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Introduction

Pesticides, including herbicides, insecticides, fungicides, 
fumigants, and rodenticides, are important chemical agents 
widely used in the agricultural sector. Pesticides can, how-
ever, also be toxic to humans, and it has been estimated that 
approximately 250,000 people worldwide die of pesticide 
poisoning each year [1]. Long-term occupational exposure to 
pesticides has been associated with an increased risk of lung 
cancer. Lung cancer is the leading cause of cancer-related 
death worldwide, including in South Korea. According to 
the annual 2017 report on cause of death statistics from the 
Korea National Statistics Office (KNSO), lung cancer mortal-
ity increased from 28.7 per 100,000 people in 2006 to 35.1 per 
100,000 people in 2016 [2].

Although smoking is a known major risk factor for lung 
cancer that has been identified in many studies, exposure to 
pesticides also contributes to the occurrence of lung cancer 
[3]. Increased lung cancer-related mortality among pesticide 

applicators has been reported [4-8], suggesting the possibil-
ity that exposure to pesticides may increase the risk of lung 
cancer among farmers [9]. In addition, previous cohort stud-
ies reported positive associations between exposure to pesti-
cides and the occurrence of lung cancer [9-13].

Exposure to pesticides has caused lung tumors in rodent 
bioassays, but the epidemiologic data supporting an asso-
ciation between pesticides and lung cancer risk in humans 
are mixed [10,14]. Jones et al. [12] reported an increased lung 
cancer incidence among male pesticide applicators with 
high pesticide exposure in lifetime days (diazinon: rate ratio, 
1.60; 95% confidence interval [CI], 1.11 to 2.31; p-trend=0.02). 
However, Silver et al. [13] found no association of the inci-
dence of lung cancer with either lifetime days or intensity-
weighted lifetime days of pesticide use. In addition, a fol-
low-up study that was part of the Agricultural Health Study 
(AHS) provided additional evidence supporting a positive 
association between pesticide use and lung cancer risk [9].

Although there have been reports on the risk of lung can-
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cer due to pesticide exposure in several studies, previous 
studies have used limited data with inadequate control of 
covariate adjustments. To reduce confounding by numerous 
patient characteristics, propensity score (PS) methods are  
increasingly being used in many studies as an alternative to 
conventional covariate adjustment to investigate the effects 
of risk factors and include stratification, matching, inverse 
probability weighting (IPW), and the use of the PS as a covar-
iate in a conventional regression model [15,16]. Therefore, we 
examined the association between occupational exposure to 
pesticides and lung cancer incidence in a community-based 
cohort study and compared the results of various PS meth-
ods and conventional models that adjust for covariates.

Materials and Methods
 
1. Data source and study population

This study was performed using data from the Korea  
National Cancer Center community-based cohort study 
(KNCCCS), a community-based cohort study conducted 
from 1993 to 2010 in Korea. The methods of the study have 
been described in detail in the published study protocol [17]. 
All participants (16,304 men and women) were over 20 years 
old, with an average age at cohort entry as follows: 58.6±12.4 
years for men (n=6,302) and 57.7±13.3 for women (n=10,002). 
Data were collected through a face-to-face interview by 
well-trained interviewers using a questionnaire, and health 
outcomes were also investigated. The questionnaires were 
administered by trained interviewers and focused on demo-
graphic characteristics, past medical history, family history 
of cancer, history of medication use, dietary habits, smoking 
and alcohol consumption habits, physical activity, occupa-
tional history, history of exposure to acupuncture and blood 
transfusion, history of exposure to pesticides and electro-
magnetic fields and reproductive history for women. Trained 
staff, including interviewers, were provided appropriate  
instructions and guidelines about recruiting participants, and 
they asked the participants for consent prior to participation 
in the study. All study participants were followed until 2017 
through linkage with the Korean Central Cancer Registry for 
cancer incidence. All participants in this cohort were linked 
to mortality data from Statistics Korea up to 2017.

Fig. 1 shows the flow diagram of the selection of the study 
population. Of the 16,304 subjects in the KNCCCS, 9,448 men 
and women were eligible for measurement of pesticide expo-
sure. After exclusion of 2,095 subjects who had a history of 
cancer before an entry in the KNCCCS (n=244), missing data 
on pesticide-related variables such as frequency of pesticide 
use and duration (n=1,311), smoking status (n=194), and oth-
er covariates such as alcohol consumption status, education, 

obesity, physical activity and job (n=346), we included 7,471 
subjects in the final statistical analysis. For propensity score 
matching (PSM) analysis, 4,112 subjects were ultimately  
included after excluding 3,359 unmatched subjects.

2. History of exposure to pesticides
Information on exposure to pesticides was collected bet-

ween 2003 and 2010 by trained interviewers. Participants 
were asked to report all pesticides used in the year prior to 
the interview and the frequency and duration of pesticide 
use. The history of exposure to pesticides was assessed  
using the following four questions: ‘In your lifetime, have 
you ever used pesticides?’, ‘Have you worked in agriculture 
in the past?’, ‘Are you currently working in agriculture?’, 
and ‘Have you worked in agriculture?’. Occupational expo-
sure to pesticides was defined as having experience using 
pesticides and working in agriculture in the present.

3. Definition of lung cancer
The cohort has been followed up annually to identify new 

cancer cases from the date of the baseline survey. It has been 
an exclusively register-based passive follow-up, and the par-
ticipants have not been recontacted. The principal outcome 

9,566 Subjects in KNCC Community-Based Cohort from 2003 to 2010

7,471 Subjects for the Cox proportional hazards regression analysis

16,304 Subjects in the Korea National Cancer Center (KNCC)
Community-Based Cohort from 1993 to 2010

4,112 Subjects matched on propensity score
- 2,056 Occupationally pesticides-exposed participants and
  2,056 Unexposed participants

6,738 Excluded
- Participants entering this cohort from 1998 to 2002
  when surveys of pesticides were not conducted

2,095 Excluded
- Participants who had a history of cancer before an
  entry in the KNCC cohort (n=244)
- Missing data on pesticide-related variable;
  frequency of pesticide use and duration (n=1,311)
- Missing data on smoking status (n=194)
- Missing data on other covariates: alcohol
  consumption status, education, obesity, physical
  activity and job (n=346)

3,359 Excluded
- Unmatched participants according to the
  propensity score matching 

Fig. 1.  Flow diagram of the selection of the study population.
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Table 1.  Baseline characteristics of the study participants

Characteristic	 Overall (n=7,471)	 Men (n=2,748)	 Women (n=4,723)

Cases of lung cancer 	 123 (1.7)	 89 (3.2)	 34 (0.7)
Incidence rate per 100,000 person years	 162.0 (	 333.7 (	 69.1 (
Pesticide use			 
    No	 2,553 (34.2)	 627 (22.8)	 1,926 (40.8)
    Yes	 4,918 (65.8)	 2,121 (77.2)	 2,797 (59.2)
Current job status			 
    Non-agriculture	 2,912 (39.0)	 853 (31.0)	 2,059 (43.6)
    Agriculture	 4,559 (61.0)	 1,895 (68.0)	 2,664 (56.4)
Occupational exposure to pesticides			 
    No	 3,508 (46.9)	 984 (35.8)	 2,524 (53.4)
    Yes	 3,963 (53.1)	 1,764 (64.2)	 2,199 (46.6)
Average frequency of pesticide use per year	 6.2±10.7	 8.2±12.3	 5.1±9.5
    < 5	 4,465 (59.8)	 1,384 (50.4)	 3,081 (65.2)
    5-9	 1,039 (13.9)	 401 (14.6)	 638 (13.5)
    10-19	 1,342 (18.0)	 611 (22.2)	 731 (15.5)
    ≥ 20	 625 (8.4)	 352 (12.8)	 273 (5.8)
Duration of pesticide use (yr)	 17.8±17.9	 20.9±17.5	 16.0±17.9
    < 5	 2,932 (39.2)	 785 (28.6)	 2,147 (45.4)
    5-9	 335 (4.5)	 142 (5.2)	 193 (4.1)
    10-19	 714 (9.6)	 290 (10.5)	 424 (9.0)
    ≥ 20	 3,490 (46.7)	 1,531 (55.7)	 1,959 (41.5)
Smoking status (pack-years)	 9.9±18.8	 25.2±23.3	 1.0±5.1
    Never smoker	 4,936 (66.1)	 566 (20.6)	 4,370 (92.5)
    < 30	 1,412 (18.9)	 1,100 (40.0)	 312 (6.6)
    ≥ 30	 1,123 (15.0)	 1,082 (39.4)	 41 (0.9)
Age (yr)	 60.0±11.1	 60.3±10.9	 59.9±11.3
    20-29	 31 (0.4)	 12 (0.4)	 19 (0.4)
    30-39	 355 (4.7)	 105 (3.8)	 250 (5.3)
    40-49	 1,025 (13.7)	 356 (12.0)	 669 (14.2)
    50-59	 1,753 (23.5)	 704 (25.6)	 1,049 (22.2)
    60-69	 2,858 (38.3)	 1,021 (37.2)	 1,837 (38.9)
    ≥ 70	 1,449 (19.4)	 550 (20.0)	 899 (19.0)
Study area			 
    Sancheong	 4,007 (53.6)	 1,511 (55.0)	 2,496 (52.9)
    Changwon 	 1,527 (20.4)	 582 (21.2)	 945 (20.0)
    Chuncheon	 477 (6.4)	 109 (4.0)	 368 (7.8)
    Chungju	 964 (12.9)	 348 (12.6)	 616 (13.0)
    Haman	 496 (6.7)	 198 (7.2)	 298 (6.3)
Year of cohort entry			 
    2003	 1,167 (15.6)	 377 (13.7)	 790 (16.7)
    2004	 1,673 (22.4)	 636 (23.1)	 1,037 (22.0)
    2005	 971 (13.0)	 362 (13.2)	 609 (12.9)
    2006	 1,201 (16.1)	 477 (17.4)	 724 (15.3)
    2007	 837 (11.2)	 300 (10.9)	 537 (11.4)
    2008	 685 (9.2)	 283 (10.3)	 402 (8.5)
    2009	 470 (6.3)	 161 (5.9)	 309 (6.5)
    2010	 467 (6.2)	 152 (5.5)	 315 (6.7)

(Continued to the next page)
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variable was incident lung cancer, based on data from the 
National Cancer Registry. The Korean Ministry of Health 
and Welfare started a nationwide, hospital-based cancer 
registry in 1980 [18]. More than 180 hospitals are currently 
participating, and the data cover approximately 99% of new 
cancer cases in Korea. Cases were identified through a per-
sonal identification number and other usual identification 
variables, such as names and addresses. Cancer cases were 
classified according to the International Classification of Dis-
eases, 10th edition (ICD-10), and lung cancer was coded as 
C33-34 [18,19]. 

4. Statistical analyses
We examined differences of baseline characteristics such as 

pesticide use, current job status, pesticide-related variables 
such as the frequency and duration of pesticide use, smoking 
status, age, study areas, year of entry into the cohort, edu-
cation achievement, alcohol consumption status, physical  
activity, and obesity.

Follow-up started at enrollment and continued until a lung 
cancer diagnosis or censoring. Censoring occurred at the 
date of death or a diagnosis of any other cancers or the end 
of follow-up (December 31, 2017).

We conducted crude and multiple Cox proportional haz-
ards regression, including the following covariates that are 
well-known risk factors for lung cancer: age, sex, smoking 
status (nonsmoker, < 30 pack-years, ≥ 30 pack-years), alco-
hol consumption (0 g/day, < 24 g/day, ≥ 24 g/day), obesity 
(body mass index [BMI]; < 25 kg/m2, ≥ 25 kg/m2), physical 
activity (< 5 days/wk, ≥ 5 days/wk), education level (illiter-
ate, middle school or less, high school, and college or more), 

and study area (Sancheong, Changwon, Chuncheon, Chun-
gju, and Haman).

For PS-based analyses, we calculated the PS. The PS was 
the probability that an individual would have had a history 
of occupational exposure to pesticides based on personal  
demographic and lifestyle information and was obtained 
from the logistic regression model adjusted for these varia-
bles: age, sex, smoking status, alcohol consumption, obesity, 
physical activity, education level, and study area as follows; 
First, we applied a 1:1 PSM technique, which is an eighth-
digit-to-first-digit greedy matching method, as elucidated 
previously. Unmatched cases are eliminated to ensure the 
best matching. To evaluate the balance in baseline charac-
teristics between those who had ever and never used pes-
ticides after PSM, we determined the absolute values of the 
standardized differences. Differences less than 0.1 were con-
sidered negligible. Second, we constructed weighted logistic 
regression models that showed the adjusted effect of expo-
sure to pesticides after stratification into five strata according 
to the PS quintiles. Additionally, a logistic regression model 
using the PS as a covariate (a continuous variable and a cat-
egorical variable by quintiles), which is similar to traditional 
regression analyses, was constructed. Finally, two major  
PS-weighting methods, which are standardization methods 
depending on the establishment of a standard population, 
were adopted. One such method involved inverse proba-
bility-of-treatment weighting (IPTW). This model considers 
the total study subjects as the standard population and uses 
weights of (1/PS) for those who have used pesticides and  
[1/(1–PS)] for those who have not used pesticides.

Finally, we applied the Cox proportional hazards regres-

Table 1.  Continued

Characteristic	 Overall (n=7,471)	 Men (n=2,748)	 Women (n=4,723)

Education levels			 
    None	 1,765 (23.6)	 265 (9.6)	 1,500 (31.8)
    Elementary or middle school	 4,289 (57.4)	 1,695 (61.7)	 2,594 (54.9)
    High school	 1,034 (13.9)	 551 (20.1)	 483 (10.2)
    College or more	 383 (5.1)	 237 (8.6)	 146 (3.1)
Alcohol consumption status			 
    Never drinkers	 4,258 (57.0)	 666 (24.2)	 3,592 (76.1)
    Former drinkers	 461 (6.2)	 322 (11.7)	 139 (2.9)
    Current drinkers	 2,752 (36.8)	 1,760 (64.1)	 992 (21.0)
Frequency of physical activity per week			 
    < 5 days	 3,155 (42.2)	 1,392 (50.7)	 1,763 (37.3)
    ≥ 5 days	 4,316 (57.8)	 1,356 (49.3)	 2,960 (62.7)
Obesity (BMI)	 23.8±3.2	 23.4±2.9	 24.1±3.0
    No (BMI < 25 kg/m2)	 4,968 (66.5)	 1,967 (71.6)	 3,001 (63.5)
    Yes (BMI ≥ 25 kg/m2)	 2,503 (33.5)	 781 (28.4)	 1,722 (36.5)
Values are presented as number (%) or mean±SD. BMI, body mass index; SD, standard deviation.
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sion to determine the effect of occupational exposure to pes-
ticides on lung cancer risk, using the following models: crude 
and adjusted models, PSM, regression adjusted with the PS, 
and PS weighting. Standardized differences were calculated 
using the macro ‘tableone’ written in R statistical software 
and developed by Yoshida et al. [20]. 

Additionally, time-lag analyses after excluding subjects 
with a follow-up period of equal or less than 3 years were 
performed.

All statistical analyses were performed with SAS software 
ver. 9.3 (SAS Institute Inc., Cary, NC) and R ver. 3.4.3 (R 
Foundation for Statistical Computing, Vienna, Austria) and 
were two-sided with a significance level of p < 0.05.

 
Results

The median follow-up period for subjects (n=7,471) eligi-
ble for the Cox proportional hazards regression analysis was 
10.43 years (interquartile range [IQR], 8.5 to 12.48). A total 
of 123 primary lung cancer cases had been diagnosed since 
KNCCCS enrollment, and the median number of years of 
follow-up was 5.9 (IQR, 2.73 to 9.05).

The baseline characteristics of the study subjects are pre-
sented in Table 1. The mean age of the study subjects was ap-
proximately 60 years. The study population had higher pro-
portions of, pesticides user, farm workers, subjects with BMI 
less than 25 kg/m2, and with a low education levels. Most 
of women were never-smokers (92.53%) and never-drinkers 
(76.05%). In contrast, most of men were former- or current 
smokers (79.4%) and drinkers (75.76%) (Table 1).

Table 2 shows the associations between occupational pes-
ticide exposure-related variables and lung cancer risk. After 
stratification by sex, the association between occupational 
exposure to pesticides and lung cancer risk was statistically 
significant for men (HR, 2.40; 95% CI, 1.19 to 4.82). In addi-
tion, duration of pesticide use equal and greater to 20 years 
was associated with lung cancer risk (HR, 2.43; 95% CI, 1.05 
to 5.65). Average frequency of pesticide use was not associ-
ated with the risk of lung cancer. In contrast, there were no 
statistical associations between occupational pesticide expo-
sure-related variables and lung cancer risk for women. The 
findings from time-lag analyses after excluding subjects with 
a follow-up period of equal or less than 3 years were also not 
much different from primary analyses (S1 Table).

All matched samples tended toward the characteristics of 
the unmatched data. Fig. 2 compares the covariate balance 
values for matching, stratification, and IPW by using the  
absolute standardized difference between the groups that 
did and did not use pesticides. Without the use of PS meth-
ods, the covariate balance was insufficient for almost all vari-Ta
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ables. Matching and stratification produced an excellent bal-
ance for all variables. IPTW achieved satisfactory covariate 
balance, except in year of cohort entry, the study area, owing 
to borderline cases. Due to the lack of covariate balance, the 
results of the analyses that did not use PS methods may be 
considered unreliable.

A comparison of the associations between occupational 
exposure to pesticides and lung cancer risk assessed by PS-
based methods is shown in Table 3. The HRs ranged from 
1.65 (1.04, 2.64) (regression adjusted for PS, as continuous 
term) to 2.84 (1.81, 4.46) (stratification by 5 strata of the PS).  

Discussion

To the best of our knowledge, this is the first report in 
which occupational exposure to pesticides has been found 
to be associated with lung cancer incidence using various PS 
methods or conventional covariate adjustment. Using data 
on the history of exposure to pesticides and lung cancer in 
the KNCCCS, we found estimated HRs (CI) ranging from 
1.82 (1.11-2.98) (multiple Cox proportional hazards regres-
sion model) to 2.84 (1.81-4.46) for the stratification by five 
PS strata and PS-based methods yielded stronger associa-
tions than those obtained from the Cox proportional hazards  
regression model. There are advantages and disadvantages 
to PSM. PSM provides reliable results with excellent covari-
ate balance, stratification retains data from all study subjects, 
and IPTW is easy to implement. In contrast, PSM leads to the 
exclusion of unmatched cases to ensure the best matching, 
stratification performs poorly when there are few outcome 
events, and IPTW may provide imprecise estimates of the 
treatment effect [15]. The meaningful findings of this study 
are consistent, regardless of whether PSM was used. Thus, 
this study provides strong evidence for the relationship  
between occupational exposure to pesticides and lung cancer 
risk.

Several epidemiological studies have found associations 
between exposure to pesticides and lung cancer [8-10]. In 
a cumulative meta-analysis of several cohort studies, the 
pooled relative risk estimate for lung cancer due to exposure 
to pesticides was 1.18 (standardized mortality ratio, 1.03 to 
1.35; p=0.014) [9]. In a small, nested case-control study of 
structural pesticide applicators in Florida, Pesatori et al. [8] 
observed suggestive positive associations between exposure 
to pesticides and lung cancer (odds ratio, 2.4; 95% CI, 1.0 to 
5.9). The AHS reported positive associations between select 
pesticides and the risk of lung cancer. Similar results were 
replicated in later studies with the AHS cohort [10]. The  
AGRIculture and CANcer (AGRICAN) cohort study of 
French farmers also suggested associations between the risk 

Fig. 2.  Comparison of the standardized mean differences by 
covariates with different propensity score-based methods  
according to occupational exposure to pesticides. Crude, whole 
dataset; Matched, 1:1 matched dataset; Strata5, dataset stratified 
into five strata; IPTW, inverse probability-of-treatment weight-
ing dataset. This plot shows the standardized mean differences 
between study subjects who had been occupationally exposed 
to pesticides and those who had not; a value > 0.1 indicates the 
imbalance of a covariate.
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0
Standardized mean difference

0.4 0.60.2
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Education level
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Year

Obesity
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Sex

Crude
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Method

Table 3.  Association between occupational exposure to pesticides and lung cancer incidence determined by PS-based methods

PS methods	 Cases/Controls	 HR (95% CI)	 p-value

Matching for PS	 36/4,112	 1.749 (0.886-3.453)	 0.107
Stratification into 5 strata by PS	 116/6,813	 2.838 (1.807-4.455)	 < 0.001
Regression adjusted for PS			 
    As a continuous term	 123/7,348	 1.652 (1.035-2.637)	 0.035
    As quintiles	 123/7,348	 1.851 (1.126-3.041)	 0.015
Weighted model			 
    IPTW	 123/7,348	 2.359 (1.737-3.204)	 < 0.001
CI, confidence interval; HR, hazard ratio; IPTW, inverse probability-of-treatment weighting; PS, propensity score.
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of small-cell lung cancer and exposure to pesticides (HR, 
2.38; 95% CI, 1.07 to 5.28) [11]. These significant trends in 
the risk of lung cancer were also observed in our adjusted 
results. However, a number of studies have shown nonsig-
nificant associations [21-23] or negative relationships [24-27] 
between occupational exposure to pesticides and lung can-
cer. Although several studies controlled for some important 
risk factors for lung cancer, such as indoor/outdoor air pol-
lutants [28,29], lifestyle and psychosocial factors [30], and  
genetic predisposition [31], when assessing the association 
between pesticide exposure and lung cancer, such factors 
have not been routinely taken into account. In addition,  
impurities or promoting agents in pesticide formulations, 
such as dioxin and dioxin-like contaminants in phenoxy 
herbicides [5,32], might have contributed to the significant 
association found between exposure to some pesticides and 
lung cancer [5,8,32].

We found an association between the use of pesticides 
and lung cancer in the present analysis, although we did not  
obtain detailed exposure information for each type of pes-
ticide. In vivo studies have shown that pesticides induce 
biochemical changes, leading to the development of tumor 
cells in the lung [33]. Since aryl hydrocarbon receptor activa-
tion mediates the tumorigenicity of dioxin-like compounds, 
microRNA expression induced by pesticides regulates lung 
cancer promotion at a wide range of workplace sites [34]. 
There is also experimental mechanistic evidence that pesti-
cides such as chlorpyrifos and carbofuran can induce oxida-
tive stress and oxidative DNA damage [35,36] and that pesti-
cides may be genotoxic [37].

This study has several limitations. The number of lung 
cancer patients who had been exposed to pesticides was 
small, which negatively affected the precision of the results  
and our ability to evaluate risk stratified by the histolog-
ic type of lung cancer. Second, we did not have detailed  
exposure information, including years of use, applications 
per year, and applications in a lifetime, for each pesticide. 
Third, we could not fully control the effect of the study area 
as a confounding variable, although it was included multiple 
models. We attempted to consider stratification analysis by 
study area. However, the sample size according to study area 
was insufficient to obtain statistical power for stratification 
analysis. Forth, the selection biases that are present in most 
observational studies may impair causal inference in this 
study. To improve the ability to detect a causal relationship 
between exposure to pesticides and lung cancer incidence, 
we performed PS-based analyses in a community-based  
cohort. A major advantage of using PS-based methods in  
observational studies is that selection biases can be mini-
mized by balancing nonrandomized individuals’ data to 
reach the level of causality determined in randomized con-

trolled trials. Finally, there is the possibility of information 
bias due to the use of a self-reported questionnaire. Howev-
er, the relationship between exposure to pesticides and lung 
cancer incidence was consistent across several PS methods, 
including stratification, matching, IPW, and use of the PS as a 
covariate in a logistic regression model, and the relationship 
revealed was stronger than that demonstrated in previous 
studies.

We found that occupational exposure to pesticides is asso-
ciated with lung cancer risk. Inadequate control of the effects 
of covariates may have masked these effects in earlier stud-
ies. Although this study did not measure specific pesticides, 
we did observe a strong effect of occupational exposure to 
pesticides on the development of lung cancer. Further evalu-
ations using PS methods of the associations between specific 
exposure to pesticides and a detailed history of exposure to 
pesticides and lung cancer risk are needed.
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