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Abstract

We aimed to investigate the relationship between pesticide exposure and cognitive decline
in a rural South Korean population. From July 2015 to December 2017, 200 randomly
selected Korean Farmers Cohort study participants were recruited and of these, 169 partici-
pants were analyzed. Pesticide exposure was investigated using a standardized question-
naire, and the Korean-Montreal Cognitive Assessment (K-MoCA) was conducted. Cognitive
decline was more frequent among those directly exposed to pesticides (P = 0.057). Pesti-
cide exposure and cognitive decline were positively correlated in the group with direct expo-
sure versus no exposure (crude odds ratio [OR], 2.66; 95% confidence interval [CI], 1.17—
6.04); this relationship was insignificant after adjustment (adjusted OR, 1.50; 95% ClI, 0.57—
3.92). There was a significant difference in the K-MoCA scores for each group based on
pesticide exposure (P = 0.003). When we stratified by age, differences in the K-MoCA
scores depending on the degree of pesticide exposure in the those aged 60 to 69 years
were identified. Overall, there was a tendency towards an association between pesticide
exposure and cognitive decline in rural Korean adult farmers. In our study, chronic pesticide
exposure tended to have a greater impact in certain age group (60—-69 years) than in those
under 60 and over 70.

Introduction

Pesticides are one of several toxic substances intentionally released into the environment to
kill living organisms. For example, weeds, insects, fungus and rodents are killed by herbicides,
insecticides, fungicides and rodenticides, respectively. Pesticides are also used to prevent dis-
eases, such as malaria and dengue fever, caused by insects and to remove weeds from parks
and gardens [1]. Pesticide exposure is associated with diseases such as cancer, hormonal
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imbalances, asthma, allergies, and hypertension [2]. There is also a series of evidence suggest-
ing that it is also associated with deformities, low birth weight, and abortions [3-4].

The correlation between pesticides use (e.g. for agricultural purposes) and psychiatric dis-
eases has been studied in detail [5-9]. One study showed that agricultural workers have a
higher rate of pesticide exposure and mental disorders [6]. In a cross-sectional study of 869
inhabitants of tobacco farms in Brazil, the prevalence of general mental illness and depression
was higher in the pesticide exposed group than in the unexposed group [7]. In another cross-
sectional study, there was no correlation between exposure to pesticides, and depression and
dementia, but there was a correlation with positive screening results for Parkinson’s disease
and neuropathy [8]. Additionally, another study showed that there was increased risk of devel-
oping dementia or Alzheimer’s disease among farmers [9]. However, there is still a debate
regarding which specific chemicals are linked to the onset of disease, as well as the intensity
and type of exposure.

Several studies also showed that chronic pesticide exposure has a variety of neurobehavioral
effects, including the onset of Alzheimer’s disease and dementia. In a study of 614 farm work-
ers in France, the group with greater exposure to pesticides had a lower score on the cognitive
function test than the group with no exposure [3]. In a cross-sectional study conducted in
Chile in 2017, the proportion of participants who did not reach the normal threshold for the
neurological examination in the exposed group was high [10]. However, epidemiological evi-
dence on the neurobehavioral effects of chronic pesticide exposure are still limited [1], and fur-
ther research is needed on the neurobehavioral effects of pesticide exposure.

In Korea, residents and farmers in rural areas are subject to chronic pesticide exposure. The
annual use of pesticides in Korea increased between the 1970s and 1990s, however since 2001
the annual usage has been decreasing [11]. In 2011, the annual use of pesticides was 19,131
tons; 34.7%, 28.0%, and 27.1% were insecticides, fungicides, and herbicides, respectively [11].
Additionally, most of the pesticides used to date in Korea are pyrethroids and organophos-
phates [12]. The immediate effects of exposure to high concentrations of organophosphorus
pesticides have been well documented as cholinergic crisis. Exposure leads to the inhibition of
acetylcholinesterase (AChE), affecting the function of the central, peripheral, and autonomic
nervous system [13]. Pyrethroid pesticides, which are generally synthetic pesticides, are used
worldwide to control pests in agricultural and residential areas [14] and there is a study that
pyrethroid have neurobehavioral effects [15].

There are several studies that have shown a positive correlation between exposure to pesti-
cides and depression in the Korean population [12,16-17]. However, studies on the relation-
ship between neurobehavioral symptoms, such as cognitive decline and pesticide exposure, are
limited in Korea. Therefore, we conducted a study on the relationship between pesticide expo-
sure and cognitive decline in rural areas in Korea.

Materials and methods
Study population

A survey of pesticide exposures was conducted among 3162 participants from 2005 to 2008
enrolled in the Korea Farmers Cohort study [16]. The participants in this study were recruited
from the residents of the Wonju and Pyengchang areas in Gangwon-do Province of the
Republic of Korea, who were farmers or agribusinessmen. To recruit participants for the sur-
vey, the follow-up steps of the survey were explained in village offices and community health
centers in the areas where the survey was to be conducted. We contacted the participants face-
to-face, not through email or phone. The survey was also promoted among the community
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leaders and farmers during leadership meetings, to the Rural Development Administration of
Korea, and volunteers registered to participate in the survey.

Between July 2015 and December 2017, we randomly selected 200 Korean Farmers Cohort
study participants for enrolment in our study. All participants visited Wonju Severance Chris-
tian Hospital and signed their written informed consent in this study. They were asked to com-
plete data collection activities and physical examination through a one-on-one interview with
a professional investigator. Thirty-one individuals had missing data for pesticide exposures
(data from 2005 to 2008); thus, a total of 169 participants were included. This study was
approved by the Institutional Review Board (IRB) of Wonju Christian Hospital (IRB number:
CR315018).

Covariates

Age was treated as a continuous variable and was categorized into three groups (<60, 60-69,
and >70 years). If participants smoked less than five packs of cigarettes in their lifetime, they
were classified as non-smokers and all participants who were classified as smokers had at least
2 years of smoking history. Alcohol use was categorized into two groups based on current alco-
hol consumption. Current alcohol consumption was divided into current drinking and non-
drinking; the non-drinking group included those who drank alcohol in the past but who did
not currently drink alcohol. For those in the current drinking group, the duration of drinking
was at least 3 years. Educational level was categorized into two groups (middle school or
below, high school or above). Body Mass Index (BMI) was treated as a continuous variable and
was categorized into two groups (<25, >25 kg/m?).

Pesticide exposure assessment

Pesticide exposure was assessed and indirectly estimated using standardized modified ques-
tionnaires developed by the Agricultural Health Study [18]. Activity type (e.g., mixing), appli-
cation method (e.g., hand spraying), use of personal protective equipment (PPE) (e.g., gloves),
and personal work habits and hygiene (e.g., taking a bath after using pesticides) were investi-
gated and used for pesticide exposure assessment.

The following five methods were used to assess pesticide exposure. First, if the participants’
occupation was farming, we assumed s/he was exposed to pesticides. Second, the participants
were asked to self-report if they used pesticides. Third and fourth, the intensity and cumulative
exposure index (CEI) levels of pesticide use were assessed and lower and higher groups were
classified based on the 50% percentile. Intensity and CEI levels were calculated using the fol-
lowing equation:

Intensity level = mixing status + application method + equipment repair status x PPE

CEI level = intensity level x spraying year x spraying days per year

The use of Intensity and CEI levels to assess pesticide exposure has been used in other stud-
ies [16,19]. Finally, complex exposures for intensity and CEI levels were categorized into three
groups based on the following criteria: 81 non-pesticide users were defined as the unexposed
group; 60 participants with higher intensity or CEI levels were defined as the direct exposure
group; the 28 participants remaining were classified as the indirect exposure group.

Cognitive decline assessment

Measurements for cognitive decline were made using the K-MoCA. K-MoCA is the Korean
version of MoCA and assesses a variety of cognitive domains, such as attention (forward digit
span and trail-making test A), memory (20-minute delayed recall using the Seoul Verbal
Learning Test and Rey Complex Figure Test), language function (Korean version of the Boston
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Naming Test and similarity test of Wechsler Adult Intelligence Scale-Fourth Edition), visuo-
spatial ability (copying the Rey Complex Figure Test and clock copying), executive function
(semantic fluency for animal using Controlled Oral Word Association Test and clock drawing
test), conceptual thinking and orientation [20]. The implementation time of the K-MoCA is
approximately 10 to 15 minutes, and the peak score is 30 points. The K-MoCA is also known
to be a useful screening tool for cognitive decline in elderly individuals [21]. In our study, we
determined that a participant had cognitive decline when the K-MoCA score was less than 23
points.

Statistical analysis

Differences between the incidence of cognitive decline and demographic and exposure charac-
teristics for each group were assessed using chi-squared tests. Mann-Whitney U test and Krus-
kal-Wallis test with post hoc Bonferroni tests were conducted to determine if there were
differences in the mean and median K-MoCA scores in each group based on pesticide expo-
sure levels. Additionally, a box plot was constructed with K-MoCA scores and the complex
exposure level which was stratified by age. A multivariable logistic regression analysis was per-
formed to analyze the relationship between exposure to pesticides and cognitive decline, and
sex, age, BMI, smoking status, drinking status, and educational level were adjusted.

All analyses were conducted using IBM SPSS 23.0 (Chicago, IL, USA) and the R statistical
package, version 3.5.1 (www.r-project.org/). P-values less than 0.05 were considered statisti-
cally significant.

Results

Of the 169 enrolled study participants, 128 (75.7%) were males, and the age range was 51-81
years (meantstandard deviation, 66.85+8.02) (Table 1). 92 (54.4%) participants smoked more
than five packs of cigarettes during their lifetime and 114 (67.4%) participants were current
alcohol consumers. There was a significant increase in the number of people with cognitive
decline among those in the higher age and the lower educational level groups. There was no
difference in cognitive decline incidence based on sex, body mass index (BMI), smoking status,
and alcohol use.

The greater the pesticide exposure levels, the more frequently cognitive decline occurred;
however, this association was not statistically significant except for exposure assessment based
on farmers and pesticide use (Table 2). There was a statistically significant difference in the
median of the K-MoCA scores between the pesticide exposed group and the unexposed group
(Table 3). However, there was no significant difference between lower exposure and higher
exposure groups when the Bonferroni method was implemented.

Additionally, when stratified by age (Fig 1), there was no significant difference in the
K-MoCA scores of pesticide exposure levels in the groups younger than 60 years and older
than 70 years. However, in the group between 60 and 69 years, there were differences in
K-MoCA score depending on the degree of pesticide exposure (P = 0.073).

Upon univariate logistic regression analysis (Table 4), we determined that there was a sig-
nificant association between pesticide exposure levels and cognitive decline among farmers
(crude OR 2.44, 95% CI 1.09-5.42). those who used pesticides (crude OR 2.41, 95% CI 1.12-
5.18), higher intensity level group (crude OR 2.78, 95% CI 1.18-6.56), higher CEI level group
(crude OR 2.43, 95% CI 1.01-5.85), and direct exposure group (crude OR 2.66, 95% CI 1.17-
6.04). However, these relationships were no longer significant after adjustment for potential
confounders (farmers adjusted OR [aOR] 1.49, 95% CI 0.59-3.78; pesticide use aOR 1.51, 95%
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Table 1. Demographic characteristics of the study population.

Total (n = 169) K-MoCA score P
>23 (n, %) <23 (n, %)

Sex 0.460

Male 97 (75.8) 31 (24.2)

Female 34 (82.9) 7 (17.1)

Age (years) 0.001*

<60 41 (95.3) 2(4.7)

60-69 45 (78.9) 12 (21.1)

>70 45 (65.2) 24 (34.8)

BMI (kg/m®) 0.476

<25 72 (75.0) 24 (25.0)

>25 59 (80.8) 14 (19.2)

Smoking status 0.661

<5 packs during lifetime 58 (75.3) 19 (24.7)

>5 packs during lifetime 73 (79.3) 19 (20.7)

Alcohol use 0.733

No 44 (80.0) 11 (20.0)

Yes 87 (76.3) 27 (23.7)

Educational level 0.011*

Middle school or below 71 (70.3) 30 (29.7)

High school or above 60 (88.2) 8(11.8)

Abbreviations: BMI, Body Mass Index; K-MoCA, Korean-Montreal Cognitive Assessment
*P < 0.05.

https://doi.org/10.1371/journal.pone.0213738.t001

CI 0.62-3.68; higher intensity levels aOR 1.73, 95% CI 0.65-4.65; higher CEI level aOR 1.38,
95% CI 0.49-3.85; direct exposure aOR 1.50, 95% CI 0.57-3.92).

Discussion

Of the 169 participants included, 38 participants (22.4%) had a K-MoCA score below 23. Cog-
nitive decline incidence was increased for those who were older and had lower educational lev-
els. The group with greater exposure to pesticides tended to have more frequent cognitive
decline, but this relationship was not statistically significant. The relationship between expo-
sure to pesticides and cognitive decline was significant before adjustment; however, after
adjustment, it was no longer statistically significant.

Several studies have reported that those with chronic pesticide exposure had lower scores
on neurological examinations than those who were unexposed [3,11]. Additionally, a meta-
analysis was conducted in 2014 to investigate occupational exposure to pesticides and neuro-
behavioral effects and found that with the exception of one study in adults, there was a signifi-
cant impact on cognitive function and exercise behavior in most studies [22]. In a meta-
analysis of seven studies on Alzheimer’s disease and pesticide exposure, there was a correlation
between Alzheimer’s disease and pesticide exposure; a subgroup analysis showed a better asso-
ciation with higher quality studies [23]. In a systematic review of neurological diseases related
to pesticide exposure in 2016, the odd ratios of the two studies related to Alzheimer’s disease
were 2.39 and 4.35, respectively; however, the data quality was low [24]. Despite the availability
of studies that have linked pesticide exposure and cognitive impairment or Alzheimer’s dis-
ease, epidemiological evidence is still limited.
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Table 2. Exposure characteristics of the study population.

Total (n = 169) K-MoCA score P
>23 (n, %) <23 (n, %)

Farmer 0.041*

No 61 (85.9) 10 (14.1)

Yes 70 (71.4) 28 (28.6)

Pesticide Use 0.035*

No 69 (85.2) 12 (14.8)

Yes 62 (70.5) 26 (29.5)

Intensity Level of Pesticide Use 0.053

0 69 (85.2) 12 (14.8)

Lower group 29 (74.4) 10 (25.6)

Higher group 33 (67.3) 16 (32.7)

Cumulative Exposure Index of Pesticide Use 0.072

0 69 (85.2) 12 (14.8)

Lower group 29 (70.7) 12 (29.3)

Higher group 33 (70.2) 14 (29.8)

Complex Exposure of Pesticide Use 0.057

None 69 (85.2) 12 (14.8)

Indirect exposure 21 (75.0) 7 (25.0)

Direct exposure 41 (68.3) 19 (31.7)

Abbreviations: K-MoCA, Korean-Montreal Cognitive Assessment
*P < 0.05

https://doi.org/10.1371/journal.pone.0213738.t1002

There is debate regarding exactly which pesticide substances are related to cognitive
decline. Studies have shown a positive association between long-term exposure to low doses of
paraquat, maneb, dieldrin, pyrethroids, and organophosphorus pesticides and Alzheimer’s dis-
ease [25]. Additionally, repetitive organophosphorus pesticide exposure can impair attention,
memory, and cognitive function by acting on axonal transport, neurotrophins and their recep-
tors, and mitochondria, in addition to causing a "cholinergic crisis" [26]. Some studies have
suggested that organophosphorus pesticides play an important role in neurobehavioral and
neuropsychological disorders [27].

However, unlike the previous studies, a study of 40 farmers exposed to organophosphorus
pesticides and 40 unexposed controls showed inhibition of oxidative stress and AChE, but
there was no change in cognitive function [28]. It was also determined that exposure to organ-
ophosphorus and pyrethroid pesticides was not associated with cognitive decline and organo-
chlorine pesticides were associated with decreased cognitive function [29]. In a study
conducted in the United States among 644 subjects, there was a decrease in cognitive function
among those with higher organochlorine concentrations in the body [30]. In Sweden, three
organochlorine pesticide concentrations in the body were measured among 989 adults greater
than 70 years of age; the risk of cognitive impairment was three times higher in the group with
higher concentrations than the group with lower concentrations [31].

Our results showed that there was a tendency for an association between pesticide exposure
and cognitive decline; however, this association was not statistically significant. Prior to adjust-
ment, there was a correlation between exposure to pesticides and cognitive decline; however,
after adjustment this association was no longer significant. Our findings were consistent with
those from previous studies [28,29] and this may have been due to the use of organic phospho-
rus, pyrethroid pesticides in Korea [12]. Additionally, K-MoCA scores are known to be lower
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Table 3. Mean and median K-MoCA scores with pesticide exposure level.

Total (n = 169) K-MoCA score P
Mean+SD, Median (1** quartile- 3 quartile)

Pesticide Use <0.001*

No 25.5+3.49, 26.0 (24.0-28.0)

Yes 24.1+3.28, 24.0 (22.0-27.0)

Intensity Level of Pesticide Use 0.003**

None 25.5+3.49, 26.0 (24.0-28.0)

Lower group 24.1+2.87,24.0 (22.5-26.0)

Higher group 24.0£3.60, 25.0 (22.0-27.0)

Cumulative Exposure Index of Pesticide Use 0.003***

None 25.5+3.49, 26.0 (24.0-28.0)

Lower group 24.1+2.78, 24.0 (22.0-26.0)

Higher group 24.0+3.69, 25.0 (22.0-27.0)

Complex Exposure of Pesticide Use 0.003+

None
Indirect exposure

Direct exposure

25.5+3.49. 26.0 (24.0-28.0)
24.4+2.60, 24.5 (22.8-26.3)
23.9+3.56, 24.0 (22.0-27.0)

Abbreviations: SD, standard deviation; K-MoCA, Korean-Montreal Cognitive Assessment
*Mann-Whitney U test

**post-hoc p-value, p-values adjusted with the Bonferroni method

None vs Lower group: 0.011

None vs Higher group: 0.021

***post-hoc p-value, p-values adjusted with the Bonferroni method

None vs Lower group: 0.009

None vs Higher group: 0.026

tpost-hoc p-value, p-values adjusted with the Bonferroni method

None vs Indirect exposure: 0.085

None vs Direct exposure: 0.004

https://doi.org/10.1371/journal.pone.0213738.t1003

for elderly individuals and those with lower educational levels. In our study, the participants in
the direct exposure group had lower educational levels and were older than those in the unex-
posed group, which may be the cause of the confounding or interaction noted in our study.
Overall, 30.9% of participants in the unexposed group were greater than 70 years of age, while
42.7% and 53.3% of those in the indirect and direct exposure groups were greater than 70
years of age. Also, 49.4% of participants in the unexposed group had low educational levels,
compared to 57.1% and 75.0% of participants in the indirect and direct exposure groups.
Finally, the small number of participants enrolled may have impacted this tendency.

K-MoCA has an excellent sensitivity of 89% and a good specificity of 84% for screening for
mild cognitive impairment (MCI) and its internal consistency (Cronbach’s alpha was 0.86)
and test-retest reliability (Intraclass correlation coefficients [ICCs] = 0.74, p-value < 0.001) are
also good [21]. Additionally, K-MoCA is a test which can identify MCI regardless of education
levels [32]. However, in a study of the MoCA test among 2653 participants from the general
population, 66% of participants did not meet the 26-point cutoff value based on the previous
data, and the authors suggested caution when applying the recommended cut scores [33]. In
our study, we have defined a cognitive decline for a particular cutoff value (<23), regardless of
age and education level, so there could be errors. When the K-MoCA score was considered as
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a continuous variable, the mean K-MoCA score in the exposed group was significantly lower
than in the non-exposed group.

When we stratified by age (Fig 1), there were differences in the K-MoCA scores depending
on the degree of pesticide exposure in the group between 60 and 69 years. However, in the
groups younger than 60 years and older than 70 years, there were no differences in the
K-MoCA scores. The authors suggested that these results could support the new hypothesis
that cognitive decline occurs more rapidly in the chronic and direct pesticide exposure group
than in the unexposed group. In younger people with normal cognitive function or in older
people with greatly reduced cognitive function, chronic pesticide exposure may not have a sig-
nificant impact. However, chronic pesticide exposure may increase cognitive decline with age.
We searched for previous research on whether chronic pesticide exposure affects the degree of
cognitive decline with age, but we could not find any relevant studies in the literature.

To our knowledge, this is the first study on the relationship between pesticide exposure and
cognitive dysfunction in Korea. Previous studies have investigated the relationship between
exposure to pesticides and depression in Korea [12,16-17] and mortality as a result of leuke-
mia in rural areas [34]; however, the studies on the effects of pesticide exposure on humans in
Korea is insufficient.

This study was subject to several limitations. First, there was greater than a 10-year differ-
ence between the first pesticide exposure survey and the K-MOCA questionnaire survey.
There was no accurate investigation of the types of pesticides used nor were there quantitative
measurements of biomarkers (e.g. metabolites of organophosphate in urine). Additionally, as a
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Table 4. Logistic regression analysis for pesticide exposure and cognitive decline.

Cognitive decline (K-MoCA <23)

Total (n = 169)

Farmer

No

Yes

Pesticide Use

No

Yes

Intensity level of Pesticide Use
None

Lower group

Higher group

Cumulative Exposure Index of Pesticide Use
None

Lower group

Higher group

Complex Exposure of Pesticide Use
None

Indirect exposure

Direct exposure

Crude

(ref)
2.44 (1.09-5.42)*

(ref)
2.41(1.12-5.18)*

(ref)
1.98 (0.77-5.10)
2.78 (1.18-6.56)*

(ref)
2.37 (0.95-5.91)
2.43 (1.01-5.85)*

(ref)
1.91 (0.66-5.49)
2.66 (1.17-6.04)"

Data presented as odds ratios and 95% confidence intervals.

Abbreviations: K-MoCA, Korean-Montreal Cognitive Assessment

tAdjusted for sex, age, BMI, smoking status, alcohol use, educational level

*P < 0.05

Adjustedt

(ref)
1.49 (0.59-3.78)

(ref)
1.51 (0.62-3.68)

(ref)
1.26 (0.42-3.70)
1.73 (0.65-4.65)

(ref)
1.66 (0.60-4.60)
1.38 (0.49-3.85)

(ref)
1.54 (0.48-4.94)
1.50 (0.57-3.92)

https://doi.org/10.1371/journal.pone.0213738.t1004

result of the small sample size and the cross-sectional design, our study has limited power and
was not able to determine causality. Moreover, the present study was a pilot study; investiga-
tors will continue to investigate pesticide exposure and psychiatric parameters among partici-
pants in the Korea Farmers Cohort study. In future studies, longitudinal studies should be
conducted with adjustment for age and educational levels because they are major confounding
factors.

Conclusion

In some rural areas of Korea, pesticide exposure and cognitive decline showed a tendency to
be related; however, this relationship was not statistically significant. However, there was a dif-
ference in the mean K-MoCA scores between the pesticide exposure groups. In our study,
chronic pesticide exposure tended to have a greater impact in certain age group (60-69 years)
than in those under 60 and over 70. Future research should be conducted on pesticide expo-
sure and psychiatric diseases in which there is accurate and quantitative investigation of the
chemicals or mixture of the pesticides involved in exposure. Additionally, we think that psy-
chiatric testing should be done in populations with potential pesticide exposure.

Supporting information

S1 File. Pesticide exposure questionnaire. (English)
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0213738 March 21,2019 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213738.s001
https://doi.org/10.1371/journal.pone.0213738.t004
https://doi.org/10.1371/journal.pone.0213738

@ PLOS | 0 N E Pesticide exposure and cognitive decline

S2 File. Pesticide exposure questionnaire. (Korean)
(DOCX)

S3 File. Data set.
(XLSX)

Acknowledgments

This work was supported by the Ministry of Education of the Republic of Korea and the
National Research Foundation of Korea (NRF-2016S1A5B8925203). This work was carried
out with the support of the “Cooperative Research Program for Agriculture Science & Tech-
nology Development (Project No. PJ01250901)” and the Rural Development Administration,
Republic of Korea.

Author Contributions

Conceptualization: Sung-jin Park, Sung-Kyung Kim, Chang-Soo Kim, Tae-Hei Kim, Seong-
Ho Min, Sung-Soo Oh, Sang-Baek Koh.

Data curation: Jae-Yeop Kim.

Formal analysis: Jae-Yeop Kim, Sang-Baek Koh.
Funding acquisition: Chang-Soo Kim.
Investigation: Jae-Yeop Kim.

Methodology: Jae-Yeop Kim.

Supervision: Sang-Baek Koh.

Validation: Jae-Yeop Kim.

Visualization: Jae-Yeop Kim.

Writing - original draft: Jae-Yeop Kim.

Writing - review & editing: Jae-Yeop Kim, Chang-Soo Kim, Tae-Hei Kim, Sung-Soo Oh,
Sang-Baek Koh.

References

1. Kim KH, Kabir E, Jahan SA. Exposure to pesticides and the associated human health effects. Sci Total
Environ. 2017; 575:525-535. https://doi.org/10.1016/j.scitotenv.2016.09.009 PMID: 27614863

2. Van Maele-Fabry G, Lantin AC, Hoet P, Lison D. Childhood leukaemia and parental occupational expo-
sure to pesticides: a systematic review and meta-analysis. Cancer Causes & Control. 2010; 21(6):787—
809. https://doi.org/10.1007/s10552-010-9516-7 PMID: 20467891

3. Baldil, Gruber A, Rondeau V, Lebailly P, Brochard P, Fabrigoule C. Neurobehavioral effects of long-
term exposure to pesticides: results from the 4-year follow-up of the PHYTONER study. Occupational
and environmental medicine. 2011; 68(2):108—115. https://doi.org/10.1136/0em.2009.047811 PMID:
21097948

4. Wickerham EL, Lozoff B, Shao J, Kaciroti N, Xia Y, Meeker JD. Reduced birth weight in relation to pesti-
cide mixtures detected in cord blood of full-term infants. Environment international. 2012; 47: 80-85.
https://doi.org/10.1016/j.envint.2012.06.007 PMID: 22796478

5. Ross SJM, Brewin CR, Curran HV, Furlong CE, Abraham-Smith KM, Harrison V. Neuropsychological
and psychiatric functioning in sheep farmers exposed to low levels of organophosphate pesticides. Neu-
rotoxicology and teratology. 2010; 32(4):452—459. https://doi.org/10.1016/j.ntt.2010.03.004 PMID:
20227490

PLOS ONE | https://doi.org/10.1371/journal.pone.0213738 March 21,2019 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213738.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0213738.s003
https://doi.org/10.1016/j.scitotenv.2016.09.009
http://www.ncbi.nlm.nih.gov/pubmed/27614863
https://doi.org/10.1007/s10552-010-9516-7
http://www.ncbi.nlm.nih.gov/pubmed/20467891
https://doi.org/10.1136/oem.2009.047811
http://www.ncbi.nlm.nih.gov/pubmed/21097948
https://doi.org/10.1016/j.envint.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22796478
https://doi.org/10.1016/j.ntt.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20227490
https://doi.org/10.1371/journal.pone.0213738

® PLOS |ONE

Pesticide exposure and cognitive decline

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Faria NMX, Fassa AG, Meucci RD, Fiori NS, Miranda VI. Occupational exposure to pesticides, nicotine
and minor psychiatric disorders among tobacco farmers in southern Brazil. Neurotoxicology. 2014;
45:347-354. https://doi.org/10.1016/j.neuro.2014.05.002 PMID: 24875484

da Silva VDSP, de Mello MSC, Otero UB. Exposure to pesticides and mental disorders in a rural popula-
tion of Southern Brazil. Neurotoxicology. 2016; 56:7—16. https://doi.org/10.1016/j.neuro.2016.06.002
PMID: 27350176

Povey AC, McNamee R, Alhamwi H, Stocks SJ, Watkins G, Burns A, et al. Pesticide exposure and
screen-positive neuropsychiatric disease in British sheep farmers. Environmental research. 2014;
135:262—-270. https://doi.org/10.1016/j.envres.2014.09.008 PMID: 25462674

Hayden KM, Norton MC, Darcey D, @stbye T, Zandi PP, Breitner JCS, et al. Occupational exposure to
pesticides increases the risk of incident AD: the Cache County study. Neurology. 2010; 74(19):1524—
1530. https://doi.org/10.1212/WNL.0b013e3181dd4423 PMID: 20458069

Corral SA, de Angel V, Salas N, Zufiga-Venegas L, Gaspar PA, Pancetti F. Cognitive impairment in
agricultural workers and nearby residents exposed to pesticides in the Coquimbo Region of Chile. Neu-
rotoxicology and teratology. 2017; 62:13-19. https://doi.org/10.1016/j.ntt.2017.05.003 PMID:
28579518

ChaES, Jeong M, Lee WJ. Agricultural pesticide usage and prioritization in South Korea. Journal of
agromedicine. 2014; 19(3):281-293. https://doi.org/10.1080/1059924X.2014.917349 PMID: 24959760

Kim B, Jung A, Yun D, Lee M, Lee MR, Choi YH, et al. Association of urinary 3-phenoxybenzoic acid lev-
els with self-reported depression symptoms in a rural elderly population in Asan, South Korea. Environ-
mental health and toxicology. 2015; 30. €2015002. https://doi.org/10.5620/eht.e2015002 PMID:
25997450

Jokanovi¢ M, Kosanovi¢ M. Neurotoxic effects in patients poisoned with organophosphorus pesticides.
Environmental Toxicology and Pharmacology. 2010; 29(3):195-201. https://doi.org/10.1016/j.etap.
2010.01.006 PMID: 21787602

Kaneko H. Pyrethroids: mammalian metabolism and toxicity. Journal of agricultural and food chemistry.
2011; 59(7):2786—2791. https://doi.org/10.1021/jf102567z PMID: 21133409

Richardson JR, Taylor MM, Shalat SL, Guillot TS Ill, Caudle WM, Hossain MM, et al. Developmental
pesticide exposure reproduces features of attention deficit hyperactivity disorder. The FASEB Journal.
2015; 29(5):1960-1972. https://doi.org/10.1096/fj.14-260901 PMID: 25630971

Koh SB, Kim TH, Min S, Lee K, Kang DR, Choi JR. Exposure to pesticide as a risk factor for depression:
A population-based longitudinal study in Korea. Neurotoxicology. 2017; 62:181-185. https://doi.org/10.
1016/j.neuro.2017.07.005 PMID: 28720389

Hong SY, Jeong DS, Gil HW, Yang JO, Lee EY, Hong SY. The estimation of pesticide exposure in
depression scores: in case of Korean orchard farmers. Journal of pest science. 2009; 82(3):261. https://
doi.org/10.1007/s10340-009-0249-x

Dosemeci M, Alavanja MC, Rowland AS, Mage D, Zahm SH, Rothman N, et al. A quantitative approach
for estimating exposure to pesticides in the Agricultural Health Study. Ann. Occup Hyg. 2002; 46
(2):245-260. https://doi.org/10.1093/annhyg/mef011 PMID: 12074034

Lee KM, Park SY, Lee K, Oh SS, Koh SB. Pesticide metabolite and oxidative stress in male farmers
exposed to pesticide. Annals of occupational and environmental medicine. 2017; 29.1:5. hitps://doi.org/
10.1186/s40557-017-0162-3 PMID: 28265414

Kim JI, Sunwoo MK, Sohn YH, Lee PH, Hong JY. The MMSE and MoCA for Screening Cognitive
Impairment in Less Educated Patients with Parkinson’s Disease. Journal of Movement Disorder. 2016;
9(3):152—159. https://doi.org/10.14802/jmd.16020 PMID: 27667187

Lee JY, Lee DW, Cho SJ, Na DL, Jeon HJ, Kim SK, et al. Brief screening for mild cognitive impairment
in elderly outpatient clinic: validation of the Korean version of the Montreal Cognitive Assessment. Jour-
nal of geriatric psychiatry and neurology. 2008; 21(2):104—110. https://doi.org/10.1177/
0891988708316855 PMID: 18474719

Meyer-Baron M, Knapp G, Schaper M, van Thriel C. Meta-analysis on occupational exposure to pesti-
cides—neurobehavioral impact and dose-response relationships. Environmental Research. 2015;
136:234—-245. https://doi.org/10.1016/j.envres.2014.09.030 PMID: 25460642

Yan D, Zhang Y, Liu L, Yan H. Pesticide exposure and risk of Alzheimer’s disease: a systematic review
and meta-analysis. Scientific reports. 201; 6:32222. https://doi.org/10.1038/srep32222 PMID:
27581992

Hernandez AF, Gonzalez-Alzaga B, Lopez-Flores |, Lacasafia M. Systematic reviews on neurodevelop-
mental and neurodegenerative disorders linked to pesticide exposure: Methodological features and
impact on risk assessment. Environment international. 2016; 92:657-679. https://doi.org/10.1016/j.
envint.2016.01.020 PMID: 26896854

PLOS ONE | https://doi.org/10.1371/journal.pone.0213738 March 21,2019 11/12


https://doi.org/10.1016/j.neuro.2014.05.002
http://www.ncbi.nlm.nih.gov/pubmed/24875484
https://doi.org/10.1016/j.neuro.2016.06.002
http://www.ncbi.nlm.nih.gov/pubmed/27350176
https://doi.org/10.1016/j.envres.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25462674
https://doi.org/10.1212/WNL.0b013e3181dd4423
http://www.ncbi.nlm.nih.gov/pubmed/20458069
https://doi.org/10.1016/j.ntt.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28579518
https://doi.org/10.1080/1059924X.2014.917349
http://www.ncbi.nlm.nih.gov/pubmed/24959760
https://doi.org/10.5620/eht.e2015002
http://www.ncbi.nlm.nih.gov/pubmed/25997450
https://doi.org/10.1016/j.etap.2010.01.006
https://doi.org/10.1016/j.etap.2010.01.006
http://www.ncbi.nlm.nih.gov/pubmed/21787602
https://doi.org/10.1021/jf102567z
http://www.ncbi.nlm.nih.gov/pubmed/21133409
https://doi.org/10.1096/fj.14-260901
http://www.ncbi.nlm.nih.gov/pubmed/25630971
https://doi.org/10.1016/j.neuro.2017.07.005
https://doi.org/10.1016/j.neuro.2017.07.005
http://www.ncbi.nlm.nih.gov/pubmed/28720389
https://doi.org/10.1007/s10340-009-0249-x
https://doi.org/10.1007/s10340-009-0249-x
https://doi.org/10.1093/annhyg/mef011
http://www.ncbi.nlm.nih.gov/pubmed/12074034
https://doi.org/10.1186/s40557-017-0162-3
https://doi.org/10.1186/s40557-017-0162-3
http://www.ncbi.nlm.nih.gov/pubmed/28265414
https://doi.org/10.14802/jmd.16020
http://www.ncbi.nlm.nih.gov/pubmed/27667187
https://doi.org/10.1177/0891988708316855
https://doi.org/10.1177/0891988708316855
http://www.ncbi.nlm.nih.gov/pubmed/18474719
https://doi.org/10.1016/j.envres.2014.09.030
http://www.ncbi.nlm.nih.gov/pubmed/25460642
https://doi.org/10.1038/srep32222
http://www.ncbi.nlm.nih.gov/pubmed/27581992
https://doi.org/10.1016/j.envint.2016.01.020
https://doi.org/10.1016/j.envint.2016.01.020
http://www.ncbi.nlm.nih.gov/pubmed/26896854
https://doi.org/10.1371/journal.pone.0213738

® PLOS |ONE

Pesticide exposure and cognitive decline

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Baltazar MT, Dinis-Oliveira RJ, de Lourdes Bastos M, Tsatsakis AM, Duarte JA, Carvalho F. Pesticides
exposure as etiological factors of Parkinson’s disease and other neurodegenerative diseases—a mech-
anistic approach. Toxicology letters. 2014; 230(2):85-103. https://doi.org/10.1016/j.toxlet.2014.01.039

PMID: 24503016

Terry A.V. Jr. Functional consequences of repeated organophosphate exposure: potential non-choliner-
gic mechanisms. Pharmacol Ther. 2012; 134(3):355-365. https://doi.org/10.1016/j.pharmthera.2012.
03.001 PMID: 22465060

Stallones L, Beseler CL. Assessing the connection between organophosphate pesticide poisoning and
mental health: A comparison of neuropsychological symptoms from clinical observations, animal mod-
els and epidemiological studies. Cortex. 2016; 74: 405—416. https://doi.org/10.1016/j.cortex.2015.10.
002 PMID: 26654853

Bayrami M, Hashemi T, Malekirad AA, Ashayeri H, Faraji F, Abdollahi M. Electroencephalogram, cogni-
tive state, psychological disorders, clinical symptom, and oxidative stress in horticulture farmers
exposed to organophosphate pesticides. Toxicology and industrial health. 2012; 28(1): 90-96. https://
doi.org/10.1177/0748233711407243 PMID: 21632574

Kim KS, Lee YM, Lee HW, Jacobs DR Jr, Lee DH. Associations between organochlorine pesticides and
cognition in U.S. elders: National Health and Nutrition Examination Survey 1999-2002. Environment
international. 2015; 75: 87-92. https://doi.org/10.1016/j.envint.2014.11.003 PMID: 25461417

Kim SA, Lee YM, Lee HW, Jacobs DR Jr, Lee DH. Greater cognitive decline with aging among elders
with high serum concentrations of organochlorine pesticides. PloS one. 2015; 10(6):e0130623. https://
doi.org/10.1371/journal.pone.0130623 PMID: 26107947

Lee D.H., et al. Association between background exposure to organochlorine pesticides and the risk of
cognitive impairment: A prospective study that accounts for weight change. Environment international
89:179-184 (2016). https://doi.org/10.1016/j.envint.2016.02.001 PMID: 26878283

Kim JI, Sunwoo MK, Sohn YH, Lee PH, Hong JY. The MMSE and MoCA for Screening Cognitive
Impairment in Less Educated Patients with Parkinson’s Disease. Journal of movement disorders. 2016;
9(3):152. https://doi.org/10.14802/jmd.16020 PMID: 27667187

Rossetti HC, Lacritz LH, Cullum CM, Weiner MF. Normative data for the Montreal Cognitive Assess-
ment (MoCA) in a population-based sample. Neurology. 2011; 77(13):1272—1275. https://doi.org/10.
1212/WNL.0b013e318230208a PMID: 21917776

Cha ES, Hwang SS, Lee WJ. Childhood leukemia mortality and farming exposure in South Korea: A
national population-based birth cohort study. Cancer epidemiology. 2014; 38(4):401—407. https://doi.
org/10.1016/j.canep.2014.05.003 PMID: 24928299

PLOS ONE | https://doi.org/10.1371/journal.pone.0213738 March 21,2019 12/12


https://doi.org/10.1016/j.toxlet.2014.01.039
http://www.ncbi.nlm.nih.gov/pubmed/24503016
https://doi.org/10.1016/j.pharmthera.2012.03.001
https://doi.org/10.1016/j.pharmthera.2012.03.001
http://www.ncbi.nlm.nih.gov/pubmed/22465060
https://doi.org/10.1016/j.cortex.2015.10.002
https://doi.org/10.1016/j.cortex.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26654853
https://doi.org/10.1177/0748233711407243
https://doi.org/10.1177/0748233711407243
http://www.ncbi.nlm.nih.gov/pubmed/21632574
https://doi.org/10.1016/j.envint.2014.11.003
http://www.ncbi.nlm.nih.gov/pubmed/25461417
https://doi.org/10.1371/journal.pone.0130623
https://doi.org/10.1371/journal.pone.0130623
http://www.ncbi.nlm.nih.gov/pubmed/26107947
https://doi.org/10.1016/j.envint.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26878283
https://doi.org/10.14802/jmd.16020
http://www.ncbi.nlm.nih.gov/pubmed/27667187
https://doi.org/10.1212/WNL.0b013e318230208a
https://doi.org/10.1212/WNL.0b013e318230208a
http://www.ncbi.nlm.nih.gov/pubmed/21917776
https://doi.org/10.1016/j.canep.2014.05.003
https://doi.org/10.1016/j.canep.2014.05.003
http://www.ncbi.nlm.nih.gov/pubmed/24928299
https://doi.org/10.1371/journal.pone.0213738

