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A B S T R A C T

Pesticide exposure might be an important risk factor for sleep disorders, however current
epidemiological evidence is limited. The main objective of this study was to determine the as-
sociation between historical use of pesticides and sleep disorders. Data on the historical use of 38
individual pesticides of almost thirty thousand Thai farmers were collected using questionnaire
method. This information was linked to medically diagnosed sleep disorders using a multivariable
logistic regression. The study found a positive association of 19 individual pesticides (twelve
insecticides, two herbicides, and five fungicides). Some associations demonstrated a dose-
response pattern. Additionally, the study revealed that women are at a higher risk of sleep-
related issues with pesticide exposure compared to males. These results not only substantiate
existing literature but also unveil several new individual pesticides that may impact sleep health.
Sleep health should receive more attention, as it can contribute to various diseases and signifi-
cantly impact the overall well-being of individuals.

1. Introduction

Sleep health has become a global concern since sleep problems can affect both physical and mental health. Studies found sleep
deficiency increased mortality [1] and various health complications, including hypertension [2], obesity and type 2 diabetes [3],
cardiovascular diseases [4], mood disorders [5], and neurodegenerative disorder [6]. To be healthy, adults need a good sleep of 7–8 h
each night. However, studies found many people in modern world, for instance in the United States, sleep less than 7 h per night [7].
Researchers identified various factors that affected sleep health, including gender, marital status, education level, socioeconomic
status, genetics, alcohol consumption, cigarette smoking, stress, and emotional problems [8].

Recent research also found sleep health to be affected by environmental chemicals, e.g. particulate matter, second-hand smoke,
dioxins, and lead [9,10]. In addition, solvents used in agricultural operations are also known to be neurotoxic and could cause
depressive symptoms [11]. A recent study in Almeria reported a higher risk of insomnia among farmers who did not wear gloves or
masks when using pesticides [12]. Results from a well-designed follow up study among mother-adolescent pairs found sleep health of
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adolescents could be linked to pesticide exposure during pregnancy [13]. In an Agriculture Health Study in the US, a study found
pesticide exposure to associate with dream-enacting behaviors or parasomnia [14]. This finding was consistent with a previous US
study which reported pesticides used at home could be associated with insufficient sleep and trouble sleeping among adults, especially
males [15]. A study from Uganda reported acute pesticide exposure to increase risk of sleep problems, sleep inadequacy and snoring
[16]. In China, a study found greenhouse farmers with high cumulative pesticide exposure to have a short sleep duration, poor sleep
quality, and difficulty sleeping [17].

For individual pesticide, a previous study found the association between carbofuran and sleep apnea [18]. Another study reported
3-PBA, a pyrethroid insecticide, to associate with insufficient sleep and trouble sleeping [13]. A recent study also found fungicide
mancozeb and herbicide glyphosate to increase risk of sleep problems [16]. Pesticides influence the acetylcholine,
gamma-aminobutyric acid (GABA), and serotonin pathways, which are critical for sleep regulation [19]. Disruption of these pathways
may result in sleep disturbances by impairing the normal sleep-wake cycle. Many pesticides demonstrate endocrine-disrupting
characteristics, potentially influencing sleep patterns. Exposure to endocrine-disrupting chemicals (EDCs), including specific herbi-
cides and fungicides, may modify hormone levels (e.g., melatonin, cortisol) that play a direct role in regulating circadian rhythms and
sleep patterns [20]. Research indicates that pesticides may stimulate the generation of reactive oxygen species (ROS) and inflam-
matory cytokines, potentially affecting brain regions involved in sleep regulation, including the hypothalamus [21].

Further research is necessary to examine the impact of pesticides on sleep health, especially regarding chronic exposure. Identifying
additional individual pesticides as potential causative agents is also a crucial aspect that requires investigation. Furthermore, there is a
need for more in-depth exploration of gender differences in this context. Thailand, characterized by heavy pesticide use and minimal
protective measures, presents unique exposure circumstances that offer an opportunity to study the effects of pesticides. The objectives
of this study were to determine the association between pesticide exposure and medically diagnosed sleep disorders among farmers in
Thailand. Using a comprehensive cross-sectional design, the study explores the potential impact of various individual pesticides on
sleep disorders. The findings serve as a basis for comparisons and contribute to the existing literature.

2. Methods

2.1. Study setting

The study collected information from farmers living in three provinces in the north of Thailand, namely Phitsanulok, Nakhon-
Sawan, and Chiang Mai. The provinces are among the largest in terms of the agricultural area, population, and pesticide use, and
represent the farmers from the north. Thai agriculture which accounts for about thirty percent of the workforce, depends heavily on
pesticides to control of weeds, insects, and fungi [22]. As our previous research finding, most Thai farmers have poor knowledge,
attitudes, and practices regarding pesticide use and, thus, were at a high risk of exposure and the toxic effects of pesticides [23].

2.2. Study design and participants

This cross-sectional study collected information from 27,334 farmers aged 20 years or more, who had work experience for at least 5
years. Detailed sampling schemes were presented in our previous study [24]. Briefly, about thirty thousand participants from the three
selected provinces, ten thousand per province, were randomly selected using multistage sampling. The first, three districts were
randomly selected from each province, and then, in each district, at least three sub-districts were further selected. In each sub-district,
with the support of local hospitals and village health volunteers (VHVs), the study recruited at least 30 % of all farmer families. In each
household, only one participant was selected.

2.3. Questionnaire and data collection

For data collection, VHVs visited the selected household and invited them to participate in the study. A face-to-face interview using
online questionnaires was conducted after the participant agreed to join the study and signed the consent inform. The questionnaire
was originally developed under the Agricultural Health Study in the USA and used in our previous study [24]. In addition to de-
mographic data, participants supplied details on their historical pesticide use, specifying both the frequency and duration of exposure.
These two sets of data were utilized to compute cumulative exposure (by multiplying frequency by duration) and determine the
quartile day of exposure. Pesticide exposure was categorized into two groups for each pesticide: “exposed” and “not exposed”.
Exposure was assessed based on the participant’s reported history of using a particular pesticide. The survey covered information on
five categories of pesticides and a total of 38 individual pesticides. Each category was analyzed as an independent dichotomous
variable. These consisted of seven organochlorine pesticides, eight organophosphates, four carbamates, three other insecticides, seven
herbicides, and nine fungicides. These pesticides were chosen based on findings from previous studies that indicated a connection to
sleep health and their common usage in Thailand.

For the outcome variable, participants were asked a yes-or-no question about whether a medical doctor had diagnosed them with a
sleep disorder. The cases were later confirmed by the ICD-10 record from a local hospital. In this study, sleep disorder (F51) refers to a
group of diseases including insomnia (F510), hypersomnia (F511), disorders of the sleep-wake cycle (F512), sleepwalking (F513),
night terrors/sleep terrors (F514), nightmares (F515), and other sleep disorders (F518, F519). A local hospital staff member carried out
this action.

To control information bias from the interview and data collection process, the VHVs were trained on how to use questionnaires
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and to collect information. The interview normally took place in a house of a farmer or a public place, e.g., local hospital or temple. The
interview session normally lasts about 40 min. The data was collected between October 2020 and February 2021.

2.4. Statistical analysis

Demographic information was analyzed using descriptive statistics and the association between pesticide exposure and sleep
disorder was determined using multivariable logistic regression analysis control for the potential confounding factors. Each pesticide
was included into the model as a dichotomous variable. The confounding factors included in the model were gender (male, female),
age (20–29, 30–39, 40–49, 50–59, 60–69, 70 or more), marital status (married, single, divorce/widows/separated), education (not
attend school, primary school, secondary school, college degree or higher), income per month (THB) (<5000, 5001–10000,
10001–30000,>30000), cigarette smoking (non-smoker, ex-smoker, smoker), and alcohol consumption (non-drinker or abstainer, ex-
drinker, regular drinker).

The gender-stratify analysis was performed to compare the association among male and female group. The study also tried to
control potential bias from using other pesticides by running two correlation matrices, one between types of pesticides and the other
between individual pesticides. Those pesticides with a correlation coefficient 0.30 or more were included in the model as an adjusted
variable. P-values of less than 0.05 or 95 % confidence intervals did not include 1 was statistically significant. All data analysis was
performed using IBM SPSS Statistics (version 26) and OpenEpi online version 3.5.1.

2.5. Ethical considerations

The study was approved by the Ethical Committee of Naresuan University (COA No. 657/2019). All the study participants gave
informed consent to participate in the study before the interview, and they were informed that they had the right to stop the interview
at any time.

3. Results

Among 27,334 participants included in the data analysis, the distribution was as follows: NakhonSawan had 10,646 participants

Table 1
Demographic characteristics of sleep disorder and no sleep disorder groups.

No sleep disorders (n = 27,282) Sleep disorders (n = 52) P-valuea

(n) (%) (n) (%)

Gender ​ ​ ​ ​ 0.33
Male 12,798 46.9 28 53.8 ​
Female 14,484 53.1 24 46.2 ​

Marital status ​ ​ ​ ​ 0.64
Married 20,845 76.4 37 71.2 ​
Single 2329 8.5 8 11.5 ​
Divorce/widows/separated 4108 15.1 9 17.3 ​

Age groups ​ ​ ​ ​ 0.01a

20-29 739 2.7 2 3.8 ​
30-39 2311 8.5 1 1.9 ​
40-49 5113 18.7 6 11.5 ​
50-59 8738 32.0 11 21.2 ​
60-69 7333 26.9 21 40.4 ​
≥70 3048 11.2 11 21.2 ​

Education ​ ​ ​ ​ 0.06
Not attend school 1796 6.6 8 15.4 ​
Primary school 19,618 71.9 35 87.3 ​
High school 5431 19.9 9 17.3 ​
College degree or higher 437 1.6 0 0 ​

Income per month (THB) ​ ​ ​ ​ 0.83
<5000 10,613 38.9 21 40.4 ​
5001-10000 13,648 50.0 27 51.9 ​
10001-30000 2742 10.1 4 7.7 ​
>30000 279 1.0 0 0 ​

Cigarette smoking ​ ​ ​ ​ 0.03a

Non-smoker 22,293 81.7 38 73.1 ​
Ex-smoker 1460 5.4 7 13.5 ​
Current smoker 3529 12.9 7 13.5 ​

Alcohol consumption ​ ​ ​ ​ 0.58
Non-drinker 19,785 72.5 36 69.2 ​
Ex-drinker 2089 7.7 6 11.5 ​
Regular drinker 5408 19.8 10 19.2 ​

a Pearson Chi-Square test, significant (p < 0.05).
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(39.0 %), Phitsanulok had 9649 participants (35.3 %), and Chiang Mai had 7039 participants (25.7 %). The proportion of females was
slightly higher than of the male group (Table 1). Most participants were married, aged 40–60 years old, finished primary school, and
had monthly income of less than ten thousand THB (280 USD). Only about 13 % of them were regular cigarette smokers and 20 %
alcohol drinkers. The female proportions in Nakhon Sawan, Phitsanulok, and Chiang Mai were 53.6 %, 56.9 %, and 47.1 %,
respectively (p< 0.001). The proportions of participants aged 40–60 years were 45.5 %, 19.2 %, and 17.0 %, respectively (p< 0.001).

There were only 52 participants (28 male, 24 female) (0.2 % of 27,334 sample) with a confirmed sleep disorder (Table 1). The
prevalence of sleep disorders in Nakhon Sawan, Phitsanulok, and Chiang Mai was recorded at 0 %, 0.3 %, and 0.4 %, respectively (p <

0.001). The case and the control group are similar in all demographic variables, except age distribution. Of the cases 62 % were aged
sixty years or more while only 38 % of the control was in that group. It was also noticed that there was a higher proportion of the cases
with low education andmonthly income, but the difference was not statistically significant. For smoking, 27 % of the cases and 18% of
the control reported having ever smoked a cigarette (current smoker or ex-smoker).

For pesticide types, the study found no association between the historical use of any pesticides and sleep disorders (Table 2). For
insecticides, a significant association was observed only among those with Q3 exposure (odds ratio 2.91, 95 % CI 1.14–7.44). For
fungicides, a higher risk was found among those who reported ever using fungicides (odds ratio 2.75, 95% CI 1.53–4.95) and the group
with Q3 exposure (odds ratio 4.18, 95 % CI 1.39–12.59). An association was also observed among those who used molluscicides (odds
ratio 2.33, 95 % CI 1.32–4.12).

For individual pesticides, significant associations were observed in 19 out of 38 individual pesticides. There were twelve in-
secticides, including three organochlorine insecticides (chlorpyrifos, chlordane, dichlorodiphenyl trichloroethane [DDT]), five or-
ganophosphates (ethyl p-nitrophenyl phenylphosphorothioate [EPN], folidol, methamidophos, mevinphos, profenofos), three
carbamates (carbaryl, carbofuran, methomyl), and imidacloprid (Table 3). For gender-stratify analysis, a higher odds ratio was
observed among the female group (Table 3). For instance, the odds ratio between fungicide and sleep disorder was 5.93 (95 % CI
2.20–16.03) in females but only 1.54 (95 % CI 0.72–3.30) in the male group. For chlorpyrifos, odds ratio among females was 5.53 (95
% CI 2.44–12.53) as compared to 3.21 (95 % CI 1.49–6.92) among males. These findings were consistent across all pesticide types.

The study also found significant ORs in two herbicides (diuron and paraquat) and five fungicides (benomyl, Bordeaux mixture,
carbendazim, copper sulphate, metalaxyl) (Table 4). The association for some chemicals, e.g., chlorpyrifos, DDT, endosulfan, car-
bosulfan were in a dose-response pattern.

Given the widespread use of pesticide combinations in agricultural activities, the correlation among pesticide uses was examined.
The correlation between pesticide use is detailed in Tables S1 and S2, and these findings were utilized for adjusted analyses in Model 2,
which were given in Tables 2 and 3 We also examined the potential effects of specific combined pesticides (Table S3) and the effects
associated with varying numbers of pesticide combinations (Table S4).

4. Discussion

This study investigated the prevalence and association of pesticides with sleep disorders among 27,334 Thai farmers. This study
reported a prevalence of sleep disorders of 0.2 %, contrasting sharply with previous studies that found prevalence rates ranging from
20 % to 60 %, depending on the region and specific subtypes of sleep disorders [12,16]. Previous reports were from Europe and Africa.
To our knowledge, this study represents the first report from Southeast Asia. The notable discrepancies in prevalence among studies
arise from variations in the methodologies used to diagnose sleep disorders. This study employed self-reported sleep disorders vali-
dated by the ICD-10, whereas another study utilized a direct questionnaire to identify sleep disorders. This study is susceptible to recall
bias resulting from self-reported outcomes. The study comprised over 27,000 participants, whereas other studies involved less than
400 participants. Given the substantial number of participants in our study, employing a direct questionnaire to identify sleep dis-
orders is impractical.

This study revealed a significant connection between historical pesticide use and sleep disorders. Remarkably, this association
persisted even after adjusting for demographic variations and potential confounding from exposure to other pesticides. The identified
pesticides contributing to this association span various types, including insecticides, fungicides, and herbicides. Notably, within the
subgroup exposed to insecticides, 12 out of 22 exhibited a significant association with sleep disorders, as outlined in Table 3. These
chemicals belong to various groups of chemicals, including organochlorine, organophosphate, carbamate, pyrethroid, and neon-
icotinoid groups. Cholinesterase insecticides (organochlorine and carbamate) can inhibit acetylcholinesterase (AchE) and cause
dysfunction of neurological system. Previous studies also found a higher sleep problem among those who exposed to organophosphate
ester [25], carbamate insecticide as a group, and carbofuran [18]. In laboratory study, carbamate insecticides can affect melatonin
functions on regulation of circadian rhythms, metabolism, mood, and other physiological function [26], sleeping [27]. Organochlorine
are neurological toxic compounds, and some are also endocrine disruptors [28]. Exposure to organochlorine has been linked to several
neurological symptoms, e.g., headache, nauseas, depression, tremor [29], Parkinson disease [30] and mental disorder symptoms [31].
Pyrethroid insecticides act as thyroid disruptors and can impact sleep health [32]. For example, 3-phenoxybenzoic acid (3-PBA) was
identified as correlating with insufficient sleep and sleep difficulties [13]. Imidacloprid, a neonicotinoid insecticide, shares similarities
with organophosphate and carbamates in its potential to affect the nervous system and disrupt normal hormone synthesis [33].

This study found several fungicides to associate with sleep disorders, including benomyl, carbendazim, metalaxyl, Bordeaux
mixture, and copper sulphate. This novel finding is substantiated with limited support from the existing literature. Benomyl and its
metabolite carbendazim displayed a robust association with sleep disorders (Table 3). Notably, their combination exposure exhibited a
synergistic effect, doubling the odds ratio as shown in Table S3. Both compounds have demonstrated testicular effects, and a separate
study found a link between benomyl exposure and Parkinson disease [34]. Metalaxyl, a systemic fungicide that belong to the phenyl
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Table 2
The association (OR) between types of pesticide and sleep disorders.

Pesticide use No sleep disorders, n (%) Sleep disorder, n (%) OR (95 % CI)

Male (n =

12,798)
Female (n =

14.484)
Total (n =

27,282)
Male (n =

28)
Female (n =

24)
Total (n =

52)
Model 1a Model 2b Male Female

Any pesticides 11,949 (93.4) 12,941 (89.3) 24,890 (91.2) 25 (89.3) 22 (91.7) 47 (90.4) 0.95 (0.37–2.40) – 0.61
(0.18–2.05)

1.47 (0.34–6.34)

Insecticides 10,518 (82.2) 10,786 (74.5) 21,304 (78.1) 24 (85.7) 21 (87.5) 45 (86.5) 1.88 (0.84–4.20) 1.15 (0.43–3.07) 1.45
(0.50–4.24)

2.47 (0.73–8.35)

Herbicides 11,180 (87.4) 11,813 (81.6) 22,993 (84.3) 23 (82.1) 22 (91.7) 45 (86.5) 1.25 (0.56–2.79) 0.91 (0.37–2.21) 0.74
(0.28–1.97)

2.62 (0.61–11.20)

Fungicides 6200 (48.5) 5755 (39.7) 11,955 (43.8) 16 (57.1) 19 (79.2) 35 (67.3) 2.75
(1.53–4.95)

2.41
(1.20–4.84)

1.25
(0.52–3.11)

6.05
(1.81–20.27)

Rodenticides 2616 (20.4) 2456 (17.0) 5072 (18.6) 7 (25.0) 7 (29.2) 14 (26.9) 1.57 (0.84–2.91) 0.85 (0.42–1.73) 1.34
(0.57–3.19)

1.89 (0.78–4.62)

Molluscicides 3089 (24.1) 2979 (20.6) 6068 (22.2) 11 (39.3) 10 (41.7) 21 (40.4) 2.33
(1.32–4.12)

1.81 (0.93–3.55) 2.09
(0.83–5.29)

1.62 (0.61–4.29)

c Gender-stratify analysis, using data from Model 1.
a Multivariable logistic regression adjusted for demographic variables: gender (male, female), age (20–29, 30–39, 40–49, 50–59, 60–69, 70 or more), marital status (married, single, divorce/widows/

separated), education (not attend school, primary school, secondary school, college degree or higher), income per month (THB) (<5000; 5001–10,000; 10,001–30,000;>30,000), cigarette smoking (non-
smoker, ex-smoker, smoker), and alcohol consumption (non-drinker (or abstainer), ex-drinker, regular drinker).
b Adjusted for demographic variables and using other pesticides (See Table S2).
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Table 3
The associations between individual pesticides and sleep disorders.

Pesticide exposure No sleep disorders, n (%) Sleep disorders, n (%) OR (95 % CI)

Male (n =

12,798)
Female (n =

14.484)
Total (n =

27,282)
Male (n =

28)
Female (n
= 24)

Total (n =

52)
Model 1a Model 2b Malec Femalec

Organochlorine insecticide (7)
Aldrin 78 (0.6) 60 (0.41) 138 (0.6) 0 2 (8.3) 2 (3.8) 8.28

(1.94–35.28)
4.04
(0.68–23.85)

– 21.16
(4.56–98.16)

Chlorpyrifos 2697 (21.1) 2619 (18.1) 5316 (19.6) 12 (42.9) 13 (54.2) 25 (48.1) 4.12
(2.36–7.17)

NAd 3.21
(1.49–6.92)

5.53
(2.44–12.53)

Chlordane 190 (1.5) 176 (1.2) 366 (1.3) 1 (3.6) 5 (20.8) 6 (11.5) 9.37
(3.95–22.26)

NA 2.36
(0.32–17.65)

20.58
(7.43–57.02)

Dieldrin 124 (1.0) 114 (0.8) 238 (0.9) 0 3 (12.5) 3 (5.8) 7.51
(2.29–24.63)

4.17
(0.71–24.35)

– 17.93
(5.08–63.26)

Dichlorodiphenyl trichloroethane
(DDT)

574 (4.5) 605 (4.2) 1179 (4.3) 4 (14.3) 6 (25.0) 10 (19.2) 5.01
(2.48–10.11)

NA 3.51
(1.20–10.31)

7.12
(2.78–18.23)

Endosulfan 1882 (14.7) 1785 (12.3) 3667 (13.4) 3 (10.7) 5 (20.8) 8 (15.4) 1.14
(0.53–2.47)

NA 0.73 (0.22–2.45) 1.85 (0.68–5.07)

Heptachlor 1413 (11.0) 1824 (12.6) 3237 (12.0) 1 (3.6) 3 (12.5) 4 (7.7) 0.62
(0.22–1.72)

NA 0.30 (0.04–2.22) 1.03 (0.31–3.48)

Organophosphate insecticides (8)
Dicrotophos 270 (2.1) 263 (1.8) 533(1.9) 1 (3.6) 2 (8.3) 3(5.8) 3.13

(0.96–10.15)
NA 1.78

(0.24–13.27)
4.65
(1.06–20.46)

Dichlorvos 253 (2.0) 196 (1.4) 449 (1.6) 0 2 (8.3) 2 (3.8) 2.41
(0.56–10.27)

NA – 6.35
(1.35–29.93)

Ethyl p-nitrophenyl
phenylphosphorothioate (EPN)

357 (2.8) 331 (2.3) 688 (2.5) 2 (7.1) 3 (12.5) 5 (9.6) 4.00
(1.57–10.16)

NA 2.86
(0.67–12.28)

5.87
(1.71–20.14)

Folidol/parathion 1515 (11.8) 1556 (10.7) 3071 (11.3) 8 (28.6) 9 (37.5) 17 (32.7) 3.75
(2.08–6.79)

NA 3.06
(1.32–7.07)

4.70
(2.02–10.89)

Methamidophos 559 (4.4) 494 (3.4) 1053 (3.9) 2 (7.1) 3 (12.5) 5 (9.6) 2.61
(1.03–6.65)

NA 1.72 (0.40–7.36) 4.06
(1.19–13.83)

Mevinphos 166 (1.3) 152 (1.1) 318 (1.2) 0 3 (12.5) 3 (5.8) 5.28
(1.62–17.21)

3.96
(1.01–15.61)

– 12.21
(3.48–42.79)

Monocrotophos 277 (2.2) 301 (2.1) 578 (2.1) 0 3 (12.5) 3 (5.8) 3.02
(0.93–9.77)

1.58
(0.35–7.16)

– 6.71
(1.96–23.06)

Profenofos 269 (2.1) 286 (2.0) 555 (2.0) 1 (3.6) 3 (12.5) 4 (7.7) 4.27
(1.52–12.00)

3.21
(0.98–10.46)

1.85
(0.25–13.84)

7.30
(2.11–25.30)

Carbamate insecticides (4)
Carbaryl 942 (7.4) 895 (6.2) 1837 (6.7) 4 (14.3) 7 (29.2) 11 (21.2) 3.58

(1.82–7.03)
NA 2.03 (0.70–5.93) 6.07

(2.48–14.86)
Carbofuran 1356 (10.6) 1375 (9.5) 2731 (10.0) 3 (10.7) 7 (29.2) 10 (19.2) 2.02

(0.99–4.10)
NA 0.98 (0.29–3.33) 3.52

(1.41–8.75)
Carbosulfan 1478 (11.6) 1438 (9.9) 2916 (10.7) 3 (10.7) 6 (25.0) 9 (17.3) 1.77

(0.86–3.66)
1.67
(0.77–3.63)

0.96 (0.29–3.19) 3.02
(1.19–7.71)

Methomyl 1102 (8.6) 1028 (7.1) 2130 (7.8) 8 (28.6) 7 (29.2) 15 (28.8) 4.50
(2.43–8.32)

NA 4.15
(1.79–9.64)

4.51
(1.80–11.30)

Pyrethroids insecticides
Permethrin 1324 (10.4) 1436 (9.9) 2760 (10.1) 2 (7.1) 5 (20.8) 7 (13.5) 1.46

(0.66–3.26)
NA 0.74 (0.17–3.14) 2.43 (0.89–6.59)

Other insecticides

(continued on next page)
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Table 3 (continued )

Pesticide exposure No sleep disorders, n (%) Sleep disorders, n (%) OR (95 % CI)

Male (n =

12,798)
Female (n =

14.484)
Total (n =

27,282)
Male (n =

28)
Female (n
= 24)

Total (n =

52)
Model 1a Model 2b Malec Femalec

Abamectin 6675 (52.2) 6876 (47.5) 13,551
(49.7)

13 (46.4) 17 (70.8) 30 (57.7) 1.44
(0.82–2.50)

NA 0.84 (0.40–1.79) 2.88
(1.18–7.00)

Imidacloprid 573 (4.5) 479 (3.3) 1052 (3.9) 3 (10.7) 2 (8.3) 5 (9.6) 2.66
(1.05–6.77)

NA 2.78 (0.83–9.37) 2.44
(0.56–10.69)

Herbicide (8)
2,4-dichlorophenoxyacetic acid (2,4-

D)
5129 (41.1) 5582 (38.5) 10,711

(39.3)
14 (50.0) 11 (45.8) 25 (48.1) 1.47

(0.85–2.54)
NA 1.58 (0.75–3.36) 1.44 (0.64–3.26)

Alachlor 972 (7.6) 1011 (7.0) 1983 (7.3) 5 (17.9) 3 (12.5) 8 (15.4) 2.39
(1.12–5.10)

1.86
(0.73–4.76)

2.81
(1.06–7.46)

1.91 (0.57–6.46)

Acetochlor 319 (2.5) 293 (2.0) 612 (2.2) 2 (7.1) 2 (8.3) 4 (7.7) 3.49
(1.25–9.78)

2.07
(0.52–8.29)

2.93
(0.69–12.48)

3.76
(0.85–16.61)

Ametryn 375 (2.9) 356 (2.5) 731 (2.7) 1 (3.6) 2 (8.3) 3 (5.8) 2.21
(0.68–7.16)

NA 1.23 (0.17–9.14) 3.32
(0.75–14.65)

Butachlor 2340 (18.3) 2250 (15.5) 4590 (16.8) 6 (21.4) 7 (29.2) 13 (25.0) 1.77
(0.94–3.35)

NA 1.36 (0.54–3.39) 2.36 (0.96–5.81)

Diuron 257 (2.0) 236 (1.6) 493 (1.8) 5 (17.9) 2 (8.3) 7 (13.5) 7.95
(3.53–17.91)

NA 10.30
(3.83–27.71)

4.48
(1.00–20.15)

Glyphosate 9067 (70.1) 9869 (68.2) 18,936
(69.4)

25 (89.3) 20 (83.3) 45 (86.5) 2.85
(1.28–6.35)

2.07
(0.83–5.18)

3.39
(1.02–11.29)

2.49 (0.84–7.34)

Paraquat 6465 (50.5) 6991 (48.3) 13,456
(49.3)

17 (60.7) 19 (79.2) 36 (69.2) 2.29
(1.27–4.15)

NA 1.46 (0.68–3.14) 4.27
(1.58–11.54)

Fungicide (9)
Benomyl 187 (1.5) 157 (1.1) 344 (1.3) 2 (7.1) 2 (8.3) 4 (7.7) 6.18

(2.19–17.42)
NA 5.22

(1.21–22.56)
6.93
(1.56–30.85)

Carbendazim 2344 (18.3) 2027 (14.0) 4371 (16.0) 10 (35.7) 11 (45.8) 21 (40.4) 3.64
(2.08–6.38)

NA 2.57
(1.18–5.62)

5.51
(2.44–12.46)

Bordeaux mixture 95 (0.7) 74 (0.5) 169 (0.6) 0 2 (8.3) 2 (3.8) 6.33
(1.51–28.51)

NA – 17.41
(3.78–80.24)

Copper sulphate 714 (5.6) 706 (4.9) 1420 (5.2) 5 (17.9) 5 (20.8) 10 (19.2) 4.25
(2.10–8.60)

3.57
(1.68–7.60)

4.13
(1.53–11.16)

3.22
(1.02–10.14)

Mancozeb 1005 (7.9) 925 (6.4) 1930 (7.1) 1 (3.6) 2 (8.3) 3 (5.8) 0.82
(0.25–2.65)

NA 0.45 (0.06–3.34) 1.25 (0.29–5.43)

Maneb 549 (4.3) 576 (4.0) 1125 (4.1) 0 3 (12.5) 3 (5.8) 1.44
(0.45–4.67)

NA – 3.18
(0.92–10.96)

Metalaxyl 954 (7.5) 974 (6.7) 1928 (7.1) 6 (21.4) 6 (25.0) 12 (23.1) 3.99
(2.07–7.67)

4.77
(2.41–9.42)

4.41
(1.72–11.29)

4.96
(1.82–13.57)

Propineb 575 (4.5) 552 (3.8) 1127 (4.1) 0 2 (8.3) 2 (3.8) 1.00
(0.24–4.12)

NA – 2.36
(0.55–10.19)

Thiophanate 246 (1.9) 227 (1.6) 473 (1.7) 0 2 (8.3) 2 (3.8) 2.46
(0.59–10.21)

NA – 5.47
(1.24–24.15)

a Unconditional multivariable logistic regression adjusted for demographic variables: gender (male, female), age (20–29, 30–39, 40–49, 50–59, 60–69, 70 or more), marital status (married, single,
divorce/widows/separated), education (not attend school, primary school, secondary school, college degree or higher), income per month (THB) (<5000; 5001–10,000; 10,001–30,000; >30,000),
cigarette smoking (never smoked, ex-smoker, regular smoker), and alcohol consumption (never drink, ex-drinker, regular drinker).
b Adjusted for demographic variables and use of other pesticides (See Table S2).
c Gender-stratify analysis, using data from Model 1.
d NA = not applicable.
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amide, is a well-known hazard for the liver, kidneys, and lungs. An animal study also showed that the herbicide affects brain and
reduces acetylcholinesterase enzyme, just like organophosphate and carbamate pesticides [35]. However, epidemiology studies from
the US, matalaxyl did not have a positive association with sleep apnea [18]. Copper sulphate and Bordeaux mixture are natural
minerals deemed harmless at low doses, and there is no supporting literature indicating any impact on sleep effects [36]. Mancozeb is
identified as an endocrine disruptor, and prior research reported a positive effect on sleep problems [16]. However, in this study, a
significant association was not found in exposure events with either mancozeb or maneb (Table 3) or a combination of the two
(Table S3). This discrepancy might be explained by the small number of cases, as the results of this study were based on only three cases
of sleep disorders in the analysis. Future investigations on this issue are certainly warranted.

The dose-response relationship between pesticide exposure, particularly fungicides, and sleep disorders may not be apparent, as
indicated by a non-significant odds ratio for the highest exposure category of fungicides. This probably indicates the impact of various
factors. The limited number of participants in the highest category may diminish statistical power, leading to broader confidence
intervals. Additionally, the adverse effects of pesticides may reach a plateau at higher exposure levels due to survivor bias, where
individuals with the highest exposure may have died and thus are not included in the study, or due to behavioral adaptations, such as
health-seeking behaviors or the use of protective equipment. The relationship between pesticide exposure and sleep disorders is
thought to be either linear or curvilinear in nature. The scientific rationale does not support a cubic relationship, as increased exposure
is anticipated to result in greater or plateau effects on sleep disorders. Consequently, we decided that advanced analyses, such as
restricted cubic spline regression, would not provide a better explanation of the dose-response relationship between pesticides and
sleep disorders.

The study also noted an association between sleep disorders and exposure to certain individual herbicides, particularly paraquat
and diuron. This finding is relatively novel, lacking comparisons with extensive epidemiological studies. However, evidence from
laboratory studies and related research supports this discovery. Specifically, this study found that exposure to either paraquat or
glyphosate significantly increased the risk of sleep disorders (Table 3), and a combination exposure almost doubled the risk (Table S3).
A previous study [16] identified a significant association between last-week exposure to glyphosate and sleep problems. In animal
studies, researchers found that paraquat increases oxidative stress, a condition that can decrease the length of the sleep-wake cycle and
disrupt sleep consolidation [37]. In addition, a study also identified paraquat exposure as increasing the risk of Parkinson disease,
indicating effects on the brain and nervous system [38]. For diuron, a urea derivative herbicide, an animal test found it behave like
EDCs and can reduce AChE [39]. 2,4-dichlorophenoxyacetic acid (2,4-D) is also EDCs, and the study found an elevated risk but not
statistically significant. Alachlor and butachlor are of low toxicity but in a poisoning case report found that the ingestion of the
herbicides increases the depression of the central nervous system [40]. Scientists believe that chloroacetanilides, a group of herbicides
which commonly includes alachlor, butachlor, metolachlor, and pretilachlor, have acute effects like organophosphate toxicity [41].
Ametryn, of the triazine family, is EDCs. Although, toxicological data is scarce, animal study found it has estrogenic and anti-
androgenic properties which can affect the testes and reproduction [42]. More research is needed to verify the association between
herbicides and sleep disorders and to elucidate the mechanisms through which they cause these effects.

The study also aimed to explore gender effects on sleep disorders, given the inconsistency in existing literature. A study from
Uganda found a higher risk of sleep disorders among female [16]. This finding was supported by a similar investigation on sleep health
among greenhouse farmers in China [17]. However, at least two studies from the US reported a higher risk of sleep problems among
males [13,18,25]. A recent study on the effect of organophosphate esters metabolites also found a higher risk for sleep problems among

Table 4
Dose-response relationship of some pesticides and sleep disorders.

Pesticide exposure No sleep disorders Sleep disorders OR (95 % CI)a

Fungicides
Q4 (442.6–9030.0 days) 2514 (9.2) 12 (23.1) 2.80 (0.89–8.83)
Q3 (116.1–442.5 days) 2731 (10.0) 16 (30.8) 4.18 (1.39–12.59)
Q2 (50.8–116.0 days) 3539 (13.0) 3 (5.8) 0.63 (0.14–2.84)
Q1 (1.2–50.7 days) 3171 (11.6) 4 (7.7) 1.00
P for trend ​ ​ 0.70
Chlorpyrifos
Q4 (245.1–9030.0 days) 1050 (3.8) 15 (28.8) 5.19 (1.46–18.46)
Q3 (105.1–245.0 days) 1377 (5.0) 4 (7.7) 1.49 (0.33–6.76)
Q2 (37.6–105.0 days) 1417 (5.2) 3 (5.8) 1.01 (0.20–5.05)
Q1 (1.2–37.5 days) 1472 (5.48) 3 (5.8) 1.00
P for trend ​ ​ <0.01
Abamectin
Q4 (245.1–9030.0 days) 3342 (12.2) 15 (28.8) 11.55 (1.51–88.26)
Q3 (105.1–245.0 days) 3429 (12.6) 3 (5.8) 2.97 (0.31–28.61)
Q2 (37.6–105.0 days) 3384 (12.4) 11 (21.2) 10.74 (1.38–83.41)
Q1 (1.2–37.5 days) 3397 (12.5) 1 (1.9) 1.00
P for trend ​ ​ 0.38

a OR adjusted for gender (male, female), age (20–29, 30–39, 40–49, 50–59, 60–69, 70 or more), marital status (married, single, divorce/widows/
separated), education (not attend school, primary school, secondary school, college degree or higher), income per month (THB) ((<5000;
5001–10,000; 10,001–30,000; >30,000), cigarette smoking (never smoked, ex-smoker, regular smoker), and alcohol consumption (never drink, ex-
drinker, regular drinker), and use of other pesticides.
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males [25]. In this study, a higher ORs were observed in female groups for almost all pesticides, except copper sulphate, glyphosate,
diuron, imidacloprid (Table 3). For instance, the odds ratio of carbofuran was 2.02 (95 % CI 0.99–4.10) in the combined group, 0.98
(95 % CI 0.29–3.33) in males, and 3.52 (95 % CI 1.41–8.75) in females. This discrepancy might be explained by the fact that sleep
health depends on various factors, and through different mechanisms, certain types of pesticides might selectively havemore effects on
specific groups of people. For pesticides affecting hormones, the menstrual cycle, stress, and depression, women may be at a greater
risk compared to men [43].

The differences in patient characteristics, specifically age and gender distributions, as well as the prevalence of sleep disorders
across the three provinces–Phitsanulok, NakhonSawan, and Chiang Mai–highlight the complex relationship between pesticide
exposure and sleep health. Sleep disorder prevalence varies by province, possibly due to variances in age and gender distribution. The
prevalence of sleep disorders varied considerably throughout the three provinces. This may indicate variations in the intensity of
pesticide exposure, the types of pesticides employed, agricultural practices, and societal conditions. The availability of healthcare
resources and diagnostic techniques may vary by province, influencing the likelihood of discovering sleep problems. Chiang Mai
exhibits greater urbanization, potentially leading to better diagnostic facilities and more health awareness compared to other prov-
inces. Analyzing regional variations provides useful insights for developing targeted public health interventions and policies, such as
pesticide management guidelines and preventive measures tailored to specific locations.

This study has several limitations. Firstly, we did not collect data on bodymass index and other potential risk factors related to sleep
disorders such as ambient pollution, cooking fumes, chronic diseases, stress, genetic factors, and other psychological issues [10]. These
factors could impact sleep health and introduce bias to the results. Secondly, the study may be susceptible to information bias, as data
on pesticide exposure were solely collected through questionnaire methods without laboratory measurements. However, it is
important to note that this bias would likely impact both the study and control groups and may only attenuate the observed associ-
ation. The questionnaire method has been widely used in epidemiological studies of pesticide exposure, especially for chronic exposure
[24]. To address potential recall bias during data collection on past pesticide use, particularly when farmers may not remember or
know the names of the pesticides they used, a precautionary measure was implemented. To mitigate this issue, all names of pesticides,
including chemical names, common names, or commercial/trade names, were explicitly read to participants during the interviews.
Thirdly, a key drawback of this study is its cross-sectional design, which limits the capacity to infer causality. Our findings indicate
associations between pesticide exposure and sleep disorders; however, we are unable to ascertain the temporal sequence of exposure
relative to the onset of sleep disorders. Longitudinal studies are necessary to confirm causality and further explore these associations
over time. Fourthly, stresses could serve as both a mediator and a confounder, potentially intensifying the effects of pesticide exposure
on sleep disorders. This study did not include data on specific psychological stresses or mental health conditions, which are recognized
to affect sleep quality and may confound the relationship between pesticide exposure and sleep disorders. Lastly, it is important to
interpret the results with caution, considering the potential for false positives due to multiple comparisons.

A notable strength of this study lies in its collection of exposure information for various pesticides, coupled with the use of
medically diagnosed diseases confirmed by ICD-10, which is considered more accurate than relying on self-reported outcomes. The
results provide valuable insights into the effects on sleep health in a developing country like Thailand, where pesticides are extensively
used with minimal exposure prevention. This study serves as a robust comparison group for results from studies conducted in other
parts of the world. The impact of pesticides on sleep health deserves increased attention, considering that sleep deficits might be an
underlying cause of various health problems and compromise the overall well-being of individuals. This significance is heightened by
the widespread use of pesticides as chemicals.

In conclusion, the study contributes support to existing literature regarding the potential effects of pesticides on sleep disorders. It
confirms the effects of insecticides and suggests potential effects of fungicides and herbicides. Furthermore, the study adds valuable
information on gender-related effects. Future research endeavors should aim to confirm these results and identify additional individual
pesticides that may contribute to sleep disorders—an underrecognized global public health challenge in the modern world.
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