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Abstract

Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease resulting
from an intricate interplay between genetics and environmental factors. Many studies
have explored living in rural areas as a possible risk factor for ALS, without focusing
simultaneously on incidence, age at onset and phenotypic features.

Obijective: To evaluate the effect of croplands residential proximity on ALS incidence and
phenotype, focusing on age of onset, site of onset and progression rate.

Methods: The address history of ALS patients belonging to the population-based
Piemonte and Valle d'Aosta registry (PARALS), diagnosed between 2007 and 2014, was
obtained for the 20years prior to the onset date. The smoothed ALS incidence per year
(i) was compared with the percentage of area covered by each crop for each municipality.
A proximity score was calculated for each cropland by geolocation, measuring the
percentage of area surrounding patients’ residence for variable radii, and was used to
compare croplands exposure and phenotype.

Results: We observed an increased ALS incidence in the municipalities with a higher
percentage of area covered by arable crops (R=0.191, p<0.001). Age at onset was
significantly lower in those patients who lived near arable crops, with a median anticipation
ranging from 1.8to 3.4years; using historical data, a significant anticipation was found
also for patients living near vineyards.

Discussion: Our study proved a direct association between arable crops and ALS risk and
an inverse association between arable crops and vineyards proximity and age at onset,

suggesting the possible causative role of specific environmental contaminants.
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INTRODUCTION Environmental data

Amyotrophic lateral sclerosis (ALS) is a fatal disease of unknown
origin characterized by the degeneration of upper and lower motor
neurons [1]. Its extreme clinical variability in terms of age and site of
onset, progression and cognitive impairment is likely underpinned by
the presence of different pathogenic mechanisms [2]. Furthermore,
its prevalence and distribution vary worldwide, likely reflecting the
interaction between a predisposing genetic background and differ-
ently distributed environmental factors [3]. Given that a neurotoxic
insult could act many years before disease onset, the role of envi-
ronmental exposures is hard to assess, especially considering the
rareness of the disease [4, 5]. Among environmental contaminants,
some neurotoxic pesticides have been associated with a higher ALS
risk [6]. To date, studies analysing the geographical distribution of
ALS cases have not yielded robust evidence on any specific environ-
mental factors [7]. However, environmental factors have been asso-
ciated with an earlier age at onset and sometimes with faster disease
progression, independently from other phenotypic features (i.e., site
of onset). This is the case for the ALS cluster in the Western Pacific
[8], or the higher risk among Gulf War veterans [9, 10], professional
soccer players [11] and National Football League Athletes [12], or
head/neck injury-associated activities [13]. Many studies have de-
scribed that living in rural areas or agriculture occupational exposure
are possible risk factors for ALS [14-17], but none of them evaluated
the effect of croplands exposure on both ALS incidence and phe-
notype. In the present study we evaluated the effect of residential
proximity to different agricultural crops on ALS incidence and phe-

notype, focusing on age at onset, site of onset and progression rate.

METHODS
ALS patients’ data

All ALS patients included in the Piemonte and Valle d'Aosta ALS
Register (PARALS), resident in Piemonte who received a diagnosis
between 2007 and 2014 were considered for the study. The PARALS
inclusion criteria have been described elsewhere [18] and a brief
summary is included in Appendix S1. All clinical data were derived
from PARALS as the primary source. Using civil registries, we were
also able to obtain each patient's address at diagnosis and in the
20vyears prior to disease onset. Each address geolocation (latitude
and longitude) was then assessed using the Google Maps services
[19]. Data on genetic analysis have been previously reported [20].
Disease progression was assessed using the Revised ALS Functional
Rating Scale (ALSFRS-R) score and calculated according the follow-
ing formula: (48 - ALSFRS-R score at diagnosis)/(time expressed in
month from onset to diagnosis).

Piemonte covers an area of approximately 25,386,696,869 m?
and, according to the 2011 census, includes a total population of
4,363,916 inhabitants (2,258,928 females and 2,104,988 males). [21]
Data on the geographical distribution of various types of crops areas
were obtained from the Regional Environmental Protection Agency
(Agenzia Regionale per la Protezione Ambientale, ARPA, Piemonte).
These data are collected for public health purposes at regular inter-
vals and are publicly available [22]. All available data on crops were
retrieved, considering the year 2011 as the reference date (Table S1).
Due to the small total area covered, we did not consider citrus and
olive groves in the analyses.

ALS smoothed incidence

Municipality and census division resident populations were obtained
from the Italian Institute of Statistics [21]. Given the low number of
cases, ALS incidence would have been highly variable across munici-
palities. Thus, we calculated the smoothed ALS incidence per year

(i.,) between 2007 and 2014 according to the following formula:

im=1/8[ay* Min (imaxi1) + (1=a1)" min (imaiz)]

where i, is the municipality incidence, i, is the mean of the neighbours’
municipalities incidence and a, is the weight of the index municipality
considered; consequently, (1-a,) is the weight of the neighbours’ mu-
nicipalities. For the purpose of this analysis, the maximum incidence
was set at 10/100,000 person-years (i
riod) and a, at 0.7.

max =80 cases over a 8-year pe-

Proximity score calculation

The proximity of patients to each cropland was calculated both
at the time of diagnosis and as the cumulative proximity over the
20years leading up to the onset of the disease. Proximity scores for
each environmental factor at the time of diagnosis were calculated
by drawing a circle centred on the patient's residence address and
then calculating the enclosed percentage covered by the considered
agricultural area (Figure 1).

The cumulative proximity score (S,) was assessed using the
same approach for each patient's address and then calculating the
weighted sum of his/her exposures during the 20-year period, using

the following formula:

1
S, = o Zdi*s,»
b T
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FIGURE 1 Proximity score calculation. In this figure, we exemplified the proximity score calculation for different radii (100, 250, 500,
1000, 1500, 2000 m). For each patient (black dot) we calculated the percentage of area surrounding his/her residence covered by each
specific crop. In this figure, as an example, only arable crops, vineyards and orchards are illustrated and the patient localization is fictitious,

to avoid possible privacy issues.

where i refers to each patient's address, s; is the proximity score cal-
culated for that address, d, is the number of the days the patient was
resident in that address and n, is the total number of days that the
patient lived in Piemonte, during the 20-year period.

Since we could not acknowledge at which distance pollutants
are dangerous, we used different incremental radii (100, 250, 500,
1000, 1500 and 2000 m). Figure 1 illustrates that drawing a circle
around a patient's residence may include part of an agricultural area.
If it does, the percentage of area covered will be >0% (and the pa-
tient is considered as “exposed”); otherwise, it will be 0% (and the
patient is considered as “not exposed”). This method allowed us to
overcome the limit of considering only small areas around patients'
houses [23]. Using different radii, the population of exposed and not
exposed patients changed accordingly.

We further explored a strategy to select the most informa-
tive radius for each cropland by computing the mean and the

signal-to-noise ratio (SNR) value for drawing the statistical descrip-
tion of each subfeature, considering that multiple patients may live
in the same municipality. Given the i-th radius, the SNR represents
the ratio between the average of the proximity scores in each munic-
ipality and the pooled standard deviation ("m)’ where N is the num-
ber of different municipalities, n. is the number of patients belonging
to the j-th municipality and o;; is the standard deviation of the prox-

imity scores associated with the j-th municipality.

Difference between the two groups was calculated using Mann-
Whitney U test, considering a p-value <0.05 as significant for
continuous variables (age at onset and A-ALSFRS) and chi-square
test for categorical variable (site of onset). We also performed a
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time-to-event analysis using Kaplan-Meier curves with log-rank
test to compare age at onset as the event in patients exposed or not
exposed to every specific crop. All analyses were performed using
Python version 3.8 and IBM SPSS Statistics version 28.0 (IBM Corp.,
Armonk, NY, USA).

This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics
Committee of Azienda Ospedaliero-Universitaria Citta della Salute
(Prot. N. 0036344, 18-May-2011 and 0090754, 20-Sep-2016).
Informed consent was obtained from all individual participants in-
cluded in the study.

RESULTS

The main descriptive statistics of the included ALS population are
summarized in Table 1.

No statistical significance was found between the whole pa-
tients cohort and the cohort with complete historical residence data.
The Figure 2a shows the distribution of different crops in Piemonte
and in Table S1 we summarize data on the percentage of the total
Piemonte area covered by each crop and the number of municipali-
ties with a percentage of area covered by each crop >0 and the rela-
tive percentage of total numbers of municipalities.

TABLE 1 Descriptive statistics.

Arable crops are clearly the most represented and widely dis-
tributed, while other crops showed different distributions that are
important to know in order to interpret our results correctly. For
example, paddy fields covered a large area of Piemonte (4.08%), but
only in 117 municipalities (9.9% of the municipalities of Piemonte),
being diffused mainly in the Western plains of Novara and Vercelli.
Conversely, vineyards covered only 1.90% of the Piemonte area but
were distributed in 747 municipalities (63.3%). This heterogeneity
in crop distribution forced us to gather municipalities according to
the percentage of area covered and to compare smoothed incidence
using nonparametric tests as shown in Table 2.

We found significant differences when comparing median in-
cidences in different municipalities grouped according to different
percentages of area covered by arable crops, vineyards, meadows,
orchards, vegetable crops and nurseries. Considering the previously
mentioned distribution of crops areas, a linear regression model
resulted valid to compare only the percentage of the area covered
by arable crops and the smoothed ALS incidence for each munic-
ipality (see Figure 2b,c). The resulting regression coefficient was
0.0076 (p=0.028) when considering both variables as continuous.
In Figure 2d, we confirmed the increasing trend using median inci-
dences, from 0.75 (IQR 0.00-1.26) cases/100,000/year in munici-
palities with a percentage area covered by arable crops=0 to 1.81
(IQR 0.75-4.11) cases/100,000/year where arable crops covered

Patients with residence at

diagnosis Patients included with historical data
Parameter Median (IQR) Median (IQR) '
Age at onset (years) 68.2 (60.3-74.4) 68.2 (60.2-74.3) 0.949
Onset-diagnosis interval (months) 9.0 (5.0-13.1) 9.0 (5.0-13.1) 0.194
AALSFRS-R at diagnosis (point loss per month) 0.649 (0.299-1.323) 0.642 (0.290-1.323) 0.220
Survival (years) 2.8(1.9-4.0) 2.3(1.5-3.7) 0.853
n (%) n (%) p*
Sex
Male 587 (53.5) 566 (53.4) >0.999
Female 511 (46.5) 494 (46.6)
Site of onset
Bulbar onset 376 (34.3) 362(34.1) 0.993
Spinal onset 702 (63.9) 678 (64.0)
Respiratory onset 20 (1.8) 20(1.9)
Genetic mutations
Wild-type 816 (74.3) 787 (74.3) 0.987
c9orf72,50D1, TARDBP, FUS 104 (9.5) 103 (9.7)
Not assessed 178 (16.2) 170 (16.0)
Total 1098 (100.0) 1060 (100.0)

Note: Patients with residence at diagnosis and patients with complete residential historical data were compared using Mann-Whitney U test (8) for

continuous variable and chi-square test for categorical variables (*).

Abbreviations: ALSFRS-R, Revised Amyotrophic Lateral Sclerosis Functional Rating Scale; IQR, interquartile range.
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FIGURE 2 (a) Geographical distribution of the principal crops in the Piemonte region. As is easily seen, arable crops are the most
represented and widely distributed of all crops. (b) Piemonte municipalities according to arable crops’ area percentage. Arable crops are
mainly distributed in the plains, with the exception of the Vercelli and Novara districts. (c) Piemonte municipalities according to amyotrophic
lateral sclerosis (ALS) smoothed incidence. (d) Correlation between ALS smoothed incidence and arable crops’ area percentage. Linear
regression model R=0.191, p<0.001. Green dots represent the median incidence in all municipalities grouped according to percentage area
covered by arable crops. ALS incidence results are significantly higher in municipalities with a larger area covered by arable crops.

more than 60% of the total municipality area (R=0.191, p<0.001).
No significant results were found for other crops (Table 2).

In Figure S1 we display the mean and the SNR of the proximity
scores considering different radii for each cropland. Analysing the
proximity scores of arable land, vineyards and meadows we found
an increasing pattern, so the variability between patients continues
to decrease when considering larger radii. This could be interpreted
in the light of the relatively homogenous distribution of these crop-
lands in the Piemonte region. The other croplands revealed different
patterns of SNR distribution.

The proximity score analysis results considering only residence
at diagnosis are shown in Table S2 and significant results using his-
torical data are shown in Table 3. We were able to obtain historical
data for 1060 patients (96.4% of the whole cohort).

Age at onset was significantly reduced in those patients who
were exposed to arable crops when considering both residence at
diagnosis (see Table S1) and, more significantly, historical residence
data (see Table 3). The difference between exposed and not exposed
patients’ median age at onset ranged from 1.8 years (1500 m radius)
and 3.4years (1000 m radius). Kaplan-Meier analysis confirmed an
earlier age at onset in patients exposed to arable crops (log-rank test
for 100, 250, 500, 1000 and 1500 m radii p<0.05, Figure 3 shows

the Kaplan-Meier curve for the 1500m radius curve, log-rank test
p<0.001).

Considering only residence at diagnosis, for patients exposed
to vineyards a similar trend of anticipation was observed for 1000,
1500 and 2000 m radii, without reaching significance. Interestingly,
using historical data, disease onset occurred in exposed patients
from 1.6 to 2.0years before not exposed patients (considering 500,
1000, 1500 and 2000 m radii, p <0.05). Kaplan-Meier analysis con-
firmed the same results with a different methodology (log-rank test
for 500, 1000, 1500 and 2000 m radii p <0.05). The progression rate
(A-ALSFRS) analysis resulted in small differences among exposed
and not exposed patients: patients living near to vegetable crops
(500, 1000 m radii), meadows (1500, 2000 m radii) and nurseries
(500, 1000, 1500 m radii) have a median lower A-ALSFRS than not
exposed patients. No significant results for A-ALSFRS were found
using historical data.

The site of onset (bulbar vs. spinal versus respiratory) was not
significantly related to the proximity scores for different crops and
radii (chi-square test p>0.05 for all comparisons).

To confirm the effect of historical residential proximity to arable
crops and vineyards, we repeated the analysis by subgrouping pa-
tients according to sex and site of onset and analysing only wild-type
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TABLE 2 Amyotrophic lateral sclerosis smoothed incidence in different municipalities according to the percentage of area covered by a

specific crop.

Crops (% area covered in
municipalities by each specific

Median ALS incidence

crop) Municipalities (N) (IQR) p° Mean ALS incidence (SD) p*
Arable crops
0% 13 0.75(0.00-1.26) <0.001 1.32(2.04) 0.001
0%-10% 423 0.79 (0.16-2.50) 1.88(2.45)
10%-20% 223 0.93(0.23-3.00) 2.06 (2.51)
20%-30% 134 1.21(0.47-3.00) 2.32(2.58)
30%-40% 122 1.25(0.39-4.10) 2.50(2.68)
40%-50% 156 1.65(0.57-4.25) 2.59 (2.45)
>60% 110 1.81(0.75-4.11) 2.70(2.51)
Vineyards
0% 434 0.81(0.22-3.00) <0.001 1.99 (2.49) 0.274
0%-10% 631 1.34(0.46-3.42) 2.43(2.57)
>10% 116 0.75(0.19-2.28) 1.67 (2.14)
Meadows
0% 771 1.22(0.44-3.21) <0.001 2.29 (2.52) 0.289
0%-10% 261 1.06 (0.31-3.00) 2.11(2.46)
>10% 149 0.53(0.15-2.34) 1.81(2.59)
Orchards
0% 706 1.16 (0.40-3.20) 0.027 2.30(2.58) 0.537
>0% 475 1.00(0.28-3.00) 2.04(2.42)
Vegetable crops
0% 821 1.24(0.44-3.23) <0.001 2.33(2.56) 0.569
>0% 360 0.83(0.21-2.66) 1.88(2.40)
Paddy fields
0% 1064 1.11 (0.34-3.00) 0.110 2.21(2.51) 0.527
>0% 117 0.88(0.24-2.71) 2.03(2.55)
Nurseries
0% 1057 1.06 (0.31-3.00) 0.018 2.14 (2.48) 0.430
>0% 124 1.45(0.40-4.31) 2.67(2.80)
Total 1181

Note: Municipalities were grouped differently in order to have a significant number of municipalities for each group. p®, Kruskal-Wallis test and
Mann-Whitney U test; p*, linear regression analysis performed using mean incidence in municipalities grouped by increasing percentage of each

agricultural area. Significant results (p <0.05) are in bold type.

Abbreviations: ALS, amyotrophic lateral sclerosis; IQR, interquartile range; SD, standard deviation.

patients with historical data separately (N=787, 96.1% of all wild-
type cohort). All the results are described in Table S3. Interestingly,
the earlier age at onset was confirmed both in male and female pa-
tients exposed to arable crops and vineyards. The difference in an-
ticipation was more evident in males, with differences ranging from
2.90 to 3.70years for arable crops (significant radii 100, 250, 500,
1000 and 1500 m) and from 2.40 to 2.50years for vineyards (signifi-
cant radii 1500 and 2000 m). By stratifying patients for site of onset,
we found that for bulbar-onset patients age at onset was anticipated
only by exposure to arable crops (differences ranging from 1.80 to
3.70vyears, significant radii 100, 250 and 500 m). For spinal-onset
patients, both living near arable crops (differences ranging from 1.30

to 3.60vyears, significant radii 100, 250, 500, 1000 and 1500 m) and
vineyards (differences ranging from 1.50 to 2.00years, significant
radii 500, 1000, 1500 and 2000 m) brought disease onset forward.
In wild-type patients, only arable crops proximity resulted in signifi-
cant differences (differences ranging from 1.90 to 2.50years, signif-
icant radii 250, 500 and 1000 m).

DISCUSSION

We confirmed an increased ALS risk in geographical areas
characterized by the presence of arable crops. Moreover, we also
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TABLE 3 Age at onset according to the specific crop proximity score, calculated for different radii (100, 250, 500, 1000, 1500, 2000 m

radii) using historical residential data.

Exposed patients age

at onset (years)
Patients exposed/

Difference in median
age at onset

Not exposed patients
age at onset (years)

Crops not exposed (n) Median (IQR) Median (IQR) (years) p
Arable crops 100m radius 486/574 66.7 (59.5-72.9) 69.2 (60.9-75.3) 2.5 0.0029
Arable crops 250 m radius 728/332 67.3(59.3-73.4) 69.6 (62.0-76.3) 2.3 0.0003
Arable crops 500 m radius 841/219 67.4 (59.4-73.6) 70.1(62.1-76.8) 2.7 0.0002
Arable crops 1000 m radius 946/114 67.7 (59.8-73.9) 71.1(62.5-77.1) 3.4 0.0013
Arable crops 1500 m radius 989/71 67.8 (60.1-74.2) 69.6 (63.9-77.0) 1.8 0.019
Arable crops 2000 m radius 1026/34 68.2(60.2-74.3) 69.6 (61.4-74.6) 14 0.296
Vineyards 100 m radius 60/1000 66.3(57.8-74.1) 68.3 (60.4-74.3) 2.0 0.096
Vineyards 250 m radius 158/902 67.6 (60.7-73.4) 68.3 (60.2-74.4) 0.7 0.307
Vineyards 500m radius 261/799 66.7 (59.0-73.9) 68.6 (61.0-74.6) 1.9 0.035
Vineyards 1000 m radius 391/669 66.9 (58.9-74.0) 68.6 (61.5-74.7) 1.7 0.013
Vineyards 1500 m radius 472/588 66.8 (58.4-74.0) 68.8 (62.0-74.7) 2.0 0.003
Vineyards 2000 m radius 531/529 67.2 (58.9-74.0) 68.8 (62.0-74.8) 1.6 0.007

Note: Data shown for arable crops and vineyards. Patients (N=1060) were classified as exposed and not exposed patients for each specific crop
for different radii. Exposed patients were defined by having a percentage >0 of area covered by the specific crop, while not exposed patients were
defined by having a percentage of area covered by the specific crop=0. Differences were calculated using Mann-Whitney U test and significant

results (p <0.05) are in bold type.
Abbreviation: IQR, interquartile range.

Kaplan-Meier curve - arable crops 500 m
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FIGURE 3 Kaplan-Meier curve showing the significant
difference in age at onset for amyotrophic lateral sclerosis (ALS)
patients exposed to arable crops versus not exposed patients
(considered radius=500m) using historical data. Orange line,
exposed patients were defined by having a percentage of arable
crops >0 in the defined area (N=841); blue line, not exposed
patients were defined by having no arable crops (area=0%) in the
defined area (N=219). Log-rank test p<0.001.

observed a significant effect of exposure to arable crops and
vineyards on age at onset, which was particularly evident when
we considered historical exposure. Our novel approach consists
in the stratification of municipalities according to the distribution
of different croplands that allowed us to overcome the definition
of rural and urban areas, attributing specific weight to different
crops exposure. Another novelty of our study consisted in the

simultaneous evaluation of the effect on both risk and disease
phenotype of the same environmental factor (different croplands
proximity) in a 7-year incident population cohort, using the historical
data of the 20years preceding disease onset. The increased
significance obtained by using historical data was in agreement with
the presence of possible environmental factors related to specific
cropland that can both increase ALS risk and anticipate disease
onset in genetically predisposed people. A similar effect has been
described in some well-documented “ALS outbreaks” [8, 9, 11].

Most epidemiological studies performed in different Western
and Eastern countries had indicated that living in rural areas or
working as farmers or breeders are possible risk factors for ALS [16,
24-29].

Studies evaluating specifically rural areas and occupational
exposure observed that being involved in agriculture more than
just living in the countryside was associated with an increased
risk of developing ALS [17, 30, 31]. Only one study showed that
residency in rural areas as opposed to occupation had a stronger
effect on total risk, especially when considering past residence
[32]. Nevertheless, most studies defined rural areas simply by
using communities' size classes (humber of inhabitants), which may
have led to some misclassification [17, 30-32]. Many studies that
pointed out agricultural work as a possible risk factor for ALS also
showed that most incident ALS cases living in rural areas did not
work in agriculture [17].

In our study, by defining the specific use of the agricultural areas
surrounding the patients' residence, we explained why in some pre-
vious studies, rural areas were equally considered as having a det-
rimental or no effect. We observed, for example, that living in the
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countryside but being surrounded by paddy fields or meadows did
not confer a higher ALS risk, while living in the proximity of arable
crops may play a role. Since population density, especially in a rare
disease, can explain a high percentage of rates variance [33], we ap-
plied incidence smoothing and considered only agricultural usage
data, obtaining data on the correlation between arable crops distri-
bution and ALS incidence.

Few studies have analysed environmental factors in relation
to the age at onset: a study performed in Northern Spain found
no differences in age at onset between patients living in rural or
in urban areas [34], while in another study on a Chinese popu-
lation, young-onset ALS patients more frequently lived in rural
areas [35]. In the Italian province of Modena, the age-specific
peak ALS frequency in the mountainous area was some 15years
lower in patients living in urban and flat areas (60-64years old
vs. 75-79 years old) [26]. The authors explained this by recogniz-
ing that young people may be more exposed to risk factors con-
nected to farming in the mountainous areas than in the flat and
urban areas. In our study, we observed a significant difference
in age at onset for patients living near arable crops at diagnosis,
that become more significant when considering the exposure in
the 20vyears before diagnosis. Vineyard proximity resulted to dif-
ferentiate age at onset, but only when considering past exposure.
These results, considering that in the historical analysis we took
into account crops proximity roughly between 1985 and 2015, can
be related to a better classification of real patients' exposure, es-
pecially considering that pesticide use has greatly changed over
time [36, 37]. Arable crops and vineyards cultivation shared some
common pesticide categories, mainly herbicides [23].

Some studies, using self-reported pesticide exposure [14, 15,
38, 39] or geospatial approaches [6], linked crops and pesticide use
with higher ALS risk, while others failed to confirm this association
[23, 40]. A population-based case-control study in two Italian regions
found only limited evidence of a dose-response relationship between
crop proximity and ALS risk [23]. As compared with our study, they
decided to evaluate exposure in a narrow zone of 100m radius from
each subject's residence, reducing both the sensitivity and power of
the analysis. In our analysis on age at onset we observed that signifi-
cant discriminative results were obtained using higher radii (from 100
to 1500 m), confirming that possible chronic exposure to some com-
pounds that can volatilize from crops and soil after application could
occur at greater distances than previously considered [41].

Only one study analysed blood concentrations of persistent
environmental pollutants in ALS patients, confirming an increased
odds for some pesticides, such as organochlorine pesticides (OCPs)
and polychlorinated biphenyls (PCBs) [42]. Pesticides have been
associated with high probability of many neurological and non-
neurological diseases [43], but they are not the only pollutants re-
lated to croplands. Other natural toxins, such as phytotoxins and
mycotoxins [44], which have been studied in food and feed for de-
cades, received increased attention as environmental micropollut-
ants, especially for their potential neurotoxic effect in both acute
and chronic exposure [45]. Both pesticides [46] and natural toxins,

such as ochratoxin A [47], have been detected in blood and urine
human samples in different concentrations according to the resi-
dence area and independently from occupational exposure, confirm-
ing the possibility of chronic environmental contamination.

We did not observe any difference in site of onset and rate of
progression at diagnosis related to specific crop proximity, observing
that rate of progression appeared to be inversely related to age at
onset. This could be explained by the fact that older age is generally
negatively related to survival [48] and, even if possible environmen-
tal factors related to arable crops and vineyards proximity are able to
significantly anticipate disease onset in the exposed population, their
effect on neurodegeneration is probably not strong enough to accel-
erate disease progression. Only one study conducted in a Chinese
population reported an association between both rural residence and
history of pesticides contact and shorter survival [49]: the authors at-
tribute their finding mainly to the large economic gap between urban
and rural areas, which hampers ALS patients living in the countryside
from obtaining proper treatment.

We found that arable crops and vineyard proximity showed a
higher effect in males than in females. A previous study reported a
male predominance of patients with systemic forms of the disease only
in rural cases [34]. In the Piemonte population, a risk excess was ob-
served in some rural municipalities, particularly in males aged from 35
to 60years [50], while in Japan death rates were higher in rural areas
for males than for females [51]. Moreover, in a case-control study on
occupational risk, agricultural chemicals exposure was associated with
ALS with a dose-response trend only in men [52]. In Piemonte, the
number of male farmers is higher than female farmers (approximately
72% of the 64,450 agricultural workers) [53]. A cumulative effect of
both residential proximity and occupational exposure could explain
our sex-unbalanced results.

Our study is not without limitations. First, the complexity of
croplands area distribution determined by analysis of the whole
regional area prevented us from using an atmospheric dispersion
model [54], which is usually performed to weight aerial transport
of pollutants from their source. We minimized possible bias by an-
alysing different increasing radii to avoid an underestimation of the
effect, and the SNR analysis confirmed the validity of our results
for croplands and vineyards. Second, we considered only the official
residence noted in the civil registry, without including domicile or
residence time splits (i.e., living portions of the week or year in two
different places). However, considering that in Italy the residential
mobility among the elderly is lower than in other European countries
[55], this confounder should be irrelevant. Third, we did not adjust
our analysis for socioeconomic/occupational status or include oc-
cupational data for the study subjects since, especially for historical
analysis, these data were complete only in a subset of patients.

CONCLUSIONS

Our ALS population-based data merged with unbiased geospatial
data on croplands distribution, analysed in the 20years before
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disease onset, returned us a solid, direct association between
arable crops occurrence and ALS risk in the same municipalities
and an inverse association between arable crops and vineyards
proximity and age at onset. Even if our findings cannot prove a
causative effect, they highlight the importance of weighting for
potential environmental exposures to crop-related contaminants,
and in particular considering historical residential exposure. Future
research is needed to clarify the possible causative role of specific
environmental contaminants, pinpointing their biological neurotoxic
mechanisms and reducing their detrimental effect through
prevention or development of new-targeted drugs.
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