantabric Coast), we 
recently described a 70 % increase in incidence over the past 40 years 
(Riancho et al., 2016), and it is projected that worldwide, the incidence 
will increase by around 60 %, mainly due to increases in developing 
countries (Arthur et al., 2016). A small proportion of ALS cases have a 
familial origin (fALS), secondary to mutations in specific genes. In 
contrast, approximately 90 % of cases are classified as sporadic ALS (Al- 
Chalabi et al., 2024; Riancho et al., 2019). Sporadic ALS cases are ac-
cording to multistep hypothesis (Al-Chalabi et al., 2014) presumed to 
result from the consequences of, a probably variable in each case, 
interaction of genetic risk factors, environmental factors, personal life- 
style patterns and aging (Zufiría et al., 2016). Thus, motor neuron 
degeneration will occur when the sum of an individual's genetic risk 
factors and a combination of environmental risk factors, favored by 
aging, reaches a certain threshold, beyond which self-perpetuating 
mechanisms will be established.

The importance of environmental factors in the genesis of the disease 
is highlighted by the increased incidence of ALS in recent decades 
(Goutman et al., 2023). Given the low probability of significant changes 
in the genetic background in recent years, the aging population, along 
with changes in exposure to environmental factors, seem to be respon-
sible for the higher frequency of cases (Riancho et al., 2018). The term 
environmental factors encompasses a wide range of situations, including 
both external factors (exposure to pollutants [aerial, dissolved in water 
or contaminating the food], residence in different geographical areas, 
exposure to infectious agents, etc.) and internal factors (physical activ-
ity, nutritional habits, exposure to recreational toxic and drugs, presence 
of other comorbidities, etc.) (Goutman et al., 2023; Riancho et al., 2021; 
Castanedo-Vazquez et al., 2018). One of the first pieces of evidence of 
the importance of environmental factors and the possibility of estab-
lishing preventive strategies from their study was the identification of a 
disproportionate occurrence of an ALS-like syndrome in the indigenous 
population of Guam Island, related to a neurotoxin present in the roots 
of the Cycad plant (Reed et al., 1966; Murch et al., 2004). Since then, the 
existence of other high-incidence ALS clusters has been investigated to 

identify environmental factors that may favor the onset of the disease. In 
this regard, increased incidence rates associated with a high number of 
factors, such as the consumption of selenium-rich waters exposures, and 
exposures to other metals, have been documented (Riancho et al., 2018). 
Recently, Spencer et al., aiming to delve into the role of environmental 
factors, reviewed the spatial clusters described worldwide. In this re-
gard, while they describe the scarcity of studies and their limitations, 
they indicate that in most cases, toxic agents and neurotoxins could be 
implicated behind high-incidence clusters (Spencer et al., 2019). Addi-
tionally, clusters of disease incidence lower than expected have been 
described, but without any significant correlation reported by re-
searchers (Rooney et al., 2015a). To improve knowledge about the 
possible toxins involved, some authors have focused on analyzing 
occupational exposures to chemical agents (solvents, heavy metals, and 
pesticides), and some studies have described an association with agri-
cultural pesticides (Kang et al., 2014; Kamel et al., 2012; Capozzella 
et al., 2014). By contrast, other studies found no occupational rela-
tionship but did find a link with living in rural environments where there 
may be greater indirect exposure to certain agricultural products 
(Korner et al., 2019).

In this regard, the present study aims to analyze the spatial pattern in 
Spain at the municipal level, seeking possible high-incidence clusters to 
discuss the role of potential risk factors involved. Secondly, the rela-
tionship between ALS and the type of land cover (with particular 
attention to agricultural land use) will be evaluated.

2. Methodology

An ecological study of the incidence of ALS in Spain was conducted 
over a 19-year period using a spatial analysis methodology.

2.1. Study area

Spain is the second largest country in the EU, covering an area of 
506,000 km2 with >48.5 million inhabitants. Administratively, Spain is 
divided into 50 provinces and two autonomous cities (NUTS 3 level). 
Additionally, the provinces are subdivided into municipalities 
(currently, there are 8131 municipalities in the country).

2.2. Mortality data

Annual data on deaths due to ALS (ICD-10 G12.2 Motor Neuron 
Disease) were collected from 2003 to 2021, including sex, age and 
municipality of residence. The data source was the National Institute of 
Statistics (INE). Non-adult cases (age below 20 years) and those with no 
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recorded municipality of residence were excluded (Fig. 1).

2.3. Altitude and land cover

The altitude of the municipalities located in peninsular Spain and the 
Balearic Islands was derived from the Copernicus Land Monitoring 
Services (EU-DEM dataset); data corresponding to the Canary Islands 
and the autonomous cities of Ceuta and Melilla were not available 
(Fig. 1).

Land cover was analyzed using data from both satellite images (from 
the CORINE [Coordination of Information on the Environment] pro-
gram) and national statistics (from the INE). The CORINE program was 
launched by the European Commission to develop a standardized 
methodology for producing continent-scale land cover, biotope, and air 
quality maps. Since 1990 (when the first CORINE Land Cover dataset 
was produced) it has become a flagship component of the European 
Environment Agency's Copernicus Land Monitoring Service, providing 
essential information on European land cover/land use for over three 
decades. The present study works with data from the last update, 2018, 
in which 44 thematic classes of land cover are differentiated. The dataset 
has a Minimum Mapping Unit (MMU) of 25 ha (ha) for areal phenomena 
and a Minimum Mapping Width (MMW) of 100 m for linear phenomena 
and is available both as vector and as 100 m raster data. Of the 44 
thematic classes, those that covered at least 5 % of the country's territory 
were included (Table 1). To work at the municipal scale and compare 
with ALS incidence rates, a filter on the Municipalities layer with QGIS 
was created.

Subsequently, from national statistics, the land area used for agri-
culture was collected, differentiating permanent outdoor CROPS (CROP 
1) and greenhouse or accessible high shelter (CROP 2) from all munic-
ipalities in Spain. The source of the data was the INE, which collects it 
from the census of agricultural holdings.

2.4. Statistical analysis

We divided the analysis period into two stages to separately analyze 
the last 10 years and the prior period (2003–2011 and 2012–2021). The 
Kendall rank correlation coefficient with a 95 % CI was used for the 
trend calculations of rates.

The number of ALS deaths in each municipality was standardized 

using the Curtin and Klein (1995) direct method, with the average 
population distribution by five-year age groups in the year 2012 in the 
Spanish municipalities as the reference. Subsequently, the average 
standardized rate was calculated and the mean for the whole period was 
obtained from the standardized rates over the 19-year period.

The geographic patterns of an event may range from being fully 
clustered at one extreme (i.e. Positive spatial autocorrelation) to 
completely dispersed at the other (i.e. negative spatial autocorrelation). 
In the absence of significant spatial pattern the event spatial pattern is 
often described as random. Moran's I spatial autocorrelation analysis 
was conducted to simultaneously analyze the spatial distribution of ALS 
mortality rate and to explore the spatial dependence of this event across 
the different municipalities of Spain. Anselin local Moran's I statistic was 
applied to identify clusters of municipalities with significantly higher 
and lower mortality rates of ALS. The models applied considered dis-
tances as Euclidean through inverse distance method of conceptualiza-
tion of spatial relationships combined with a row standardization.

To analyze the relationship between municipalities where ALS inci-
dence clusters were detected and the thematic classes of land cover and 
land use from the CORINE Land Cover dataset, the percentage of the 
total area of each municipality allocated to each class was calculated. 
The differences in land cover between municipality categories (Non 
cluster area, Low incidence cluster area, High incidence cluster area) 
were assessed using the non-parametric Kruskal-Wallis test. The Mann- 
Whitney test was employed to compare the cluster categories for the 
thematic classes of land cover. This same method was used to analyze 
the relationship with the altitude.

To assess the statistical association between ALS mortality stan-
dardized rate and the percentage of CROP 1 and CROP 2, we attributed a 
value to each municipality corresponding to the average density. Then, 
we performed a global and stratified linear correlation analysis, at NUT 
III level.

3. Results

Over the 19-year study period, 17,956 adults (aged 20 and over) died 
from ALS in Spain. Of these deaths, 52.7 % occurred in males. The 
median age of individuals who died from this cause was 71 years (53 
[P10]- 83[P90]); 70 years in males (51[P10]- 82[P90]), and 72 years in 
females (55[P10]- 84[P90]).

Fig. 1. Flowchart for the selection of ALS mortality data and variables for association analysis.
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The average annual incidence rate of death due to ALS among adults 
over the 19-year study period was 2.5 cases per 100,000 inhabitants (2.8 
cases per 100,000 inhabitants in males; 2.3 cases per 100,000 in-
habitants in females). During the first period of the study (2003− 2011), 
the average incidence rate among adults was 2.4 deaths per 100,000 
inhabitants (2.5 in males and 2.2 in females). By 2012 and 2021, it 
increased up to 2.7 deaths per 100,000 inhabitants (3.0 in males and 2.5 
in females) (Supplementary Fig. 1).

In the analysis of trends in annual rates at the provincial level by sex 
among the adult population, we observed that the trend was statistically 
significantly increasing in 16 (Albacete, Alicante, Burgos, Cádiz, 
Castellón, A Coruña, Granada, Guipúzcoa, León, Murcia, Ourense, 
Asturias, Santa Cruz de Tenerife, Sevilla, Valencia and Vizcaya) and 6 
(Cádiz, Guipúzcoa, Las Palmas, Salamanca, Santa Cruz de Tenerife and 
Vizcaya) out of the 52 provinces studied for males and females, 
respectively (Fig. 1A, Supplementary Table 1). By contrast, we observed 
that in 1 province, the trend was significantly decreasing among females 
(Fig. 2A, Supplementary Table 1). When assessing the latest 10 years of 
the study period, the increasing trend in men remained exclusively in 3 
of the provinces (A Coruña, Asturias and Vizcaya) while in women it 
became statistically significant in up to 8 provinces (Barcelona, Cádiz, 
Málaga, Cantabria, Segovia, Sevilla, and Valladolid). In addition, we 
observed that the trend was significantly decreasing in men in the 
province of Zamora (Fig. 2B, Supplementary Table 1).

The ALS standardized mortality rate at the municipal level of resi-
dence varied considerably across the country. While in the majority of 
the municipalities (5194 there was no record of deaths, the municipality 
with the highest rate reached values of 307 deaths by 100.000 habitants 
(Supplementary Fig. 2). The spatial autocorrelation test showed a sig-
nificant, yet low, positive association (Global Moran's I: 0.003; p-value: 
<0.001). The cluster analysis identified clusters of high mortality 
located between people living in the North and Northeast of the country 
and of low mortality without a specific spatial pattern (Fig. 3).

3.1. Association between ALS mortality and altitude

The 8131 municipalities were classified into 3 categories depending 
on whether they were located within a cluster with a high incidence rate 
of mortality due to ALS, a low one, or had any cluster association. The 
results of the Kruskal–Wallis test showed that there existed highly sig-
nificant differences (p < 0.001) in median altitude across cluster cate-
gories. The assessment between municipalities coinciding with clusters 
of high incidence and those outside these clusters confirmed that the 
formers had a significantly lower median altitude than the others (High 
incidence cluster areas [Median = 568.78, 130.19[P10]-1058.72[P90]], 
Low incidence cluster areas [Median = 848.96, 312.93[P10]-1361.69 
[P90]]; Non-cluster areas [Median = 667.66; 148.39[P10]-1109.22 
[P90]]).

3.2. Association between ALS mortality and land cover

The average percentage of surface area in the municipalities for the 3 
categories and for each thematic class of land cover is represented in 
Table 1. The results of the Kruskal-Wallis test showed that in the 6 
classes of land cover that represented at least 5 % of the country's ter-
ritory there were statistically significant differences (p < 0.001) with the 
municipality's incidence clusters (Table 1).

The results of the Mann Whitney pairwise comparisons between the 
cluster categories for the thematic classes of land cover showed that 
Permanently irrigated arable land (212) and Broad-leaved forest (311) 
were significantly higher for those municipalities coinciding with clus-
ters of high incidence (p < 0.001). On the other hand, Natural grassland 
(321) was significantly higher for those municipalities located in clus-
ters of low incidence (p < 0.001).

3.3. Association between ALS mortality and farming

The percentage of utilized agricultural area of permanent outdoor 
crops (Supplementary Fig. 3) and the percentage of utilized agricultural 

Table 1 
Descriptive analysis of the CORINE Land Cover Classes at least covering a 5 % of the country's territory by ALS Clusters categories, values (%).

Code Type Non-cluster areas Low incidence cluster areas High incidence cluster areas

Average SD Median (P10-P90) Average SD Median (P10-P90) Average SD Median (P10-P90)

211 Non-irrigated arable land 24.5 29.5 9.7 (0.0–73.7) 11.9 18.7 2.8 (0.0–38.8) 26.2 26.7 21.5 (0.0–68.2)
212 Permanently irrigated land 6.1 15.3 0.0 (0.0–19.3) 3.1 9.4 0.0 (0.0–7.5) 6.8 13.5 0.0 (0.0–23.2)
311 Broad-leaved forest 10.3 15 3.4 (0.0–30.7) 5.8 9.5 1.4 (0.0–17.9) 18.1 20.1 11.6 (0.0–49.0)
312 Coniferous forest 8.8 14.8 1.5 (0.0–29.1) 14.6 18.5 6.7 (0.0–42.2) 14.4 17.8 7.5 (0.0–43.3)
321 Natural grassland 5.6 9.7 1.3 (0.0–17.0) 8.7 12.1 3.8 (0.0–25.4) 2.8 5.8 0.7 (0.0–6.8)
323 Sclerophyllous vegetation 8.6 13.2 2.4 (0.0–26.4) 16.8 18.1 11.1 (0.2–44.3) 6.1 10.1 1.6 (0.0–17.2)

Fig. 2. ALS mortality rate by sex and period of the study. 
Provinces with a statistically significant trend in ALS mortality rate by sex are represented. A: Period 2003–2021; B: Period 2012–2021.
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area in greenhouse or accessible high shelter (Supplementary Fig. 4) 
exhibited important cross-country disparities. While the former tended 
to be higher in the municipalities of the center and the south of the 
country, the presence of greenhouse or accessible high shelter agricul-
ture was more frequent in municipalities near the coastline.

Overall, there was not a linear correlation between ALS death rate 
and the percentage of utilized agricultural area of permanent outdoor 

crops (correlation coefficient: 0.001; p-value: 0.943). However, signifi-
cant coefficients were found at the NUT III level, where two regions 
(Huesca and Las Palmas) exhibited a significant positive association and 
one (Cáceres) a significant negative association (Fig. 4A).

While at the national level the linear correlation between ALS death 
rate and the percentage of utilized agricultural area of greenhouse or 
accessible high shelters was also non-significant (correlation coefficient: 

Fig. 3. ALS clusters. 
ALS high and low rate clusters across Spain. Non clustered-municipalities, high-clustered municipalities and low-clustered municipalities are represented in grey, red 
and green, respectively.

Fig. 4. Association between ALS mortality and farming at a provincial level. 
A. CROP 1 – Association with agricultural area of permanent outdoor crops. B. CROP 2 – Association with agricultural area in greenhouse or accessible high shelter. 
Those provinces showing negative or positive correlation are colored in green and orange scale respectively. Provinces exhibiting a statistically significant correlation 
have been highlighted.
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0.001; p-value: 0.966), two NUT III regions (Badajoz and Guadalajara) 
presented positive significant associations (Fig. 4B).

4. Discussion

Our study analyzes the pattern of ALS in Spain from both a spatial 
and temporal perspective. Additionally, it delves into the relationship 
between the presence of ALS, the altitude, and the type of land and its 
agricultural use.

Regarding disease incidence, our results are consistent with the in-
crease in disease frequency reported by other groups in recent decades 
(Arthur et al., 2016; McFarlane et al., 2024). These findings align with 
other studies from our group at both regional and national levels con-
ducted just a decade ago (Riancho et al., 2016; Santurtún et al., 2016). 
Due to the methodology used, the crude incidence figure cannot be 
compared with other previously published studies, as in this study it was 
considered the number of cases occurring in individuals over 18 years 
old and the total adult population. Recently, various studies have 
pointed to an increase in cases in the age group above 75–80 years 
(Aragones et al., 2016). Characteristically, bulbar-onset ALS, more 
common in women, tends to appear at older ages than spinal-onset 
forms [6,7]. This fact could explain, at least partially, the significant 
trend in the increase of cases in the female population observed in this 
study. Additionally, it could be speculated that women's habits and 
lifestyles have been changing in recent years. In this regard, factors such 
as increasing smoking habits and women's entry into industrial work 
with relevant professional exposures over the past two decades could 
also contribute to these findings (Menson and Coleman, 2024).

Importantly, in the present study, both bulbar-onset and spinal-onset 
forms of ALS were analyzed together because the data source did not 
differentiated between them. Globally, spinal-onset forms are signifi-
cantly more frequent than bulbar-onset ones, with the latter represent-
ing around 25–30 % of total cases (Ludolph et al., 2024; Rizea et al., 
2024). Despite the existence of subtle differences between these disease 
subtypes (Grassano et al., 2024; Canosa et al., 2023), both bulbar and 
spinal variants share the main pathogenic milestones (Rizea et al., 2024; 
Mead et al., 2023). Future studies, stratifying not only by onset form but 
also differentiating between genetic and sporadic forms, will provide 
new evidences about the role of distinct environmental factors, 
including altitude and land use, in the different forms of the disease.

Regarding the identification of high and low incidence clusters of 
ALS, it is described clusters of higher-than-expected incidence in some 
provinces mainly located in the northern and northeastern regions. 
Similar results with a higher proportion of cases in territories further 
away from the equatorial axis were described by our group a few years 
ago (Santurtún et al., 2016). This has also been reported in other 
countries (Valenzuela et al., 2015), although other studies in the liter-
ature are discordant regarding the potential role that latitude might play 
in the appearance of ALS (Logroscino et al., 2005). On the other hand, 
we identified a series of Administrative units with lower-than-expected 
disease incidence. Although they showed a preferential geolocation 
along the Spanish east coast, no particular geographic feature was 
detected. In this line, other epidemiological cohort studies have also 
described other low-incidence clusters in Europe. Specifically, Rooney 
et al. reported two low-incidence territories in Ireland without identi-
fying a clear demographic pattern or differential environmental expo-
sure, leading them to hypothesize that the observed differences might be 
related geographic-associated genetic variants (Rooney et al., 2015b).

Given the importance of acquired factors in sporadic ALS, we 
analyzed the association with altitude. To the best of our knowledge this 
geographic factor had not been previously associated to ALS. Interest-
ingly, we found that municipalities located in high-incidence clusters 
had significantly lower altitudes. That novel fact migh have distinct 
potential explanations. First, people living in higher-altitude areas are 
exposed to lower oxygen pressure and to different degrees of celular 
hypoxia. Under these situations it has been described to increase the 

expression of hypoxia-inducible factor (HIF)-1α (West, 2012). Notably, 
one of the most relevant functions of HIF is the regulation of several 
mitochondrial gene pathways related to energy utilization (West, 2012). 
In this regard, mitochondrial dysfunction and disorders in energy supply 
have been described as key drivers for both ALS onset and progression 
(Jankovic et al., 2021). In addition, HIFs also modulate nitric oxide 
metabolism genes (West, 2012). Nitric oxide has been reported to play a 
critical role in the age-related cascade of neurodegeneration in neuro-
degenerative diseases, and particulartly in ALS (Drechsel et al., 2012; 
Iova et al., 2023). On the other hand, low-altitude areas are character-
ized by worsened air quality due to several facts including i) higher 
population density, ii) higher rates of urbanization, iii) large number of 
vehicles, and, in general, iv) increased human activity. Specifically, 
higher levels of particulate matter (PM) have been reported (Ning et al., 
2018) in low-altitude areas, and, intriguingly some previous studies 
have pointed a potential link between exposure to fine particulate 
matter (PM2.5) and ALS (Nunez et al., 2022; Nunez et al., 2023; Seelen 
et al., 2017).

Finally, given the results related to altitude, and based on previous 
investigations in different countries pointing to pesticide exposure as a 
possible etiological factor (Povedano et al., 2018; Andrew et al., 2021), 
we conducted a correlation study between land use and high and low 
incidence clusters. For this analysis, data from CORINE Land Cover 
[CLC]—acquired predominantly by visual interpretation of Landsat 
satellite imagery—for monitoring changes in settlement development 
and land use were used (https://land.copernicus.eu/en/products/cor-
ine-land-cover/clc2018, n.d.). Importantly, this methodology has some 
limitations as it may overestimate/underestimate some land categories 
(Śleszyński et al., 2020). Specifically, a recent study conducted in Spain 
reported that the land use categories most prone to biased data were 
transitional woodland-shrub, complex cultivation patterns, artificial, 
grasslands, and forests (Martínez-Fernández et al., 2019).

We found a significant relationship with permanently irrigated 
arable land and broad-leaved forest. Permanently irrigated arable land 
consists of cultivated land parcels under agricultural use for arable crops 
that are permanently or periodically irrigated, using a permanent 
infrastructure (irrigation channels, drainage network, and additional 
irrigation facilities). Most of these crops cannot be cultivated without 
artificial water supply. On the other hand, broad-leaved forest is defined 
as a vegetation formation composed principally of trees, including shrub 
and bush understorey, where broad-leaved species predominate. 
Conversely, we found an inverse and statistically significant relationship 
between the percentage of natural grassland [grasslands under no or 
moderate human influence], often situated in areas of rough, uneven 
ground and frequently including rocky areas or patches of other (semi)- 
natural vegetation and ALS cases (https://land.copernicus.eu/content/ 
corine-land-cover-nomenclature-guidelines/html/index.html, n.d.). 
These findings could be explained by the fact that natural environments, 
free from external human intervention, are likely to be associated with a 
lower degree of exposure to potentially deleterious external agents 
(heavy metals, herbicides, and other toxins, pollution associated with 
industrial activity, and other human activities, etc.).

Delving into agricultural land use, we analyzed the relationship be-
tween disease frequency and the use of outdoor agriculture versus that 
associated with greenhouses. Regarding the former, it is noteworthy that 
in some communities (Huesca and Las Palmas), we found a direct rela-
tionship, while in another (Cáceres), we found an inverse relationship 
with ALS cases. Although the results may initially appear contradictory, 
it is important to consider the diversity of crops across the national 
geography. In this context, agricultural activities in regions with a 
higher-than-expected prevalence of ALS cases are predominantly 
centered on crops such as barley, wheat, corn, fruit trees, and vineyards, 
which typically involve intensive herbicide use, supplemented to a lesser 
extent by fungicides and insecticides (García et al., 2022). For instance, 
Huesca is a province specializing in cereal and forage crop production, 
both characterized by the extensive use of herbicides such as glyphosate 
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and 2,4-dichlorophenoxyacetic acid (García et al., 2022) —two com-
pounds that have been suggested as toxins associated with ALS and 
neurodegeneration (Anderson, 2022; Freitas et al., 2019). Conversely, 
open-field agriculture in Cáceres, a province where an inverse correla-
tion is described, is characterized by the cultivation of species that do 
not require such intensive use of herbicides/pesticides, such as large 
areas of cork oak forests for cork production.

Regarding the study of the correlation between ALS cases and 
greenhouse use, we describe a significant positive correlation in two 
Spanish provinces, Guadalajara and Badajoz. These provinces are 
characterized by high greenhouse cultivation of vegetables, such as to-
matoes or peppers, which also require intensive use of pesticides, entre 
ellos el ya mencionado glifosfato and fungicides (García et al., 2022), 
like folpet.

Exposure to pesticides as a risk factor for ALS had already been 
described (Saucier et al., 2023), and it is worth noting that the hetero-
geneous pattern of association we found in Spain is not unique to our 
country. Similar findings were reported by Vinceti et al. (2017) in Italy, 
where certain crops, such as citrus plantations and olive groves, were 
identified in the southern part of the country as being associated with a 
higher risk of the disease (Vinceti et al., 2017).

In recent years, numerous studies have delved into the relationship 
between herbicide and pesticide exposure and ALS with varying results 
(Andrew et al., 2021; Bermudo Fuenmayor et al., 2023) The relationship 
between herbicide use and ALS development may be explained by the 
interference with various biological pathways (Anderson, 2022), Firstly, 
at an astroglial level, herbicide exposure, particularly glyphosate, is 
associated to the suppression of the melatonergic pathway with sec-
ondary activation of the NFKB and YY1 pathways, leading to pro- 
inflammatory states and to the consequent loss of homeostasis at a 
motor neuron level (Anderson, 2022). Additionally, glyphosate expo-
sure has been associated with peripheral damage, with reduction and 
degeneration of muscle fibers and loss of neuromuscular junctions 
(Barbosa et al., 2022).

This study, based on mortality data from ALS over the past two de-
cades in Spain, showed a clear upward trend in disease frequency in both 
men and women. The geospatial analysis at the municipal level identi-
fied clusters of high ALS frequency in the northern and northeastern 
regions of the country. In subsequent independent analyses, we 
described for the first time in the literature altitude and certain agri-
cultural land uses as geographic determinants of the disease.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.177796.
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